
             

 

 

Chloride Channels and Brown Fat Cells 

by 
 

Victor Sabanov 
 
 
 
 
 
 
 
 
 
 
 

The Wenner-Gren Institute 
The Arrhenius Laboratories F3 

Stockholm University 
SE-106 91 Stockholm  

Sweden 
 
 
 

Stockholm 2005 
 



Doctoral Dissertation 2005 
Department of Physiology, The Wenner-Gren Institute 
The Arrhenius Laboratories  
Stockholm University 
SE-106 91 Stockholm 
 
ABSTRACT 
 

Chloride ion channels are macromolecular pores providing for passage of chloride ions 
(and certain other inorganic and organic anions) through the cell membrane, down their 
electrochemical gradients. Chloride channels are differentially expressed in various cells, to best 
suit specific cellular activities. They are present in practically all living cells, and regardless of cell 
specialization they play an important role in vital housekeeping functions of cell-volume and pH 
regulation and in membrane potential stabilization. Regulation of cell volume underlies the 
structural integrity and constancy of the intracellular milieu. A variety of metabolic pathways have 
been shown to be sensitive to cell volume, and alterations of cell volume and osmoregulation 
processes can influence various intracellular signaling and organizing factors.  

Volume-regulated anion channels (VRACs) are believed to play a pivotal role in cell-
volume regulating processes. In this report I present data from macroscopic patch-clamp studies of 
VRACs performed in a fibroblast cell line and from single channel studies of chloride channels 
(tentatively related to VRACs) in mouse brown adipocytes in primary culture. 

One of the characteristic features of the VRACs is their dependence on the presence of 
cytoplasmic ATP. In whole-cell experiments, removal of ATP from the pipette solution almost 
completely prevented activation of VRACs, whereas substitution of ATP with the nonhydrolyzable 
analog ATPγS did not alter the activation of VRACs. The inhibitors of protein tyrosine kinases 
(PTK) tyrphostin A25 and B46 depressed VRAC currents in both cases (ATP and ATPγS), but a 
PTK ineffective analog (tyrphostin A1) did not affect VRAC currents. We infer that in the cell 
preparation we used, ATP has a dual role in VRAC regulation: it is required for channel-protein 
phosphorylation and it can influence channel activity through non-hydrolytic binding in a ligand-
receptor manner. It can additionally be suggested that tyrosine-specific protein kinases can be 
involved in the regulation of VRACs, independently of the effects of ATP. We also studied cell 
cycle-related changes in activation of VRACs by osmotic swelling of cells chemically arrested at 
different phases of the cell cycle. We found no significant changes during most of the cell cycle, 
except short periods before and after mitosis and in the quiescent G0 state. 

The single Cl- channels of brown adipocytes resemble in their electrophysiological 
phenotype outwardly rectifying Cl- channels (ORCCs). We investigated the sensitivity of these 
channels to intracellular Ca2+. It appeared that the commonly used Ca2+-chelators EGTA and 
BAPTA could influence the ORCCs currents by themselves, independently of their calcium 
chelating effects. In some channels, these chelators induced classical flickery-type block of activity, 
whereas in others there was quasi-blockage, i.e. a peculiar combination of flickery blockage and 
overall channel activation. The chloride channel blocking agents DIDS and SITS mimicked the 
true/quasi blockage of EGTA and BAPTA. These phenomena add to the structure-function 
characteristics of the ORCC molecule. Moderate inhibitory effect of Ca2+ within a physiological 
range of intracellular concentrations (sub-µM) was also detected; however, the biological relevance 
of this observation, as well as of these Cl- channels in general, remains to be clarified.   
 
© Victor Sabanov 2005 
ISBN 91-7155-044-5 
Akademitryck AB, Valdemarsvik, 2005  

 2



 
 
 
 
 
 
 
 
 

”We imagine molecular mechanisms and 

cellular functions in terms of mind pictures 

of objects interacting with each other like 

tiny billiard balls organized together in linear 

causal pathways. This common sense view 

has difficulty dealing both with regulatory 

networks in which linear casuality might not 

be the dominating feature, or with 

phenomena that exhibit complex changes in 

space and time…”   

                                       Paul Nurse (2000) 
 
 
 
 
 
 
 

To the memory of my mother 
and to my father 
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ABBREVIATIONS 
 
AMP-PCP     adenylyl-(β,γ-methylene)-diphosphonate   
ATP    adenosine 5′-triphosphate 
ATPγS               adenosine 5′-O-(3-thiotriphosphate)     
BAPTA                            1,2-bis(o-aminophenoxy)ethane-N,N,N',N'  

tetraacetic acid    
CFTR    cystic fibrosis transmembrane conductance regulator 
DIDS 4, 4’-Diisothiocyanatostilbene-2,2'-disulfonic acid, 

disodium salt  
EGTA (ethylene glycol-bis-(beta-amino-ethyl ether) 

N,N,N',N'-tetraacetic acid) 
GHK (equation)  Goldman-Hodgkin-Katz  
HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
ICOR (channel)  intermediate-conductance outwardly rectifying  
NE    norepinephrine 
NMDG   N-methyl-D-glucamine 
NSCCa/AMP (channel) Ca2+activated/AMP-inhibited non-selective cation  
ORDIC (channel)  outwardly rectifying depolarization induced  
ORIC (channel)  outwardly rectifying intermediate-conductance  
PTK   protein tyrosine kinase 
PTP   protein tyrosine phosphatase 
RVD     regulatory volume decrease  
SITS    4-acetamido-4’-isothiocyanato-2,2'-disulfonic acid 
VRAC   volume-regulated anion channel 
VSCC   volume-sensitive Cl- channel  
VSOAC    volume-sensitive organic osmolyte and anion 
    channel  
VSOR volume expansion-sensing outwardly rectifying 

anion channel 
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As a preface  
 

Patch-clamp method gave us the phenomenon: there are single-channel 
chloride currents in isolated patches of brown adipocyte plasma membranes. 
Now we have the questions: What are the functions of chloride channels in 
brown fat cell plasma membranes? How these chloride channels work? Do 
they do some special work in brown adipocytes, unlike what they do in other 
cell types? Exactly the same questions (together with many others) can 
actually be asked about the other ion channels found in brown fat cells. 
Hereby I present the description of single chloride channels in brown 
adipocytes with my attempt (naive and ambitious) to understand and to 
speculate what Cl- channels could do in a brown fat cell membrane. 

The use of the conjunction “and” between “Cl- channels” and “brown 
fat cells” in the title of summary was intentional, as there are still too few 
experimental facts and too many questions on what purpose Cl- channels serve 
and how they really work in brown adipocytes. Therefore, I dare not link “Cl- 
channels” and “brown adipocytes” with the proposition “in”. There is also 
some material on fibroblasts in the “results part” of my summary; however, it 
is not a digression from the brown adipocyte topic. Cultured fibroblasts were 
used as a suitable experimental model to explore the process of regulatory 
volume decrease, and the physiology of fibroblasts was not a subject of our 
research investigations. Brown fat cells were the key issue and the target of 
my research interest. However, I feel it is still a long distance to go from my 
electrophysiological data to the biology of brown fat cells.  

 7
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1. Introduction 
 
1A. Brown adipocytes  
 

Brown adipose tissue is a sympathetically regulated internal “heat 
radiator” in small-size mammals and in all new-born mammals, including 
human infants (Cannon and Nedergaard, 2004). Remarkably fast and intensive 
metabolic activation of brown adipocytes can be promoted by sympathetically 
released norepinephrine (NE), mainly through a β3-adrenergic signaling 
pathway. Besides, NE can elicit a complex electrical response in the plasma 
membrane of the brown fat cell (Girardier et al., 1968; Horwitz et al., 1969; 
Krishna et al., 1970; Girardier and Seydoux, 1971; Williams and Matthews, 
1974a; Williams and Matthews, 1974b; Fink and Williams, 1976; Flaim et al., 
1977; Girardier and Schneider-Picard, 1983; Horowitz et al., 1983; Horwitz 
and Hamilton, 1984; Schneider-Picard et al., 1985; Horwitz et al., 1989; 
Lucero and Pappone, 1990; Lee et al., 1993; Pappone and Lee, 1995; Pappone 
and Lee, 1996; Koivisto et al., 2000; Wilson et al., 2000). Among other 
electrical events, NE can stimulate a Ca2+-dependent increase of Cl- selective 
conductance via the λ1-adrenergic pathway, and this Cl- conductance was 
different from volume-activated Cl- permeability (Pappone and Lee, 1995).  

At the single-channel level, 4 different channel types have been 
described in brown adipocyte plasma membranes: (1) Ca2+ activated non-
selective K+-Na+ channels (Siemen and Reuhl, 1987; Weber and Siemen, 
1989; Koivisto et al., 1993; Koivisto and Nedergaard, 1995; Halonen and 
Nedergaard, 2002); (2) voltage-activated K+ channels(Lucero and Pappone, 
1989; Rüss et al., 1993); (3) voltage-independent K+  channels (Rüss et al., 
1993); (4) intermediate-conductivity Cl- channels (I). By their 
electrophysiological characteristics, Cl- channels can be included in the 
ubiquitous group of outwardly rectifying Cl- channels (ORCC) observed in 
epithelial cells (Guggino, 1993; Schwiebert et al., 1999; Hryciw and Guggino, 
2000; Thinnes et al., 2001; Szkotak et al., 2003) and also in many other cell 
types (Blatz and Magleby, 1985; Blatz and Magleby, 1986; Franciolini and 
Nonner, 1987; Barres et al., 1988; Bear, 1988; Chen et al., 1989; Mahaut-
Smith, 1990; Weiss and Magleby, 1990; Blatz, 1991; Chua and Betz, 1991; 
Fahlke et al., 1992; Garber, 1992; Bear, 1994; Duan and Nattel, 1994; 
Häussler, 1994; Xu and Lu, 1994; MacKenzie and Mahaut-Smith, 1996; 
Lascola et al., 1998; Szabo et al., 1998; Catacuzzeno et al., 1999; Assef and 
Kotsias, 2002).  
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Hoping to find a link between these single Cl- channels and the 
macroscopic Cl- currents from the whole-cell experiments (Pappone and Lee, 
1995), we have made an attempt to examine the sensitivity of our channels to 
intracellular Ca2+ (IV). For this we compared the behaviour of inside-out Cl- 
channels in the test solution with 1 mM Ca2+ and a solution without Ca2+ at 
all. To get rid of the contaminating Ca2+ and have a truly Ca2+-free solution, 
we used regular Ca2+chelators EGTA and BAPTA. Surprisingly, we found 
that both EGTA and BAPTA could markedly influence the channel activity by 
themselves independently of Ca2+. In addition, it turned out that a given 
channel could react to the chelators in one of two different ways. Activity of 
some of the channels was merely blocked in a flickering-block manner, but 
other channels revealed a rather peculiar reaction, which we qualified as a 
quasi-blockage. What concerns the Ca2+, it also could influence the brown 
adipocyte Cl- channel openings. Already in low micromolar concentrations, 
Ca2+ prevented the full-size opening of the Cl- channel, and these effects were 
masked by effects of the chelators.  

Thus, instead of a plain answer to the clear question – “does calcium 
affect the activity of the Cl- in brown adipocyte plasma membrane, or not?” – 
the we have got a curious phenomenon from the EGTA and BAPTA, and 
whimsical effects of Ca2+ on the single-channel Cl- currents. Our data could be 
interesting at least for the ion-channel people working with calcium 
sensitivity, and hopefully be helpful for the chemical structure-function 
conception of the intermediate conductivity outwardly-rectifying chloride 
channels.  
 
 
1B. Chloride channels  
 

Cl- channels are transmembrane proteins that form membrane pores and 
mediate the movement of chloride ions down their electrochemical gradient. 
Most often they are also able to conduct bicarbonate, phosphate, nitrate, 
amino acids and some other inorganic and organic anions (frequently even 
better than chloride). Therefore, the term anion channel is more accurate. 
However, these channels are usually referred to as Cl- channels, since Cl- is the 
most abundant and predominant permeating biological anion (Jentsch, 1993; 
Pusch and Jentsch, 1994; Nilius et al., 1997a; Jentsch et al., 2002; Nilius and 
Droogmans, 2003).  
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Chloride channels are probably found in cells of every type, from 
bacteria to man (Jentsch et al., 2002; Nilius and Droogmans, 2003). They have 
been reported for so many different cell types that now it would be 
extraordinary to describe cells without Cl- channels at all.  

This short overview will focus on the cell-surface membrane Cl- 
channels, although there are many diverse Cl- channels in different 
intracellular membranes as well (al-Awqati, 1995; Bradbury, 1999; Jentsch et 
al., 2002; Faundez and Hartzell, 2004). It will also deal mainly with 
mammalian cells, even though the general physicochemical principals of Cl- 
channel biology are, of course, the same for all living cells.  

The flow of chloride ions through the membrane has two functional 
aspects: it is a transport of charge, and, at the same time, it is a transport of 
substance (Jentsch et al., 2002). This suggests that involvement of Cl- 
channels in various membrane and cellular processes is principally based on 
two essentially different physicochemical mechanisms. Activation of the Cl- 
channels can change membrane voltage and it can change Cl- concentration 
inside the cell, or in the given part of the cell. These two “faces of Janus” 
cannot be detached from each other – but in each particular cell type / model, 
one of these faces is turned to us more than the other.  
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2. Chloride, cell volume and membrane potential  
 
2A. Chloride and cell volume  
 

Chloride is an abundant physiological anion. Just as is the case for all 
other ions and substances (except water), chloride concentrations inside the 
cell and in the extracellular milieu are very different. Textbook values of Cl- 
concentrations inside and outside a typical mammalian cell are 5-15 mM and 
110 mM, respectively (see for instance p. 585 in (Lodish et al., 2001); p. 616 
in (Alberts et al., 2002)). With very few exceptions, the membranes of all 
animal cells are rather permeable to Cl- (Macknight and Leaf, 1977; 
Hoffmann and Simonsen, 1989; Lang et al., 1998; O’Neill, 1999; Waldegger 
and Jentsch, 2000; Okada, 2004). Thus, despite fairly high permeability of the 
membrane, there is normally a significant concentration gradient for Cl- across 
the cell membrane. Why and how does the cell maintain this concentration 
gradient?  

The most important reason “why” seems to be the obligation to 
maintain the osmotic balance. To fulfill its metabolic functions, a cell contains 
a number of osmotically active organic metabolites in the cytoplasm. These 
metabolites create a constant osmotic challenge, i.e. they permanently attract 
water molecules to move from the extracellular solution through the water-
permeable cell surface membrane. Many of these osmolites are represented by 
polyanions: charged proteins, amino acids, nucleic acids, metabolites carrying 
phosphate and carbonyl groups, etc. If all those osmolites would be 
electrically neutral, it could make the problem of the osmotic balancing much 
more difficult, and in such case another principle for physicochemical 
construction would be used.  (The question also can be asked - why not 
polycations instead? – but it’s another story.)  
Anyway, when the Creator (Mother Nature or Father God? - personally, I prefer the 
former) evolved / constructed this asymmetric system, the Na-K pump was inbuilt as 
a basic instrument to keep it in a steady state. The Na-K-ATPase extrudes Na+ from 
the cell in exchange for K+. Since the activity of Na-K-ATPase is ruled by the 
leakage of the Na+ back into the cell, this mechanism is commonly called the 
“pump-leak balance mechanism” (Hoffmann and Simonsen, 1989; Okada, 1997; 
Okada, 2004).  

Potassium ions thus accumulated in the cytoplasm tend to exit the cell 
via the K+ channels, leaving a cell-negative potential across the cell 
membrane. This electrical force drives Cl- out of the cell. Thus, Cl-  
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accommodates its concentration gradient to match the steady-state electrical 
membrane potential established by K+. As a result, the Cl- concentration inside 
the cell is much lower than outside (Lang et al., 1995; Lang et al., 1998). In 
this system, a membrane impermeable to charged macromolecules but 
permeable to water and small ions (K+ and Cl-) separates two compartments – 
intracellular and extracellular – only one of which contains the charged 
macromolecules. Can this functional structure keep on in steady-state? And 
where is Na+ is this scheme? Cl- and K+ in such a system have to be 
distributed according to Gibbs-Donnan equilibrium (Macknight and Leaf, 
1977; O’Neill, 1999; Okada, 2004). According to Gibbs-Donnan model, a 
characteristic distribution of Cl- and K+ is such that the products of their 
activities on one side of the membrane equals the product of their activities on 
the opposite side:  

 

[ ] [ ] [ ] [ ]o-
o

+
i

-
i

+ Cl×K=Cl×K
 
(1) 

 
 
What is principally important in this system is that the sum of the 

concentrations of the diffusible ions is larger in the compartment containing 
the nonpermeant polyvalent molecules i.e. inside the cell:  

 

[ ] [ ] [ ] [ ]o-
o

+
i

-
i

+ ClKClK +>+
                 
(2) 

 
 
(This mathematical inequality can easily be proven taking into account that 
[K+]i > [Cl-]i and [K+]o =  [Cl-]o.) There is therefore an excess of osmotic 
pressure contributed both by the polyanion itself and by its associated 
counterion, i.e. K+. Simple calculations show that in the Gibbs-Donnan 
system, which contains 120 mM nonpermeant anion and 160 mM K+ in one of 
the compartments (values comparable with that for the averaged mammalian 
cells), the distribution of the permeable ions at equilibrium would be as 
follows: in the nonpermeant anion-containing compartment – 160 mM K+ and 
40 mM Cl-, in the other compartment 80 mM K+ and 80 mM Cl-; thus giving 
an osmotic disbalance of 40 mOsm (!) 

Another important characteristic of the Gibbs-Donnan system is that the 
nature of the permeant monovalent ions is not critical. Replacing some K+ and  
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Cl- with an equivalent amount of other permeant monovalent ions (e.g. 
sodium and bicarbonate) will not change the properties of the system, so long 
as the effects of ions on the activity of water are identical (Macknight and 
Leaf, 1977).  

Thus, although referred to as Gibbs-Donnan “equilibrium”, this is not in 
fact an equilibrium state (Macknight and Leaf, 1977; O’Neill, 1999; Okada, 
2004). It may be considered as steady-state disequilibrium, where the 
unopposed osmotic effect created by the cytoplasmic polyanions should 
continuously draw water and permeant solute across the membrane into the 
cell. In the experimental model, this osmotic gradient is counterbalanced by 
hydrostatic pressure, but a real animal cell cannot produce enough physical 
tension (Macknight and Leaf, 1977; O’Neill, 1999; Okada, 2004). In the 
absence of counterbalancing force, the cell must either restrict permeability or 
actively extrude water. Since mammalian cells (with a very few exceptions) 
are highly permeable to water, and since there is no evidence of active 
pumping of water, this possibility must be rejected for animal cells. This 
seemed to leave only the alternative that it must be some solute that is actively 
transported and has a restricted diffusion. That is, a steady state can be 
achieved only if the excess osmotic pressure of intracellular macromolecules 
is opposed by some extracellular solute restricted outside. This solute is Na+. 
The described system commonly referred to as the double-Donnan model, 
where sodium ions, kept extracellularly by active transport, work as the 
“impermeant” external osmolite to counterbalance the colloid osmotic 
pressure of the cytoplasm. The idea can be illustrated in simple experiments 
with the increase of membrane permeability to Na+ and K+ by means of 
ionophores, or simply with the replacement of extracellular Na+ for K+. In 
both cases, cell swelling occurs although neither Gibbs-Donnan “equilibrium” 
nor osmotic forces are altered (O’Neill, 1999).  

Thus, the mere presence of water-soluble osmotically active metabolites 
(could be charged or electrically neutral) inside the cell and water 
permeability of the cell membrane, literally oblige a cell to have a 
sophisticated system of regulation and spend a lot of energy simply to survive 
in an isoosmotic environment. The fact that many osmotically active organic 
molecules in the cytoplasm are ionized is just a practically helpful opportunity 
to arrange this regulatory system properly, while the electric transmembrane 
potential works as an indispensable instrument for the functioning of the 
system.    
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2B. Chloride and membrane potential 
    

In the described simple model, the transmembrane distribution of that 
Cl- is thermodynamically passive, so Cl- just follows the electrochemical and 
osmotic equilibration of the system. This simplified sceme predicts the cell 
membrane potential (Vm) to be equal to the Nernst potential of potassium 
(EK), which implicitly provides the same Nernst potential also for Cl- (ECl):   

 

[ ]
[ ]

[ ]
[ ] Cl

o
-

i
-

i
+

o
+

Km E=
Cl
Cl

ln
F
RT

=
K
K

ln
F
RT

=E=V
 
   (3) 

 
 
In this static model, the membrane permeability for Cl- does not make a 
difference. Clearly, the closer a real cell is to this bi-ionic ideal, the less 
important is the role that Cl- channels could play.   

In reality, the cell membrane inevitably has some permeability for Na+, 
and this makes Vm less negative than EK and ECl. This steady-state (no net 
current flows) model can be described by Goldman-Hodgkin-Katz (GHK) 
voltage equation: 

[ ] [ ] [ ]
[ ] [ ] [ ]o-
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+

Nai
+

K

i
-

Clo
+

Nao
+

K
m ClP+NaP+KP

ClP+NaP+KP
ln

F
RT
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     (4) 

 
 
Here Vm is the weighed mean of Nernst potentials for K+, Na+ and Cl-. Each 
of these ions tries to draw the Vm as close as possible to its equilibrium 
potential, depending on its permeability (P), and all the concentrations are 
fixed at some given level. Since in real systems [Na+]o is significantly higher 
that [Na+]i, Vm in equation (4) must be lower than in (3). Therefore, an 
activation of Cl- channels (increase of PCl) should lead to membrane 
hyperpolarization due to the increase of the PCl [Cl-]o parameter in the 
equation. This shift is not large, since ECl is usually close to the membrane 
potential, because of relatively high steady-state membrane Cl- permeability, 
and the amount of Cl- ions needed to bring the membrane potential to this new 
level – that is determined by the electrical capacitance of the membrane – is 
small. According to this classical membrane paradigm, acknowledged in 
neurophysiology and muscle physiology, the Cl- is not involved in the core 
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processes of electric signal generation and transduction; it is just able to 
modulate the active electrical properties of the excitable membrane.  
Apparently, the GHK equation can not provide a perfect description of the 
resting membrane potential, because it does not take into account the ion 
transport processes. First of all, the electrogenic activity of the Na+-K+-
ATPase, which transports three Na+ out of the cell for each two K+ carried 
inside. The contribution of Na-K-pump to the Vm value depends on the 
relative ionic permeabilities, and for a transport ratio 3:2 it can be about -11 
mV (p.77 in (Nicholls et al., 1992)).  

Thus, with the requirement that water stays in thermodynamic 
equilibrium across the plasma membrane, cell volume can be viewed as a 
balance between the osmotic effects of high concentration of impermeant 
anions and low concentrations of Cl- within cells (O’Neill, 1999). In this 
system, the membrane potential serves as a practical tool to match the 
transmembrane Cl- gradient to the thermodynamically optimal values. This 
sets the model standards for the membrane potential of the mammalian cell in 
the range -50 mV to -100 mV, and intracellular Cl- concentrations to 5-15 mM 
(for instance see p.616 in (Alberts et al., 2002); p. 1026 in (Campbell and 
Reece, 2002)).  

In reality, the machinery of the osmotic balance and surface membrane 
in living cells is usually far more complex. The precise values of the  
membrane potential of any given cell at a given instant of time is determined 
by a number of factors, and the ideal equation of the membrane state has to be 
expected to have much more complex character than the GHK equation. 
Different primary and secondary ion transporting systems exist in different 
cell types, so it can only be generalized that transporters establish and 
maintain the transmembrane chemical gradients, and ion channels and 
electrogenic transporters establish the membrane potential.  

Some cells can actively extrude Cl-; others actively accumulate it so 
that the intracellular Cl- concentration is “pumped up” (or down) to a steady-
state value. In a steady state, the leak of Cl- through the channels out of (or 
into) the cell perfectly matches the rate of active transport in the opposite 
direction, and when a biological stimulus changes the chloride permeability of 
the plasma membrane, it causes a transmembrane net flow of Cl- (Nicholls et 
al., 1992). In different cells, this Cl- flow can theoretically proceed in either 
direction. The energetic cost for active Cl- transport is low in most cells 
because the Cl- equilibrium potential is close to the resting membrane 
potential (Nilius and Droogmans, 2003). Therefore, chloride concentration  
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inside a cell can be above as well as below the Nernst equilibrium level 
(Pusch and Jentsch, 1994). This fact makes Cl- channels more flexible 
instruments, compared to the major cation channels. If activation of K+ 
channels can promote only hyperpolarization, and activation of Na+ channels 
and non-selective cation channels only depolarization, activation of Cl- 
channels can principally do both things.  

 

In Fig. 1, the most important families of chloride transporters and 
chloride channels that work in mammals are shown.  The presented 
transporters are driven by the Na+ gradient, although recent evidence points to 
the existence of chloride ATP-ase pumps also (Gerencser and Zhang, 2003a; 
Gerencser and Zhang, 2003b).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Transporters and channels which determine the distribution of Cl- in a 
mammalian cell.  
To the left are the most important families of Cl- transporters: the Na+/Cl- cotransporter 
(NCC), the Na+/K+/2Cl- cotransporter (NKCC), the anion exchanger AE, and the K+/Cl- 
cotransporter (KCC). To the right are Cl-channels: the ClC family (ClC-X), the 
cAMP/PKA activated cystic fibrosis transmembrane conductance regulator (CFTR), Ca2+ 
activated Cl- channels (CLCA or CaCC), volume-regulated anion channels (VRAC). 
Modified from (Nilius and Droogmans, 2003).  

 
Cl- is distributed out of electrochemical equilibrium in a wide variety of 

cells (Jentsch, 1993; Nilius et al., 1997a; Chipperfield and Harper, 2000;  
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Reeves et al., 2001; Jentsch et al., 2002; Nilius and Droogmans, 2003; Okada, 
2004). For some cell types, extraordinarily high internal chloride 
concentrations have been reported: more than 70 mM for collecting duct cells 
(Adam et al., 2004), close to 60 mM for lactotrophs (Garcia et al., 1997), up to 
50 mM for olfactory sensory neurons (Kaneko et al., 2004).  The brown 
adipocytes have also been claimed to have an intracellular Cl- concentration 
about 70 mM, although in this case it is a debatable question (see section 4C).  

Thus, in different types of cells, chloride concentration can range from 
5 mM to probably more than 70 mM, suggesting that in different cells it can 
play different roles. The higher the deviations of [Cl-]i from the “double-
Donnan default” in the given cell type, the more important physiological role 
can be speculated. However, in those cell systems where very high values of 
intracellular chloride have been measured, chloride could to be bound to some 
intracellular component or be sequestered. The theoretically acceptable 
amount of Cl- in a cytoplasm is determined by the simple principles of 
physical chemistry (Macknight and Leaf, 1977; Nicholls et al., 1992; O’Neill, 
1999; Okada, 2004). Therefore, just to satisfy the requirement for osmotic 
balance, an assumption of an unusually high concentration of cytosolic Cl- in 
any cell model automatically predicts unusually low levels of organic anions.  
 
 
2C. Chloride homeostasis  
 

Electrical neutrality of intracellular and extracellular solutions and 
osmotic balance are the absolute physicochemical prerequisites and 
requirements for any living cell to exist (Nicholls et al., 1992). In most cells, 
functions of Cl- are determined first of all by its role in cell-volume, pH and 
membrane potential regulation, thus implying chloride involvement in such 
general life processes as cell growth, differentiation and apoptosis (Jentsch, 
1993; Pusch and Jentsch, 1994; Lang et al., 1995; Nilius et al., 1997a; Lang et 
al., 1998; Jentsch et al., 1999; Lang et al., 1999; O’Neill, 1999; Lang et al., 
2000; Lepple-Wienhues et al., 2000; Waldegger and Jentsch, 2000; Jentsch et 
al., 2002; Nilius and Droogmans, 2003; Lang et al., 2004; Okada, 2004). 
These functions of chloride emerge as a fundamental and universal principal 
in the biology of living cells.  

How important are the elemental Cl- properties for the biology? The 
suitability of bicarbonate, or phosphate, or iodide, or any other monovalent 
anion as an overall substitute for chloride can probably be debated in the  
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higher reaches of biological theories (on the silicon-carbon analogy); but the 
important point is the de-facto involvement of chloride in life processes. 
(Parenthetically, what will happen if every Na+ will be replaced with K+ and 
visa versa, supposing a Na-K-pump to maintain this arrangement?)  My 
simple belief is – it may not have been the one-and-only way for Mother 
Nature to assemble the living cell, but as soon as it was constructed as it is – 
without exaggeration Cl- must be considered as an indispensable element of 
life, and precise regulation of intracellular Cl- concentration must be an 
important constituent of the overall cell homeostasis. Most mammalian cells 
are bathed in extracellular fluid with almost constant osmolarity. However, 
even at constant extracellular osmolarity, they permanently need to balance 
their membrane potential, chloride and other ion permeability, and water 
permeability to maintain their volume within certain limits since cell volume 
constancy is compromised by alterations of intracellular osmolarity (Lang et 
al., 1998; O’Neill, 1999). The general strategy adopted by animal cells for 
osmotic regulation is to activate transport pathways, including channels and 
transporters, mainly for inorganic osmolytes to drive water flow (Macknight 
and Leaf, 1977; Hoffmann and Simonsen, 1989; Nilius et al., 1997a; Lang et 
al., 1998; O’Neill, 1999; Nilius and Droogmans, 2003; Okada, 2004).  

Furthermore, many types of cells actively keep intracellular chloride 
concentration out of equilibrium, to be able further to utilize the chemical, 
electrical and osmotic potential energy of the chloride disequilibrium for 
various purposes. As a result, Cl- is involved in many specialized functions, 
such as regulation of hormone and transmitter release (Lang et al., 1995), 
receptor recycling (Lang et al., 1998), intracellular membrane trafficking 
(Faundez and Hartzell, 2004), smooth muscle contraction (Chipperfield and 
Harper, 2000), etc.   

For the accomplishment of these functions, many different chloride ion 
transport proteins are employed. Among them, Cl- channels are regarded as 
the fastest and most powerful instrument in the transmembrane transport 
machinery (Dubyak, 2004), as the rate of ion flow through the ion channels is 
normally thousands of times higher than that of the ATP-powered pumps and 
the carriers (for instance see p. 581 in (Lodish et al., 2001)).  
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3. Cl- channels and cell volume regulation  
 
3A. Diversity of Cl- channels and their functions  
 

The application of the patch-clamp method in biology revealed a 
bewildering variety of anion channels that differ in their electrophysiological 
properties and pharmacology. The number of biophysically identified Cl- 
channels markedly overwhelms the number of known Cl- channel genes, and 
for many “patch-clamp channels” their function and their role in cellular 
physiology remain unclear (Jentsch et al., 2002).  

At the molecular level, three different classes of Cl- channels are 
distinctly identified so far: the ClC family, the cystic fibrosis transmembrane 
conductance regulator (CFTR) family, and the ligand-gated GABA- and 
glycine-receptor Cl- channels (Jentsch et al., 2002; Nilius and Droogmans, 
2003; Chen, 2005; Mehta, 2005; Riordan, 2005).      

The cellular functions of plasma membrane Cl- channels are usually 
grouped into three main categories: regulation of exitability, transepithelial 
transport, and cell volume osmotic regulation (Jentsch et al., 2002). The first 
category of functions is related to electrically excitable cell species. Thus, in 
skeletal muscles, voltage-gated Cl- channels stabilize the resting potential and 
their dysfunction leads to hyper-excitability. For instance, mutations in ClC-1 
(the principal skeletal muscle voltage-gated Cl- channel) lead to myotonia. On 
the other hand, in smooth muscle cells that have the equilibrium potential for 
chloride significantly higher than resting potential, activation of Ca2+-gated or 
volume-sensitive Cl- channels leads to depolarization. In neurons, activation 
of GABA and glycine ligand-gated channels Cl- channels can cause both 
inward or outward passive Cl- fluxes, depending on the electrochemical 
reversal potential, and hence to an excitatory or inhibitory response. (For 
review see (Jentsch et al., 2002)).  

The transepithelial movement of salts and water occurs in highly 
specialized epithelial cells with a polarized expression of Cl- channels in the 
apical and basolateral membranes. All the known transmembrane transport 
models for the different secreting and absorbing epithelia necessarily include 
Cl- channels (Reeves and Andreoli, 1992; Reeves et al., 1994; Reeves et al., 
2001; Jentsch et al., 2002).  

Cl- channels play a pivotal role in cell-volume regulation and ionic 
homeostasis in all mammalian cells regardless of their specialization. Similar 
to the case in transepithelial transport, this Cl- channel function is performed  
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in a close interaction with various membrane transporters, including other ion 
channels. Cell swelling and shrinkage can influence various intracellular 
signaling mechanisms, which in turn alter a multitude of cellular processes 
including the volume regulatory mechanisms (Gullans and Verbalis, 1993; 
Nilius et al., 1997a; Lang et al., 1998; Okada, 2004). In a process of cell-
volume regulation, water flows through the membrane until the osmotic 
equilibrium is restored and thus causes cell swelling or shrinkage. This can 
alter metabolic reactions through changes in the concentrations of enzymes 
and substrates. Regulation of cell volume is also tightly linked with 
intracellular pH regulation: cell swelling leads to cytosolic acidification and 
cell shrinkage is frequently observed to alkalinize cells. In many cell systems, 
cell volume may modify physiological functions by pH regulation in acidic 
cellular compartments. Cell volume can also influence Ca2+, G-proteins, 
protein kinases, cytoskeleton and other intracellular factors.  A variety of 
metabolic pathways have been shown to be sensitive to cell volume (O’Neill, 
1999; Waldegger and Jentsch, 2000).  

Generally, cell shrinkage favors cell catabolism associated with the 
breakdown of proteins, glycogen, and lipids. Cell swelling inhibits these 
processes and thus “can be considered as an anabolic signal” (Lang et al., 
1998). Cell volume also plays a part in cellular functions other than 
metabolism, such as regulation of hormone and transmitter release, receptor 
recycling, membrane excitability and contraction, epithelial transport, cell 
proliferation and differentiation, and cell death through apoptosis (reviewed in 
(Lang et al., 1998).  

Characteristic anion-selective whole-cell currents are activated upon 
cell swelling “in virtually every vertebrate cell type where this has been 
examined” (Jentsch et al., 2002). Although sharing some electrophysiological 
properties in different cell types these currents are not absolutely identical, 
suggesting a molecular diversity of underlying channel (Nilius et al., 1997a; 
Nilius and Droogmans, 2003; Okada, 2004). The terms volume-regulated 
anion channel – VRAC (Eggermont et al., 2001; Nilius and Droogmans, 2001; 
Nilius and Droogmans, 2003), volume expansion-sensing outwardly rectifying 
anion channels – VSOR (Okada, 1997; Okada, 2004), volume-sensitive 
organic osmolyte and anion channel – VSOAC (Jackson and Strange, 1995; 
Strange et al., 1996; Strange, 1998), volume-sensitive Cl- channel – VSCC 
(Duan and Hume, 2000), have been used, often interchangeably. Henceforth I 
will refer to the voltage-sensitive Cl- channels as VRACs.  
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3B. Volume-sensitive chloride channels and intracellular ATP  
 

The phenotypical properties of VRACs have been extensively studied 
and well characterized in a large variety of cells types (Strange et al., 1996; 
Nilius et al., 1997b; Eggermont et al., 2001; Nilius and Droogmans, 2001; 
Nilius and Droogmans, 2003; Okada, 2004). These channels are believed to be 
involved in a variety of cell activities such as cell volume regulation, 
intracellular pH regulation, synaptic signaling, cellular excitability and 
membrane potential stabilization, cell cycle and apoptosis. The mechanisms of 
their activation are not presently known but they definitively can be activated 
by an expansion of cell volume which experimentally is achieved either by 
osmotic cell swelling or by cell inflation through the patch-clamp pipette.  

The volume-sensitive Cl- channels are in many cell types apparently 
regulated by intracellular ATP concentration. ATP can modulate the function 
of VRACs (and other channels and transporters as well (Hilgemann, 1997)) 
through a number of different mechanisms that may or may not require ATP 
hydrolysis. Thus, in addition to its role in the phosphorylation of proteins, 
ATP may serve as a signaling molecule itself. In this respect, non-hydrolytic 
ATP binding and protein phosphorylation mechanisms were shown in 
different preparations (reviewed in (Strange et al., 1996; Nilius et al., 1997a; 
Okada, 1997; Lang et al., 1998; Eggermont et al., 2001; Nilius and 
Droogmans, 2001; Okada, 2004)).  

Protein phosphorylation, both serine/threonine and tyrosine specific, is 
involved in activation of volume-sensitive Cl- current in various cell types 
(reviewed in (Nilius et al., 1997a; Okada, 1997; Okada, 2004)).  An 
immediate increase in protein tyrosine kinase (PTK) activity following cell 
swelling has been detected in cardiac myocytes (Sadoshima et al., 1996) and 
cardiac fibroblasts (MacKenna et al., 1998), astrocytes (Crepel et al., 1998) 
and C6 glioma cells (Sinning et al., 1997). Swelling-activated currents could 
not be induced in lymphocytes deficient for p56lck tyrosine kinase, but could 
be elicited by the addition of the purified tyrosine kinase p56lck to the 
intracellular part of excised patches, and these currents were also restored 
upon transfection of the wild-type cDNA (Lepple-Wienhues et al., 1998). 
Involvement of serine/threonine-specific protein phosphorylation in the 
regulation of volume-sensitive Cl- currents has been demonstrated in chick 
heart cells (Hall et al., 1995), in canine colonic smooth muscle (Dick et al., 
1998), rat brain endothelial cells (von Weikersthal et al., 1999), guinea-pig  
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cardiac myocytes (Duan et al., 1999), and bovine endothelial cells (Nilius et 
al., 1999). 

On the other hand, several studies indicate that VRAC current may be 
activated by non-hydrolytic ATP binding alone, based on the observation that 
the current could be induced when ATP in the dialyzing solution was 
substituted with its nonhydrolyzable analogs (Jackson et al., 1994; Oiki et al., 
1994; Jackson et al., 1996; Bond et al., 1999). Besides, it turned out that 
VRAC current in bovine chromaffin cells (Doroshenko, 1998) and mouse 
fibroblasts (Thoroed et al., 1999), could be suppressed by inhibitors of protein 
tyrosine phosphatases (PTP).  

Whether the hydrolytic and binding models of ATP regulation of 
VRAC current are exclusive or may supplement each other is not clear; 
therefore our study was designed to clarify the relationship between them by 
testing alternative ATP effects under identical experimental conditions.  

We studied the role of ATP in activation of VRAC channels in mouse 
L-fibroblasts (cell line L-M TK-) using the classical whole-cell patch-clamp 
technique. VRAC channels in these cells are characterized by moderate 
outward rectification (Doroshenko, 1998; Doroshenko, 1999), have higher 
permeability for I- than for Cl- and could not be inactivated by high 
depolarization (Thoroed et al., 1999). It is generally accepted that the same Cl- 
channels are activated with either osmotic cell swelling or cell inflation 
through the patch-pipette [Doroshenko, 1992, 197; Doroshenko and Neher 
1992; Hagiwara, 1992, 285]. 

In summary, our study of the effects of inhibitors of protein tyrosine 
kinases (PTK) and ATP provided us the following results:  
1. Removal of ATP from the patch pipette solution completely abolished 
activation of volume-sensitive Cl- current. This was also true when the current 
was activated by cell inflation, with the rate of cell volume expansion 
exceeding 100 %/min;  
2. On the other hand, equimolar substitution of ATP with its nonhydrolyzable 
analogs, ATPγS or AMP-PCP not only supported activation of the current but 
also preserved its amplitude; 
3. The protein tyrosine kinase inhibitors tyrphostins A25, B46, 3-amino-2,4-
dicyano-5-(4-hydroxyphenyl)penta-2,4-dienonitrile, and genistein (all at 100 
µM), inhibited VRAC current in a time-dependent manner;  
4. Tyrphostin A1, which does not inhibit protein tyrosine kinase activity, did 
not affect the current amplitude;  
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5. Tyrphostin A25 inhibited the outward component of the current 
significantly stronger than the inward component;  
6. Finally, the PTK inhibitors inhibited VRAC current also under conditions 
when ATP in the pipette was substituted with the nonhydrolyzable analogs, 
ATPγS or AMP-PCP.  

Thus, our experiments yielded a rather complex picture. We conclude 
that in mouse L-fibroblasts the ATP-dependence of the current occurs at two 
levels: at micromolar levels ATP is needed for protein phosphorylation, 
whereas at millimolar levels non-hydrolytic binding of ATP determines the 
magnitude of the current. We also suggest that tyrosine-specific protein 
kinases and phosphatases are involved in the regulation of VRACs in a 
sequential manner. 
 
 
3C. Cell cycle-related changes in volume-sensitive chloride conductance  
 

Cell volume regulation can be considered as a mechanism that provides 
structural integrity and constancy of intracellular milieu. At the same time, 
alterations of cell volume and volume regulatory mechanisms participate in a 
wide variety of cellular functions including metabolism, cell proliferation and 
differentiation, cell migration and cell death (Nilius et al., 1997a; Lang et al., 
1998; O’Neill, 1999).  

The cell cycle is the universal process of cell growth and division that 
amalgamates / combines a number of signaling and organizing molecular 
mechanisms (Nurse, 2000). Different ion channels have been shown to be 
involved in this complex machinery. A glioma-specific Cl- current in STTG1 
glioma cells (Ullrich and Sontheimer, 1997) and a voltage-gated Cl- current in 
ascidian embryos (Villaz et al., 1995) increased during the G1 phase and were 
at a minimum in the S phase. These cell cycle-regulated Cl- channels were 
modulated by cell volume and therefore have been suggested to contribute to 
cell volume regulation (Villaz et al., 1995; Ullrich and Sontheimer, 1997). 
The activities of K+ current in HeLa cells (Takahashi et al., 1993), in embryos 
of mouse (Day et al., 1993; Day et al., 1998) and fresh water fish loach 
(Bregestovski et al., 1992) changed cyclically in proliferating cells, as they 
progress through the cell cycle.  

Blockade of Cl- channels (Voets et al., 1995; Schlichter et al., 1996) and 
K+ channels (reviewed in (Deutsch, 1990; Dubois and Rouzaire-Dubois, 1993; 
Wonderlin and Strobl, 1996; Eggermont et al., 2001)) could cause the  
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inhibition of cell proliferation, and changes in the cytoplasmic pH (reviewed 
in (Shröde et al., 1997)), in the membrane potential or in the related Ca2+ 
signals (reviewed in (Dubois and Rouzaire-Dubois, 1993)), do not appear to 
be the primary cause for these cytostatic effects. Suppression of cell 
proliferation by inhibitors of VRACs has been observed in lymphocytes 
(Phipps et al., 1996), bovine endothelial cells (Voets et al., 1995), and in 
human neuroblastoma (Rouzaire-Dubois and Dubois, 1998).  

There is also multiple evidence suggesting the existence of a 
relationship between cell volume regulation and progression through the cell 
cycle. The proliferation may be disturbed by the disruption of cell volume 
control (Lee et al., 1988; Dubois and Rouzaire-Dubois, 1993; Xu et al., 1996).  
A sustained increase (or decrease) in cell volume is able to slow down (or 
speed up) the rate of proliferation of human neuroblastoma cells (Rouzaire-
Dubois and Dubois, 1998).  

The recovery from swelling to normal volume –the regulatory volume 
decrease (RVD) – provides a helpful experimental model to study the volume 
sensitive chloride current, although in real life VRACs are not necessarily 
waiting for an osmotic shock to start to work. In our study (III), a hypothesis 
that some changes in volume-sensitive Cl- channel “availability” can occur 
during progression through the cell cycle was verified. The regulatory volume 
decrease was measured using a video-imaging system. The main challenge 
was in the identification of the possible phase of the cell cycle for any 
particular cell. To identify the cycle status of an individual cell, we used two 
different approaches. The first one was based on the assumption that the size 
of a cell might reflect its position in the division cycle (Urbani et al., 1995). 
Therefore, the whole cell population studied in an unsynchronized 
proliferating culture (mouse cultured fibroblasts, cell line L-M TK-), was 
divided arbitrarily into several subgroups by the pre-swelling size of the cells. 
Membrane capacitance as a cell size index was evaluated by amplifier reading 
of cell capacitance compensation.  

Second, we have carried out studies on cell cultures chemically arrested 
in defined phases of the cell cycle by using known cytostatic agents (Urbani et 
al., 1995; Ullrich and Sontheimer, 1997). Drugs used for phase-specific cell 
cycle arrest were: 2.5 µM mevastatin – early G1 phase (Urbani et al., 1995); 1 
mM hydroxyurea – G1/S boundary (Soma et al., 1994); 200 µM mimosine – 
G1/S boundary (Watson et al., 1991); 2.5 µg/ml aphidicolin – early S phase 
(Uzbekov et al., 1998); 10 µM -cytosine-D-arabinoside – S phase (Ullrich and 
Sontheimer, 1997), 0.5 µM taxol – M phase (Moasser et al., 1998; Pardo et  
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al., 1998). They were added to the culture medium ~24 h after re-seeding. Cell 
arrest in G0 phase was achieved by serum starvation (Ullrich and Sontheimer, 
1997). 

We found no dramatic changes in the plasma membrane volume-
sensitive Cl- conductance and RVD-ability during most of the cell cycle. 
Reduction of volume-activated Cl- currents was observed only in cells 
approaching mitosis or having just finished cell division: we detected a 
significant decrease in the conductance density in cells arrested in M-phase by 
taxol and in cells just emerged from the division. Also, RVD in the taxol-
treated cells was significantly slower than in the control cells. However, this 
period of impaired cell volume regulation seems to be very short, because the 
cells that were supposedly in very close positions to mitosis, e.g. very large 
control cells and very small control cells plus mevastatin-treated ones, had 
normal density of volume-sensitive Cl- conductance and RVD-ability. 
Besides, the volume-sensitive Cl- conductance was very low in serum-starved 
cells (presumably in G0 state). These cells also were not able to regulate their 
volume in hyposmotic media. The effect was reversible: the RVD recovered 
in 2 days after re-admission of serum.  

These data indicated that VRAC channels maintained relatively 
constant activating potency at all phases of the cell cycle except in the vicinity 
of cell division: the density of volume-sensitive Cl- conductance has the 
lowest values at the beginning of the cell cycle (in new daughter cells) and at 
its end (in mitotic cells), with little change during progression through the 
larger part of the cell cycle. Besides, transition from proliferation to 
quiescence induced by serum withdrawal caused a dramatic reduction of 
volume-sensitive Cl- conductance and led to a substantial impairment of cell 
volume regulation.  

It remains unclear, however, what the mechanisms of VRACs 
regulation may be, and whether the expression of these channels in the cell 
membrane is affected or whether their sensitivity to cell volume changes. 
Whatever the reasons, it seems that during the cell cycle the proliferating cells 
preserve the ability to recover from osmotic swelling, although this ability 
may be slackened during mitosis. 

The osmotic regulation of cell volume is thus a fundamental 
physicochemical mechanism of structural integrity and constancy of 
intracellular milieu, and much evidence exist that animal cells utilize a 
multitude of volume regulatory mechanisms. In addition to its direct 
significance per se, cell-volume regulation also can be considered as an  
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efficient mechanism of the regulation of many cellular functions (Lang et al., 
1995; Nilius et al., 1997a; Okada, 1997; Lang et al., 1998; O’Neill, 1999; 
Okada, 2004). Volume-regulated anion channels – VRACs – are supposed to 
play an important role in cell-volume regulating processes (Nilius et al., 
1997a). The molecular identity of VRACs is unknown. Differences of 
electrophysiological properties, pharmacology, modulation and functions of 
VRACs exist between cell types. This category of Cl- channels may comprise 
more than one structural channel type and be differentially expressed in 
various cells to best suit specific cellular functions (Nilius et al., 1997a; 
Jentsch et al., 2002). 
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4. Cl- channels in brown fat cells  
 
4A. Intracellular microelectrode studies in brown adipocytes  
 

The first microelectrode measurements of the membrane potential in 
brown adipocytes  were made almost 40 years ago (Girardier et al., 1968; 
Horwitz et al., 1969), and during the following 20 years a number of 
publications were issued (Krishna et al., 1970; Girardier and Seydoux, 1971; 
Williams and Matthews, 1974a; Williams and Matthews, 1974b; Fink and 
Williams, 1976; Flaim et al., 1977; Girardier and Schneider-Picard, 1983; 
Horowitz et al., 1983; Horwitz and Hamilton, 1984; Schneider-Picard et al., 
1985; Horwitz et al., 1989). Two different experimental models were 
exploited in those studies. In the in vitro tissue preparation, interscapular 
brown adipose tissue pads dissected from adult (Girardier et al., 1968; Krishna 
et al., 1970; Girardier and Seydoux, 1971; Girardier and Schneider-Picard, 
1983; Schneider-Picard et al., 1985) and neonatal (Williams and Matthews, 
1974a; Williams and Matthews, 1974b; Fink and Williams, 1976) rats or adult 
hamsters (Horwitz et al., 1989) were used. The in vivo brown fat tissue 
preparation was developed in the University of California (Davis). In that 
experimental model, cold-acclimated Long-Evans hooded rats (Horwitz et al., 
1969; Flaim et al., 1977) or Syrian hamsters (Horowitz et al., 1983; Horwitz 
and Hamilton, 1984) were anesthetized with sodium pentobarbital and 
interscapular brown fat deposits were not removed from the animals, but were 
surgically opened and exposed for intracellular microelectrode impalements. 

For the in vitro system, the documented average values of brown fat 
cell resting membrane potential were: -51 ± 4 mV (ranged from -39 mV to –  
66 mV) (Girardier et al., 1968); “about -60 mV” (Girardier and Seydoux, 
1971); -52 ± 0.3 mV (ranged from -44 mV to -61 mV) (Williams and 
Matthews, 1974a); -57 ± 1.9 mV and -62 ± 1.3 mV (Fink and Williams, 
1976); -45.6 ± 1.1 mV and  -53 ± 1.0 mV (Girardier and Schneider-Picard, 
1983). (In the latter two works, different values were obtained under identical 
conditions in two series of experiments.)  

In the in vivo experiments, resting potentials of -47 ± 0.4 mV (ranged 
from -25 mV to -70 mV) (Horwitz et al., 1969) and -49 ± 0.73 mV (Horowitz 
et al., 1983) have been reported. Here it should also be mentioned that resting 
membrane potential measurements in current-clamp mode from primary 
cultured brown fat cells gave an average value of -48 ± 1 mV for cells isolated 
from cold-stressed neonatal rats and investigated in bicarbonate-buffered  
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medium (Lucero and Pappone, 1990), and -21 ± 1 mV for mature cells 
isolated from normal young rats and investigated in HEPES-buffered solution 
(Koivisto et al., 2000).  

Krishna et al. reported mean values of -33 ± 2 mV, ranged from -24 to -
41 mV – when they measured Vm in brown fat pads at a temperature of 26oC 
(Krishna et al., 1970). A few years later, Williams and Matthews reported that 
a decrease of the bath medium temperature from 37oC to 26oC could rapidly 
but reversibly depolarize the cells from about -50 to about -40 mV (Williams 
and Matthews, 1974a). These two results, although not being quantitatively 
identical, suggest an extraordinarily high temperature sensitivity of the 
membrane potential. The linear temperature coefficient was evaluated by 
Williams and Matthews to be 0.98 ± 0.05 mV/oC (!). This is more than ten 
times more than that predicted by the GHK theory (Hille, 1984). The R/F ratio 
only yields 0.086 mV/oC, i.e. when the temperature changes from 37oC to 
26oC, the RT/F factor in the GHK voltage equation changes only from 26.71 
mV to 25.76 mV. This means that if Vm e.g. was -50 mV, this temperature 
drop should only change the Vm less than 2 mV. Thus, if the resting Vm of 
brown adipocytes is really so temperature sensitive, it should imply the 
existence of a unique and potentially very important temperature-regulated 
physiological mechanism in these cells. In this context, data about resting 
membrane potential in cold-adapted rats (Girardier et al., 1968) and in 
dystrophic Syrian hamsters (Horowitz et al., 1983) should be also mentioned. 
In the interscapular brown fat pads taken from rats kept for 3 weeks at an 
environmental temperature of 8oC, the membrane potential was -29 ± 4 mV, 
compared to -51 ± 4 mV in control animals (Girardier et al., 1968); and in 
pads from BIO 14.6 dystrophic hamsters, high resting potentials were 
measured -56 ± 0.7 mV (with -49 ± 0.73 mV in control) (Horowitz et al., 
1983). On the other hand, Long-Evans hooded rats (Horwitz et al., 1969; 
Flaim et al., 1977) were also cold-acclimated. All these results can indicate 
the involvement of the membrane potential regulating machinery in the diet- 
and temperature-sensitive metabolic processes, but the mechanism of this 
involvement is far from understood.  

Thus, the basic question concerning the magnitude of the resting 
membrane potential of brown adipocytes cannot be answered with certainty. 
Why there is such a broad scatter of the resting membrane potential values is 
principally an important issue. To what extent such a high flexibility of this 
physiological parameter was dependent on the inter-species diversity, age of 
experimental animals, temperature differences? How much were those results  
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“contaminated” with membrane potentials from other cell types (endothelial 
cells, fibroblasts, mast cells) which are present in the interscapular pads? 
Should we suggest that Vm indeed varies so much in the individual brown fat 
cells?  

In my view, it scarcely reflects the “native variability” of resting Vm in 
brown adipocytes under. Most probably the explanation is hidden in small 
technical details and artifacts. Since brown fat in hibernators can function over 
a wide range of temperatures, one can wonder if the temperature-sensitivity of 
resting membrane potential has a special biological significance, and if so 
would this be reflected by the cell-to-cell variability this physiological 
parameter under given experimental conditions (?)  

All in all, it is accepted that in the resting state, brown adipocytes 
possess a membrane potential of about -60 mV. This value stays within a 
common range for mammalian cells, implying ~15 mM cytosolic 
concentration of Cl- at Nernst equilibrium with 150 mM extracellular Cl-. 
Correspondingly, -60 mV was commonly used as a holding potential in 
voltage-clamp experiments on brown adipocytes (Lee and Pappone, 1999; 
Wilson and Pappone, 1999; Wilson et al., 2000).  

 
 

4B. Brown fat cell membrane voltage response to norepinephrine 
 

The physiological activity of brown adipose tissue is regulated through 
the sympathetic nervous system (Cannon and Nedergaard, 2004). Therefore, 
norepinephrine (NE) effects on the membrane potential of brown adipocytes 
have obviously been of foremost interest in the microelectrode studies.  

NE administration to the brown adipocyte plasma membrane has been 
accomplished in three different ways: NE could be added to the extracellular 
solution; NE could be injected intravenously; and NE could be released from 
the nerve endings by means of electrical stimulation of the intercostal nerves. 
In the first approach, NE was added to the superfusion reservoir, or it was 
added directly to the bath by micropipette or syringe (Girardier et al., 1968; 
Krishna et al., 1970; Girardier and Seydoux, 1971; Williams and Matthews, 
1974a; Williams and Matthews, 1974b; Fink and Williams, 1976; Girardier 
and Schneider-Picard, 1983). Intravenous injections were performed in two 
different ways - either bolus injections or longer infusions of different 
duration (from 0.8 to 2 minutes) (Horwitz et al., 1969; Flaim et al., 1977; 
Horowitz et al., 1983; Schneider-Picard et al., 1985). For the nerve  
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stimulation, different patterns of electrical stimuli were used (Girardier and 
Schneider-Picard, 1983; Horowitz et al., 1983; Horwitz and Hamilton, 1984; 
Schneider-Picard et al., 1985). Furthermore, in one of the studies, the animals 
were pretreated with reserpine, injected subcutaneously, in order to deplete 
endogenous catecholamines (Fink and Williams, 1976).  

In the in vitro experiments, addition of NE and other adrenergic 
agonists to the bath medium produced depolarization of brown adipocytes 
(Girardier et al., 1968; Krishna et al., 1970; Girardier and Seydoux, 1971; 
Williams and Matthews, 1974a; Williams and Matthews, 1974b; Fink and 
Williams, 1976). When NE was added in high concentrations (almost 30 µM), 
a prompt and sustained (for more than one hour) depolarization was observed 
(Girardier et al., 1968), although similar sustained depolarization could be 
achieved gradually within about 40 min by repetitive application of fresh 0.6 
µM NE (Girardier and Seydoux, 1971). The depolarization-dose dependence 
curves for the NE in the in vitro preparations indicated a threshold somewhere 
below 0.1 µM and were saturated within >10 µM NE in the bathing medium 
(Krishna et al., 1970; Fink and Williams, 1976). In vivo electric stimulation of 
sympathetic nerves, as well as intravenous NE injections, could also induce 
depolarization of brown adipocytes (Horwitz et al., 1969; Flaim et al., 1977; 
Horowitz et al., 1983).  

By use of adrenergic agonists and antagonists, it was shown that NE-
induced depolarization in brown adipocytes could be mediated through both 
α- and β- adrenoreceptors, with almost equal potency (Horwitz et al., 1969; 
Fink and Williams, 1976; Flaim et al., 1977; Horowitz et al., 1983).  

The proposal of multiphasic NE-induced membrane potential changes 
first emerged from the in vitro experiments with sympathetic nerve electrical 
stimulation or from injections with a syringe of “small quantities” of NE, or α- 
and β-adrenergic agonists into the superfusion medium close to the region of 
potential registration, with a subsequent wash-out (Girardier and Schneider-
Picard, 1983). In that work, and further on in the in vivo (Horwitz and 
Hamilton, 1984) and in vitro (Schneider-Picard et al., 1985; Horwitz et al., 
1989) studies, multiphasic and polymorphic responses were described. Of 
course, differences in the NE administration methods influenced the 
parameters of the membrane voltage responses, and this significantly 
complicates the quantitative comparisons of the results. The time parameters 
of the variations of membrane potential induced by NE and agonists were 
rather inconsistent and sometimes conflicting (Girardier and Schneider-Picard,  
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1983; Horwitz and Hamilton, 1984; Schneider-Picard et al., 1985; Horwitz et 
al., 1989). 

 Eventually, the concept of a 3-phasic voltage response to NE was 
proposed (Connolly et al., 1989; Horwitz et al., 1989; Lucero and Pappone, 
1990). According to this general agreement, the 3-phasic NE-induced 
response includes:  
(1) an α1-adrenergic depolarization of 20-30 mV, lasting for about 30 s, which 
is followed by  
(2) an α1-adrenergic 5-10 mV hyperpolarization for about 2-5 min, and finally 
(3) by a second depolarization that continues as long as the adrenergic 
stimulation continues (Siemen and Reuhl, 1987; Weber and Siemen, 1989; 
Lucero and Pappone, 1990; Koivisto et al., 1993; Koivisto and Nedergaard, 
1995; Sabanov and Nedergaard, 1995; Koivisto et al., 2000; Halonen and 
Nedergaard, 2002).  

The suggestion of a 3-phasic response to NE reconciles multiple 
contradictions, and represents a sort of “arithmetic mean” for all the 
microelectrode data (including could-be fault measurements) obtained in 
different experimental models. However, I have been unable to find a single 
experimental example of this classical triad, implying that at a constant level 
of NE, membrane potential progresses through short depolarization - 
hyperpolarization - sustained depolarization sequences. There are no 
indications of hyperpolarization and multiphasic character of the response 
when the NE concentration was supposed to be constant (Girardier et al., 
1968; Horwitz et al., 1969; Krishna et al., 1970; Girardier and Seydoux, 1971; 
Williams and Matthews, 1974a; Williams and Matthews, 1974b; Fink and 
Williams, 1976). The multiphasic voltage responses were obtained in the 
experiments where adrenergic activation of brown adipocytes was achieved 
by one-time additions of NE into the bath medium with a following wash-out, 
or by electric stimulation of sympathetic nerve or by intravenous injections of 
NE (Girardier and Schneider-Picard, 1983; Horwitz and Hamilton, 1984; 
Schneider-Picard et al., 1985; Horwitz et al., 1989), i.e. where a constant NE 
level could not be provided. Moreover, in case of nerve stimulation, the 
kinetics of synaptic NE release and possible involvement of ATP and 
purinergic receptors have to be accounted for (Pappone and Lee, 1996; Lee 
and Pappone, 1997; Lee and Pappone, 1999; Wilson and Pappone, 1999; 
Wilson et al., 2000).  

Anyway, the idea of 3-phasic membrane potential changes (or may be 
some other stereotyped chain of Vm changes) can be applicable in situations  
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with a sharp sympathetic signal, for instance cold shock. The whole-cell 
patch-clamp studies which came to substitute the sharp-microelectrode 
intracellular studies have revealed several NE-induced ion-specific 
conductances in brown adipocytes. 
 
 
4C. Patch-clamp studies of macroscopic ion currents in brown adipocytes  
 

Whole-cell patch-clamp studies in brown adipocytes have mostly been 
performed on primary cultures of brown fat cells isolated from cold-exposed 
neonatal Osborne-Mendel or Sprague-Dawley rats (Lucero and Pappone, 
1989; Lucero and Pappone, 1990; Lee et al., 1993; Pappone and Ortiz-
Miranda, 1993; Pappone and Lee, 1995; Pappone and Lee, 1996; Lee and 
Pappone, 1997; Lee and Pappone, 1999; Wilson and Pappone, 1999; Wilson 
et al., 2000). Only one investigation has been done on another type of cell 
preparation – mature brown adipocytes isolated from young Sprague-Dawley 
rats (Koivisto et al., 2000).  

To explore adrenergic effects on macroscopic transmembrane currents, 
the perforated-patch modification of the whole-cell technique was used 
(Lucero and Pappone, 1990; Lee et al., 1993; Pappone and Lee, 1995; 
Koivisto et al., 2000; Wilson et al., 2000), because it has been shown before, 
that adrenergic effects were absent in a traditional whole-cell configuration 
(Lucero and Pappone, 1989). In the perforated-patch experiments, brown 
adipocytes exhibited a variety of current responses occurring within seconds 
after NE and α- and β-adrenergic agonist addition. In Fig. 2, key figures from 
(Lucero and Pappone, 1990) (A) and (Koivisto et al., 2000) (B) that illustrated 
the NE effects are represented. 

 In the study of Lucero and Pappone (1990), the analysis of NE effects 
in a total of 38 adipocytes gave the following distribution: 6 cells responded 
with both inward=depolarizing (voltage-ramp current 2 in Fig. 2A) and a 
following outward= hyperpolarizing current (ramp current 3, Fig. 2A), 3 cells 
had only inward current responses, while 29 out of 38 had only outward 
current responses (Lucero and Pappone, 1990). 
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Fig. 2. Norepinephrine induced currents obtained from cultured (A) and freshly 
isolated (B) brown adipocytes.  
To the left: the current traces from a cells voltage clamped at -60 mV (A) and Ð 50 mV (B) 
are shown on a slow time scale. The spikes are currents elicited by 175 ms (A) and 600 ms 
(B) ramps of voltage from -100 to +20 mV. To the right: superimposed currents during 
indicated voltage ramps on a faster time scale. Modified from (Lucero and Pappone, 1990) 
(A) and (Koivisto et al., 2000) (B). 

 
The time and amplitude characteristics of adrenergic current responses 

were “quite variable” and the outward current responses most frequently had 
an oscillating character (Lucero and Pappone, 1990). Later on it was shown 
that the response to NE depended on the time the cells had been in culture: the 
frequency of appearance of fast inward currents was almost 90% in the newly 
isolated cells (0-1 day), as opposed to only 45% of cells after 6 or more days 
in culture (Pappone and Lee, 1995). The percentage of the hyperpolarizing  
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responses showed the opposite trend and increased in the older cultures. The 
fast inward current in response to NE was shown to be caused by activation of 
calcium-dependent Cl- channels, whereas the outward current indicated the 
activation of calcium-dependent K+ channels (Lucero and Pappone, 1990; Lee 
et al., 1993; Pappone and Lee, 1995; Wilson et al., 2000). The presence of 
volume-activated chloride currents, different from the NE-induced calcium-
activated Cl- currents, has been demonstrated in the classical whole-cell 
configuration (Pappone and Lee, 1995).  

In mature adipocytes from the young rat, the biphasic current responses 
to NE applications were more homogeneous (Koivisto et al., 2000) although 
in this case the component which could be qualified as hyperpolarizing was 
completely absent (Fig. 2B). In those experiments, the first depolarizing 
current, attributed to Cl- fluxes (ramp current 2, Fig. 2B), within 1-2 minutes 
gradually turned (Fig. 2B, left) into a sustained depolarizing current (ramp 
current 3, Fig. 2B), attributed to Na+ fluxes through the non-selective cation 
channels.  

Altogether, the results of the whole-cell patch-clamp studies in brown 
adipocytes are considered to be in a consensus with the idea of the 3-phasic 
change in the membrane potential induced by NE (Lucero and Pappone, 1990; 
Koivisto et al., 1993; Lee et al., 1993; Pappone and Ortiz-Miranda, 1993; 
Koivisto and Nedergaard, 1995; Pappone and Lee, 1995; Sabanov and 
Nedergaard, 1995; Pappone and Lee, 1996; Lee and Pappone, 1997; Lee and 
Pappone, 1999; Wilson and Pappone, 1999; Koivisto et al., 2000; Wilson et 
al., 2000; Halonen and Nedergaard, 2002). Nevertheless, in my opinion, a 
monophasic, biphasic, or oscillating hypothesis could almost equally well be 
supported, since in the pile of miscellaneous currents ascribed to the 
adrenergic activation, you can find evidence for each of those interpretations.  

I will present here some general comments in this respect. This 
viewpoint is mine, although of course I draw inferences from the works of 
scientists who have developed the patch-clamp method and analyzed these 
issues (Armstrong and Gilly, 1992; Cahalan and Neher, 1992; Marty and 
Neher, 1995; Neher, 1995; Penner, 1995; Sontheimer, 1995; Walz, 1995).  

First, concern can be expressed with regard to the NE-induced 
depolarization and hyperpolarization in brown adipocyte patch-clamp studies. 
Under the condition of voltage-clamp, the conventional depolarizing-
hyperpolarizing terminology is implying that a given change in the 
transmembrane ionic permeability would lead to depolarization or 
hyperpolarization of the membrane in an unclamped cell. This is reasonable,  
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when the ionic composition of the intracellular (pipette) and extracellular 
(bath) solutions and thus concentrations gradients for major ions are close to 
“natural”. Therefore, in the brown fat patch-clamp studies, the increase of K+ 
permeability can be regarded as a hyperpolarizing response, and the increase 
of Na+ permeability as a depolarizing response, and this can undoubtedly be 
extrapolated to intact cells. However, in the case of Cl- , the situation is 
principally different. The idea that in brown adipocytes the intracellular Cl- 
level is “somewhat above the equilibrium value” came from calculations 
based on isotopic flux measurements (Dasso et al., 1990). The value of “about 
20 mM” was suggested, and until now it is the only experimental (although 
indirect) estimation of the concentration of intracellular chloride in brown 
adipocytes. Nevertheless, in patch-clamp experiments with brown adipocytes, 
even higher intracellular concentrations of Cl- were always used: 27 mM 
(Lucero and Pappone, 1990; Lee et al., 1993), 30 mM (Pappone and Lee, 
1995), 37 mM (Wilson et al., 2000) and 72 mM (Koivisto et al., 2000). The 
corresponding Nernst equilibrium potentials thus ranged from -18 to -42 mV. 
Under such conditions, the activation of Cl- currents has to move the reversal 
potential of the whole-cell current in the positive direction, and this can be 
called depolarizing. However, this cannot unreflectedly be extrapolated to 
native cells. The direction of the Cl- flow in the patch-clamp experiment is 
determined by the pipette/bath concentration gradient which is set by the 
experimentalist. If the intra-pipette Cl- concentrations in those experiments 
were somewhere below 15 mM, the Cl- selective currents would become 
hyperpolarizing.  

What is even more essential, and this is my second point, the reported 
NE-induced fast depolarizing Cl- currents (Lucero and Pappone, 1990; 
Pappone and Lee, 1995; Koivisto et al., 2000) cannot be attributed exclusively 
to Cl-.  

In the perforated-patch experiments on brown adipocytes, nystatin 
(Lucero and Pappone, 1990; Lee et al., 1993; Pappone and Lee, 1995; Wilson 
et al., 2000) and amphotericin B (Koivisto et al., 2000) were used for the 
patch perforation. These two substances have no significant differences as 
perforating agents (Walz, 1995), and the properties of nystatin channels are 
described by Alain Marty and Erwin Neher as follows – “They are permeable 
to all small monovalent cations and anions (however, the permeability is 
larger for cations than for anions; PNa/PCl ≈ 10). This makes it possible to 
control the internal K+, Na+ and Cl- concentrations, which are equal to pipette 
solution values after a few minutes of recording” (p. 46 in (Marty and Neher,  
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1995)). Thus, at least in respect to major ions, the nystatin and amphotericin 
perforated-patch technique differs very little from the traditional whole-cell 
configuration.  

However, for the brown adipocytes, the reported reversal potentials of 
NE-induced currents ascribed to Cl- were significantly more positive than the 
equilibrium potentials predicted by the Nernst equation: “near 0 mV” versus -
39 mV (Lucero and Pappone, 1990), -20 mV versus -37 mV (Pappone and 
Lee, 1995) and -3 mV versus -18 mV (Koivisto et al., 2000). (Lucero and 
Pappone estimated the reversal potential as the intercept of the before-NE and 
after-NE ramp currents instead of the intercept of ramp current with X-axes, 
but it does not make a principal difference for my comments).  

By itself, this right-hand shift of the reversal potential (Fig. 2, ramp 
currents 2 in both A and B) would not be so disturbing: it could simply 
indicate poor Cl--selective purity of these currents and the contribution from 
some Na+-permeable channels. What makes the situation more complicated is 
that this current contamination cannot be attributed to Na+, because the 
replacing of external Na+ for NMDG+ (N-methyl-D-glucamine) did not affect 
the reversal potential of the discussed currents (see p. 238 in (Pappone and 
Lee, 1995) and p. 969 in (Koivisto et al., 2000)). Of course, these 
circumstances do not mean an absence of a Cl- component, but apparently 
indicate the presence of a considerable artifact.  

The idea that the shift of the reversal potential of those tentatively Cl- 
selective currents from the Nernst expectation can be due to “some form of 
active transport” capable of maintaining a high intracellular concentration of 
Cl- in the patched cell (see p. 239 in (Pappone and Lee, 1995)) is hardly 
acceptable. From the close-to-zero values of the reversal potential (see Fig. 2, 
ramp currents 2 in both A and B) (Lucero and Pappone, 1990; Koivisto et al., 
2000), one would arrive at values of over 130 mM (!) for intracellular Cl-, and 
accept that the hypothetical Cl- carrier is much more powerful than the 
diffusional exchange of ions in a cell-pipette system. Besides, the presence of 
potential off-set can be suggested quite clearly from the results of extracellular 
Cl- substitution with aspartate in these experiments (Pappone and Lee, 1995). 
It was shown that when the intrapipette Cl- was reduced from 35 mM to 10 
mM, it caused a shift of the reversal potential of the NE-activated conductance 
that would correspond to a 23 mM decrease predicted from Nernst equation. 
Thus, it indicated that the concentration of intracellular Cl- is directly 
determined by Cl- concentration in the pipette, and therefore it was some off-
set potential that made a shift from the Nernst equilibrium.  
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There is also another important observation which attracts attention. 
The current-to-voltage curves illustrating the NE-activated voltage-
independent K+ currents (Lucero and Pappone, 1990; Lee et al., 1993; 
Pappone and Lee, 1995) are almost perfectly linear (curve 3 in Fig. 2A) 
despite of the presence of as big as a 1:30 transmembrane concentration 
gradient for K+ (?!).The direction and extent of the reversal potential indicate 
out the K+ nature of this permeability, but in the situation of a thirtyfold 
difference in the K+ concentrations across the membrane, an outward 
rectification of current would be expected. Simply because of that, within the 
range of concentrations far from the theoretically expected saturation level, 
the amount of charge carriers from the external side is 30 times lower than 
from the internal side of the K+ channels (Hille, 1984). Thus, to my eye, the 
electrical signals shown in these papers contain the biological component, but 
it is difficult to dissect it from contaminating artifact.  

I do not have an explanation for these possible artifacts. I would suspect 
that the complications aroused mainly from the perfusing system. For 
instance, when Dr. Halonen and I were trying to reproduce the NE effects 
with the same experimental setup as in (Koivisto et al., 2000), we found that 
control perfusions of the normal (i.e. NE-free) Na-Ringer could often impose 
deflections of the base-line and increase of the ramp currents rather similar 
(although not exactly the same) to those produced by 1 µM NE. The weird 
phenomenon of the oscillating currents (Lucero and Pappone, 1990; Pappone 
and Lee, 1995; Koivisto et al., 2000) can also be associated with the perfusion 
system. Current oscillations can be caused by electrode shunt capacitance 
“particularly when changing the solution level” (Stühmer, 1992).  

There is another problem which seems was not eliminated in brown 
adipocyte perforated-patch patch-clamp studies. It is the intrinsic whole-cell 
patch-clam problem of series resistance and space clamp artifacts (Armstrong 
and Gilly, 1992; Marty and Neher, 1995; Penner, 1995; Sontheimer, 1995). 
The whole-cell patch-clamp registration in a voltage-clamp mode assumes 
that pipette voltage equals membrane voltage. In fact, the voltage commands 
are imposed on the pipette, not on the cell. This recording arrangement 
contains an unknown series resistance. The pipette tip is small and often 
clogging, therefore there is considerable and potentially varying resistance 
(the so called access resistance) to current flow from pipette to cytoplasm. 
This series resistor in conjunction with the membrane resistance works as a 
voltage divider to the command voltages. Thus, an adequate voltage-clamp 
can be achieved only if the membrane resistance greatly exceeds the series  
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resistance, and as it was formulated by Armstrong and Gilly: “without proper 
compensation for series resistance and demonstration of a good space clamp, 
all measurements of membrane current are qualitative” (p.100 in (Armstrong 
and Gilly, 1992)). A number of control procedures are recommended to cope 
with the series resistance artifact, but, as far as I know, very few of them were 
actually fulfilled in the brown-fat patch-clamp studies.  

The space-clamp problem originates from the fact that current injected 
into the cell to establish or to maintain membrane voltage spreads radially 
from the tip of the pipette and decays with the distance. This problem is of 
minimal concern for small cells with simple morphology. The investigated 
brown adipocytes were not so small in their size (about 30 µM diameter) and, 
it is my suggestion, the presence of multiple fat droplets can make 
intracellular electrical geometry of brown fat cells rather complex.  

Finally, one more thing which could influence the measurement of 
absolute values in the perforated-patch studies is the Donnan equilibrium 
junction potential in the pipette-cell system, due to excess of immobile 
polyanions in the cell (Marty and Neher, 1995).  

Thus in my view, the situation we have in the electrophysiology of 
brown adipocytes mostly focuses on technical and methodological aspects. 
The NE-activated currents in the brown adipocyte plasma membrane may be 
said to violate one of the basic prerequisites for the patch-clamp measurement 
“under the imposed ionic conditions, currents must reverse close to the 
theoretical equilibrium potential for the permeable ion” (p. 60 (Sontheimer, 
1995)).  

The purpose of this critical mini-analysis of the literature is not to 
disprove the generally accepted 3-phasic theory of NE action on the 
membrane potential of brown adipocyte, but to point out the 
electrophysiological measurements that do not match the fundamental 
conceptual expressions of Nernst and Goldman-Hodgkin-Katz and violate the 
standards of Gibbs-Donnan equilibrium (over 130 mM concentration of Cl- in 
a cytoplasm?). The technical quality and character of the presently existing 
brown-fat electrophysiological data (both sharp microelectrode and the 
macroscopic patch-clamp) are at the level when we cannot entirely rely on the 
quantitative evaluations, especially on estimations of absolute values. The 
studies referred to above contain interesting and valuable qualitative 
information, but if we accept all the experimental facts as being equally 
reliable, the story is getting convoluted and opaque, often to the point of total 
obscurity.  
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The idea of a 3-phasic NE action is an interesting and potentially 
fruitful working hypothesis, but it is not a well-reproducible experimental 
phenomenon. Further investigations are required to verify whether or not NE 
induces the stereotyped 3-phasic sequence of membrane potential changes in 
concentration-jump experiments and to link the membrane voltage responses 
with the corresponding transmembrane currents. For this, I would suggest the 
voltage measurements in cultured brown fat cells as a promising experimental 
model (see section 5C).  

The only experimental evidence of the physiological role of brown 
adipocyte ion channels reported so far, is that blockers of voltage-gated K+ 
channels (tetraethylammonium, quinine and verapamil) inhibited the 
proliferation of cultured brown adipocytes under otherwise standard culture 
conditions, therefore suggesting that voltage-gated K+ channels are necessary 
for the normal proliferation of brown fat cells in culture (Pappone and Ortiz-
Miranda, 1993).  

Still, there is no answer to the most intriguing questions concerning the 
relationships between the acute thermogenic activation and the electrical 
events in the plasma membrane that parallel the acute thermogenic response 
under experimental conditions. Regardless of the pattern and number of 
phases of the electrical response, the sharp microelectrode and patch-clamp 
whole-cell studies revealed a lot of evidence that NE can induce significant 
alterations of membrane potential and transmembrane currents in brown fat 
cells. Although the physiological role of these electrical events is still poorly 
understood, the biological importance of these events is hardly arguable, 
taking into account their energetic cost.  
 
 
4D. Single ion channels in brown fat cells 
 

At the single-channel level, the existence of 4 different channel types 
has been demonstrated in brown adipocyte plasma membranes:  
(1) Ca2+-activated non-selective cation channels (Siemen and Reuhl, 1987; 
Weber and Siemen, 1989; Koivisto et al., 1993; Koivisto and Nedergaard, 
1995; Koivisto et al., 1998; Koivisto et al., 2000; Halonen and Nedergaard, 
2002);  
(2) voltage-activated K+ channels (Lucero and Pappone, 1989; Rüss et al., 
1993);  
(3) voltage-independent K+ channels (Rüss et al., 1993);  
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(4) intermediate-conductivity Cl- channels (I).  
In addition, large-conductance (over 270 pS) channel-like cation currents have 
been recorded in a perforated-patch whole-cell configuration (Koivisto et al., 
2000).  

The most frequently obtained channel type in brown fat cell membranes 
is the non-selective cation (NSC) channel (Siemen and Reuhl, 1987; Weber 
and Siemen, 1989; Koivisto et al., 1993; Koivisto and Nedergaard, 1995; 
Koivisto et al., 1998; Koivisto et al., 2000; Halonen and Nedergaard, 2002). 
This type of channel has been studied in mature brown adipocytes isolated 
from young rats and has been shown to be almost equally permeable for Na+ 
and for K+, practically impermeable for Ca2+ and have a conductivity of about 
30 pS (Siemen and Reuhl, 1987; Weber and Siemen, 1989). Although they 
also can be obtained from cultured mouse brown adipocytes (I), it is 
technically much easier to work with freshly isolated cell preparations. 
Frequently, NSC channels can reveal themselves in the cell-attached mode 
(Koivisto et al., 2000), but most usually these channels have been studied in 
the inside-out configuration (Siemen and Reuhl, 1987; Weber and Siemen, 
1989; Koivisto et al., 1993; Koivisto and Nedergaard, 1995; Koivisto et al., 
1998; Halonen and Nedergaard, 2002).  

At the single-channel level, the NSC is undoubtedly the best 
investigated channel type among the brown adipocyte ion channels. Within 
the physiological range these channels were significantly more active with 
depolarizing potentials (Siemen and Weber, 1989). They possess -SH groups 
(probably involved in gating through oxidation-reduction mechanisms) and 
can be blocked by NO (Koivisto et al., 1993; Koivisto and Nedergaard, 1995; 
Koivisto et al., 1998). They can also be blocked by purine nucleotides and are 
especially sensitive to AMP (Koivisto et al., 1998; Halonen and Nedergaard, 
2002). 

The distinctive feature of brown fat NSC channels is that they require 
high concentrations (over 100 µM) of Ca2+ from the cytoplasmic side to be 
activated in inside-out patches (Koivisto et al., 1998; Halonen and 
Nedergaard, 2002). Together with the high sensitivity to blocking effects of 
AMP, this property is regarded as decisive characteristics for the functional 
identification of brown adipocyte NSC channels, and therefore the 
abbreviation NSCCa/AMP has been introduced (Halonen and Nedergaard, 2002). 
Anyway, Ca2+ can be considered as an indispensable experimental tool for the 
patch-clamp investigation of brown adipocyte NSCCa/AMP channels in inside-
out configuration. Confusingly, I could not activate them in a classical whole- 
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cell configuration with K-Ringer with 1 mM Ca2+ as a pipette solution, 
although the voltage-gated K+ currents described elsewhere (Lucero and 
Pappone, 1989; Rüss et al., 1993; Wilson and Pappone, 1999; Wilson et al., 
2000) were readily activated in that preparation.  

Although some whole-cell purinergically stimulated Na+ currents “that 
does not seem to be gated directly by cytosolic calcium” have been reported 
(Lee and Pappone, 1997), NSCCa/AMP channels remain the only Na+-permeable 
channel type established at the single-channel level in brown adipocytes. This 
fact and the fact that they are so numerous in the brown fat cell plasma 
membrane (Siemen and Weber, 1989; Koivisto et al., 1998; Koivisto et al., 
2000; Halonen and Nedergaard, 2002), almost automatically suggest 
NSCCa/AMP channels to be involved in the depolarising effects of NE (Siemen 
and Weber, 1989; Weber and Siemen, 1989; Lucero and Pappone, 1990; 
Koivisto et al., 1993; Koivisto et al., 2000).  

Voltage-activated single-channel K+ currents were initially recorded in 
the cell-attached mode in cultured newborn rat brown adipocytes (Lucero and 
Pappone, 1989). An average conductance of about 9 pS has been calculated 
for these channels. Later, voltage-gated K+ channels with similar 
characteristics have been demonstrated in outside-out and inside-out 
configuration in experiments on freshly isolated mature adipocytes and on 
precursor-grown cells from young rats (Rüss et al., 1993). In primary cultures 
of mouse brown adipocytes, such channels could also be recorded (Fig.3). 

 
 
 

 
 
 
 
Fig. 3. Voltage-activated single-
channel currents in cultured brown 
adipocyte.  
Activation of these currents in cell-
attached mode was induced by 
depolarizing jumps of the holding 
voltage (+50 mV) to the indicated 
negative values.  
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In our cell preparation, activation of the voltage-gated tentative 
potassium channel currents was possible only in cell-attached mode. From 
their characteristics, these channels were very similar to the voltage-activated 
K+ channels that are already described in brown adipocytes (Lucero and 
Pappone, 1989; Rüss et al., 1993), although we have not tested their ionic 
selectivity. 

Voltage-insensitive K+ channels were infrequently observed in outside-
out patches (Rüss et al., 1993). They revealed inward rectification with a 
single-channel outward conductance of 12 pS and an inward conductance of 
25 pS. In contrast to voltage-dependent channels, voltage-independent 
channels cannot be blocked by tetraethylammonium (Rüss et al., 1993).  

Before moving to the brown adipocyte single Cl- channels, I will 
present some other single-channel phenomena that have not been observed 
previously. During my experiments in cultured mouse brown adipocytes (I; 
IV), on occasion a large conductance “maxi” Cl- channel could be observed 
(Fig. 4).   
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These channels with a 
conductance over 250 pS 
rapidly inactivated when
Vm was stepped more  
than 20 mV away fro
both directions. The registration 
was made in inside-out 
configuration having normal 
sodium Ringer as a bath 
solution and NMDG-Cl p
solution. Only negative 
voltages are represented in
4; however, symmetrical 
openings also occurred at 
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 Under identical conditions, “maxi” Cl- channels could have different open-
close kinetics in different patches and these channels were readily 
distinguishable from the ORCCs which could be active at holding potentials 
over ± 20 mV. Similar channels have been described in numerous cell types 
(Blatz and Magleby, 1983; Hanrahan et al., 1985; Gögelein, 1988; Frizzell 
and Halm, 1990; Morris and Frizzell, 1993; Valverde et al., 1995; Lascola et 
al., 1998).  
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Another interesting electrical phenomenon which could be observed in 
inside-out patches is displayed in Fig. 5.  
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Fig. 5. Tentative leakage potassium channels that can be detected in the depolarized 
membrane patches from brown adipocytes.  
Both EGTA and Ca2+-free test solution contained the same amount of EGTA (2 mM), but 
in the EGTA solution the concentration of  free Ca2+ was set to 1mM, whereas in the Ca2+-
free solution no Ca2+ was added (see (I; IV))  
 

Substitution of the bathing Na-Ringer solution with normal K-Ringer or 
with the Ca2+-free K-Ringer did not have any effect when the membrane 
potential was negative (-40 mV in Fig. 5). However, if the membrane patch 
was depolarized (+40 mV in Fig. 5), similar substitutions induced 
considerable deflections of the current base line. These base line shifts can be 
explained by the K+ leakage through some irresolvably small leakage 
potassium channels, and this conductivity seems to be down-regulated by 
internal Ca2+. The magnitude of these leakage K+ currents (low-conductance 
channels) was different from patch-to-patch and from cell-to-cell, and it could 
be reproduced rather consistently, although I did not investigate this 
phenomenon systematically.  



4E. Single Cl- channels in brown adipocyte plasma membrane  
 
From their electrophysiological phenotype, Cl- channels from brown 

adipocytes (I, IV) may belong to the ubiquitous group of channels known as 
ORCC: outwardly rectifying chloride channels (Carroll et al., 1993; Gabriel et 
al., 1993; Guggino, 1993; Schwiebert et al., 1999; Hryciw and Guggino, 
2000). As is the case concerning volume-sensitive chloride channels (section 
3A), here a “malady of nomenclature” (Duan and Hume, 2000) exists, because 
of other acronyms – ICOR (intermediate-conductance outwardly rectifying) 
(Tilmann et al., 1991; Hansen et al., 1993; Butt and Hamilton, 1998; 
Catacuzzeno et al., 1999; Kunzelmann and Schreiber, 1999), ORIC 
(outwardly rectifying intermediate-conductance) (Rabe et al., 1995; 
Abrahamse et al., 1996; Rabe and Frömter, 2000) and ORDIC (outwardly 
rectifying depolarization induced) (Solc and Wine, 1991; Ward et al., 1991; 
Krouse et al., 1994; Xia et al., 1997) have been used interchangeably with 
ORCC. Whole-cell ORCC chloride currents have been also reported, implying 
a molecular identity of macroscopic and single channel phenomena (Jovov et 
al., 1995b; Poulsen and Machen, 1996; Sakamoto et al., 1996; Ando-Akatsuka 
et al., 2002; Seebeck et al., 2002; Szkotak et al., 2003; Ma et al., 2004).  

As an electrophysiological family of ion channels, ORCCs comprise 
intermediate conductance (20-80 pS) chloride channels found in many 
epithelial cells (Frizzell et al., 1986; Gögelein, H. and Greger, 1986; Welsh 
and Liedtke, 1986; Frizzell et al., 1987; Hayslett et al., 1987; Gögelein,1988; 
Halm et al., 1988a; Halm et al., 1988b; Gray et al., 1989; Tabcharani et al., 
1989; Worrell et al., 1989; Frizzell and Halm, 1990; Gögelein. and Capek, 
1990; McCann and Welsh, 1990; Welsh, 1990; Hwang and Guggino, 1991; 
Kunzelmann et al., 1991; Tabcharani and Hanrahan, 1991; Diener et al., 1992; 
Egan et al., 1992; Halm and Frizzell, 1992; Egan et al., 1995; Schwiebert et 
al., 1995; Schwiebert et al., 1998)  as well as non-epithelial cells (Blatz and 
Magleby, 1986; Franciolini and Nonner, 1987; Barres et al., 1988; Chen et al., 
1989; Manning and Williams, 1989; Blatz, 1991; Chua and Betz, 1991; 
Fahlke et al., 1992; Garber, 1992; Duan and Nattel, 1994; Lascola et al., 1998; 
Szabo et al., 1998; Assef and Kotsias, 2002). Consistent with their name, 
these single channels reveal outward rectification. In symmetrical solutions, 
Cl- can move more easily from outside into the cell than in the opposite 
direction, i.e. the outwardly directed electric current through these channel 
encounters less resistance than the inward current. Two other properties of 
ORCCs are that they are recorded preferably (in some preparations  
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exclusively) in inside-out patches and that often their activity can be promoted 
by strong and long lasting depolarization (Solc and Wine, 1991; Tabcharani 
and Hanrahan, 1991; Xia et al., 1997).  

Several non-physiological factors and physical maneuvers were shown 
to influence ORCCs (Welsh, 1990; Tabcharani and Hanrahan, 1991; Guggino, 
1993). Inactive channels can be stimulated by increasing bath temperatures 
from 22 to 37oC or by exposing inside-out patches to high salt concentrations 
and to trypsin (Tabcharani and Hanrahan, 1991; Guggino, 1993). The 
commonly used pH buffers HEPES and MOPS were shown to block ORCC 
from Drosophila neurons (flickery type of block) (Yamamoto and Suzuki, 
1987; Hanrahan and Tabcharani, 1990) and from cultured epithelial cells (fast 
block) (Hanrahan and Tabcharani, 1990). The high susceptibility of this 
channel to environmental conditions may complicate studies of their 
activation by kinases and other biological modulators in excised patches 
(Tabcharani and Hanrahan, 1991). 

There is evidence that the channels can be activated by adenosine 3«, 
5«-cyclic monophosphate (cAMP) (Tabcharani and Hanrahan, 1991) and by 
protein kinase A (Xu and Lu, 1994). According to an established model 
(Guggino, 1993; Jovov et al., 1995a; Schwiebert et al., 1995; Kunzelmann and 
Schreiber, 1999; Morales et al., 1999; Schwiebert et al., 1999; Hryciw and 
Guggino, 2000), in chloride secreting epithelia, ORCC is coactivated by the 
cystic fibrosis transmembrane conductance regulator (CFTR) by an autocrine 
mechanism. When activated by protein kinase A, CFTR, in addition to Cl- , 
also conducts ATP (Stutts et al., 1992; Jovov et al., 1995a; Braunstein et al., 
2001), which binds to purinergic receptors coupled to ORCCs via G-proteins, 
thus activating net chloride secretion. 

An important characteristic of ion channels is their sensitivity to various 
blocking agents. For anion channels, complete block is seldom achieved, and 
side effects often prevent the use of high concentrations. Besides, most anion 
channel blockers are poorly selective. DIDS and SITS were reported to induce 
a flickering block of ORCC (Hanrahan et al., 1985; Tabcharani et al., 1990; 
Tilmann et al., 1991; Garber, 1992; Stutts et al., 1992; Duan and Nattel, 1994; 
Xu and Lu, 1994; Julien et al., 1999); however, DIDS could totally block 
ORCC in a human bronchial epithelial cell line (BEAS-2B) (Ge et al., 2001) 
and in a lipid bilayer system (Jovov et al., 1995b). In addition, the activity of 
ORCCs could be blocked by the carboxylic acid analog NPPB (5-nitro-2-
(phenylpropylamino)benzoate (Li et al., 1990; Singh et al., 1991; Tilmann et 
al., 1991), by fatty acids and their metabolites (Anderson and Welsh, 1990;  
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Hwang et al., 1990; Hwang et al., 1992), by colchicines, daunomycin, 
vinblastin, verapamil, glibenclamide, steroids and aldosterone antagonists 
(Bear, 1994; Rabe et al., 1995; Volk et al., 1995; Liu et al., 1998; Szabo et al., 
1998; Rabe and Frömter, 2000). 

Some of the ORCCs have been purified and studied in lipid bilayers 
(Manning and Williams, 1989; La et al., 1991; Ran et al., 1992; Venglarik et 
al., 1994; Jovov et al., 1995a; Jovov et al., 1995b; Singh et al., 1995; Ismailov 
et al., 1996; Jovov et al., 1998). It is not clear whether all the ORCCs with 
rather loosely defined biophysical characteristics should be considered as a 
homogeneous group or not. There may be an underlying molecular diversity 
of channel proteins mediating ORCC currents in different cells and even in the 
same type cells (Solc and Wine, 1991; Becq et al., 1992; Banderali and 
Ehrenfeld, 1996). Although the molecular identity of ORCCs remains unclear, 
some of them are hypothesized to belong structurally to the ClC family 
(Cunningham et al., 1995; Sakamoto et al., 1996; Duan et al., 1997; Li et al., 
2000; Wang et al., 2000; Duan et al., 2001; Hermoso et al., 2002; Ogura et al., 
2002).  

The physiological functions of the ubiquitously distributed and 
biophysically varied ORCCs are very diverse, ranging from the net movement 
of chloride in the epithelial cells (Guggino, 1993; Szkotak et al., 2003) to 
modulation of action potential in muscle cells (Fahlke et al., 1992). ORCCs 
have been implicated as candidates for VRAC currents (Worrell et al., 1989; 
Solc and Wine, 1991; Diener et al., 1992; Jackson and Strange, 1995; Strange 
et al., 1996; Duan et al., 1997; Thinnes and Reymann, 1997; Lang et al., 1998; 
Szabo et al., 1998; Sabirov et al., 2000; Thinnes et al., 2000; Thinnes et al., 
2001; Ando-Akatsuka et al., 2002; Nilius and Droogmans, 2003; Lang et al., 
2004; Ma et al., 2004; Okada, 2004). This “ORCC = VRAC” hypothesis 
suggests their participation in the cell-volume dependent physiological 
functions (see section 3A).  

With regards to intracellular Ca2+, ORCCs are generally considered to 
be not intrinsically Ca2+ sensitive (reviewed in (Guggino, 1993)), and the 
same is accepted for the VRACs (reviewed in Okada, 1997, C755]). However, 
in several studies (Frizzell et al., 1986; Mahaut-Smith, 1990; Tabcharani and 
Hanrahan, 1991; Cunningham et al., 1995; Jeulin et al., 2000; Fuller et al., 
2001) activating effects of Ca2+ have been suggested.  

Single-channel chloride currents from brown adipocytes have revealed 
all the hallmark properties of ORCCs, as is described in papers (I) and (IV). 
Brown adipocyte ORCCs were not frequently obtained in our experiments. On  
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average 20-25 attempts were necessary to get the activity of such a channel in 
an inside-out patch from cultured cells (and in freshly isolated cells the chance 
was even lower). To some extent, this rarity of Cl- channels appearance can 
indicate their low density in the membrane. However, the “willingness” of the 
channel to reveal itself has also to be taken into account. It should also be 
admitted that in more than 60 % of all successful patches there was more than 
one channel per patch, and usually one of the channels clearly dominated, i.e. 
in the same patch one channel can be much more active than another one. 
Sometimes after brief episodic activation for a few seconds the channel 
became silent and did not appear again, i.e. Cl- channels that were present in 
inside-out patch simply did not “cooperate”. What was that out-of-my-control 
“factor-X” that determined the “appearance” of a given channel while another 
channel /channels in the patch was/were silent? Thus, the availability of the 
channel for the single-channel registration can only give information on the 
minimal number of such channels in the membrane, but it tells us very little 
about the actual number in the intact cell. As well, functional activity of these 
channels and even their physiological relevance cannot be inferred from 
inside-out patches, because their properties can be altered by tight-seal 
formation and patch excision (Tabcharani and Hanrahan, 1991; Hamill and 
McBride Jr, 1995). Parenthetically, to my notion this can be extrapolated to 
the NSC channels too, despite the fact that their appearance in inside-out 
patches from freshly-isolated cells was about ten times higher than Cl- 
channels in the patches from cultured cells.  

The presence of ORCCs in brown adipocytes does not help today’s 
understanding of brown fat physiology. Since they were shown in so many 
different cell types (blood cells, epithelial cells, muscle cells, fibroblasts, 
neurons etc.), probably ORCCs can be regarded as the most ubiquitous of all 
chloride channels. Do they play some universal role in all these cells? Or has 
each cell type adopted them for cell-specific functions? What they do and how 
do they work in brown adipocytes? Do they do something special in brown 
adipocytes?  

The latter question could be clarified (we hoped) if possible links 
between ORCCs and the NE-induced electrophysiological events in brown 
adipocytes were examined. First of all the relations of ORCCs with the NE-
induced macroscopic chloride currents discovered by Pappone and Lee 
(Pappone and Lee, 1995) had to be examined. For this we made an attempt to 
examine the sensitivity of brown adipocyte ORCCs to the intracellular Ca2+.  
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4F. Calcium effects on brown adipocyte ORCCs are overlapped by the effects 
of chelator  

The aim of this investigation was to answer the question: “Is calcium 
involved in the regulation of chloride permeability in the brown adipocyte 
plasma membrane?” To be more precise, the question was reduced to: “Does 
Ca2+ affect single-channel Cl- currents in inside-out patches of the brown 
adipocyte plasma membrane?” To answer this, a straightforward experiment 
was designed: to compare the activity of brown adipocyte single Cl- channels 
with and without Ca2+ on the cytoplasmic side of an inside-out patch, i.e. to 
analyse the effects of a test Ca2+-free K-Ringer in comparison with the effects 
of K-Ringer with high Ca2+.  To eliminate the contaminating Ca2+ from the 
Ca2+-free test solution we used the standard Ca2+ chelators EGTA and 
BAPTA. It was surprising to obtain in those experiments, instead of a clear 
answer, indications of new phenomena and of new biophysical questions (see 
paper IV).  

Three main observations were made:  
(1) In addition to attending to their duties, i.e. grasp and capture free calcium 
ions in the medium, the standard Ca2+ chelators EGTA and BATPA in 
themselves also produced an effect on the channels, and this effect was 
independent of their Ca2+-chelating functions; 
(2) Cl- permeable channels in inside-out patches from brown adipocytes, 
which we initially regarded as a functionally homogeneous population, were 
split into two groups – QB channels and TB channels (see below); 
(3 Even within those main subpopulations, individual channels often exhibited 
details that were “reflecting the complexity of protein conformational 
dynamics” (Moczydlowski, 1992), which could be perturbed by Ca2+ and by 
chelators, and by some other experimental factors (for instance perfusion 
artifacts and spontaneous modal switches of the channel kinetics).  

We have attempted to dissect the effects of chelators and the effects of 
Ca2+ from that “bewildering array of phenomenology” (Moczydlowski, 1992). 
In our study, the majority of channels (about 90 %) responded to EGTA and 
BAPTA with a so-called quasi-blockage reaction: the shortening of individual 
openings was associated with the activation of the channel. Those channels we 
designate as quasi-blockage (QB) Cl- channels.  

In a few cases (about 10% of channels), EGTA and BAPTA clearly 
blocked channel openings; therefore, such channels were named true-blockage 
(TB) Cl- channels. Although the true-blockage response to the chelator at first  
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sight looked principally different from the quasi-blockage, it also contained an 
“activating component” (IV).  

Interestingly, similar anti-parallel changes of the overall channel 
activity and the duration of the openings were reported for the effect of 
extracellular ATP in the ORCC from airway epithelial cells (Stutts et al., 
1992). This dualism of the effect leads to a confusing situation: Stutts 
qualified the effect as activation (Stutts et al., 1992), whereas Valverde 
referred to the same phenomenon as a flickery type blockage (Valverde et al., 
1998). 

Inhibition of whole-cell volume activated Cl- currents by Ca2+ chelating 
agents (BAPTA, EDTA and HEDTA) applied extracellularly has been 
reported recently (Lemonnier et al., 2002). In our case, the Ca2+ chelators 
EGTA and BAPTA affected Cl- channels from the intracellular side, and at 
least two types of responses to chelator could be distinguished at the single-
channel level. In the same experiments we studied the effects of tentative 
blockers – the stilbene disulfonates DIDS and SITS, which were also applied 
to the internal surface of the membrane. The effect of DIDS and SITS 
appeared to be strikingly similar to the effects of EGTA and BAPTA. These 
results probably hint at the nature of the chemical mechanism.  

In our experimental model, the calcium chelators EGTA and BAPTA 
reveal themselves as ligands that could modulate channel activity. 
Nevertheless, the effects of Ca2+ could also be resolved and dissected. Our 
interpretation is presented schematically in Fig. 6.  

 
 
 
 

Fig. 6. The problem with 
investigation of the Ca2+ 
sensitivity of Cl- channels in 
brown adipocytes arises from 
the “mist” of BAPTA that 
shrouds the Ca2+effects.  
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We inferred that Ca2+ somehow introduced obstacles (see below) for the 
Cl- channel to reach the full-size opening level. The main difficulty emerged 
because Ca2+ effects appeared already at low µM contaminating Ca2+ 
concentrations (high affinity but low efficacy binding). Thus, to eliminate the 
Ca2+, we necessarily had to use a chelator; therefore the effect of Ca2+ absence 
was disguised by the chelator effects. Thus, the tentative dose-effect curve for 
Ca2+ was saturated already within the physiological range of concentrations, 
where it was shrouded by the mist of the chelator effects (Fig. 6). When both 
Ca2+ and chelator were present in the test solution, the effect was closer to the 
conventional flickering blockage. Although the activating component of the 
dual chelator effect was still present, it was now visibly attenuated by the 
overlapping effect of Ca2+. (For this illustration, the QB channel current trace 
has been used, since in the case of TB channels, the inhibitory effect of the 
chelators is higher, and therefore it is more difficult to see the effects of the 
presence and absence of Ca2+.)  

Under the condition of Ca2+ free chelator-containing medium, compared 
to Ca2+ containing solution without chelator, 3 kinds of effects (components of 
the response) could be distinguished:  
(1) Channel opening inhibition=flickering block (due to the presence of 
chelator);  
(2) Overall channel activation (due to the chelator presence);  
(3) Promotion of full-size openings (due to the absence of Ca2+).  
Although quasi-blockage and true-blockage reactions look very different, they 
both contain all three components. In TB channels, effect (1) was dominating 
(as well as the effect of DIDS and SITS) and made effects (2) and especially 
(3) much less visible than in QB channels. In QB channels, all three effects 
were more equal. Probably the most perplexing thing (particularly for the 
quantification of the effects) is that within the QB population, different 
channels revealed different partial contribution of these 3 effects: some 
channels were more sensitive to Ca2+ presence/absence, some to the inhibitory 
influence of the chelator, and some to the activating additive of the quasi-
blockage effect. This phenomenon is illustrated in Fig. 7.  
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 A        1 mM Ca2+   Ca2+-free, EGTA  
 
 
 
 
 
 
 
 
 
 
 
 
 B        1 mM Ca2+  Ca2+-free, EGTA  
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Fig. 7. Two examples (A and B) of QB channel activity illustrating different aspects of 
Ca2+-free/ EGTA total effect. 

 
In Fig. 7A, the chelated Ca2+-free solution apparently promotes full-size 

channel openings, whereas effects of EGTA are weak and almost invisible at 
given (500 Hz) low-pass filtering. (At higher filtering frequency, the brief 
“flickering closures” induced by EGTA would be more visible, and the 
activating effect of EGTA in this case was negligibly weak). In Fig. 7B, the  



EGTA from the Ca2+-free solution activates two channels in the inside-out 
patch. In one of them, flickering blockage occurs (i.e. “classical” quasi-
blockage), whereas in another channel the Ca2+ absence effect seems to be 
revealed. What makes these channels from the same patch so different in their 
reactions? Factor-Y? Or is it still factor-X from Section 4E? I believe that 
these technical, biophysical questions to my deep belief are very relevant to 
the biological questions that we are most interested in. Until a satisfying 
general physical picture of these channels has emerged and determinants of 
long term behavior of the channel have been found, the single-channel patch 
clamp method cannot be a quantitative method for physiological evaluations.  

We suggest that the answer to the biophysical question “Does Ca2+ 
affect single-channel Cl- currents in inside-out patches of the brown adipocyte 
plasma membrane?” is “Yes”. The perplexing feature of brown adipocyte 
ORCC currents – the fluctuating amplitude (that almost contradicts the 
dogmatic concept of ion channel) – to a large extent (but not completely) was 
caused by Ca2+. To judge from what I can see in the figures of almost every 
ORCC publication, the fluctuating amplitude has been a ubiquitous 
phenomenon throughout all those studies, especially in the studies where a 
high concentration of Ca2+ has been used (Hayslett et al., 1987; Gray et al., 
1989; Becq et al., 1992).  

Fig. 8 represents the characteristic pattern of the QB channel openings 
with 1 mM Ca2+ present in the bathing medium.  

 
Fig. 8. The QB Cl- 
channel current under 
control conditions: -45 
mV membrane 
potential, K-Ringer 
with 1 mM Ca2+ 
internal solution, 
NMDG-Cl external 
solution.  

 
In Ca2+-free/EGTA 
solution, the 
amplitude of this 
channel (as all the 
other quasi-
blockage channels  

0.1 

2 pA

(IV)) became more stable, although not perfect.  
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The intricate pattern of the amplitudes of channel openings makes even 
qualitative evaluation of the phenomenon quite complicated. We suggest that 
at least two aspects of the total Ca2+ effect can be distinguished: Ca2+ 
promotes the sub-conductance behavior of the channels (“tendency toward 
conductance sublevels” (Lascola et al., 1998)) and, simultaneously, Ca2+ 
produces a fast type blockage of the channel (proto-channels?). However, it is 
difficult to deduce the functional contribution of these two additives to the 
overall picture. Another intriguing question is: why is this phenomenon of 
amplitude fluctuations unstable itself? What was that “factor-Z” that 
determined the stability-instability of the amplitude fluctuations under stable 
experimental conditions? And how does it relate to the “factors X and Y”?  

Regardless of the fluctuations, the amplitude variability of the single-
channel currents, i.e. variability of the ORCCs conductance, is itself a highly 
confusing issue. As was pointed out above, in accordance with the reaction 
(quasi-blockage and true-blockage) to EGTA/BAPTA and DIDS/SITS, the 
registered brown adipocyte ORCCs have been divided in two groups: QB and 
TB channels. It turned out that these two subpopulations of channels were also 
significantly different by their conductivity: 31 pS QB channels and 52 pS TB 
channels. However, it should be noted that within both sub-populations of 
channels the conductivity of channels varied rather much: from 21 to 41 pS in 
QB and from 44 to 58 pS in TB. An even bigger scatter – from 23 to 134 pS – 
has been reported for the ORCCs from the human colon cell line HT29 
(Hayslett et al., 1987), and in general high variability of this parameter seems 
to be a common feature in ORCCs. To some extent this variability might be 
explained by Ca2+ effects: however, it is certainly not the decisive factor 
because considerable variability remained even when Ca2+ was absent.  

And finally, what is the answer to the biological question “Is calcium 
involved in the regulation of chloride permeability in the brown adipocyte 
plasma membrane?” It is not more than: “May be”. The effect Ca2+ on brown 
adipocyte ORCCs that was observed in our experiments can be qualified as 
downregulation. However, the biological relevance of these Ca2+ effects in a 
model situation of single-channel patch-clamp experiment is not evident. At 
the phenomenological level, we have good reasons to assume that ORCCs 
were not involved in the NE induced Cl- permeability which was observed in 
Pappone’s experiments. Instead, they could very likely participate in the 
volume-activated Cl- currents. This is probably all we can conclude so far, and 
it tells us almost nothing about the physiological functions and biological role 
of chloride channels in brown fat cells.  
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5. Conclusions and future prospects  
 
5A. Brown fat cells: thermogenesis, electrophysiology and osmotic balance  

 
In brown adipocytes, as in any other cell type, homeostatic regulation of 

the concentration gradients of the major inorganic ions is a major function of 
the plasma membrane. The intra-extracellular concentration asymmetry is 
created and maintained by the membrane transporters, whereas ion channels 
play important physiological roles in the regulation of osmotic balance and 
tentatively in signaling processes. So far, the electrophysiological knowledge 
of brown adipocyte physiology provides us with a rather odd set of isolated – 
and frequently controversial – observations.  

Several types of ion channel and a number of membrane current and 
membrane potential events that have been described in brown adipocytes are 
still lacking both a consensus and a biological explanation. The functional 
ultrastructure of the cell membrane is complex, and the functional role of the 
electrophysiological phenomena in relation to all other brown fat cellular 
contexts – thermogenesis, cell division, proliferation and differentiation, auto-, 
para- and endocrine functions – remains to be understood.  

Our investigations have shown the presence in brown adipocyte plasma 
membranes of Cl- channels, which by their biophysical single-channel 
characteristics belong to the ubiquitous electrophysiological “family” of 
channels known as ORCCs. The fact that ORCCs have been shown in such a 
wide variety of cell types – from blood cells to neurons – implies some 
universal functions for these channels. Supposedly, in general, ORCCs are 
identical to the VRACs, and their functions are probably performed through 
the mechanisms of osmotic regulation (Cl- as a “colligative osmolite”); 
however, charge-transport related mechanisms (Cl- as a “colligative negative 
charge”) can also be involved. Even ligand mechanisms should not be 
excluded: we can speculate that there are proteins which particularly need Cl- 
to be happy and to do their job properly – or even that there may be some 
signaling role of local Cl- concentration change in a ligand-receptor manner.  

The role of ORCCs in brown adipocytes remains to be determined, as 
well as all the other ion channels. Sympathetically activated thermogenesis, 
being the pivotal function of brown adipocytes, does not seem to require the 
obligatory participation of the ion channels; at least ion channels are not 
directly involved in the signaling pathway from adrenoreceptors to 
mitochondria. Whether the membrane voltage or the ion concentrations in  
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local microenvironments can modulate the function of receptors, G-proteins or 
adenylyl cyclase is a speculation, but what looks rather realistic is the 
regulation of cytosolic Ca2+ (by means of membrane potential) as well as the 
“housekeeping functions” such as osmotic balance, pH regulation and redox 
balance (by means of the transmembrane bulk flow of Cl- and other ions). 

The concerted activation of Cl- channels and K+ channels by NE in the 
model of Pappone hints at the osmoregulatory significance of these events. 
Theoretically, such a hormonally induced osmotic response could increase the 
efficiency of the acute thermogenesis. Morphologically, brown adipocytes are 
characterized by multiple fat droplets and numerous mitochondria, providing a 
particularly high membrane surface-to-cytoplasm volume ratio and also an 
extraordinarily high cytoplasmic “mitochondria density”. Under these 
circumstances, the efflux of K+ and Cl- promotes volume decrease and hence 
efficiently increases the working concentrations of metabolites and enzymes, 
for example, free fatty acids and hormone-sensitive lipase. In other words, a 
tentative NE-induced osmotic response could promote lipolysis in brown 
adipocytes, similar to the mechanism of glucagon stimulation of proteolysis 
and glycogenolysis in hepatocytes (Lang et al., 1998).  

Unfortunately, here we again are coming to an inconsistency, since, 
according to Pappone, NE-induced Cl- conductance is different from volume-
activated Cl- conductance. From general considerations, brown adipocyte 
ORCCs, most likely, are related to the volume-activated macroscopic Cl- 
currents but not to the NE-induced ones. Moreover, the results of our 
investigation of Ca2+ sensitivity of brown adipocyte ORCCs also seem to 
support this conclusion.  

Thus, the biological relevance of our data on single chloride channels in 
brown adipocyte cell membranes appears rather difficult to estimate. The 
Ca2+-independent effects of Ca2+ chelators EGTA and BAPTA were well 
reproducible and consistent in our cell system, as well as the effects of DIDS 
and SITS. These data can be considered as physicochemical characteristics of 
the brown adipocyte ORCCs in our experimental model, and in the case of 
Ca2+ chelators, our observations can be of practical value for patch-clamp 
physiologists in general.  
 
5B. Suggestions for future projects  
 

In the department, two brown fat cell preparations are presently 
available for future patch-clamp investigations: freshly isolated mature  
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adipocytes from rats and primary cultures of mouse brown fat cells. This gives 
an additional “degree of freedom” for future project proposals. The 
suggestions below concern the general electrophysiology of the brown fat cell 
and are not limited to the Cl- channels.  

My first (and most biological) suggestion concerns the effects of NE on 
membrane potential of brown adipocytes. All membrane potential 
measurements in brown adipocytes have been performed in in vivo and in 
vitro brown adipose tissue preparations (see Sections 4A,B), whereas all 
membrane current registrations have been made in isolated cells (see Sections 
4C-F). It seems prudent in future studies to at least attempt to reproduce all 
the electrophysiological phenomena in the same cell system – in order to 
minimize the possible sources of variability and uncertainty. I would suggest 
current-clamp measurements in the perforated-patch mode, and, in particular, 
gramicidin-perforated patch-clamp, since gramicidin-perforated membranes 
are very little permeable for anions. Thus, in this configuration, although the 
intracellular K+ and Na+ concentrations are determined by their concentration 
in the pipette solution, the intracellular concentration of anions remains almost 
native. Other ionophores – nystatin, amphotericyn B, gramicidin D, digitonin, 
saponine – are also worth trying while altering Cl- concentrations in the 
pipette. Theoretically, this experimental model (current-clamp in perforated-
patch configuration) could be very helpful in order to link the NE-induced 
current and voltage effects, although technical problems can arise, caused by 
patch-pipette capacitance and perfusion system artefacts.   

My second suggestion would be a systematic patch-clamp search for 
the tentative Ca2+ permeability in brown adipocyte plasma membrane, with 
the use of different approaches and experimental maneuvers that have been 
successfully exploited in other cell systems. For instance, as a start, to look for 
miniature Ca2+ channels in inside/out patches under the condition of severe 
80-100 Hz filtering. Theoretically, this project can be technically simple. If 
there are some Ca2+ channels in the brown adipocyte plasma membrane, and 
the chance is high that there are some, then it is a just matter of luck (or 
persistence).  

An interesting study can be undertaken regarding the modulation of the 
activity of Ca2+ -activated non-selective cation (NSCCa/AMP) channels by Mg2+ 
and other divalents. The starting point for this are observations on divalent 
cation effects on NSCCa/AMP channels originally made by Dr. Juha Halonen. 
The advantage of such a project is that it is technically simple to perform: 
NSC channels can be easily obtained from freshly isolated mature brown  
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adipocytes and they are relatively easily quantified because they have very 
slow kinetics and stable amplitude. From our observations it can be suggested 
that only Ca2+ (in high concentrations: >100 µM) directly can activate the 
NSCCa/AMP channels. For Mg2+ (also Ba2+ and Sr2+), this ability is practically 
excluded, although some hesitation remains regarding Co2+ and Mn2+. What is 
clear is that Mg2+, Mn2+ and Co2+ (in case of Ba2+ and Sr2+ this is possibly true 
also) are able to support and prolong the activation induced by Ca2+, i.e. 
effects of these divalent cations can only be seen when the NSCCa/AMP channel 
activity is already switched on by Ca2+. In Fig. 9, two examples are presented 
for illustration of this point.  
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Application of a test solution in which 1 mM Mg2+ and 0.01 mM Ca2+ were 
mixed, initiated, with considerable delay, the activation of both channels, and 
this activation continued for almost half a minute after application of the 
negative control solution. The open probability of the channels that resulted 
from cumulative action of Mg2+ and Ca2+ far exceeded the activation induced 
by 1 mM Ca2+, while neither Mg2+ nor 0.01 Ca2+ by themselves could activate 
NSCCa/AMP channels at all.  

In Fig. 9B, another experimental variant is shown: 1 mM Ca2+ could 
activate 3 NSCCa/AMP channels in the given inside-out patch, and immediate 
substitution of Ca2+ with Co2+ in the test medium initiated very long openings 
of 2 (or all 3) of the channels. Again, in terms of open probability, the Co2+-
dependent activation of the channel far exceeded the Ca2+-dependent 
activation. Mg2+ was not able to continue channel activation in the given 
particular patch, although it must be pointed out that Mg2+ (as well as Mn2+) 
quite often could prolong the Ca2+-induced activation. What is principally 
important is that Mg2+-, Mn2+- and Co2+-dependent activity of NSCCa/AMP 
channels could be distinguished by their kinetics from Ca2+-dependent 
activity. It could be suggested that:  
(1) The life-times of the complexes of Mg2+, Co2+, and Mn2+ with the channel 
range within tens of seconds, one to two orders higher than that of the Ca2+ 
complex;  
(2) The binding of other divalents than Ca2+ in this system can occur only in 
the open conformation of the channel protein.  

Even the simplest mechanism for agonist action postulates that the 
binding of an agonist reflects not only its ability to bind initially to the 
channel, but also its ability to open the channel once it is bound, and these two 
processes counteract on the principal of reciprocity (Colquhoun and Farrant, 
1993). Thus, in our system channel gating or isomerization between the shut 
and open states (both of which have divalent(s) bound) affects the binding of a 
divalent cation, and binding will affect gating.  

In this situation, the main challenge in the kinetic analysis of the effects 
of Ca2+ and other divalents will be to design appropriate experimental 
protocols and find due parameters of channel activation to measure. It is 
unlikely that classical kinetic analysis based on simple Po measurements 
could be used for interpretation of observations in such a study (Colquhoun, 
1981; Colquhoun and Hawkes, 1995; Colquhoun and Sakmann, 1998; 
Colquhoun et al., 2003; Beato et al., 2004). The principally important 
technical remark is that with the sewer-pipe perfusing system which is used in  
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the present set up, mixing of the bath solution and perfusing test solution 
cannot be completely avoided (Nichols et al., 1995).My next suggestion 
concerning the NSCCa/AMP channels may sound rather weird, but it is just a 
suggestion which after all could provide a starting point for producing new 
and experimentally testable ideas. To judge from the single-channel 
registrations, NSCCa/AMP channels are apparently the most abundant channels 
in brown adipocytes. On the other hand, their manifestations in whole-cell 
measurements are very poor. My mechanistic suspicion is: “What if the 
NSCCa/AMP channels are the Na-K-ATPase molecules in intact cells, which 
start to work as channels after the disruption of the local membrane structure 
during tight seal formation(Roberts and Almers, 1992; Nichols et al., 1995) 
(?)” It is a purely speculative and far-fetched hypothesis, but brown adipocyte 
NSCCa/AMP channels appear remarkably similar to the 26 pS non-selective 
channels induced by palytoxin (Palythoa toxica coral toxin) in neuroblastoma 
cells (Rouzaire-Dubois and Dubois, 1990). (Palytoxin converts Na+-K+-
ATPase into a non-selective cation channels (Dubyak, 2004)).  

Finally, regarding the single chloride channels in brown adipocytes, 
there are still a lot of biophysical questions open concerning their behaviour, 
mechanisms of regulation and their relations with the ORCCs in other cell 
systems. These channels are difficult to work with (first of all because they are 
difficult to obtain), therefore one should be patient in such a project. It would 
be interesting to examine brown adipocyte ORCCs response to ATP (both 
intra- and extracellular) in the light of purinergic regulation of brown 
adipocytes (Pappone and Lee, 1996; Lee and Pappone, 1997; Wilson and 
Pappone, 1999; Wilson et al., 2000) and in respect to their relations with the 
ORCCs from other cell types.  
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