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Abstract. Atrial myocytes obtained by enzymatic per
fusion of hearts from adult guinea,-pigs and cultured for 
0-14 days were studied using different configurations 
of the patch-clamp technique. Activation of muscarinic 
K current [IK(Ach)l in whole-cell voltage-clamp mode by 
strongly diluted sera from various sources could be 
mimicked by corresponding concentrations of albumin, 
but not by delipidated ("fatty-acid-free") samples of 
albumin. In cell-attached membrane patches activity of 
IK(ACb) channels was significantly higher than basal 
IK1.ACb) channel activity, if the pipette contained serum, 
whereas application of serum-containing solution to the 
cell outside the patch did not affect channel activity. In 
isolated inside-out membrane patches, strong IK(ACh) acti
vation by internal guanosine triphosphate (GTP, 5 IlM) 
was observed if the pipette contained serum. If no acti
vator was presented to the outer face of the membrane, 
only weak opening activity was observed during bath 
application of GTP. These results demonstrate that the 
serum factor which causes activation of IK(ACb) is associ
ated with albumin. Furthennore activation of IK(ACh) by 
that factor proceeds analogous to ACh or adenosine, i. e. 
via a membrane-delimited receptor, G-protein, channel 
interaction. 
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Introduction 

Sera from different species and various suppliers have 
been described to exert acetylcholine-(ACh-)like effects 
in cardiac atrial and ventricular myocytes. These acute 
effects include activation of muscarinic K current 
[IK(Ach)' [2]] and reduction of p-receptor stimulated L
type Ca2+ current (lc .. ) via inhibition of p-receptor-sensi-
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tive adenylyl cyclase [1]. Both actions can be identified 
at dilutions down to about 1: lOS (v/v), with half-maxi
mal activity in the order of 1: 103

• In analogy to muscarl
nic-receptor-mediated events [1, 14, 19,24] both actions 
of diluted sera are inhibited by pre-incubation of the 
myocytes with pertussis toxin, and thus are mediated by 
a defined class or type of G-protein. 

It is well documented that IK(ACb) channels are di
rectly gated by interaction with such a G-protein, if ACh 
or ligands for various otherreceptors are used as activat
ing agonists [5, 22], see [17] for review. In this regard, 
1f{(ACh) activation has been shown to proceed much faster 
than a receptor-mediated membrane effect which uses a 
second-messenger-dependent signalling pathway, such 
as, for example, p-adrenergic modulation of cardiac L
type ICa via activation of adenylyl cyclase [10]. 

Using a device for fast solution changes around a 
cell to be studied, onset and washout of serum-evoked 
IK(ACb) were slower by at least 1 order of magnitude as 
compared to ACh as the activating ligand. Peak IK(Ach) 

during serum superfusion was reached after tens of sec
onds up to 2 min as compared to several hundred 
milliseconds in the case of ACh. This suggests a differ
ent mechanism of channel gating, possibly involving ad
ditional steps leading from activation of the G-protein 
by GDP/GTP exchange to modification of the gating be
haviour of the channel. Such an alternative mechanism 
has been suggested for IK(Ach) activation by platelet acti
vating factor (PAF [20], see Discussion). 

In the present investigation we show that the active 
principle is associated with albumin. No activity, how
ever, is found in fatty-acid-free (fat) albumin. Using the 
cell-attached and the inside-out configurations of the 
patch-clamp technique, the present investigation shows 
that: (i) activation of IK(ACh} by the albumin-associated 
factor is membrane delimited, and (ii) that the velocity 
of activation of IK(ACh) channels by this factor is as fast 
as with ACh, if it proceeds by application of GTP to the 
internal face of the membrane, with the activator being 
present at the outside. Our results suggest that activation 
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of IK(Ach) channels by the albumin-associated factor pro
ceeds conventionally, i. e. via local interaction of the G
protein subunit with the channel protein. 

Materials and methods 

Isolation and culture of atrial myocytes. The method of cell iso" 
lation and the conditions for long-term culture of atrial myocytes 
from hearts of adult guinea"pigs have been described in detail pre
viously [3 J. For the experiments cultured myocytes were used from 
day 0 (freshly isolated) to day 12 after isolation. The membrane 
capacitance of the cells ranged from 15 to 25 pE 

Solutions. For the measurements the culture medium was replaced 
by a solution containing (mM): NaCI 120; KC} 20; CaCl2 2.0; 
MgC12 1.0; 4-(2-hydroxyetbyl)-1-piperazineethanesulphonic acid 
(HEPES)IKOH 10.0, pH 7.4. In whole-cell voltage-clamp experi
ments the solution for filling the patch-clamp pipettes and, thus 
internal dialysis of the cells contained (mM): K aspartate 110; KCl 
20; MgATP 5.0; ethylenebis(oxonitrilo)tetraacetate (EGTA) 2.0; 
guanosine triphosphate (GTP) 0.01; HEPESIKOH 10.0. pH 7.4. 
For mea')urements in the cell-attached mode the pipette was filled 
with a solution of 150 mM KCI, 2 mM CaCI2, buffered with 
10 mM HEPESIKOH (to pH 7.4). The rationale for the compo
sitions of these solutions was to measure iK(ACb) negative to the 
equilibrium potential for K ions (Eti, i. e. as an inward current, 
since it has strong inwardly rectifying properties. 

Current measurement. Membrane currents were measured under 
voltage-clamp by means of patch-clamp pipettes (whole-cell, ccll
attached and inside-out modes [9]). Pipettes were fabricated from 
borosilicate glass with filament (Clark, Pangboume, UK) and were 
filled with one of the solutions listed above. The DC resistance of 
the filled pipettes ranged from 2 to 6 MD. Current measurements 
were performed by means of a patch-clamp amplifier (List LMI 
EPC 7). Signals were passed through an analog filter with a corner 
frequency of either 1 kHz (whole-cell) or 3 kHz (single-channel 
measurements) and were digitally stored on the hard-disc of an 
IBM compatible AT -computer equipped with an ADIDA board 
(DT 2821-F, Data Translation) for subsequent analysis. Experi
ments were performed at ambient temperature (21-33°C). 

Rapid superfusion of the cells for application and withdrawal 
of different solutions was performed by means of a solenoid-oper
ated flow system that permitted switching between five different 
solutions. The solutions flowed through capillary tubes into a com
mon outlet. The cell under study was continuously superfused at 
approximately 0.25 mlImin with a stream of solution of 200 J1m in 
diameter close to the outlet. The half-time of a change in concen
tration seen by the cell was determined as 200-600 ms. Simul
taneously the culture dish was perfused at about 1 m1Imin with 
standard solution throughout an experiment. 

Results 

In previous investigations the ECso of horseserum (HS) 
for mimicking muscarinic effects in atrial myocytes was 
determined as about 1 : 1000. Potencies in the same order 
of magnitude were determined for different human sera, 
fetal calf serum (pCS, a commonly used supplement for 
cell culture media, Sigma F2268, Gibeo, "heat inactivat
ed", 01306290). and plasma (horse, Sigma P3016) [1, 
2]. On a Sephadex column the IK(Ach)-activating factor in 
horse serum co-purified with the albumin fraction (MW 
60-70 kDa). On the other hand, no activity was found 
in samples of purified albumins (Sigma A1887, Boeh-
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Fig. 1 A, B. Activation of muscarinic K current [IK(ACh)l by human 
serum albumin (RSA). A ACh (10-6 M) was superfused as indi
cated by the arrowheads, HSA superfusion (5.8 X 10-6 M) is indi
cated by the horizontal bar. The rapid downward deflections result 
from hyperpolarizing voltage steps to -120 m V which were ap
plied in most experiments in order to control the access resistance. 
B Same conditions as in A. Fatty-acid-free HSA [HSA(jafj, 
5.8 X 10-6 M] was superfused as indicated (A and B· represent two 
different cells) 

ringer Mannheim, Germany 1081489). As these prod
ucts were of the grade "essentially fatty acid free"(faf) 
we re-investigated this problem by comparing faf and 
non-faf albumin from one manufacturer (Sigma A1887, 
A1653). 

Figure 1 A illustrates that the effect of serum can be 
mimicked by an albumin which was not delipidated. A 
slowly developing and decaying inward IKJ,ACh) is in
duced by superfusion with a solution containing human 
serum albumin (RSA, Sigma A1653) at a concentration 
of 5.8 JlM. 

Assuming a physiological albumin concentration in 
human serum of 579 pM, this corresponds to a lOO-fold 
dilution of serum. Figure 1 B is a representative example 
of a recording which demonstrates that delipidated (fat) 
albumin at the same concentration is inactive [HSA(faf), 
Sigma A1887; this product, according to the manufac
turer is made from the above A1653 by charcoal treat
ment]. Whereas each cell that showed a clear response 
to ACh also was sensitive to serum (n> 100) or HSA 
(n = 11), a lack of an effect of HSA(faf) (1: 100) was 
found in all five cells tested. As has been described pre
viously for iK(ACb) activation by serum, the current in the 
presence of non-faf albumin develops and decays 1-
2 orders of magnitude more slowly than with ACh as 
activating agonist (Fig. 1 A). A representative concen
tration/response curve determined for non-faf-RSA is 
graphed in Fig. 2. The ECso used to fit the data points is 
1.4 X 10-6 M. This corresponds to a 414-fold dilution of 
serum. 

For HS an ECso of about 1: 1000 has been deter
mined previously. Considering different species, possi
ble variations among different charges etc, the IK(ACb)-
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Fig. 2. Dependence of IK{ACh) on RSA concentration. IK(ACb) relative 
to the current evoked by ACh (10-6 M) is plotted against the con
centration of HSA on a logarithmic scale. The curve was fitted 
using simple saturation kinetics (nH = 1.2; KD = 1.4 X 10-6 M) ; 
data from one representative cell 

activating principle in serum seems to be entirely associ
ated with albumin. This observation, and the finding that 
delipidation of albumin removes the IK(Acb)-activating 
principle, point to analogous findings with Xenopus 
oocytes, where a serum-component triggers an inositol 
1,4,5-trisphosphate (InsP 3) response, normally con
trolled by a muscarinic receptor [26], and with pe12 
cells, in which Ca2 + signals and growth responses can 
be evoked by a serum factor [7, 8]. These authors man
aged to identify the active principle as lyosphosphatidic 
acids (LPA) that are frrmly bound to albumin [25, 27], 
see also [6]. Purified LPAs that were highly active in the 
oocyte system, which were kindly provided to us by Dr. 
Gabor Tigyi, however did not evoke IK(ACh) in atrial myo
cytes. 

The slow time course of IK(Ach) induced by the albu
min-associated factor, as compared to ACh as activator 
of this current, is similar to receptor-evoked cellular re
sponses that involve the formation of second-messenger
coupled signalling cascades (compare [10] for the time 
course of p-receptor modulated ICa in cardiac muscle). 

In order to obtain further information on the signal
ling pathway initiated by the albumin-associated factor, 
we performed measurements of IK(ACh) channels in the 
cell-attached and inside-out configurations of the patch
clamp technique. In the cell-attached mode a membrane 
channel under the mouth of the pipette is accessible to 
signals from outside this area only if these can diffuse 
in the cytosol. Activation of receptor mechanisms out
side the membrane patch under study (i. e. in virtually 
the entire cell membrane) that do not produce diffusible 
intracellular signalling molecules should fail to modify 
a target in the patch. As the single IK(ACh) channel dis
plays strong inward-rectifying properties, a high-K solu
tion was used for filling the pipettes, whereas the extra
cellular solution contained 20 mM K in order to stabilize 
the membrane potential of the cell at about - 50 m V. 

In virtually all patches open events of IK(ACb) chan
nels were identified by the following criteria: (i) unit 
conductance of 45-50 pS in symmetrical [K+] (e. g. 
[14]) and (ii) mean open time duration of less than 1 ms. 
In less than 10% of the recordings openings of a K chan
nel with about half the unit conductance of IK(ACh) chan-
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Fig. 3. A Cell-attached recording of basal IK(ACh) activity and dur
ing superfusion of the cell with serum-containing solution (HS, 
1: 100, marked by the horizontal bars). B Sections of the current 
recordings traced in A at higher temporal resolution and gain. The 
dashed lines, drawn by eye, denoted closed (C), one channel open 
(01 ), and two channels open (02 ), Voltage across the patch in this 
figure and Fig. 4 was resting potential (about -50 mV) plus pi
pette potential (+ 40 m V) resulting in about 90 m V driving force 
for K+ 

nels and much longer openings were detected, which are 
likely to represent IKl channels. 

One problem that was encountered in the cell-at
tached recordings was the extreme temporal variation of 
channel activity in a given membrane patch. A typical 
example of this behaviour is illustrated in Fig. 3. Spon
taneous, i. e. agonist-independent opening activity, 
which is an intrinsic property of this channel species, 
caused by agonist-independent G-protein and channel 
interaction [11, 21], has been recorded starting about 5 s 
after formation of the seal. The figure depicts a sequence 
of traces, each corresponding to 6 s, interrupted by peri
ods of 12 s, i. e. the entire recording covers a period of 
time of about 8 min. With and without the activator in 
the extracellular solution traces with seconds of virtually 
zero activity can be found, but also traces displaying 
two, or very rarely three simultaneous openings. In three 
experiments of this type, opening activity was analysed 
by integrating ten sequential current traces lasting 6 s, 
in the absence and the presence of the activator in the 
extracellular solution outside the patch. The results are 
summarized in Fig. 4. In two measurements no signifi
cant change of opening activity was found, whereas in 
the third cell a highly significant decrease was calcu
lated. From the data shown in the previous figure it 
seems very likely, however, that this decrease results 
from the slow temporal variation of basal channel ac
tivity. In Fig. 5 we compared cell-attached channel ac
tivity and macroscopic (whole-cell) current recorded 
from the same cell. In the original traces of channel ac-
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Fig. 4. Effect of superfusion of three different cells with HS 
(1 : 100) on integrated channel activity measured in the cell-at
tached mode. For each bar 10 sequential traces of 6 s in duration 
were electronically integrated and normalized to the mean value 
in the control condition, i. e. without HS in the superfusate. Mean 
values ± SEM; activity in cell 3 was significantly different from 
1 (P < 0_005) 
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Fig. 5 a-f. Comparison of IKt,ACh) recorded in the cell-attached 
mode (a-<:), and in the whole-cell mode (f). The cell-attached re
cordings a and b are sample traces of 250 InS in duration obtained 
10 s and 5 s before superfusion of the cell with HS (1: 100). c-e 
Traces were recorded 10, 20 and 30 s after starting superfusion of 
the cell with HS. In order to get into the whole-cell mode, the 
membrane under the tip of the pipette was destroyed by a suction 
pulse after recording cell-attached activity. Horizontal bar denotes 
superfusion with HS, dashed line represents zero current 

tivity recorded at various times before and during super
fusion of the cell with HS (1 : 100) no obvious effect can 
be seen. It cannot be completely excluded that an effect 
is blunted by superimposed slow variation of basal ac
tivity. In the whole-cell configuration the holding current 
(at -70 mY) was 25 pA. Superfusion of the cell with 
HS resulted in an inward current of 530 pA. 

Assuming the holding current to represent mainly the 
basal activity of I K(ACh), serum caused a more than 20-
fold increase of this current. Although both recording 
conditions are not fully comparable, because of different 
K and electrical gradients, a dramatic effect on the cur
rent traces recorded from cell-attached patches should be 
seen, if activation via a cytosolic pathway were possible. 
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Fig.6. Effect of horse plasma (HP, Sigma P3016, 1: 100) in the 
pipette solution on channel activity in the cell-attached mode. Five 
cells in either condition (± plasma) were studied. For each 
measurement 10 sequential traces, each 6 s in duration, were inte
grated. Evaluation of data in each case started within 30 s after 
gigaohm seal formation 
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Fig. 7 A, B. Representative traces for the effects GTP-containing 
solution (5 !lM) on channel activity recorded in the inside-out con
figuration. A No activator was present in pipette solution; B pip
ette solution contained HS (1 : 100). GTP was applied as indicated 
by the horizontal bar. Voltage across the patch was -70 mV 

If in the cell-attached mode the pipette filling solu
tion was supplemented with the activating compound, a 
significantly higher opening activity as compared to con
trol solution was observed. This is illustrated in Fig. 6 
which represents pooled data from five measurements in 
each condition. Horse plasma (HP, 1: 100) was used as 
activator in this series. A significantly higher opening 
activity was found if the activator was present in the 
pipette solution, although the difference is smaller than 
one would expect from the result illustrated in Fig. 5. 

With an activator present in the pipette solution, inte
grated channel current tends to be underestimated, be
cause the baseline for the integral is set to the lowest 
level of current observed during that period. If a large 
number of channels is simultaneously active, the true 
baseline (i. e. all channels closed) sometimes is never 
reached during a recording (compare Fig. 7). 

One of the crucial findings that proved the mem
brane-delimited, G-protein-mediated control of IK(Ach) by 
the muscarinic receptor, was the sensitivity of the chan
nel in inside-out, cell-free membrane patches to GTP 
applied to the internal face of the membrane [14]. In 
experiments using the inside-out configuration, massive 
channel activity was elicited upon changing from GTP-



free to GTP-containing (5 J.1M) bathing solution. A typi
cal result is illustrated in Fig. 7. After isolation of the 
patch and exposure to the GTP-free (internal) solution it 
took several seconds until opening activity completely 
ceased. 

In agreement with previous studies using ACh as ac
tivating ligand in the pipette, rapid application of GTP to 
the internal face of the membrane resulted in a reversible 
massive activation of IK(ACh) (Fig. 7B), whereas under 
otherwise identical conditions but without an activator 
in the pipette solution much less channel activity was 
recorded. From three measurements without an activator 
in the pipette the recording with the maximum of open
ing activity is traced in Fig. 7 A. 

Discussion 

Cardiac IK(ACh) is the prototype of a G-protein-gated ion 
channel, see [17] for review. Although this has fIfst been 
demonstrated convincingly a couple of years ago [5, 22], 
it is still a controversial matter as to which subunit of 
the heterotrimeric G-protein is the final activator of the 
IK(Ach) channel [17, 28]. 

Apart from the vagal transmitter ACh, a number of 
ligands for other receptors have been described as poten
tial activators of IK(ACh)' such as adenosine [4, 15], calci
tonin gene-related peptide [12], PAF [20], a-receptor 
agonists [16], somatostatin [18] and endothelin [13]. For 
PAP and the a-receptor agonist phenylephrine a different 
mechanism of modulating IK(ACh) channel activity has 
been proposed [16,20,23]. These authors suggested that 
arachidonic acid metabolites, formed by lipoxygenase, 
serve as activators of the G-protein (Gi or G~, resulting 
in opening of the I K(ACb) channel. This pathway differs 
from the "conventional" one, in that it is not membrane 
delimited. 

In a previous investigation, from the lack of an effect 
of muscarinic and purinergic receptor antagonists, these 
receptors have been excluded from involvement in acti
vation of IK(ACh) by serum or the albumin-associated acti
vating principle, respectively. From the finding that 
serum exerts 50% of its maximal effect in an approxi
mately 1000-fold dilution, a contribution of regulatory 
peptides to the effect of serum has been rendered un
likely [2]. Here we show that the activating factor is 
associated with albumin. This finding and the obvious 
lipid nature of the active principle seem to be analogous 
to the findings in Xenopus oocytes and neuroblastoma 
cells [7, 25]. The lack of an effect of LPAs that were 
active in those systems, however, suggests that there 
might be different lipids bound to albumin, which turn 
on various signal transduction pathways in different 
cells. 

The slow onset of the serum-evoked IK(ACh) activation 
as compared to the effect of ACh points to some differ
ence in the signal transduction pathways that finally 
cause opening of the K channel. 1\\10 major findings 
clearly show that the albumin-associated factor activates 
IK(ACh) "conventionally", i. e. via local interaction with 
an activated G-protein: (i) in cell-attached patches no 
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activation of IK(AOt) channels occurs from the membrane 
outside the patch, and (ii) application of GTP to the in
ternal face of an excised membrane patch, the original 
extracellular face of which is exposed to serum, results 
in rapid and reversible activation of IK(ACh)' Thus, the 
slow rate of IK(ACh) activation by the albumin-associated 
activator is likely to result from a reaction upstream to 
GK channel interaction. 

The final nature of the albumin-associated factor re
mains to be determined. Furthermore it has to be investi
gated whether there is a physiological role of this factor 
which, if active in the intact organism, would saturate 
the mechanisms of vagal regulation of the heart. As 
FCS, which is used as a supplement in many cell culture 
applications, also contains the factor, and even certain 
serum replacements, such as Nutridoma (Boehringer 
Mannheim), its acute and long-term effects on various 
types of cells in culture should be investigated. 
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