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FOREWORD 

This volume is one of the series published by Akadomiai Kiado, the 
Publishing House of the Hungarian Academy of Sciences in coedition with 
Peigamon Press, containing the proceedings of the symposia of the 28th 
International Congress of Physiology held in Budapest between 13 and 19 
July, 1980. In view of the diversity of the material and the "täxonomic" 
difficulties encountered whenever an attempt is made to put the various 
subdisciplines and major themes of modern physiology into the semblance of 
some systematic order, the organizers of the Congress had to settle for 14 
sections and for 127 symposia, with a considerable number of free communi­
cations presented either orally or as posters. 

The Congress could boast of an unusually bright galaxy of top names 
among the invited lecturers and participants and, naturally, the ideal would 
have been to include all the invited lectures and symposia papers into the vol­
umes. We are most grateful for all the material received and truly regret that 
a fraction of the manuscripts were not submitted in time. We were forced 
to set rigid deadlines, and top priority was given to speedy publication even 
at the price of sacrifices and compromises. It will be for the readers to judge 
whether or not such an editorial policy is justifiable, for we strongly believe 
that the value of congress proceedings declines proportionally with the gap 
between the time of the meeting and the date of publication* For the same 
reason, instead of giving exact transcriptions of the discussions, we had to 
rely on the introductions of the Symposia Chairmen who knew the material 
beforehand and on their concluding remarks summing up the highlights of 
the discussions. 

Evidently, such publications cannot and should not be compared with 
papers that have gone through the ordinary scrupulous editorial process of 
the international periodicals with their strict reviewing policy and high 
rejection rates or suggestions for major changes. However, it may be refresh­
ing to read these more spontaneous presentations written without having to 
watch the "shibboleths" of the scientific establishment. 

September 1, 1980 J. Szentägothai 

President of the 
Hungarian Academy of Sciences 
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PREFACE 

This Volume contains two plenary lectures and most of the papers of 
five symposia of the Section "General Cell Physiology" at the 28th 
International Congress of Physiological Sciences. Cell physiology has become 
an extremely wide field of biological sciences, and it was impossible to cover 
its entire spectrum in the program. A number of important, fast developing 
subjects were, therefore, selected for discussion concerning the general 
aspects of both non-excitable cells and neuronal membranes. Papers of this 
Volume deal with recent results on metabolism and transport, cell-to-cell 
communication, and time dimensions of intracellular processes in non-
excitable cells. 

The chairmen of the symposia acted not only as organizers of their 
topics by selecting the invited speakers, but most of them have also made a 
contribution to the proceedings by compiling an introduction and conclud­
ing remarks to the respective symposia. Furthermore, they were also active as 
co-editors of the Volume for which I wish to express my sincere gratitude. 

I wish to thank Dr. T. Kiss, Secretary of the Section, and Mrs. Maria 
Kiss for their careful and enthusiastic work during the Congress and for their 
help in compiling this Volume. 

/ Salanki 

XI 
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OXIDATIVE METABOLISM OF 
PHAGOCYTOSING LEUKOCYTES* 

Shigeki Minakami and Koichiro Takeshige 
Department of Biochemistry, Kyushu University School of Medicine, Fukuoka 812, Japan 

The phagocytotic oxidative metabolism of polymorphonuclear leukocytes 
and macrophages have been studied by many investigators during this decade. 
The cells form a large amount of reactive oxygen species such as Superoxide 
anions and hydrogen peroxide, and the metabolism is closely related to the 
bactericidal action of the phagocytes which was proposed by Metchnikoff in 
1883, about a century ago. 

Historical Development 
Before presenting our own study, we would like to give brief historical 

review on the study of this problem. 
Respiratory burst 

Just a half century after Metchnikoff proposed the phagocyte theory, a 
short but yery important paper with a title of "The Extra Respiration of pha­
gocytosis" was published by physiologists, Baldridge and Gerard(1933).They 
observed a "burst of extra respiration" which lasted for 10 to 15 min on the 
addition of bacteria to dog leukocytes. They did the experiment with the 
anticipation that "the respiration.of leukocytes would increase during active 
phagocytic ingestion" to supply energy, so that it is natural for them to 
conclude that the burst respiration represents "the excess energy liberation 
of engulfment". Their important observation and the concept, however, did 
not seem to draw much attention at that time, because it was generally 
believed by the influences of eminent physiologists, Fenn and Ponder, that 
phagocytosis is a passive process and no energy is necessary for the engulf­
ment of particles (see Mudd et al.,1934). A quarter century had elapsed 
before their observation was confirmed and the nature of the extra respira­
tion was studied. 

Cyanide-insensitive respiration 
In 1958, Becker et al.(1958) published a paper on the metabolism of 

leukocytes during phagocytosis. They showed that the respiratory burst 
* The study presented here was done in collaboration with our former 
colleagues, Drs. Kakinuma, Matsumoto, Nabi, Nakagawara, Nakamura and Tatscheck. 
The work was supported in part by grants from Yamanouchi Foundation of Meta­
bolism and Disease, the Ministry of Education,Science and Culture, and the 
Ministry of Health and Wei fare»Japan. 
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of the cells is not inhibited by cyanide, which clearly indicates that the 
extra respiration is not the energy-yielding process as concluded by 
Baldridge and 6erard(1933). Their another finding is that the lactate 
production as well as the catabolism of glycogen is accelerated by phagocy­
tosis, the finding which is in accord with many previous reports (for exam­
ple, Fleischmann, 1927) that phagocytosis depends on glycolysis and not on 
respiration. Sbarra and Karnovsicy(1959) reported more intensive investi­
gation on the problem. 

The respiratory burst is also characterized by a concomitant acceleration 
of hexose monophosphate oxidative pathway. It was found by Stähelin et al. 
(1957) and more intensively studied by Sbarra and Karnovsky(1959). They 
observed the increased appearance of C-l of glucose as carbon dioxide rela­
tive to C-6 of glucose when guinea pig leukocytes were incubated with 
bacteria or inert particles. Because hexose monophosphate oxidative path­
way is coupled to reoxidation of NADPH and the oxidation is usually accom­
panied by little or no oxidative phosphorylation, the oxidation of NADPH 
can be related to the respiratory burst. 
Formation of hydrogen peroxide 

In 1961, Quastel's group presented an important proposal (Iyer et al. 
1961). They suggested that guinea pig polymorphonuclear leukocytes produce 
hydrogen peroxide during phagocytosis. Their conclusion was based on the 
observation that the cells oxidize radioactive formate to carbon dioxide 
in the presence of catalase. Later, the extracellular appearance of hydro­
gen peroxide was actually shown by several investigators(Paul and Sbarra, 
1968; Zatti et al.,1968). The formation of hydrogen peroxide has important 
meaning in view of the intracellular killing of bacteria: the presence of 
peroxidase (n\yeloperoxidase) in granulocytes and the bactericidal action of 
hydrogen peroxide have been known for long time. 

One of the earliest experiments on the bactericidal effect of peroxi-
dase-hydrogen peroxide system was carried out by Kojima(1931) a half cen­
tury ago at our university, though he used horseradish peroxidase. He 
suggested that phenols he added in the test systems are oxidized to qui-
nones which exert bactericidal action. More recently, a study was done 
by Agner(1950) who had purified n\yeloperoxidase(Agner, 1941). He showed 
that certain donor substances are oxidized by the enzyme in the presence 
of hydrogen peroxide to products which destroy the toxic properties of 
diphtheria toxin. Halide ions such as chloride, iodide and bromide, were 
shown by Klebanoff(1967) to be the donor substances and the myeloperoxidase-
hydrogen peroxide-halide system has become an important bactericidal system 
of leukocytes. 
Formation of Superoxide radicals 

At the close of 1960s, Superoxide anions became an actual compound 
for biochemists. The existence of the radicals, the product of univalent 
reduction of oxygen molecules, had been proposed based on the reaction 
mechanisms of peroxidase and xanthine oxidase, but because of their labi­
lity in agueous media, they could not be detected. In 1969, McCord and 
Fridovich(1961) showed that hemocuprein, a cupper protein which had been 
known for long time, catalyses dismutation of Superoxide radicals to 
hydrogen peroxide and oxygen molecules. The enzyme, Superoxide dismutase, 
becomes an important reagent to detect the formation of Superoxide radicals 
in biological systems. 

The formation and extracellular release of Superoxide anions by 
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phagocytosing leukocytes was first reported by Babior et al.(1973). It was 
based on the observation that the cells reduce exogenously added cytochrome 
c and the reduction is inhibited by the addition of Superoxide dismutase. 
Mechanism of NADPH oxidation 

From the foregoing discussions, it may become clear that the oxidation 
of NADPH is a crucial step in the respiratory burst. The oxidation should 
be accelerated by phagocytosis, reduce oxygen molecules to Superoxide radi­
cals and hydrogen peroxide and be able to release them to the extracellular 
medium or into the vacuoles in which bacteria are trapped. Several enzyme 
or enzyme systems have been assigned to the reaction: for example, n\yelo-
peroxidase(Roberts and Quastel,1964), a soluble NADH oxidase coupled with 
a transhydrogenase(Cagan and Karnovsky,1964) and a particulate NADPH oxidase 
(Iyer and Quastel,1963). At present, most investigators seem to agree that 
a particulate-bound NADPH oxidase is catalyzing the oxidation of NADPH 
during phagocytosis. Rossi and Zatti(1964) found that the granule fraction 
obtained from phagocytosing cells exhibited an increase of both NADH and 
NADPH oxidase activities, the latter being stimulated several-fold with 
respect to the activity found in the granules of resting cells. The acti­
vation has been ascribed to the decrease of Km for NADPH(Patriarca et al., 
1971). The enzyme produces Superoxide anions(Curnutte et al.,1975) and 
seems to be localized on the plasma membrane. These properties of the 
particulate NADPH oxidase make the enzyme as the best candidate responsible 
for the respiratory burst. 

General Process of Phagocytosis 
Because we have reviewed only a rather special facet of phagocytosis, 

it may be necessary to relate them with more general complex process of 
phagocytosis and bactericidal actions. 
Phagocytosis (Table I) 

First, leukocytes move to the direction of bacteria in response to a 
concentration gradient of a chemotactic factor (Chemotaxis). When bacteria 
are in contact with the cells, metabolic changes take place. Both oxygen-
uptake and hexose monophosphate oxidative pathway are stimulated, which 
can be explained by the activation of the NADPH oxidase. Glycolysis is 

Table I.Phagocytotic process 
Chemotaxis 
Metabolic changes 

Respiratory burst 
Stimulation of HMP-shunt 
Stimulation of glycolysis 

Adhesion and Engulfment 
Phagosome formation 

Degranulation 
Phagolysosome formation 

Bactericidal action 
Digestion 

Table I I . Bactericidal mechanism 

Oxidative killing 
Superoxide anions (0^) 
Hydrogen peroxide 

Myeloperoxi dase-HoOo-hal i de 
Hydroxy radicals (HO·; 
Singlet oxygen ('O2) 

Non-Oxidative killing 
Hydrolytic enzymes 
Bactericidal proteins 

Cationic proteins 
Lactoferrin 

Acid 



also stimulated to prepare energy for the activation of the NADPH oxidase 
and for the ingestion process. By adhesion of bacteria to the plasma mem­
brane, vacuoles (phagosomes) are formed by the invagination of the membrane, 
the activated NADPH oxidase facing the interior of the phagosomes. Then, 
lysosomes (granules) are fused with phagosomes and thus the contents of the 
granules, hydrolytic enzymes and bactericidal proteins, are released into 
phagolysosomes formed by the fusion. Killing and digestion of bacteria take 
place in the phagolysosomes. 
Bactericidal actions (Table II) 

Two groups of intracellular killings exist: one group is related to the 
respiratory burst and the other group needs no oxygen. The former is the 
killing by reactive oxygen species, i.e. Superoxide anions, hydrogen per­
oxide, hydroxy radicals and singlet oxygen, of which the killing by myelo-
peroxidase system is most intensively studied. Related to the oxidative 
killing, a hereditary disease with recurrent infection, chronic granuloma-
tous disease, has been known (Berendes et al.,1957). Polymorphonuclear 
leukocytes of the patients can ingest bacteria but can not kill them because 
the cells do not form Superoxide anions. Patients with leukocytes deficient 
in myeloperoxidase are also known. The bactericidal capacity of the cells 
are somewhat impaired but the patients are usually healthy without recurrent 
infections. Related to the non-oxidative killing, no clear demonstration 
of clinical cases is made. Thus, the non-oxidative killings seem to be 
auxiliary to the oxidative killing or of only bacteriostatic nature. 

Non-particulate Substances which Induce Metabolic Changes 
Difficulty in the study of phagocytotic metabolism is that the changes 

induced by particles are complicated by the endocytotic process, including 
the internalization of the plasma membrane. This can be avoided by using 
non-particulate reagents which trigger metabolic changes characteristic to 
phagocytosis (Table III). They are sometimes called as "mimickers" because 
they mimic phagocytosis. Many of them are surfactants (Graham et al. ,1967; 
Zatti and Rossi,1967) and most of them are the reagents which interact 
with plasma membrane, for example lectins (Romeo et al.,1974), antibodies 
(Rossi et al.,1970) and phospholipase C (Patriarca et al.,1970). The 
triggering of the metabolic changes by the stimulation of the plasma mem­
brane is in accord with the concept that the activation of the NADPH oxidase 
happens by the contact of particles with the plasma membrane and is not 
related to the ingestion process. We will discuss two kinds of the mimickers, 
surfactants and cytochalasins, as examples. 

Table III. Agents which trigger phagocytotic metabolism 
Surfactants 

Digitonin 
Fatty acids 
Phorbol myristate acetate 

Lectins 
Antibodies and Complements 
Cytochalasin D (E) 
Calcium ionophore 
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Surfactants 
Detergents are a group of well-defined chemical substances among the 

mimickers. Steroid surfactants, such as deoxycholate (Graham et al. ,1967) 
and saponin (Zatti and Rossi,1967), have been shown to induce phagocytotic 
metabolic changes. A systematic examination of surfactants showed that 
fatty acids and some of their derivatives also trigger the respiratory 
burst without showing any appreciable pinocytotic process by electron micro­
scopic observations (Kakinuma,1974; Kakinuma et al. ,1976). It was shown 
that among saturated fatty acids of different alkyl chain lengths, myristate 
(C = 14) have the strongest activating effect. A comparison of the respi­
ration stimulated by various surfactants which have an alkyl chain corres­
ponding to that of laurate (C = 12) showed that only anionic surfactants 
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Fig. 1. Oxygen uptake and Superoxide release by leukocytes 
Polymorphonuclear leukocytes(1.4 x 107) of guinea pig peritoneal exudates 

were suspended in 2.0 ml Krebs Ringer phosphate solution(Ca:0.6 mM) contain­
ing 5 mM glucose at 37°C. The reaction was started either with cytochalasin 
E(Cyt.E) or heat-killed E. coli(0.85 mg dry weight). The dotted lines indi­
cated the control experiments without stimulation. Upper figure: traces 
with oxygen electrode. Lower figure: absorbancy changes at 550-540 nm in 
the presence of 75 /JM ferricytochrome c. Superoxide dismutase(SOD) was 
added at the points indicated. (Nakagawara et al.,1976) 
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Fig. 2. Hydrogen peroxide formation by leukocytes. 
Guinea pig leukocytes(106) were added to 1.0 ml Krebs Ringer phosphate 

solution(Ca:0.6 mM) containing 2 mM glucose, 2 mM azide, 0.4 nM horseradish 
peroxidase and 0.5 mM homovanillic acid. The fluorescence change on the 
surface of the cuvette was measured at 37°C with a excitation filter (313-
366 nm) and a emission filter(400-3000 nm). The reaction was started by 
5 pg cytochalasin D. (Nabi et al. ,1979) 

such as lauryl sulfate and laurate trigger the burst, whereas cationic sur­
factants such as laurylbetaine and non-ionic surfactants such as lauryl-
dimethylamine do not stimulate the respiration. The effects of anionic 
surfactants are apparently related to the electrostatic strengths of the 
ionic sites, suggesting the interaction of the anions with cationic groups 
of the membrane on the one hand, and the interaction of the alkyl chain with 
the non-polar groups of the membrane on the other hand. 
Cytochalasins 

Cytochalasins are a family of antibiotics from molds which exert an 
inhibitory effect on various cellular motile functions including membrane 
movement. One of the members, cytochalasin B, is known to inhibit the trans­
port of monosaccharides(Zigmond and Hirsch, 1972) and the particle ingestion 
(Malawista et al., 1971) by leukocytes. Stimulation of the cytochalasin B-
treated leukocytes with particles have been used for the study of phagocyto-
tic metabolism (Root and Metcalf, 1977). 

We have found that two members of the six congeners, cytochalasins D 
and E, stimulate the cyanide-insensitive respiration, hexose monophosphate 
oxidative pathway and the release of Superoxide anions (Nakagawara et al., 
1974; Nakagawara and Minakami,1975; Nakagawara et al.,1976) at low concen­
trations of less than 10 JJM. The cytochalasins are ideal tools for the 
study of the metabolic changes in a simplified system, because they com­
pletely inhibit endocytotic process at the same time. We are going to 
show experimental results obtained by using cytochalasins D or E. 
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Oxidative Metabolism Induced by the Cytochalasins 
The uptake of oxygen and the release of Superoxide anions by guinea 

pig polymorphonuclear leukocytes stimulated either by cytochalasin E or 
bacteria are shown in Fig. 1. The oxygen-uptake trace was obtained by using 
a Clark-type oxygen electrode and the trace of Superoxide release is the 
reduction of exogenously added cytochrome c as measured at 550 nm relative 
to 540 nm by a dual-wavelength spectrophotometer with an end-on photomulti-
plier tube. Superoxide dismutase (SOD) completely inhibits the reduction. 
The cytochalasin is a relatively weak stimulant of the oxygen uptake com­
pared with bacteria, but the former caused the release of a large amount 
of Superoxide anions than the latter. Quantitative comparison will be 
made later. 

The cytochalasins (D and E) also stimulate the formation of hydrogen 
peroxide which can be measured continuously by the fluorescence increase 
due to the formation of a fluorescent product from homovanillic acid in the 
presence of horseradish peroxidase. The traces are shown in Fig. 2. Curve 
a gives the standard condition with azide which inhibits contaminated 
catalase. Curve b shows the effect of catalase and azide, and the curve 
c the trace with non-stimulated cells. 
Quantitative comparison of the oxygen metabolism 

The oxygen uptake and the formations of Superoxide and hydrogen peroxide 
of guinea pig polymorphonuclear leukocytes induced by cytochalasin D and 
bacteria are shown in Table IV. The rates at steady-state in the presence 
of azide are shown except that of the Superoxide release by the phagocy-
tosing cells given in parenthesis which is the initial rate. If we com­
pare the rates of the Superoxide and hydrogen peroxide formation which 
are measured separately, the ratio is 2 : 1 for the cytochalasin-treated 
cells in agreement with the stoichiometry of the dismutation in the medium, 

34 n mol.miii"1 0 2 ♦ e * 0~ 

24 n mol.min"1 0^—*£Η2°2 * £ °2 

/^Sjf 17 n mo,m,n 

40jiMO2 SOD ^ Ι ^ ν ^ 2 H 2°2— X 

_ Catalase v £H2O ♦ £02 

—| 3 mln | -

Fig. 3. Decrease of oxygen uptake on addition of Superoxide dismutase 
Guinea pig leukocytes(2.4 x 107) were suspended in 2.0 ml of an isotonic 

surcose solution buffered with 15 mM Tris-HCl,pH7.4, and containing 5 mM 
glucose. The concentrations of cytochalasin E(Cyt.E), Superoxide dismutase 
(SOD) and catalase were 10 iiM, 10 ug/ml and 0.35 jug/ml, respectively. 
(Minakami et al.,1977) ' ' r 
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whereas the ratio is 1 : 10 for the cells ingesting bacteria indicating that 
hydrogen peroxide is not the one formed in the medium from Superoxide anions 
but is the one directly released from the cells. 

The ratio of the oxygen uptake and the hydrogen peroxide formation is 
2 : 1 for the cytochalasin-treated cells, whereas it is 4 : 1 for the phago-
cytosing cells. We propose for the cytochalasin-treated cells that all of 
the oxygen consumed is converted to Superoxide which is released to the 
medium and converted to hydrogen peroxide. The theoretical ratio of the 
oxygen uptake and the hydrogen peroxide formation in this case should be 
1 : 1 , but a part of the Superoxide are utilized on the cell membrane before 
it is scavenged by ferricytochrome c or dismutated spontaneously in the medium 
As shown below, the oxygen uptake is decreased and the hydrogen peroxide 
formation is increased if they are measured in the presence of Superoxide 
dismutase. 
Effect of Superoxide dismutase on the respiration 

Fig. 3 shows the decrease of the oxygen uptake on addition of Superoxide 
dismutase. The addition of catalase further decreases the rate. These 
changes can be explained by the equations given at the right side of the 
trace. If we measure the respiration in the presence of ferricytochrome c , 
the respiration is activated by Superoxide dismutase as expected(not shown}. 
Effect of Superoxide dismutase on the hyarogen peroxide formation 

The effect of Superoxide dismutase on the hydrogen peroxide formation 
is different whether the cells are triggered with the cytochalasin or with 
bacteria (Fig. 4). When the cells are triggered with the cytochalasin, the 
steady-state rate of the hydrogen peroxide formation is stimulated, whereas 
when the cells are stimulated with bacteria, the steady-state rate is not 
affected but an initial slow formation of hydrogen peroxide is replaced by 
a fast one. The latter phenomenon can be explained by the trace of super-
oxide release given in Fig, 5 (and also in Table IV). The Superoxide 
release from the cytochalasin-treated cells is linear with some lag time, 
whereas the release from the cells ingesting bacteria is initially fast 
but it soon subsides. The addition of Superoxide dismutase may affect only 
at the initial stage when the cells are ingesting bacteria, whereas it may 
affect the steady-state when the cells are stimulated with the cytochalasin. 
The phagocytosing cells release Superoxide while the phagosomes have open­
ings but they release only hydrogen peroxide when the phagosomes are com­
pletely sealed. 

Table IV. Quantitative comparison of the oxidative metabolism 
(Nabi et al. ,1979) 

oxygen uptake Superoxide release H202 release 
cytochalasin D 4.5 + 0.3 4.0 + 0.3 ΪΤ9"+" Ö7l~ 

E. coli 8.0 + 1.0 0.2 + 0.04 2.1 + 0.1 
[2.1 + 0.3] 

The activities were measured in the presence of 2 mM NaN3 and linear portion 
of the curves were taken, except that in parenthesis which is the initial 
rate. The values are mean + SEM of 10 independent experiments and expressed 
as nmol/min per 10b cells. 
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Hydrogen peroxide formation in the presence of ferricytochrome c (Fig. 6) 
The situation can be more clearly shown when the hydrogen peroxide for­

mation is measured in a medium containing ferricytochrome c. The hydrogen 
peroxide formation by the cells stimulated with the cytochalasin is neg­
ligibly slow in the presence of the scavenger but it is strongly activated 
by Superoxide dismutase. In contrast, the steady-state rate of hydrogen 
peroxide formation by the cells ingesting bacteria is not affected by the 
enzyme and only the initial lag disappears. 
Effects of permeant and non-permeant SH-inhibiters 

The possibility that the Superoxide forming NADPH oxidase faces the 
extracellular medium when the cells are triggered with the cytochalasin 
and it moves to the phagosome membrane when the cells are actively ingest­
ing particles , can be supported by experiments comparing the effects of 

Fig.4(left). Effect of Superoxide dismutase on hydrogen peroxide formation 
The experimental conditions were essentially the same as in Fig. 2. 

The cytochalasin D(5 μ$) or E.coli(0.9 mg dry wt) was added at the point 
indicated by an arrow. The concentration of Superoxide dismutase was 10 
/jg/ml. (Nabi et al. ,1979) 
Fig.5(right). The time-course of the Superoxide release 

The experiment was carried out with the same batch of the cells as in 
Fig. 4. The experimental conditions were essentially the same as above, 
except that horseradish peroxidase and homovanillic acid were omitted and 
80 yüM cytochrome c was added. The reduction of the pigment was measured 
as in Fig. 2. (Nabi et al. ,1979) 
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Cyt.D 
Cyf.c 

Fig. 6. Hydrogen peroxide fomration in the presence of cytochrome c. 
The experimental conditions were essentially the same as in Fig. 4 ana 

with the same batch of the cells, except that 100 JJM cytochrome c was added 
in the reaction mixture. (Nabi et al.,1979) 
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PCMB or PCMBS()JM) 
Fig. 7. Effect of SH-inhibitors on the hydrogen peroxide formation 

Guinea pig leukocytes were stimulated with cytochalasin D or E. coli 
and after 4 min, p-chloromercuribenzoate(PCMB) or p-chloromercuri benzene 
sulfonate(PCMBS), the concentrations of which are on the abscissa, were 
added. (Nabi et al.,1979) 
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permeant and non-permeant SH-inhibitors on the hydrogen formation by the 
cytochalasin-treated cells and the phagocytosing cells. Mercurials have been 
known to inhibit the particulate NADPH oxidase. As shown in Fig. 7, a per­
meant inhibitor, p-chloromercuribenzoate(PCMB) , inhibits the hydrogen per­
oxide formation induced by both bacteria and the cytochalasin, whereas a 
non-permeant SH-inhibitor, p-chloromercuribenzenesulfonate (PCMBS), inhibits 
only the hydrogen peroxide formation by the cytochalasin-treated cells, 
without inhibiting the formation of the cells ingesting bacteria. 
Electron microscopic observations 

Electron microscopic observations of the cytochalasin treated cells 
done by Drs. Hatae and Shibata of the Anaton\y Department are also in accord 
with the above discussed concept. The cells treated with cytochalasin D 
or cytochalasin E are characterized by the disappearance of pseudopods and 
the subsequent appearance of vacuole-like structures which resemble phago-
somes at first sight (Fig. 8). Some of the vacuole-like structures, however, 
have openings to the extracellular medium, suggesting that they are a part 
of the plasma membrane linked to the cell surface. This can be ascertained 
by fixing the cells in a fixative containing tannic acid which is impermeant 
of plasma membrane. Tannic acid is found lining the inner-surface of the 
vacuole-like structure as well as the cell surface (Nabi et al.,1979). 
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Table V. Effects of cytochalasins and inhibitors (Nabi et al.,1979) 
Superoxide release NADPH oxidase 

(nmol/min per 106 cell) (nmol/min per mg prot.) 
Control 
Cytochalasin B 
Cytochalasin C 
Cytochalasin E 
Cytochalasin D 

+ 3mM dibutyryl cAMP 
+ ImM theophylline 
+ ImM N-ethylmaleimide 
+10mM 2-deoxyglucose 

0 
0 
0.5 
3.8 
4.0 
0.08 
1.4 
0 
0 

2.0 
2.5 
2.9 

13.0 
16.5 

2.6 
3.8 
1.4 
1.0 

The cells were- incubated with cytochalasins(10 ̂ g/ml) at 37°C for 10 and 
30 min, for the Superoxide release and NADPH oxidase activation,respectively. 

20 
Time ( min ) 

Fig. 9 Activation of NADPH oxidase by cytochalasin treatment 
Guinea pig leukocytes in the Ringer solution were incubated with cyto­

chalasin D(10/jg/ml) at 37°C for time intervals given on the abscissa. The 
cells were homogenized with a Polytron homogenizer for 2 min in a buffered 
0.34 M sucrose solution. The particulate fraction (between 150 g x 10 min 
and 100 000 g x 30 min) was used for the assays. The NADH- and NADPH oxi­
dase activities were measured at pH 5.5 in the presence of 1 mM of NADH 
or NADPH and 2 mM KCN. The oxidized coenzymes were measured fluorometri-
cally after alkaline treatment. The open symbols are the control experi­
ments incubated without cytochalasin D. (Nabi et al.,1979) 
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Activation of the NADPH Oxidase 
Cytochalasin D(or E) activates Che participate NADPH oxidase as expected 

from the stimulation of the cellular metabolism. A particulate fraction 
(between 250 g for 10 min and 100 000 g for 30 min in 0.34 M sucrose solu­
tion) oxidizes both NADH and NADPH. The NADPH oxidase activity is low in 
the resting cells but it increases several-fold during incubation of the 
cells with cytochalasin D , while the NADH oxidase activity is only slightly 
activated during the incubation (Fig. 9). The lineweaver-Burk plot of the 
NADPH oxidase becomes biphasic with two Km values. The larger one corres­
ponds to the NADPH oxidase of the resting cells and the smaller Km value 
seems to be responsible for the respiratory burst. 

Cellular response and the activation of the enzyme 
Conditions for the activation of the NADPH oxiuase are essentially 

similar to those for the cellular release of Superoxide anions. As shown 
in Table V, cytochalasins B and C do not activate the enzyme, and cyto­
chalasins D and E activate it; the activation of the enzyme is parallel with 
the stimulation of the cellular response. Dibutyrl cyclic AMP, theophylline, 
N-ethylmaleimide and 2-deoxyglucose which inhibit the Superoxide release 
triggered with cytochalasin D also suppress the activation of the enzyme. 
The cytochalasins as well as other known mimicers do not activate the enzyme 
when they are added to the homogenate. 

< 
300 

< 100 

Density 

Fig. 10 Subcellular localization of the activated NADPH oxidase 
Guinea pig leukocytes were iodinated with radipactive iodide and lacto-

peroxidase, and washed. The cells were activated with cytochalasin D and 
the particulate fraction was prepared as in Fig. 9. It was centrifuged 
on a linear sucrose density gradient from 30-60 % at 77 000 g for 60 min. 
The open symbols are for the control cells incubated without cytochalsin D. 
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Localization of the NADPH oxidase 
Subcellular localization of the activated NADPH oxidase is studied by 

an isopycnic centrifugation of the homogenate (Fig. 10). In order to 
label the plasma membrane, we pretreated the cells first with radioactive 
iodide and lactoperoxidase, and washed the cells with saline. Then the 
cells were incubated with or without cytochalasin D. The radioactivity 
of the control cells is located in the fractions of low density, corres­
ponding to the location of 5'-AMPase, a marker enzyme of plasma membrane. 
When the cells are stimulated with the cytochalasin, the radioactivity is 
found in heavier fractions forming 2 peaks, a lighter peak corresponding to 
5'-AMPase and a heavier one corresponding to the activated NADPH oxidase. 
A scheme on the activation of the NADPH oxidase 

Foregoing discussions may be summarized in a scheme presented in Fig. 11. 
A stimulant interacts with a receptor on the plasma membrane and the NADPH 
oxidase located on the membrane is activated by some mechanism. The acti­
vated NADPH oxidase reduces oxygen molecules to Superoxide anions on the 
outer surface of the membrane and oxidizes NADPH at the cytosol-side of the 
membrane. At present, we are ignorant of the activation mechanism. We only 
know that several conditions influence the activation, for example calcium 
ions, lectins and deuterium oxide, can potentiate the induction and cyclic 
AMP is antagonistic. Involvement of microtubule system may be considered 
(Nakagawara and Minakami, 1979), but it can not be_ said with certainty. 

Before discussing the possible involvement of calcium ions in the acti­
vation process, we will show the effect of concanavalin A because strong 
synergistic action of concanavalin A and cytochalasin E (D) can be used in a 
clinical laboratory test. 

Stimulant 

* 
2 02 2 02 

ΊΓΤ [NÄDPH 
JLJ h 

ΈΡ* 
cAMP-
D20 ♦ 
ConA» 

oxidase 
Plasma 
membrane 

NADPH NADP 
Cytosol 

.HKf l t f l 
^^pathwaj^^v. 

ribulose-5-P glucose-6-P 

Fig. 11 A scheme of phagocytotic metabolic stimulation 

Synergism of concanavalin A and the cytochalasin 
Concanavalin A has been known to trigger the metabolic changes (Romeo 

et al., 1974) but it triggers the Superoxide release of human blood leuko­
cytes only weakly. It, however, stimulates the Superoxide release of human 
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20 40 60 80 100 
Concanavalin A(jjg/ml) 

Fig. 12 Stimulation of the Superoxide release by concanavalin A 
Human polymorphonuclear leukocytes(2 x 105) were treated with concana­

valin A(concentration given on the abscissa) and after 1 min cytochalasin 
E(5^jg/ml) was added. (Nakagawara and Minakami,1979) 

-I 15min l·-
b sop 

2μΜ Control 
05 

Fig. 13. Hydrogen peroxide and Superoxide formation by human leukocytes 
The assays were carried out essentially by similar methods as given in 

Fig. 1 and Fig. 2, but with lOyjl of human whole blood. The cells were 
treated with 100/ig concanavalin A(Con A) and 20/ig of cytochalasin D(Cyt D) 
after 5 min. (Takeshige et al.,1979) 

15 



cells if both concanavalin A and cytochalasin E are combined,. Almot fifty-
time acivation is obtained when the cells are treated with both, compared 
with either one (Fig. 12). This strong activating effect together with the 
methods of Superoxide and hydrogen peroxide assays, can be used as clinical 
tests for the diagnosis of chronic granulomatous disease. As shown in 
Fig, 13, the formations of Superoxide and hydrogen peroxide in control normal 
leukocytes can be measured with only 10 jjl of whole blood without separating 
red cells, whereas the formations are negligible in patients. 

Possible Role of Cytosol Calcium 
Role of calcium in the activation of the oxygen metabolism has been dis­

cussed based on the observations that the enhancement of the oxygen uptake 
is induced by a calcium ionophore A23187 in the presence of calcium (Romeo 
et al.J975) and the Superoxide release induced by digitonin is inhibited 
by a calcium chelator EGTA(Cohen and Chovaniec,1978). These observations 
are mainly related to the influx of calcium through plasma membrane, but 
if we think of the role of calcium in analogy with other stimulus-secretion 
or stimulus-contraction coupling processes, we need to consider a possibility 
of an intracellular translocation of the ions between an intracellular pool 
and cytosol. 

a without TMB-8 

Fig. 14 Superoxide release induced with ionophore A23187 
Guinea pig leukocytes(2 x 106) in calcium-free Tris-Ringer solution con­

taining 2 mM glucose and 50 jM cytochrome c were incubated at 37°C with or 
without 100 ̂ M 8-(N,N-diethylamino)-octyl-3,4,5-trimethoxybenzoate (TMB-8). 
The cells were stimulated with 5 μΜ Α23187. The inhibition by TMB-8 was 
reversed by the addition of 1 mM CaCl2 (Matsumoto et al. ,1979) 
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Effect of TMB-8 
A new intracellular calcium antagonist, 8-(N,N-diethylamino)-octyl-

3,4,5-trimethoxybenzoate (TMB-8) has been used in the studies on muscles 
(Malagodi and Chiou,1974) and platelets (Charo et al.,1976). We used this 
reagent in our study on leukocytes. 

The addition of a calcium ionophore Ä23187 to polymorphonuclear leuko­
cytes induces the Superoxide release even without calcium as shown in 
Fig. 14(curve a). The release is inhibited by TMB-8 as shown by curve b 
and is restored by the subsequent addition of calcium ions as shown by curve 
c. The effect of extracellular calcium concentration on the Superoxide 
release induced by the calcium ionophore is different whether TMB-8 is 
present or absent. The Superoxide release is essentially proportional to 
the calcium concentrations when the cells have been treated with TMB-8, 
whereas in the absence of TMB-8 the release is independent of calcium at low 
concentrations but it increased linearly at higher concentrations(Fig. 15). 

1 2 
CaCI2added(mM) 

Fig. 15. The effect of calcium ions on the Superoxide release 
The conditions were the same as in Fig. 14. (Matsumoto et al. ,1979) 

Table VI Effect of TMB-8 on the Superoxide release (Matsumoto et al.,1979) 
Activated with 

E. coli 
(0.9 mq) 

Cytochalasin D 
do fq) 

A23187 
(5 nmol) 

Control 
TMB-8 50 uM 

100 JjM 
200 ιιΜ 
300 μΜ 

0.84 
0.49 
0.42 
0.14 
0.04 

1.20 2.49 
0.40 
0.13 
0 
0 

2.49 
1.06 
0.51 
0.07 

The conditions were as in Fig. 14. The cells were stimulated at 5 min after 
preincubation with or without TMB-8. 
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This observation supports a proposal that TMB-8 inhibits the Superoxide 
release by inhibiting the release of calcium from a storage pool. 

The inhibition of Superoxide release by TMB-8 is not limited to the 
release induced by the ionophore. As shown in Table VI, the release induced 
by the ingestion of bacteria or by cytochalasin D is similarly inhibited by 
TMB-8. This suggests the general role of intracellular calcium ions in the 
regulation of the oxidative metabolism. Inhibitors such as verapamil which 
has been used to inhibit the influx of extracellular calcium showed only 
weak inhibition of the Superoxide release induced by cytochalasin D. 
Fluorescence change of leukocytes loaded with chlortetracycline 

If calcium ions are stored in a membrane compartment and released by 
the stimulation, we may be able to detect the change by using chlortetracy­
cline. It is a yery sensitive fluorescent probe which can monitor the mobi­
lization of intracellular calcium from cellular hydrophobic environment. 
It is preferentially partitioned in membranes, gives stronger fluorescence 
with calcium than with magnesium, and the spectra of the both chelates are 
different. Chlortetracycline has been used as a probe to investigate intra­
cellular events associated with the divalent cations and their interaction 
with membranes such as mitochondria and sarcoplasmic reticulum (Caswell and 
Hutchinson,1971). 

As shown in Fig. 16, when polymorphonuclear leukocytes are loaded with 
chlortetracycline and stimulated with bacteria or with cytochalasin D, a 
rapid decrease of the fluorescence is observed. The excitation and emission 
spectra change, suggesting that the calcium ions in hydrophobic environment 
is displaced by magnesium ions. Dose-responses of the fluorescence change 
and the superoxide-release of the cells loaded with chlortetracycline are 
essentially parallel as shown in Fig. 17 which indicates that bothe reactions 
are closely related. 

control 

♦-

c Φ 

Φ Ü c Φ Ü 
» 
Φ 
o 
3 

Fig. 16 Fluorescence change of CTC-loaded leukocytes 
Guinea pig leukocytes(1 x 107) were incubated with chlortetracycline 

(CTC) for 30 min at 30°C and washed. The fluorescence change was monitored 
at 514 nm with the excitation wavelength of 401 nm. Cytochalasin D or 
E.coli were added at the points indicated by arrows. (Takeshige et al.1980) 
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Effect of TMB-8 on the fluorescence change 
The relation can also be shown by the titration of the cells with TMB-8. 

As shown in Fig. 18, the intracellular calcium antagonist affects both fluo­
rescence change and the Superoxide release in parallel. This again suggests 
that the release of calcium ions from an intracellular hydrophobic pool to 
cytosol is an essential process in the oxidative metabolism of the stimu­
lated cells. A concept that calcium functions as a link between stimuli 
and secretion in various cells has generally been accepted. The present 
observation may provide another evidence for the translocation of membrane 
calcium ions and its close association with the functions of the cells. 

i 0.8h 

Jo 
2 c 0.4l·-
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Cyt.Dtyg/ml) 

Fig 17. Fluorescence change and Superoxid release by cytochalasin D 
*nH III "> n d l t l ™ s we!:e th* s*me as in Fi9- 16. The fluorescence change 
and the Superoxide release(0.8 nmol/min per 10* cells) at 20 iig/ml cyto­
chalasin D are set as 100 %. (Takeshige et al.,1980) " 
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Fig. 18. Inhibition of the fluorescence change by TMB-8 
The conditions were as in Fig. 17, except that the cells were stimu­

lated with cytochalasin D at 5 min after treatment with various concen­
trations of TMB-8(given on the abscissa). (Takeshige et al.,1980) 
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Before finising, we would like to stress that many problems on phagocy­
tosis are remaining unsolved. Two of them are of special importance. One 
is on the nature of the activation process, both at cellular and at enzyme 
level. The second is on the mechanism of killing, not only the killing of 
bactaria, but also the killing of tumor cells by macrophages. We expect 
that the coming decade is fruitful in solving these important problems. 
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Ideas concerning the possible functions of glial cells used to be as 
numerous as the investigators working with this, the "other" tissue of the 
central nervous system (CNS). The main morphological types of glia are 
credited with different functions, but the correlation of form with func­
tion may not always be absolute. Thus microglia are thought to be the 
principal phagocytes of the CNS, but astrocytes are also believed to be 
capable of phagocytosis, if appropriately provoked. Scaffolding formed 
by radial glia is said to guide the growth of neural processes during 
embryonal development of the CNS; Schwann cells fulfill a similar role in 
the regeneration of injured peripheral axons. Myelination is the exclus­
ive task of oligocytes in the CNS, and of Schwann cells in the periphery. 
Schwann cells embrace C-fibers in a single unit-layer of sheathing, and 
tether them by a mesaxon. This wrapping may provide electrical insulation, 
and prevent cross-talk between fibers. Many think that satellite cells in 
ganglia, and glia in contact with neural elements in gray matter, may 
render metabolic service to their associated neurons, but for this sugges­
tion, as for many others, a solid experimental foundation is as yet lack­
ing. 

Astrocytes are the least well understood of the main classes of glial 
cells and, perhaps for this reason, they have been the subject of the most 
speculation. A long list could be compiled of the functions of which they 
have been suspected. The most important of these have been discussed in 
some detail in a recent report (Varon & Somjen, 1979). I will repeat 
here only the highlights, with emphasis on mdre recent additions to our 
understanding of astrocytic function. The final part of this short re­
view will concern the evidence linking astrocytes to the regulation of the 
composition of interstitial fluid of the central nervous system, es­
pecially of the level of inorganic ions. 

Suspected functions of astrocytes. 
(1) The idea that glia is the connective tissue of the central 

nervous system originated with Virchow (1858), who gave glia its name. 
He began his investigation out of the conviction that all organs need 
mesenchyma as well as parenchyma, and that brain could be no exception. 
That astrocytes (and also oligocytes) originate from ectoderm, not 
from mesoderm, has, of course, been established already in the latter part 
of the nineteenth century. More recently Wolff (1965) expressed doubt 
that glia would possess the resilience or the rigidity required to give 
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shape to the brain. Grossman remarked, however, (page 15 in Varon & 
Somjen, 1979) on the resistance to penetration with glass microelectrodes 
offered by glial scar tissue, which attests of a mechanical strength 
superior to that of un-scarred cortex of which glia forms a smaller com­
ponent. Palay raised the further point (page 15 in Varon & Somjen, 1979) 
that live brain is soft, though coherent, and glia needs to provide only 
adhesion and not a skeletal frame in order to deserve credit as the 
Nervenkitt (nerve-cement) of Virchow (1858). 

(2) Ramon y Cajal appears to have been the first to suggest that 
astrocytes fill the spaces vacated by dying neurons. That this is so, 
has since been accepted as a basic fact of neuropathology. 

(3) Like roots of a tree, so Golgi (1903) thought, dendrites 
nourish neurons. Since astrocytes appeared to him as consisting of noth­
ing but dendrite-like processes, he naturally attributed to them the sup­
ply of nutrients to neurons. Biochemical symbiosis of neurons and glial 
cells, if not the supply of metabolic substrates to the former by the^ 
latter, remains a concept attractive to many. Thus, for example, Hyden 
and collaborators (Hyd^n & EgyhSzi, 1963; Lange, 1973; also Pevzner, 1978) 
found indications of a reciprocal interaction between neuronal and glial 
cells in nucleic acid metabolism. Chan-Palay and Palay (1979) demonstrat­
ed the predominant presence of cyclic GMP in glial cells, and point to 
the potential significance of its modulation with neuronal activity. A 
growing body of data suggests that glutamine, generated in glia, is being 
supplied to presynaptic terminals, which then convert it to glutamate 
which, in turn, after having been released in the course of synaptic 
transmission, is taken up again by glia, for reconversion to glutamine 
(Martinez-Hernandez, 1977; Quastel, 1978; Hamberger et al., 1978; 1979 a 
and b). 

(4) Glial endfeet surrounding capillary walls suggested the forma­
tion of a physical barrier at the interface between blood and brain. 
These glial envelopes have, however, been shown to be too leaky to be an 
effective hindrance to diffusion. Seams of tight junctions between endo-
thelial cells of the capillary wall are now believed to form the barrier 
(e.g. Maynard et al., 1957; Lasansky, 1971). That nothing stands between 
cerebral interstitium and blood plasma but a layer of endothelium, was at 
first difficult to reconcile with the results of balance studies and 
clearance rates which seemed to indicate that ions are actively trans­
ported between brain and blood. Exchange by way of cerebrospinal fluid 
could not account for this transport (Cserr, 1965; Bito, 1969; Bradbury 
et al., 1972). Cerebral capillary endothelium became a more plausible 
site of such transport since the abundant presence of mitochondria 
(Oldendorf et al., 1977) and of Na+,K+ activated ATPase (Eisenberg & 
Sudith, 1979) in these cells has come to light. Additional new light on 
capillary function was shed by the demonstration of the variable perme­
ability to water of brain capillaries (Raichle et al., 1975), its rbgula-
tion by catecholamines and peptides, and the newly discovered nerve 
supply of cerebral capillaries (for review and references see: Raichle, 
in press). 

(5) Granted that glial endfeet ensheath capillaries in part only, 
the fact remains that glial processes are usually interposed between neu­
rons and blood vessels. That glia rather than neurons have first chance 
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at sampling what has come from the blood plasma into the interstitium of 
the central nervous system, strongly suggests that glia has some role 
in the regulation or in the processing of the transported material. The 
incorporation into carbonic acid of the CO2 which has traversed the capil­
lary wall, as well as that produced locally by cellular respiration, may 
be a case in point, for carbonic anhydrase has been reported to be the sole 
property of glial cells in the CNS (Giacobini, 1962). It may or may not 
be significant in this context that carbonic anhydrase activity is appar­
ently influenced by catecholamines (Church et al., 1980). A complex 
role has also been suggested for the hydration of C02, and perhaps to an associated "chloride shift" across the cell membrane, in pathologic move­
ments of water and cell swelling and in cerebral oedema (Kimelberg, 1979). 
Carbonic anhydrase has also an evident key role in the regulation of 
tissue pH. Beyond that, insofar as the interstitial pH of the brain stem 
governs the rate of alveolar ventilation (Pappenheimer, 1967), and tissue 
pH in its turn is determined by the rate of entry of CO2 and of its con­
version into carbonic acid, glial carbonic anhydrase may be important in 
the regulation of respiration as well. 

(6) Lugaro (1907) was probably the first to suggest that neuroglia 
may remove and detoxify the end products of neuronal metabolism. The 
predominant presence of glutamine synthetase in glial cells has recently 
been demonstrated by immunohistochemical methods by Martinez-Hernandez et 
al., (1977), who point to its importance in rendering harmless the ammonia 
produced by protein catabolism. 

(7) DeRobertis (1965) and Peters and Palay (1965) have called atten­
tion to the,perisynaptic dams made of glia which separate presynaptic 
terminals spaced closely on the surface of neurons. Glia also forms the 
capsules around synaptic glomeruli, wherever they occur. These wrappings 
may prevent the spread of synaptic transmitters outside their target area. 

(8) Closely related to the idea of a physical barrier to the diffu­
sion of transmitter substances is the suggestion that glial ceTls accumu­
late, and dispose of, the endproducts of synaptic action. At a time when 
chemical transmission was only a vaguely perceived possibility, Lugaro's 
(1907) attention was caught by the ubiquitous presence of glial processes 
near "neuronal articulations", and he inferred that these may serve the 
breakdown of chemical substances by means of which one neuron may excite 
another. This idea was revived after the demonstration that satellite 
cells in insect nervous systems take up glutamate with greater avidity 
than the neurons which are believed to utilize it as a transmitter 
(Faeder & Salpeter, 1970); and that glial cells of vertebrates as well 
as invertebrates possess a high-affinity uptake system for gamma-ami no 
butyric acid (GABA) (Orkand & Kravitz, 1971; Iversen and Kelly, 1975). 

(9) Glial cells are equipped to accumulate, and in fact have been 
observed to contain GABA even in parts of the nervous system where 
GABA-ergic synapses are not found (Kelly & Dick, 1978). Mammalian neurons 
generally are sensitive to GABA, which has been shown to increase the 
permeability to chloride of the neuronal membrane, regardless whether the 
cell is the target of GABA-ergic innervation or not (Krnjevic, 1976; 
Curtis, 1978). When depolarized by an excess of external potassium, or 
subjected to pulsed electric current, glial cells can be made to give up 
their content of GABA (Minchin and Nordmann, 1975; Bowery et al., 1979). 
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Similarly the Schwann cells which displace degenerating nerve ending at 
denervated nerve-muscle junctions can be made to release acetylcholine by 
like means (Dennis and Miledi, 1974). From these observations i t would be 
tempting to conclude that glial cells could regulate the excitabil i ty of 
neurons by releasing GABA and other neuro-active substances at a rate dic­
tated by the glial membrane potential, were i t not that in order to 
achieve such release the concentration of K+ in interst i t ia l f luid must be 
raised to levels presumably never occurring in healthy tissue. Further­
more, the currents required to induce Schwann or gl ial cells to give up 
their content, are of a magnitude l ikely to cause injury to cell mem­
branes (Dennis & Miledi, 1974; Bowery et a l . , 1979). S t i l l , glia could 
yet turn out to influence neuronal function, i f but a physiological 
stimulus other than external potassium would be discovered for i ts re­
lease. Besides GABA, glial cells and other satel l i te cells have been 
shown to accumulate or synthesize a number of other neuro-active sub­
stances, such as acetylcholine, 5-hydroxytryptamine, catecholamines, and 
certain other amino acids (e.g. Haber et a l . , 1978; Villegas, 1978; Hosli 
& Hösli, 19Ö0). I f any or several of these could be shown to be released 
in a controlled manner and influence the neurons in the vicinity of the 
glial c e l l , this would justify Nageotte (1910) who had called glia an 
organ of internal secretion. Hints at the possibility of such a regula­
tory mechanism are contained in an experiment by Schrier & Thompson (1974). 
Interpretation of al l available data remains uncertain, however, because 
many of the substances discussed, such as glutamate and GABA, are also 
involved in biochemical reactions not related to qembrane function. 

But even i f the neuro-active substances "stored in glial cells would 
have no part in the normal functioning of nervous tissue, the discovery 
that they are released when external potassium activity (LK+]0) rises 
above 15 or 20mM is important. In the state known as spreading cortical 
depression, which by no means is limited to neocortical tissue (Bure^ et 
a l . , 1974), [K+]0 does rise to the high levels (Vysko£il et a l . , 1972) at 
which glial cells appear to spil l their content of amino acids and bio-
genic amines. Thus, in this case, they inevitably do affect neuronal 
membranes. 

(10) From time to time the thought was expressed that glial tissue 
may have functions more important than the support and protection of 
neurons; that perhaps glial cells may be key elements in the processing 
and storage of information. Observations and reasoning which led to this 
conclusion have been multiform. For the time being, they remain contro­
versial. In this space they cannot be-outlined, not even in summary form 
(but see: Galambos, 1961; Hydgn & Egyhazy, 1963; Hertz, 1965; Schrier on 
page 144-145 of Varon & Somjen, 1979). 

In summary the most influential of the various suggestions concerning 
the possible role of astrocytic tissue in the CNS have revolved around 
two groups of topics: neurochemical interaction with neurons, and the 
regulation of the composition of the interst i t ia l f luid of the CNS. The 
latter topic, especially the regulation of the activity of potassium ions, 
will occupy the second half of this review. 

Neuroglia and sustained potential (SP) shifts. 

In the 1960's Kuffler and his collaborators (Kuffler et a l . , 1966; 
Orkand et a l . , 1966; Kuffler & Nicholls, 1966; Kuffler, 1967) reported 
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four important observations. First, that glial cells sustain a resting 
membrane potential, usually of higher voltage than the neurons in the 
same tissue. Second, that concommittant to the activation of neurons, 
glial cells can undergo slow depolarization of a yery characteristic 
timecourse. Third, that their membrane potential is a logarithmic func­
tion of the ratio of internal and external potassium activities, the slope 
of which is accurately predicted by the Nernst equation. Fourth, that 
glial cells are coupled one to another by electrically patent junctions. 

About the same time as these studies were .published, Goldring and 
collaborators (Sugaya et al., 1964; Karahashi & Goldring, 1966) found that 
cell? in the mammalian central nervous system presumed to be glia were de­
polarized when neurons in their vicinity were activated. That the cells 
showing such behavior were indeed glia, was subsequently demonstrated by 
the intracellular deposition of marker dies (Kelly et al., 1967; Grossman 
& Hampton, 1968; Sugäya et al., 1971), and in the most recent and techni­
cally best of such studies it was shown that they are astrocytes (Takato 
& Goldring, 1979). This does not necessarily mean that oligocytes and 
ependymal cells have different membrane properties, only that the explor­
ing microelectrode is more likely to penetrate astrocytes than the other 
types of glia. 

When two microelectrodes are used, one in an intracellular position 
the other in the immediate vicinity of the cell, it becomes clear that de­
polarization of glial cells is mirrored by a sustained negative shift of 
extracellular potential, which is as it were its inverted and slightly 
distorted replica (Fig. 1). By waveform and duration sustained potential 
(SP) shifts are readily distinguished from other extracellular potential 
variations, such as nerve impulses and focal synaptic potentials. De­
tailed investigations in the cerebral cortex (Karahashi & Goldring, 1966; 
Castellucci & Goldring, 1970; Sugaya et al., 1971) and spinal cord 
(Somjen, 1969; 1970) have led to the conclusion that SP shifts are gen­
erated in large part by the depolarization of glial cells (reviewed by 
Somjen, 1973; 1975). The argument rests on the precise correlation of 
the amplitude of glial depolarization and extracellular SP shifts (Fig.2); 
while neither the magnitude nor the waveform of neuronal membrane re­
sponses shows such correlation. Nor is there a consistent relationship 
between neuronal firing rates and SP shifts; or between the profiles of 
the distribution within the tissue of bona fide neuronally generated 
extracellular potentials (such as focal!y recorded EPSPs) and SP shifts. 
If one samples the responses of many glial cells to repeated standardized 
stimulus trains, by recording the potential of each and eyery one encount­
ered during exploratory penetration by a microelectrode, and also the 
extracellular SP,shift concurrently recorded in their immediate vicinity, 
mapping these two.sets of measurements yields profiles which are, roughly, 
mirror images of one another (Fig. 3). Finally, when neuronal activity 
is depressed by a drug, the depolarizations of glial cells and the 
associated SP shifts are depressed also, but the ratio between the two 
is essentially unaltered (Fig. 4). 

While these data seem to show convincingly that under the conditions 
specified in these experiments glial cells make the major contribution to 
extracellular SP shifts, the electrical activity of neurons must presum­
ably also influence any recording of extracellular potential in the CMS. 
This may explain why SP shifts are not exact mirror images of glial de­
polarization (see e.g. Fig. 14 in Somjen 1970; also: Speckmann et al., 
1972; Heinemarm et al.,1979). The relative magnitudes of neuronal and 
glial contributions to SP shifts may vary widely with the conditions 
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Fig. 1. Potentials in the spinal cord of a cat, simultaneously 
recorded from within a glial cell and from its vicinity 
with two micropipette electrodes the tips of which were 
separated by 40 ym. At the mark a large mixed function 
peripheral afferent nerve was stimulated repeatedly at a 
frequency of 300 pulses per sec. Upward excursion of 
the pens signals positive shift of potential. (From: 
Somjen, 1973, by permission of the Publisher). 

under which they are generated, and must be determined separately for 
each newly encountered experimental situation. 

From the comparable behavior of the glial cells of mammals and of 
poikilotherms during neuronal activation, and the demonstrated sensitivity 
of the latter to changing levels of [K +] 0 , it seemed probable that the depolarizing shifts of glial cells in mammalian nervous systems also are 
brought about by rising [ K ] Q . The influence of [K ] on the membrane potential of mammalian glial cells was soon also demonstrated experimen­
tally, but the responses of membrane potential to changing [K ] seemed 
less than expected from the Nernst equation (Dennis & Gerschenfeld, 1965; 
Pape and Katzman, 1972; Ransom and Goldring, 1973; Adams and Brown, 1979). 
Such a deviation from the predicted value could have two reasons: (1) the 
membrane may be significantly permeable to ions other than potassium (as 
is indeed the case for nerve and muscle membranes); or (2) the distribu­
tion of potassium over the glial surface could be uneven, and the intra­
cellular electrode could record an average of more and of less depolarized 
regions. Glial cells are supposed to be joined by electrically patent 
junctions, (see earlier in this text) and, therefore, neighboring cells 
might influence each other's membrane potential if, and only if, the elec-
trotonic "space constant" of the network is longer than the variations 
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Fig. 2. Correlation between the amplitude of the responses of 
the membrane potential of five glial cells (A-E) and 
the extracellular SP shift recorded simultaneously, as 
in Fig. 1; and the lack of similar correlation in the 
case of one neuron (F). Symbols defined in inset in­
dicate the identity of the peripheral nerve, which was 
stimulated by trains of electric pulses of varying in­
tensity and frequency to evoke responses of varying 
magnitude. (From: Somjen, 1970, by permission). 

in the distribution of [K +] 0 . In other investigations where [K +] 0 , extracellular SP shifts, and glial membrane potential were concurrently observed, (Fig. 5), mammalian 
glial cells appeared, however, to obey Nernst's law quite faithfully 
(Fig. 6; also Lothman & Somjen, 1975; Futamachi & Pedley, 1976). Devia­
tions were found only during very brief but intense bursts of neuronal 
activity such as occur during interictal epileptiform discharges (Futa­
machi & Pedley, 1976); in these cases the distribution of [K+] over the 
glial surface may indeed have been so unequal that condition (2), ex­
plained in the preceding paragraph, may have been applicable. During sus­
tained neuronal activity, when [K ] could distribute itself more evenly, 
the glial membrane potential seemed to be entirely governed by the trans-
membrane distribution of [Κ+]Ί· / LK +L , and thus the contribution of 
other ions appears negligible. Sugaya et al.,(1979) confirmed this in 
measurements on glial cells cultured in vitro. 

We thus have two divergent opinions concerning the dependence of 
glial membrane potential on [K J , and should attempt to reconcile them. 
One possible source of error is introduced when L ^ L is not measured, but 
is estimated from the composition of a solution to wnich the surface of 
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Fig. 3. Amplitude of glial responses (upper graph) and of 
SP shifts (lower graph) recorded, as in Fig. 1, from 
many locations in several spinal cords, by essentially 
identical standardized pulse trains. Abscissa indicates 
distance from the dorsal surface of the spinal cord; 
the electrode trajectory was similar in all experi­
ments. Symbols defined in inset indicate "resting" 
membrane potential of glial cells; note that cells 
with low membrane potentials generate smaller re­
sponses. Note, also, that line of upper graph has 
been drawn with bias favoring high resting membrane 
potential cells, but that the responses of the others 
follow the same trend. (From: Somjen, 1970, by per­
mission). 

the preparation is exposed. Fisher et al., (1976) reported that L^Jo 
declined along a steep gradient during prolonged superfusion of the 
cortical surface with a solution containing high LK+]. Therefore, in the 
experiments of Rape Ä Katzman (1972) and of Ransom & Goldring (1973) the 
level of [K ] Q may have been overestimated. In slices of hippocampal 
tissue, about 200 pm from the washed surface, we (Dingledine & Somjen, 
unpublished) have found that, after a sudden change of either [IT] or of 
[Ca^ ] in the continuously flowing bathing solution, it takes an average 
of 9 minutes to reach half the intended change in the tissue, and 20 to 
40 minutes until there is no detectable difference between the readings 
of two ion-selective electrodes, one in the slice, the other in the bath. 
Recordings published by Adams and Brown (1979) suggest that the membrane 
potential of their glial cells had not reached a steady state at the time 
it was measured; thus presumably [K +] 0 had not reached its final value, 
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Fig. 4. Ratio of the amplitudes of the membrane voltage 
responses of glial cells and of the extracellular 
SP shifts. Data collected as in Fig. 3, but from a 
different group of cats, before and after the i.V. 
injection of either pentobarbital (30 to 60 mg/kg 
body wt) , or thiopental (25 to 50 mg/kg) or diphenyl-
hydantoin (20 to 40 mg/kg). Abseissal position of 
points indicates mean depth in tissue. Vertical 
baVs show standard error. Number of observations, 
n:6, 36,36 and 16 for the four groups of control 
observations (points on graph from le f t to r ight ) , 
and 2, 36, 40, 14, for drug-treated group. The 
two sets of measurements are stat ist ical ly not dif­
ferent. (From: Strittmatter and Somjen, 1973, by 
permission). 

and i t had been overestimated for the purpose of their calculations. Be­
sides the possibility of exaggerating changes of LK+j0, the glial mem­
brane potential response may be underestimated i f only the intracellular 
potential is recorded relative to a distant "indifferent" potential, and 
possible shifts of extracellular potential are ignored. Extracellular 
SP shifts do occur during deposition of K+ from an extraneous source in 
cortex (Heinemann et a l . , 1978; Gardner-Medwin et a l . , 1979) and presum­
ably under all experimental conditions in which a gradient of [K+] is 
established in the tissue. Finally, i t is also possible that under re­
latively hypoxic conditions of tissue kept in v i t ro , gl ial cells become 
more than usually leaky to ions other than K+. 

Discussion of the glial membrane potential would also require know­
ledge of the intracellular activity of K (K+-j). This has not yet been 
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Fig. 5. Simultaneous recordings of extracellular potassium 
potential (EK; recorded with ion-selective micro-
electrode), extracellular electric potential (VEr) , 
and intracellular potential of a glial cell (V]rj 
in the spinal cord of a cat. Eu and V r̂ recorded 
from the two channels of a double-barreled micro-
pipette; VTQ from a separate electrode about 50ipm 
distant. Note that A, 5, and B , 3, are control 
recordings for which the previously intracellular 
electrode was withdrawn into an extracellular posi­
t ion, so that the two voltage channels (middle and 
lower tracings) recorded essentially identical re­
sponses. A and B are from two different glial cells. 
All recordings are referred to "ground" potential. 

directly measured, except in the retina of insects (Coles and Tsacopoulos, 
1979). The average [K+] . estimated by Brown & Scholfield (1974) for the 
rat's superior cervicaT ganglion for al l tissue elements, including 
glia and neurons, exceeded 200 mM. Adams u Brown (1979) consider this 
estimate to be confirmed for gl ial cells in their measurements of mem­
brane potential as a function of [K+] , which when extrapolated toward 
zero yields an abseissal intercept over 200 mM. These data would indi­
cate hypertonicity of the intracellular f lu id . Even the lower estimate 
of [Κ+]Ί· of Woodward et a l . , (1969) and those compiled in table 6.2 of 
Katzman & Pappius(1973), i f added to [Νβ+]Ί·, yield a hypertonic to ta l . 
I f true, this would force a revival of the notion of an active membrane 
transport of water, abandoned since the appearance of the well-known 
review by Robinson in 1960. Extrapolating the membrane potential meas­
urements of Sugaya et a l . , (1979) to zero leads however to an estimate 
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Fig. 6. A: Amplitude of responses such as those illustrated 
in Fig. 5, plotted to show the dependence of both intra-
and extracellular potential shifts on the logarithm of the 
extracellular potassium activity ([K+]0). To calculate 
the change of membrane potential, extracellular and intra-
cellular voltage responses must be summed; the graph of 
part (B) shows the result. The straight line drawn in 
B shows the Nernst function (at 37.5°C). 

of [K+]i of between only 90 and HOrnM; and considerations of the previous paragraph make this the more plausible value. If the chemically and the 
electrically derived estimates of intracellular cation concentration dis­
agree, then part of the intracellular potassium must either be bound or 
sequestered, and is neither ionically nor osmotically active. 

Neuroglia and the passive movements of potassium ions in tissue. 
In his review of 1967, Kuffler had suggested that a network of glial 

cells could function as a conveyor of K* ions through CNS tissue. This 
theory later became consolidated under the phrase "spatial buffering of 
potassium'1 (Trachtenberg & Pollen, 1970). It is based on the twin notions, 
that the membrane of glial cells is selectively permeable to K ions, and 
that glial cells are joined so that ions can freely pass from one to an­
other. Fig. 7 illustrates the way in which it is supposed to work. 
Neurons discharge K+ ions into interstitial fluid in the course of gener­
ating impulses and synaptic potentials. The excess K+ causes depolariza­
tion of glial cells lying amongst the active group of neurons, thus creat­
ing a gradient of potential. The potential gradient drives a current of 
ions, the current is carried by K+ inward at the active focus and outward 
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Fig. 7. Schematic representation of the transport of K+ by 
electric current through a hypothetical network of 
gl ial cells. The numerical values of the voltages 
assigned to the potential profiles were arbitrari ly 
chosen. 

into the inactive surround, through the gl ial membrane, and K+ is also the 
charge carrier within the gl ial net. The return current i s , however, 
carried mainly by Na+ in the interst i t ia l f lu id . The net effect is a 
redistribution of K+ from regions of high toward regions of low activity. 

Numerous observations agree well with this theory. Voltage profiles 
mapped in spinal tissue are not unlike the potential gradients expected 
on theoretical grounds (compare Fig. 3 and Fig. 7) . Voltage gradients 
occur whether K* was released from neurons, or [K+]0 was raised by the 
experimenter (Heinemann et al,1978; Gardner-Medwin et a l . , 1979). Potas­
sium activity does indeed rise during neuronal activation (Vyklicky et a l . 
1972; Krnjevic & Morris, 1972; Prince et a l . , 1973). There is a consis­
tent three-way correspondence between the magnitudes and the spatial pro­
f i les of the responses of LK+J0 , gl ial depolarization, and extracellular 
SP. shift (Somjen, 1970; Lothman & Somjen, 1975; Cordingley & Somjen, 1978). 
The plasma membrane of gl ial cells is highly selective for K ions in the 
mammalian CNS (see earl ier Ä Fig. 6) as also in cold-blooded animals. 
And f ina l ly , in a recent series of experiments by Gardner-Medwin (1977; 
in press) i t was shown that when current is driven by an a r t i f i c i a l l y 
imposed voltage gradient through cortical tissue, the share of the charge 
carried by potassium ions is greater than could be expected i f al l the 
current flowed through the interst i t ia l spaces. Such a disproportionate 
displacement of K+ is however expected,if much of the current has passed 
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through those cell membranes which selectively allow the passage of K+ ions. 
The one point of uncertainty in the theory of glial transport of K+ 

concerns the occurrence of electrotonic junctions between the glial cells 
of the mammalian CNS. Their existence has been shown in some invertebrate 
and amphibian nervous tissues (Kuffler & Nicholls, 1966),and also in mam­
malian glial cells grown in culture(Moonen & Nelson, 1978). Gap junctions 
between glial processes have been noted in electron micrographs from intact 
mammalian CNS (Brightman et al., 1978) but the frequency with which they 
occur has not been established, nor their patency explored by electro-
physiological means. The matter is further complicated by the consideration 
that, in lieu of electrotonic coupling between glial cells, transport of 
K+ could also be achieved by individual cellular elements, provided that 
their processes spanned long enough distances. This condition is clearly 
met by the Müller cells of the retina (cf. Karwoski & Proenza, 1977; 1980; 
Newman, 1980) and by the Bergman fibers of the cerebellar cortex. The 
architecture of the astrocytic processes in the gray matter of other parts 
of the CNS has however not been worked out yet in sufficient detail. 

Granted that glial transport of K+ can and does occur, the next 
question concerns its magnitude compared to all the other modes of dis­
sipating an excess of [K+] . When neurons lose K+, they usually exchange 
it for an equivalent amount of Na+. This certainly is so when the K 
exited with impulse discharge and probably also with synaptic current. 
The rise of [Na+]. will stimulate Na+, K+-ATPase of the neuronal cell mem­
brane (Skou, 1975). Consequently, neurons will tend to rapidly recapture 
most of the K+ they had lost. Since however a gradient of K demonstrably 
can exist, some will inevitably be dispersed. Loss to the blood stream 
may be minimal, if the capillary endothelium is as impermeable to the 
passage of ions from brain to blood, as from blood to brain (References 
in Somjen, 1979). Active transport of K+ from cerebral interstitium into 
the circulation has, however, been inferred (Cserr, 1965; Bito, 1969; 
Bradbury et al., 1972; Betz et al., 1980). 

Diffusion through the interstitial spaces is too slow a process to 
account for the dislocation of substantial amounts of K , at least when 
many neurons simultaneously release K+ throughout a sizeable volume of 
gray matter. (For calculations and reasoning see Vern et al., 1977; 
Cordingley & Somjen, 1978). Dispersion by diffusion may account for a 
larger fraction of the released K+ when only scattered neurons are spora­
dically active, so that they can be considered to be point-sources rather 
than volume-sources of excess ion (Krnjevic & Morris, 1975; Lux & Neher, 
1973). In this case however the quantity of K+ spilled into the inter­
stitial fluid would be small, and the recovery process would present no 
stress on the system. 

While diffusion over appreciable distances takes time, transport by 
electric current is practically instantaneous. As indicated by the schene 
of Fig. 7, as soon as K+ enters through the membrane of the glial net at 
one point, an equivalent amount exits where the current leaves the net. 
In this case the limit is set by the electric resistance. The maximum 
quantity of ion conceivably carried by this mechanism can be calculated 
from the voltage gradient, and the tissue resistance. Such a calculation 
indicates that under intense afferent stimulation in the spinal cord, but 
less so in cortex, the current flowing through cellular processes may 
carry a significant minority of the K ions spilled into the extracellular 
space (Somjen, jn press; Gardner-Medwin, in press). 

Whenever K has been dispersed throughout the tissue, no matter by 
which mechanism, a deficit of [K+l must occur, once neurons have recover­
ed their intracellular content of K+. The deficit manifests itself as an 
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"undershooting" of^[K+] below i ts "resting" baseline level (Heinemann & 
Lux, 1975; Krnjevic & Morris, 1975; Lothman & Somjen, 1975). The magnitude 
of post-activation undershooting of [K+J0 is variable and unpredictable, 
thus dispersal of K+ in tissue presumably is also variable. The drop of 
[K+J below the baseline level provides a reversed gradient of activity 
whicn drives wayward K+ ions home when neuronal excitation has ceased. 

Besides providing a path for ion current, gl ial cells could, in 
principle, allow for the dissipation of an excess of [K+]Q also by 
simple diffusion. Insofar as the glial membrane admits K + ions freely, 
i t would be "transparent" not only for K+ ions driven by electric current, 
but also those propelled by a gradient of concentration. Calculations 
show however that even i f diffusion was entirely unhindered by cell mem­
branes, i t would be too slow to account for the measured rate of disappear­
ance of an excess [K+J (Cordingley & Somjen, 1978). Glial cells may also 
admit K+ together with Cl" and water under the influence of Donnan forces 
(cf. e.g. Bourke et a l . , 1978). A simple calculation (see p. 165 of 
Varon & Somjen, 1979) can show that gl ial cells could, in principle, 
accommodate the entire load of excess K*" spilled by neurons in the course 
of an epileptiform seizure by increasing their K+ content by about 2%, and 
a concommittant shrinkage of the interst i t ia l space by.not more than 7%. 
Such a shift of water would not be detected as "swelling" of tissue, and 
would presumably not disturb the functioning of the nervous system. 
Whether in fact such uptake does occur under normal conditions depends on 
the permeability to Cl" ions of the membrane of gl ial cells in undisturbed, 
normally circulated central nervous tissue. This*datum is not known today. 

Are glial cells actively clearing K+ from interst i t ia l fluid? 

The thought that gl ial cells may regulate [K+]Q by active transport is 
in fact older than that they may do so by the passive, dissipative pro­
cesses discussed in the preceding section (e.g. Cumrrins & Hydin, 1962; 
Hertz, 1965; Henn et a l . , 1972; Hertz & Schousboe, 1975). There are three 
ways in which glial cells could clear K+ from the interstitium: (1) by ex­
changing intracellular Na+ for extracellular K+; (2) by admitting K+ 

coupled with an equivalent amount of anion, and equiosmolar volume of 
water, (this would be an "active" counterpart to the "passive" uptake mech­
anism by Donnan forces discussed ear l i e r ) ; and (3) by actively pumping K+ 

inward at regions of high [K ] Q and simultaneously pumping an equivalent 
amount outward in regions of low [ K ] , ( i .e.by ion current, the generator 
of which would, however, be active ion transport, unlike the mechanism 
sketched in Fig. 7, for which the driving force was the "passive" depolari­
zation of the gl ial membrane) (Orkand, 1977). 

Without a doubt, glial cells are capable of accumulating K+ and ex­
truding Na , or else they could not maintain the composition of intracel­
lular f lu id . Na , K+-ATPase has indeed been demonstrated in glial material, 
separated from neurons in one manner or other (e.g. Cummins & Hyd^n, 1962; 
Henn et a l . , 1972; Hertz, 1977), although its identification in glia bv 
histochemical methods is apparently d i f f icu l t (Stahl & Broderson, 1976). 
Undisturbed gl ial cells probably can maintain their intracellular ion 
balance with minimal expenditure of energy and minimal activation of 
ATPase, because of the low permeability of their membrane to cations other 
than K+. The question i s , how does the glial Na , K+-ATPase react to 
elevations of [K+] above the normal level? I f gl ial ATPase reacted like 
the similar enzyme of other cel ls , then during excitation of neurons i t 
probably would be stimulated less than neuronal ATPase, for although both 
glial cells and neurons are exposed to the same high [K + ] 0 , only neurons 
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Light flashes for 2 min 

Fig. 8. Schematic summary of changes observed in potassium 
activity (a|<) in the eye of the honeybee drone, during 
stimulation by a series of l ight flashes. Resting and 
peak levels and timecourse are the means observed in a 
series of experiments. (From: Coles & Tsacopoulos, 1979, 
by permission of Authors and Publisher). 

gain in [Na ]Ί· (cf. Skou, 1975). Potassium dependent activation of gl ial 
ATPase has, however, been demonstrated by a number of investigators 
(e.g. Franck et a l . , 1978). 

In drawing conclusions from observations made on glial cell material 
in vitro i t must be kept in mind that in healthy central nervous tissue 
[K+]0 probably rarely rises above 4mM and almost certainly never above 
5 mM (Somjen, 1979; Varon & Somjen, 1979). Many of the early experiments 
have been conducted with "control" solutions containing 5 or 6 mM [K +] , 
and a "stimulated condition" being represented by [K+] levels of 10, 20mM 
or even higher, in intact brain K+ rises to about 10 or maximally 12mM 
during seizures,, and above that level only during spreading depression. 
Changes occurring in glia at these high levels of [K+]0 are thus relevant 
only for the pathophysiology of the brain. Thus, for example, Kimelberg 
(1979)and Bourke et a l . , (1978) consider that the HCÔ  dependent swelling 
of gl ial cells which occurs in brain slices exposed to high [K+] may be a 
model of cerebral oedema. In considering the mechanism by which brain 
tissue can become water-logged in s i tu , the transfer of water from blood 
into brain, and hence the behavior of the newly discovered blood-brain 
barrier for water (cf. Raichle, in press), must, however, also be con­
sidered. 

Recently Hertz (1978) and Hertz & Franck (1978) have shown, however, 
that the uptake of radio-labelled K into gl ial cells is stimulated by 
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relatively small increments of LK4L , close to the normal level of 3mM. 
I t remains to be determined how mucn of this uptake is in fact K+-K+ ex­
change, and therefore of no use in clearing [K+] ; and whether glia in 
intact tissue is stimulated in a like manner. 

While the role of glial cells in regulating [K+]Q in the mammalian 
CNS is s t i l l the subject of much theoretical argumentation, i t has been 
demonstrated beyond reasonable doubt by the elegant intracellular measure­
ments of [Κ+]Ί· in cells of the insect eye by Coles and Tsacopoulos(1979). 
In this organ pigment cells are the analogues of g l ia . They apparently 
are the temporary receptacles of the K+ ions discharged from stimulated 
photoreceptors, for which the interst i t ia l f luid is the vehicle (Fig. 8 ) . 
Coles and Tsacopoulos concluded, that K is taken up by the glial cells 
in exchange for Na+. The exact mechanism of the exchange has not yet been 
determined. Gardner-Medwin and Coles (in press) have however found 
evidence of current flow in the sense of a "spatial buffering" system 
through and around these glial cells. 

Conclusions. 

From the data available today, the role of glial cells in regulating 
the extracellular potassium activity in the mammalian central nervous 
system cannot be determined with certainty as yet. The following pro­
positions are however at the least not contradicted by any of the known 
facts. + 

(1) Neurons which have discharged K ions into interst i t ia l space 
probably regain much or most by stimulated membrane transport, before i t 
could be dispersed into the surrounding tissue. (2) The variable that 
is regulated by neuronal membrane transport is probably the intracellular 
τοη content of the neuron. (3) Since single neurons and their environ­
ment do not form a closed two-compartment system, neurons cannot simul­
taneously regulate (be attuned to) both their intracellular ion content, 
and extracellular ion act ivi t ies. There must be another agency taking 
care of the lat ter (cf. Varon & Somjen, 1979, p. 168). (4) Passive 
dissipation of spatial gradients of [K+]0 by diffusion and by electric 
current flowing through the "glial buffer network" may be an adjuvant in 
regulating [K ] , but_: (5) accurate homeostasis presupposes both, a 
sensing mechanism, and an active process governed by the sensor. Glial 
and/or endothelial cells are the candidates for "fine tuning" [K+L in 
the interst i t ia l space of the CNS. 
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The proximal tubule reabsorbs tubular fluid isoosmotically 
under virtually all experimental conditions and over a wide 
range of rates. The ability of this tubular segment to adjust 
the rate of fluid reabsorption automatically gives rise to a 
functionally important load adaptive property often referred 
to as glomerulotubular balance. 

There have been a number of successful attempts to explain 
isoosmotic reabsorption by epithelia. (Patlak et al./1963, 
Diamond and Bossert, 1967, andSackin & Boulpaep, 1975) These 
have all involved active transport of NaCl along basolateral 
cell membranes into lateral intercellular channels. Local 
accumulation of solute into these channels draws water from 
the cell by osmosis, and the resulting fluid moves across the 
basement membrane under a head of hydrostatic pressure. Each 
of these explanations has sought only to explain isoosmotic 
reabsorption at one rate. A greater challenge arises when 
the load adaptive property requires explanation. 

Two phenomena are thought to underlie glomerulotubular 
balance: cotransport of Na+ across apical cell membranes, 
and adjustments of interstitial hydrostatic pressure secondary 
to changes in hydrostatic or colloid osmotic pressure in 
peritubular capillaries. 

Cotransport of Na+ with glucose or amino acids is a well 
established process (Crane, 1962, Kinne et al., 1975). The 
rate of entry of Na+ depends on the concentrations of organic 
molecules, and vice versa. If a higher concentration of 
organic molecule stimulates Na+ entry, more Na+ will be 
delivered to the Na-K-ATPase at the basolateral cell membranes, 
and the rates of salt and water transport will increase. An 
increase of glomerular filtration rate, for example, would 
increase the load of organic molecule delivered to the tubule, 
and might affect the downstream concentration profile of these 
molecules. A change in fluid reabsorption rate would also 
affect the concentration profile. Because of these interac­
tions, it becomes difficult to evalute the quantitative impact 
of cotransport on glomerulotubular balance. 
♦Supported by NIH Research Grant AM15968 
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We therefore derived the following model to determine whether 
cotransport can explain glomerulotubular balance to any 
significant extent. The model is derived for the steady state, 
is based on local mass balance, and uses glucose for purposes 
of illustration. 

In an element of volume along a tubule of radius, r, the 
difference in glucose mass flow along a distance, Δχ is 
(1) Δ c q=-27rrk;LcAx 
Where c is the glucose concentration, q the volume flow rate, 
and k, is a rate coefficient. This expression assumes that 
the Na1" concentration remains constant. The rate of transport 
does, in fact, depend on the Na+ concentration, but since it 
remains constant in vivo, this concentration can be incor­
porated into the coefficient. 

The equation for volume flow rate Δ q over the same 
distance is: 
(2) Δ q=-27Tr (k2 c + k3) Δχ 
This expression assumes that Na+ entry into the cell has two 
components, one dependent on the cotransport mechanism, and 
another that is not. This second pathway can represent more 
than one mechanism. Dividing both sides of Eq (2) by Δχ and 
taking the limit yields: 
(3) dq=-2Trr (k2 c + k3) 

dx 
Dividing both sides of Eq (1) by Δχ, taking the limit, separa­
ting dependent variables and inserting Eq (3) yields: 
(4) dc=-27TrcJk 9 c + k i + k^) 

dx <ϊ 
The initial conditons can be specified as: 
(5) C (o) = Co 

and 
(6) q (o) = qo 

This derivation leads to a second order nonlinear initial 
value problem for which no analytic solution was found. The 
system was solved numberically with a variable step size 
routine that uses a fourth order Adams Moulton predictor 
corrector method to integrate the differential equations. 

The accompanying figures show some results. As can be 
seen, glucose concentration drops to zero along the length of 
tubule, as it is known to, and fluid is reabsorbed. Reabsorp-
tion of fluid is flow or load dependent, and the concentration 
curves in the first figure explains this dependency; concen­
tration does not drop as quickly at higher flow rates. Thus, 
a concentration difference at different flow rates affects the 
local rate of reabsorption. If there is no concentration 
difference, no difference in reabsorptive rates can occur, 
unfortunately, while the curves of Fig. 1 show flow dependent 
reabsorption, they also show a concentration profile that 
differs substantially from experimental results (Deetjen and 
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to those found experimentally. 



GLOSSARY OF SYMBOLS . 

A channel cross-section area, cm* 
A ma* maximum channel cross-section area, cm* 
a volume flow rate, dimensionless 
b NaCl concentration gradient, (mOsm cm"4) x 10~3 

ß NaCl concentration gradient, dimensionless 
C NaCl concentration, (mOsm cm"*) x 10~3 

C arithmetic mean NaCl concentration, (mOsm cm"*) x 10"* 
y NaCl concentration, dimensionless 
D channel NaCl diffusion coefficient, cm* sec"1 

E emergent osmolality, (mOsm cm"*) x 1 0 * 
kx channel wall hydraulic permeability, dimensionless 
A, NaCl active transport rate, dimensionless 
kj basement membrane hydraulic permeability, dimensionless 
k4 light junction hydraulic permeability, dimensionless 
A·5 basement m e m b r a n e NaCl permeabil i ty , d imens ionless 
A'(j tight junction NaCl permeability, dimensionless 
k7 NaCl reflection coefficient, tight junction, dimensionless 
kH NaCl reflection coefficient, basement membrane, dimensionless 
L hydraulic permeability, cm sec - 1 mm H g - 1 or NaCl perme­

ability, cm sec"1 

λ distance, dimensionless 
.V NaCl active transport rate, mOsm cm"' sec"1 

ξ compliance parameter, mm Hg"1 

p hydrostatic pressure, mm Hg 
p cell hydrostatic pressure, mm Hg 
Π osmotic pressure, mm Hg 
q volume flow rate, cm* sec"1 

R universal gas constant, mm Hg Γ"1 mol"1 

r A/Amax, dimensionless 
S channel circumference, cm 
σ NaCl reflection coefficient 
T absolute temperature, eK 
Φ hydrostatic pressure, dimensionless 
X channel length, cm 
x distance, cm 
: pump distribution, dimensionless 

Subscripts 

H basement m e m b r a n e 
HS basement m e m b r a n e , NaCl 
AS interstitial space 
/. lumen 
o isotouk 
'/' tight junct ion 
TS tight junct ion , NaCl 
TABLE 2. Dimensionless parameters 

A, - iusucr/(i^). <*) 

(9) 

A3 » LBKSLX). (10) 

k4 = Lrt(SLX) (II) 

A5 = A Ä .s / (^) (12) 

k.-L„/{a=j£·) (13) 

Α7 = σ. (14) 

*, = "«· ( / 5 ) 
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Boylan, 1968). These curves show glucose concentration fall­
ing more gradually than has been found in micropuncture 
experiments. When the coefficient, k^ is adjusted to bring 
the predicted concentration profile into agreement with 
experimental results, the flow dependence of reabsorption 
is altered, because the concentration differences experienced 
over the length of the tubule become smaller. Since glom-
erulotubular balance can achieve a virtual constancy of 
fractional fluid reabsorption, this study suggests that 
cotransport related adaptations cannot play a major role, 
although they can contribute to the overall effect. 

The second proposed cause of glomerulotubular balance 
is an effect of changing determinants of peritubular capillary 
fluid exchange. There is already a substantial body of 
evidence showing that proximal tubule reabsorption is dependent 
on hydrostatic and colloid osmotic pressure in the capillary. 
Recently we showed a correlation of proximal reabsorption 
with net interstitial pressure, providing further confirmation 
of the theory (Quinn and Marsh, 1979). 

The major challenge created by this hypothesis is that 
it requires modulation of fluid reabsorption rates without 
apparent chemical signalling; the hydrostatic pressure differ­
ence across the basement membrane controls the rate of fluid 
flow despite the apparent constancy of the rate of active 
transport. It has been assumed that back flux through the 
tight junction is the controlled variable. 

To test this idea we derived a model of the tight junction-
intercellular channel-basement membrane pathway. The derivation 
is given elsewhere (Huss and Marsh, 1975), the system equations 
are in Tables (1-3). Table 4 shows the behavior of the system 
as interstitial hydrostatic pressure is varied, using a set of 
parameters established by trial and error testing. Figures 
3 and 4 show NaCl concentration and flow as functions of 
distance along the channel at two intersititial pressures. 
Several conclusions can be drawn: 

TABLE 1. A) System equations 

Ä - smp - p) + (Π(.ν) - !U| . 0 S A S A . (/) 
(IX 

_ = *<*>. (2) 

£ " ϊϋ«"» + T ,(> ->'+ «n»> - "■" - irv<*> <» 
B) Boundary conditions 

9(0) = LAipt -p) + σ(Π(0) - n j ] . (4) 

q(0)C{0) - ADb(0) = q(0)CA 1 - σ) + LTS[Ct. - C(0)\. (5) 

q(X) = L„[(p - pls) + ae(Uls - Π(Λ*))]. (6) 

qiX)C(X) - ADb(X) = q(X)£B(l - σΒ) + LHS[C(X) - Cls}. (7) 
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TABLE 3. A) Dimensionless system equations 

£ii = γ ( λ ) + (φ - Φ). 

/3(λ). 

where 
ζ(λ) = Ι , θ Ξ - λ ^ 1 

8) Dimensionless boundary conditions 

α(0) = ΜΦ,. - Φ + ÄTy(0)] 

4L«(0)|*T + (i+*f)Ä]-ÄO)--^xo). 

α(1)«Α,[Φ-Φ„-Α.γ<1>1. 

(//) 

(/*) 

iij!L=*i {α(λ)/3(λ)+ II + γ(λ)1|γ(λ) + ( Φ - Φ ) 1 } - -^ι(λ). (/9) 

(20) 

(2/) 

(22) 

(25) 

(2·/) 

TABLE 4. Pressure-modulated reabsorption 

Ir.insnunal 
plt'SMIIC 
(intn Hg) 

0 
10 
20 
30 
40 

Flow 
(ml'sec) 

2.83 x 10"'» 
3.35 x 10-*2 

3.86 x H)"12 

4.34 x 10'12 

4.80 x lO"12 

Kmcif>cni 
osmol.ili(\ 

«'Mil) 

0.301 
0.299 
0.298 
0,296 
0.296 

Channel 
pressure 
(mm Hg) 

16.2 
7.3 

-1.6 
-10.6 
-19.7 

Channel 
area 

(relative) 

0.63 
0.44 
0.28 
0.15 
0.08 

A, - 12.0.A, - 0.03,*, - 0.1Λ - 0.05.A« - 1.0.AT - 0.3,Ae - 0.003.A, - 0.083. 

Using a reasonable set of parameters, this model predicts 
isoosmotic transport. 
Over a range of interstitial pressures typical of those 
found in experimental circumstances, the model predicts 
that reabsorption rate varies with interstitial pressure. 
The modulation is consistent with experimental results, 
and is the result of variable flux of NaCl across the 
tight junction; active transport rate remains constant 
by assumption. Pressure dependent changes in tight 
junction or basement membrane permeability are not needed 
and in fact exert a deleterious effect on sensitivity to 
pressure- a rather counterintuitive result. 
NaCl concentration in the channel varies very little from 
isotonic. If the concentration were to exceed isoosmotic 
to any significant extent, the hydrostatic pressure in the 
channel would arise, and the sensitivity of reasorption 
to pressure would disappear. 
To obtain the curves shown in Figures 3 and 4, it was 
necessary to set the tight junction solute permeability to 
a value 20 times the basement membrane value. This 
relationship is not what one might expect. When the 
relationships between these parameters was reversed, 
pressure dependent isoosmotic reabsorption remained, but 
60% of the fluid flow was through the tight junction path­
way, and only 40% through the basolateral cell membranes. 
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Figure 4. a) Fluid flow rate as a function of distance along the inter­
cellular channel, for two values of the transmural pressure gradient. 
b) Osmolar concentration as a function of distance, for two values 
of the transmural pressure gradient. 

This prediction awaits experimental verification. 
The results of this study suggest that pressure modulation 

of isoosmotic reabsorption is an effective mechanism for con­
trolling proximal tubule reabsorption. Thus, when a change 
in glomerular filtration rate changes filtration fraction, 
this mechanism becomes an effective one for achieving glomer-
ulotubular balance. When filtration rate changes without 
affecting peritubular capillary variables, cotransport depen­
dent phenomena are not likely to provide much adaptability. 
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In the past several years we have determined a quantitative stereo-

logical picture of cells in epithelia known to be iso-osmotic transporters 

(1,2,3), Our studies focused initially on the proximal convoluted tubule 

(PCT) and proximal straight tubule (PST) of the rabbit, nephron segments 

which are copious transporters of water and solute and which appear to 

be typical examples of iso-osmotic transporters. In this discussion we 

will consider those segments again and also will consider other nephron 

segments known to have different transport characteristics· In this way 

we will explore the possibility that a pattern exists between the shape 

of cells in an epithelium and the osmolality of the transported solutions. 

Shown in Figure 1 are cell shapes obtained by morphometric analysis 

of transmission electron micrographs. To the left and superimposed on 

hexagons of average cell size are the outlines of a cell as might be seen 

in five equally spaced planes from cell apex to base. To the right is a 

3-dimensional model obtained by stacking the cross-sections on the left. 

The model represents the average cell configuration in proximal nephron 

of adult rabbit and its accuracy has been confirmed recently by the 
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Fig· 1. Artist's rendition of cell shape in proximal renal tubule (right) 

as constructed by stacking of morphometrically determined cell 

outlines (left) in 5 equally spaced planes from cell apex to 

base· Reproduced from Ref. 2. 

Fig. 2. Scanning electron micrograph of rabbit proximal renal tubule. 

Reproduced from Ref. 4. 
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scanning electron microscopy studies of Dr. Andrew Evan (4). A typical 

micrograph in Figure 2 shows the broken end of a rabbit proximal convo­

luted tubule. As in the stereologic model, one is able to see clearly 

the apical brush border, the drapery-like folding of major and minor 

lateral cells processes, and the so-called basal villi. The quantative 

morphometric studies also bring to light several other interesting fea­

tures, namely: 

1) The area of the brush border is equal to that of the lateral 

cell surfaces in both the convoluted and the straight tubule segments 

and is quite large, about 3 x 106
 um^ per mm tubule length or about 

3 x 103 μΐη̂  per cell. 

2) If water moves through the cells at the observed rate of trans-

epithelial volume absorption, about 1 nl/min/mm in convoluted tubule and 

0.5 nl/min/mm in straight tubule, the cell volumes are turned over about 

once per minute. Such a rapid exchange rate could be accomplished by 

the large surface to volume rations. 

3) The shape of the spaces between the cells, the lateral inter­

cellular channels, is much more complicated than a simple "cylinder" 

or a set of parallel plates, geometries which were used in the initial 

modeling of iso-osmotic transport by Curran and Macintosh (5), by Diamond 

and Bossert (6), and later by others. 

Shown on the left in Figure 3 is a very simplified representation 

of an intercellular channel in proximal nephron. On the right is an 

infinitesimal slice of that channel where dimension x is measured in 

the direction from cell apex to base. One now can seen that nature has 

provided the channel with two curious features. First, the circumfer­

ential distance around the cells, and therefore the peripheral dimen­

sion S(x) of the channel, increases greatly with x. Second, the dis-
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Fig· 3. Model of an intercellular space surrounding a simplified proxi­

mal tubule cell (left). On the right is an infinitesimal slice, 

x, of the intercellular space showing the components of fluid 

velocity into the channel, Vin, and along the channel, Vx. 

Cell separation distance is y0 and cell circumference is S(x). 

tance between the two channel walls, y, is approximately constant from 

apex to base. That distance frequently is reported to be about 300 A. 

Thus, the cross-sectional area of the channel increases rapidly from 

apex to base because of increasing cell circumference and not because 

of increasing cell separation. This space geometry has several impor­

tant implications with regard to the pathway taken by the absorbate. 

It is generally accepted that absorbate ultimately passes via the inter­

cellular channels. However, it may enter those channels by a paracellular 

route via junctional complexes at their apical ends, by a transcellular 

route across the apical and lateral cell surfaces, or by a combination 

of both routes. While there is no direct experimental evidence to date 
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which allows us to make a choice among these possibilities, the peculiar 

configuration of the channels does allow bne to make the following state­

ments : 

1) If water is moving entirely by a paracellular path then its speed 

must decrease sharply from apex to base as the crosssectional area of 

the intercellular channel increases. A Poiseuille resistor of these 

dimensions would require a pressure drop of about 15 cm H2O to produce 

the observed volume flow. 

2) If water is moving entirely by a transcellular path then the ever 

increasing channel cross-section could accommodate the progressively 

accumulating volume of fluid. Such a system would require a very small 

pressure drop along the channel, less than 1 cm H2O, and the speed of 

the fluid would remain relatively constant. 

In light of these statments, we have found some indirect evidence 

which might distinguish between paracellular and transcellular flows. 

Specifically, we know from the work of Welling and Grantham (7) that 

transepithelial pressure in the renal tubule is taken up across the 

tubule basement membrane and that the cells act as direct pressure com­

municators. We also know that isolated cells from renal tubules are very 

highly deformable and can be drawn into small pipets by pressure differ­

ences less than 1 cm H2O (8). Thus, we are led to the logical assumption 

that the cell membranes which constitute the intercellular channels are 

highly deformable and that they are sensitive to pressure drops (9). This 

means simply that points of high pressure cannot build up in the intercel­

lular channel, that pressure from point to point along the channel is 

approximately balanced and, therefore, that water speed down the channel 

must also be approximately constant. On this bases, and given the type of 
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morphology observed in proximal renal tubules, we conclude that the trans-

cellular flow option is the more likely. That is, for water flow to be 

steady along the channels of that epithelium, water must be accumulating 

from movement across the lateral cell walls. 

As an aside, it is perhaps important to point out that proximal 

tubule cells with their interdigitating, pleated walls are by no means 

a universal type of cell shape. We recently have found that the cell cir­

cumference in rabbit gallbladder is effectively enlarged by microvilli 

within the lateral intercellular channels but that no appreciable change 

occurs in cell circumference in passing from cell apex to base. In this 

case the cross-sectional area of the channels increases by enlarging the 

separation distancy y and not by the enlargement of the circumferential 

dimension S(x) as occurs in the proximal tubule. The important point is 

that the channel cross-sectional area does increase and, on the basis of 

deformable walls, indicates that in the different cell types water is con­

ducted at least partly across the lateral cells walls. At this time it 

is not clear just why these different cell types choose to increase their 

channel areas in these separate ways. 

On the basis of the hypothesis of deformable channel walls, the fol­

lowing deductions now can be made: 

1) Increasing cross-sectional area of intercellular channels, caused 

either by increasing cell circumference or by increasing cell separation 

or both, indicates transcellular fluid movement. 

2) The variation of channel cross-sectional area is an indication 

of the rate of water movement into the channels across the cell walls. 

Therefore, it also is an indication of the size but (not the type) of 

the forces required for that water transport. 
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Referring again to the infinitesimal slice of intercellular channel 

shown in Figure 3, we can define the explicit mathematical relationship 

of structure to function by using the mass balance equation for the inter­

cellular space, 

Vx y S(x) - Vx(o) y(o) S(o) + 2 j Vin S(x) dx, 

where y is the separation distance between cells, S is the channel circum­

ference, Vx is the stream velocity down the channel, and ν^η is the velo­

city of fluid movement across the channel walls. If we now include the 

deformability hypothesis, that is, the approximation that Vx is a constant, 

the mass balance equation can be differentiated so that the change in 

geometry is a function of the flow across the lateral cell membranes (9): 

y dlnS/dx + dy/dx - 2 Vin/Vx. 

For example, in the rabbit proximal convoluted and straight tubules, y 

is approximately constant so that dy/dx s 0 and din S/dx is proportional 

to V^n. On the other hand, in gallbladder, S is approximately constant, 

dlnS/dx * 0, and it is dy/dx which is proportional to V±n· In either 

case, the changing cross-sectional area of the channel can be used for 

a direct calculation of the speed V^n of the water entering the channels· 

It is now instructive to look at the details of iso-osmotic trans­

porters, such as PCT and PST, and compare them to a hypertonic reabsorber 

as exemplified by the cortical thick ascending limb of Henle (TALH). In 

Figure 4 is plotted the log of the cell circumferences S in these seg­

ments versus the distance x as measured from cell apex to base· We see 

that in all cases In S increases faster than linear· Given that the 

lateral cell walls are deformable, these curves indicate that Vj_n in­

creases from cell apex to base· This brings us to a consideration of 

the forces causing water transport across these epithelia. The classical 
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ascending limb of Henle (TALH) plotted versus distance from 

cell apex to base. 

supposition has been that water movement is driven by an osmotic differ­

ence between the intra- and intercellular spaces, a difference supplied 

by the active transport of sodium into the intercellular channel. For 

iso-osmotic transporters this force must be very small (i.e. small os­

motic difference) so that the emerging fluid is just barely hypertonic 

and not distinguishable from isotonic by our current measuring techniques. 

The question is, how can this nearly isotonic driving force be accom­

plished. There are two possibilities: 

1) Active transport pumps might be localized upstream, near the 

apical end of the channel, so that the dilution of the hypertonic solu­

tion by transcellular water is practically complete by the time the 

fluid exists at the basal slit (the position taken by Diamond and 
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Bossert (6)), or 

2) Transport might take place evenly along the channel but so close 

to isotonicity as to escape detection. 

There are two compelling reasons for believing that the latter pos­

sibility is the correct one. First, the intercellular channel length is 

so short in the nephron (about 5 to 7.5 microns) that diffusing ions 

would distribute themselves evenly within the channel. In a 7.5 micron 

distance the diffusion front is more than an order of magnitude faster 

than the bulk flow speed as determined by the flow rate and the exit geo­

metry in these epithelia. This point has been made some years ago by 

Drs. Emile Boulpaep and Henry Sackin and by us. 

The second reason for accepting an evenly distributed, nearly iso-

tonic transport mechanism is that the measured lateral surface areas are 

very large in relation to volume. Therefore, with hydraulic conduc­

tivities in the physiologic range of erythrocytes, volume flows of the 

measured amounts can take place with only very small forces. In other 

words, with osmotic differences too close to isotonicity to be detected 

experimentally. Stated another way, a trickle of water driven by a small 

force over an immense area adds up to a large amount of flow. 

Now, if the active transport and associated forces are relatively 

uniform down the channel, we still need to explain the non-linear in­

crease in the log of the cell circumference as shown in Figure 4. We 

have asked, therefore, whether a force In addition to active transport 

might be responsible for isosmotic volume flow in these segments? We 

think the answer is yes and the force is provided by serum protein. 

It has been known for some time that serum protein in the bathing 

solutions has large effects on volume absorption in renal tubules (10). 

This effect could be due to the large surface areas which exist because 
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of the complicated foot processes at the base of the cells. That is, if 

protein can diffuse up stream, and there is evidence for that (11), then 

it can produce an osmotic effect across a very large area. If we specu­

late that the additional force is in fact due to protein diffusing from 

the bath we then can compute the hydraulic conductivity of the cell 

which would be necessary to inact this force. The answer comes out that 

the hydraulic conductivity needs to be only a little greater than in red 

cells to produce volume flow consistent with the cell circumference 

curves and the cell wall deformability considerations. Since the cell 

circumference curves are related to the standing diffusion for protein, 

the structure data can be used as/separate estimate on the fluid speed 

in the channel. Using this data, a comparison of convoluted, straight, 

and thick ascending limb segments bares out the relationship that if net 

transport in the convoluted segment is 1 nl/min/mm, then in the straight 

it is 1/2 and in the thick limb it is 1/10. 

The problems of ion transport across or between epithelial cells are 

more complex than those of water flow because of the variety of different 

mechanism available for the transport of ions in biological systems. To 

gain preliminary insight into the ion transport in nephron we recently 

have modeled the results of a series of experiments on collapsed renal 

tubules started some years ago by Drs. Jared Grantham and Mark Dellasaga 

(12) and continued more recently by Dr. Michael Linshaw (13). Their prep­

aration is such that when tubules are collapsed and are then made to swell 

in hypotonic medium, observed changes in tubule volume indicate water and 

ion movement across the basal-lateral surfaces of the cells. Information 

then is obtained for flows across one of the epithelial series membranes 

and the characteristics of half of the problem of transepithelial trans­

port can be ascertained. The usefulness of these findings depends, of 

course, on the tacit assumption that flow is conducted along similar 
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routes when the lumen is open and ordinary transcellular movement is 

taking place. If the tubules are exposed to a bath made hypotonic by 

a sudden reduction in NaCI, the cells swell in less than one minute 

to about 60% above their initial volume but then regulate to near 

their initial volume in less than 7 minutes. Curiously, if active 

transport pumps are incapacitated by ouabain, or if the basement mem­

brane is removed by collagenase, the cells do not regulate in hypo-

tonic medium until the bathing medium protein concentration is greatly 

increased. We have shown recently that these observations can be 

understood if the membrane through which water and ions are conducted 

is heteroporous, that is, if the membrane contains populations of 

pores having both high and low reflection coefficients for the permeable 

solutes. Thus, while water enters the cells driven by the osmotic pres­

sure due to permeable solutes across small highly reflective pores, it 

is drawn out of the cells across the low reflection large pores by hydro­

static and oncotic pressure. Ions then are entrained on the water streams 

through the low reflection pores and the cells can relieve themselves of 

an osmotic burden. 

Could this concept of a heteroporous membrane contribute to the solu­

tion of the iso-osmotic transport puzzle? Perhaps. It is obvious that 

if both small and large pores exist in the apical and basal-lateral mem­

branes, water might be entrained across the larger pores and transport, 

by definition, would be isosmotic. The problem is then, what is the 

driving force for the water across the larger pores? Certainly, if the 

cells are truly deformable, the effect of hydrostatic pressure on fluid 

movement across the tubule would be highly rectified and not very effici­

ent. This is confirmed by experiment. On the other hand, intracellular 

and extracellular impermeant solutes such as protein could be important 
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for driving water, particularly considering the large surface areas avail­

able in the proximal tubule. 

If one models the apical and basal-lateral membranes as heteroporous 

it is possible to compute the ion and water flows across the series mem­

branes by using known renal intracellular ionic concentrations. We have 

found recently that if the apical and basolateral membranes are as large 

as in the proximal tubule, calculations show that water and the passive 

anion chloride move at nearly the same rate. This indicates that the 

transport is nearly isosmotic. If the membranes are made more homoporous, 

that is, with less possibility for entrained ion flow, the need for a sep­

arate co-transport facility or paracellular leak for chloride is increased. 

What then is the effect of different apical and basal-lateral mem­

brane areas on the toniclty of the transported fluid? Remember first 

that in the convoluted and straight segments the apical and lateral 

surface areas are equal while in thick limb the lateral surface area is 

10 times larger than the apical and the total area is only about 1/3 

that in the convolute. Secondly, for the membrane areas to be important 

in osmotic transport, a certain degree of decoupling between ions and 

water is necessary. Therefore, to compare the iso-osmotic transporters 

such as proximal tubule to the hypertonic transporters such as thick 

limb, on the basis of membrane areas, we considered a constant co-trans­

port of chloride in these segments and asked whether the effects of the 

smaller apical and lateral areas in thick limb were sufficient to explain 

hypertonic transport in that segment. The answer was that the consequent 

computed ratio of chloride to water movement was about 3 to 1 and indi­

cates that the high resistance water route of the thick limb contributes 

significantly to the hypertonic transport in that segment. Obviously, 

other mechanisms such as increased co-transport in this segment could 
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also account for the hypertonicity of the absorbate but this simple 

analysis points out that cell structure is certainly disposed to support 

the tonicity of reabsorbate in the nephron. 

In conclusion, we believe that the peculiar cellular configurations 

and surface areas of the diverse segments of the nephron indicate signifi­

cant means to alter the tonicity of the transported solutions. Further­

more, iso-osmotic transport takes place when large water movement occurs 

through large membranes areas across which relatively modest osmotic 

gradients serve as driving forces. 
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1. Introduction and formulation 
This paper is concerned with the simplest form of stand­

ing gradient flow, essentially as originally proposed by 
Diamond and Bossert (1967). Two new points are brought out, 
that the flow is very sensitive to one of the boundary condi­
tions and that under certain circumstances the flow is unstable. 

Consider a straight channel of length L, cross-sectional 
area a and circumference c. Let x* measure distance along the 
channel, starting from its closed end x* = 0. Assume that 
solute is actively pumped across the channel walls at rate 
N*(x*). An internal solute concentration different from the 
fixed concentration C0 outside the tube induces water flow across the bounding membrane of permeability P. 

Mathematical formulation of the problem requires equations 
of solute and water balance for the velocity v* and the solute 
concentration C* as functions of x* and the time t*. We shall 
write the equations in terms of the following dimensionless 
variables: 

x* t* C* v* N* 
x = T' t = (ac0/cNo)' c = c^' v = S K ^ / S C ^ N - ίς· ( 1 · 1 } 

Here δ is a'typicar length and NQ is a typical solute pumping 
rate; these parameters will be specified later. The equations 
are 

C = 1 + ννχ, Ct = N - (vC-nCx)x, (1.2a,b) 
in terms of the dimensionless parameters 

N aCD 
v = —^y, η = —^-y. (1.3a,b,c) 

PC0
2 CN062 

Here D denotes solute diffusivity and subscripts x and t imply 
partial differentiation. 

71 



These equations are essentially identical with those 
employed by Diamond and Bossert (1967) except that the possibil­
ity of time variation has been taken into account. Diamond and 
Bossert (1967) assumed that the solute concentration at the 
open end (x*=L) was CQ. To be more accurate (as was pointed 
by Weinbaum and Goldgraben, 1972) one should match the concen­
tration at the open end with the concentration determined by 
solving a suitable problem for solute and water concentration 
in the lumen into which the tube in question empties. Much of 
the effect of this generalization can be seen by taking the 
boundary condition at the open end to be C* = C-, , where C. is 
to be regarded as a positive parameter. The other boundary 
conditions will be the traditional ones associated with a 
closed end at x* - 0. In dimensionless form, the boundary 
conditions are 

at x = 0: v = 0, C = 0 ; at x = λ: C = C-J/CQ. (1.4a,b,c) 

Here λ = L/δ . 
Diamond and Bossert (1967) assumed that active solute 

transport was confined to a region near the closed end of the 
tube, and modelled this by the assumption 

N*(x*) = NQ, 0 <_ x* <_ 6; N*(x*) = 0, δ < x* < L; 
i,e- (1.5) 

N(x) = 1 , 0 <_ x < 1; N(x) = 0 , 1 < x <_ λ. 
Segel(1970) observed that in almost all the numerical results of 
Diamond and Bossert (1967) the parameter v could be regarded as 
small, while η could be written in the form 

η = A 2/(VK 2)[SO K2 = cPC0L2/(aD)]f (1.6) 
and K could be assumed to be of order of magnitude unity. 
Perturbation methods (explained more fully in the chapter on 
standing gradient flow by Lin and Segel, 1974) could then be 
employed to obtain an approximate expression for a dimension-
less version of the emergent osmolarity Os, where 

o s _ os^ _ ( c v /*) _ i (11) 
U S CQ C0v*(L) ~ ν(λ)· U · ' ' 

A steady situation (3/3t = 0) was assumed. For the case 

C(X) = 1 (1.8) 
considered by Diamond and Bossert (1967), Segel (1970) obtained 
the approximate formula 

Os = - co^h K,, (1.9) 
cosh K-l' 
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after making the further assumption that λ was large. This 
formula was in excellent agreement with almost all of the numer­
ical results of Diamond and Bossert (1967), and has been used 
by several authors as a starting point for comparison of the 
Diamond-Bossert theory with experimental data. 

A major benefit that flows from the analysis of a simple 
model is the identification and interpretation of important 
dimensionless parameters. The qualitative role that these 
parameters play will often be retained when complicating 
effects are considered. 

In the present case, three dimensionless parameters govern 
the problem — λ, κ, and v. The first of these is obviously a 
measure of the extent to which active solute pumping is con­
fined to the closed end of the channel. The results show little 
sensitivity to λ — for example, quite similar graphs of emer­
gent osmolarity as a function of λ are obtained for λ = 2 and 
λ = oo (Segel, 1970) . 

To discern the meaning of κ, we write 

2 _ [ c ( C a ~ C 0 ) P L ] C 0 C b ' C 0 
K " a D l ( C b - c 0 ) / L ] ' C ^ · ( 1 · 1 0 ) 

Here C is a solute concentration chosen so that the square-a 
bracketed factor in the numerator is the rate of water flow 
into the channel across its boundaries. The concentration C, 
is selected so that the square-bracketed factor in the denom­
inator equals the solute gradient at the channel exit, thus 
insuring that aD times this bracket equals the diffusive flux 
(F,.„) of solute out of the channel. Since the rate at which 
water emerges from the channel equals the rate at which water 
permeates the channel walls, the convective efflux of solute 
(F* ) equals the product of the concentration C0 at the open 
end times the square-bracketed factor in the numerator of Eq. 
(1.10). Consequently 

K2 = -™™ φ, where φ = j £ ° (1.11) 
Fdiff a ° 

The factor φ in (1.11) is generally expected to be of magnitude 
unity. The interpretation of κ2 is thus given by 

K2 z F* /F*.«. (1.12) 
* conv' diff 

We remark that by its definition 
Os = (F* + F* «)/(F* ). (1.13) 

v conv diff ' v conv7 
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Comparing Eqs. (1.11) and (1.13) we infer that a rough approx­
imation to Os should be given by 

Os = 1 + φκ"2 (1.14) 
where φ is a factor that normally is of magnitude unity. As 
for the case κ^ small, then agreement with (1.14) is obtained 
is pointed out by Segel (1970) if Eq. (1.9) is approximated 
for the case κ2 small, then agree 
if φ = 2. For large κ , Os apprc 
(1.14). And indeed, the formula 

2 
if φ = 2. For large κ , Os approaches zero as indicated by 

Os = 1 + 2K""2 (1.15) 
2 

provides a rough match to Eq. (1.9) for all values of κ . For 
present purposes, this is important only as a check on the 
reasoning which led to the principal point we wish to make here, 
that the dimensionless parameter κ^ should be interpreted as 
describing the relative importance of solute convection and 
diffusion, in the form of the ratio of convective to diffusive 
emergent solute transport. 

In an attempt to provide a better interpretation than we 
have heretofore for v, we begin by asking what volume of water 
w must be added to an existing volume V to keep constant con­
centration, if an amount of solute m is added to the initial 
amount M. From (M + m)/(V + w) = M/V we find w = mV/M. If we 
consider a unit time, in the case under consideration 
M = aLC0, m = N0c6, V = aL, so an amount of water 

w = N0co/C0 (1.16) 
should be added per unit time to maintain a constant solute con­
centration in the face of solute pumping at rate Nn per unit 
area. On the other hand, the actual rate of water inflow is 
PcL(C - C n ) . The ratio of the two rates is a u 

No δ co _ ,, i i n 1 7 x — ? # r " c~=c— v ' λ # (c /c )-i* (I.!/) P C o a ° <S/V x 

The last two factors tend to cancel, so that v can be regarded 
as estimating the ratio between the water inflow rate required 
to keep solute concentration from building up and the actual 
inflow rate. Although this ratio seems small in physiological 
situations, there is some solute build-up because of spatial 
inhomogeneities. On the other hand, a small value of v explains 
the observation that the concentration of secreted fluid seems 
virtually independent of the rate of active transport. To sum­
marize 

2 convective solute flux ^iso-osmotic water inflow(well-stirrecQ 
"diffusive solute flux ' ~ actual water inflow 

74 



2. The effects of a slight change in the lumen solute concen­
tration 
We now wish to consider a generalization of the analytic 

results to the case wherein boundary condition (1.8) is 
replaced by 

C(X) = 1 + 3v, 3 a constant. (2.1) 
Since v is a small parameter and 3 is assumed to be of magni­
tude unity, the new problem differs only by a slight change in 
the imposed concentration at the open end of the tube. The 
calculations proceed as before with the assumptions 
C(x;v) = C(0)(x) + vC(1)(x) +..., v(x;v) = vQ(x) + vv1(x)+... 

(2.2a,b) 
The only difference is that the former boundary condition 
C(1)(λ) = 0 becomes 

C(1)(λ) = 3. (2.3) 
The results are 

C(0) E 1, C(1) = v<°> (2.4) 
v(0) = x - Κχ sinh(KX"1x) for 0 <_ ,x <_ 1; (2.5) 
v(0) = 1 - K2 coshK(l-X""1x)-(3XK"1)sinh κ(1-λ~1χ) 

for 1 < x <_ λ. 
As before, we assume for simplicity that λ is large. Then 

v λ cosh K-3 v _ 1-3 cosh κ-3λκ"" sinh κ ,0 ,. , λ Kl = K cosh K ' K2 cosh K ' (2.6a,b) 
and (1.9) is generalized to 

OS = ^ ί ϊ ^ . (2.7) 
(i-3)cosh κ-1+3λκ sinh κ 

Interpretation of this result is facilitated if we write it in 
the form 

Os = - = - i 1 n , (2.8) 
[OsfK)]"-1· + 3(XK"±tanh κ-1) 

where OS"(K) is the dimensionless osmolarity obtained in Eq. 
(1.9) when 3 = 0 (the "classical" result). For illustrative 
purposes, consider a situation in which measured permeabili­
ties are so small that κ has the value 0.1. From Eq. (1.9) 

OS(K) - (κ2/2)"1 = 200, 
so that the "classical" analysis would lead to an osmolarity 
that is an unacceptable two orders of magnitude larger than the 
ambient solute concentration. But if 3 * 5 and λ * 10, say, 
then Eq. (2.8) gives Os * 0.02, a drastically lower value. 
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And if v is small as assumed, this drastic change has been 
obtained merely by the small concentration alteration 
C* = CQ + C* = (l+5v)C0 at the open end. 

Putting the matter more generally, we have shown analyti­
cally that the flow modelled by Diamond and Bossert (19671 can 
change markedly if the concentration at the exit is altered 
slightly from CQ. This sensitivity has been previously noted 
in one form or another by Weinbaum and Goldgraben (1972), Huss 
et al (1976) , Andreoli and Schäfer (.1978) , and Weinstein and 
StepEenson (1979). What is novel here is the particularly sim­
ple context in which the result appears. 

One concludes that there is a certain inappropriateness in 
the controversy (see for example Hill, 1975, and Diamond, 1977) 
as to whether Eq. (1.9) is in accord with experiments. It 
appears that an almost immeasurable factor can have a strong 
quantitative effect, so that there is little point in a detailed 
comparison between experiments and the osmolarity predicted by 
the classical stand^na aradient model. The physical reason 
for the effect seems to be that with relatively large permea­
bility (v < < 1) a small increase in the exit concentration 
will draw in a large compensating water flow. 

3. Possible instability of absorbing standing gradient flow 
Let us now consider a general absorbing tubule in which 

N*(x*) is any negative function with (for definiteness in 
defining the dimensionless variables) a maximum magnitude NQ. 
Let us choose the length scale equal to L. We eliminate C 
by substituting Eq. (1.2a) into (1.2b). We then integrate with 
respect to x, with lower limit x = 0, and apply the boundary 
condition (1.4b) in the form v = 0 . The result is 

vv = νην - v - vvv + M; v(0) = 0, v (1) = 0,(3.1a,b,c) 
where 

M(x) = /x N(s)ds. (3.2) 
0 

Boundary condition (3.1c) follows from the classical form 
C = 1 of the original boundary condition (1.4c) . The equations 
of (3.1) thus constitute a rearranged version of the standard 
standing gradient flow problem. 

Let v(x) be a time independent solution of (3.1), so that 
νην - v - vvv + M = 0; v(0) = 0, v (1) = 0. (3.3a,b,c) 

The purpose of this section is to show that under certain con­
ditions v(x) is an unstable solution, in that small perturba­
tions from this solution will grow in the course of time. To 
show this we introduce the perturbation v1(x,t): 
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v(x,t) = v(x) + v1(x,t). (3.4) 
Upon substituting Eq. (3.4) into Eqs. (3.3) and deleting non­
linear terms on the assumption that vf is small, we obtain 

vv't = vr>v'xx - v1 - ν(ν,ν)χ. (3.5) 
Continuing the standard practices of linear stability theory we 
seek a solution of the form 

v' = u (x)exp(at),a a constant. (3.6) 
The equation for u is obtained by substituting Eq. (3.6) into 
Eq. (3.5). We simplify this equation by restricting ourselves 
to situations wherein v is large (situations of opposite 
character to those considered in the Segel (1970) analytic 
approximations). With this assumption we obtain 

uxx + (wu)x = °"u? u ( 0 ) = °' u x ( 1 ) = °' (3.7a,b,c) 
where we have made the definitions 

σ~ = σ/η, w(x) = - ν(χ)/η. (3.8a,b) 
The equations of (3.7) constitute an eigenvalue problem of 

a well-studied form. Nontrivial solutions u exist only for 
certain values of σ, a_nd these eigenvalues can be shown to be 
real numbers. Since σ is proportional to the growth rate σ of 
Eq. (3.6), small perturbations will grow exponentially in time 
if and only if there is a positive eigenvalue σ. Perturbations 
will decay exponentially if all the σ are_jiegative. We will 
now demonstrate that the "marginal" case σ = 0 that divides 
instability from stability^ is a possible eigenvalue for abroad 
class of steady solutions v(x). One would then conjecture that 
there is a class of modifications of v, obtainable by modifica­
tions of the integrated transport M(x), that would push the 
zero eigenvalue into the positive domain, and thereby would de­
stabilize the system. We will quote a theorem to this effect. 

Turning then to the marginal^ situation, we denote by r(x) 
the solution to Eqs. (3.7) when σ = 0. Elementary integration 
methods show that the solution to Eq. (3.7a) and boundary con­
dition (3.7b) is 

r = A exp[-/xw(C)d?]/xexp[/0w(C)dC]d0, (3.9) 
0 0 0 

for any constant A. Imposition of boundary condition (3.7c) 
leads to the result that a nontrivial solution (A/ 0) exists 
if the following "neutral stability" condition holds: 

w(l) ί1θχρ[-/1ν(ζ)άξ]άβ = 1. ( 3 . 1 0 ) 
0 Θ 

Note from Eq. (3.10) that a necessary condition for neutral 
stability is w(l) > 0. This means that in the steady solution 
the velocity v must be directed inwards at the mouth of the 
tube, a characteristic of absorbing flow. 

To show that Eq. (3.10) can be satisfied with a physically 
plausible choice of w(x), consider the possibility 
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w(x) = a tanh kx, (3.11) 
which is of the general form found by Diamond and Bossert (1968) 
in their study of absorbing flows. Substitution of Eq. (3.11) 
into Eq. (3.10) yields 
I(a,k) = 1, where I(a,k) = a tanh k J Γ c o s h k 3 <*Θ. (3.12) 

Table I gives values of I for several choices of the parameters 
a and k. 
Table 1. Values of the integral I for various, values of the 

parameters k and a defined in Eq. (3.11). 

a 

0 . 2 

1 

5 

0 . 2 

1 

5 

0 . 2 

1 

5 

10 

20 

1 40 

k 

1 

2 

5 

I 

0 . 1 4 

0 . 5 8 

1 . 1 8 

0 . 1 8 

0 . 6 5 

1 . 0 8 

0 . 1 8 

0 . 6 4 

1 . 0 1 

1 . 1 2 

1 . 7 1 

3 . 3 3 

a 

1 

5 

10 

1 

10 

k 

10 

20 

I 

0 . 6 3 

1 . 0 1 

1 . 1 2 

0 . 6 3 

1 . 1 2 

It is clear that the neutral stability condition (3.11) can be 
satisfied by reasonable choices of the parameters. 

We have shown that the marginal state can be attained for 
a broad class of functions w and hence for a corresponding 
class of transport functions M or N. We now indicate briefly 
how to conclude the existence of truly unstable flow. To 
this end it is helpful to introduce the change of variable 
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u = y exp[~ fX \ν(ξ) άζ] (3.13) 
z 0 

with which Eqs. (3.7) take the standard form 
Yxx + φ*χ " Jw2)Y = oy; y(0) = 0, y (1) - ±w(l)y(l) = 0. 

(3.14) 
Having demonstrated that there exists a nontrivial solution of 
Eqs. (3.14) with σ = 0, we conclude that if w(x) is replaced by 
a different function W(x) then there are nontrivial solutions 
to Eqs. (3.14) with positive σ, provided that 

wx " k*2 > Wx " ¥*2' w(1) > W(1)e 
This result follows from comparison theorems for ordinary 
differential equations: see in particular Birkhoff and Rota 
(1969), Chapter 10, Section 8. 

The physical reason for the possible instability is not 
difficult to discern. Consider an imaginary slice of fluid 
bounded by the tubule walls and two parallel faces. In an 
absorbing tubule under steady-state conditions, convection into 
the slice is greater than convection out — with solute accum­
ulation being prevented by outward transport through the later­
al walls. If a perturbation should result in a cloud of 
concentration increase, convection tends to concentrate the 
solute further, but this tendency toward instability will tri­
umph only if it outweighs the contrary effects of diffusion. 
In a secreting tubule, on the other hand, less solute enters 
through one face than leaves through the opposite face; here 
convection and diffusion both act to disperse solute increases, 
so that instability is impossible. 

The general argument just given shows that instability 
probably occurs generally in absorbing tubules for sufficiently 
small diffusivities, even though our demonstration has been 
carried out under the assumption that v is large. (Such an 
assumption is not physiologically unreasonable. The data on 
parameters collected by Diamond and Bossert (1967) for example, 
permits a value of v as high as 100.) 

To conclude, calculations backed up by physical reasoning 
suggest that small perturbations could destabilize the standard 
standing gradient flow in situations where solute diffusivity 
is small and velocity variation is rapid. Determination of the 
ultimate form of the solution must be left to future work, but 
one can at least suggest that it might be worth looking for 
unusual features in strongly absorbing channels. 
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INTRODUCTION 
Structural parameters are important in most models of epithelial fluid 
transport. The structural parameters may concern general characteristics 
of the epithelia, such as the organization of intracellular structures, 
intercellular junctions and sub-epithelial compartments, or they may relate 
to quantitative characteristics e.g. of surface areas of epithelial cells 
and dimensions of transport pathways. 
The aim of this presentation is to relate some recent ultrastructural ob­
servations on kidney epithelia to models and mechanisms proposed for iso-
osmotic epithelial transport. Emphasis is placed on quantitative informa­
tion derived from stereological analysis and the interpretation of qualita­
tive observations. 
ULTRASTRUCTURE AND DIMENSIONS OF THE LATERAL INTERCELLULAR SPACE 
On the basis of electrophysiological studies Boulpaep (1971) demonstrated 
the existence of a paracellular pathway in the renal proximal tubule. There 
is now much evidence that the paracellular pathway or shunt plays an impor­
tant role in epithelial salt and fluid transport. At the ultrastructural 
level the paracellular pathway consists of the tight junction and the la­
teral intercellular space (LIS). In several models of epithelial salt and 
fluid transport the structural parameters of the lateral intercellular 
space are important (Diamond and Bossert, 1967; Sackin and Boulpaep, 1975; 
Welling et al., .1978). To provide a basis for further correlations between 
the structure and the function of the lateral intercellular space in a phy­
siologically well-characterized epithelium, an ultrastructural study was 
carried out on the Necturus proximal tubule using serial sectioning and 
stereological analysis (Maunsbach and Boulpaep, 1980a, 1980b). 
The three-dimensional organisation of the lateral intercellular space of 
the Necturus proximal tubule and, in particular, the lateral cell membrane, 
was analysed by serial sectioning. The ultrathin sections (average section 
thickness 350 A) were cut at right angle to the axis of proximal tubules 
from control animals. Analysis of the serial sections revealed that the 
cell membrane projections observed in single sections were true folds of 
the cell membranes and rarely finger-like projections (Maunsbach and Boul­
paep, 1980b). The folds were usually oriented parallel to the basement mem-
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brane in contrast to most folds of mammalian proximal tubule cells (Mauns­
bach, 1973). Folds from adjacent Necturus cells often interdigitated exten­
sively and therefore increased the path depth (luminal-peritubular depth) 
of the paracellular shunt. However, when the lateral intercellular spaces 
were dilated the folds did not interdigitate and the path depth became 
shorter. Thus, the width of the LIS in the Necturus proximal tubule in­
fluenced the path depth of the LIS. 
Serial sectioning also showed that the regions of LIS with interdigitating 
cell membranes and long LIS path depth were located adjacent to regions 
where there were no or few folds and where the path depth was short. The 
latter regions therefore served as luminal-peritubular channels or shunts 
within the lateral intercellular space. This heterogeneity in interspace 
geometry complicates the development of detailed models describing the 
transport properties of the interspace. 
The stereological analysis was carried out on complete cross-sections of 
Necturus proximal tubules which were oriented with their axis perpendicular 
to the section (Maunsbach and Boulpaep, 1980a). The areas of the cell mem­
branes and the dimensions of the lateral intercellular space were analysed 
in free-flow tubules and in tubules with experimentally increased or de­
creased intraluminal pressures. The surface densities of the cell surfaces 
were determined stereologically and used to calculate the absolute cell 
surfaces/mm length of tubule. The surface density of the luminal cell sur­
face (excluding the microvilli) and of the basal cell surface, both of 
which were assumed to be oriented perpendicular to the section, was deter­
mined from S = γ · N.j/Ly, where N. is the number of intersections between 
the surface and the test lines and L-r is the total length of the test lines. 
Randomly oriented surfaces (lateral intercellular spaces in complete tubu­
lar cross-sections) were determined using the formula S = 2 · N^/Lj. The 
brush border surface area was calculated from the density of microvilli on 
the luminal cell surface (N , in microvilli/ym2) and the length and diame­
ter of the microvilli. The aensity of microvilli was determined from the 
formula N = N,/(m+t) where N. is the number of microvilli projecting from 
a measured length of luminal cell surface, m the diameter of the micro­
villi and t the section thickness (Gundersen, personal communication). 
Table 1. Cell membrane areas in Necturus proximal tubule 

Luminal cell surface 
Excluding microvilli 
Including microvilli 

Lateral cell surface 
Basal cell surface 

10€ ;ym2/mm tubule 
0.207 
3.81 
2.00 
0.340 

ratio 
1 

18.4 
9.7 
1.6 

The absolute and relative areas of the cell surfaces of Necturus proximal 
tubule cells in control animals are shown in Table 1. The area of the lumi­
nal cell surface, including the microvilli, is somewhat larger than the 
combined area of the lateral and peri tubular cell membrane and the area of 
the lateral cell membrane facing the lateral intercellular space is much 
greater than the area of the peri tubular (basal) cell surface. In the rab­
bit proximal tubule the luminal surface and the baso-lateral cell surfaces 
are equal in area (Welling and Welling, 1975). The microvilli enlarged the 
luminal cell surface of Necturus cells by a factor of about 18 which is 
less than half the enlargement caused by the microvilli in the first con­
voluted segment (SI) of the rat proximal tubule (Maunsbach, 1973). 
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The dimensions of the lateral intercellular space were calculated from the 
volume of the lateral intercellular space and the length of the tight junc­
tion and the peritubular opening of the interspace. The path depth of the 
lateral intercellular space (d) was calculated both for the condition when 
the path is assumed to follow all the folds of the lateral cell membranes 
and for the condition when the pathway does not follow the small folds of 
the membrane, such as when the lateral intercellular spaces are dilated. 
When the path depth of LIS is maximal the width (w) is at its minimum value 
and at the minimum path depth the width of the lateral intercellular space 
is maximal (Table 2). Since the lateral cell membranes in free-flow control 
tubules were only in part parallel the values for path depth and intercel­
lular space width in control tubules fall between the maximum and minimum 
values. 
Table 2. Dimensions of paracellular pathway in Necturus proximal tubule 

Tight junction length, mm/mm tubule length 19.2 
Peritubular length of LIS, mm/mm tubule length 33.5 
Volume density of LIS, 10"2ym3/ym3 2.78 
Path depth of LIS (d), min.-max. in ym 23.2-41.2 
Width of LIS (w), min.-max. in nm 178-300 

The minimum path depth of the lateral intercellular space (23.2 y) is only 
slightly longer than the height of the cell (19.5 y) and even the maximum 
path depth (41.2 y), which assumes complete interdigitation of all lateral 
folds of the cell membrane is only about twice the cell height (Table 2). 
The expression d2/(w/2) (or d2/r for a cylindrical channel with radius r 
and channel length d), which includes the structural parameters that de­
termine the emerging concentration of the absorbate in the standing gra­
dient theory (Segel, 1970), shows minimum-maximum values of 3.6-19.1 mm 
with the observed dimensions of the lateral intercellular space in free­
flow tubules of control animals. However, these values are more than one 
or two orders of magnitude lower than the value of 500 mm calculated by 
Hill (1975) as a minimum value for iso-osmotic transport according to the 
standing gradient theory. Thus, the present quantitative observations are 
not compatible with iso-osmotic transport according to the standing gra­
dient theory in the Necturus proximal tubule. 
The circumference of the proximal tubule cells at the level of the basement 
membrane is approximately 1.7 times the circumference at the level of the 
tight junction (peritubular length of LIS/length of tight junction, Table 
2). In comparison, the circumference of the proximal tubule cell of the 
rabbit kidney increased by a factor of 15.7 from a zone adjacent to the 
tight junction to the zone close to the peritubular basement membrane 
(Welling and Welling, 1976). In the rabbit proximal tubule it has been sug­
gested that the forces required for water flow in the lateral intercellular 
space show a relationship to the cell shape, in particular the circumfer­
ence of the cell at each distance from the tight junction (Welling et al., 
1978). It is not known whether a similar relationship exists in the Nectu­
rus tubule, but the present observation of only a small increase in cell 
circumference from cell apex to cell base in Necturus is compatible with 
this possibility since the rate of fluid absorption in the proximal tubule 
is considerably lower in Necturus than in the rat. 
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Fig. 1. Localisation of glucose-6-phosphatase activity in the paramembra-
nous endoplasmic reticulum (PER) of rat proximal tubule. The PER is located 
close to the lateral cell membranes (horizontal arrows) and the luminal 
cell membranes (vertical arrows). Bar, 0.5 ym. Fig. 2. Localisation of 
glucose-6-phosphatase in PER adjacent to the peritubular cell membrane of 
rat proximal tubule cell (arrows). BM, basement membrane. Bar,0.5 ym. 
THE PARAMEMBRANOUS ENDOPLASMIC RETICULUM (PER) - A TRANSCELLULAR PATHWAY? 
In 1964 Ericsson showed that part of the endoplasmic reticulum in rat prox­
imal tubule cells is located close to the lateral cell membrane and sug­
gested that this part of the endoplasmic reticulum, which he called the 
paramembranous tubular system, might be involved in transport functions in 
these cells (Ericsson, 1964). The system has since been further studied by 
means of different ultrastructural methods (Jacobsen and Jorgensen, 1973; 
Mollgärd and Rostgaard, 1978; Rostgaard amd Mollgärd, 1980). It consists of 
anastomosing tubules and flattened cisternae located close to the apical 
cell surface and the lateral and basal cell membranes. It has been referred 
to as the tubulo-cistornal endoplasmic reticulum (TER) and speculative 
terms such as transport-functioning ER or transcellular ER have been dis­
cussed (see Mollgärd and Rostgaard, 1978). We prefer the term paramembra­
nous ER (PER), since it is a neutral term emphasizing the close relation-
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Fig. 3. Paramembranous endoplasmic reticulum (PER) located close to the 
lateral cell membranes of proximal tubule cells in the rat kidney (vertical 
arrows). There is no contact between the PER and the. lateral cell membranes. 
In places an electron dense material forms a layer in between the PER and 
the lateral cell membrane (horizontal arrow). E, endocytic vacuole; TJ, 
tight junction; MV, microvilli. Bar, 0.1 ym. 
ship of the system to the cell membrane and that it is part of the endo­
plasmic reticulum. 
It is a crucial question in epithelial physiology whether or not there are 
also transcellular (transepithelial) channels through epithelia, in addi­
tion to the paracellular pathway. Such channels could be expected to drama­
tically influence the functional properties of an epithelium and would have 
to be included in models of iso-osmotic epithelial transport. Since the PER 
system is located close to both the luminal cell membrane end the baso-la-
teral cell membrane, and apparently forms a continuous system within the 
proximal tubule cells, it is necessary to critically examine the possibili­
ty that it forms transepithelial channels. We have therefore examined the 
proximal tubule cells of the rat kidney in ultrathin section by high reso­
lution electron microscopy and determined the ultrastructural localisation 
of glucose-6-phosphatase and Na,K-ATPase, cytochemical markers of the endo­
plasmic reticulum (Ericsson and Jakobsson, 1968) and the baso-lateral mem­
brane, respectively. 
Glucose-6-phosphatase was located by the method of Teutsch (1978) and ob­
served in the PER system as well as the other parts of the endoplasmic re­
ticulum (Figs. 1 and 2). Enzyme positive components were observed close to 
the luminal (Fig. 1) as well as the peritubular cell membranes (Fig. 2). 
The lateral cell membranes were often followed by components of PER that 
were glucose-6-phosphatase positive. This enzyme activity, however, was 
never observed in the baso-lateral cell membrane. Na,K-ATPase, located 
through its potassium-stimulated p-nitrophenylphosphatase activity by the 
one-step procedure of Mayahara et al. (1980), was located in the baso-la­
teral cell membrane, but was never associated with the PER system or other 
cytoplasmic membranes. These cytochemical observations do not provide evi­
dence for a continuity between the cell membrane and the membranes of the 
PER. Furthermore, careful study of ultrathin sections of proximal tubule 
cells, following glutaraldehyde and/or osmium tetroxide fixation and dif-
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ferent combinations of en bloc staining and section staining with uranyl 
acetate and lead citrate, showed that the lateral cell membrane was not in 
direct continuity or contact with the PER system (Fig. 3). 
It is noteworthy that a variety of tracers, demonstrable by electron micro­
scopy have been used to locate transport pathways in the proximal tubular 
epithelium, both from the luminal and the peritubular side. However, in no 
case have tracers been observed in a location corresponding to the PER. 
Microperoxidase (mol. wt. about 1700) was also excluded from this system 
(Horster and Larsson, 1976). It is concluded that there is presently no 
ultrastructural evidence in proximal tubule cells, where the PER system has 
been most extensively investigated, that the paramembranous endoplasmic re-
ticulum forms transcellular (transepithelial) channels. 
SUB-EPITHELIAL TRANSPORT BARRIERS 
The iso-osmotic transport pathway in the proximal tubule extends from the 
tubule lumen to the peritubular capillary. As a consequence the pathway is 
in part intraepithelial and in part subepithelial. Sackin and Boulpaep 
(1975) included subepithelial compartments and barriers in their model of 
iso-osmotic transport. However, in many models of iso-osmotic transport in 
kidney or other epithelia the subepithelial part of the pathway has been 
neglected even though it may include large subepithelial compartments with 
complex barriers. 
The necessity of considering subepithelial structures and compartments when 
analysing transport pathways through epithelia was recently stressed by Pe-
dersen et al. (1978, 1980), who quantitatively studied the relationship be­
tween tubules and peritubular capillaries in the rat renal cortex. The 
peritubular cortical interstitium was divided into the narrow interstitium, 
which is located where the capillary wall is in immediate contact with the 
peritubular surface, and the wide interstitium, which contains the inter­
stitial cells (Fig. 4). The narrow interstitium primarily contains the tu­
bular and capillary basement membranes and represents 0.7% of the volume of 
the renal cortex (Pedersen et al., 1980). The wide interstitium corresponds 
to 6.0% of the cortical volume and the interstitial cells constitute almost 
half of that volume. The peritubular surface of the proximal tubule is to 
a larger extent in contact with the wide interstitium (57.5%) than it is 
with the narrow interstitium (42.4%). The total thickness of the narrow 
interstitium, from the peritubular cell membranes to the capillary endo-
thelium, is somewhat variable, but in many regions less than 2000 Ä. How­
ever, the distance between the peritubular capillary and many regions on 
the peritubular surface in. the wide interstitium may be up to several ym. 
Thus, the transport pathways through the interstitium vary considerably 
with respect to length (Fig. 4). The ultrastructure of the capillary wall 
varies also in relation to the narrow and the wide interstitium. Not only 
does a major part (59.6%) of the capillary surface face the narrow inter­
stitium around proximal tubules, but 67.9% of the surface is characterized 
by endothelial fenestrae. In contrast, a minor part of the capillary sur­
face, which faces the wide interstitium, has fenestrae within only 37.1% 
of its area. 
These ultrastructural observations on the peritubular interstitium in the 
rat kidney suggest the existence of at least two pathways between the tu­
bule lumen and the peritubular capillaries: a short pathway passing through 
the narrow interstitium and a richly fenestrated endothelium and a long 
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Fig. 4. Schematic drawing of the peritubular interstitium based on the 
ultrastructural observations by Pedersen, Persson and Maunsbach (1980). Tu­
bules (T) and capillaries (C) are separated either by the wide interstitium 
(dotted) or the narrow interstitium. The arrows mark possible pathways 
through the narrow (PI) and the wide interstitium (P2). 
pathway passing through the wide interstitium and a less fenestrated endo-
thelium (Fig. 4). Since the content of the narrow interstitium may be more 
readily exchanged than that of the wide interstitium it is suggested that 
the two compartments have different roles in the mechanism and regulation 
of tubular salt and fluid transport. 
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1. INTRODUCTION 

The purpose of this paper is to describe briefly some recent develop­
ments in the theory of solute and water transport in intercellular spaces. 
There is strongly physiological evidence that there are relatively large 
water velocities in the intercellular spaces. It is generally believed 
that these large flows are driven by the osmotic gradients which are 
generated when Sodium is actively pumped into the intercellular spaces, the 
Chloride ions following passively. In many physiological situations the 
water velocities are so slow that diffusion of solute dominates the 
convection of solute in the bulk of the fluid. However when the flow is 
confined to a long narrow channel much larger velocities can be generated 
which convect a significant amount of solute and so have physiological 
significance. 

The problem of coupling of water and solute in an intercellular space 
is an interesting one for the theoretician because it appears that the same 
basic mechanism could be important in a wide variety of physiological 
situations where the membrane parameters and geometrical dimensions differ 
by orders of magnitude. In such situations the dimensionless parameters 
which determine the nature of the solution are of particular significance 
for it is then possible to determine rapidly the relative importance of 
convection and diffusion, say, by evaluating a single dimensionless 
parameter. The equations which govern the flow are non-linear ordinary 
differential equations. These can be solved numerically in any given case, 
but the significance of the results so obtained is not always evident. 
This is especially true when speculative values of the membrane parameters 
are used in the calculation. Under such circumstances an approximate 
analytical solution, provided it is not too complicated, could be of more 
value than a mass of computation. 

The task then is to seek approximate analytical solutions of the 
governing equations in dimensionless form. The most widely used approx­
imation is.called the quasi-isotonic convection approximation (Segal 1970). 
It is known that in many situations the solute concentration in the cell, 
the intercellular space and the capillary differ from one another by less 
than ten percent. This must often be the case since otherwise large 
osmotic forces would operate to reduce the concentration differences. The 
quasi-isotonic convection approximation in its simplest form states that we 
can put c = cc everywhere in the equations except where concentration 
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differences multiplied by permeability or diffusion coefficients occur, 
where cc is the mean concentration usually taken as the cell concentration. 
In practice c often differs from cc by less than about ten percent, so that 
this can be a good approximation. The effect of this approximation is to 
make the governing equations and boundary conditions linear so that they 
can be solved analytically. This linearization also has another benefit 
because the various forcing effects such as active transport, oncotic 
pressure gradients or applied hydrostatic pressure gradients are then 
uncoupled and may be treated separately. Their combined effect can be 
found by simple addition. 

Some of these ideas are illustrated in section 2 by some special cases. 
However the model can be made more realistic, and more complicated. 

2. THE GOVERNING EQUATIONS 

Consider one dimensional flow of a single electrically neutral solute 
through an intercellular channel of constant width W^ and length L (see 
Fig.l). Let the tight junction be situated at x = 0, and the basement 
membrane at x = L, and let v(x) and c(x) be the mean velocity and concen­
tration respectively at station x. Then the conservation equation for water 
and solute may be written in the form 

dv 
dx 

4LPRT 
W. 
1 

-(c(x)-■cc) (1) 

d , _dcv —(cv-Eh—) = dx dx 

Tight 
Junction 

rf-(2o)PRT(c -c(x))+N n(x/L)) W. s c 
1 

(2) 

NaCl 

i 
HoO NaCl 

u i Basement 
| Membrane 

4— intercellular space -~y\ 

NaCl 
n 
H20 

T 
NaCl 

Fig.l. Diagramatic representation of water and solute 
flow in an intercellular space. 

3 In these equations cc is the cell concentration, Lp and ω8 
ility and diffusion coefficient of the lateral membrane respectively, N is 
a constant which gives the magnitude of the solute transport per unit area 
across the lateral membrane,, D is the constant diffusion coefficient, R is 
the gas constant and T is the absolute temperature. We have also assumed 
that the reflection coefficient σ| s 1. The function n(x/L) describes the 
variation of active transport along the space. 

As the flow is very slow, there is a close balance between the pressure 
gradient force driving the flow down the intercellular space and the 
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retarding viscous force so that there is Poiseuille flow. In this two 
dimensional situation it may be shown that 

d£ _ -12η 
dx " w2 v(x) (3) 

where p(x) is the pressure at station x and η is the coefficient of 
viscosity. 

Equations (l)-(3) are three coupled non-linear differential equations 
for the three unknown functions v^xj, c(x; and p(x). The non-linearity 
arises in Eq(2) because of the product cv. As discussed in the introduction, 
this linear term may be approximated by ccv where cc is the cell concen­
tration. It would of course be incorrect to put c(x) = cc in Eq(l) since 
it is the small concentration difference multiplied by a large permeability 
which is driving the flow. It will be seen later that this key approxim­
ation is valid if 

ε 5 - s — « 1 (4) 
2c2d2LPRT c p 

ß ß where d = l+u)s/ccL . In the case of Necturus ε - 0.1 and the analytical 
approximations obtained agree well with the exact numerical results obtained 
by Boulpaep and Sackin (1975). It should be noted here that the value of 
ε is independent if the geometry of the intercellular space and depends 
only upon the size of the active transport and the properties of the 
lateral membrane. 

In order to solve Eqs(l)-(3) we need to specify boundary conditions at 
x β 0,L. In the standing gradient model (Bossert and Diamond (1967)) it 
was assumed that c = c at x = L. However for the values of the parameters 
which are now thought to be realistic, (Hill, 1975)^ the application of this 
boundary condition leads to an emergent osmolarity cem greatly in excess of 
c„, where 

L dxJ x= 
Cem " v(L) (5) 

The reason is that the diffusion term in Eq(5) is then comparable to the 
convective term. This was not the case for the parameters chosen by 
Bossert and Diamond (1967). A different boundary condition was employed by 
Boulpaep and Sackin (1975). They used a simple model of a capillary, and 
in effect chose c = cc in the capillary, a more realistic assumption. How­
ever it was shown in King-Hele (1979) that for their model the emergent 
fluid was isotonic to order ε. Assuming that there is no significant water 
or solute flux through the back of the cell, the emergent osmolarity of the 
fluid entering the capillary must be equal to the emergent osmolarity of 
the fluid crossing the basement membrane x - L. Hence in seeking approx­
imate solutions of the equations using the isotonic convection approximation, 
which involves an error of order ε, it is sufficient to assume that, with 
the same error, the emergent fluid at x = L is isotonic to the cell 
concentration. The advantage of applying this boundary condition at x = L 
is that we do not have to model the capillaries or the basement membrane. 
This condition is, from Eq(5), 
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D ^ = (c(L)-c )v(L) at x = L (6) 
dx c 

We shall also assume that the pressure is given at x = L i.e. 

p = p(L) at x = L. (7) 
We shall treat the tight junction x = 0 as a semi-permeable membrane of 

width Wt, permeability L , reflection coefficient Og and diffusion coeff­
icient ωα. Then the fluxes of water and solute across the tight junction 
are 

W,J (o) = W La[p -p(o)-2aaRT(c -c(o))] (8) 
t v t p *- o s o ** 

WtJs(o) - Wt[2^RT(co-c(o)) + i(co+c(o))(l-o^)Lj(po-p(o))l (9) 

where p0 and cQ are the given pressure and concentration in the tubule and 
p(o) and c(o) are the pressure and concentration in the intercellular space 
at x = 0 respectively. We have defined here an 'effective1 diffusion 
coefficient ωα by 

s J a 
σ 

ωα = ωα - -~-(l-oa)(c +c(o)) (10) 
s s l s o 

It should be noted that ω^ can be positive or negative unlike ω which 
is always positive. This is because ω^ incorporates in it some effect of 
convection through the tight junction due to osmotic effects which act in 
the opposite direction to pure diffusion. Now the flux of water and solute 
is continuous at the tight junction and hence 

W J (o) = W.v(o) (11) 

W J (o) = W. 
t S 1 

( 1 2 ) 

These conditions, together with Eqs(8)-(10) determine sufficient boundary 
conditions at x = 0. 

It is convenient now to write the equations and boundary conditions in 
dimensionless terms. We define a non-dimensional length y and velocity 
U(y) by 

y = x/L, U(y) = (dW.c /2NL)v(x) (13) 
ß ß 

where d = l+u>s/ccL . We also define a dimensionless concentration differ­
ence C(y) and pressure difference P(y) by 

C(y) = (2dL3RTc /N)(c(x)-c ) (14) 
p c c 

P(y) = (dW^cc/24nL2N)(p(x)-p(L)) (15) 

It should be explained here that the scale of the velocity chosen above was 
determined by balancing the active transport term with the convective term 
in Eq(l), taking into account the back diffusion term. Hence provided the 
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term Ddc/dx in Eq(l) is of a similar magnitude the dimensionless velocity 
U(y) will be order unity, as will C(y) and P(y). Using Eqs(13)-(15), Eqs 
(l)-(3) become 

f - c 
jL(u(1+eC) - i g> - n(y) (17) 

g " -U (18) 
where the important dimensionless parameters k and ε are given by 

ft 2 4LPRTc dL 
DWi 2c2d2L3RT 

c p 
It can be seen from Eq(17) that k2 is a measure of the ratio of the convec­
tion of solute (allowing for the effect of back diffusion) to diffusion of 
solute in the x-direction. When convection dominates k2 >> 1, and when 
diffusion dominates k2 << 1. For Necturus k2 is of order unity, but for 
the Bossert and Diamond (1967) parameters k2 >> 1. It can be seen that the 
value of k2 is most sensitive to the value of L, although at present there 
is most controversy about the value of IT. 

Before writing down the boundary conditions at x = 0, L in dimensionless 
form we shall make the simplifying assumption that osmotic forces dominate 
the pressure gradient forces in the tight junction i.e. from Eq(8) 

[po-p(o)] « [2a^RT(co-c(o))] (20) 

This assumption can be justified a'postiori for Necturus. The effect of 
this assumption is to remove the coupling between the pressure given by 
Eq(18) and the remaining Eqs(16)-(17). The velocity and concentration 
equations can be solved first, and the pressure field determined afterwards. 

Using Eq(20), the boundary conditions given by Eqs(6)-(12) can be 
written in the dimensionless form 

^ = £k2UC, P - 0, at y - 1 (21) 
dy 
C = aU-AC, eUC - \ — = -bU at y = 0 (22) 

kz dy 
where the dimensionless constants a, b and AC are given by 

2L3L , ωα 2L3RTc d(c -c ) 
~ . b = 4 ( l + — 1 - > , AC- P \ C ° (23) a a_- ' d a_a * N LaVi # e c a L p s t ··..·* c s p 

We note that AC is a dimensionless form of the concentration difference 
between the cell and the tubule. The parameter a is a measure of the 
influence of the tight junction on the water flow in the intercellular 
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space. Its value is determined by properties of the tight junction and 
lateral membrane. If for example the tight junction is almost closed i.e. 
Wt or L^ are 'smallv, then the parameter a is large. The parameter b is a 
measure of the diffusion and convection of solute through the tight 
junction and its value depends upon the properties of the tight junction 
alone. If bd > 1 i.e. ω§ > 0 there is a net flux of solute through the 
tight junction from the intercellular space. 

It may now easily be seen that the non-linear terms which arise in 
Eq(17), and in the boundary condition Eqs(21)-(22) are all proportional to 
ε defined in Eq(19). Hence if ε is small the equations are approximately 
linear. It can also be seen from Eq(14) which can be written in the form 

c(x)-c = edc C(y) (24) 
c c 

that if ε is small c(x) is close to cc provided d and C(y) are of order 
unity. Successively better approximations to the equations and boundary 
conditions can be obtained by assuming that U(y), C(y) and P(y) can be 
expanded as power series in ε with coefficients which are functions of y. 
These better approximations are easily obtained for the case when the tight 
junction is closed and n(y) = 1, but are algebraically complicated in the 
general case. For this reason we shall only give the more accurate 
approximation for the former case. 

To illustrate the theory we shall use some data for Necturus given by 
Boulpaep and Sackin (1975). We take L = 2.5><10"3 cm, W^ = 5xlO'6 cm, 
Wt - 2.5xl0"7 cm, cc = lOOmM, jl = 2.8xlCr10 cm s_1(cm H 2 0) _ 1 , 
L°j - 6.1X1CT6 cm s-'l(cmH20)"1,RT - 2.5x1ο1* (cm H20)cm3mmol-1, D - 1.5xlO"5 
cm2s"1, ω^ = 3x10"n cm s^mmolcnr^cmt^or1, ω® = A.6xlO"7cm s-1mmol cm"3 
(cm H20), N = 4xl0"8 mmol ernes'1, η = 10'"5(cm H20)s-1. Then 

ε = 0.06, k = 0.70, a = 1.31, b = 0.86. 

The mathematical methods used in solving these equations are straight­
forward, and the details will not be given here. We shall now consider 
some special cases. 

Case 1. Tight Junction Closed. Uniform Active Transport in 0 < x < L 
(n(y) = 1) 

In this case we solve Eqs(16)-(18) with the boundary conditions Eq(21) 
and 

U = ̂  = 0 at y = 0 (25) 

These latter conditions may be derived formally from Eqs(22) by letting 
Wt ■*- 0 i.e. a -*- °°. The relevant approximate solution is 

"W ■ y * «S£? - y) (26) 
C(y) = x + e(l^Ä - 1} (27) 

P(y) = H I V ) - i [cosh
s^hTShk + 1 ^ ™ 
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Hence if ε = 0.06 the error is about 0.36 percent. 
The dimensional quantities v(x), c(x) and p(x) can now be obtained by 
substituting for U(y), C(y) and P(y) into Eqs(13)-(15). Using the numerical 
data given earlier, we find that the dimensional form of Eqs(26)-(28) is 
using Eqs(13)-(15), 

v(x) = 1 .93x10^ 

c(x) = 112 - 0.06 

^+0.06(1.32sinh^X- - f^cms" 1 (29) -f>I 
shirJ 0 . 9 2 c o s h ^ m M (30) 

p(x) = p(L) + 1 . 0 9 ( 1 - ^ j ) - 0.11 cosh^~ - coshk] cm H20 (31) 

Notice that for these values of the parameters the pressure difference 
between the tight junction and the basement membrane is 

p(o)-p(L) = 1.12 cm H20. (32) 

This is the pressure difference required to drive fluid down the inter­
cellular space against the effect of viscosity. It is worth noting here 
that the magnitude of this pressure difference is particularly sensitive to 
W£ and L since from Eq(15), the scale of the pressure difference is 
proportional to L2/W£. Thus if for example W^ is reduced by a factor of two 
there will have to be an eight-fold increase in the pressure difference 
p(o)-p(L). This sensitive dependence on W^ comes partly from the effect of 
a reduction of W^ on the viscous stress and partly from the fact that if W^ 
is reduced the velocity of the flow must increase. 

Case 2. Tight Junction Closed: Active Transport limited to 0 < x < yL 

In this case we assume that the same total transport is uniformly 
distributed over the interval 0 < x < yL. Then the distribution function 
introduced in Eq(2) is 

( 1/γ, 0 < y < γ 
n(y) =< (33) 

L 0 γ < y < 1 

For 0 < y < γ the so lut ion, with an error of order ε, i s 

u i v ) = Z - s i n h k ( l - Y ) s i n h k y ( 3 4 ) 
U^y ; γ yks inhk K**' 
r , v s 1 s inhk( l -y )coshky r w 
L V y ; γ " y s i n h k K D) 

P(y) = Ρ(Ύ) +~- (Y 2 -y 2 ) - s i n h k ( 1 ~ Y ) ( c o s h k Y - c o s h k y ) ( 3 6 ) 
ΖΎ yk^sinh k 

For γ £ y S 1 

( Λ _ sinhky s inhk( l -y ) (~η. 
υΚγ) " L " yks inhk ^ / ; 
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C(v) = sinhky coshk(l-y) ( 3 8 ) 
y " γ sinh k 

P(y) - (1-y) - S i n h k Y (coshk(l-y)-l) (39) 
yk2sinhk 

One not unexpected property of this solution is that dc/dy is negative so 
that the concentration decreases as c increases. However if for example 
k ■ 0.7 and γ ■ 0.5 we find that C(0)-C(1) = 0.12 so that the gradient is 
quite small. If however k is large Eq(38) becomes approximately, for 
Y < y £ 1 

c(y) = £ *■*<"> 

which shows that in this case the difference between c(L) and cc is 
exponentially small. This was essentially the case discussed by Bossert and 
Diamond (1967). Another feature to note is that for all values of γ, 
U(l) ■ 1. It follows that, to order e, the water flux through the basement 
membrane is independent of γ if the total active transport is the same. 
Since from Eq(16), dU/dy - C, it follows that the mean value of C between 
y = 0 and y = 1 is independent of γ, so that larger values of C(y) > 1 near 
y ■ 0 are balanced by smaller values of C < 1 elsewhere. 

It may now be seen that the essential requirement of the standing 
gradient theory that c(x)-cc be very small in a significant length of 
intercellular space near x s L can only be satisfied if k2 >> 1 and there 
is a significant region near x = L where no active transport occurs. The 
definition of k2 shows that k2 >> 1 when L or Ir is 'large* or W^ is 'small1. 

The approximation used here is based upon ε -> 0 for k fixed. If however 
k is large and ε is not very small, a different approach may be required. 

Case 3. Tight Junction Open: Uniform Active Transport in 0 < x < L 
( n | y ) 5 x) 

In this more complicated case we shall again give the solution with an 
error of order ε. Higher approximations can be obtained but they are 
algebraically complicated. Then neglecting terms multiplied by ε in the 
equations and boundary conditions we find 

P*V> . 1 n ^ 4 n iAfM /p(coshk(l-y)-coshk)+k(l-b) (l-y)sinhk, 
my) i u y ; + U+ALM k(bk cosh k+a sinh k ; 

(42) 
These results are to be compared with the first terms in Eqs(26)-(29). The 
extra terms in Eqs(40)-(42) reflect the influence of the tight junction, 
and tend to zero as Wt ■>· 0 i.e. as a -> °°. As before the variables v(x) , 
c(x) and p(x) can now be found from Eqs(13)-(15). 

This solution has several interesting properties. 
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(1) The structure of the solution depends on five dimensionless parameters, 
a,b, d, k and AC. The process of forming dimensionless groups has led to 
great simplification, since these five parameters involve no less than thir­
teen independent dimensional variables, all of which may change from one 
physiological situation to another. 

(2) The solute concentration increases down the channel, and has zero 
gradient at y ■ 1. As in the previous case the gradient is small if 
k = 0.70. The graph of C(y) against y for this and the previous cases is 
shown in Fig.2. 

0.8 

0.6 

Fig.2. 
0.25 0.50 0.75 1.0 

Graph of C(y) against y for the three cases considered 
in this paper. We have taken γ = 0.5 for case 2 and 
neglected the term proportional to ε in case 1. For 
Necturus c(x) * 100+12C(y) mM. 

(3) The solution illustrates the fact that since the equations are linear 
when ε is small, the solution will depend linearly on the forcing terms 
which in this case are the active transport N and the concentration 
difference cc-c . Of course N does not appear explicitly in the solution 
because it has been scaled out, but it will appear in the corresponding 
dimensional form. The relative effect of the difference cc~c0 and N is 
clearly measured by AC defined in Eq(23). For the values of the parameters 
given earlier we find that AC << 1 provided cc-cc << 12.4mM, which suggests 
that this forcing effect may not be negligible. 

(4) We can readily determine the effect of the tight junction on the flow. 
For Necturus we find that, if AC = 0, U(0) = 0.43, U(l) = l+(l-b)U(0) = 
1.06, C(0) = a U(0) ■ 0.56, C(l) - l-kbU(0)cosechk = 0.66. The most 
obvious feature of these results is that despite a significant flux of 
water into the intercellular space via the tight junction, the flux of 
water through the basement membrane is only six percent more than that for 
the case of the closed tight junction (for which U(l) = 1). The reason for 
this is that the concentration differences between the cell and the inter­
cellular space is about half the corresponding value for the case when the 
tight junction is closed (C(0) = C(l) = 1 in that case, with an error of 
order ε). This is due to the leakage of solute through the tight junction 
from the intercellular space. The solute balance has to take account of 
the fluxes through the tight junction and basement membrane, the active 
transport, and the back diffusion through the lateral membrane. We find 
that the ratio of the solute flux through the basement membrane to the 
net flux through the lateral membrane is 
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d-(d-i)(u(i)-u(o)) - ° · 7 6 (43) 

Thus in this case the flux of solute through the tight junction into the 
tubule is about one third of the flux of solute through the basement 
membrane. 

It remains only to determine the conditions under which the pressure 
gradient force across the tight junction is small compared with the osmotic 
pressure gradient force i.e. from Eq(20) 

|p -p(o)| « |2aaRT(c -c(o))I (44) 
o ■ ' s o ' 

We have seen that in this numerical example C(0) = 0.56, and consequently 
from Eq(14) 

|c -c(o)|= edc C(o) = 6.9mM. (4.5) 

Hence the theory is self consistent if 

|p -p(o)| « 241 cm Η£0 (46) 

which is almost certainly satisfied. 

3. SUMMARY 

We have found simple approximate analytic solutions of the equations 
which govern the flow of a single electrically neutral solute through an 
intercellular space using the quasi-isotonic convection approximation 
(ε << 1). The dimensionless parameter ε is a measure of the difference 
between the cell concentration and the typical concentration in the inter­
cellular space and is often small. For Necturus ε - 0.06. If ε is small, 
the analytic solution is completely determined by five dimensionless 
parameters k, a, b, d and AC, which between them involve fourteen dimensional 
parameters many of which could vary substantially from one physiological 
situation to another. The parameter AC is a measure of the ratio of the 
forcing effect due to an imposed concentration difference between the cell 
and the tubule and the active transport. 

The analytical results have been applied to Necturus. It is shown in 
particular that about forty percent of the water which passes through the 
basement membrane has to come through the tight junction. About one third of 
the solute which enters the intercellular space from the cell leaks back 
through the tight junction. 

The theory presented here has made no assumptions about the properties 
of the basement membrane or the capillary walls. If these properties are 
known it is possible to extend the theory. 

98 



References 

Bossert, W.H. and Diamond, J.M. (1967). J. gen. Physiol. 50, 2061. 
Boulpaep, E. and Sackin, H. (1975). J. gen. Physiol. 66, 671. 
Hill, A.E. (1975). Proc. R. Soc. Lond. B. 190, 99. 
King-Hele, J.A. (1979). J. theor. Biol. 80, 451. 
Segal, L.A. (1970). J. theor. Biol. 29, 233. 

99 



Adv. Physiol. Sei. Vol. 3. Physiology of Non-excitable Cells 
J. Salänki (ed.) 
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This Congress symposium is called "Epithelial Transport" 
in the programme. You will notice, however, that only a few 
epithelial organs are going to be discussed, and that most of 
the time will be devoted to frog skin and toad urinary bladder. 
Considering the amount of excellent transport studies being per­
formed on numerous other epithelia one might of course wonder 
why the two "classical epithelia" should have nearly all the 
limelight. 

When planning the symposium I felt, however, that it would 
be timely to find out where we stand with respect to the funda­
mental model which is used for the majority of studies of epi­
thelial transport. I am thinking here of the two-membrane model 
for the origin of the frog skin potential which we presented 
for the first time at the 20th International Congress of Physio­
logical Sciences in Brussels in 1956 (Ussing and Kcefoed-John-
sen, 1956; Koefoed-Johnsen and Ussing, 1958). As it is well 
known the essential assumptions are that the apical end of the 
transporting cell is passively, but selectively permeable to so­
dium and tight for potassium whereas the inward-facing membrane 
is permeable for potassium, but lacks passive sodium permeabili­
ty. The sodium-potassium exchange pump is supposed to be located 
exclusively in the inward-facing membrane. The model was later 
suplemented with a paracellular shunt path (Ussing and Windha-
ger, 1964). 

This model served well as a basis for the development of 
hypothesis which explains the more involved behaviour of other 
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epithelial organs like kidney tubule and intestine where the 
primary transport processes are assumed to drive others via co-
transport and counter-transport. 

But no chain is stronger than the weakest link. Thus the 
theme of this symposium should be:"How sure are we that the ba­
sic model is correct, and how can we describe the individual 
steps involved." For such studies no preparations seem to serve 
better than frog skin and toad urinary bladder. 

The applicability of the latter preparation is quite appa­
rent. The toad urinary bladder has a single-layered epithelium 
consisting of cylindrical cells connected by tight seals. Thus 
histologically it has an attractive visual likeness to the mo­
del. 

At first sight the frog skin has very little similarity 
to the theoretical model. It is a multilayered structure with 
inserted skin glands and covered by a layer of cornified cells. 
Actually, however, the skin works beautifully in accord with 
the model. Several fortunate features contribute to this end-
result: 1) The cornified layer is very thin and very permeable 
to ions. 2) The glands, except when stimulated with adrenaline, 
are electrically silent and do not conduct ions. 3) The living 
epithelial cells are connected in three dimensions by conduc­
ting junctions, so as to form a syncytium-like entity, the out­
ward-facing membrane of which is sodium selective, whereas the 
basolateral surfaces correspond to the inward-facing membrane 
of the model. The coupling was first proposed independently by 
Farquhar and Palade (1964), and Ussing and Windhager (1964), 
but it is the work with the electron probe (Rick et al., 1978) 
which has given firm evidence that most or all of the cell lay­
ers must allow rapid equilibration of potassium and sodium be­
tween neighbouring cells. 

The analysis of ion transport in frog skin and toad blad­
der is comparatively easy, not only because so few species are 
being transported but also because the conductance of the para-
cellular shunt pathways is usually quite small. 

In many other epithelia, especially the "leaky" ones the 
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paracellular pathway becomes much more important. Methods which 
can serve to characterize the alternative pathways for each 
ionic species are needed in the future. 

I shall briefly mention a new principle which may be of 
use in this context· 

We have shown (Sten-Knudsen and Ussing, in preparation, 
see also Ussing, 1978)that for any species the ratio of pre-
steady state fluxes is equal to the steady state flux ratio: 
j (12) (t)/j(21) (t) = J(12)/J(21). This is true from the moment 
of first passage of the isotopes if only one pathway is avail­
able and if conditions along the path remain constant. This 
thesis is correct independent of the mechanism responsible for 
the transport. Thus it is correct whether we are dealing with 
electrodiffusion or active transport. The derivation is car­
ried through for an arbitrary number of layers with arbitrary 
properties placed in series. Unstirred layers are included as 
additional series barriers. The two bathing solutions should, 
however, be well stirred and of constant composition. 

If, nevertheless, the isotope experiment shows that the 
flux ratio is changing with time it can only mean that more 
than one pathway is available for the ion in question. In fact, 
the pathways must differ with respect to mean passage time as 
well as to flux ratio. 

We have tested the principle by studying the behaviour of 
sodium fluxes through frog skin (Ussing, Eskesen and Lim, in 
press). Influx and efflux of sodium were measured at two minute 
intervals on symmetrical skin samples from the same frog. 

In a typical experiment (Ringer solution on both sides, 
open circuit) the flux ratio was initially much lower than one 
but increased over a period of 20 minutes to about 3.5. This 
behaviour can be explained by the existence of two pathways 
for sodium: A rapid shunt path where sodium moves by electro-
diffusion, and a slower cellular pathway where sodium is sub­
ject to active transport. 

If one assumes the existence of only two pathways it is 
possible to resolve the measured fluxes in two pairs, one cha­
racteristic for the fast and the other for the slow pathway. 
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The urinary bladder of the toad Bufo marinus has proven a useful ex­
perimental model for the study of transepithelial transport of sodium, 
nonionic solutes and water. It transports only sodium ions actively from 
mucosal to serosal media. Sodium transport is specifically enhanced by 
the mineralocorticoid, aldosterone. Sodium, nonionic solutes, and water 
transport are all increased by vasopressin, though each moves across the 
rate limiting permeability barriers independently. In these functions the 
toad bladder mimics those of the collecting ducts of mammalian kidneys. 

Histologically the urinary bladder of the toad consists of a layer 
of mucosal epithelial cells, responsible for all the transport activities, 
which is supported by a submucosa of loose connective tissue, bundles of 
smooth muscles and capillaries. A serosa covers the contramucosal surface. 
The tissue is transparently thin and highly distensible. The mucosal layer 
consists of granular cells (85%), mitochondrial-rich cells (5%), and basal 
cells (10%). There are occasional scattered mucous cells. However, each 
cell that abuts on the mucosal surface has at least a foot process on the 
basement membrane (1). Thus, the transepithelial transport process in­
volves the transport across only a single layer of cells. The mucosal 
layer of cells may be removed essentially intact from the underlying sub­
mucosa simply by scraping with a glass microscope slide (2). Separate 
analysis of scraped mucosa and submucosa indicates that only one-fifth to 
one-tenth of the water, sodium, potassium and chloride content of the 
tissue is contained within the mucosal layer of epithelial cells (3). 

Viewing the bladder surface by phase contrast miscroscopy, it is evi­
dent that the granular cells provide a pavement-like surface structure 
occupying over 98% of the surface. Mitochondrial-rich cells which are 
bottle-shaped have only a very small exposure to the mucosal surface. The 
latter are much more frequent in bladders from Colombian toads than in 
those from the Dominican Republic ( 4 ) . Since the granular but not the 
mitochondrial-rich cells bind tritiated ouabain in large amounts on their 
baso-lateral plasma membranes (5), it is the former that are engaged in 
transepithelial sodium transport - a transcellular process. The role for 
the mitochondrial-rich cells is not clear though their content of carbonic 
anhydrase suggests a role in hydrogen ion secretion (6). The much greater 
numbers of mitochondrial-rich cells in bladders of Colombian toads than in 
those from Dominican toads is consistent with the demonstrable hydrogen ion 
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secretion by the former (7,8) but lack of acid secretion by the latter (9). 

The adjacent cells at the luminal margins are joined by tight or limit­
ing junctions. It is now appreciated that passive ion movement across the 
bladder wall traverses these tight junctures and follows a paracellulax 
pathway across the tissue. There is little ion specificity in this pathway 
and it has been shown that the flux of labeled sodium from serosa to mucosa 
is unaffected by amiloride which blocks transcellular transport of sodium 
(10). Civan and DiBona (11) have demonstrated that the paracellular, in­
tercellular pathway varies in its permeability over the physiologic range 
of sodium concentrations to which its luminal surfaces is exposed. As 
urinary solute concentration falls, the permeability decreases thus pre­
venting back diffusion of sodium from body fluids into urine and sustain­
ing large sodium concentration gradients across the tissue. 

The apical plasma membranes of the mucosal layer of cells are essen­
tially impermeable to potassium and to chloride ions. This has been dem­
onstrated for potassium by Robinson and Macknight (12) who showed that 
even with prolonged incubation of toad bladders with 4 2 K in the mucosal 
bathing medium less than 1% of the tissue potassium had equilibrated with 
that in the mucosal medium. 

Vasopressin stimulates transepithelial sodium transport (13) and in­
creases the intracellular sodium content (noninulin space sodium content) 
of scraped epithelial cells (14). But the gain of intracellular sodium 
must be balanced by an equal gain of anionic charges within the cell to 
preserve electrical neutrality. This occurs by a gain in intracellular 
chloride that equals the increase in cellular sodium. However, in con­
trast to the sodium increase which occurs following vasopressin by in­
creased permeability of the luminal surface to sodium and by entry of 
sodium from the mucosal bathing solution into the cell, the chloride in­
crease results from a gain of intracellular chloride from the serosal 
bathing medium; the luminal plasma membrane is impermeable to chloride(15). 

That sodium transported actively across the epithelium, moves via a 
transcellular route is indicated by several lines of indirect evidence. 
As mentioned, the Na, K-dependent adenosinetriphosphatase is located in 
the basolateral plasma membranes of the mucosal cells, as demonstrated 
by ouabain binding to the transport enzyme (5). Furthermore, the intra­
cellular content of sodium in the scraped epithelial cells varies as it 
should if it were the intracellular pool of sodium involved in transepi­
thelial transport. With amiloride blocking entry of sodium into the 
cells or with sodium-free mucosal bathing medium the intracellular sodium 
content falls (16) as would be expected if no sodium could enter the cells 
to be available to be extruded from the cells by the transport enzyme 
at their basolateral plasma membranes. Contrariwise, when the transport 
enzyme is blocked by ouabain sodium content within the cells increases 
markedly (17). When sodium is removed from the mucosal medium the ouabain 
affects only a minor change in intracellular sodium content whereas re­
moval of sodium from the serosal medium does not affect the large gain of 
cell sodium produced by ouabain. Thus, the sodium within the cells arises 
from sodium in the mucosal bathing medium and little, if any, sodium has 
access to the cell from the serosal medium. Metabolic studies likewise 

/ 
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confirm a very low or absent rate of sodium penetration from serosal 
medium into cell (18,19). The traffic of sodium across the basolateral 
plasma membranes occurs only via the active transport sites (sodium 
pumps) and is unidirectional from cell interior to serosal medium. 

The most valid data of intracellular ion content comes from measure­
ments made by means of electron microprobe analyses (20) which confirms 
the data reported above. Essentially, it was shown that the intracellular 
concentration of sodium is some 12 to 16 mM and unaffected by removing all 
sodium from the serosal medium, i.e. dependent solely on the entry of 
sodium into the cells from the mucosal medium. Addition of ouabain 
(10"3M) to the serosal medium causes a large gain of intracellular sodium 
with chloride and loss of cellular potassium. Removing sodium from the 
mucosal medium prevented the intracellular ionic changes with ouabain, 
again indicating that only sodium of mucosal origin has access to the 
cells. 

To date, there has been reported no successful measurements of intra­
cellular electrical potentials of toad bladder cells because the small 
size of these cells make impalement difficult and accentuates the arte­
facts of membrane potential measurements. If one applies the membrane 
potentials and resistances obtained by Higgins and Frömter for urinary 
bladder of Necturus (21) to the toad bladder and the ionic concentrations 
measured by the electron microprobe, one can construct a reasonable ionic 
and electrical profile across the transporting mucosal cells of the toad 
bladder. This is shown in Figure 1A and IB. Figure 1A depicts the pro­
files in a short-circuited bladder. The electrical profile is of the 
"well" type with cell interior -90 mV negative to the bathing medium and 
symmetrical because the tissue is short-circuited. The sodium concentra­
tion of the Ringer's solution is 120 mM and of the cell interior some 12mM. 
Sodium is depicted as moving into the cells passively across the apical 
plasma membrane with the concentration gradient (10 to 1) and electrical 
gradient (-90 mV) providing a driving force for sodium entry equivalent 
to 148 mV. At the basolateral membrane the sodium must be extruded 
against the same electrochemical gradient by the active transport mechan­
ism. 

Figure B shows the electrical and ionic profile of sodium in an open-
circuited bladder with transepithelial potential of +70 mV (serosa posi­
tive to mucosa). Because of the low conductance of the apical membrane 
compared with that of the basolateral membrane (1 to 13), a 70 mV po­
tential across the tisjsue is partitioned so that (13/14) or 65 mV will 
be added to the potential at the apical membrane making this -25 mV and 
5 mV will be added to the basolateral membrane potential making this 
+95 mV. The measured net sodium transport with the tissue short-circuited 
was Jfla= 5.6 ± 0.6 (mg d.w.)"1 n moles (mg d.w. ) - 1 (min)"1 and with a 
transepithelial potential of +70 mV, Jfla was reduced to 3.2 n mole (mg 
d.w. )~l(min)~l. The intracellular sodium concentration may be calculated 
as: 

£o . RT/zf In Ν & ι η /Ν & σ ( ο ) + fa - ψη(η) 

J + 7 0 RT/zF In N a m / N a c ( + 7 0 ) + Ψπι - ψ α ( + 7 0 ) 
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From such a calculation an intracellular concentration of 11.6 mM is ob­
tained at transepithelial potential, Δ - +70 mV (22). 

A. SHORT CIRCUITED TOAD BLADDER 
(JNa = 5.6 nmol / mg dry weight /min) 
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Figure 1. The electrical profile and sodium concentrations in the 
short-circuited (A) and open-circuited (B) toad bladder. The Ordin­
ate is the membrane potential, ψ, in mV. M,C, and S are the three 
compartments considered: mucosal medium, intracellular compartment, 
and serosal medium, respectively. In the short-circuited tissue (A) 
the intracellular potential is depicted as -90 mV and symmetrical at 
the two cell membranes. When bathed with 120 mM sodium Ringer's solu­
tion the intracellular sodium concentration was 12 mM. In the open-
circuited preparation (B) a transepithelial electrical potential of 
+70 mV is shown. Because the conductance of the apical membranes is 
only 1/13 that of the basolateral plasma membrane, an asymmetric po­
tential profile results. This is associated with only a minor de­
crease of intracellular sodium concentration and increase in serosal 
membrane potential(22). 

The very high resistance of the apical plasma membrane to that of the 
basolateral membrane indicates that it is the rate limiting step in trans­
epithelial transport and that any significant increase in transport in­
duced by hormones such as vasopressin and aldosterone must entail an in­
crease in permeability of the apical plasma membrane by the hormone to 
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sodium entry. Also the relative high resistance of apical to basolateral 
plasma membranes effectively buffers the work required of the active trans­
port mechanism at the basolateral surface from changes in transepithelial 
potential/ Any change in transepithelial potential is distributed largely 
across the apical surface perturbing, thereby,the electro-chemical gradi­
ents at the basolateral surface against which sodium must be actively trans­
ported only to a very minor degree. The major effect of imposing trans­
epithelial electrical potential gradients is to modify the driving force 
and hence the rate of sodium transport into the cell at its apical sur­
face. Hyperpolarizing potentials will reduce sodium transport while hypo -
polarizing or depolarizing transepithelial electrical gradients accelerate 
entry of sodium into the cell but affect very little the work of sodium 
extrusion across the basolateral cell membrane. This presumably accounts 
for the constancy of stoichiometry of sodium ions transported to supra-
basal carbon dioxide produced over a range of imposed transepithelial 
potentials of -50 to +70 mV (23). 

In summary, the transport of sodium across the isolated urinary blad­
der of the toad Bufo marinus has been reviewed. The tissue consists of a 
single layer of transporting epithelial cells supported by a submucosa 
which does not participate in the transport process. Sodium is trans­
ported transcellularly crossing two major permeability barriers, the 
apical or luminal and the basolateral plasma membranes of the predominant 
granular cell. Entry into the cell across the luminal membrane is a pas­
sive but specific process exhibiting saturation kinetics. This is the 
major permeability barrier in the tissue. Once within the cell the sodium 
mixes with the intracellular sodium which constitutes the "active trans­
port pool". At the basolateral surface the sodium ion is extruded by an 
energy requiring process, the Na,K-dependent adenosine triphosphatase, 
into the serosal medium. Other ions such as chloride and potassium 
traverse the bladder passively via the paracellular pathway. The apical 
plasma membrane is essentially impermeable to these ions which, however, 
readily enter the cells across the basolateral plasma membrane. This 
membrane, however, has a very low permeability for sodium except through 
the active transport pathway so little recycling of sodium occurs across 
the basolateral cell surface. From analogy with the bladder of Necturus 
the intracellular electrical potential is assumed to be some 90 mV negative 
to the serosal bathing medium. Electron microprobe studies indicate that 
the intracellular sodium concentration is some 12 to 16 mM and varies ac­
cording to the functional state of the tissue and the concentration of 
sodium in the mucosal medium. Hormones that stimulate sodium transport 
have as theirmajor effect an enhancement of the permeability of the 
luminal surface to sodium. 
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It has for long been a tradition to work with the short-circuited and 
symmetrically bathed multicellular membrane. This technique is excellent 
for singling out active pathways and for providing a precise measure of 
active ion transport. On the other hand, measurements of passive ionic 
currents require non-zero transmembrane electrochemical potential 
differences. Unravelling characteristics of passive pathways implies 
examination of how their currents vary with membrane potential and ionic 
composition of the bathing solutions. The theme of the present paper is the 
origin of non-linear current-voltage curves of multicellular membranes, the 
toad skin epithelium serving as experimental model. For theoretical treat­
ment a simple version of the Koefoed-Johnsen-Ussing two-membrane-model is 
constructed for computer analysis. The predictions made are compared with 
experimental data. This approach enables us to pin-point shortcomings and 
to propose extentions to meet the requirement of experimental findings. 
Previous examination Of steady-state features (Larsen & Kristensen 1978, 
Larsen 1978) is here extended to cover also non-steady-state behaviour. 
In his discussion of the interdependence of membrane conductances, Na-
currents and intracellular potentials in frog skin Lindemann (1977a, b) 
used a similar approach. The first comprehensive treatment of non-steady-
state behaviour of the model is that of Lew, Ferreira and Moura (1979). We 
think their papers should be consulted to fully appreciate the strength of 
computer assisted analysis of epithelial membrane models. 

Ί. The non-linear current-voltage curve in toad skin 
The experimental protocol involves three types of measurements. 

1. Steady-state transepithelial currents as function of transepithelial 
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Fig. 1. Toad skin, NaCl-Ringer on the inside, a. Steady-state I-V and 
I(Cl)-V curves with NaCl-Ringer on the outside. (Bruus et at. 1976). 
b. Steady-state g-V relation with KCl- or K-Gluconate Ringer on the 
outside. C. Record of current response to a change in V from +40 mV to 
-70 mV and back. V-program on top. KCl-Ringer on the outside. 

voltage (I-V relations), 2. steady-state transepithelial conductances as 
function of V (g-V relations), and 3. current-time courses following a step-
wise change of V (I-t curves). 

1. In this type of experiments V* is clamped long enough at each value 
to secure a time-independent current. By simultaneous measurements of 
transepithelial unidirectional 22Na- and 36C1-fluxes the currents are split 
up into their ionic components. From Fig. la it is seen that the toad skin 
most easily passes steady-state currents in outward direction (outward-
going rectification). These outward currents obtained by hyperpolarization 
of the skin are carried by an inward movement of chloride ions. The 
contribution of Icl to the clamping currents at reversed V is small. In 
this voltage region the currents are almost identical to the inward-going 
INa. The upward-going curvature of the Ip, -V graph illustrates a strong 
voltage dependence of the steady-state transepithelial Cl-conductance 
(Bruus et al. 1976). 

2. The g-V relation is typically S-shaped with its steepest region 
near -20 mV and its maximum plateau below -70 mV (Larsen & Kristensen 1978). 
Figure lb shows an example obtained with KCl-Ringer outside. It can also be 
*) V is expressed as the potential of external (corneal) bath minus that of 

internal (serosal) bath. Inward currents are taken as positive. 

[ V.irtV , K-gluconete 
-ISO ^ΪΟΟ HM O 50 100 
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seen that with Cl-free external solution g is independent of V. This, is 
another way of illustrating that the transepithelial chloride pathway is to 
be found with a high conductance at values of V below -70 mV and a low 
conductance when the skin is clamped to positive values of V. 

3. The time course of conductance changes is shown in Fig. lc. Pulsing 
V from a holding value of +40 mV to -70 mV leads to a small instantaneous 
current response. After a brief delay the outward-going current slowly 
increases reaching its steady-state in the course of 100 sec. After full 
activation the voltage is stepped back to its initial holding value. This 
leads to a large inward current, i.e. the activated conductance does not 
rectify. In turn, the current decreases towards its initial low steady-state 
level illustrating the full reversibility of the conductance change. 

In considering the nature of the above Cl-current rectification two 
types of theoretical framework present themselves. 

A. The unidirectional fluxes through the activated pathway obey the 
flux-ratio equation (Larsen 1980). This provides evidence that a traditional 
electro-diffusive process governs the movement of Cl across the rate 
limiting membranes. Thus, a certain degree of rectification is expected from 
a trivial voltage dependence of membrane conductances (Goldman 1944, Hodgkin 
& Katz 1949). If, in addition, the cellular Cl-concentration increases with 
an inward-going flux of Cl, the Cl-conductances of the outward and inward 
facing membranes are expected to increase as well. With a cell water volume 
of about 1 μΐ/cm2 non-steady-state currents associated with these 
accumulation/depletion processes might well have half-times in the order of 
10 sec. 

B. The g-V relations and time-dependent currents in excitable membranes 
are best explained by assuming voltage-controlled permeability changes to 
the ion involved (HodgJnn & Huxley 1952). Although the time course of cation 
current activation in nerve cells is 4 orders of magnitude faster than that 
of the above Cl-current activation there is evidence that gating processes 
may be slowed down 4 orders of magnitude by increasing the oxidized 
cholesterol content of the lipid membrane in which the channel precursers 
are embedded (Baumann & Mueller 1974). 

The two-membrane-model of Koefoed-Johnsen and Ussing (1958) supplied 
with a paracellular shunt (Ussing & Windhager 1964) serves as basis for a 
closer examination of the first mentioned possibility (Fig. 2). Although 
not explicitly stated by this models, we shall assume that passive currents 
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Fig. 2. The two-membrane-model with 
a paracellular shunt and an active 
Cl-pump. Inner membrane, P(K)»P(Na). 
Outer membranej P(Na)»P(K). The 
Cl-pump is not in operation in the 
calculations below. 

I | I I 

are described by the integrated form of the Nernst-Planck electrodiffusion 
equations with constant {i.e. voltage and concentration independent) 
permeabilities. Na-concentration dependence of the inner membrane Na/K-pump 
is taken from a previous study (Larsen et al. 1979). The aim is to find out 
how much this most simple version of the model can explain. 

2. Outline of the model 
In this section we briefly outline the mathematical formulation of the 

model and the computational methods used. The model calculations yield as 
their primary outcome the ionic currents through the epithelium in the 
voltage clamp mode. Steady-state as well as non-steady-state currents are 
calculated. 

To compute fluxes across the inner and outer membrane, intracellular 
potential and intracellular ionic concentrations must be known. Considering 
three permeable ions this adds up to ten unknown variables linked by six 
flux equations. In a steady-state, inner and outer membrane fluxes must be 
equal for each ionic species yielding three more equations. The remaining 
equation stems from the electroneutrality condition. 

Cell volume regulation has been allowed for by assuming the existence 
of a fixed amount of impermeable intracellular anions. The concentration of 
these enters the electroneutrality condition, thereby adding cell volume to 
the list of unknown variables. The assumption of isosmolarity between the 
serosal and the cellular compartment provides the extra condition. 

At steady-state the computing strategy is the following. A value of the 
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cellular potential is guessed. Cellular concentrations of the permeable ions 
are found from equations expressing vanishing ionic net fluxes into the cell. 
The concentration of the impermeable anion is found from the isosmolarity 
condition, and the net charge in the cell is computed. This sequence of 
computations is repeated with a corrected value of the cellular potential 
until the net charge becomes zero. As this condition is met, the steady-
state has been found. Fluxes, currents, etc are calculated, and added to 
the paracellular contributions to get the total transepithelial quantities. 

To solve the non-steady-state some modifications are needed, since inner 
and outer membrane fluxes of one particular ionic species are no longer 
equal. Their difference (the net flux) equals the rate of change of intra­
cellular amount of substance. This gives three continuity equations in 
replacement of the three "zero netflux" equations used at steady-state. The 
intracellular concentrations at some particular time no longer belong to the 
set of unknown variables, but are replaced by the corresponding concentra­
tion changes within a certain time interval. We are, therefore, still left 
with eleven unknown variables and eleven equations, three of them now form­
ing a set of coupled 1. order non-linear differential equations. 

This leads to the following line of computations. After a sudden 
pertubation of the transepithelial potential, cellular concentrations and 
volume are instantaneously unchanged. The intracellular amounts of ionic 
species are computed. Given at a certain time these amounts, the volume is 
computed from the isosmolarity condition, and with an initial guess of the 
intracellular potential the total electric currents across the two cell 
membranes are computed. The value of the intracellular potential is now 
iteratively corrected until the two electric currents become equal, since 
this is necessary to ensure electroneutrality in the cellular compartment 
at all times. Next, net fluxes into the cell are computed, and the three 
continuity equations are integrated using a fourth order Runge-Kutta method 
to give the intracellular amounts of permeable ions at the end of a small 
time interval. This procedure is repeated until the final steady-state is 
reached adding, of course, at all times the paracellular, and the trans-
cellular contributions to get the total current. 

3. I-V curves of the model epithelium with constant permeabilities 
The relative permeabilities of outer and inner membrane conductors are 

chosen such as to obtain a ratio of the outer and inner membrane resistance 
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Fig. 3. Model analysis, NaCl-
Ringer in the outer and inner 
compartments, a. Steady-state 
I-V and KCD-V curves of 
model-epithelium with an 
onion-selective outward 
facing membrane 
(P(Cl)/P(Na) = 10). b. 
Variation of steady-state 
intracellular concentrationsy 
potential, and volume with 
transepithelial potential 
difference. 

above 0.7 in accordance with experimental findings (Lindemann & Thorns 1967, 
Nagel 1976, Helman & Fisher 1977). This implies that the overall rectifica­
tion is determined by the ion selectivity of the outer membrane. Thus, if 
the outer membrane Na-permeability (PJL) is larger than the outer membrane 
Cl-permeability (P?i) steady-state as well as instantaneous I-V curves are 
non-linear and concave towards the I-axis. This situation might well prevail 
in the skin of Rana pipiens which shows inwardgoing rectification (Helman 
& Fisher 1977). With P M ^ P Q I the mode1 epithelium behaves like an outward-
going rectifier closely resembling the toad skin (Fig. 3a). This steady-
state rectification is due partly to changes in the intracellular Cl-
concentration (Fig. 3b), but the instantaneous voltage dependence of the 
(outer membrane) Cl-conductance contributes significantly as well (see Fig. 
4b). 

It is noteworthy that significant curvatures in the steady-state I-V 
diagrams are obtained with changes of intracellular ion concentrations which 
probably are tolerated by the living tissue, and that the cell water volume 
varies but a few percent as function of the transcellular potential between 
±100 mV (Fig. 3b). In this voltage range the active Na-transport varies an 
order of magnitude (between 80 and 10 yA/cm2), illustrating a considerable 
stability of the intracellular ion and water content of the model cell. 

4. I-t curves of accumulation/depletion processes 
The time course of non-steady-state currents following a stepwise change 

of V from a holding potential of 0 mV is shown in Fig. 4a. In the model cell 
clamped to 0 mV (Isc = 40.4 yA/cm2) Cl is distributed in electrochemical 
equilibrium across both membranes at an intracellular potential of -89.4 mV. 
Changing V to -100 mV, instantaneously leads to a significant change in the 
outer membrane potential difference to -15.0 mV and a change in the inner 
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Fig. 4. Model analysis 
(cont.). a. Current 
responses to voltage 
clamping. Voltage clamp 
program on top. b. 
Instantaneous I-V curve 
from a holding potential of 
0 mVK c. Half-times of 
transient currents as 
function of trans epithelial 
clamping potential. 
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Fig. 5. Toad skin, NaCl-
Ringer on both sides, a. 
Current responses to 
stepwise changes in V. 
Voltage clamp program on 
top. b. "Instantaneous" 
I-V curve. Currents read 
500 msec after pulsing V 
from the spontaneous 
potential, c. Half-times of 
transient currents as 
function of transepithelial 
clamping potential. 
Different symbols indicate 
data from 4 preparations. 
(Larsen & Kristensen 1978). 

•wo -so 

membrane potential difference to -115.0 mV. 
The current carried by a passive pathway is given by 

ί = g j ( v m-E j> ' (1) 
where g1? is the integral conductance of the pathway involved, V is the 
membrane potential, and E1? is the equilibrium potential (j = Na, Cl or K, 

J 
and m 
gl? (see f.ex. Finkelstein & Mauro 1963, Sten-Knudsen 1979) the above o changes in membrane potentials result in an increase in gc, (as well as in 

outer, inner or shunt membrane). Due to the voltage dependence of 
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g° and gj ) and a decrease in g^ , g L and gl,. Thus, the currents e^e 
disturbed instantaneously owing to changes in their driving force as well 

c h 
as in their conductance (g. remains constant because of identical 

j composition of the inner and outer bathing solution). Immediately, this 
starts a cellular accumulation of Cl (derived from the external solution) 
and K (derived from the inner solution) and a cellular depletion of Na via 
the inner membrane Na/K pump. The transient component of the clamping 
current is the sum of these accumulation/depletion currents. The current 
becomes time independent as the individual ion fluxes across the inward 
and outward facing membrane match again. With the above example (V = -100 
mV) the new steady-state is characterized by an inner membrane potential 
of -96.0 mV, and the following cellular concentrations (mM), K = 113.8 
(increased from 110.3), Na = 3.68 (decreased from 6.73), and Clc = 12.4 
(increased from 3.38). 

The transient currents decay almost monoexponentially with time. Their 
time constants, however, depend on the potential difference imposed across 
the epithelium. This becomes clear by inspection of Fig. 4c, showing that 
- in the interval -40 mV to -100 mV - T, increases with the amplitude of 

2 
the voltage displacement from the holding value. 
5. I-t curves in toad skin epithelium 

Figure 5a shows a family of I-t curves in a toad skin preparation 
exposed to NaCl-Ringer at its inner and outer surface. To facilitate 
comparison with computer calculations (Fig. 4) the same protocol was appli­
ed at the computer terminal and in the laboratory. In the experiment the 
spontaneous potential defines the initial steady-state (V = -22 to -24 mV, 
I = 0 μΑ/cm2). 

Voltage clamping leads to a non-linear instantaneous I-V graph, 
concave towards the I-axis (Fig. 5b). This is compatible with the 
hypothesis that an outward-facing membrane with pri>PMa

 rules the clamping 
currents (compare with Fig. 4b). 

The subsequent slow time-dependent currents have two features which are 
incompatible with I-t curves of the model epithelium. 1. Following hyper-
polarization, the currents increase along an S-shaped curve. 2. Their half-
times decrease with increasing hyperpolarizing voltage pulse (Fig. 5c). 

Thus, the predictions made by the most simple version of the two-
membrane-model do not fully explain our experimental data. 
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Fig. 6. Toad skin, NaCl-Einger on the inside, KCl-Einger on the outside. 
Left. Current responses to change in V from +40 mV to -80 mV at ambient 
temperatures indicated on the records. Right. Arrhenius diagrams. Γ00 is 
the fully activated steady-state current. T-% is the half-time of the 
current transient, 

6. Identification of two types of membrane processes by means of their 
temperature dependence 
In the above treatment of voltage clamp data it is assumed that the time 

dependent conductance changes rely on membrane currents carrying ions into 
or out of an intraepithelial compartment. In this type of model it is the 
currents flowing through the membranes which control the slow conductance 
changes. The deviations between predictions made from this model and 
experimental findings suggest the involvement of a more complex type of 
membrane process, which is separated from the translocation of ions through 
the membrane. The rate at which this hypothetical process brings the system 
from one steady-state to another varies as a decreasing function of the 
voltage pulse imposed across the skin* This taken together with the delay 
of current activation suggested to us that a Hodgkin-Huxley gate type 
mechanism rules the conductance activation (Larsen & Kristensen 1978). 

Hodgkin, Huxley & Katz (1952) showed that in the squid axon the 
temperature coefficient of the current activation is considerably larger 
than that of steady-state conductances, in accordance with the view that a 
gating reaction controls the time-dependent currents. Results of this type 

*) This applies to the voltage Interval investigated above. In agreement 
with simple H-H kinetics, T, varies as a bell-shaped function of V with 
its maximum value between -20 and 0 mV (Larsen 1980). 
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of experiment are shown in Fig. 6. The toad skin was exposed to KCl-Ringer 
on its outside and to NaCl-Ringer at its serosal surface. Full activation 
of the Cl-conductance was brought about by stepping V from a holding value 
of +40 mV to -80 mV. It is clear that a decrease in ambient temperature 
affects both the steady-state current at V = -80 mV and the rise time of 
current activation. In the temperature interval investigated the Arrhenius 
plots depict straight lines from which temperature coefficients (Q-IQ) can 
be calculated. The low temperature coefficient of the fully activated 
steady-state current corresponds to that of cation currents in excitable 
tissues. The significantly higher temperature coefficient of the current 
activation is in agreement with the hypothesis that a membrane process 
operating independent of ion translocation controls the rate at which the 
membrane conductance is brought from one steady-state to another. 

7. Flux-ratio analysis 
As an independent way of characterizing the nature of the Cl-

conductance we have carried out a flux-ratio analysis (Larsen 1980). In 
absence of bulk flow of solvent a simpel passive transport obeys the Ussing 
flux-ratio equation (Ussing 1949), 

JC1 (C1>o 
7Ut = TCTT exp(-FV/(RT)), <*) 
JC1 Ί 

where jl? and J?^ are inward-going and outward-going unidirectional fluxes, 
(Cl) and (Cl). the chemical activities in the outer and inner bathing 
solution, V the transepithelial potential difference, and F, R, and T have 
their usual meanings. After logarithmic transformation and introduction of 
EQI by the Nernst-equation, we get 

jin 
L°9l0 ■ & * -(V-Ecl)/58mV (3) 

JC1 
From Fig. 7 it can be seen that for -100 mV - V < 0 mV, and with 114.6 mM 
Cl on each side of the skin good agreement between theoretical (full line) 
and experimental (o-symbols) flux-ratios is obtained. In this potential 
region, therefore, Cl-transport takes place along a simple passive pathway. 
At reversed potential differences (V>0 mV) the experimental fluxratios are 
up to three orders of magnitude larger than expected for simple passive 
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Fig% 7. Flux-ratio 
analysis of steady-
state unidirectional 
Cl-fluxes across toad 
skin epithelium 
(Larsen 1980). 
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transport. Here, the experimental flux-ratios are independent of the driving 
force and always close to unity, which means that the net charge transfer is 
close to zero. This is true whether the driving force is manipulated by 
voltage clamping (o-symbols) or by lowering the external Cl-activity (x-
symbolsl, thus giving compelling evidence that a 1:1 Cl-exchange pathway 
rules the Cl-transport for V>0 mV. In other words, closure of a conductive 
pathway takes place as V is changed from below the spontaneous potential 
difference to values above zero mV. 

CONCLUSION 

In the above analysis of the mechanism of Cl-current rectification in 
toad skin epithelium we have dealt with three different approaches. 
1. Computer model analysis showing that the observed time course of Cl-
current activation is incompatible with current transients associated with 
simple accumulation/depletion processes. 
2. Investigation of the temperature dependence of the fully activated Cl-
current and the time constant of Cl-current activation, revealing a 
significant difference in their temperature coefficients. 
3. Flux-ratio analysis disclosing disappearance of a conductive pathway as 
the transepithelial potential difference is reversed. 

100χ 

A. 
»6* 50+ 

O [α]ο·114Απ 
n [Cl]o- 5X>n 
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We think that taken together, these findings give sufficient evidence 
for proposing that the strong Cl-current rectification in this tissue is 
due to a potential dependent Cl-permeability change. 
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EFFECT OF ADH ON THE CAPACITANCE OF 
APICAL EPITHELIAL MEMBRANES 

J. Warncke and B. Lindemann 
2nd Department of Physiology, 6650 HomburgISaar, FRG 

Recent experiments [1] have shown that ADH stimulates the Na-
uptake of toad urinary bladder by increasing the number of 
channels available for Na-transport through the apical mem­
brane. Is this recruitment achieved by unmasking of channels 
already in the membrane or, for instance, by fusion with the 
membrane of vesicles containing new channels? To investigate 
the possibility of recruitment by fusion we have recorded the 
apical membrane capacitance in response to ADH-stimulation. If 
fusion is involved a small increase in membrane area my be ex­
pected and cause an increase in membrane capacitance. 
MATERIALS and METHODS 
The experimental set-up is shown in Fig. 1. We use the non-
iiivasive method of high precision impedance analysis. Sinus­
oidal voltage displacements of 5 mV or less are input to the 
voltage clamp, ranging from 1600 to .1 Hz in decrements of 4 
or 6 per octave. Bursts consist of 3 to 10 periods and the 
total sweep needs about 8 times the time of the longest period. 
The recorded current is analysed by correlation, yielding 
amplitude and phase at each frequency. The data are plotted as 
impedance spectrum with amplitude and phase or as Nyquist or 
Cole plots (Fig. 1 mid left). A non-linear regression will 
give the optimal rational function with complex coefficients 
called transfer function 

H(w) = (1 + Cjjw + c2(jw)2)/(c3 + c4jw + c5(jw)2) 
j = imaginary unit, w = 2 τχ f. 
The quality of the fit is checked by comparing the data with 
the modelled values and the error is usually in the range of 
1 - 2 %. Splitting the coefficients of the function as speci­
fied by the model results in values for the apical and latero 
basal resistances and capacitances and the series resistance 
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of bath and supporting tissue. The non specific shunt con­
ductance is determined separately by blocking the Na-specific 
pathway with amiloride. 

Fig.1: Protocol for impedance 
measurements 
An on-line-computer (Nova or 
Z80-based microprocessor) ge­
nerates fully programable 
sine-wave bursts used as in­
put to a voltage clamp. The 
current signal is correlated 
with the input to yield phase 
and amplitude, which are plot­
ted (mid left). Mathematical 
treatment will lead to values 
of the model constants (upper 
left). The shunt Rps has to 
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be measured separately. 

The accuracy of the measurement is checked with known RC-dummy 
networks. 
The abdominal skin of Rana esculenta and the urinary bladder 
of the toad Bufo marinus are used in these experiments. Mu-
cosal solutions are always sulfate-Ringer and serosal solut­
ions are sulfate-Ringer if possible. Set-up and solution are 
described elsewhere [2]. 
RESULTS 
ADH influences both membranes 

Fig. 2 demonstrates that the application of ADH influences 
both membranes in the absence of an osmotic transepithelian 
gradient. Both semicircles of the Nyquist or Cole plot of the 
toad bladder impedance are changed. The agreement of the model 
calculation and the data points is good, even in those cases 
where 2 time constants show systematic deviations (control 
curve A1 , large R-side), 3constants will fit with the usual 
precision (ADH curve A2). Expressing this additional time 
constant as parallel RC network leads to values of 600 Ohm 
and 1000 \LF. Ignoring this process and fitting the remaining 
curve does not change the calculated constants. 

The apical capacitance is always the smaller as can be de­
monstrated by depolarization with high serosal K, where 1 
membrane disappears electrically,or with different Na concen­
trations on the mucosal side, which affects mostly the apical 
membrane. 

The fact that ADH acts in normal and depolarized membranes 
can be used to get reliable measurements even in those cases 
where the Cole plots do not separate, by simply depolarizing 
the epithel. 
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Fig. 2:Cole-plot of normal 
(A) and depolarized (B)toad 
bladder with 20 mU/ml ADH 
(2)and without (1). The 
solid line is calculated 
according to the model. 

ADH increases the apical capacitance 
The time dependence of the membrane parameters can be seen 

in Fig. 3. The apical capacitance increases in normal and 
depolarized membranes after adding 20 mU ADH. In the normal 
epithel also the latero-basal capacitance increases. Simul­
taneously all resistances decrease and short circuit current 
increases, too. For higher doses of ADH the apical resistance 
might be much smaller as the latero-basal resistance as was 
reported by Nagel [3].Measurements during the initial fast re­
sponse are hardly possible because the method depends on re­
lative stable parameters during the measurement. 
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Fig. 3: Time dependence of membrane parameters treated with 
ADH. Same bladder as in Fig. 2. Normal (A) and depolarized (B) 
ADH increases the capacitances and decreases all resistances. 
Units are kOhm and μΓαΓαά for 1 cm2, current in μΑ. 
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It is noteworthy that the latero-basal membrane has a ten­
fold larger capacitance as the apical membrane and taking this 
as indication of the real surface means that this membrane is 
very tight, about 100 kOhm for 1 cm2. 
Na-permeability increasing drugs do not increase the capaci­
tance 

Treating frog skin with 2 mM benzimidazolguanidine (BIG) or 
toad bladder with 2 mM p-chloromercury-phenyl sulfonic acid 
(PCMPS) does not change the membrane capacitance while re­
ducing the apical resistance to half of the control value. 
Furthermore, imposing an osmotic gradient in the presence or 
absence of ADH did not increase the capacitance. In both cases 
there might be a small decrease of the apical capacitance 
(Table 1). 

Influence of various agents on the apical membrane: 

% of 
Rap 

76 
Lb 
77 

43 
LI 
-

CONTROL 

^αρ 

108 
123 
113 

97 
98 
88 

FS 
TB 
TB 

FS 
TB 
FS 

ADH 2 0 

ADH I * 
ADH 5 

BIO 
PCMPS 
1/10 RINGER 

(3) 
(3) 
(8) 

U) 
U) 
(2) 

Table 1: ADH 20 mU/ml or 
5 mU/ml increased the capa­
citance in frog skin (FS) and 
toad bladder (TB), sodium 
permeability changing drugs 
did not. The osmotic gradient 
was done under full amiloride 
block. 

DISCUSSION 
There is little morphological change of the apical surface 

of bladders if ADH is supplied and no osmotic gradient is 
present or if a gradient is imposed on controls [4]. However, 
application of ADH in the presence of an osmotic gradient re­
duces the amount of microvilli, and causes swelling. Therefore, 
the finding that swelling does not increase the effective sur­
face area is unexpected. Neither unmasking existing channels 
(e.g. by BIG) nor osmotic effects change the surface area.Only 
ADH, which "recruits" new channels, increases the surface.This 
indicates that there might be a pool of channel rich membranes 
(vesicles) which get incorporated into the apical membrane vie. 
the action of ADH. 

132 



REFERENCES 
1. J.H.-Y.Li, L.G.Palmer, I.S.Edelman, B.Lindemann, Pflügers 

Arch. 381* R13 (1979) 
2. W.Fuchs, E.H.Larsen, B.Lindemann, J.Physiol. 267: 137-166 

(1977) 
3. W.Nagel, J. Membrane Biol. £2: 99-122 (1978) 
4. F.Spinelli, A.Grosso, R.C.de Sousa, J. Membrane Biol. 23; 

139-156 (1975) 
Support was received from the DFG through SFB 38, project C1 



Adv. Physiol. Sei. Vol. 3. Physiology of Non-excitable Cells 
J. Salänki (ed.) 

DETERMINATION OF THE COUPLING RATIO 
OF THE Na-K PUMP RESPONSIBLE FOR 

TRANSEPITHELIAL Na TRANSPORT 
BY BLOCKADE OF K CHANNELS 

Robert Nielsen 
with technical assistance of Birgit Hasman 

University of Copenhagen, Institute of Biological Chemistry A, 13 Universitetsparken, DK-2100 
Copenhagen Q, Denmark 

According to the two-membrane hypothesis (Koefoed-Johnsen and Ussing, 
1958) the origin of the electrical potential across the isolated frog skin) 
can be explained by the fact that the frog skin is composed of an outward-
facing membrane which is selectively permeable for Na -ions, but 
impermeable for K -ions and permeable for small anions like Cl". The 
inward-facing membrane is permeable to K and small anions, but impermeable 
to free Na . The high intracellular K concentration and the active 
transcellular Na transport are according to this model accomplished by 
the same mechanism, namely, a coupled Na-K pump located at the inward 
facing membrane. This hypothesis predicts that there should be a 
correlation between the 39K -**2Κ exchange across the inward facing 
membrane and the active transepithelial Na transport. However, 
measurement of the 39K+-lf2K+ exchange across the inward facing membrane 
have failed to show any clear coupling stoichiometry between the 
transepithelial Na+ transport and 39Κ+-**2Κ+ exchange (for ref. see Nielsen 
1979a). A different approach was therefore sought. 

According to the two-membrane hypothesis (Fig. 6A) one would expect 
that addition of a component which makes the outward facing membrane 
permeable to K should result in an active outward transport of K . 
Polyene antibiotics increase the permeability of cell membranes for K and 
other ions. Addition of the polyene antibiotics (filipin and amphotericin 
B) to the outside bathing solution of the isolated frog skin resulted in 
an active outward transport of K+ (Nielsen 1971, Nielsen 1972; Bakhteeva 
and Natochin 1975). In a recent paper (Nielsen 1979a) it is shown that 
the filipin induced active outward K transport is coupled to the active 
inward Na transport. 
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According to the two membrane hypothesis it should also be possible 
to determine coupling ratio of the Na-K pump by repressing the passive K 
current across the inward facing membrane. If the active transepithelial 
Na transport is carried out by a Na-K pump with a coupling ratio of e.g. 
1.5 (3Na/2K), then according to the two membrane hypothesis (Fig. 6A), 
2/3 of the SCC across the inward facing membrane is carried by K via 
the K -"channel" and 1/3 by Na ions via the Na-K pump. Addition of a 
component which completely hamper the K flux through the K channel, 
should therefore initially reduce the SCC by 2/3 because the current 
carried by the K ions via the K channel is switched off. 

The passive net K flux via the K channel from the cells to the 
inside bathing solution (IBS) should decrease if the K concentration in 
the IBS is increased. Furthermore Ba has been shown to reduce the K 
conductance in frog heart (Hermsmeyer and Sperelakis 1970), in frog muscle 
(Henderson 1974), and in frog skin (Nagel 1979, Nielsen 1979a). In order 
to investigate whether it was possible to determine the coupling ratio of 
the Na-K pump by blocking the K channel, the effect of Ba and K on the 
SCC were investigated. 

From the experiments presented here it is concluded that Ba can be 
used as a tool to determine the coupling ratio ($) of the Na-K pump, and 
3 was found to be 1.5. 

MATERIALS AND METHODS 

The experiments were performed on male and female frogs (Rana 
temporaria and Rana esculenta). The skins were mounted in perspex chambers 2 (area 3.14 cm ) and bathed in stirred Ringer's solution. Cl Ringer's 
solution was composed of (in mM): Na+, 115; K+, 2.5; Ca++, 1.0; HCO" 2.5; 
Cl , 117; pH = 8.2. The gluconate Ringer's solution was hypotonic since 
it was found that isotonic gluconate Ringer's solution caused a pronounced 
inhibitions of the SCC. The gluconate Ringer's solution was composed of 
(in mM): Na+, 74.7; K+, 2.5; Ca++, 1.0; TRIS-gluconate, 5.0; HC0~, 2.5; 
gluconate, 76.7; pH = 8.2. The 10 mM, 25 mM and 50 mM KCl and K+ gluconate 
Ringer's solution was produced by substituting Na by K . The short 
circuit experiments were performed according to the method by Ussing and 
Zerahn (1951). 
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RESULTS 

++ Addition of Ba to the IBS of the isolated frog skin resulted in an 
inhibition of the SCC and in an increase in the transepithelial resistance 
(Fig. 1 and Fig. 5A). 2-5 min after the addition of Ba++ the SCC started 
to recover and the resistance started to decrease. The recovery phase was 
completed 20-90 min. after the addition of Ba . The recovery varied from 
30% to 150%, thus, in some cases prolonged incubation with Ba resulted 
in an activation of the SCC. The replacement of the IBS by Cl" Ringer's 
solution without Ba++ resulted in a further transient increase in the SCC 
(Fig. 1 wash). 

μΑ/cm 2 

4CM 

minutes 240 

Fig. 1.· Effect of 4.53 mM Ba on the short-circuit current across 
isolated frog skin. At the first arrow Ba is added to the inside 
bathing solution. At the arrow "wash11 the inside bathing solution was 
replaced by a solution without Ba .At the third arrow Ba 
to the inside bathing solution again. 

is added 

The initial decrease in SCC and increase in resistance is in agreement 
with the notion that Ba blocks the K channel. However, the observed 
spontaneous recovery indicates that presence of Ba in the IBS results in 
the formation of a Ba insensitive K channel. 

If Ba++ was added to the IBS a second time after the wash out of Ba++ 

from the IBS, a transient inhibition followed by the recovery was observed, 
but the percentage reduction in the SCC was always smaller. In the 
experiment shown in Fig. 1, the inhibition obtained after the first 
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addition of Ba was 68.5%, whereas the inhibition obtained at the second 
addition of Ba++ was 49.7%. Thus, the effect of Ba was only partially 
reversible. 

When Ba++ is added to the IBS of isolated epithelium the same result 
is obtained as in whole skin (Nielsen 1979b), but the inhibition is faster, 
because the thickness of the unstirred layer on the inside has been reduc­
ed by removal of the connective tissue. The primary inhibitory effect of 
Bit is faster than the secondary effect (the recovery), so the two 
effects are separated in time (Nielsen 1979b). Therefore it is possible to 
measure the Ba induced initial inhibition without getting to much 
interference from the subsequent recovery. The initial Ba induced 
inhibition (measured on whole skins) is plotted against the Ba 
concentration in the IBS (Fig. 2 ) , the Ba induced inhibition of the SCC 
increases with increasing Ba concentration until a maximum inhibition is 
reached. 

35 
-a« 

2 3^' 

Fig. 2. Maximum pertentage reduction of the short-circuit current 
elicited by various concentrations of Ba . Values are the mean ±S.E. 

The maximum inhibition obtained with 4.53 mM Ba++ (Fig. 2) was 63.7 
±1.0%, in another series (Nielsen 1979b) the mean was found to be 65.0 
±1.9% (n = 10). 

The fact that the initial inhibition of the SCC found after the 
addition of Ba shows saturation, and the maximum inhibition is close to 
66.6% indicates that the coupling ratio of the Na-K pump is 1.5. 
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Effect of K+ 

If the initial Ba++ induced inhibition of the SCC is caused by an 
inhibition of the K -current across the inward facing membrane, one would 
expect that an increase in the K concentration in the IBS also should 
result in an inhibition of the SCC. The calculated percentage inhibition 
of the steady state SCC caused by an increase in the K-concentration is 
shown in Fig. 4 (broken line). The percentage inhibition is calculated on 
basis of a computer programme (Hviid Larsen and Kristensen 1978); in the 
calculations it is assumed that the Na , K and Cl" permeabilities of the 
membranes stay constant before and after the increase of the K content 
in the IBS. 

The change from Ringer's solution with 2.5 mM K to Ringer's 
solution with 25 mM K resulted as the addition of Ba in a transcient 
inhibition of the SCC followed by a spontaneous activation (Fig. 3), 

4.53mM Ba** 

4Ό " 80 ' 1*0 160 minutes 

Fig. 3. Effect of 25 mM Κ on the short-circuit current in Cl Ringer's 
solution. At the arrow 25 ΚΛ the K concentration in the inside bathing 
solution was changed from 2.5 mM to 25 mM. At the arrow Ba Λ 4.53 mM 
Ba was added to the inside bathing solution. 

After about 20 min. incubation with 25 mM K in the IBS the SCC is higher 
than in the control period (Fig. 3, 0-40 min.) thus prolonged incubation 
with 25 mM K in the IBS results in an activation of the SCC, and not in 
an inhibition as the computer programme predicts (Fig. 4). This indicates 
that the permeability coefficients for Na and K do not remain constant. 



In order to explain the observed increase in the SCC we have to assume 
that both the K+ permeability of the inner membrane (Pi) and the Na 
permeability of the outer membrane (PJL) increases. Activation of the SCC 
caused by the presence of high K -concentration in the IBS has also been 
observed by Ussing et al. (1965). 

After the SCC had reached a new steady state during the incubation 
with 25 mM K+ in the IBS, Ba++ (4.53 mM) was added. The maximal initial 
inhibition found after addition of Ba in the presence of 25 mM K in the 
IBS was 31.5% (Fig. 3). In the presence of 2.5 mM K+ in the IBS the 
addition of 4.53 mM Ba++ resulted in about 65% reduction of the SCC (Fig.2) 

70i 

60 

O50 
Ü 
(/> 
540· c o 
Ξ30 
520. 
10H 

Fig. 4. The broken line shows the calculated steady state percentage 
inhibition of the short-circuit current caused by an increase of the 
K concentration in the inside bathing solution (IBS). The line labell­
ed K shows the maximum initial inhibition caused by an increase in the 
K concentration of the IBS. The line labelled Ba shows the maximal 
initial inhibition obtained by the addition of 4.53 mM Ba to the 
IBS at different K concentrations. 

Fig. 4 shows the maximal initial inhibition found by increasing the K 
concentration in the IBS from 2.5 mM to 10 mM, from 2.5 to 25 mM and from 
2.5 mM to 50 mM, the initial reduction in the SCC increased by increasing 
the K concentration in the IBS, but the K induced inhibition was in all 
cases transient (as shown in Fig. 3). After the SCC had reached a new 
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steady level Ba + (4.53 mM) was added. From Fig. 4 it is seen that the 
effect of 4.53 mM Ba++ decreases with increased K+ concentration in the 
IBS, and in the presence of 50 mM K in the IBS the inhibitory effect of 
Ba++ was abolished. This indicates: (i) that Ba++ and K+ compete for the 
same site in the K+ channel, or (ii) the presence of high K+ in the IBS 

++ + 
might result in the formation of a Ba insensitive K pathway in the 
inward facing membrane. 

Effect of Ba and K in the presence of non permeating anions. 

The two membrane hypothesis predicts that a decrease in ?l or an 
increase in the K concentration in the IBS should result in a swelling 
of the cells. It has been shown by MacRobbie and Ussing 1961 that an 
increase in the K concentration in the IBS result in a swelling of the 
cells in frog skin epithelia. Furthermore, a swelling of the frog skin 
epithelium gives rise to increased active Na+ transport (Ussing 1965). 

In order to investigate whether swelling of the cells should be 
involved in the recovery of the SCC observed after addition of Ba++, the 
effect of Ba and K in the presence of a very slow permeating anion was 
investigated. As impermeable anion gluconate was chosen. 

The effect of Ba on the SCC and the transepithelial resistance in 
gluconate- and Cl"Ringer's solution is shown in Fig. 5. The maximal 
initial inhibition found in Cl" Ringer's solution was 64.8 ±1.5% and in 
gluconate Ringer's solution 55.4 ±4.0% (n = 4). In Cl" Ringer's solution 
the usual recovery of the SCC was observed whereas no or only a very slow 
recovery of SCC was observed in gluconate Ringer's solution. Both in 
gluconate and Cl" Ringer's solution the addition of Ba resulted in an 
increase in the transepithelial resistance, but in Cl" Ringer's solution 
the increase in resistance was transient whereas in gluconate Ringer's 
solution the resistance remained high. The replacement of the IBS by a 
Ringer's solution containing 25 mM K and 4.53 mM Ba resulted in the 
gluconate experiment in a fast increase in the SCC and in a decrease in 
the transepithelial resistance (Fig. 5A). This indicates that Ba++ and 
K compete for the same site in the "K -channel". 

In Cl" Ringer's solution the changes in SCC and resistance were much 
smaller when the IBS was replaced by a Ringer's solution containing 25 mM 
K+ and 4.53 mM Ba++ (comp. Figs. 5A and 5B), this was mainly due to the 
spontaneous recovery in SCC and resistance which take place in Cl Ringer's 
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Fig. 5A. Effect of 4.53 mM Ba on the short-circuit current and the 
transepithelial resistance. The exp. was carried out in gluconate 
Ringer's solution. At the arrow 25 K , 4.53 Ba the inside bathing 
solution was changed to a Ringer's solution containing 25 mM K and 
4.53 mM Ba**. 
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Fig. 5B. The same as Fig. 5ΑΛ but the exp. was carried out in Cl 
Ringer's solution. 
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solution. Thus, this experiment supports the notion that the spontaneous 
recovery at least partially is due to the formation of Ba insensitive 
K+ "pathway" in the inward facing membrane. 

DISCUSSION 

The polyene antibiotic filipin makes the outward facing membrane of 
the isolated frog skin permeable for K which results in an active outward 
transport of K . The addition of Ba to the IBS under these conditions 
(the presence of filipin) activate the active outward K transport and 
reduces the active transepithelial Na transport (Nielsen 1979b). A 
decrease in the K permeability of the inward facing membrane can, 
according to the two membrane hypothesis, explain these observations, A 
decrease in the K permeability should result in (i) a decrease in the SCC 
and (ii) in an increase in the transepithelial resistance and (1.11.) a 
depolarization of electric potential of the cells; addition of Ba+ to the 
IBS causes these changes, see Fig. 5B and Nagel (1979). From these 
observations and the finding that there is a competition between K and 
Ba+ (Figs. 4 and 5) it is concluded that Ba reduces the K permeahility 
of the inward facing membrane. 

Fig. 6 A .B.C. The two membrane hypothesis. P Na-K pump with a coupling 
ratio of 1.5 (3Na/2K). 
i inward facing membrane. 
0 outward facing membrane. 



The fact that the initial inhibition of the SCC after the addition of 
Ba shows saturation and that the maximum inhibition is close to 66.6% 
can be explained by the following model which is based on the two membrane 
hypothesis (Fig. 6A). The active transepithelial Na+-transport is carried 
out by a Na-K pump with a coupling ratio of 1.5, consequently addition of 
a component (Ba ) which completely blocks the K channel would initially 
reduce the SCC by 2/3, because the current carried by the K+ ions across 
the inward facing membrane is switched off. The recovery is due to 
secondary changes in the cells which results in the formation of Ba++ 

insensitive K channels in the inward facing membrane and in an increase 
in PN , the last statement is based on the observation that the recovery 
after Ba++ in some cases is higher than 100%. Just after the K+ channels 
are blocked the cellular Na concentration is unchanged, therefore the 
Na-K pump will operate at the same rate, as before the addition of Ba++, 
for a short period (thus, the Na influx remains unchanged for a short 
period). In order to maintain electroneutrality in the cells, in this 
short period, the net Na flux across the outward facing membrane has to 
be reduced by the amount of K which is pumped into the cells (Fig. 6B), 
or the cells has to expel an equvivalent amount of other cations e.g. H+ 

and Ca++. If the cells expel other ions than Na+ e.g. H+ and Ca++ the 
initial inhibition would be less than 66.6%. The cells are also able to 
maintain electroneutrality by an uptake of anions e.g. Cl" or HCOl 
(Fig. 6C) in this situation the cells would swell. Thus, the formation of 
the Ba insensitive pathway might be caused by a changes in (i) cellular 
pH, or (ii) in a change in cellular Ca concentration or (iii) or it 
might be released by the swelling of the cells. 

The amount of H+ and Ca++ which can be extruded from the cells in 
this situation (blockade of the K channel) is small compared with the 
net Na+ flux, therefore the blockade of the K channels should (if no 
changes took place in P^ or in the Na-K pump) result in a complete 
inhibition of the SCC if the model Fig. 6B was operating, or in a 
destruction of the cells because of the swelling if the model Fig, 6C was 
operating. 

That the swelling of the cells or the uptake of KC1 in some way are 
involved in the recovery apperars from the fact, that in the presence of 
the \/ery slow permeating anion gluconate no or only a yery slow recovery 
was observed. In gluconate Ringer's solution the initial Ba induced 
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inhibition was 55.4 ±4.0% whereas the initial inhibition in the 
corresponding controls in Cl" Ringer's solution was 65.8 ±1.5%, this 
indicates that other cations e.g. H or Ca are extruded from the cells 
to the IBS in gluconate Ringer's solution, therefore it can not be exclud­
ed that changes in cellular pH and Ca concentration also have an effect 
on the formation of the Ba insensitive K channels. 

CONCLUSION. 

The data presented here shows that Ba blocks the K channels in 
the isolated frog skin, and Ba and K compete for the same site in the 
K channel. Immediately after the blockade of the K channel the cells 
forms or activate a Ba insensitive K channel in the inward facing 
membrane. Furthermore the data presented here indicates that it is 
possible to estimate the coupling ratio of the Na-K pump by measureing the 
initial decrease in the SCC caused by the blockade of the K channels. 
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EFFECTS OF HgCI2 ON THE APICAL 
MEMBRANE AND ION TRANSPORT 
PROCESSES IN TURTLE BLADDER 

Thaddeus Wilczewski, Wolfram Nagel, William A. B rod sky and 
John Durham 

Mount Sinai School of Medicine I CUNY, N.Y., N.Y., USA and University of Munich, Munich, FRG 

The isolated, short-circuited bladder of Pseudemys scripta has been 
shown to possess active transport mechanisms for the reabsorption of Na, 
Cl, and HCO3 (1-3). When such turtle bladder preparations are bathed on 
both surfaces by identical Na-rich media containing HCO3 and c^> mucosal 
additions of HgCl2 (final cone. 10'5M) are followed by monotonic decreases 
in Isc and PD (half-time of decay, 10 min) which reach \0% of the control 
levels after 10 min. During this period, the transepithelial resistance 
(Rt) reaches twice the control level, then decreases to half the control 
level between 60 and 240 min after HgCl2 addition. The early Hg-induced 
increase in Rt was not detected by Schwartz and Flamenbaum in their stud­
ies of HgCl2 effects on ion transport in this tissue (4).(Figure 1). 

( K A ) 

(mV) 

Exp#554 
NQ2S04-R 

Figure 1. Effect of mucosally-
added HgCl2 (10"5M) on R, Isc, 
and PD of bladders in Na-rich 
media. (Serosal additions of 
10"^M HgCl2 produced no changes). 
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Microelectrode impalements under these conditions, reveal a HgC^-
induced increase in the electronegativity of cell fluid with respect to 
mucosal fluid and an increase In the fractional resistance of the apical 
membrane (Ra/Rt) which also doubles in the first 30 min after HgCl2 addi­
tion. It is of interest to note that these HgCl2-induced changes in the 
apical membrane are similar to, though somewhat slower than those induced 
by the raucosal addition of amiloride (10"5M) (Figure 2). 

Amil 
HgCI2 

-80 
-60 

VSC - 4 0 

"Trons- membrane 

Wr\\ 
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Figure 2. Similarity of effects of 
M9C12 and amiloride on: the transapi-
cal membrane of potential Vsc; frac­
tional resistance of apical membrane 
(FRo); transepithelial resistance 
(Rt), and Isc. Bladders in Na-rich 
med i a. 

Ό 20 40 60 80 
TIME (min) 

Mucosal additions of HgC12 (final cone. 10~5M) to ouabain-treated 
bladders bathed on both surfaces by identical Na-free media containing 
HCO3 and Cl are followed by monotonic decreases in the transepithelial PD 
and Isc, which reach near-zero levels after 30-^5 min while Rt first in­
creases by ca. 25% and then decreases to below control levels. The con­
comitant forward flux 0[U) and back flux (I Jm) of chloride increase 
while the transepithel1 a 1 conductance (Gtsl/Rt) increases; but the conduc­
tance of the half bladder across which 1̂ 1 is measured does not increase 
to the same extent as that of the mated half bladder across which 1 ^ 
is measured (Figure 3). 

However the unidirectional chloride flux per unit of transepithelial 
conductance in the one half-bladder OjJJ/Gt) becomes and remains equal to 
that in the paired half bladder (l^/Gt;, which means that the net "iso-
conductive" chloride reabsorption reaches zero during the second hour 
after HgCl2 addition (Figure k). 
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Figure 3» Effect of HgCl2 on R, Isc, 
and unidirectional Cl flux (ms and sm) 
across each one of a mated pair of 
hemibladders containing HCO3 and Cl. 

Figure k. Same experiment as 
that depicted in Fig. 3, with 
Cl fluxes (ms and sm) and Isc 
normalized to the correspond­
ing conductance 0/R) of each 
hemibladder. 

The mercurial-induced effects on the Na transport-related Isc are re­
versed by: (l) removal of the HgCl2~containing mucosal fluid after 30-^0 
min of exposure to the HgCl2 or while Rt is still at twice the control 
level; and (ii) the addition of DTT (lO'^M) or amiloride (10"5M) either 
before or during the first half hour after exposure to HgCl2· The addi­
tion of amiloride followed by that of HgCl2 protects the bladder against 
the toxic effects of mercuric ions for as long as two hours; then the re­
moval of bothe the HgCl2 and amiloride is followed by a restoration of Isc, 
PD and Rt to control levels. (Figures 5 and 6). 

Conclusions. Mercuric ions added to the mucosal fluid first (within 
30 min) block the Na paths in the apical membrane to suppress Na reabsorp-
tion. The subsequent (li-2 hrs) increase in bladder conductance (Gt) with 
nullification of net isoconductive reabsorption could be due to a Hg-
induced loosening of the tight junctions. 
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Figure 5· Reversal of Hg-induced 
changes in R and Isc by mucosal 
addition of DTT; Na-rich media. 

Figure 6. Two hour period of pro­
tection against HgC1£~induced chan­
ges in R and Isc by the presence of 
mucosal amiloride; Na-rich media. 
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pH DEPENDENCE OF APICAL Na-TRANSPORT 
IN FROG SKIN 
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Lowering the pH of the solution bathing the outward-facing 
membrane of frog skin (Rana esculenta and ridibunda) from 7.5 
to 5.5 has been shown to increase the apical Na permeability 
[1,2]. To investigate further the nature of'this natriferic 
stimulation by protons, we have analysed the amiloride-induced 
fluctuations of the short circuit current to determine whether 
or not the increase of Na permeability is the result of an in­
creased single channel current. Such an increase may be ex­
pected from changes in the intra-membraneous electrical poten­
tial following the removal of negative fixed charges. 

2 Skins with exposed area of 3 cm were depolarized at their 
basolateral membranes in a serosal medium containing 58.3 mM 
K2S04* buffered at pH 7.3. Their outer surface was in contact 
with 54.44 mM Na2S04 and 1 mM CaS04 buffered by phosphate. 
When a reversible stimulation of iNa by lowering outer solut­
ion pH had been demonstrated, further measurements of fluc­
tuations were taken serially in 6 submaximal amiloride con­
centrations from 0 to 7.2 μΜ in the outer solution. The pro­
cedure was then repeated with the same set of amiloride con­
centrations at a lower pH value. 
The Na current power density in the absence of amiloride in­
creases at all frequencies used as the pH is lowered and Î a 
increased (data not shown). Upon addition of submaximal con­
centrations of amiloride to the outer solution, Lorentzian 
spectral components appear. Their plateaus for a given ami­
loride concentration (A)Q increase with the lowering of pH while the corner frequencies show little changes (Fig. 1). 
Thus, the microscopic rate constants derived from the chemi­
cal rate vs. (A)0 plot show only insignificant changes at these pH values. When the inverse of Na permeability (PNa)/ 
approximated here by (Na)o/lNa# i s plotted against (A)0, a regression line can be drawn to yield an apparent macroscopic 
Michaelis constant for the amiloride block (Fig. 2). In con­
trast to the absence of pH dependence of the microscopic rate 
constants, lowering the outer pH increases not only the Na 
permeability in the absence of amiloride (reduced ordinate 
intercept) but also the apparent affinity of the amiloride 
block (shifted abscissa intercept to the right). On the right 
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of Fig. 2 these values from individual experiments are assemb­
led; the values from the same skin are connected by straight 
lines. The apparent Michaelis constant of Na-selfinhibition KN 
was calculated based on the model of competitive inhibition 
between Na and amiloride. The calculated values for the single 
channel current i and the open channel density NQ are shown in Fig. 3. While i shows little pH dependence, NQ increases by pH stimulation. To obtain the total channel density, we evaluated.+ 
an occupancy plot in the form of (NQ + N2)"1 vs. (1 + (A)O/KA)~ 
as shown in Fig. 4, where N2 is the density of channels blocked 
by amiloride. The inverse of the extrapolated ordinate inter­
cept in this plot corresponds to the total density of amiloride 
blockable channels. 

A-·. -. » 

y 
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Δ pH 7.5 
O pH 5.5 

(A)0 |μΜ| 

Fig. 1: Amiloride spectra at pH 7.5 and 5.5: (A)0's are 1.2, 3.6 and 7.2 μΜ. The curves are fitted Lorentzians. Right: the 
rate 1/t = 2nfc vs. (A)0 plot is for the mean corner frequen­cies from 5 skins. 

Iw'cm/Mcl"1 KN [mM] 

5 7 (A)„ IpM) 5 6 7 8 pH 8 pH 

Fig. 2: Effects of acidification on the macroscopic Na per­
meability and the apparent amiloride affinity; lines drawn 
from the least square fit. Right: macroscopic apparent Michae­
lis constants of amiloride block and of Na-selfinhibition at 
different pH; lines connecting values from the same skin. 
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Fig.3; Single channel cur­
rent (i) and open channel 
density (N0) at different 
pH; lines connecting values 
from the same skin. 
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Fig.4: An occupancy 
plot: N0, open; N2, amiloride-blocked chan­
nels. The inverse of 
ordinate intercept gives 
total channel density N. 
Right: variation of N 
in different skins at 
different pH. 
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The stimulatory effect of acidification of the outer bathing 
medium in the pH range studied here has been shown also for 
the urinary bladder of the toad (Bufo marinus) [3]. In the frog 
skin of other species the effect of acidification, if any, is 
merely inhibitory [4,5,6 ]. The stimulatory natriferic pH 
effect is found here to be accompanied by an increase of the 
apparent macroscopic affinity of the amiloride block. Although 
it has been known that the protonated form of amiloride is 
responsible for the blocking of apical Na channels [5 ], the 
change in the concentration of protonated amiloride in our pH 
range for amiloride with pK = 8.7 is too small to account for 
the observed apparent affinity change. The lack of parallel in 
the pH dependence of the micro- and macro-behaviour of the 
amiloride block stands in contrast to the change in the block­
ing potency resulting from a modification on the amiloride 
structure [7 ] . There the change of the macroscopic affinity is 
accompanied by a similar change in the blocking potency as 
measured by the ease with which the blocker can reach and leave 
the site to effectuate a block. With the use of an impermeant 
buffer we observe that the response to the pH stimulation is 
in the order of seconds; therefore, the immediate effect of the 
added protons will be on the apical membrane. The possibility 
of a pH induced dissociation of polyvalent cations from some 
anionic sites in the membrane and a subsequent increase of Pfla 
in the toad bladder has been dismissed for lack of positive 
experimental evidence [3 ]. It also seems unlikely from the 
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present experimental data, because a change in the membrane 
fixed charges would change the intramembraneous electric field 
and cause changes in the single channel current. Although we 
have not yet examined the effect of apical electrical potential 
difference on the single channel current, we have observed 
consistently that a depolarized preparation has a single chan­
nel current 1.5 to 2 times smaller than that of its non-
depolarized control. However, our evaluation of the values of 
the single channel current shows that this quantity is rather 
insensitive to the change of pH. The change of the Na activity 
near the apical membrane after the pH change is also unlikely; 
Van Driessche and Lindemann have demonstrated that the channel 
current is a linear function of the apical Na concentration 
[8], but in our pH experiments this quantity remains unchanged. 
When the pH of the outer solution is lowered further, an inhi­
bitory effect of proton on the PN develops. A competitive 
nature of proton with Na in this blockage has been suggested 
[2,4 ] . In the present study this type of blockage is not yet 
apparent as we have not used values of pH below 5.5. Therefore, 
macroscopically we achieved a sustained stimulation, and mi­
croscopically we found no change in the apparent on-rate con­
stant of the amiloride blocking action. The latter finding 
suggests further that when proton and Na indeed competitively 
inhibit PNa the apparent Michaelis constant of the proton 
blockage must be an order of magnitude larger than the proton 
concentrations used in our study; otherwise, a decrease in the 
apparent on-rate constant of the amiloride block should become 
noticeable at pH 5.5 [9 ] . This is in accord with the previous 
dose-response finding that the pK for the pH block is in the 
vicinity of 4 [2 ] . 
In summary, the stimulatory action of acidification is due to 
an increase in the open channel density and a large fraction 
of the increase comes from the diminuition of the Na-self-
inhibition effect. Indeed, the rapidity of the PNa response is 
comparable to that induced by other external chemical reagents 
like para-chloromercuriphenylsulfonate and benzoylimidazole 
guanidine, which have been shown to increase P^a also by re­
moving the Na-selfinhibition without changing the magnitude of 
the single channel current [9 ]. 
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INTRODUCTION. 
Prostaglandins (PGs) stimulate epithelial Na+ transport in epithelia 

such as frog skin (Lote et al. 1974, Barry et al. 1975) and renal tubules 
(Flilgraff & Meiforth, 1971). Ussing's model for Na+ transport assumes that 
Na+ enters the epithelium through the mucosal surface by a passive step and 
is transferred to the serosal side by an active process (Na+ pump). The 
entry step appears to be the rate limiting step. 

There is convincing evidence indicating that C-AMP mediates the stim­
ulatory effect of neurohypophyseal hormones on Na+ transport (Sapirstein & 
Scott 1973, Aceves 1977). Because PGs stimulate also C-AMP formation (Hall 
& O'Donoghue 1976), one would be Inclined to conclude that both groups of 
hormones share a common site (or sites) of action. Therefore we thought 
interesting to study comparatively the effect of PGs and ηβυπ^ρορΙ^β3Ί 
hormones on Na+ transport in the isolated epithelium of the frog skin. 
METHODS. 
Transepithelial sodium transport. 

It was estimated by measuring the short circuit current (SCC) as de­
scribed by Ussing and Zehran (Ussing & Zehran 1951). Paired pieces frog 
skin (Rana plpiens) were mounted 1n pgrpex chambers. The inner or serosal 
side was bathed with normal Ringer (composition mM/L: NaCl 115, NaHC03 2.4, KC1 5, CaCl2 It MgC12 2, glucose 10), while the outer or mucosal side was bathed with a low sodium-choline Ringer (NaCl 0.3, choline chloride 115, 
cholirte bicarbonate 2.5, KC1 5, MgCl2 2, glucose 10 mM/L, pH 7.4). Either 
oxytocin (50 mU/ml) or PGEi (5xl0-eM, kindly donated by Dr. J.E. Pike, 
Upjohn Co.), were added to the Ringer bathing the Inner chamber. 

Isolated frog skin bathed with very low Na+ concentration on the mu­
cosal side have 1n most cases (Morel & Bastide 1965) a negative going SCC 
(outward going Na+ net flux). Therefore one would expect that an increase 
1n the Na* permeability of the mucosal barrier would be accompanied by an 
Increase in the negative SCC. We tried by this experimental approach to 
measure the possible increase in Na+ permeability Induced by the hormones. 
Sodium extrusion. 

Na+ extrusion was measured as described by Aceves (1977) Epithelia iso. 
lated by the action of collagenase and hydrostatic pressure (Aceves & 
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Erlij, 1971), were loaded with Na+ by exposure to cold (2-4°C), K+-free so­
lutions. Then, the epithelial pieces were transferred to Ringer solutions 
containing 0.25 mM K. In this rather low K concentrations the rate of Na+ 

pumping is decreased and any stimulatory effect of the hormones is more eas­
ily determined. 

To determine the magnitude of the Na+ extrusion, the intracellular Na+ 
content of the epithelia recovering with and without the hormones, was sub­
tracted from the Na+ content found in the epithelia at the end of the incu­
bation period in K+-free solutions. Extracellular Na+ was washed out, 
shaking the epithelia in ice-cold isotonic mannitol (Aceves, 1977). Na+ was 
measured by flame photometry. 
Ouabain binding. 

Ouabain binding was measured in isolated paired epithelia. Each epithe. 
lium was mounted in a perspex chamber. After one hour equilibration, oxy-
tocin (50 mU/ml) was added to the inner side of one epithelium. At the peak 
of the stimulation of the SCC (after 1/2 hour of hormone addition), the 
Ringer of the inner chamber was replaced with one containing the same con­
centration of hormone plus tritiated ouabain (0.5 x 10~6M) diluted with 
"cold" ouabain (4.5 x 10"6M). The Ringer of the inner chamber of the con­
trol epithelium was also replaced with Ringer containing the same concentra­
tion of labelled and cold ouabain, but without.the hormones. After one hour 
of the ouabain addition, when SCC was practically abolished, the labelled 
solutions was withdrawed and after several washes with ice-cold Ringer, the 
epithelia were dismounted from their chambers and subjected to a further 
washing during two periods of 10 min. in 200 ml of ice-cold Ringer under 
magnetic stirring. After this, the epithelia were left overnight at 100°C 
and their dry weight determined. Finally they were solubilized (NCS, tissue 
solubilizer) and after addition of a scintillant (Bray's solution), they 
were counted in a Packard Tricarb Mod. 2405 Counter. 
Inhibition of SCC by amiloride. 

Increasing and cumulative concentrations of amiloride were added to the 
mucosal solution. The SCC remaining after 10-**Μ amiloride was subtracted 
from the SCC value inmediately before the administration of the first 
amiloride concentration; the subtracted value was taked as 100 per cent in­
hibition. The inhibition of any other amiloride concentration was expressed 
as percentage of this value. After this dose-response curve, the external 
chamber was thoroughly washed, ?nd once the SCC stabilized, a second dose-
response curve was determined in the presence of PGEi (1 x 10"6M). 
RESULTS. 
Effect of prostaglandin Ei and oxytocin on SCC. 

In spite of the low external Na+ concentration, both PGEi and oxytocin 
increased SCC (Fig. 1). The increment for PGEi was from -23+29 to 111*23 
nEq.h-^cm-2 (p<0.05); this increment was inhibited after the addition of 
amiloride to -148+12 nEq^h^cnr2. Oxytocin enhanced Na+ transport from 
-118+51 to 45i50 nEq-h^cnr2 (p<0.05); SCC was also inhibited by amiloride 
to -225+48 nEq-h-^cm-2. 
Effect of PGEi and oxytocin on Na* extrusion. 

The effect of the hormones was tested simultaneously both on SCC and on 
Na+ extrusion. The SCC was measured in the skin of the legs of the frogs 
from which, to measure Na+ extrusion, the epithelium was isolated from the 
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Fig. 1. A) Effect of PGEi (5xl(T6M) 
and amiloride (lxlO"5M) on SCC. 

3) Effect of oxytocin 
(50 mU/ml and amiloride (Ixl0-5M) on 
SCC. 
Arrows show the control value of SCC 
and the effect after the addition of 
the tested compound. 

abdominal skin. As can be observed (Table I) both hormones significantly 
stimulated SCC but only oxytocin increased Na+ extrusion. 

TABLE I .- EFFECT OF PGE] 
SCC (yEq/h^m2) 

Before 

AND OXYTOCIN ON SCC AND Na EXTRUSION 

After 

Sodium extrusion (Δ) 
(yEq/gm1 d.w.) 

Control Experimental 
Oxytocin 0.82+0.17 2.46+0.46* 
(50mU/ml) 
PGEi 0.57+0.09 1.34+0.16* 
(5xlO-6M) 
*p<0.001 **p<0.02 

Effect of oxytocin on ouabain binding. 

1±14 

1±14 

33il0** 

2+11 

The stimulation of Na+ extrusion by oxytocin indicated that this hor­
mone had an effect on the Na+ pump of the serosal barrier of the epithelium. 
The stimulation of the Na+ pumping could be due either to an increase in the 
number of pumping sites or to an increase in the turnover of the pump. As 
can be seem from figure 2, in spite that oxytocin more than double SCC, it 
did not modify the amount of ouabain bound to the serosal side of the epi­
thelium. 
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Fig. 2. Effect of oxytocin 
(50 mU/ml) on SCC and on 
ouabain binding, in paired 
isolated frog skin epithelia. 

Control Oxytocin Control Oijftoeln 
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Effect of PGEi on amiloride affinity for inhibition of SCC. 
Cuthbert and Shum (1974) found that antidiuretic hormone competitively 

antagonizes the inhibitory effect of amiloride on SCC. This effect consti­
tutes additional evidence of the effect of the hormone on the Na+ entry pro£ 
ess across the mucosal barrier of the epithelium. To further assess the 
effect of PGEi on the Na+ entry step, the effect of this hormone on the 
dose-response curve for amiloride inhibition of SCC was determined. As can 
be observed from figure 3, PGEi displaced the dose-response curve to the 
right. The apparent affinity constant was reduced from 5 x lO6!^"1 to 
2.4 x 106M"1 by the hormone, which indicates that, as antidiuretic hormone, 
PGEi antagonizes the binding of amiloride to the Na+ channels of the mucosal 
barrier of the epithelium. 
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Fig. 3. Inhibition of SCC by 
amiloride. Cumulative dose-
response curves, control (·—·) 
and after the addition of PGEi 
(o—o) to the solution bathing 
the serosal side of the frog 
skin (p<0.05) 

DISCUSION. 
The hormones that induce an stimulatory effect on the Na+ transepithelj_ 

al transport may act by any of three main mechanisms or by a combination of 
them: a) increasing Na+ permeability; b) increasing the rate of Na+ pumping 
or the number of Na+ pumps; c) enhancing the available energy for the pump­
ing process. Our results suggest that oxytocin stimulates transepithelial 
Na+ transport by increasing the rate of Na+ pumping at the serosal barrier 
(Fig. 2) and by increasing the entry of Na+ across the mucosal barrier 
(Fig. 1). On the other hand, PGEi failed to show any effect on the Na+ 

pumping at the serosal membrane (Table I) but showed a clear effect on the 
Na+ entry step as judged by its antagonizing effect on amiloride inhibition 
of SCC (Fig. 3). 

The stimulatory effect of PGEi on the transepithelial Na+ transport in 
the presence of \/ery low external Na+ concentration might suggest that this 
increment is due to the presence of an active step located at the mucosal 
membrane as has been suggested for oxytocin by Morel and Bastide (1965). 
However without knowing the Na+ electrochemical potential across the mucosal 
barrier in the presence of very low Na+ concentrations in the mucosal solu­
tions and in the presence of PGEi, it is yery difficult to decide whether 
the entry Na+ in these conditions is a passive or an active process. 

As noted before, both PGEi and oxytocin stimulates C-AMP formation in 
epithelia such as the frog skin, the nucleotide being the second messenger 
for the stimulatory effect of neurohypophyseal hormones on transepithelial 
Na+ transport (Hall & O'Donoghue 1976). In line with this suggestion, exo­
genous C-AMP stimulates Na+ extrusion in the isolated epithelium of the frog 
skin (Aceves, 1977). Therefore, a relevant question is to ask why PGEi does 
not show any effect on the Na+ pump of the serosal barrier if its effect is 
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mediated also by C-AMP. The compartmentalization of C-AMP inside the epi­
thelial cells has been invoked to explain different, sometimes antagonizing, 
effects of PGs of the E series and neurohypophyseal hormones. 
BIBLIOGRAPHY. 
Aceves, J. Sodium pump stimulation by oxytocin and cyclic AMP in the iso­
lated epithelium of the frog skin. Pflügers Arch. 371: 211-216, 1977. 
Aceves, J. & Erlij, D. Sodium transport across the isolated epithelium of 
the frog skin. J. Physiol. (Lond.) 212: 195-210, 1971. 
Barry, E., Hall, W.J. & Martin, J.D.G. Prostaglandin Ei and the movement of 
salt and water in frog skin (Rana temporaria) J. Gen. Pharmac. 6: 141-150, 
1975. 
Cuthbert, A.W., & Shum, W.K. Binding of amiloride to sodium channels in frog 
skin. Mol. Pharmacol. 10: 880-891, 1974. 
Flilgraff, G. & Meiforth, A. Effects of prostaglandin E2 on excretion and reabsorption of sodium and fluid in rat kidneys. Pflüggers Arch. 330: 
243-256, 1971. 
Hall, W.J. & O'Donoghue, J.P. Endogenous prostaglandins, adenosine 3':5'-
monophosphate and sodium transport across isolated frog skin. J. Physiol. 
258: 731-753, 1976. 
Lote, C.J., Rider, J.B. & Thomas, S. The effect of prostaglandin Ei on the 
short-circuit current and sodium, potassium, chloride and calcium movements 
across isolated frog (Rana temporaria) skin. Pflüggers Arch. 352: 145-153, 
1974. 
Morel, F. & Bastide, F. Action of l'ocytoxine sur la composante active du 
transport de sodium par la peau de grenouille. Biochim. Biophys. Acta, 94: 
609-611, 1965. 
Sapirstein, V.S. & Scott, W.N. Cyclic AMP and sodium transport. Quantitative 
and temporal relationships in toad urinary bladder. J. Clin. Invest. 52: 
2379-2382, 1973. 

161 



Adv. Physio/. Sei. Vol. 3. Physiology of Non-excitable Cells 
J. Salänki (ed.) 

EFFECTS OF FUROSEMIDE AND ETHACRYNIC 
ACID ON SODIUM TRANSFER ACROSS THE 

PARIETAL PERITONEAL MEMBRANE 
E. Feder and J. Knapowski 

Department of Pathophysiology, Medical Academy, ul. Swi$ckiego 6, 60-781 Poznan, Poland 

In recent years, studies were conducted on the effect of 
various pharmacologic agents and hormones on the rate of 
substance transport in peritoneal dialysis as applied in ani­
mals as well as in humans /1,3/. Till now, however, the mecha­
nisms of action of these compounds have not been clarified. 
The compounds in question include diuretic drugs which have 
been inducing variable effects on peritoneal sodium clearance 
during peritoneal dialysis /2,6/. 

A series of studies on isolated fragments of parietal 
peritoneum has been performed in vitro to establish the effect 
of furosemide and ethacrynic acid on peritoneal transport of 
sodium ion. 

MATERIALS AND METHODS 

Parietal peritoneum fragments were isolated from the 
diaphragm and anterior abdominal wall of Wistar strain rats 
and mounted into an Ussing-type chamber according to the tech­
nique previously described /4,5/. In a few-hour-lasting expe-

22 
riment, in 30 min. intervals, bidirectional transfer of Na 
was estimated. 

RESULTS AND DISCUSSION 

The results of a first series of experiments demonst­
rated a small but statistically significant difference between 
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Fig.l. Net transfer of sodium across the peritoneal mesothelium 
of the diaphragm /o/ and anterior abdominal wall / · / in 30 min. 
intervals /mean + SE/ during the course of experiment. The 
resultant net transfer values /between 120th and 270 th min./ 
differ from zero significantly. 

the two directions of sodium transfer through the membranes. 
In diaphragmatic peritoneum net sodium transfer from peritone­
al mesothelium to muscular side was observed while in frag­
ments of parietal peritoneum isolated from anterior abdominal 
wall net transfer in the opposite direction prevailed. The re­
sults suggest that, apart from passive diffusion, an active so­
dium ion transport may take place in mesothelial cells ^ig. 1/ . 

In subsequent series of experiments the effect of furo-
22 

semide and ethacrynic acid on bidirectional Na transfer was 
examined. The compounds were added to medium bathing the meso­
thelial site of the membrane in two consecutive doses, yielding -4 -4 -5 the final concentrations of 10 M or 5x10 M, and 10 M or -3 10 M, for furosemide and ethacrynic acid, respectively. 

22 
The effect of furosemide on bidirectional Na transfer through 
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Fig. 2. The effect of furosemide /Fur·, =10 M, Fur2=5xlo" M/ on bidirectional 22Na transfer through diaphragmatic peritoneum 
/d/ and anterior abdominal wall peritoenum /aaw/. A - transfer 
from mesothelial to muscular side, B - transfer from muscular 
side to mesotnelium. 

diaphragmatic peritoneum and abdominal wall peritoneum is 
illustrated in Fig.2. 

The experiments showed a diminshed sodium transfer 
through the membrcTne under the effect of furosemide. Only the 
direction of transfer which prevailed under normal conditions 
was affected by furosemide. Thus, in case of diaphragmatic pe­
ritoneum, the transfer from peritoneal cavity to vessels was 
affected while in abdominal wall peritoneum transfer in the 
opposite direction was decreased. Assuming that the enhanced 
sodium transfer through peritoneum resulted from an actively 
transporting mechanism and that furosemide action depressed 
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Fig.3. The effect of ethacrynic acid /ΕΑι=1θ" M, EA2=10 M/ 
on bidirectional 22NA transfer through diaphragmatic peritone­
um /d/ and anterior abdominal wall peritoneum /aaw/. A - trans­
fer from mesothelial to muscular side, B - transfer from 
muscular side to mesothelium. 

the transfer to the level of transfer in the opposite direction 
one might suggest that the drug inhibited this active mechanism. 

The effect of ethacrynic acid on bidirectional 22Na 
transfer was estimated in peritoneal fragments also originating 
from the two anatomical sites. The series demonstrated no sig­
nificant effect of ethacrynic acid on the transfer in either 
type of the membrane /Fig.3/. 

CONCLUSIONS 

1. Net sodium ion transfer in parietal peritoneum covering the 
diaphragm is directed from peritoneal cavity to the vascu­
lar side while in parietal peritoneum covering the anterior 
abdominal wall it shows the opposite direction. 
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2. Furosemide, when added to the mesothelial side of parietal 
peritoneum covering the diaphragm, significantly inhibits 
sodium ion flux toward the vascular space while in parietal 
peritoneum isolated from the anterior abdominal wall it 
inhibits sodium ion flux in the opposite direction. 

3. Ethacrynic acid does not significantly affect bidirectional 
sodium ion transfer through parietal peritoneum covering 
diaphragm or anterior abdominal wall. 

4. Mesothelial cells of parietal peritoneum react to pharmaco­
logical agents showing altered transport properties. 
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The discussion served mainly to clarify the points 
made by the speakers, and no serious objections were 
made to their conclusions. 

The overall impression left after the session was 
that the two-membrane theory of epithelial transport 
is now firmly established. In the cases of amphibian 
skin and toad urinary bladder the nature of the indi­
vidual steps in the transport process has been further 
characterized. 

1/ The passive entry of sodium is governed by a 
sodium selective channel rather than by a membrane 
carrier. The entry is modulated by the outside sodium 
concentration acting on the inhibitory site of the 
sodium channel. 

2/ The transport pool for sodium is virtually the 
total cellular sodium pool, both in frog skin epithe­
lium and in bladder epithelium. In frog skin, conduct­
ing cell junctions make the whole epithelium act 
like a cyncytium. 

3/ At least in frog skin and toad urinary bladder 
the sodium pump is a sodium-potassium exchange pump, 
which is also electrogenic, because 3 sodium ions are 
pumped from cell lateral space for every two potassium 
ions pumped in the opposite direction. 
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4/ Passive chloride entry /at least in toad skin/ is 
regulated by a gating mechanism which is sensitive to the 
transepithelial potential. Thus the electrodiffusion of 
chloride completely stopped if the potential is reserved. 

Several new approaches and techniques were discussed 
and especially the electric fluctuation analysis snows 
promise for the future. 
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It is generally taken for granted that the transport of solutes 
across the cell membrane (and also across membranes of intracellular 
organelles) can play a role in the regulation of cellular metabolism. 
Several ways were considered (Kleinzeller and Kotyk, 1963) by which 
this may be accomplished: 

1) The transported solute (sugars, amino acids, etc.) represents a 
substrate for cellular metabolism; the transport step may be rate-
limiting. 

2) The transported solute (e.g. mineral ions) affects the 
intracellular rate of metabolic processes. 

3) The transport of a solute (against the chemical and/or 
electrochemical potential gradient) requires some portion of the available 
metabolic energy and thus may affect the energetic balance of the cell. 

In the light of more recent knowledge the above may represent too 
narrow an approach to the subject. This is borne out by the recognition 
that the cell membrane is itself a structure displaying a considerable 
turnover of its components (e.g. phospolipids: Hokin and Hokin, 1967; 
proteins: Amos et al. 1977)» and thus is subject to metabolic control 
including appropriate genetic control mechanisms. 

In my introductory comments to this Symposium I wish to draw 
attention to some mechanisms by which the relationship between membrane 
transport and metabolism is achieved. I shall illustrate some of my 
points using data from our laboratory, mostly relating to transport and 
metabolism of sugars. Many facets of the broad subject of our Symposium 
will be considered in more detail in the Proceedings. 

Control of cell metabolism by rate-limiting transport of a solute 

The scheme shown in Fig. 1 represents the simplest conceivable 
mechanism of interrelationship between transport and metabolism. 

M 
J_ 

I 

ATP, M^SP 
4 Pi 

Fig. 1. Transport and cellular metabolism of solute S: 
Individual fluxes. M: Membrane; SP: Product of S; 
subscripts i and o indicate the respective intracellular 
and extracellular compartments5 numbers indicate 
individual independent flux pathways. 
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In this scheme, the flux of each component step may be expressed 
by the Michaelis-Menten formalism. Under steady-state conditions the 
intracellular substrate concentration will be constant and therefore 
concentration S. will be given by the algebraic sum of the respective 
fluxes into, ana out of, the compartment of S.. It follows that in the 
case of pathway 1 being rate-limiting, S. will be considerably lower than 
the external concentration S . In accordance with such scheme the 
saturable, carrier-mediated glucose transport across the cell membrane was 
found to be the rate-limiting step (and thus S. was practically zero) in 
muscle (Rändle and Smith, 1958), yeast (Kleinzeller and Kotyk, 1963) or 
hepatoma - but not normal liver cells (Van Rossum et al. 1973)· Further­
more, whenever specifically examined in the above examples, the apparent 
K of glucose utilization by the cells was several orders of magnitude 
higher than that of the first reaction for the entry of intracellular 
glucose into the metabolic pool, i.e. hexokinase. 

Metabolic feed-back control of solute transport 

The transport of glucose in the examples given above is mediated 
by a membrane carrier, but does not per se require metabolic energy since 
it does not proceed against a chemical potential gradient. Therefore, the 
uptake of glucose would not be expected to be affected by cellular 
metabolism. Contrary to such an assumption, it has been first shown by 
Rändle and Smith (1958) that the muscle cell controls glucose uptake by 

0 20 min 40 60 
Fig. 2. The Pasteur effect and the uptake of D-xylose by Saccharomyces 
cerevisiae at 30 C; air or N2· D-Xylose- C, 14.3 mM; O 5 xylose alone, 
air; #,xylose alone, N2; Δ , xylose plus 2.7 mM glucose, air;A, xylose 
plus 2.7 mM glucose, NQ. Ordinate: intracellular xylose concentration, 
mM. d 
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permitting a higher rate of membrane transport under anaerobic conditions 
than during aerobiosis. 

The following experiments with yeast cells (Kleinzeller and Kotyk, 
1963) have a bearing on the understanding of the control mechanism· Two 
sugars sharing the same transport system, D-xylose and D-glucose, were 
employed· 

Since the intracellular glucose concentration in yeast is 
practically zero, under both aerobic and anaerobic conditions, the 
increased uptake anaerobically, characteristic of the Pasteur effect, 
implies an increased rate of substrate transport across the membrane· 
Fig, 2 shows that oxygen per se does not appear to affect the transport 
mechanism, as evidenced by identical rates of uptake of the non-
metabolizable analog of glucose, D-xylose, However, in the presence of 
low concentrations of D-glucose the uptake of xylose was markedly 
depressed by the presence of oxygen independently of the competition of 
both sugars for the carrier. Such data lead to the conclusion that some 
metabolic product of glucose inhibits the membrane transport of xylose 
by a feed-back mechanism as indicated in Fig. 3· 

Fig. 3· Metabolic feed-back inhibition of solute influx. 
For symbols see Legend to Fig. 1. 

The molecular nature of this feed-back control mechanism is so 
far unknown (see, e.g. Morgan and Whitfield, 1974). A kinetic analysis 
indicated that in yeast cells both the K and V of the glucose influx 
were affected by the change from anaerobic to aerobic conditions (Kotyk 
and Kleinzeller, 1967)· It cannot be excluded that in addition to the 
postulated feed-back mechanism, the entry of glucose into cells is also 
controlled by the membrane transport of the phosphate anion (Racker, 
1965)5 in ascites tumor cells, the intracellular concentration of Pi was 
shown to limit both glycolysis and respiration. 

Consideration of the schemes given in Figs. 1 and 3 requires 
several comments: 

First, the schemes are valid whatever the mechanisms of the 
component reactions. In particular, this applies to the nature of the 
transport pathways across the membrane. If any of these fluxes were 
active (being directly or indirectly coupled to metabolic energy and 
proceeding against the electrochemical potential gradient) this would 
express itself in the values of the respective kinetic parameters but 
would not affect the schemes. However, such a system would gain an 
additional pharacteristic: the appropriate flux would also be dependent 
on the cellular concentration of the immediate source of energy driving 
the active transport system. 

Second, metabolic feed-back effects on the kinetic parameters of 
the membrane transport fluxes deserve some analysis. Changes of the 
affinity between the carrier and the transported solute (i.e. the 
transport constant of the Michaelis-Menten type) assume direct action on 
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the conformation of the carrier. On the other hand, changes of the 
transport capacity may be rather complex: not only the mobility of the 
carrier in the membrane (including the state of the membrane lipid 
environment) but also accessibility of membrane sites (structural, but 
also formation or repression) may be involved. 

It is pertinent to substantiate the above statement by a summary 
of available information: cell growth appears to be associated with 
major changes in the transport parameters for various substrates. Two 
mechanisms have been proposed for the observations: 
i) Alterations in membrane viscosity, monitored by measuring changes in 
fluorescence polarization (Collard et al. 1977); it will be shown below 
that changes in membrane fluidity are also held responsible for the 
insulin effect of membrane sugar transport. ii) Glucose starvation, 
which enhances by a complex feed-back mechanisms hexose transport and 
depresses the synthesis of two membrane proteins (Amos et al. 1977» 
Shu et al. 1977). It remains to be seen whether the loss of cellular 
metabolites which takes place during membrane fusion is in a similar way 
responsible for changes in membrane permeability (Pasternak and Micklem, 
1973)· Since membrane fusion is a key event including e.g. pinocytosis, 
phagocytosis, but also secretion of macromolecules, the observed 
phenomenon may well affect the cellular metabolism under a variety of 
physiological conditions. Finally, it ought to be mentioned here that it 
is still a matter of discussion whether transformation of cells to tumor 
cells is associated with an increase of sugar transport (cf. Hatanaka, 
1976; Romano, 1976). 

In the light of the schemes and comments we shall now proceed to 
examine some specific examples of interrelationship between transport and 
metabolism. 

Some mechanisms of the relationship between transport 
and cell metabolism 

Electrolyte transport and cell metabolism 

It has been pointed out (Whittam and Willis, 1963) that a major 
portion of the cellular oxidative phosphorylation capacity is used for the 
operation of the Na-pump. Thus, the inhibition of the (Na-K)-activated 
ATPase produced an approx. 2/3 inhibition of the respiration of renal 
cells. 

However, other mechanisms may also be operative here. First, it 
appears that in vascular smooth muscle, aerobic glycolysis is closely 
linked to Na and K transport, whereas ATP generated by oxidative 
phosphorylation is primarily coupled to contractile energy requirements 
(Paul et al. 1979). The localization of glycolytic enzymes in the cell 
membrane, found in erythrocytes (Fossel and Solomon, 1977), may represent 
a plausible model. 

Secondly, the active transport of most amino acids (in many cells) 
and of sugars (in epithelia) is brought about by a carrier-mediated 
coupling between the substrate and the down-hill flux of Na (Schultz and 
Curran, 1970); the sink for the passive Na flux is produced by the 
operation of the Na-pump. Quantitatively, the extra amount of Na entering 
the cells in this way appears to represent only a minor fraction of the 
total Na influx and thus would not produce an additional drain on cell 
energy. However, recent studies (Murer and Hopfer, 1974; Beck and 
Sacktor, 1978) have shown that as opposed to previous views, the uphill 
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solute transport is brought about by the total of electrochemical ionic 
gradients across the membrane; thus, both the chemical potential of Na 
and Δ ψ may be the driving forces· This point has a bearing on the 
coupling between electrolyte transport and metabolism in that any 
mechanism affecting the electrical polarity of the cell membrane will also 
change the rate of entry of cellular substrates. Coupling between solute 
and proton fluxes have been found in some cells. Such coupling has been 
predicted by Mitchell (1966) and found to drive sugar transport in 
bacteria (West, 1970), algae (Komor and Tanner, 1974) and yeast (Eddy, 
1978)· Recently, a coupling between H fluxes and metabolism in the toad 
urinary bladder has been reported by Kelly et al. 1980. In this acid 
secreting tissue the proton flux increased the oxidation of a variety of 
substrates; vice versa, the addition of substrate to starved cells 
enhanced the H flux. 

Finally, the transport^of Na is also coupled to the transport of 
anions, e.g. phosphate, and Ca . The cellular concentration of both 
these ionic species are believed to be determinants of metabolism. In 
particular the role of Ca in the excitation-secretion coupling (Baker, 
1974) has been emphasized. 

Some hormonal effects on sugar transport 
and metabolism 

Two types of experiments will be related herein demonstrating the 
effects cAMP and of insulin on sugar transport and metabolism in renal 
cells in order to demonstrate some aspects of the localization and 
mechanism of action of these agents. 

It is now well established that sugars, including D-glucose, are 
actively transported into renal tubular cells by a brush-border localized, 
process coupled to the down-hill electrogenic Na flux (see above). 
oc-Methyl-D-glucoside is a convenient non-metabolizable model sugar. 
Glucose can also enter the tubular cells by a Na-independent, phloretin 
sensitive transport system localized predominantly at the basal-lateral 
cell face (Kl einzeller et al. 1977)· Fig. 4 shows that glucose oxidation 
by renal cortical cells is little affected by agents inhibiting the 
Na-dependent transport system, i.e. phlorizin, ouabain or absence of Na, 
whereas phloretin was a more powerful inhibitor (Kleinzeller and McAvoy, 
1977)· Such experiments indicate that, it is glucose entering the cells at 
their antiluminal face which serves preponderantly as substrate for the 
nutritional requirements of the cells. Moreover, since only a minor 
fraction of the glucose which was transported into the cells at their 
brush border entered the metabolic pool, some cellular compartmentation 
of this physiological substrate is implied. 

Fig. 5 shows the effect of dibutyryl-cyclic AMP (2 mM) on the 
renal handling of several model sugars (Kleinzeller and McAvoy, 
unpublished). It will be seen that cAMP activated the Na-dependent 
active transport of α-methyl-D-glucoside at the brush border, as already 
previously shown (see, e.g. Kippen et al. 1979)» but actually inhibited 
glucose oxidation as well as the uptake of 2-deoxy-D-glucose, which 
shares with glucose the carrier at the basal-lateral cell face. The 
effect appears to be specific for cAMP; cGMP was ineffective. While the 
activation by cAMP of the Na-dependent transport pathway may be due to an 
increased influx of Na (R. Kinne, personal communication), the mechanism 
of the inhibitory action on the basal-lateral glucose transport system 
remains to be elucidated. 
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Fig. 4. Glucose oxidation by renal cortical cells and the effect of 
various inhibitors thereon. Rabbit renal cortical slices were used : 
25 °C, 0 , 1 mM [U- C]-D-glucose (0.5 μθί/πιΐ), 60 min incubation. 
Mean values - S.E., (3 animals, 15-18 analyses). 
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Fig. 5· Effect of dibutyryl cyclic AMP on the renal handling of various 
sugars in rabbit renal cortex. Slices of rabbit renal cortex were used: 
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25 C, oxygen, 60 min incubation. The oxidation of glucose (}imol/g 
tissue dry weight (DW) X h, uptake of 2-deoxy-D-glucose and of 
a-methy].-I>-glucoside (μπιοΐ per g tissue wet weight (WW) x h). Mean 

S.E. of at least 12-18 analyses (2-3 animals). values -

Insulin activates the entry of sugars into a variety of cells, 
possibly by changing the fluidity of the cell membrane, thus affecting the 
transport capacity (Melchior and Czech, 19791 A similar activating effect 
of insulin has been reported for the uptake of glucose by renal cortical 
cells, (Mahler and Szabo, 1968). Fig. 6 (unpublished data) shows that 
hypoinsulinaemia, produced by treating rats with streptozotocin, affects 
both the affinity and transport capacity for glucose of the basal-lateral 
transport system in renal tubular cells. The molecular mechanism of 
insulin action remains to be elucidated. 

A STREPTOZOTOCIN 
/ T CONTROL 

Fig. 6. Double reciprocal plot of the effect of glucose concentration 
on the oxidation of [U- c]-D-glucose by rat renal tubuli: effect of 
streptozotocin-induced hypoinsulinemia. All points are the means - S.E. 
of at least 6 analyses (3 animals). 

Several points arise from the above results: first, agents such 
as cAMP may differ widely in their action on different pathways of sugar 
transport. Second, insulin apparently acts on the transport and 
metabolism of glucose in a complex manner, affecting both the affinity and 
the transport capacity of the carrier. One additional element in the 
action of insulin relates to the fact that the membranes of renal cortical 
cells rapidly degrade the hormone (see Mahler and Szabo, 1968). 



In all the above experiments, more information as to the molecu­
lar mechanisms involved in the interrelationship between transport and 
metabolism is desirable. I would like to conclude with the hope that the 
Proceedings of our Symposium will point the way to a better understanding 
of this interaction. 

This work was supported in part by the U.S. Public Health 
Service Grant AM 12619· 
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Until about 25 years ago, the study of cellular membrane 
transport was focused almost exclusively on processes taking 
place across the cell membrane itself. These processes were 
thought to be linked to cellular energy metabolism mainly by 
way of group-translocation reactions, in which the solute to 
be transported underwent covalent chemical changes, e.g. by 
phosphorylatrion. Active transport of inorganic ions, e.g. Na , 
K+ or Ca^+ was of course known to occur across the cell mem­
brane, but the relationship of these processes to the trans­
port of metabolites - such as sugars or amino acids - or to 
energy metabolism was not understood. 

Research during the last 2 or 3 decades has led to a 
drastic change in this situation. Some of the most important 
developments were as follows: 

1. The discovery of transport-ATPases, e.g. the Na K -
ATPase and the Ca2+-ATPase.+ 

2. The discovery of H -pumping electron transport and 
ATPase, and the role of the proton-motive force as a link 
between electron 'transport and ATP synthesis in both respiring 
and photosynthetic cells. 

3. The discovery that metabolite transport is linked to 
cation and H+ transport, e.g. by way of Na+- and H+-linked 
sugar and amino-acid carriers, which seems to be the main 
.mechanism - rather than that based on group translocation -
for the transport of metabolites across cell membranes. 

4. The discovery that ion- and metabolite-transport sys­
tems are not confined to the cell membrane, but occur in intra-
cellular membranes as well, notably the inner membrane of mito­
chondria, the inner envelope membrane of chloroplasts, and the 
membranes of the endoplasmic reticulum. 

Table I summarizes some of the known transport systems 
occurring in various biological membranes. The following is 

Abridged version of the survey lecture presented. 
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Table I: SOME ION- AND METABOLITE-TRANSPORT SYSTEMS OF BIOLOGICAL MEMBRANES 

Cell type, membrane 
Eukaryotes 
Plasma membrane 

Mitochondrial inner membrane 

Chloroplast thylakoid membrane 

" inner envelope membr. 
Endoplasmic reticulum 

Prokaryotes 
Plasma membrane 

Pumps 

Na+K+-ATPase 
H -ATPase 
(fungi) 

CjJ-ATPase 
H K -ATPase 
(gastr.muc.) 

H^-ATPase 
H -pumping 
electron-
transp.system 

H+-ATPase H -pumping 
electron-
transp.system 

2+ Ca -ATPase 

H -ATPase 
H -pumping 
electron-
transp.system is) 
light-driven H 
pump (halophil. 
bact.) 
light-driven Na 
pump (halophil. 
bact.) 

Cation 
channels 

Nat-t^2+ Na' <-> Ca 
(excit^membr.) 

K Ca" 

H 4^ C a 2+ N a % ^ Caz 

(excit.membr.) 

H ^ N?
+ 

H + ^ * 2 + H Ca 

Anion and 
metabolite 
translocators 

Na -linked 
H -linked 
(fungi) 

H -linked 

H -linked 

Mostly H -,^few 
Na - and PT -lin­
ked (E. coli) 
Na -linked (halo-
philic and marine 
bact.) 

PT = phosphotransferase 



an illustration of the metabolic function and some current 
knowledge of the chemistry of these systems. In particular, 
some recent aspects of these systems will be discussed, with 
reference to the literature cited below: 

a) Metabolite-transport systems of mitochondria (Scarpa, 
1979? Lin & Klingenberg, 1980). 

b) Reaction mechanism of the mitochondrial ADP/ATP 
translocator (Klingenberg, 1979) . 

c) Mitochondrial calcium transport (Carafoli et al., 
1980). 

d) Comparative aspects of the cell-membrane transport-
-ATPases of animal and fungal cells (Malpartida & 
Serrano, 1980) . 

e) Structure of the dicyclohexylcarbodiimide-binding 
protein component of the H -translocating ATPase com­
plex of mitochondria, chloroplasts and bacteria (See-
bald et al., 1979) . 

f) Purification and reconstitution of the H -transloca­
ting mitochondrial nicotinamide nucleotide transhyd-
rogenase (Rydström, 1979) . 

g) Structure and function of bacteriorhodopsin and rela­
ted ion-transport systems of halobacteria (Ovchinni-
kov et al., 1979; Stoeckenius & Casadio, 1979? Luisi 
et al., 1980) . 

Summary 
+ + 2+ 

1. Cation-transport ATPases, including Na K -ATPases, Ca 
ATPases as well as proton-translocating ATPases, serve as 
the primary driving forces for various ion- and metabolite-
transport systems in biological membranes. 

2. Transmembrane proton gradients constitute a common link of 
energy transfer between electron transport, ATP synthesis 
and hydrolysis, and active ion and metabolite transport in 
both respiring and photosynthetic cells. 

3. In eukaryotic cells, active transport of ions and metabo­
lites is not confined to the cell membrane, but occurs also 
across intracellular organelle membranes and plays a vital 
role in metabolic regulation. 

4. Membrane proteins involved in ion and metabolite transport 
are often oligomeric structures displaying cooperativity 
between the subunits of the protein. 

5. There is growing information about the structure and reac­
tion mechanism of membrane proteins involved in biological 
transport. The relationship between transport and metabo­
lism is beginning to be understood at the molecular level. 
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SUMMARY 

Studies of active sodium transport in epithelia, active proton extru­
sion in mitochondria, and of other examples of ion transport coupled to 
metabolism indicate that coupling in these systems is not necessarily 
completely tight (i.e., a fixed and integral stoichiometry is not always 
observed). An evaluation of the energetics of such processes using clas­
sical flux ratio considerations and/or equivalent circuit models may, as 
a consequence, be misleading. On the other hand, nonequilibrium thermo­
dynamics (NET) provides a basis for systematic investigation of the factors 
determining transport under all circumstances. The formal description in 
terms of linear NET is essentially simple, yet it enables us to distinguish 
between effects on energetic as against kinetic factors - especially in 
relation to the mode of action of substances regulating transport. Tight­
ness of coupling may be evaluated quantitatively and related to efficiency, 
and it can be shown that incomplete coupling is energetically advantageous 
in many systems. Although in general flows are non-linear functions of 
forces and the Onsager reciprocal relations are obeyed only very near equil­
ibrium, it is possible experimentally, at least in certain cases, to 
constrain the forces to "proper" pathways (e.g., in concentration space) 
such that linearity obtains and the reciprocal relations hold far from 
equilibrium. Linear behavior has indeed been observed in a variety of 
studies in epithelial and other systems, enabling the affinity (or negative 
Gibbs free energy) of the metabolic reaction driving transport to be meas­
ured. 

INTRODUCTION 

Thermodynamics provides a basis for the systematic investigation of the 
kinetic and energetic factors determining transport under all circumstances. 
In approaching the study of epithelial active sodium transport from this 
point of view, two governing considerations have been kept in mind. (i) 
Studies in epithelial tissues are relevant to the study of active sodium 
transport in all the tissues in which it is observed; epithelial membranes 
serve as useful model systems for the thermodynamic analysis of transport 
since they permit the ready control of bath concentrations and electrical 
forces determining rates of transport and metabolism, (ii) The understanding 
of the energetics of active sodium transport must contribute to an under­
standing of the energetics of active transport processes in general. 
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It is useful to review the classical approaches still commonly used to 
evaluate the energetic and kinetic factors determining transport. Studies 
of energetics are frequently based on the use of the flux ratio; in analogy 
to passive transport in simple systems, it is presumed that the ratio of the 
unidirectional fluxes of a given species provides a measure of the forces 
promoting its transport. The fundamental flaws in this approach have been 
discussed in detail (Kedem and Essig, 1965): the flux ratio can evaluate 
energetic parameters only if the flows are entirely via the active pathway 
and if tracer flows are uninfluenced by flows of other isotopes or other 
chemical species. Another approach to these issues is based on the equi­
valent circuit model (Ussing and Zerahn, 1951), which comprises an active 
conductance, an electromotive force of sodium transport Ejja, and a parallel 
passive conductance. In this model the conductances are considered to 
represent the kinetic factors, whereas E N a is commonly taken as the "driving 
force" for the transport process. However, theoretical considerations as 
well as experimental results indicate that Ejja incorporates both kinetic and 
energetic factors (Civan et al., 1966; Essig and Caplan, 1968; Hong and 
Essig, 1976). The classical point of view leads to certain generally 
accepted prejudices about the active transport process. By analogy with 
stoichiometric chemical reactions, it was long assumed that active sodium 
transport is associated with a unique ratio of sodium transported to oxygen 
consumed (Zerahn, 1956; Ussing, 1960). Again, both theoretical considerations 
and experimental results show this not to be the case (Essig and Caplan, 
1968; Vieira e_t aJU, 1972a). Furthermore, it was considered that the energy 
available for transport can be evaluated by the "calorific value," i.e., the 
heat released in the oxidation of glucose in a bomb 'calorimeter (Zerahn, 
1956; Ussing, I960). However, the pertinent quantity is not the heat re­
leased (enthalpy) but rather the free energy of the reaction under in vivo 
conditions. 

These difficulties may be avoided by adopting a point of view based on 
nonequilibrium thermodynamics (NET). This enables one to analyze the be­
havior of a tissue systematically under a wide variety of operating condi­
tions, as well as the mode of action of substances regulating transport. In 
particular, it makes it possible to distinguish between effects on energetic 
as against kinetic factors. 

THE NONEQUILIBRIUM THERMODYNAMIC (NET) APPROACH 

In analyzing the energetics of active sodium transport, it is necessary 
to start with a simple model. In frog skins and toad bladders of appro­
priate species, there appears to be only one significant active transport 
process, that of sodium, and thus only one significant output for the thermo-
dynamic system. It is assumed that one metabolic process "drives" active 
transport. This scheme is represented in Fig. 1. Here one input process, 
the metabolism of substrate, is linked to one output process, the transport 
of sodium. Since the active transport system transports only sodium ions, 
whereas the tissue as a whole reabsorbs sodium chloride, it is necessary for 
there to be a pathway across which chloride can move. This may be thought 
of as a simple passive channel in parallel with the active transport path­
way, which is presumably accessible more or less to all of the ions in the 
bathing solutions. 

Since active transport is here taken to be a two-flow process, there 
are two pertinent flow equations to be considered - one for sodium transport 
in the active pathway, represented by Ji* , and one for metabolic reaction, 
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Fig. 1. Scheme for the active sodium transport system. (1) Apical passive 
entry of sodium, (2) mitochondrial oxidative phosphorylation, (3) 
basolateral sodium pump (after Essig, 1975). 
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Here XNa is the negative electrochemical potential difference of sodium, and 
A is the affinity of a metabolic reaction which is driving sodium transport. 
The affinity is equivalent to the negative Gibbs free energy change -AG 
of the driving reaction, as yet undefined in biochemical terms. The L's 
are phenomenological coefficients. For simplicity linearity is assumed. 
Ta 
JNa> the rate of active sodium transport, is a function of the negative 
electrochemical potential difference, Xfla, but to the extent that it is 
coupled to metabolism it must also be a function of the affinity A. 
rate of metabolism (here taken as suprabasal oxygen consumption) is a func­
tion of A, but to the extent that it is linked to transport it must also be 

Jr, the 

a function of X Na· By analogy with a variety of transport processes in non­
living systems the validity of the Onsager reciprocal relation is assumed, 
i.e., the cross-coefficients in the two equations are set equal. The 
appropriateness of the simple linear thermodynamic formulation can be argued 
on various theoretical grounds, but instead it is instructive to consider 
the experimental evidence bearing on this point. 

EXPERIMENTAL EVALUATION OF THE NET APPROACH 

Stoichiometry 

From a biochemical standpoint it is reasonable to expect that the trans-
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port of a given quantity of sodium ion would be associated with the oxid­
ation of substrate in a fixed stoichiometric ratio. From the viewpoint of 
NET, on the other hand, it is only necessary that the rate of input of meta­
bolic energy exceed the rate of performance of electroosmotic work. Hence, 
in the short-circuited state (i.e., in the absence of either a concentration 
difference or an electrical potential difference across the membrane), on a_ 
priori thermodynamic grounds there is no limitation on Na/02 ratios, and 
these might differ in various tissues. Studies of oxygen consumption employing 
Clark electrodes with vigorous stirring have demonstrated suprabasal Na/C^ 
ratios varying from 7.1 to 30.9 in short-circuited frog skins (Vieira et al., 
1972a). Similarly, in determinations of CO2 production in short-circuited 
toad bladders, Al-Awqati et^ al_. (1975) found extensive variability of 
dJjja/dJ£Q«. The relationships become still more complex with variation 
of the sodium concentration or electrical potential difference. Under 
these circumstances, the suprabasal Na/02 ratio will remain constant only 
if transport and metabolism are completely coupled (Essig and Caplan, 1968; 
Lahav et al., 1976; Lang £t al., 1977). 

Linearity 

If the rate of active sodium transport is indeed a linear function of 
the forces promoting transport, one might expect to find linear current-
voltage relationships. For this purpose it was important to study tissues 
in which transport via leak pathways was minimal. This was accomplished by 
carefully avoiding edge damage in mounting the tissues and by the use of 
tracer isotopes for the measurement of passive ion fluxes. This permitted 
the choice of those tissues in which a high fraction of total conductance 
was through the active pathway. The results of such studies in toad bladder 
(Saito £t ad., 1974) showed remarkable linearity in tissues in which about 
three-fifths of the total conductance was attributable to the active pathway. 
The finding of a steady-state linear current-voltage relationship in these 
tissues strongly indicates that the rate of active sodium transport J^a 
was in these circumstances a linear function of the electrical potential 
difference. 

Corresponding studies were carried out of the rate of metabolism, here 
taken as oxygen consumption. The initial experiments were carried out in 
the frog skin (Vieira et̂  al., 1972b). Again there was striking linearity, 
with steady-state Jr a linear function of Δψ over a range of +160 to -160 
mV. The finding of linearity of Jr in Δψ is consistent with the validity of 
Eq. (2) and again indicates constancy of phenomenological coefficients and 
invariance of the affinity with the perturbations of Δψ employed. Later 
studies showed similar behavior in the toad bladder (Lang et ä!U, 1977) . 
The conclusion that· the dependence of the rate of oxygen consumption on the 
potential reflects the function of the active transport system is supported 
by the absence of such dependence following abolition of sodium transport 
by 10" 3 M ouabain (Vieira e£ a^., 1972b). Figure 2 illustrates a study by 
Lang e_t al_. (1977) in which a simultaneous determination was made of the 
rates of active sodium transport jS and suprabasal oxygen consumption 
J^ in toad urinary bladder. Both were linear functions of the electrical 
potential difference over a range of ± 80 mV. 

The studies just described examined the influence of only electrical 
driving forces on transport and metabolism. Danisi and Vieira (1974) 
reported the effects of concentration driving forces. In studies of toad 
skins in which the transmembrane electrical potential difference was 
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Fig. 2. Relationship between (A) J^ and Δψ, and (B) Jr and Δψ, in toad 
bladder (after Lang £t al,. ,a1977). 

nullified, it was found that the rates of both active transport and oxygen 
consumption were linear functions of the chemical potential difference of 
sodium across the membranes. Similar studies of Beauwens and Al-Awqati 
(1976) in turtle urinary bladder under short-circuited conditions showed 
impressive linearity in the rates of proton secretion and glucose oxidation 
(measured as CO2 production) as functions of mucosal pH at constant serosal 
pH. Thus, whatever the effects of external conditions on the intracellular 
concentration and electrical potential profiles, Eqs. (1) and (2) appear to 
be applicable. 

The observation of linearity in the NET sense is not confined to 
epithelial membranes. Also impressive is the linearity of mitochondrial 
oxidative phosphorylation. In this system, in which both forces are subject 
to control, each flow is a linear function of each force, both when phos-
phorylating and under conditions of reverse electron transport (Rottenberg, 
1973; Rottenberg and Gutman, 1977; Holian e£ al., 1977; Westerhoff and 
van Dam, 1979; Stucki, 1980). Results in mitochondria are consistent with 
Onsager reciprocity (Rottenberg, 1973; Stucki, 1980). Hence, although 
isolated chemical reactions are non-linear (unless the affinity A « RT), 
the elaborate regulatory mechanisms of biological systems evidently give 
rise to simpler behavior. 

CHARACTERISTIC PARAMETERS OF THE NET APPROACH 

Affinity 

Given the above support for linear phenomenology, it seems reasonable 
to pursue the possibility that active transport in epithelial tissues might 
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show linearity not only in the electrochemical potential difference of 
sodium but also in the affinity of the metabolic driving reaction. If so, 
one can evaluate the affinity by use of the two phenomenological equations 
[Eqs. (1) and (2)]: 

A = - I /(dJ /dhty) (A constant) (3) 
o r 

Here the numerator represents the current measured in the absence of both an 
electrical potential difference and a concentration difference across the 
membrane, the short-circuit current, and the denominator is the slope of 
the plot relating the rate of metabolism Jr (oxygen consumption) to the 
electrical potential difference Δψ. The affinity A represents the free-
energy change (per mole of O2) for a characteristic region of the metabolic 
chain for which A remains constant on perturbation of Δψ. Clearly it is of 
physiological interest, since it must reflect the substrate-product concen­
tration ratio in the metabolic pool which supports active transport. This 
is in contradistinction to mean cell concentration ratios of various sub­
strates and products. Although attempts have been made to study the driving 
forces for transport by such measurements, mean concentration ratios may 
depend on tissue functions other than transepithelial transport. Attempts 
to evaluate cytopasmic ATP/(ADP x P^) (Veech et̂  al̂ ., 1970) also involve 
theoretical and experimental difficulties. 

By relating the well-known equivalent circuit and NET representations, 
it is readily shown from Eq. (1) that 

«Β." < 1 / F ) ( W L Na> A ( 4 ) 

Thus, in contrast to the thermodynamic affinity, the electromotive force of 
sodium transport comprises both permeability and energetic factors. This 
is confirmed by experimental findings. 

Degree of coupling and efficiency 

An advantage of the NET representation is that a dimensionless "degree 
of coupling" q can be defined, uniquely related to the maximum efficiency 
of the active transport system. This is given by (Kedem and Caplan, 1965) 

The efficiency, η, is defined as 

η = output/input = - J ^ X ^ / J / (6) 

Ta In the two limiting states of the pump, "static head" (JNa = 0) and "level 
flow" (X^a = 0) 9 Tl is obviously zero with non-zero input. Between these 
states it passes through a maximum given by 

V - «2''(1 Wi^?>2 (7) 
This quantity can only be unity if coupling is complete (q = ±1); however 
in this case we have reversible equilibrium and the rates of both processes 
are zero. For this and other reasons Stucki (1980) has pointed out that 
complete coupling is not necessarily advantageous, and that the system may 
be optimized with regard to output in several ways, giving rise to certain 
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preferred or "distinguished" values of q. 

CONDITIONS FOR LINEARITY FAR FROM EQUILIBRIUM 

On a priori grounds Eqs. (1) and (2) hold close to equilibrium, but 
linearity would be expected to break down, in general, for forces of the 
magnitudes encountered under physiological conditions. However, the possi­
bility of extended regions of linearity far from equilibrium is clearly 
indicated by the experimental results. An examination of this problem by 
means of the Hill diagram method (Hill, 1977) indicates that by applying 
appropriate constraints in the variation of the forces, "proper" pathways 
may be found such that in the close vicinity of some reference steady state 
linearity and reciprocity are achieved (Essig and Caplan, 1980). Further­
more, Rothschild e_t al. (1980) have recently shown, using the same method, 
that subject to two nonrestrictive conditions multidimensional inflection 
points, i.e. extended regions of linearity, characterize coupled systems. 
It may be demonstrated that such regions always exhibit reciprocity (Caplan, 
1980). Although the phenomenological equations describing such regions each 
include an additive constant, one or both of these may become negligibly 
small in appropriate circumstances. 

CONCLUSIONS 

(1) Linear nonequilibrium thermodynamics (NET), although incompletely 
tested, appears to provide a valid framework for the design and analysis of 
experiments. In contrast to E , the thermodynamic affinity A represents a 
purely energetic quantity. 

(2) There is no unique stoichiometric ratio that relates the rates of 
active sodium transport and oxygen consumption under all circumstances. 

(3) Rates of active sodium transport and oxygen consumption show the 
postulated linear dependence on the electrochemical potential difference of 
sodium. Although It has not yet been possible to test for linearity in A, 
various considerations suggest its likelihood. 

(4) The NET approach should facilitate understanding of mechanisms 
altering sodium transport. 
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INTRODUCTION 
It is now widely accepted that membrane transport proteins—like all 

other cellular proteins—are under genetic control. The most persuasive 
set of evidence comes from more than two decades of research on the lactose 
transport system of Escherichia coli. In 1956, Rickenberg, Cohen, Buttin, 
and Monod found that E. coli possesses an inducible transport system for 
lactose and structurally related sugars, and described a class of mutants 
(lacY) that could be induced for the enzymes of lactose metabolism but not 
for the transport system [1]. During the years that followed, additional 
lacY mutants were isolated, some lacking transport activity and others 
possessing qualitative abnormalities in transport [2-4]. Biochemical 
information began to appear in 1965, when Fox and Kennedy selectively 
labeled a membrane potein that had the properties expected of the lacY gene 
product: labeling was greatly decreased in non-induced cells and in most 
lacY mutants, while in temperature-sensitive mutants, it was suitably 
heat-labile [5,6]. Finally, early in 1980, definitive proof for the rela­
tionship between gene and protein came from the demonstration that the 
nucleotide sequence of the cloned lacY gene agrees with a partial amino 
acid sequence of the membrane protein~T7,8]. 

During the same two decades, a large number of other transport mutants 
have been isolated in microorganisms and in cultured mammalian cells 
[9,10]. In addition, several well-known inherited disorders in animals and 
in man have been shown to result from alterations in membrane transport 
[11,12]. All of this evidence, taken together, points to the general 
existence of genetic control of membrane transport and to the fact that 
control can be exerted at a number of levels. Most directly, as in the 
case of lacY, mutations in the structural gene for a transport protein can 
lead to defects in amino acid sequence or can abolish the synthesis of the 
protein altogether. One can also imagine mutations that disrupt the post-
translational modification (for example, glycosylation) of a transport 
protein or the synthesis of a required membrane lipid. And finally, at 
least in some instances, regulatory genes exist which control the timing 
and rate of transcription of the structural genes. 

Given this array of possibilities, the membrane physiologist can make 
good use of genetic analysis. Methods can be devised in microorganisms and 
in cultured cells to select for transport mutants, and the mutants can be 
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employed to dissect transport mechanisms. The purpose of this review is to 
consider both the selection methods and the ways in which the resulting 
mutants can be exploited. 
ISOLATION OF TRANSPORT MUTANTS 

To isolate mutants of a cultured cell line, the standard procedure 
consists of mutagenesis (to increase the overall mutation rate), an inter­
mediate period of growth (to allow mutant phenotypes to be expressed), a 
selection step (to enrich for the desired mutants), and screening (to 
identify the mutants). All of these procedures have been described in 
recent reviews [13,14], so we will focus here on selection and screening 
methods that have proved particularly valuable in the search for transport 
mutants. 

Positive selection methods. Positive selection methods are the most 
straightforward kind, since conditions are chosen which prevent the growth 
of wild-type cells and allow only mutant clones to form. For example, 
cells might be plated in the presence of a drug that inhibits a particular 
transport system to select for drug-resistant mutants or in medium con­
taining a toxic amino acid or sugar analogue to select for mutants unable 
to transport that analogue. Or cells can be plated in the presence of an 
abnormally low or abnormally high nutrient concentration, to suppress the 
growth of wild-type cells and to obtain mutants with altered transport 
pathways for the nutrient. Examples of mutants selected in these ways are 
listed in Table 1. 

Table 1 
Selection of Transport Mutants of Cultured Cells 

Positive selection 
Drug resistance 
Resistance to toxic analogues 
Ability to grow at a low nutrient 

concentration which does not 
support the growth of wild-type 
cells 

Ability to grow at a high nutrient 
concentration which inhibits 
the growth of wild-type cells 

Ouabain [15-17] 
5-fluorotryptophan [18-19] 
K+ [20] 

phenylalanine [21] 
methionine [22] 

Negative selection 
Inability to grow at a marginal 

nutrient concentration just 
sufficient for the growth of 
wild-type cells 

Tritium suicide 

K+ [23] 
leucine [14, 24] 

AIB [25] 
proline [14,24] 
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Negative selection methods. In negative selection methods, conditions 
are chosen to kill growing cells while permitting non-growing mutants to 
survive (Table 1). For example, mutagenized cells might be incubated in 
medium containing a required nutrient at a concentration just sufficient to 
support the growth of the wild type, but insufficient for the growth of 
transport-defective mutants. The wild-type cells are then killed by the 
use of a treatment that is lethal only to growing cells (uptake of [3H]-
thymidine; exposure to cytosine arabinoside or 5-fluorodeoxyuridine; uptake 
of 5-bromodeoxyuridine followed by irradiation with 310-nm light [13]). 

All of the methods described up to this point require conditions where 
growth is dependent upon the functioning of a particular transport system. 
A useful alternative is a negative selection procedure called "tritium 
suicide", in which cells unable to transport a particular substrate are 
selected directly. In this procedure, mutagenized cells are exposed to 
[3H]-substrate of high specific activity for a brief period and then stored 
at low temperature (typically, -100°C) for several weeks or months. Wild-
type cells containing the [3H]-labeled substrate are killed by internal 
radiation, while transport-defective mutants survive. An example of 
tritium suicide is described below. 

Screening of putative mutants. Because no selection procedure is 
perfect, yielding only the desired mutants while suppressing the growth of 
all remaining wild-type cells, it is mandatory to screen the survivors in 
order to identify the ones with actual defects in transport. In many 
cases, this has been done by growing up the cTones individually and 
measuring substrate influx by standard isotopic methods [15-23,25]. A 
rapid technique for screening large numbers of clones has recently become 
possible with the discovery by Esko and Raetz [26] that some cultured cells 
are capable of attaching to filter paper and of being replicated from one 
culture plate to another. Using a modification of this method, in which 
the filter paper replica was incubated with [14C]-proline and subjected to 
autoradiography, we screened approximately 7000 clones for defects in 
proline uptake and identified 20 possible transport mutants [14]. 
USE OF MUTANTS TO STUDY TRANSPORT MECHANISMS 

Once transport mutants have been isolated, they can be used to pose 
various kinds of questions about the mechanism of transport. The two 
examples that follow are drawn from recent work in our own laboratory, but 
we will also point out some of the ways in which similar approaches might 
be used to study other transport systems in other cell types. 

Ami no acid transport in cultured mouse lymphocytes. The work of 
Christensen and his colleagues has made it clear that mammalian cells 
possess multiple transport systems for amino acids [27]. For neutral amino 
acids alone, at least three major systems exist in most cells: the A 
system, which prefers alanine and other small, neutral amino acids; the L 
system, which prefers leucine and other amino acids with bulky, aliphatic 
side chains; and the ASC system, for alanine, serine, and cysteine 
(Fig. 1). Physiological and biochemical studies on these systems are 
complicated by overlapping substrate specificities. For example, alanine 
and methionine are taken up by all three routes; and even a-aminoisobutyric 
acid (AIB), often used as a specific substrate for the A system, is now 
known to be taken up in many cells by the ASC system as well [28]. For 
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this reason, it seemed that mutants lacking one or more of the systems 
might provide a more clearcut way to identify and characterize the 
system(s) that remain. 

NEUTRAL AMINO ACID TRANSPORT SYSTEMS 

AIB 
MeAlB 

eu 
ile 
val 
phe 

/met\ 
Valay 
BCH 

ASC" system 
ala 
ser 
cys 
/thr\ 
met 
phe 

\AIB/ 

Fig. 1. Diagram of neutral ami no acid transport systems and 
their substrate specificities, based on Christenseij [27]. The A 
and ASC systems 'require Na ; the L system is Na -independent. 
Abbreviations for model substrates: ""AIB, oraminoisobutyric acid; 
MeAlB, or methyl aminoisobutyric acid; BCH, 2-aminonorbornyl-2-
carboxylic acid. 

Starting with GF-14, an established line of mouse lymphocytes, 
Finkelstein et al̂ . [25] carried out tritium suicide with [3H]-AIB, as 
diagrammed in Fig. 2. Of 200 surviving clones that were tested, two (GF-17 
and GF-18) showed a 75-80% reduction in the V m a x for AIB uptake via the A 
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SELECTION OF 'Ά" SYSTEM MUTANTS BY TRITIUM SUICIDE 

o 
o o 
GF-14 
mouse 

lymphocytes 

mutagenize 
with EMS o suspend in 

fresh mediumi 
passage for 
4 days 

incubate for 
50 min with 
[3H]-AIB 

freeze in 
glycerol; 
store at-100° C 

Fig. 2. Selection of "A" system mutants by tritium suicide, 
using [3H]-AIB. Further details are given in ref. 25. 
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Fig. 3. Initial rate of AIB uptake in parental GF-14 lymphocytes 
and the GF-17 mutant as a function of AIB concentration. Data 
were fitted by computer, yielding values for Vm-w (pmol/103 cells-min), K (mM), and the diffusion constant, κΐ (pmol/103 
cells'min-mM). For further details, see ref. 30. 

201 



system (Fig. 3) [25,29]. Analysis of residual AIB transport in both 
mutants failed to reveal any abnormality in the pattern of competitive 
inhibition by other A system substrates, in sodium dependence, or in pH or 
temperature optimum, making it likely that the mutants synthesize fewer, 
but qualitatively normal, A transport sites [29]. 

One use for mutants lacking a particular transport system, as 
mentioned above, is to aid in the resolution of multiple transport systems 
with overlapping substrate specificities. In particular, preliminary 
uptake measurements with parental GF-14 lymphocytes had pointed to the 
existence of two uptake systems for L-glutamate: one (with high Κ,η and 
high V m a x ) corresponding to the A system and the other (with low Km and low 
Vmax) specific for L-glutamate. In GF-17 and GF-18, which had lost a major 
fraction of the A system, the specific system mediated a larger fraction of 
L-glutamate uptake (Fig. 4) and could be characterized more easily [30]. 
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Fig. 4. Initial rate of L-glutamate uptake in parental GF-14 
lymphocytes (left) and in the GF-17 mutant (right) as a function 
of L-glutamate concentration. The difference between+the curves 
with and without Na gives the contribution of the fjja -dependent 
A system. The curve without Na represents the Na -independent 
specific glutamate system plus a small contribution from diffu­
sion (dotted line). See ref. 30. 

Studies on mutants lacking a particular transport system can also shed 
light on the physiological role of that system. For example, the L system 
is the major route for uptake of several essential amino acids, so one 
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would expect its loss to be lethal. In such cases, genetic analysis is 
still possible, but one must search for conditionally lethal mutants (such 
as temperature-sensitive strains, in which a particular ami no acid substi­
tution has rendered the transport protein abnormally heat-labile; mutants 
of this kind cannot transport or grow at a high temperature but can be 
recovered at a low temperature where their transport proteins function 
normally). By contrast, the A system takes up only one essential amino 
acid--methionine, which is a substrate for the L and ASC systems as well--
so one might expect the loss of the A system to result in slower growth but 
not to be lethal. In accordance with this prediction, the mutants GF-17 
and GF-18 were found to grow quite well under standard conditions. Their 
generation times were 19.2 and 21.3 hrs, respectively, compared with 14.4 
hrs for the parental strain GF-14 [25]. 

Future uses for GF-17 and GF-18 will be in the identification of the 
membrane protein(s) corresponding to the A system, in reconstitution exper­
iments, and in studies on the regulation of amino acid transport. 

Potassium transport in cultured mouse fibroblasts. A second example 
in which genetic analysis has been used to dissect a complex set of mem­
brane transport systems is provided by recent work in our laboratory on 
potassium transport in cultured mouse fibroblasts. Just as mammalian cells 
possess multiple transport^ system^ for amino acids, they also possess 
several pathways by which K and Na can cross the plasma membrane. Fig. 5 
illustrates three of these pathways: (1) tfye classical ouabain-sensitive 
Na+/K+ pump; (2) a cotransport system for Na , K , and Cl which is sensi­
tive to diuretics such as furosemide and bumetanide [31]; and (3) a Ca++-
activated K channel [32]. Under normal ^circumstances,+when cells are 
growing in culture+mediurn containing 5 mM K and 150 mM N a ^ they maintain 
a high internal K concentration and a low internal Na concentration, 
relative to their environment. When cells are transferred _£o low-K 
medium, however, influx no longer matches efflux; intracellular K is lost; 
and the cells lyse. 

This phenomenon has formed the basis for selecting a group of mutants 
altered in K transport. Starting with a mutagenized suspension of 
LM(TK ), a derivative of the mouse fibroblastic L cell line, Gargus et ah 
[20] plated the cells in medium containing a final K+ concentration of 0.2 
mM, too low to permit the growth of the parent cells. Clones that appeared 
(at a frequency qf 1-10/107 cells plated) were isolated and characterized 
with respect to K transport. 

Based on the conditions under which they wer^ selected, one might-
expect the mutants to possess either an increase in K influx or a (Jecrease 
in K efflux.+ In the parental LM(TK ) cells, the major route of K influx 
at 0.2 mM K is the ouabain-sensitive Na+/K*" pump [33]. None of the 
mutants proved to be altered in the Vmaw, the Kj for extracellular 
potassium, or the ouabain sensitivity of this procest [20,33]. +Instead, one class of mutants (represented by LTK-5) showed reduced K efflux 
through the diuretic-sensitive system (Fig. 6) [34], while another class of 
mutants (represented by LTK-1) appeared to be altered jji a separate+ diuretic-insensitive component of efflux (possibly the Ca -activated K 
channel) [20]. 
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K+ TRANSPORT SYSTEMS 

ouabain-sensitive 
Na+/K+ pump 

Ca**- activated 
K* channel 

K+
tNa+,Cr 

diuretic-sensitive 
Ν α \ Κ \ Ο Γ 

cotransport system 

Fig, 5. Diagram of K transport systems in cultured mouse fibro-
blasts, based on refs. 20, 33, and 34. 

Further work will be needed to pinpoint the mutational defects in 
greater detaij and to make use of the mutants in characterizing these 
pathways of K transport. In the meantime, however, the LTK-5 mutant has 
already drawn our attention to an important physiological consequence of 
the diuretic-sensitive cotransport system:+ althougjh it is_often studied 
under conditions where it mediates net K (and Na and Cl ) influx, the 
results illustrated in Fig. 6 suggest that it can serve as a significant 
"leak" pathway for potassium. Indeed, as shown in Fig. 7, blocking the 
cotransport system with cjiuretic actually permits the parental LM(TK ) 
cells to grow at 0.2 mM K , while the ability of the LTK-5 mutant to grow 
is not altered [35]. 
CONCLUSIONS 

In two separate situations, the isolation of transport mutants has 
contributed to the sorting out of multiple transport systems. In the case 
of ami no acid transport in cultured mouse lymphocytes, mutants lacking the 
A system have supplemented knowledge gained from earlier experiments with 
model substrates and have permitted the detection of a pew, Na -independent 
glutamate-specific transport system. In the case of K transport in mouse 
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fibroblasts, the LTK-l+and+LTK-5 mutants promise to be useful in the study 
o| two systems--the Na , K , Cl cotransport system and the Ca++-activated 
K channel--which are difficult to dissect unambiguously with the use of 
inhibitors alone. In the future, mutants of both kinds should be helpful 
in identifying membrane proteins corresponding to particular transport 
systems, in reconstitution experiments, and in studies on the physiological 
role of transport. 
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The active electrogenic transport of Na+ and K+ across the 
plasma membrane is essential for the maintenance of a wide 
variety of cellular properties and functions. Primarily, the 
Na+-K+-pump builds up a steady-state with a *low intracellular 
Na+/K+-concentration ratio, which is controlled by the 
inherent kinetic properties of the membrane bound Na+-K+-
activated ATPase. Secondary to this process, a membrane 
potential is generated and maintained with all what this 
implies for the passive distribution of charged particles 
across the plasma membrane as well as the propagation of 
electrical signals along the membrane. 
Another important consequence of Na+-K+-pumping is related to 
the existence of Na+-sensitive calcium transport processes in 
the plasma membrane (Ashley et al. 1974) and the mitochondria 
(Crompton et al. 1978). Due to these, the intracellular 
concentration of Na+ ions may determine the cytoplasmic Ca++ 

ion level, which, in turn, is decisive for the control of the 
metabolism as well as the contractile performance of muscle 
cells. 
Even though its effects on cellular functions are of indirect 
nature and sometimes slow in onset, the Na+-K+-pump is 
presumably the major regulatory transport structure in the 
plasma membrane. Therefore, it is natural to ask how its mode 
of operation is controlled in the cell and the organism. The 
biochemist would answer that the Na+-K+-pump is controlled by 
the local concentrations of Na+, K+, Mg++, ATP, and a number 
of other compounds, not to mention vanadate. These proposals 
already give more than enough work for the transport 
physiologist studying intact cells. For a further 
understanding of the regulation of the active Na+-K+-transport 
in the intact organism, however, it is important to identify 
and describe the actions of the various hormones designed by 
Nature to coordinate the interplay between different cells 
and body compartments. 
In the following, I shall try to summarize information 
obtained in studies of skeletal muscle. The presentation will 
be concentrated on three major questions: 



1. Which hormonal effects can be detected on Na+-K+-transport, 
Na+-K+-contents, resting membrane potential (EM), and 
ouabain binding in intact skeletal muscle? 

2. Which receptors and cellular messengers are involved in 
these actions? 

3. What is the significance of the hormonal control of the 
Na+-K+-pump in the regulation of metabolism, contractile 
performance and electrolyte distribution? 

At least 3 different hormones seem to be involved in the 
control of active Na+-K+-transport in skeletal muscle: insulin, 
catecholamines, and thyroid hormones. 
A. INSULIN 
1. Effects: 
It is well-documented that the hypokalemic effect of insulin 
can to a large extent be accounted for as the outcome of a 
stimulation of K+-uptake in muscle (Kamminga et al. 1950; 
Zierler 1972) . 
In isolated muscles, insulin stimulates the uptake of 42K. 
This effect is blocked by ouabain, but not by local 
anaesthetics, indicating that it reflects stimulation of the 
Na+-K+-pump (Clausen & Kohn 1977). Insulin also stimulates the 
efflux of labelled Na+ from isolated muscles (Creese 1968; 
Moore 1973; Clausen & Kohn 1977; Kitasato et al. 1980). As a 
natural consequence of these effects, the continued exposure 
to the hormone leads to a decrease in the intracellular Na+/K+-
concentration ratio. 
Insulin induces hyperpolarization, both in vitro (Zierler 1957; 
Bolte & Lüderitz 1968; Otsuka & Ohtsuki 1970; Moore & Rabovsky 
1979), and in vivo (Flatman & Clausen 1979). This effect is 
blocked by ouabain. The slow onset indicates that it is mainly 
the result of the redistribution of Na+ and K+ across the 
plasma membrane. 
2. Mechanisms: 
It should be emphasized that the above mentioned effects of 
insulin are selective in the sense that they are not modified 
by the omission of glucose or the addition of phlorizin 
(Clausen & Kohn 1977). Likewise, blocking the Na+-K+-pump does 
not interfere with the effect of insulin on glucose transport 
(Kohn & Clausen 1971). Thus, there is no direct relationship 
between the effects of the hormone on glucose transport and 
Na+-K+-pumping. 
Whereas insulin does not increase the total number of Na+~K+-
pumps, it increases the activity of the Na+-K+-activated 
ATPase (Brodal et al. 1974; Gavryck et al. 1975) and augments 
the rate of 3H-ouabain binding (Clausen & Hansen 1977). These 
observations argue that the hormone acts specifically on the 
Na+-K+-pump so as to increase its turnover, perhaps by 
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increasing the affinity for Na+ ions on the inner surface of 
the plasma membrane (Moore 1973; Kitasato et al. 1980). The 
observation that the effects of insulin on Na+-K+-transport, 
Na+-K+-contents and membrane potential (see Table 1) are 
additive to those exerted by adrenaline indicates that they 
are not mediated by a drop in the cytoplasmic concentration of 
cyclic AMP (Flatman & Clausen 1979) . 
Table 1; Combined effects of adrenaline and insulin on 
intracellular Na+-K+-concentrations and resting membrane 
potential (EM) in rat soleus muscle. 
The Na+-K+-concentrations of the tissue water space not 
available to l^c-sucrose were determined and are expressed as 
mmol/1 ± s.e. with the number of observations in parentheses. 
EM was measured using conventional microelectrodes before and 
after the hormone-induced hyperpolarization was fully 
developed, i.e/. for adrenaline, 7 min and for insulin, 15 min. 
The increase in EM (ΔΕΜ) induced by the addition of adrenaline 
or insulin alone or adrenaline to insulin-treated muscles is 
shown with s.e. and the number of penetrations/muscles in 
parentheses (reproduced, with permission from "Nature" vol. 
281, p. 580-581, 1979). 
Additions Intracellular 

Na+-conc. 
(mmol/1) 

Intracellular 
K+-conc. 
(mmol/1) 

ΔΕΜ (mV) 

Control 

Insulin 
(100 mU/ml) 
Insulin 
(100 mU/ml) 
+Adrenaline 
(10-SM) 

Adrenaline 
(10-5M) 

22 + 1 (7) 155^ ± 2 (7) 

; p < 0 . 0 0 1 ^ > p < 0 . 0 0 1 

1 7 l ± 1 (7) 170v ± 3 (7) 

> p < 0 . 0 0 1 ^ > p < 0 . 0 0 5 

188 ± 3 (6) 

> p < 0 . 0 1 ^ p < 0 . 0 0 1 

12*± 1 (6) 168 ± 2 (6) 

3. Significance: 

+3.5^± 0.2 (199/5) 
'p<0.001 

+7.3^± 0.3 (192/5) 
>p>0.10 

+7.4 ± 0.4 (194/5) 

Although insulin for more than 50 years has been the tool of 
choice in the treatment of hyperkalemic states, too little is 
known about its role in potassium homeostasis. It is well-
established that physiological concentrations of insulin 
favour the transfer of K+ from plasma into muscle cells 
(Andres et al. 1962), but the secretion of the hormone is only 
stimulated at extraordinarily high plasma K+ levels (Cox et 
al. 1978; Clausen et al. 1980). On the other hand, lowered 
plasma insulin levels (as in diabetes mellitus) is associated 
with hyperkalemia and increased intracellular 
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Na^-concentrations in muscle cells (Moore et al. 1979). In 
view of the muscular fatigue experienced by diabetic patients 
before they receive insulin treatment, it is of considerable 
interest to assess the consequences of insulin-induced Na+-K+-
pump stimulation for the contractile performance of muscles. 
It was recently demonstrated that in isolated guinea pig 
muscles, insulin mimicks the action of adrenaline on the 
pattern of contraction (Holmberg & Waldeck 1980). 
Even though insulin almost doubles the rate of active Na+-K+-
transport, it only increases heat production and oxygen 
consumption by around 5% (Chinet & Clausen, unpublished 
observations). This agrees with earlier observations (for 
review, see Clausen 1975) and is in keeping with the relatively 
low energy requirement of the Na+-K+-pump in intact skeletal 
muscle (Chinet et al. 1977). The effect of insulin on the 
Na+-K+-pump is of little or no direct significance for its 
actions on glucose metabolism (Clausen 1975) or the Na+-
dependent uptake of amino acids in muscle (Goldman & Clausen, 
unpublished observations). 
B. CATECHOLAMINES 
1. Effects: 
Although the hypokalemic effect of adrenaline has been known 
for almost 50 years (D'Silva 1934), it has not been made use 
of in clinical work. In fact, the stimulating effect of 
adrenaline on the Na+-K+-pump is more pronounced than that 
exerted by insulin, and specific beta-adrenoceptor agonists 
may be more convenient tools in the treatment of hyperkalemic 
states (Wang & Clausen, 1976; Rosa et al. 1980). 
In isolated muscles, adrenaline and noradrenaline stimulate 
the uptake of 42K as well as the efflux of 22Na (Hays et al. 
1974; Clausen & Flatman 1977). Both effects are blocked by 
ouabain, indicating that they reflect stimulation of the 
Na+-K+-pump. The hyperpolarizing effect of catecholamines on 
skeletal muscle cells (Tashiro 1973) is early in onset and to 
a large extent the direct outcome of acceleration of the 
electrogenic Na+-K+-pump (Clausen & Flatman 1977). During 
longer exposure to the hormones, the hyperpolarization is 
maintained, partly because the intracellular K+-concentration 
is increased. Intracellular Na+ may be decreased to around 1/3 
of its normal level. The hyperpolarizing effect of adrenaline 
and beta-adrenoceptor agonists is perhaps even more pronounced 
in vivo (Flatman & Clausen 1979; Clausen & Flatman 1980). 
2. Mechanisms: 
Adrenaline does not increase the total number of Na+-K+-pumps, 
but, like insulin and Na+-loading it increases the rate of 
3H-ouabain binding, indicating that the action is specifically 
exerted on the Na+-K+-pump (Clausen & Hansen 1977). These 
effects of catecholamines are mediated via beta2~adrenoceptors 
(Clausen & Flatman 1980), and since they can be mimicked by a 
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combination of theophylline and dibutyryl cyclic AMP, they 
are probably the outcome of a stimulation of the adenylate 
cyclase. 
3, Significance: 
Under beta-adrenoceptor blockade, plasma K+ is elevated, in 
particular during and after exercise (Carlsson et al. 1978). 
This may be of importance for the fatigue and reduced capacity 
for physical work experienced by patients receiving beta-
blocking agents. Elevated plasma potassium was found to 
diminish the maximum working capacity (Bodil Nielsen, personal 
communication). 
Catecholamines also influence the contractile pattern in 
skeletal muscle. It is well known that increased plasma 
catecholamine levels are associated with trembling or shaking. 
This is probably due to effects on the contractile pattern 
(Bowman 1980). Recent studies indicate that these phenomena 
can to a considerable extent be accounted for as the result of 
stimulation of the Na+-K+-pump (Tashiro 1973; Holmberg & 
Waldeck 1980). 
In spite of the pronounced stimulating effect of beta-
adrenoceptor agonists on the active Na+-K+-transport in soleus 
muscle, they only produce a modest rise in energy production. 
Thus, salbutamol (10""5M) only gave a transient increase in 
heat production of 8% (as measured in a microcalorimeter) 
(Chinet et al. 1980). 
The inhibitory effect of adrenaline on glucose transport in 
muscle (Walaas & Walaas 1950) has been related to a lowering 
of the intracellular Na+-concentration (Bihler et al. 1978). 
As shown in Table 2 the beta2~adrenoceptor agonist salbutamol 
(10"5M) diminish the stimulating effect of submaximal 
concentrations of insulin (0.1 - 1 mU/ml) on the transport of 
14c-3-0-methylglucose in rat soleus muscles. This inhibitory 
effect is abolished by ouabain indicating that it is the 
outcome of a stimulation of the active Na+-K+-transport with 
ensuing lowering of the intracellular Na+-concentration. Since 
the glucose transport system is activated by calcium, these 
effects may be related to a more efficient clearing of Ca++ 

ions when the cytoplasmic Na+-concentration is lowered (see 
Bihler et al. 1978) . 
C. THYROID HORMONES 
1. Effects; 
It has repeatedly been demonstrated that pretreatment with 
thyroid hormones (T3 & T4) induces an increase in the activity 
of Na+-K+-activated ATPase in a variety of tissues (for review, 
see Smith & Edelman 1979). In skeletal muscle, the rate of 
Na+-K+-exchange is increased in proportion to the thyroid 
status (Asano 1978). Whereas the thyroid hormones have no 
immediate effect on Na+-K+-transport when added to isolated 
muscles in vitro, muscles prepared from hypothyroid, euthyroid 
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Table 2; Effect of beta-adrenoceptor agonists and ouabain on 
insulin-responsiveness of rat soleus muscle. 
Intact soleus muscles were prepared from young rats (6 0-70 g) 
and loaded for 60 min with J-4c-3-0methylglucose. They were then 
washed out in a series of tubes containing unlabelled buffer 
and the fraction of l^C-activity lost from the muscles 
determined as described in detail elsewhere (Kohn & Clausen 
1971). The fraction of 14C-activity lost per min during the 
interval from 10 to 20 min after the addition of insulin is 
given ± s.e. with the number of observations in parentheses. 
Pretreatment with salbutamol, adrenaline or ouabain was 
initiated 90 min before the exposure to insulin. 
Additions Fraction of 14C-3-0-

methylglucose lost 
per min. 

Control 

Insulin (0.1 mU/ml) 

Insulin (0.1 mU/ml) 
+ Salbutamol (10~5M) 

Insulin (1.0 mU/ml) 

Insulin (1.0 mU/ml) 
+ Salbutamol (10"5M) 

Insulin (1.0 mU/ml) 
+ Adrenaline (10~6M) 
Insulin (1.0 mU/ml) 
+ Adrenaline (10~5M) 

Insulin (100 mU/ml) 

Insulin (100 mU/ml) 
+ Salbutamol (10"5M) 

Insulin (1.0 mU/ml) 
+ Ouabain (10~3M) 
Insulin (1.0 mU/ml) 
+ Ouabain (10"3M) 
+ Salbutamol (10-5M) 
Insulin (1.0 mU/ml) 
+ Ouabain (10~3M) 
+ Adrenaline (10~5M) 

0.0033±0.0003 (4) 

0.0091±0.0Q19 

0.004510.0003 

0.021810.0011 

0.016610.0016 

0.012110.0019 

0.0108+0.0009 

0.043510.0035 

0.042910.0015 

0.024810.0016 

0.026510.0044 

0.021410.0024 

6) 

6) 
p < 0 . 0 5 

p < 0 . 0 1 

p < 0 . 0 0 5 

ip<0.001 

3> 
\ p < 0 . 80 

p < 0 . 6 0 

p < 0 . 2 0 
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and hyperthyroid animals show progressive increase in the 
ouabain-suppressible 42K-uptake in proportion to the thyroid 
status (Biron et al. 1979). Measurements of 3H-ouabain binding 
indicate that this effect is accounted for by proportionate 
changes in the number of Na+-K+-pumps, the number of K+ ions 
pumped per ouabain binding site remaining constant. 
2. Mechanisms: 
Studies with cell cultures have demonstrated that the number 
of Na+-K+-pumps is increased when the intracellular Na+-
concentration is maintained above the normal level. However, 
in muscles, the intracellular Na+-concentration is not markedly 
altered with the thyroid status. Therefore, it is difficult to 
determine whether the primary action of thyroid hormones is to 
increase the Na-influx or rather exerted on other processes 
determining the rate of synthesis of new Na+-K+-pumps. 

o J 

"CUT" QUARTER-
DIAPHRAGM 

INTACT SOLEUS 

INTACT DIAPHRAGM 

0 5 10 (MIN) 

DURATION OF INCUBATION 

Fig. 1. Effect of tissue integrity on the ouabain-sensitive 
42K uptake in mouse muscle." 
Quarterdiaphragms, intact soleus and diaphragm muscles from 
adult euthyroid mice were washed and preincubated for 15 min 
in Krebs-Ringer bicarbonate buffer (with 1-2 mM-Mg) with or 
without ouabain (10"3M). They were then incubated for 5 or 10 
min in the same buffer containing 42K (0*1 yc/ml) with or 
without ouabain, blotted, freed from tendons and ribs and 
counted for 42K. The results are given as the difference 
between the amount of 42κ taken up in the untreated and the 
ouabain-treated muscles. Each point represents the mean of 
four or five observations, with bars denoting s.e. (reproduced, 
with permission from J. Physiol. 297, 47-60 (1979)). 
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3. Significance; 
Hyperthyroidism is sometimes associated with a tendency to 
develop attacks of hypokalemia. These attacks are preceded by 
a rise in serum insulin (IRI)(Shishiba et al. 1972). It is 
conceivable that the hypokalemia is related to an increased 
capacity for active Na+-K+-transport and enhanced response to 
the stimulating effect of insulin on the Na+-K+-pump in muscle. 

N (29) (21) (24) (20) 

HYPOTHYROID EUTHYROID HYPERTHYROID 

Fig. 2. Effects of thyroid status and ouabain on the steady 
state rate of heat production (£) in intact mouse soleus. 
E values of muscles obtained from hypothyroid (131i-treated 
and perchlorate (P)-treated), euthyroid (control) and 
hyperthyroid (T3~treated) mice are presented as columns with 
open bars above denoting s.e. The acute drop in έ (ΔΕ) 
following exposure to ouabain (10~3M) is indicated by the 
cross-hatched areas with thin bars below denoting s.e. The 
relative change in heat production (ΔΕ/Ε) was less than 10% 
in all groups of (n) muscle pairs studied. All experiments 
were performed at 30° C, and the calorimeter chambers were 
perfused continuously with a bicarbonate-buffered Krebs-
Ringer medium enriched with 10 mM-MgCl2 replacing 15 mM-NaCl). 
The differences in έ between hypothyroid, euthyroid and 
hyperthyroid groups are statistically significant (P<0.0005); 
so are the differences in absolute ΔΕ values (P<0.025) 
(reproduced, with permission from J. Physiol. 297, 47-60 (1979). 
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It has been proposed that the changes in energy production 
associated with various thyroid states are for a major part 
due to changes in the rate of active Na+-K+-transport (for 
review, see Ismail-Beigi 1977). This idea was primarily based 
upon determinations of the ouabain-suppressible fraction of 
respiration in cut diaphragm preparations or tissue slices 
obtained from hypothyroid, euthyroid and hyperthyroid animals. 
However, in such preparations, the rate of active Na+-K+-
transport is increased several fold, probably due to the 
excessive inward leak of Na+ (see Fig. 1). Consequently, the 
ouabain-suppressible component of energy production is 
augmented far above the level which can be calculated and 
measured for intact tissue preparations. As shown in Fig. 2, 
the heat production in intact soleus muscles obtained from mice 
increase with the thyroid state. However, the ouabain-
suppressible component is too small to account for the 
relatively large effects of the thyroid hormones. The acute 
exposure to either insulin or salbutamol in vitro leads to 
approximately the same increase in active Na+-K+-transport as 
pretreatment with thyroid hormones. In view of the modest rise 
in heat production induced by these agents, it is even more 
unlikely that the thermogenic effect of the thyroid hormones 
is the direct outcome of their effect on Na+-K+-pumping. 
In summary, at least 3 different hormones are of physiological 
significance for the regulation of active Na+-K+-transport in 
skeletal muscle. This is essential for the Na+-K+-homeostasis 
of intra- and extracellular body compartments as well as the 
function of the motor apparatus. The metabolic consequences 
of this hormonal regulation seem to be of indirect nature and 
related to the Na+-dependent control of the cytoplasmic Ca++ 

ion level, which in turn can determine glucose uptake as well 
as the rate of several steps in intermediary metabolism. 
Table 3: Summary of hormone effects on soleus muscle. 

22Na-EFFLUX 
22Na-INFLUX 
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It has been recognised for more than thirty years that insulin 
accelerates hexose-transfer in mammalian muscle (Levine et al., 1949). 
A less well known observation is that metabolic poisons depress sugar 
transport in nerve (Diamond and Fishman, 1973). Although various 
studies have linked the control of membrane sugar permeability to 
alterations in intracellular ATP, cyclic nucleotide and ionised Ca 
levels, the mechanism of hexose-transfer regulation in nerve and muscle 
remains only poorly understood (Elbrink and Bihler, 1975; Czech, 1977). 
The possibility of a fundamentally different approach to solving the 
mechanism of sugar transport regulation is provided by the findings of 
experiments with the giant axon of the squid (Loligo forbesi) and giant 
muscle fibres of the barnacle (Balanus nubilis). As with hexose-transfer 
in mammalian nerve and muscle, sugar transport in the squid giant axon 
is depressed by cyanide (Carruthers, 1978) and transport in the giant 
barnacle muscle fibre is accelerated by insulin (Baker and Carruthers, 
1980). The great advantage of working with these cells is their size. 
Using these giant cells it is not only possible to make measurements on 
a single cell but it is also possible to control the composition of the 
intracellular environment by internal dialysis (Brinley and Mullins, 
1967). 

The non-metabolised, but transported glucose analogue 3-0-methyl-
glucose was used throughout· As with transport in mammalian nerve and 
muscle (Elbrink and Bihler, 1975), hexose-transfer in the squid axon and 
barnacle muscle fibre is mediated by a passive, selective, saturable, 
phloretin-eensitive, facilitated process. 

Sugar uptake and exit in the dialysed squid axon are depressed 
when cytosolic ATP levels are lowered. As intracellular pCa and pH 
are clamped by use of buffers, these results suggest that ATP per se 
can modify hexose-transfer in the squid axon. This action of ATP is 
mimicked only by hydrolysable analogues of ATP; other naturally occurring 
nucleotides (ADP, AMP, cAMP, GTP) are without effect on transport. ATP. 
seems to act by increasing the affinity of the transport system for λ 

sugar without altering the capacity (V ) of the system. Changes in 
axoplasmic ionised Ca levels in the range 0.045-1.0 μΠ are also without 
effect on transport. 
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Insulin accelerates sugar transport in barnacle muscle by increasing 
the \l of the transfer system (Baker and Carruthers, 1980). This 
increase in tissue sugar permeability appears to be preceeded by a fall 
in cytosolic cAMP and a rise in cGMP (see Figure 1). 

0 20 
exposure to insulin min. 

-1 Figure 1 A-C The effects of insulin (5 U.ml ) on 3-0-methylglucose 
exit and tissue cyclic nucleotide levels in barnacle muscle. 
A. Time-course of the stimulation of sugar exit in single 
muscle fibres on exposure to insulin. The fibres were bathed 
in sea water of composition (mN): NaCl, 442; KC1, 10; MgCl2, 
53; CaCl2, 11; Trie, 10; pH, 7.6. Each point consists of 
4 or more fibres. Mean fibre diameter, 1326 μπι; temperature, 
11 C. 
B. Time-course of the rise in cGMP levels caused by insulin. 
Each point consists of 6 or more seperate determinations. 
The concentration of cGMP following 20 min. incubation in 
insulin-free sea water is shown by the half-filled circle. 
Temperature, 12 C. 
C. Time-course of tne fall in cAMP levels caused by insulin. 
Each point consists of 5 or 6 seperate determinations. cAMP 
levels corresponding to 20 min. incubation in insulin-free 
sea water are shown by the half-filled squares. 
Cyclic nucleotide levels are expressed as nMol.kg cell water" 

These findings are not inconsistent with the view that insulin stim­
ulates sugar transport by modifying cytosolic cAMP and cGMP levels. 

Experiments with dialysed barnacle muscle fibres support this view. 
The results show that cAMP, 
concentration of 
greater than 0.1 μΜ, that cGMP, stimulates hexose-uptake. Calcium ions 

. inhibits sugar uptake half-maximally at a 
1 μΜ and, provided the cytosolic ionised Ca level is 

222 



appear to act by reducing the concentration of cGMP required to stimulate 
transport (see Figure 2). 

100 

ID 
ΊΖ 
O 

10' 
[rGMP] 

Figure 2 The effect of raised internal free Ca on the activation of 
3-0-methylglucose uptake by cGMP in the dialysed muscle fibre« 
The data are pooled from 6 fibres. The fibres uiere dialysed 
uith a solution of composition (mM): K aspartate, 150; NaCl, 
32; MgCl», 10 (in excess of ATP); EGTA, 5; Hepes9 5; Pipes, 5; 
NaCN, 2; FCCP, 2 μς.πιΐ" ; phenol red· 2; pH, 7.0. Osmolality 
uas adjusted to 975 mOsm uith sucrose. ATP (2 mN) was added 
as Mg.ATP. The various ionised Ca levels were obtained by 
adding different amounts of CaCl? to the solution. The 
The different ionised Ca levels are 0.91, 0.5. 0.41, 0.27 
and 0.11 μΡΊ for curves A-E respectively. Ordinate: % stimul­
ation of sugar uptake from sea uater containing 2 mfl sugar. 
Abscissa: cGMP concentration in dialysis medium (PI). 

ATP must be present for both cAMP and cGMP to influence the rate of 
hexose-transfer although ATP-depletion per se accelerates sugar uptake. 
These effects on hexose-transfer in barnacle muscle appear to be confined 
to changes in the capacity (V ) of the transport system. 

The results of experiments with the barnacle muscle fibre are 
consistent uith the model outlined in Figure 3. 
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Figure 3 Model for the regulation of sugar transport in barnacle muscle. 
X represents carrier and S is sugar· K.-K Q are dissociation 
constants and v.-v are rate constants proportional to the rate 
of transport across the membrane· The product of the reactions 
of carrier with intracellular control variable (Ca, cAMP, cGMP) 
a.g. X.cAMP, are shown only in schematic terms· ATP is present 
at saturating concentrations· 

If K = K- = K s Kg and v > v,. a v > v , then cAMP υϊΐΐ reduce the V 
for hexose transfer and calcium ions mill increase the stimulation m a x 

of transfer by cGMP (as shown in Figure 2). 
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INTRODUCTION 
In vitro studies with perfused rat livers [1,2] have shown that the liver 
is able to synthesize and secrete both nascent very low density lipopro-
teins (VLDL) and high density lipoprotein (HDL) particles. Studies on 
avian [3] and rat [4] liver parenchymal cells in monolayer culture have 
demonstrated that cultured hepatocytes secrete VLDL into the culture medium. 
We have recently shown that, in addition to VLDL, both low density lipopro­
tein (LDL) and HDL can be isolated from the culture medium of rat hepato-
cyte monoiayers [5]. Moreover, we noted that the rate of lipoprotein se­
cretion, particularly VLDL, show time-related changes. In the present re­
port we correlate ultrastructural parameters of hepatocyte monolayer cul­
tures with lipoprotein secretion as a function of time. 

METHODS 
Preparation of Monoiayers: Parenchymal cells were isolated from the livers 
of male, WAG/rij rats by the method of Bissei et al. [6]. Isolated cells 
were first suspended in Leibovitz L-15 medium including 8.3 mM glucose, 
32 mU/ml insulin, penicillin-streptomycin and 20% fetal calf serum. The 
latter was excluded after overnight attachment of cells to the petri dishes. 
Medium and cells were harvested separately and lipoproteins were isolated 
from the culture medium by means of preparative centrifugation techniques 
described by Lindgren [7]: VLDL were isolated at d < 1.006 g/ml, LDL at 
d 1.006-1.063 g/ml and HDL at d 1.063-1.21 g/ml. 
Electron Microscopy: Isolated lipoproteins were visualized by negative 
staining techniques using 2% sodium phosphotungstate, pH 7.4. For ultra-
structural studies on cells, hepatocyte cultures were fixed in situ with 
2.5% glutaraldehyde in 0.15 M sodium cacodylate buffer, pH 7.4; postfixed 
in 1% osmium tetroxide in 0.15 M sodium cacodylate and en bloc stained 
with 2% uranyl acetate for 30 min. Cultures were subsequently embedded in 
Araldite. 

RESULTS AND DISCUSSION 
Rat hepatocyte cultures synthesize and secrete VLDL, LDL and HDL into the 
culture medium. As seen in Table 1, VLDL is the major lipoprotein isola­
ted from the medium at early time points (up to 6.5 hr). With prolonged 
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incubation there is a notable decrease of VLDL so that after 48 hr VLDL 
concentration is reduced by 77%. Addition of sodium oleate to the medium 
resulted in the production of large quantities of VLDL (11.4 mg/g cell pro­
tein) during 48 hr incubation. Hence, fatty acids become rate limiting 
substrates for triglyceride (TG) synthesis during prolonged incubation in 
unsupplemented medium. At early incubations substantial quantities of LDL 
and HDL (Table 1) can also be isolated from the medium. Unlike VLDL, these 
lipoproteins do not show a loss of concentration during prolonged incuba­
tion. The HDL are 110 Ä spherical particles similar to rat plasma HDL. The 
HDL fraction at short incubation periods consists of a single population of 
particles; these structures are approximately 296 Ä diam and contain only 
apolipoprotein B. Their rapid appearance in the culture medium suggests 
that they are synthesized de novo. Prolonged incubation results in the 
appearance of larger structures (400-800 Ä) in the LDL fraction, since TG 
also increases in this fraction with time, it suggests that degradation of 
VLDL has occurred thus producing an intermediate particle which is in the 
density range of LDL. 

Table 1. Concentration of Lipoproteins Isolated from Rat Hepatocyte 
Culture Medium after 6.5 and 48 Hours of Incubation 

ing lipoprotein/g cell protein 
VLDL LDL HDL 

6.5 hours 4.6 ± 0.8 1.2 ± 0.1 1.6 ± 0.1 
48.0 hours 1.1 ± 0.3 2.9 ± 0.5 3.8 ± 0.2 

The ultrastructure of rat hepatocytes in monolayer culture is in many re­
spects similar to that of the intact liver. After several hours in cul­
ture the cells form cord-like structures that assume the polarity normal­
ly seen in the liver. As in the intact liver, bile canaliculi with numer­
ous short microvilli are present, Figure 1; Golgi complexes are found in 
close proximity to the bile canaliculus which is also their orientation in 
the liver. The lateral cell borders of adjacent hepatocytes are closely 
apposed and possess numerous interlocking filopdia; as seen in Figure 2, 
osmiophilic particles are frequently trapped within the intercellular space. 
These particles have a mean diam of 609 A and are presumed to be VLDL. 
Their presence suggests that during short incubation periods the rate of 
VLDL secretion into the medium is underestimated. 
The Golgi complex appears to undergo changes dependent on the metabolic 
state of the cells. At early incubation times the Golgi complex contains 
cisternae and smooth surfaced vesicles which enclose numerous VLDL par­
ticles 491 Ä diam, range 300-883 Ä, (Table 2 and Fig. 3). After 24 and 
48 hr incubation periods only negligible amounts of VLDL are recovered in 
the medium; this is paralleled by a decrease in the number and size of 
particles found within the Golgi (Fig. 4). The small size, 306 Ä of Golgi 
particles after prolonged incubation suggests that they are LDL (Table 2). 
This suggestion is strengthened by the fact that substantial quantities of 
LDL are isolated from the medium even after 48 hr. The presence of LDL 
within the Golgi and culture medium is evidence that the liver is able to 
synthesize and secrete LDL directly. 
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Table 2. Comparison of Electron Microscopic Size (Diam in Ä ± S.D.) 
of Intracellular and Extracellular Lipoproteins 

6.5 hr 48 hr 
Golgi Saccules 
Intercellular Space 
Culture Medium VLDL 
Culture Medium LDL 

491 ± 111 
609 ± 165 
797 ±219 
296 ± 29 

309 ± 39 
N.D.* 
N.D. 

248 ± 38** 
* N.D. Not detectable. 
^Approximately 20% of the total particles consist of 

structures, 631 ± 203 Ä diameter. 

As indicated earlier, at least part of the loss of VLDL from the medium 
after prolonged incubations can be explained by degradation of VLDL. VLDL 
disappearance may also be accounted for by receptor mediated uptake of par­
ticles into the cell; in fact, high affinity VLDL binding sites on hepato-
cytes have been described by Lakshmanan et al. [8]. Our ultrastructural 

Fig. 1. Electron micrograph of a 6.5 
hr hepatocyte culture. Bile canalic-
ulus (BC) has been reformed. The 
Golgi (Go) is near the BC. Bar = lym. 

Fig. 2. Intercellular (IC) region be­
tween two hepatocytes reveals the 
presence of numerous filopodia and 
trapped VLDL (arrows). A vesicle (V) 
transporting VLDL to the cell surface 
is also evident. Bar = 1 ym. 

Fig. 3. Golgi region from a 6.5 hr 
culture. VLDL within Golgi saccules 
and vesicles are indicated by arrows. 
Bar = 0.5 ym. 

Fig. 4. Golgi region from a 48 hr 
culture. VLDL (arrow) are few in 
number and smaller than those of 
6.5 hr incubation. Bar = 0.5 ym. 
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Fig. 5. Coated vesicles (arrows) 
within the cytoplasm of a cul­
tured hepatocyte. VLDL particles 
are seen within one of the coated 
vesicles. Bar = 0.25 ym. 

studies revealed the presence of VLDL containing coated vesicles (Fig. 5) 
in the apical portion of the hepatocytes. Similar coated pits have been 
associated with receptor mediated uptake of LDL by peripheral cells [9] 
thus it is likely that VLDL uptake and subsequent degradation steps are 
similar to those previously described for the LDL pathway. 
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Our symposium summarized extensive evidence demonstrating 
various ways by which membrane transport and cellular meta­
bolism are interrelated. The presented data clearly establish 
that no one single mechanism is involved: often, a cascade of 
events triggered by a defined experimental condition has to 
be postulated. However, several basic patterns are discer­
nible and their recognition permitted to highlight pertinent 
problems by the invited speakers. 

Three basic ionic pumps, i.e. the /Na -K /-activated 
2+ ATPase, the proton pump and the Ca pump appear to be 

operative in practically all eukaryotic and prokaryotic cells. 
These pumps are responsible for intracellular homoeostasis, 
and the electrochemical ionic gradients established across 
the cell membrane and membranes of intracellular organelles 
represent a direct link to cell metabolism as well as the 
driving force for cell function. The rapidly advancing 
knowledge of the molecular properties of these enzymes also 
enhances our understanding how the function of these 
membrane-bound enzymes may be regulated. 

The application of nonequilibrium thermodynamics to 
active transport processes reveals some of the energetic 
aspects of coupling between transport and metabolism. We 
have seen that this coupling is not necessarily tight. 
This implies that the coupling mechanism/s/ may be a target 
of regulatory agents. Nonequilibrium thermodynamics has now 
become an important tool for the student of our field. 



The interrelationship between transport processes and 
cell metabolism occurs at various levels of cell function. 
This was clearly demonstrated by evidence that the passive 
fluxes of cations across the membrane may be controlled by 
metabolism, thus directly affecting the physiology of the 
cell. 

One of the most intriguing, yet complex, fields of 
interest concerns the action of hormones. Several pertinent 
examples were presented here indicating that hormonal agents 
may affect metabolism by 1. interfering directly or in­
directly with the transport of electrolytes /including changes 
of intracellular ionic environment/, but also by 2. affect­
ing cellular levels of cAMP and/or cGMP, or 3. possibly by 
a feedback mechanism changing the physical properties of 
the membrane, thus limiting the supply of metabolic 
substrates. 

The membrane is in effect a cellular organelle with a 
rapid turnover of its constituents, permitting formation and 
repression of transport sites. The genetic approach, applied 
to study transport processes in mammalian cells grown in 
vitro, now emerges as a new, powerful tool for pinpointing 
individual transport pathways and thus simplifying our 
experimental attack on problems relating transport to 
metabolism. 

At present our studies are only beginning to pass the 
phenomenological barrier. In order to define the relation­
ship between membrane transport and metabolism in molecular 
terms, a more detailed understanding of the various facets 
of the processes is required. The tools of physiologists, 
geneticists and biophysicists, combined with a better 
insight into cell structure, will help to clarify the 
points of attack which eventually will have to be expressed 
in molecular biochemical terms. As so often in science, 
advances in a field are predicated by an integration of 
different concepts and experimental approaches. 
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Cell communication is a more general phenomenon than recognition. The 
latter can be a prerequisit for communication or it can also sometimes be 
the result of communication for instance. Recognition occurs in moving 
cells. Communication occurs both in moving as well as in immobilized cells 
in stable tissue organizations. 

In some very specialized adult tissues single cells are moving around 
until they have found their target where highly differentiated surface 
structures are thought to mediate recognition. But even in the best known 
cases, namely the cytotoxic lymphocyte and its target as well as the sperm 
and its egg target, we know very little about the exact recognition 
structures, the recognition processes in molecular terms or the consequen­
ces, i.e. target cell lysis or the cortical egg reaction. 

sr 
5 

RECOGNITION = ADHESION 

RECOGNITION INDUCED ADHESION 
FIG. 1 - Two Models for Specific Cell-Cell Adhesion. In the first recog­
nition molecules mediate adhesion directly. In the second recognition 
macromolecules induce secondary adhesion. 

Intercellular recognition must be a key process in embryonic organ 
morphogenesis unless the entire blueprint is laid down in the extracel­
lular matrix, a concept that would be quite difficult to sustain. Organ 
and tissue morphogenesis can be subdivided into 3 basic processes: move­
ment of single cells or a tissue section from location A to B, recognition 
of B as the terminal location and thirdly fixation of that configuration 
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of the particular group of cells. Recognition occurs most likely already on 
the way from A to B because most of these movements do not produce the im­
pression as they were random but generally a continous probing between the 
moving and the adjacent cells can be seen. This observation casts some 
doubts on purely chemotactic mechanisms which would be based on a gradient 
of molecules dispersed between the cells. 

Several types of macromolecules have been isolated which promote 
either organ specific adhesion among dissociated embryonal cells or the 
sorting out of cells into structures simulating those occuring in_ vivo. It 
is one of the key questions in the field whether these macromolecular 
factors achieve their effect directly by mediating recognition and adhesion 
in one step or indirectly by the induction of secondary adhesions (Fig. 1). 

While no definite answer is yet available for embryogenesis we would 
like to address this question to species-specific sponge cell recognition 
and aggregation which has already served much earlier as a model system for 
embryonic cell recognition. 

SPONGE CELL RECOGNITION: A MODEL READY FOR AN ANALYSIS AT THE 
MOLECULAR LEVEL. 
General Background; In many combinations where two batches of dis­

sociated cells from two different sponge species are shaken together 
species specific sorting out into clumps of the original species can be 
observed. To what degree this occurs immediately and to what degree it 
occurs in a two step process where cells first adhere randomly and then 
only sort out into homospecific tissue clumps depends on the two species of 
sponges used but in some combinations the correct pairs seem to be formed 
quite early during reassociation processes. 

The selective reaggregation of cells can be promoted with a surface 
component termed aggregation factor (AF) and isolated from the supernatant 
of sponge cells dissociated and washed in Ca - and Mg -free seawater. 
Such a factor requires Ca again in order to promote aggregation and it 
has been isolated only from a few species so far (1, 2, 3). The one from 

"7 
Microciona prolifera is a 2.1 x 10 dalton protein-polysaccharide complex 
with several thousand Ca binding sites. Spread for electronmicroscopy 
it appears as a ring of *> 800 A diameter with 15-16 arms of 1Ί00 A length 
(4, 5). 

Isolation of an Active Subunit of the Factor which still Binds the 
Species Specific Receptor: Previous studies have shown Microciona aggreg­
ation factor to be irreversibly inactivated by EDTA, heat treatment, 
periodate and proteases (2, 4, 5), the first two without necessarily de­
grading the factor into smaller sized pieces. After labelling the factor 
complex with 125j w e found unexpectedly that pieces could be dissected out 
from the protoglycan complex with a heat, EDTA and 5 M urea treatment 
simultaneously. These labeled fragments still bound species specifically 
to their surface receptors (Figs. 2, 3). The fragments accumulating in the 
peak in Fig. 2 are in a size class of around 180 K dalton, an accurate 
measurement after polyacrylamide - SDS - electrophoresis being impossible 
due to the large carbohydrate content (over 50%). Preliminary further de­
gradation with V-8 enzyme yielded binding fragments down to 10 K dalton 
and below. 
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FIG. 2 - Dissociation of the 
Proteoglycan Aggregation Factor 
with Urea-EDTA-Heat and Separ­
ation on Sepharose 4 B. 
The supernatant of Microciona 
cells treated for 5 hours with 
Ca Mg -free seawater was 

2 0 3 0 U0 5 0 
f racti o n number 

70 

spun at 1000 xg for 7 min,' 
3000 xg for 5 min, 20'000 xg 
for 20 min and precipitated 
with 30 mM Ca CI2 overnight. 
The pellet after 10'000 xg+for 
20 min was dissolved in Ca -
CMF-Tris and repelleted for 3 
hours at 100"000 xg. The pellet 
was dissolved in Ca-CMF-Tris 
and the excluded front of a 
3000 A glass bead column re-
pelleted for 3 hours at 100'000 
xg and dissolved in Ca-CMF-Tris. 
In a sucrose gradient of 10-30% 
the activity peak appeared 
after 3 hours at 39'000 rpm in 
the SV-41 rotor at 20%. The 
material was passed over a 
glass bead column in Ca-CMF-125 Tris and labeled with I-
chloramine-T at this stage or 
before the sucrose gradient. 

After treatment by the addition of 5 M urea and 40 mM EDTA to this Ca 
(2 mM)-CMF-Tris (20 mM, pH 7.4) buffer at 80° C for 4 hours the fragments 
were separated on a 28 x 1.6 cm Sepharose 4 B column in CMF or CMF-1.0 M 
urea. The column was loaded with 7.42 jjg protein or 10.6 units and 34.1 
X. 10^ cpm in 4 ml. The 1 ml fractions were counted before ( ) and after 
dialysis ( - - - - ) . 

The Baseplate or Receptor Counterpart for the factor and a Possible 
Role for Calcium: After removing of the aggregation factor an inhibitor of 
aggregation can be isolated by a hypotonic shock (Fig. 4) which we called 
baseplate since its receptor functions are not yet clearly defined (6). Its 
surface location could recently be confirmed with immunofluorescent proced­
ures (7). Although affinity chromatography methods in combination with 
neutral detergents yielded a highly purified inhibitor (over 1000 folds) 
as well, the exact nature of the two inhibitors and their identities are 
not yet resolved. Most likely it is a glycoprotein of about 40-60 K dalton. 

One of the most basic questions was whether specificity for recogn­
ition is solely provided by interactions among the aggregation factor 
complexes or whether some specifity derives from an interaction between 
the factor and cell surface molecules. In order to investigate this 
question the two processes have to be assayed separately. It turned out 
that conditions for factor-surface binding did not require Ca while 
factor-factor binding did require just about that concentration known to be 
necessary for aggregation of the cells which incidently coincides also with 
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FIG. 3 - Maintenance of 
Species Specificity by the 
Urea-EDTA-Heat-Fragment. 
In a binding experiment 0.70 
f*g protein were added to 4 x 
10 cells (fixed or unfixed) 
in 0.4 ml for 20 min at R.T. 
To separate cells gently the 
sample was spun through 10% 
sucrose, 0.1% BSA for 5 min 
at 2000 xg and the total 
radioactivity was compared 
with that in the pellet and 
expressed in %. 
First bar= Microciona. Second 
(black) bar = Mycale. Third 
(hatched) bar = Cliona. Sample 
numbers: 1 = undegraded Micro-
cionafactor. 2 = Urea-EDTA-
_____~ / 
Heat treated factor before 
chromatography. 3 = Peak Vo. 
4 = Peak Pa? 5 = Peak Pi (see 
Fig. 2). 

Low Salt dö 

FIG. 4 - Isolation of Factor and Baseplate. 
Ca -, Mg -free seawater (CMF-SW) releases the factor. Low salt releases 
the baseplate. Hypotonically treated cells do not aggregate with factor. 
If they are pretreated with baseplate they do however aggregate again. 
Baseplate inhibits factor-promotion of aggregation. 

the Ca content of seawater (10 mM). Saturation of the surface sites in 
the absence of Ca occured at about 400 factor "molecules" per cell which 
turned out to be also just about the minimum amount of molecules bound, 
necessary for aggregation of the cells in the presence of Ca (8). Factor-
cell binding in the absence of Ca retained the full species specificity 
(8). Factor-factor binding assayed with beads to which factor was pre­
viously covalently bound had essentially the same stability characteristics 
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as factor induced cell-cell aggregation (Table 1) which convincingly 
supports our older model that the force generating sites are Ca -mediated 
and are located inbetween factor molecules. At least a substantial part of 
the specificity is provided by interactions between the aggregation factor 
and the baseplate or other surface elements. 
TABLE 1 - Factor-Cell Binding Sites Differ from Factor-Factor Binding Sites. 

125 Pretreatment of Capability to I-factor 
Microciona I-factor aggregate cells bound (cpm) 

or AF-beads 
Microciona cells none ++++ 

50°C, 10 min + 
10 mM EDTA, 30 min + 
5 mM periodate, 3 h. 
baseplate 2.2 mg/ml + 

Cliona cells 
II 

AF-beads 
II 
II 
II 
II 

none 
10 mM EDTA, 30 min 
none 
50°C, 10 min 
10 mM EDTA, 30 min 
5 mM periodate, 3 h. 
baseplate, 2.2 mg/ml 

-
-
++++ 
"+ 
+ 
+ 
+ 

20 
181 
31' 
15' 
5' 
2' 
1' 
25' 
8' 
9' 
5' 
5' 

'481 
•024 
'473 
'358 
•650 
■162 
■642 
'919 
'381 
»014 
■501 
»965 

BSA-beads 2'537 
For experimental details see ref. 8. Any denaturing treatment that 
abolishes aggregating activities of the factor (AF) abolishes simultaneous­
ly factor-factor interaction as seen by binding of I-AF to AF-conjugated 
beads. These treatments in particular the removing of Ca by EDTA did not 
abolish the species specific binding of factor to cells. Baseplate, the 
presumed receptor however prevents aggregation and binding. The inhibition 
of AF binding to AF-beads may steric explanations. 

EFFICIENT AND FINAL SORTING OUT OF CELLS MAY REQUIRE AT LEAST 
A SECOND STEP. 
We are not the only ones who have pointed out earlier that organ and 

tissue morphogenesis will most likely not solely depend on surface mole­
cules which mediate recognition and adhesion in one step (9). It is true 
that glutaraldehyde fixed sponge cells can bind aggregation factor species 
specifically and can aggregate to some degree species specifically and 
that in this biochemical model system the two components baseplate and 
aggregation factor may fee sufficient. Sponge cells which were not dis­
sociated in Ca -, Mg -free seawater but were isolated still having their 
factor attached do clearly sort out however and our simple bimolecular 
model will require an additional process or component to explain that. One 
can assume that an eeisy dissociable dimer of the baseplate molecule 
mediates additional linkages between the factor molecules on the cell sur­
face. Carbohydrate or fixed.charge interactions providing weak specifici­
ties between subcomponents of the factor complexes are possible and are 
considered (Burkart and Burger, in preparation). However secondary surface 
contacts, still between factor complexes and baseplate molecules, now 
however on adjoing cells or between entirely different molecules may both 
increase the specificity as well as the tightness of the contact. We have 
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considered such a two step model earlier (see Fig 5) and would like to 
present two circumstantial experiments supporting it. 

PRIMARY SURFACE CONTACT 
Filopodia,Microvilli,etc. 

Local Lock-In 
and/or 

Signaling 

DECISION MAKING PROCESS 
at Surface and/or in Cell 

♦ 
RELLASE 

o Establishment of Secondary Surface Contacts 
o Modulation of Interactions —»· -♦Braking of 
o Initiation of Intracellular Secondary 

Surface Contacts Programs 

FIG. 5 - A Subdivision of the First Recognition Process During Cell 
Encounter. For more details see the Dahlem conference of ref. 10. 

Freshly aggregated sponge cells can be redissociated only for a short 
time after initiation of the aggregation process. Then «hey suddenly enter 
a state in which disaggregation becomes much harder if not impossible. 
This sharp "transition state" depends on temperature (Fig. 6) as expected 
if a cellular event is involved. A more detailed temperature and time 
kinetic analysis may give some clues as to the nature of this secondary 
type of cell-cell interaction. 

FIG. 6 - Two Step Aggre­
gation. 1.2 x 10 dis­
sociated Microciona 
cells per 0.6 ml were 
aggregated under stan­
dard conditions at R.T. 
for 10 min in a Linbro 
plate. Then the plate 
was tipped at an angle 
of 45 for the times 
indicated on the abs­
cissa to allow col­
lection of the cells at 
the bottom rim of the 
well for packing since 
they were not shaken. 

c Then the supernatant 
was sucked off and re­
placed by Ca -, Mg 
free seawater and the 
plate vigorously shaken 
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for 5 min. to dissociate the aggregates, which were monitored by counting 
the number of particles. * 

Molecular surface contacts may be a prerequisite for cellular communi­
cations and cellular communications may again be a prerequisite for more 
intimate and specific further secondary contacts. Evidence that the re­
cognition and adhesion mediating sponge aggregation factor is a necessary 
prerequisite for communication comes from an earlier experiment carried 
out by Loewenstein (11). 

Ö-Ö-ÖÖ · 
FIG. 7 - Aggregation Factor is a Prerequisite for Communication. Cells 
that have been mechanically dissociated and still retain their factor at 
the surface will develop a lower membrane resistance between them than 
towards the remainder of their surroundings, i.e. they couple (not shown). 
Cells which are stripped of their surface factor will not couple even if 
they are in closest appostion (upper line). If aggregation factor is added 
to the right species such cells will couple no later than 30 to 40 min. 
later. See Loewenstein ref. 11. 

A further careful and detailed analysis of the surface macromolecules 
involved in primary contacts is as necessary as an analysis of those macro-
molecules involved in secondary contacts like for instance the so called 
gap junction subunits. Only after completion of such a study one can begin 
with more serious speculations on the processes that lead from the cellular 
probing observed during organ morphogenesis via recognition to fixation 
and maintenance of the correct tissue architecture. 

We would like to acknowledge the collaboration and discussion with 
Drs. W. Burkart, W.j. Kuhns and T. Simpson. Supported by grant 3.513/79 
from the Swiss National Science Foundation. 
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Adjoining c e l l s of most t i s sues are interconnected by highly permeable 
membrane junctions providing d irec t pathways for the in terce l lu lar exchange 
of ions and molecules. The conduits for t h i s d irec t c e l l - t o - c e l l communica­
tion are aqueous channels contained in the c e l l junction — channels which 
span the width of both membranes of the adjacent c e l l s , thereby in e f f e c t 
putting the neighbouring c e l l s · cytoplasms in immediate communication with 
one another (Loewenstein, 1966). It i s v ia these channels that currents 
spread rapidly and with l i t t l e l o s s from c e l l t o c e l l , a feature important 
for certain e l e c t r i c a l l y exc i table t i s sues such as heart, smooth muscle or 
e l ec tro ton ica l ly coupled nerve c e l l s . But apart from the small inorganic 
ions a l so a wide range of larger molecules traverses these channels, making 
possible the in terce l lu lar transfer of a variety of physio logical ly impor­
tant molecules. The permeability properties of c e l l - t o - c e l l channels thus 
represent an important aspect of the general physiology of t i s sues or, for 
that matter, of any c e l l organization which functions by the concerted ac­
t ion of i t s c e l lu lar const i tuents . 

CHANNEL SIZE or MOLECULAR SIZE LIMIT FOR CHANNEL PERMEATION 

The actual or e f f ec t ive channel s i ze i s of great in teres t because i t 
determines the molecular s ize l imi t to junction permeation. We probed chan­
nel permeability with several s e t s of f luorescent- label ied molecules which 
■et the following requirements for useful channel permeability probes: 
water s o l u b i l i t y , nontoxic i ty , impermeance of nonjunctional membrane, and 
conservation of in tegr i ty in cytoplasm ( Simpson, Rose and Loewenstein, 
1977). As a c e l l model system we used the insect sal ivary gland of Chirono-
mus whose transparent and large (100-150 jam), polytaenic -cel ls are part icu­
lar ly suitable for fluorescence and microinjeetion s tud ies . For junction 
permeability t e s t s , the tracers were injected into a c e l l and the c e l l - t o -
c e l l spread of fluorescence (or lack thereof) was noted. One se t of tracers 
consisted of amino acids and l inear peptides, label led with dansyl chloride 
(DANS), f luorescein isothiocyanate (FITC), or Lissamine rhodamine B (LRB), 
and ranging from m.w. 380 to 4158. With these probes we found a molecular 
weight cutoff for junction permeation at about 2000. From measurements of 
space f i l l ing models of the largest permeating probes we inferred a lower-
l imi t channel bore of 1.6 nm for accomodation of these molecules. Junctio-
nal transfer of the larger (^2000 m.w.) nonpermeant peptides we tested 
presumably was blocked because these peptides can assume tert iary configu­
rations s tabi l i zed by multiple intramolecular hydrogen bonding, producing 
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molecular shapes exceeding 1.6 nm in more than one dimension. This interpre­
tation for the fai lure of these molecules· junction permeation i s strengthen­
ed by the finding that certain peptides which, due to their amino acid com-
postion are unable to fold or to form h e l i c e s , are junction permeant even 
at a m.w. of 3089-LRB(ProProGly)1Q0H —the longest one of th i s kind that we 
tested. With a l l the larger peptides , a smaller one with di f ferent f luores ­
cent label (and thus dist inguishable) was coinjected into the same c e l l . 
Junctional transfer of the smaller tracer then indicated that the block to 
the larger molecule was not simply caused by channel closure due to c e l l i n ­
jury. 

Another se t of channel probes consisted of l inear and branched o l igosac-
charides. The unbranched oligosaccharides were a l l junction permeant, as 
would be expexted since their space f i l l ing models exceed 1.6 nm in only 
one dimension. Most revealing in terms of the actual dimension of the chan­
nel bore were the r e s u l t s obtained with 2 branched oligosaccharides (Schwarz 
mann, Wiegandt, Rose, Zimmerman & loewenstein, unpublished data) . One of the 
oligosaccharides, of m.w. 2975 (when label led with FITC) or 3097 (when l a ­
belled with LRB) was junction impermeant. The other ol igosaccharide, of m.w. 
2327 (FITC), obtained by removing enzymatically the four terminal galactoses 
from the f i r s t ol igosaccharide, on the other hand was junction permeant. The 
2 largest dimensions are 3.0 nm and 4.5 nm for the larger and 2 .1 and -«4.0 
nm for the smaller molecule, putting the channel bore a t ^ 2 . x nm, but cer­
tainly smaller than 3.0 nm. These oligosaccharide molecules are uncharged, 
both before and after enzyme treatment, and hence t e l l us the actual s t e r i c 
channel dimension. 

In mammalian t i s sue culture c e l l s the channels were found to be more 
res tr ic t ive with a cutoff to junctional permeation at «m,v, 800. These more 
res tr ic t ive channels a l so discriminate c lear ly against negative charges of 
the permeants, suggesting the presence of a fixed or an induced charge in 
these channels (Flagg-Newton, Simpson & Loewenstein, 1979). 

REGULATION OF JUNCTIONAL CHANNEL PERMEABILITY 

Loewenstein (1966) proposed that the cytoplasmic free Ca2+ concentra­
tion (Ca ±) i s a regulator of junctional permeability because various e x ­
perimental conditions in which an increase in Ca2 +i could have been expec­
ted, led to junctional uncoupling, that i s to say to junctional channel 
closure. Using the Ca 2 + -speci f ic l ight -emit t ing protein aequorin as an i n ­
dicator for Ca 2 + i , we showed that junctional coupling indeed decreased 
whenever Ca2+^ rose at the junctional region (Rose and Loewenstein, 1976). 
In these experiments the spat ia l d is tr ibut ion of Ca2+i e levat ion was v i s u ­
alized with a TV camera-image in tens i f i er system, and c e l l - t o - c e l l coupling 
was measured e l e c t r i c a l l y . Ca2+ in jec t ions , exposure to metabolic inh ib i ­
tors or to Ca-ionophores a l l uncoupled c e l l s when Ca2+^ was seen to r i se at 
the junction, supporting the hypothesis that Ca2"*"i mediates junctional un­
coupling. 

In several biological systems Ca and H ions hold c lose in terre la t ion­
ships. E.g. in energized mitochondria Ca-uptake re leases H+ ( Bartley & 
Amoore, 1958) and vice versa ( Akerman, 1978), and Ca2+ and H+ compete for 
binding s i t e s on c e l l membrane (Carvalho, Sanui & Pace, 1963). Thus the 
question naturally arose whether H+ can deputize Ca2* in c los ing the chan­
nels or perhaps even mediate the Ca2+ ac t ion . The l a s t point needed to be 
considered in particular when Meech and Thomas (1977) showed a decrease in 
intracel lular pH (pti^) during Ca-injection into snai l neuron, and when Turin 
and Warner (1977) found that lowering pHĵ  of embryonic c e l l s induced uncoup­
l ing . 

In experimental terms the question i s which of the two ions i s s u f f i c i -
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c ient to uncouple c e l l s . To in e s t iga te th i s point , we monitored both Ca^+i 
and pHĵ  of Chironomus c e l l s while experimentally inducing their uncoupling 
(Rose and Rick, 1978). We found that a pH. decrease i s not necessary for 
uncoupling; a Ca2+^ e levat ion i s s u f f i c i e n t : (1) Elevation of Ca2 +i by 
treatment with cyanide produced uncoupling without s ign i f i cant change in 
pHit (2) Dinitrophenol did produce a s ign i f i cant f a l l in pH. (0 .4 pH units) 
but neither the onset of uncoupling nor of recoupling (DNP washout) corre­
lated with the pH^ changes; in fac t , a subsequent greater pH. f a l l of the 
same c e l l s (by exposure to 10% C02) did not a f f ec t coupling at a l l . (3) In­
jection of pH-buffered Ca-solution produced uncoupling just the same. (4) 
Uncoupling occurred even at alkal ine pHĵ  ( £ 8 , 0 ) , which a l s o elevated Ca2 +i 
e . g . when c e l l s were exposed to NH4CI or, in one case , to ionophore A23187, 

Whether a H+ increase alone i s s u f f i c i e n t to c lose junctional channels 
i s not c l ear . Cell ac id i f i ca t ion caused uncoupling but a l so caused increase 
in Ca2"* :̂ Injection of HCl invariably increased Ca 2 + i ; exposure to 100% C02 
did so detectably in 10 out of 25 case s , and the H+ translocating ionophore 
Nigericin elevated Ca ^, too . An increase in Ca ^ with 100% C02 was a l so 
seen in barnacle muscle (Lea And Ashley, 1978) and in Xenopus embryos 
(Rink, Tsien and Warner, 1980). 

The Ca mechanism of uncoupling has been demonstrated in other c e l l 
types as we l l . Heart c e l l s , as De Mello (1975) has shown, are uncoupled by 
Ca i n j e c t i o n s . Dahl and Isenberg (1980) found in Purkinje f ibers that r i s e 
in Ca i , measured with Ca-eleetrodes, i s associated with uncoupling, and 
Petersen and Iwatsuki (1978) uncoupled c e l l s of the pancreas by Ca2+ i n ­
j ec t ions . Furthermore, the permeability of the junctions in mammalian t i s ­
sue culture c e l l s i s reduced by treatments which increase Ca . (Flagg-
Newton and Loewenstein, 1979). 

GRADED CHANGES IN CHANNEL SIZE ? 

To date , nothing at a l l i s known at the molecular l ev e l about how the 
c e l l - t o - c e l l channels are rendered c losed . The simplest model would have 
Ca interact d i r e c t l y with a channel moiety and thereby block i t s perme­
a b i l i t y (Loewenstein, 1967) —but our lack of information at that l eve l 
permits quite unrestricted speculat ion. We posed one question however, and 
approached i t experimentally (Rose,Simpson and Loewenstein, 1977): Do the 
individual channels c lose in a graded or in an al l -or-none fashion, or to 
s tate i t in d i f ferent terms, do the channels have more than one stable s t a ­
te of openness? In the l a t t e r case , c e l l s would have a fine control at 
their d isposal : By varying the channels* aperture, the s i ze l imi t to per-
meant molecules would be changed, allowing e . g . the exchange of ions but 
not of metabolites or larger molecules between c e l l s at certain times of the 
c e l l s · l i f e . 

To try to answer th i s question of graded channel c losure , we coinjected 
pairs of molecules of d i f ferent s i ze and d i f ferent label in control condi­
t ion , or together with Ca to modify channel permeability. The transfer ve ­
l o c i t i e s of the individual members of each tracer pair were determined in 
each case . When Ca was co injected , the transfer ve loc i ty of the larger mo­
lecule of each pair was reduced much more severely — sometimes to the point 
of complete blockage of transfer — than the transfer ve loc i ty of the smal­
ler molecules. This re su l t i s cons is tent with a regulation in aperture of 
individual channels. A more complex a l ternat ive cannot be ruled out by 
these experiments, namely that a junction to begin with i s comprised of 
d i f ferent - s i zed channels of d i f ferent Ca - s e n s i t i v i t y . 

Phys io logical ly , a graded reduction in channel s i ze has important im­
pl i ca t ions : The junction then becomes a tunable f i l t e r for s ignal transfer 
from c e l l to c e l l . 
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INTRODUCTION 

Calcium ion exerts a profound influence on many biological pro­
cesses such as cell motility, muscle contraction, axonal flow, cyto-
plasmic streaming, chromosome movement, neurotransmitter release, endo-
cytosis, and exocytosis. Yet, because of the paucity of information 
about the Ca2 receptors, the mechanism of Ca2 action in most of these 
processes has remained obscure. Evidence acquired over the past few 
years suggests that imany of the actions of Ca2 are mediated through a 
homologous class of Ca2 -binding proteins, of which calmodulin, the most 
widely distributed and versatile, appears to be a primary receptor of 
this important divalent cation [1-3]. 

Calmodulin was originally discovered in the late 1960s in our 
laboratory as an activator of cyclic nucleotide phosphoiesterase [4,5]. 
Some investigators are not aware of these early reports on calmodulin, 
then known as protein activator, probably because their titles deal with 
the activation of phosphodiesterase by snake venom. A more detail 
account of the discovery of calmodulin has appeared [1,6]. Briefly, I 
found that phosphodiesterase lost activity during the course of enzyme 
purification when calmodulin was dissociated. Addition of calmodulin 
restored the enzyme to its original activity [7-9]. Subsequently 
calmodulin was shown to regulate brain adenylate cyclase [10,11] and 
numerous other enzymes and cellular processes (see Table 2). Moreover, 
there are various calmodulin-binding proteins whose functions have not 
been identified, and they may be additional calmodulin-regulated enzymes 
[12]. 

This communication summarizes some general properties of calmodulin 
including its assay and preparation, a brief review of the calmodulin-
dependent cellular processes, and its central role in cellular regula­
tion. More information on calmodulin is found in several recent reviews 
[1-3] and a monograph [13]. The references cited herein are not meant 
to be exhaustive; to do so would have far exceeded the allotted space. 
The reader is encouraged to consult the vast original literature. 
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ASSAY OF CALMODULIN 

One method to measure calmodulin is based on the stimulation of a 
Ca2 -dependent phophodiesterase under specified conditions [9]. Theo­
retically any of the calmodulin-dependent enzymes enumerated in Table 2 
can be used as an assay system. Phosphodiesterase has been widely used 
because the enzyme was the first responsive system to be studied, and it 
can be prepared easily in bulk. 

Bovine brain contains several calmodulin-binding proteins which are 
capable of competing with phophodiesterase for calmodulin [12]. In 
fact, all calmodulin-responsive enzymes are potential competitors in the 
enzyme assay, and the presence of any of these proteins in a tissue 
extract could cause an underestimation of calmodulin. Fig. 1 shows the 
interference of a heat-labile calmodulin-binding protein (CaM-BPgo) o n 

the measurement of calmodulin by the phosphodiesterase system [14]. 

The interference of calmodulin-binding protein on the assay of 
calmodulin by the phophodiesterase system can be circumvented by a 
radioimmunoassay, which is based on the recognition of antigenic deter­
minants rather than on enzymic activity, a feature potentially useful in 
determining calmodulin that may be biologically inactive. In addition, 
the radioimmunoassay has the further advantage of detecting the sample 
over a wide range of concentration. (Fig. 2). 

PREPARATION OF CALMODULIN 

A variety of procedures have been described for preparing calmo­
dulin from different tissues. In our laboratory, the protein was 
originally isolated from bovine brain by a technique which involved heat 
denaturation of the bulk of extraneous protein in the tissue extract, 
chromatography on diethylaminoethyl cellulose and preparative poly-
acrylamide gel electrophoresis [15]. As properties of calmodulin are 
better understood, simpler and more efficient isolation procedures have 
been devised. Anti-psychotic drugs of the phenothiazine type, such as 
trifluoperazine and chloropromazine, bind calmodulin in the presence of 
Ca2 [16], a property that has been cleverly exploited to give a simple 
and efficient affinity-column procedure to prepare calmodulin in high 
yields [17,18]. Fig. 3 depicts the elution profile of calmodulin 
prepared from a bovine brain extract on a fluphenazine-agarose column 
[19]. Fluphenazine is a close derivative of trifluoperazine, having a 
ethanoic hydroxyl group suitable for chemical coupling to an activated-
agarose matrix. Fig. 3 also compares a SDS electrophoretic gel pattern 
of a preparation before and after the affinity column. 

The use of phenothiazine-affinity column for the preparation of 
calmodulin appears superior to conventional methods: the procedure does 
not involve harsh conditions, and is simple and efficient, giving a 
homogenous product essentially by a single step (see Fig. 3). Moreover, 
the affinity column can be easily regenerated for repeated use. 
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Fig. 1. Assay of calmodulin by Ca2 -dependent phosphodiesterase. 
Calmodulin-deficient phosphodiesterase was purified from bovine brain 
cerebral cortex [5]. Pure calmodulin was isolated from bovine brain by 
a fluphenazine-sepharbse affinity column [19] modeled after Charbonneau 
and Cormier [17]. The heat-treated bovine cerebral extract was prepared 
according to Wallace and Cheung [14]. Inhibitor - a heat-labile 
calmodulin-binding protein (CaM-BP80) " w a s purified to homogeneity from 
bovine brain. The abscissa refers to the amount of protein contributed 
by calmodulin or the heat-treated extract. The concentrations of CaM-
ΒΡβθ (Μ8 protein/0.1 ml of reaction mixture) are indicated by paren­
theses [From 14]. 
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Fig. 2. Radioimmunoassay of calmodulin in the presence or absence of a 
heat-labeled calmodulin-binding protein (CaM-BP80). Experimental condi­
tions for Panel A and Panel B are comparable except Panel A contained 3 
mM EDTA and Panel B contained 0.3 mM Ca2 . When present, the concen­
tration of CaM-BPso w a s 3.8 pg or 48 pmol/assay tube [From 14]. 
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Fig. 3. Preparation of calmodulin by fluphenazine-sepharose affinity 
column chromatography. One hundred g of bovine brain cerebrum was 
homogenized with 300 ml of 10 mM PIPES (pH 7.0) containing 0.02% NaN3. 
The homogenate was centrifuged at 10,000 x g for 60 min, and the super­
natant fluid was applied to a fluphenazine-sepharose (2.6 x 29 cm). The 
column was washed with 100 ml of PIPES (pH 7.0) containing 1 mM CaCl2, 
350 ml of 10 mM PIPES (pH 7.0) containing 1 mM CaCl2 and 0.5 M NaCl, and 
then eluted with 250 ml of 50 mM Tris-HCl (pH 8.0) containing 0.5 M NaCl 
and 10 mM EDTA. Ten-ml fractions were collected. The analytical poly-
acrylamide gel electrophoresis on the right shows the protein pattern of 
100 Mg of the brain extract before the fluphenazine-sepharose affinity 
column (Lane A) and that of 15 Mg of pure calmodulin collected from 
portions 81 to 82 in the figure (Lane B) [From 19]. 



PROPERTIES OF CALMODULIN 

A. Physicochemical and Biological Properties 

Calmodulin is a heat-stable, globular protein containing 148 amino 
acids with a molecular weight of 16,723 [20]. Some fifty of the amino 
acid residues are aspartate and glutamate accounting for an isoelectric 
point of about 4.3. The molecule contains no cysteine, hydroxyproline, 
or tryptophan, and only 2 tyrosines. The low content of tyrosine (2 
residues) to phenylalanine (8 residues) gives an unusual ultraviolet 
absorption spectrum with peaks at 253, 259, 265, and 269 nm due to 
pheylalanine and at 277 nm due to tyrosine. Because of the low content 

of tyrosine, the extinction coefficient of calmodulin (E- = 1.8) is 

small compared to most other proteins [15,21]. Calmodulin does not 
contain phosphate or carbohydrate, but does have a trimethylated lysine 
at position 115. Its amino terminus is acetylated. Fig. 4 shows the 
complete amino acid sequence of bovine brain calmodulin [20]. 

Calmodulin is very similar to another Ca2 -binding protein, tropo­
nin C, and they exhibit approximately 70% conservative sequence homology 
and 50% direct sequence homology. Troponin C has a slightly higher 
melecular weight than calmodulin due to an extra eight residues at its 
amino terminus [20]. 

Calmodulin contains four Ca2 -binding sites with dissociation 
constants in the range of 4-18 μΜ [15]. Binding of Ca2 to calmodulin 
results in an increase in the a-helical content [21]. Most of the 
increase in helical content occurs upon binding of the first two mole­
cules of Ca2 . One of the two tyrosine residues, which is situated at 
the periphery of calmodulin, is further exposed to the solvent upon 
binding of Ca2 [22]. The Ca2 -induced conformational changes in 
calmodulin have also been indicated by several independent techniques: 
an increase in tyrosine fluorescence [22], an increase in refractoriness 
to cleavage by proteolytic enzymes [21,23], and by nuclear magnetic 
resonance [24]. 

One of the most striking characteristics of calmodulin is its 
stability. The protein may be exposed to 95° or to 8M urea with reten­
tion of biological activity. In addition, calmodulin retains its 
Ca2 -dependent conformation and ability to bind troponin I in an 
alkaline electrophoresis gel containing 8M urea [25]. 

Some of the physiochemical properties of calmodulin are summarized 
in Table 1. 
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ic-A1a-Asp-G1n-Leu-Thr-G1u-G1u-G1n-I1e-A1a-G1u-Phe-Lys-Gl^^ 

40 50 60 70 

Ser-Leu-Gly-Gln-Asn-Pro-Thr-G1u-A1a-G1uM.eu-Gln-Asp-Met-ne-Asn-Glu-Va1^ 

80 90 100 110 

Lys-Met-Lys-Asp-Thr-Asp-Ser-Glu-Glu-Glu-I1e-Arg-G1u-Ala-Phe-Arq-^ 

120 130 140 

Leu-Gly-Glu-Tml-Leu-Thr-Asp-Glu-Glu-Val-Asp-Glu-Met-Ile-Arg-Glu-Ala-Asn-Ile-Asp-Gly-Asp-Gly-Glu-Val-Asn-Tyr-Glu-Glu-Phe-Val-Gln-Met-Met-Thr-Ala-Ly 

Fig. 4. The amino acid sequence of bovine brain calmodulin as deter­
mined by Watterson et al. [20]. The protein contains many acidic amino 
acids, which furnish carboxylate groups for the reversible binding of 
Ca2 . The asterisk (*) identifies putative Ca2 -binding residues. The 
protein, characterized by a trimethylated lysine (Tml) at position 115, 
lacks tryptophan, cysteine and hydroxyproline, which allows a tertiary 
structure highly flexible to interact with the various calmodulin-
regulated proteins. 



Table 1 

Physicochemical Properties of Calmodulin 

Molecular weight 16,723 

S20,w (S) 1.85 

D (cm/s) 1.09 x 1θ"β 

v (ml/g) 0.72 

Stokes radius (Ä) 20.9 

Frictional coefficient 1.2 

Isoelectric point 4.3 

P U 1.8 
276nra 

Calmodulin appears to be ubiquitous throughtout the eukaryotes, 
lacking both tissue and species specificty. The protein isolated from 
all sources stimulate brain phosphodiesterase [1]. Moreover, calmo-
dulins from cottonseeds and starfish oocytes cross-react with the anti­
body directed against bovine brain calmodulin [26], and those from slime 
mold (Dictyostelium discoideum), algae (Chlamydomonas reinhardii), and 
the electroplax of electric eel (Electrophorus electricus) cross-react 
with the antibody directed against rat testicular calmodulin [27]. In 
addition, the amino acid sequences of calmodulins from bovine brain, 
uterus, and rat testis are almost identical [20]. The apparent 
similarity in the amino acid sequence of calmodulin from widely diver­
gent sources suggests that the protein is ancient, with its primary 
structure highly conserved, an attribute not unexpected of a fundamental 
regulatory protein. 

Comparison of the primary structure of calmodulin with that of 
other calcium-binding proteins indicates that calmodulin is a member of 
a homologous series of proteins which include troponin C, myosin light 
chain, vitamin D-dependent calcium-binding protein and parvalbumins 
[28]. These proteins may have evolved from a common ancestor through a 
process of gene duplication and point mutations. Calmodulin appears the 
most highly conserved member of this family of proteins. 

The similarity between calmodulin and troponin C is striking not 
only in a large common sequence homology, but also because calmodulin 
substitutes effectively for troponin C in the activation of actomyosin 
ATPase [25]. Dedman et al. [29] reported that troponin C is one-six-
hundredths as active as calmodulin in stimulating brain phosphodi­
esterase. Wolff and Brostrom [30], however, detected this trace 
activity only at concentrations of troponin C 2,000-fold higher than 
calmodulin and attributed the activity to contamination by calmodulin. 
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In spite of the overwhelming similarities between calmodulin and 
troponin C, one notable difference exists: calmodulin is widely distri­
buted and governs numerous divergent systems, whereas troponin C appears 
limited to the skeletal and cardiac muscles. Another difference is that 
calmodulin contains a trimethylated lysine at position 115. The signi­
ficance, if any, of the presence of this unusual amino acid is not 
known. 

B. Calmodulin-Regulated Processes 

The enzymes which are regulated by calmodulin are fundamental for 
coordinating cellular.activity. As is summarized in Table 2, calmodulin 
controls the metabolism of cyclic nucleotides, prostaglandins, cellular 
motility, and other key enzymes and cellular processes. 

Table 2 

Physicochemical Properties of Calmodulin 

Molecular weight 16,723 

s20,w (S) 1.85 

D (cm/s) 1.09 x lO"* 

v (ml/g) 0.72 

Stokes radius (Ä) 20.9 

Frictional coefficient 1.2 

Isoelectric point 4.3 

F 1% 1.8 
e276nm 

Adenylate cyclase and phosphodiesterase are the only known enzymes 
involved in the metabolism of cAMP. In the brain and adrenal [49], 
calmodulin regulates the activities of both enzymes. In many other 
tissues, at least one form of phosphodiesterase is regulated by calmo­
dulin. The activation of both the synthetic and degradat^ve enzymes by 
calmodulin in neural tissues by a cellular flux of Ca2 may allow a 
transient increase of cAMP, first by activating adenylate cyclase (as 
Ca2 passes through the plasma membrane) and then by phosphodiesterase 
(as.Ca2 diffuses into the cytoplasm) [50]. Alternatively, since brain 
Λ 0"T , i ^ _ i . . . « . i ♦ . J » _ J __ _ , n wn c- _ _ . ^ 1 _ A W T» _ Λ. Ca2 -dependent phosphodiesterase degrades cGMP faster than cAMP at 
micromolar concentration, the sequential activation of adenylate cyclase 
and phosphodiesterase may result in an increase of cellular cAMP and a 
decrease of cellular cGMP (Fig. 5). Another interpretation is based on 
the observation that calmodulin is released from synaptosomal membranes 
upon phosphorylation of a membrane protein catalyzed by a cAMP-dependent 
protein kinase. Activation of adenylate cyclase increases intracellular 
cAMP, which stimulates a cAMP-dependent phosphorylation of certain 
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membrane components. This action releases calmodulin from the membrane 
compartment into the cytoplasm where it activates the Ca2 -dependent 
phosphodiesterase, returning cAMP to its prestimulated level [51,52]. 
One uncertainty of this notion is that the concentration of calmodulin 
in cytosol is invariably higher than that of phosphodiesterase, and the 
enzyme activity appears more likely to be regulated by the cellular flux 
of Ca2 . 

Muscle contraction is governed by the force generated by the inter­
action of actin with myosin in response to the cellular level of Ca2 . 
In skeletal and cardiac muscles the receptor of Ca2 is troponin C, 
whereas in smooth muscle and non-muscle cells the receptor is calmo­
dulin. Calmodulin is absolutely required for the activity of myosin 
light chain kinase of smooth muscle or non-muscle cells. The enzyme 
catalyzes the phosphorylation of a 20,000-dalton light chain of myosin. 
Phosphorylation of the light chain is obligatory for actomyosin ATPase 
activity, which catalyzes the hydrolysis of ATP, thereby initiating 
muscle contraction [53]. 

Phosphorylase kinase controls the metabolism of glycogen. The 
enzyme is complex, consisting of four tetramers, (αβγ6)4; α and β are 
phosphorylatable subunits, and the state of phosphorylation affects the 
catalytic activity resided in the γ subunit; the 6 subunit is calmo­
dulin, tightly bound to the ternary structure. Phosphorylase activity 
is further increased by an exogenous calmodulin which stimulates the 
enzyme in response to the cellular flux of Ca2 [32]. 

A third protein kinase regulated by calmodulin has been found in a 
membranous fraction of various tissues. In synaptosomes the influx of 
Ca2 following depolarization leads to the phosphorylation of two 
membrane proteins with molecular weights of 80,000 and 86,000. These 
polypeptides also serve as substrates for cAMP-dependent protein kinase 
[45,46]. Delorenzo et al_. [47] noted that calmodulin-regulated phos­
phorylation of certain synaptosomal proteins led to a release of neuro-
transmitters from synaptic vesicles. In addition, Yamauchi and Fujisawa 
[54] showed that tryptophan 5-monooxygenase, a key enzyme in the biosyn­
thesis of neurotransmitters, is activated by a calmodulin-induced phos­
phorylation. 

NAD kinase activity in both pea seedling [36] and sea urchin oocyte 
[37] is governed by calmodulin. The kinase controls the ratio of 
NAD/NADP which determines the direction of certain metabolic pathways. 
One of the early events following fertilization of sea urchin egg is an 
increase of free Ca2 , and a rapid conversion of NAD to NADP [55]. 
Calmodulin is present at high levels in sea urchin oocyte [56] and is 
required for the NAD kinase for maximal activity. The rapid increase of 
Ca2 following fertilization of the egg may be temporally related to the 
activation of the NAD kinase to generate NADP needed for the many bio-
synthetic activities. 

Phosphoipase A2 is a key enzyme that governs the availability of 
arachidonic acid in many tissues. The level of free arachidonic acid is 
usually low, a rate-limiting step in the synthesis of endoperoxides, 
thromboxanes, prostaglandins, and prostacyclin. The enzyme depends on 
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Ca 2 + 

Plasma Membrane 

Ca 2 + 

Cytosol 

(AC) 
CaM + Ca2+-
+ CaM*Ca2+^ 

less active 

CaM*-Ca2+ 

(AC*-CaM*-Ca2+) 
active 

ATP cAMP 

(PDE) 

CaM + C a 2 + -

+ CaM*-Ca2+-
less active 

CaM*Ca 2 + 

—(PDE*-CaM*-Ca2+) 
active 

cAMP 5'-AMP 
or 

(cGMP ► ö'-GMP) 

Fig. 5. A speculative scheme for the regulation of brain cAMP metabo­
lism by a cellular flux of Ca2 . +Stimulation of the cell leads to an 
influx of Ca2 or a release of Ca2 from the membrane. The increase of 
Ca2 first activates adenylate cyclase (as Ca2 passes through the 
plasma membrane) and then phosphodiesterase (as Ca2 diffuses into the 
cytoplasm). The sequential activation of the synthetic and then 
degradative enzyme? would allow a transient increase of cAMP. Alterna­
tively, the Ca2 -dependent phosphodiesterase also catalyzes the 
hydrolysis of cGMP, in fact, at a physiological concentration of 
substrates, the r̂ ate of cGMP hydrolysis is greater than that of cAMP. 
The influx of Ca2 could result in an increase of cAMP and a concomitant 
decrease of cGMP. CaM, calmodulin; AC, adenylate cyclase; and PDE, 
phosphodiesterase (Modified from 50). 



activation of the NAD kinase to generate NADP needed for the many bio-
synthetic activities. 

Phosphoipase A2 is a key enzyme that governs the availability of 
arachidonic acid in many tissues. The level of free arachidonic acid is 
usually low, a rate-limiting step in the synthesis of endoperoxides, 
thromboxanes, prostaglandins, and prostacyclin. The enzyme depends on 
Ca2 for activity; in human platelets, the effect of Ca2 appears to be 
mediated through calmodulin [38]. It would be important to determine if 
the enzyme activity in other tissues is regulated through a similar 
mechanism. 

Another calmodulin-dependent enzyme involved in the metabolism of 
prostaglandin and prostacyclin is a 15-hydroxyprostaglandin dehydro-
genase [39]. Unlike other calmodulin-regulated enzymes, the dehydro-
genase is inhibited by calmodulin, and is the first enzyme whose 
activity is depressed rather than enhanced. The dehydrogenase 
represents an important enzyme in governing the metabolism of prosta­
cyclin, the most potent anti-platelet aggregating agent so far studied. 
The potential role of the dehydrogenase in hemostasis has been discussed 
elsewhere [39]. 

Calmodulin regulates the activity of Ca2 ,Mg2 -ATPase of plasma_ 
membrane [40-42] and sarcoplasmic reticulum [44]. -As intracellular Ca2 

incfeases^ following stimulation of the cell, calmodulin activates the 
Ca2 ,Mg2 -ATPase, which extrudes cytosolic Ca2 into the extracellular 
space, or takes it up into the sarcoplasmaic reticulum, or both, until 
the Ca2 concentration returns to a steady-state level. This mechanism 
constitutes an excellent example of feedback control for the homeostasis 
of Ca2 . Thus, calmodulin acts not only as a mediator of Ca2 actions 
in many cellular processes but also as a modulator of its intracellular 
level [57]. 

Using indirect immunofluorescence, Welsh et aL· [58] found that 
anticalmodulin decorated the mitotic spindle during the division of 
numerous cultured cells. The fluorescence appeared-most intense at the 
poles of the spindle. Agents such as colcemid and N20 which disrupt 
microtubule structure altered the distribution of fluorescence. 
Following up this observation, the same group showed that calmodulin 
accelerated the disassembly of microtubules; troponin C exerted similar 
effect, and was even more active than calmodulin [48]. 

Wood et al. [59] localized calmodulin in mouse basal ganglia. They 
found that the protein was associated primarily with the postsynaptic 
densities (PSD) and the dendritic microtubules. This observation is 
consistent with the work of Grab et al. [60] which showed that calmo­
dulin was associated with the PSD isolated by subcellular fractionation. 
The PSD also contained a Ca2 -dependent protein kinase whose activity is 
regulated by calmodulin [61]. 

Harper et al. [62] studied the distribution of calmodulin in rat 
liver, skeletal muscle, and adrenal. In liver calmodulin was associated 
with the nucleus, plasma membrane, and glycogen granules. Skeletal 
muscle calmodulin was located at the I band and at the intermyofibrillar 
region probably in association with glycogen granules and the sarco-
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plasmic reticulum. In the adrenal the endocrine state of the animal 
affected the distribution of calmodulin within the cell. Administration 
of ACTH to the animal prior to excision of the adrenal greatly appeared 
to increase calmodulin in the nuclei, implying a role of calmodulin in 
certain nuclear functions of this organ. 

In view of the extensive involvement of Ca2 in cell functions, it 
would not be surprising that future studies will extend the role of 
calmodulin to other cellular processes. 

MECHANISM OF CALMODULIN ACTION 

The mechanism by which calmodulin regulates brain phosphodi-
esterase, adenylate cyclase, and Ca2 -ATPase has been studied in some 
detail. As is depicted in the following scheme, the binding of Ca2 to 
calmodulin brings about a conformation change which allows the Ca2 . 
calmodulin complex to interact with the apoenzyme to form a ternary 
complex, which is the active species. 

CaM + Ca2+ CaM*.Ca2+ (active) (1) 

CaM*.Ca2 + E (less active) CaM*.Ca2+.E* (activated) (2) 

Where CaM stands for calmodulin; E for the apoenzyme, CaM*.Ca2 .E* 
the holoenzyme, and the asterick (*) for a new conformation. 

The mechanism depicted by equations (1) and (2) should not be 
regarded as the only mode by which calmodulin acts. Phosphorylase 
kinase [32] contains calmodulin as an integral subunit and cannot be 
removed from the enzyme by EGTA. Lung phosphodiesterase may be another 
enzyme with a tightly bound calmodulin [63]. Further, calmodulin 
inhibits adenylate cylase from glioma cells [64] and rat brain under 
certain conditions [65]. In addition, calmodulin inhibits a 15-
hydroxyprostaglandin dehydrogenase [39], and the mechanism of inhibition 
remains to be elucidated. 

CALMODULIN AS AN INTEGRATOR OF CELLULAR REGULATORS 

The effects and metabolism of peptide hormones, catecholamines, 
prostaglandins, cAMP, and Ca2 are often interrelated. Fig. 6 shows the 
interrelationships of these cellular regulators. Stimulation of a cell 
leads to the release of hormones, or Ca2 , or both. As discussed in 
earlier sections, many of the Ca2 effects are mediated through calmo­
dulin, which regulates, not only the metabolism of cAMP, cGMP, but also 
of prostaglandins, prostacyclin and Ca2 . Cyclic AMP, in turn, may 
control the active uptake of Ca2 by certain organelles. Thus, one 
cellular regulator may function independently, or may modulate the 
effect of one of the others. Note that between the Ca2 - and cAMP-
regulated pathways in Fig. 6, the response of the Ca2 signal is 
inherently faster. The hormonal signal is transduced through adenylate 
cyclase, which catalyzes the synthesis of cAMP. cAMP derepresses 
protein kinase, and the latter catalyzes the phosphorylation of a 
receptor protein, probably yet another enzyme. Ca2 , on the other hand, 
does not need to be synthesized; it interacts with calmodulin which may 
directly regulate its receptor, as in the case of myosin light chain 
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Fig. 6. Integration of cellular regulators by calmodulin. Stimulation 
of a cell leads to the release of hormones, or Ca2 , or both. Catechol-
amines, certain peptide hormones, and prostaglandins activate adenylate 
cyclase and cause the increase of intracellular cAMP. Upon binding 
cAMP, the regulatory subunit (R) of protein kinase (C2R2) is dissociated 
from the catalytic subunit (C), which becomes active, and catalyzes the 
phosphorylation of a protein, usually at the serine residue. Phosphory-
lation of a protein either stimulates or inhibits its biological 
activity; the phosphorylated protein serves as an effector or a modu­
lator of a cellular process. The influx of Ca2 , or the release of Ca2 

from the cell membrane or sarcoplasmic reticulum activates calmodulin, 
which forms a complex with a receptor protein to initiate a biochemical 
or physiological response. E.CaM.Ca2 may stand for the active form of 
adenylate cyclase, phosphodiesterase, or any of the calmodulin-regulated 
enzymes listed in Table I. An exception is 15-hydroxyprostaglandin 
dehydrogenase, whose activity is inhibited by calmodulin. Calmodulin 
regulates the metabolism of cAMP, directly or indirectly, as well as 
certain prostaglandins (thromboxanes and prostacyclin). cAMP could in 
turn affects the availability of Ca2 . Thus, the function of metabolism 
of these cellular regulators are intertwined, and calmodulin integrates 
them on a molecular basis. 
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kinase. The less number of intermediate steps in the Ca2 -regulated 
pathway affords a faster response time. 

EPILOGUE 

The extensive role of Ca2 in cellular regulation has long been 
recognized, but there were few clues as to how it exerts its diverse 
functions. Evidence accumulated during the past several years indicates 
that many of the Ca2 effects are mediated through calmodulin, a 
calcium-binding protein ubiquitous in all eukaryotes examined. In view 
of the extensive interests on Ca2 by numerous investigators dating back 
to the 1950s, it is surprising that calmodulin was not discovered 
earlier. Perhaps the abundance and ubiquity of the protein proves to be 
its own deterrent. An abundance of calmodulin in a tissue would allow 
the effect of Ca2 to be manifested without the need of an exogenous 
source. The loss of an enzyme activity during the course of purifi­
cation, a rather common experience among enzymologists, unexpectedly 
provided me with an opportunity to discover a missing link in the under­
standing of Ca2 functions. 
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Most biological systems are in a steady-state, far from equi­
librium. This makes control, performance and evolution possible. 
Steady-states are determined by the relative rates of the pro­
cesses involved in them. The ordered flux of matter, energy 
and information which constitutes life requires that biological 
systems be ordered in time as well as in space. Knowledge of 
the characteristic time constants of the various elementary 
biological systems is indispensable for the understanding of 
cell physiology since it is the time correlated interplay and 
succession of the elementary biomolecular events which even­
tually leads to the ordered performance of cellular functions 
and to the natural course of the cell life cycle. Moreover, 
biological selection is often determined by the relative time 
constants of competing systems be their molecules, cells orga­
nisms or populations. 
The importance of the time dimension of biological system is 
explicitly or implicitly recognized and the study of the time 
structure of cells in the > m sec range is an essential aspect 
of cellular physiology. 
Over the last decades methodological breakthroughs led to the 
development of "microscopes in the time dimension", which make 
it possible to measure biologically relevant events down to 
the pico-second range. 
This is providing new insight on the time structure of cells 
and of their fundamental macromolecular components, with impor­
tant implications for the understanding of macromolecular self 
assembly, bio-catalysis, information processing, regulation 
and selection. Many of the results obtained in this area are 
quite recent or have been published only in specialized jour­
nal and experts-workshop. 
This Symposium is an occasion for reviewing the present 
knowledge of the temporal structure of biological systems in 
the sub-second time domains. Hans Frauenfelder will introduce 
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the subject, stress its relevance and outline the problems and 
approaches to their solutions. 
Enrico Gratton will discuss the time dimensions of the 
fundamental biological macromolecules proteins and nucleic 
acids and of their mutual complexes. 
Thomas Jovin will deal with a more complex system, biomembranes, 
while Benno Hess will consider events at an even higher level 
of integration and complexity, namely cellular and metabolic 
processes. 
S. Damjanovich will reconsider all these aspects in a compre­
hensive way, with special emphasis on energy and information 
transfer. 
The time dimensions of events involved in specialized functions, 
such as nervous excitation or muscular contraction, will not be 
dealt with in this Symposium and are the objects of other Sec­
tions of this Congress. 
However, in an attempt to apply the above views to specific 
problems in cell physiology, Labos will briefly discuss the 
temporal structure in the spikes sequence as a basis for the 
design of neuronal networks. 
A comprehensive discussion will conclude the Symposium. 
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Proteins are systems that can exist in a large number of conformations. 
The complete characterization of these conformations is a very important 
step in understanding the protein structure and function and generally 
involves the study of the positions of all the atoms at a given time. 

A protein with respect to some specified reference system is described 
by a set of coordinates {x^ o(x^,t)} where j indicates one of the atoms, 
I a molecule, x is the spatial coordinate and t the time. 

The information on the values of {<x^(XA)>O t } is generally obtained 
using x-ray crystallography. Quite recently, as*H. Frauenfelder has 
shown, information about {<x?(x.)>y t) has been obtained (for the whole 
protein for lysozyme-^) and myoglobin2)) using the Debye-Waller factors 
in x-ray, and for the iron atom using Mössbauer spectroscopy.3) 

None of these measurements contains explicitly the time behavior. 

It is generally accepted that proteins, specifically enzymes, under­
go conformational transitions in every reaction step. 

Conformational flexibility is a biologically important property of 
proteins systems. There is much evidence, essentially from x-ray dif­
fraction studies, that many enzymes change slightly their conformation 
upon substrate binding. Molecular flexibility is essential in muscle 
contraction. Recently it has been suggested that protein flexibility is 
the key for the understanding of enzyme catalysis.^' Current explanations 
of allosteric effects involve molecular flexibility. Molecular flexibility 
is also essential for some structural proteins TBSV (tomato bushy stunt 
virus)5) and to explain some membrane properties.6) Chain flexibility is 
a key feature in immunoglobulins. 

Flexibility means that a protein can exist in many different substates. 

Before we enter into a description of the time events in protein 
systems, it is important to discuss the molecular origin of the protein 
flexibility. 
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1) The structure of the polypeptide chain allows rotations about the φ 
and ψ angles. Essentially barriers to rotation are provided by π bonding 
in the peptide linkage and in the aromatic rings of the side chains of 
tyrosine, tryptophan, phenylalanine and histidine. Otherwise the primary 
barrier to rotational motion is van der Waals repulsion resulting from 
collision with neighboring components of the protein structure. 

2) Interaction with external ions and water molecules produce fluctua­
tions in the protein structure in addition to brownian transfer of momentum. 
Interacting species such as hydrogen ions and water molecules combine or 
dissociate from particular sites of the protein. The hydrogen ion equili­
bria can influence the distribution of charge at substantial distances. 
This association or dissociation can cause conformation transitions. 
Hydrogen bonding (water) solvents can cause a redistribution of charge and 
modify the planarity of the peptide linkage.') 

How a protein evolves from one state to another is the main goal of 
the protein dynamics studies. These studies use both theoretical and 
experimental methods. 

In principle, the set of rate of change {Kr^, } = {d/dt Xj+k ^(x. ,t)} 
plus some coupling plus some initial conditions and the knowledge of the 
driving forces will completely describe a protein molecule. It is quite 
obvious that at the present time such a task cannot be completed, and it 
may be unnecessary. 

It is useful to distinguish the {κΚ, } in subsets or branches. 

Firstly, it is necessary to distinguish between different classes of 
time events in relation to their time scale. So we distinguish between 
"fast" and "slow" processes, fast and slow being defined with respect to 
some reference time. This division is very important because a fast 
process with respect to a slow one will be seen as an average distribution 
and the slow one is seen as a slow variable average by a fast one. The 
two processes cannot be time correlated one with the other because their 
cross-correlation function averages to zero very rapidly. 

Secondly, there are time events dealing with more than one atom of the 
protein. So it is possible to divide the protein into parts each of which 
behaves as a rigid body during the time scale of interest. For example, it 
is useful in the study of the rotation of the entire molecule to consider 
the protein as a rigid ellipsoid. 

Thirdly, it is useful to divide the time events with respect to the 
molecular process involved. 

Fourthly, division can be made in terms of the biologically significant 
time events. 

With these premises in mind, it is possible now to map the different 
time events in a protein system specifying their time, the part of the 
protein involved, the molecular process and their biological significance, 
if any. 
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At the very beginning of the time scale, see Fig. 1, we have processes 
found also in the building blocks of the protein. Generally electronic, 
vibrational and rotational frequencies are not extremely different from 
that found in the constituent aminoacids. Fortunately some very important 
differences exist. These frequencies are often used as a probe to 
characterize some protein conformation. 

In the very low frequency region of the Raman spectrum (10-30 cm'1) 
some conformational dependent features have been observed in proteins and 
not in the constituent aminoacids. These motions are thought to involve a 
large portion of the polymer chain.**) In this time range some theoretical 
studies have been very useful in clarifying some features of the molecular 
motions. The dynamics of a folded globular protein (BPTI bovine pancreatic 
trypsin inhibitor) has been investigated by Karplus and co-workers by 
Monte Carlo methods solving the equation of motion for the atoms in the 
neighborhood of their equilibrium conformation.9) This study involves the 
internal dynamics of the protein. The average root-mean-square fluctuation 
of all atoms is found to be 0.9 A, which is a quite large value. Moreover 
the largest mean square fluctuation occurs in the side chain at the protein 
surface and at the two ends of the backbone. The study of the time 
dependence of the motions reveals a time constant of 1 ps for the decay of 
atoms fluctuations, the existence of correlated fluctuations, and the 
occurrence of concerted motions. This study cannot be extended at larger 
times because of the complexity of the calculations. 

NMR techniques have the greatest potentiality for providing detailed 
information concerning the rotational mobility of individual sites within 
the protein molecule.. p-NMR provide information on environmental charac­
teristics of aromatic aminoacid.10' C13-NMR and F19-NMR are used to 
detect aromatic side chains rotations (Tyrosine in alkaline phosphataseü' 
t - 10"7-10"9 sec) and aliphatic side chains rotations (methyl groups 1-5 ps 
in aortic elastin* ') in myoglobin13' (methionine and alanine 10-20 ps). 

At longer times we can distinguish between two broad classes of time 
events: firstly internal processes involving a large part of the protein 
molecule, secondly surface processes involving the hydration layer and 
side chains ionization reactions (see ref. 14). 

Internal motions have been detected by a large number of methods in 
the 10"10-10"6 sec range. The molecular processes involved are: 

a) skeletal motions at the peptide chain (NMR), 
b) side chains rotations (NMR, fluorescence), 
c) fast isomerizations involving a large part of the protein 

(spectroscopic relaxation studies), 
d) exposure of some internal groups to the solvent (spectroscopy), 
e) rotation of the entire molecule (fluorescence-NMR), 
f) helix-coil transitions (spectroscopy-ultrasound-NMR, fluorescence) 

Surface processes in this time range have been detected both in the 
hydration layer using dielectric methods and in the side chains ionization 
reactions using both spectroscopic and ultrasonic methods. 

At a longer time scale processes involving the entire protein molecule 
have been detected. Folding-unfolding transitions require times of the 
order of ΙΟ^-ΙΟ2 seconds. From dynamic studies of the protein structure 
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it appears that a protein exhibits a great flexibility. The frequency and 
the amplitude of the motions resemble a liquid state. However, many other 
observations, such as the melting profile, crystallization processes, 
mechanical properties, packing densities, specificity of the enzymes, point 
towards a more rigid and solid structure. To solve this basic controversy, 
a deeper understanding of the intimate protein structure is necessary. 
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I. INTRODUCTION 
Time domains of integrated processes in cells or multi-cellular 
systems result from the individual times of the controlled 
rates of formation and degradation of the respective metabolites 
as well as from the times of their transport. Whereas the 
classical description of cellular processes in terms of enzyme 
kinetics relies on equilibrium conditions, yielding kinetic 
properties of "simple and fast" Michaelis-Menten enzymes and 
"complex and slow" regulatory allosteric enzymes, an understan­
ding of integrated processes relies on the "far from equilibrium" 
condition, where kinetics might be dependent upon the size and 
geometry of cells and bodies (1), The function of in vivo pro­
cesses results from the rapid cooperation of free and spatially 
fixed enzyme sequences, the individual enzyme species in a set 
serving with some hundred thousands or only a few molecules 
per cell. 

In vivo w e observe a large variety of dynamic states in time and space as specific phenomena of living systems: not only 
classical steady states, but also different types of transitions 
and oscillations, excitability and dynamic spatial inhomogeneity 
such as signal transmission over distance, wave propagation and 
time-dependent spatial patterns which are indeed "dynamic struc­
tures". The multiplicity of states being observed in recent 
years led to a reinvestigation of the time properties of 
cellular processes and results in the recognition of the 
creative function of instability, in contrast to the earlier 
concepts of cellular homeostasis and homogeneity (2). 
The true time domains of cellular processes are not immediately 
displayed by steady state phenomena - rare events in nature or 
experimental tricks - but rather by careful observation of 
system instabilities, which may yield turnover and space 
dimensions from the measured transition times of the respective 
processes; for example, the periodic and recycling phenomena in 
metabolism, the mitotic cycle and life cycles of morphogenesis 
and differentiation of cell populations. 
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In the following presentation we describe the time domains of 
some cellular processes of general significance. We treat 
separately, the domains resulting from a record of enzymic 
turnover times and the domains resulting from the spatially 
dependent transport in a given cellular volume, although we 
know that both are interconnected. It takes time to activate 
or deactivate enzymes and permeases, to produce and to con­
sume, and it takes time to fill up or deplete a concentration 
space. 
II. TIME DOMAINS OF TURNOVER 
1. Steady states 
The time domains of metabolic processes are set by the genetic 
map controlling structure and concentration of metabolic 
enzymes in a given volume, and thus, determining the kinetic 
parameters. We realize a perfect kinetic fitting between indi­
vidual members of the two energy producing pathways of the cell, 
namely oxidative phosphorylation and glycolysis, though their 
overall kinetic half-times are quite different. The half-times 
of kinetics of electron transfer reactions in the cytochrome c 
segment of the respiratory chain are 1 to 2 msec (3), whereas 
the glycolytic reactions are about 10 times slower. In general, 
the concentrations of the catalytic sites of glycolytic enzymes 
are in the order of 10~ to 10~ molar which is equimolar to 
many glycolytic intermediates. Most of the glycolytic enzymes 
are saturated only to about 20% with their respective substra­
tes (4). In fact, this low saturation would yield a rather 
quick response time, however, most of the time to set the 
steady state is used for the respective conformational changes 
of the regulatory enzymes phosphofructokinase and pyruvate 
kinase. Obviously, velocity here is sacrificed for quality of 
control. Of course, steady states themselves are silent for the 
experimentalist and only the rates of input and output indi­
cate the kinetic behaviour of the system. 
2. Transient states 
The investigation of transition from one steady state to 
another reveals the "time of operation" of the respective meta­
bolic process. With the help of spectroscopic techniques such 
transitions can be recorded directly, displaying the time 
domains we are interested in (5). Well-known transitions are 
the metabolic responses triggered by the initiation of anaero-
biosis or aerobiosis, and the depletion or addition of substra­
tes and enzymatic effectors such as ethanol, glucose or ammonium 
ions for the carbohydrate metabolism. All of the indicated 
examples shift well defined metabolic processes from one state 
to another, and direct recording allows demonstration of the 
transition times which are necessary to coordinate the various 
processes until the new state is reached (6). 
A typical record of the light absorption of reduced nicotin-
amide adenine dinucleotide (NADH) in a suspension of yeast 
cells, given in figure 1, demonstrates first the transition 
from endogenous respiration to a glycogenetic state triggered 

276 



by the addition of ethanol, and later, the transition from 
glycogenesis to glycolysis triggered by the addition of glu­
cose. We observe transition times in the range of seconds to 
a minute. The latter case also illustrates the complexity of 
the transition control which is by no means monotonic, but in­
dicative of classical feedback undershoot and overshoot pheno­
mena (7) . 

'Μ/γγ 
EthOH S.Certvl*ia# ICV.cwob 
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Figure 1 
Transition between glycogenesis and glycolysis in yeast cells. 
A well-stirred aerobic suspension of yeast cells (S. earls-
bergensis* I0g/100ml) was monitored for changes of intracellu-
lar concentration of NADH with a double beam spectrophotometer 
(λ. = 355 nm, λ2 = 395 nm). Additions of ethanol and glucose shift the redox state of NADH towards reduction and oxidation, 
respectively, indicative of transitions from endogenous respi­
ration to glycogenesis and from glycogenesis to glycolysis. 
3. Oscillatory states 
Since the early sixties, oscillatory states have been observed 
in a large number of cellular processes (1,8,9). In particular, 
the oscillation of glycolysis allows the study of the large 
range of its dyncimic domain. During oscillation, glycolysis 
passes through a large range of dynamic states from maximal to 



minimal activity of controlling enzymes, with periods between 
10 and 100 seconds, A typical example is given in figure 2. 
The oscillation of (NADH) in a suspension of yeast cells is 
recorded. The figure demonstrates the time course of the 
process from the moment when glucose was started to be 
injected at the rate of 220 m moles per liter per hour to 
a suspension in anaerobic conditions. Following a short 
transition time, steady and undamped NAD/NADH oscillations 
are recorded with a period of 19.6 seconds and a standard 
deviation of + 3.5% (n=15). The record is a section of a series 
of over 65 cycles (10). 

I Glucose input/ate 
-j 220mM/h 

pH 5.5 
pC026.8 

Figure 2 
Autonomous oscillation between different glycolytic states in 
yeast cells. An aerobic suspension of yeast cells (see Figure 1) 
was injected with a constant flux of glucose (input rate 220 itiM 
per hour). The oscillating trace of the intracellular concen­
tration of NADH indicates periodic changes of glycolytic acti-
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Studies of the mechanism of oscillation in glycolysis carried 
out in yeast extracts have shown that the component respon­
sible for these dynamics is the glycolytic master enzyme 
phosphofructokinase. This enzyme changes its activity perio­
dically between 1% and 70% of its maximal activity for a given 
glycolytic flux with periods in the order of minutes. The 
longer period observed in yeast extracts as compared with 
intact yeast cells results from dilution of enzymes and 
intermediates. Model studies in agreement with experimental 
results show that the period is a complex function of the 
enzyme concentration and the allosteric kinetic constants: with 
increasing enzyme concentration, the period shortens for a 
given overall flux (11,12)· Thus, the period of glycolytic 
oscillations reflects the kinetic design of the master enzyme 
phosphofructokinase which sets the overall time domain for 
glycolysis. The oscillation between maximal and minimal 
glycolytic flux can not reach a higher frequency than the 
kinetic properties and concentration of phosphofructokinase 
allow, within a given set of source and sink enzymes. 
4. Glycogenesis versus Glycolysis 
Time domains of alternation of metabolic processes can also be 
recorded for the switch from glycogenesis to glycolysis (7,2, 
13). Figure 1 demonstrates the relevant transition, which 
involves inactivation and activation, respectively, of the 
two enzyme pair's Fructosebisphosphatase/phosphofructokinase 
and phosphoenol pyruvate carboxykinase/pyruvate kinase. This 
concerted switching is responsible for the change from 
glycogenesis to glycolysis. The complex events involved in 
the onset of the reciprocal inactivation and activation 
mechanisms of the two pairs of controlling enzymes are the 
basis for the time range of the transition, which is in the 
order of seconds to minutes. Though in this context we cannot 
go into detailed disjcussion, we want to point out that nature 
has developed interesting measures to suppress the respective 
back-reaction effectively in order not to waste energy on 
futile recycling (see 2). 
III. TIME DOMAINS OF TRANSPORT 
The intricate coupling of enzymic transformations and trans­
port processes generates a dynamic pattern in time and space 
of living matter which is essentially inhomogeneous. If trans­
port is fast and transformation limiting slow, intermediates 
pile up. If transport is limiting slow and transformation 
fast, steep gradients might occur. The question is how the 
balance between the two operations is set. The classical volume 
to surface rule of physiology documents that indeed, metabolic 
processes depend critically upon spatial dimensions. The flow 
of substrates and products through the cellular surface seems 
to be critically matched to the metabolic capacity within the 
cellular volume. The same balance holds for multicellular 
systems. 
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Within the context of this discussion, a consideration of the 
time domain for transport should relate the capacity for and 
the velocity of, active transport processes located on the 
surface of the cell wall, to the capacity and rate of chemical 
transformation within the cell. In general, we might agree 
that the kinetic constants of active transport processes are 
in the range of more or less complex enzymic reactions and 
only the vectorial feature is added. We expect that the 
turnover/transfer times for sugar uptake, for example, fit the 
time of glycolytic turnover. 
A simple calculation can give a first approximation to the re­
lation of intracellular transport and turnover. A yeast cell 
such as Saooharomyoes carlsbergens-is cgntains soluble glyco­
lytic enzymes in the order of some 10~ molar. This concentra­
tion yields an average distance of 400 to 500 A between enzymic 
units computed for homogeneous distributions of the enzymes. 
With this spatial distribution at hand, it is possible to 
estimate the time of transit of the product of one enzyme from 
its product releasing site to the substrate binding site of the 
next enzyme in the glycolytic pathway. For a small molecule 
like pyruvate, we calculate a transient time between collisions 
on the active site in the range of some ten microseconds. This 
is short in comparison to the turnover numbers of the glycoly­
tic enzyme system in the range of some 100 per second per 
binding site. Although the above calculation neither compen­
sates for the rather different concentrations of various enzy­
mic species, nor takes into account any geometrical or stereo-
chemical considerations, one might conclude that the packing 
of glycolytic enzymes, at least in yeast cells, is sufficiently 
dense to prevent diffusion from playing a limiting role. 
In order to test the validity of this statement for supercellu-
lar dimensions,we recently searched for conditions of spatial 
inhomogeneities in highly concentrated glycolytic yeast ex­
tracts. Using a two-dimensional display of NADH absorbance to 
detect inhomogeneous distributions of NADH in the glycolyzing 
system, we observed that spatial analysis readily reveals 
phenomena of excitability, of signal transmission, propagation, 
interference of waves, as well as the development and transfor­
mation of spatial temporal pattern. Since the glycolytic 
process is excitable, we found that a local trigger signal can 
be propagated as a spatiotemporal pulsed signal. The velocity 
of the propagated pulse is almost two orders of magnitude 
faster than calculated for propagation by diffusion only. The 
rate of propagation of an ATP pulse of 0.5,u mole was 4.8 .urn 
per second. This experiment demonstrates the possible rate for 
a chemical pulse to propagate over supercellular distances 
(15,16). 

The propagation rate of a supercellular phenomenon can directly 
be recorded during the life cycle of the slime mould Dictyoste-
lium disooideum. After the end of growth,a large population of 
slime mould cells aggregates in response to chemotactic stimuli 
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to form the fruiting body. Center cells within such an 
aggregation territory suddenly start to release periodic pulses 
of cyclic adenosine monophosphate (cAMP) toward the periphery 
with a frequency of 0.2 - 0.3 per minute. The cells around the 
center respond by oriented cell movement and by reproducing the 
trigger pulse, to which their neighbours respond in just the 
same way, reproducing the trigger pulse in a relay fashion 
after a signal input/output delay of approximately 15 seconds. 
So waves of chemotactic pulses can be propagated over a 
distance much larger than the chemotactic action radius of a 
single aggregation center. The speed of wave propagation with a 
wavelength of 230 ,urn is about 43,um per minute. This corresponds 
to 0.72/um per second with a pulse height of roughly 15,uM. 
During the 15 seconds relay time enzymic synthesis leads to an 
intracellular accumulation of cyclic guanosine monophosphate 
(cGMP) and cAMP. 
The periodic intracellular generation of cGMP and cAMP is 
coupled with a large number of other intracellular reactions. 
Using the redox state of cytochrome b or light scattering to 
monitor intracellular events, we have recorded periodic signals 
with the frequency of 0.2 per minute. These experiments 
clearly show that a critical balance between the periodic 
enzymic synthesis of cAMP as a chemical signal and its trans­
port through the cellular wall right into intercellular space 
in form of chemical pulses, is a prerequisite for the operation 
of the biological aggregation process of Diotyostelium 
disooideum. 

Interestingly enough, this phenomenon does not rely on a linear 
gradient established by local enzymic synthesis for trans­
port of metabolites and propagation of signals, but on discrete 
periodic pulsing. Obviously a pulse mode of operation is more 
effective for information transfer. 
The slime mould Diotyostelium disaoideum demonstrates macros-
copically the perfect coupling of controlled enzymic processes 
and transport of chemicals. In the future, this system might 
serve as a biological model to evaluate in more detail, the 
time dimensions of transport processes and signal propagation 
over spatial distcince. 
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Molecular as well as cellular events take place in a certain time pe­
riod and space. The translational and rotational diffusion coefficients are 
inversely related to the diameter of spheric molecules. The latter has a 
relationship also to the minus third power of the diameter. Thus it can be 
stated that the smaller the molecule the faster the motion one can observe 
at a certain temperature. A similar rule is valid for the vibrational mo­
tions of different groups belonging to macromolecules. Since the early ex­
perimental approach of Linderstr^m-Lang (1959) many experimental attempts 
have been made to follow the dynamics of the molecular and cellular events. 
As Fig.l. demonstrates the available physical methods are also confined to 
time intervals, therefore in order to study a particular type of motion of 
our interest we have to select the method having the right correlation 
time. One of the most intriguing problems in the category of molecular mo­
tions is the existence of correlation between protein dynamics and function 
This topic has been in the focus of interest since long, however, the 
decisive evidence is still incomplete. For example to answer the seemingly 
primitive question if the protein dynamics plays a role in the catalytic 
ability of enzymes proves to be very difficult. The reason for these ad­
versities comes partly from the manybody problem if we attempt to approach 
the question on theoretical i.e. quantum chemical grounds. The question is 
even more complicated than the exact description of the motion of a protein 
molecule, since the environment and the macromolecular entities have a con­
tinuous dynamic energy exchange. Taking into account that the physiological 
environment of intra- and extracellular macromolecules (e.g. enzymes) is an 
aqueous solution, furthermore, that the water as a fluid is a very problem-
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atic physical entity from dynamic point of view, the theoretical descrip­
tion of energy transfer processes and fluctuations of macromolecules in 
solutions is rather beyond our present possibilities. McCammon and 
Karplus (1979) made reputable progress in this field, however, a real 
breakthrough is still missing. 

RAMAN, LIGHT SCATTERING 
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Fig. 1 Overlaps between correlation times and time limits of different 
methods. 

in spite of this pessimistic view considerable efforts have been made 
m this field. Since the principal aim of the present communication is to 
introduce our theoretical and experimental worK concerning the correlation 
between macromolecular dynamics and function, we mention here only a few of 
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the most important works concerning thi's topic. Green and Ji (1972) elabo­
rated the theory of Electro-Mechano-Chemical energy transduction of the 
enzymes. A further extension of their work was the piezoelectric theory of 
Caserta and Cervigni (1974). Gavish (1978), and Gavish and Werber (1979) 
revived the four decades old (and long forgotten) theory of Kramer's, at­
tributing great importance to environmental viscosity in the enzyme cataly­
sis. Quite a number of other authors dealt with the relationship between 
ligand binding and fluctuation. The most significant results were gained 
by Nakanishi and coworkers, and also by Frauenfelder and coworkers 
(Nakanishi et al., 1972; 1973; Alberding et al., 1978; Austin et al., 
1975; Frauenfelder et al., 1979). A well written review of Gurd and 
Rothgeb (1979) summarizes a part of the relevant experiments. 

Our Molecular Enzyme Kinetic Model applied the conception of protein 
fluctuation and protein-solvent interaction. The significant difference 
between our theoretical model and most of the contemporary ones was that it 
took into account the whole protein molecule and besides the specific 
ligand-protein interaction the dynamic energy exchange of every solvent 
molecule. The real uniqueness of the MEKM comes from its using manifest 
physical parameters like environmental microviscosity, mass distribution of 
the solvent molecules, collisional frequency of the environmental and pro­
tein particles (Somogyi and Damjanovich, 1971; 1975; Damjanovich and 
Somogyi, 1971* 1973* 1978; Somogyi et al., 1978). As a result of the ener­
getic and also stochastic considerations of the model, for example the 
phenomenological kinetic constants of such simple reaction scheme as 

Λ ΐ k2 
E + S ... , E S > E + P (1) 

k
+l 

where E, S and P are the enzyme, s u b s t r a t e and product concent ra t ions can 
be expressed a s : 

k T 
k0 = P · t . ——- · exp (-E /kT) (2) 

k T 
k = P 1 s rrr\2 STA f̂ 

frv^S 

(exp (-Ed/kT) ) - I · (exp (E /kT) )] (3) 
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It can be seen that the rate constants of the decomposition of the ES 
complex, k and k~ are dependent, besides the well-known Boltzmann factor 
(kT), upon several parameters having direct physical meaning, characteriz­
ing the environment and the enzyme. k- and k Ί are inversely proportional 
to the environmental microviscosity ('η ) , the average mass distribution 
(ξ ) , and the lattice distance (λ) characterizing the liquid environment. 
The P and ξ are parameters of the enzyme and the environment as well. E, 
and E are the energies necessary to dissociate the ES complex into E + S 
or E + P. Without going into further details (described earlier: Somogyi 
and Damjanovich, 1975; and Damjanovich and Somogyi, 1978), one can see that 
the protein fluctuation is included in these equations. The source of such 
a fluctuation is the mutual energy exchange between environment and macro-
molecules, described by the energetic factors. The more elaborated expres­
sions (see cit. above) show that the model predicts that both pre-exponen-
tial and exponential factors of the equations describing k and k rate 
constants have parameters depending upon the mass composition and micro-
viscosity of the aqueous environment. The former may mean a completely new 
type of enzyme regulation determined by the environment. 

It seems to be relevant to call the attention at this point to the 
fact that all of the collisional phenomena generating the effects on an 
enzyme or enzyme-substrate complex have a very different time scale com­
pared to the turnover number of enzyme catalysis. The duration of colli­
sional phenomena for small environmental "particles" is in the range of the 

-13 -12 frequency of group vibrations i.e. between 10 and 10 sec. The small 
amplitude oscillations of relative distances between various parts of pro­
teins and the large scale fluctuations involving a bigger part of the pro­
tein studied by Eftink and Ghiron (1975; 1977), Lakowitz and Weber (1973), 
and by many other authors (see Gurd and Rothgeb, 1979) belong to the time 

-10 —8 interval of 10 - 10 sec. The average turnover time i.e. the ensemble 
time average of an ES > E + P transition is generally in the millisecond 
range. The apparent contradictions can easily be solved if we take into 
account the P probabilistic factor, describing a structure specific colli­
sional pattern, necessary to excite the ES complex and to initiate the 
transition. 

The most conveniently detectable prediction of the MEKM is the effect 
of viscosity upon catalysis. Changes in enzyme catalysis and regulation 
were extensively studied while increasing the environmental viscosity and 
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assuming that the latter must impair the protein fluctuation (e.g. 
Damjanovich et al., 1972; Laurent and Obrink, 1972; Tron et al., 1976; 
Jancsik et al., 1976; Varga et al., 1978; Gavish and Werber, 1979). It was 
a significant observation that upon increasing the environmental micro-
viscosity we may also influence the colloidal properties of the proteins 
themselves (Jancsik et al., 1976). 

The significance of the large amplitude fluctuations, however, was 
finally established only in the case of the ligand binding of lyzozyme and 
myoglobin (Nakanishi et al., 1972; 1973; Frauenfelder et al., 1979). 

This paragraph of the present communication intends to pursue an ex­
perimental line in order to find a possible correlation between the fluc­
tuation and enzyme activity in the same protein simultaneously. As to our 
knowledge no such experimental attempts have been made. The results of 
Matko et al. (1980) can shortly be summarized as follows: 

The key enzyme of the glycogen metabolism, the phosphorylase b was 
selected as test enzyme. It has the advantage of allosteric regulation by 
an obligatory activator the AMP, and the binding ability of several spe­
cific substrates like glucose-1-phosphate (G-l-P), glycogen and inorganic 
phosphate. We assumed that these facts facilitated the possibility to find 
a correlation between the fluctuation of the dimeric form of the enzyme 
(Mw: 185,000 dalton) and the activity. The crucial point of the planning 
was to find such a method to pursue the fluctuation of the protein matrix 
where the experimental conditions were compatible with those of the physi­
ological function and regulation of the enzyme. Luckily enough, Eftink and 
Ghiron (1975) introduced the acrylamide, a small molecular weight (70 
dalton), rather inert compound to study the fluorescence quenching of 
tryptophan residues in proteins. The dynamic quenching of the tryptophans 
served as a measure of the diffusibility of acrylamide inside the protein 
matrix. The diffusion of the acrylamide was highly influenced by the nano­
second time scale fluctuation of the protein matrix. Thus the collisional 
quenching of the tryptophans could serve as a measure of the fluctuation. 
On the other hand, Eftink and Ghiron have already observed that the acryl­
amide caused an almost negligible but well defined decrease in the enzyme 
activities they studied (Eftink and Ghiron, 1977). 

In our experiments two lines were followed parallel. On one hand the 
tryptophan quenching of the twelve tryptophan residues of phosphorylase b 
served as a measure of the fluctuation of the protein. On the other hand 
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the decrease in the activity of the enzyme caused by the quencher acryl­
amide provided a tool for looking towards a possible correlation between 
fluctuation and catalysis. 

The quenching experiments were made with acrylamide concentrations, 
tested as nondenaturing quantities concerning the enzyme activity. The 
tryptophan fluorescence of the phosphorylase b was quenched with 0-0.8 M 
concentration of the acrylamide. The emission spectra of tryptophyl resi­
dues of the phosphorylase b are structured. A small shoulder on the right 
side of the emission peak could easily be identified and probably was due 
to tryptophyl side chains situated on or near the surface of the protein. 
Increasing acrylamide concentrations causing greater and greater quenching 
of the fluorescence at every wavelength, did not cause shifts or changes 
of a gross, possible quencher induced conformational change of the protein. 
The Stern-Volmer plot of acrylamide quenching was found to be linear until 
0.5 M concentration of acrylamide (Fig.2). 

1.25f-

1,00 VL 
/ 

QO 0/1 0,2 0.3 0,4 0,5 
[akritamid] (M) 

Fig.2 Stern-Volmer plot of acrylamide quenching of tryptophan fluorescence 
in phosphorylase b enzyme. 
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Similar quenching experiments carried out with water soluble KI revealed 
the existence of different classes of tryptophan fluorophors in the enzyme. 
According to these results only three tryptophans out of the total twelve 
per monomer enzyme were exposed to the solvent. Thus two further questions 
had to be answered before interpreting the acrylamide quenching as a measure 
of the fluctuation of the protein matrix. The first one was the collisional 
fashion of the quenching itself. It was supported by fluorescence lifetime 
measurements where in the presence of acrylamide the singlet lifetime of the 
tryptophans was decreased in the same extent as was the decrease in steady 
state fluorescence. The second question, namely the number of fluorophors 
accessible to the quencher in different conditions was calculated using the 
modified form of the Stern-Volmer plot (Fig.3). 

[akril jmid] (M ) 

Fig.3 Modified Stern-Volmer plot shows that acrylamide penetrates the in­
terior of phosphorylase b enzyme. The native tryptophan fluorescence 
is completely quenched at infinite acrylamide concentration. 
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The results provide straightforward evidence for the permeation of acryl­
amide molecules to the interior of phosphorylase b since at infinite acryl­
amide concentration all of the tryptophans were quenched. The straight line 
also shows that acrylamide penetrates the protein equally at low concentra­
tions. Thus one could conclude that the acrylamide caused quenching served 
as a measure of the protein fluctuation itself. Thermodynamic analysis of 
the relevant Arrhenius plots also supported this view. 

While increasing the concentration of the acrylamide from 0 to 1 M a 
monotonous decline in the enzyme activity was observed. As it is shown in 
Fig.4 the acrylamide did not have any influence on the binding parameters 
of specific ligands responsible for the catalytic activity and the allo-
steric regulation of the enzyme. 

(GIPJ-1°2(FM) 

Fig.4 Lineweaver-Burk plot of the activity of phosphorylase b. The G-l-P 
K^ was not changed at 0.4 (A- a) and 0.8 M (Q - D) acrylamide 
concentrations compared to the control (x - x). 
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The Lineweaver-Burk plot demonstrates only the effect of acrylamide on the 
G-l-P binding, however similar results i.e. unchanged K values were found 
also with glycogen and AMP. It is noteworthy to observe the significant de­
crease in the maximal rate of the enzyme action. The intersection of the 
curves with the 1/V axis were higher at higher acrylamide concentrations. 

The Fig.5 shows the surprisingly linear and very good correlation be­
tween the decrease in V and the quenching of tryptophan fluorescence at 
different acrylamide concentrations. 

OS^ _J I I l_ 
1.5 > 

Fig.5 The decrease in the Vm a x of phosphorylase b shows a linear cor­
relation with the decrease of the fluorescence of tryptophan resi­
dues upon adding increasing amounts of acrylamide. 

The experimental findings in full accord i*ith the theoretical predictions 
supported the following interpretation: 

The quencher molecule, the acrylamide penetrates the protein matrix 
and colliding with the masked as well as non-masked tryptophans causes a 

293 



dynamic quenching. The number of acrylamide molecules per enzyme, assuming 
an even distribution between solvent and proteins seems to be enough to 
"fill up" the interior of the protein molecules so as to put a restraint on 
the internal motion freedom of the different parts. Accepting the necessity 
of a certain fluctuational freedom of the protein matrix in order to exert 
the catalytic function of the enzyme, the decreased activity in the pre­
sence of acrylamide can easily be explained even without the impairment of 
ligand binding. Of course the acrylamide molecules inside the protein can 
also prevent the development of the correct fluctuation pattern resulting 
in the activation of the enzyme-substrate complex. By such a quasi-mechani­
cal way the acrylamide would produce such a non-competitive inhibition of 
the enzyme that only the pre-exponential factor of the maximum velocity 
changes and the activation enthalpy remains constant as it is supported by 
the thermodynamic analysis of our data. 

Besides the ever growing in vitro experimental evidence supporting our 
theoretical predictions formulated almost one decade agor the same ideas 
may suggest experiments to be exploited for in vivo systems. The micro­
scopic viscosity changes may also influence enzyme action and regulation in 
vivo. 

Szollosi et al. (1980) investigated the rate of fluorescein diacetic 
acid (FDA) hydrolysis in normal and leukaemic lymphocytes. FDA, a non-
fluorescent compound itself is split by nonspecific esterases of the cyto­
plasm into fluorescein and acetic acid residues. The released fluorescein 
either accumulates in the cells or effluxes. The esterase activity of the 
cells can easily be followed by monitoring the fluorescence of the liber­
ated fluorescein. The MEKM was tested in a way by changing the osmolality 
of the aqueous environment of the cells. Such a change in osmolality is 
supposed to change the properties of the cytoplasmic matrix, e.g. the mi­
croscopic viscosity of the different intracellular compartments, the 
structural organization and the cell membranes, etc. 

The Fig.6 shows a typical kinetics of the esterase activity of normal 
cells at four different osmolality values (A, B, C, D). The time kinetics 
was not affected in a great extent in this case. However, a similar experi­
ment, using leukaemic cells of certain strain of mice (AKR:LatixC3H/Ho-mg: 
Lati/F1 hybrids) did show a significant sensitivity towards the environ­
mental osmolality (Fig.7). 
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TIME [min] 

Fig.6 Time kinetics of fluorescein diacetic acid hydrolysis of normal mouse 
lymphocytes at different osmolality levels. 

%20 

-lb 5b-
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Fig.7 Time kinetics of fluorescein diacetic acid hydrolysis of leukaemic 
mouse lymphocytes at four different osmolality levels increasing 
from A to D. 
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The experiments were carefully repeated with the homogenates of both cell 
types. In this case there was no difference between normal and leukaemic 
cells since neither type showed a sensitivity of esterase activity towards 
the changing osmolality. Another k'.nd of plot of the data shows the viscos­
ity dependence of intact leukaemic and resistance of normal cells (Fig.8). 

V-109[Mmin1J 
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Fig.8 Environmental osmolality dependence of fluorescein diacetic acid 
hydrolysis of normal (o - o) and leukaemic (.'*- ■) mouse lymphocytes. 

The thorough analysis carried out by Szollosi et al. (1980) with cell 
suspensions and also with fluorescence activated cell analysis at single 
cell level revealed that fluorescein, the product of the hydrolysis accumu­
lates in leukaemic lymphocytes, whereas it easily effluxes from normal ones. 
The analysis made by flow microfluorimetric methods provided evidence that 
the fluorescein content of large leukaemic lymphocytes was three times 
higher than that of normal ones. The observed differences, specific for 
lymphoid leukaemic cells can be interpreted as differences in the structural 
organization of the two cell types. This is supported by the negative find­
ings with cell homogenates. Although a cell is far more complicated than a 
molecular system we believe that the overall mechanism of the action of the 
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altered environmental osmolality is similar to that predicted by the MEKM. 
The unquestionable differences between these effects upon normal and leu-
kaemic cells can easily be explained by differences in the structural or­
ganization of the esterases. Of course at present the cellular system are 
not so well understood in these aspects as to carry out a more elaborated 
analysis. However, in vitro, better approachable systems may suggest tools 
to characterize differences between important cell types. 
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The maintenance of cellular viability requires the con­
stant exchange of matter and energy with the environment. The 
various membrane compartments of the eucaryotic cell (plasma 
membrane, endoplasmic reticulum, Golgi apparatus, mitochondria) 
provide the structural, energetic, and regulatory mechanisms 
for the expression of specialized function such as during 
growth and differentiation. The fluid mosaic model of the cel­
lular membrane as presented by Singer and Nicolson in 1972 [1] 
has had a pervasive influence on working concepts and experi­
mental approaches applied to membrane organization and func­
tion. (For historical perspective and critical appraisal see 
ref. 2. Alternative models still arise, 3). Thus, it is now 
generally accepted that the plasma membrane, in particular, 
consists of a dynamic assembly of molecules in a constant state 
of structural and functional rearrangement. The amphipathic 
phospholipids provide a cohesive yet fluid bilayer matrix in 
which proteins are integrated with varying degrees of penetra­
tion and asymmetric distribution. The carbohydrate moieties 
associated with certain proteins and lipids function primarily 
in receptor and recognition mechanisms. Neutral lipids, espe­
cially cholesterol, play a regulatory homeostatic role. 

The dynamic properties of membranes result necessarily from 
numerous physical, chemical and biological processes acting in 
concert. No general review can or will be attempted here. Ex­
cellent general sources are given in references 4-6 and in the 
various Annual Reviews series. An arbitrary yet useful classi­
fication of concepts and areas related to membrane dynamics 
is the following: a) fluidity or microviscosity; b) structural 
heterogeneity: domains, asymmetry; c) mobility (lateral, rota­
tional, transverse); d) receptor organization and function, and 
e) transmembranar fluxes and permeation. The underlying molecu­
lar events include binding, aggregation, and fusion reactions, 
conformational transitions, Brownian and electrochemical diffu­
sion, and catalysis. These are subject to the influence of ge­
neral environmental factors such as ionic composition, tempe­
rature, pressure, pH, and and to specific interactions at the 
external and internal (cytoplasmatic) faces of the membrane, 
e.g. with hormones and cytoskeletal elements, respectively. It 
follows that numerous biochemical, biophysical, and biological 
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techniques have been developed for studies of membrane dyna­
mics (Table 1). I will now discuss briefly some of the funda­
mental perceptions emerging from their use. 

Table 1. Methods for studying membrane dynamics 

molecular motion, order 
magnetic resonance 

electron spin resonance (ESR) 
saturation transfer electron spin resonance (STESR) 
nuclear magnetic resonance (NMR) 
saturation transfer nuclear magnetic resonance (STNMR) 

ultrasonic absorption 
infrared absorption 
light emission (fluorescence, phosphorescence) 

spectra, polarization, quantum yield, energy transfer 
steady state, time-resolved 
recovery after photobleaching (FRP) 
correlation spectroscopy 

light absorption 
linear dichroism 
photochromi sm 

electrophoresis (cells, membrane fragments, receptors) 
molecular organization, transition 

scattering 
X-ray 
neutron 
light: inelastic (resonance Raman), elastic 

microscopy 
light: fluorescence, reflectance contrast 
electron microscope: freeze-fracture, freeze-etch 

differential scanning calorimetry (DSC) 
(electro)chemical kinetics 

perturbation: stopped-flow, temperature & pressure jump 
microelectrode: detection & perturbation of potential & flux 

(bio)chemical and biological 
chemical modification, reconstitution, fusion 
catalysis, growth, differentiation 
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Lipid dynamics 
A basic characteristic of the lipid bilayer is the capacity 

to undergo a reversible cooperative thermotropic transition 
from a disordered fluid state at high temperature to a gel 
crystalline state at low temperature [7,8]. The lamellar con­
formation is conserved. These transitions are influenced by a 
large number of factors: a) lipid composition and asymmetric 
distribution in the leaflets of the bilayer; b) state of hy-
dration; c) macrostructure (planar, vesicular, size); d) pro­
tein association; e) segregation into adjoining phases or do­
mains. In the case of eucaryotic cellular membranes, the pre­
dominant state under normal conditions of growth and function 
is fluid, i.e., above the characteristic lipid transition tem­
peratures. There is considerable controversy, however, regard­
ing the possible existence and significance of microcrystal-
line regions [7,9], non-lamellar structures [10], and of 
homeoviscous mechanisms, especially in microorganisms [7,11], 
as might be required for the optimal growth, transport, and 
catalytic efficiency of processes associated with membranes 
[12].It is instructive to consider the time domains for the 
characteristic motions of phospholipid molecules in the fluid 
state of the bilayer (Figure 1). One of the major features is 
the rapid lateral thermal motion as opposed to the very slow 
transmembranar redistribution. 

rotational 10~1°s 
isomerization 

fask·-hain 
reorientation 

10"7s 

t 
xc 

lateral I 
«change L· 

ίβ)·"-
protein mediated 

10~6s exchange) 1 ° 3 s 

exchange [ spontaneous 
* 1 0 - 1 0 S 

flop 
104-107s 

Fig. 1. Phospholipid movements in membranes. Pr, integral pro­
teins. The lateral diffusion coefficient lies in the range 
10~7-10~9 cm2 s~1. Random insertion and deletion processes also 
occur but are not depicted. 
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Membrane fluidity and microviscosity 
The continuous thermal rearrangement of the lipid membrane 

constituents defines a fluid system yet the extreme degree of 
structural and thus dynamic anisotropy renders the use of the 
term "fluidity" ambiguous. This complex subject has been re­
viewed extensively by Shinitzky and associates [13,141 who 
identify two distinct regions: a) the hydrocarbon core of the 
lipid domain. The fluidity in this region is positively corre­
lated with the partial specific volume of the hydrocarbon 
chains or planar steroid structures; b) the hydrocarbon-water 
interface and hydrophilic boundary. These are subject to the 
influence of complex intermolecular forces such that a gradient 
of fluidity is established from the periphery to the core of 
the membrane. Magnetic resonance and fluorescence techniques 
have been applied extensively to these questions [13,141. In 
particular, the rotational depolarization of the fluorescence 
emitted by various external probes and derivatized lipid mole­
cules has been used to define the operational term membrane 
microviscosity, i.e. a parameter reciprocal to fluidity. Con­
siderable controversy concerns the quantitative interpretation 
of microviscosity due to the use of steady-state depolarization 
methods [13,14] as opposed to time-resolved measurements. The 
latter demonstrate the existence of complex highly anisotropic 
motions. (For recent discussion and literature see 15-17). 
Nonetheless, the major factors controlling lipid microviscosity 
(or microviscosities) in synthetic and biological membranes 
have been identified [14]: a) the ratio of cholesterol to phos-
pholipid (C/PL); b) the degree of unsaturation and length of 
the phospholipid acyl chains; c) the ratio of lecithin to 
sphingomyelin (L/S); and d) the ratio of lipid to protein. 

Protein mobility in membranes 
In addition to providing the physical boundary of the cell, 

the plasma membrane is the locus of essential active processes 
such as a) transduction of sensory, motor, and regulatory sig­
nals; b) transport of solutes and metabolites; and c) locomo­
tion and maintenance of morphology. These functions are carried 
out by proteins together with other constituents of the mem­
brane. The corresponding motions of the proteins (lateral, ro­
tational, transverse) are subject to passive as well as active 
(metabolically driven) control. The methodology and principal 
findings in this area have been reviewed extensively [4-6,18-
21,Table 1]. Lateral diffusion measurements of proteins in mem­
branes have yielded diffusion coefficients in the range 10~9-
<10~12 cm2 s""1 and rotational correlation times (calculations 
of diffusion coefficients are ambiguous) of 20 ps and longer. 
Many proteins are apparently immobile by the one or the other 
method. Attempts have been made to reconcile these values with 
data and concepts [4-6,13,14,15-21] related to: a) membrane 
fluidity; b) ligand induced redistribution and cytoskeletal in­
teractions [22,23] ;c) regulation of the exposure of membrane pro­
teins (passive modulation,24); d) reciprocal influences of 
proteins and associated (boundary) lipid and ions (especially 
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Ca ) (see for example ref. 25); e) physical models for diffu­
sion processes in two-dimensional membranes [15-21,26-33]; and 
f) binding, aggregation, and internalization reactions associa­
ted with receptor systems for transduction and regulation (see 
next section)· 

I believe it fair to state at this time that the factors 
determining the motions of proteins in membranes are not yet 
understood. For example, it is apparent that the constants 
for lateral diffusion are much smaller than would be predicted 
from the best (albeit ambiguous as discussed above) esti­
mates of membrane (lipid!) microviscosity. 
Membrane receptors 

Receptors constitute a class of intrinsic membrane proteins 
(also lipids?) with high affinity and specificity for ligands 
controlling distinct cellular functions. Accelerated progress 
has been made in this area of research due to refined biophy­
sical, biochemical, and cell biological techniques. (For bio­
physical reviews see refs. 2,34-36). No universal mechanism(s) 
appear to apply to cell-surface receptor systems. Thus, for 
example, the catalytic unit of adenylate cyclase responsible 
for cyclic AMP production, is linked functionally to mobile 
receptors for different hormones and neurotransmitters through 
a nucleotide (GTP) binding regulatory component. Stimulation 
and inhibition of the enzyme depends upon binding and diffusion 
reactions coupled to different oligomeric complex formation and 
conformational change(s). All this takes place within the plas­
ma membrane yet functions to transmit signals through it.(The 
adenylate cyclase system is reviewed in 37,38). 

The central role of aggregation states is well established 
in other systems which, however, provide interesting contrasts: 
a) the reaction sequence leading to the dramatic degranulation 
(exocytosis) of mast cells is initiated by the dimerization of 
the normally monovalent surface receptors for the IgE immuno-
globulin [.39]. The aggregation is induced by polyvalent anti­
gens or (in the laboratory) by antibodies directed against IgE. 
b) the receptors for the neurotransmitter acetylcholine are 
tightly clustered in the post synaptic junctional folds of the 
motor end plate [34]. The focal release of acetylcholine from 
the nerve terminal produces a rapid (< 1 ms) depolarization 
and generation of the characteristic action potential. In addi­
tion to the topological requirements for preexisting receptor 
clustering in this system [34,40], it appears that the conti­
guity of at least two binding sites for neurotransmitter is 
essential for channel gating [34,35]. The exact biochemical na­
ture of the ionophore, however, is still a matter of controver­
sy. 
c) numerous polypeptide serum factors are required for the 
maintenance of growth and differentiation (see,for example,41). 
These hormones (insulin, epidermal growth factor EGF, etc.) 
bind to specific membrane receptors and initiate a sequence of 
changes in: a) cell surface distribution of receptors; b) 
phosphorylation state of integral membrane proteins; c) trans­
port of ions and metabolites, and (more protracted)·d) prolife-
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ration and differentiation properties of the cell. Recent evi­
dence supports the notion that hormone-induced clustering of 
the membrane receptors is essential for the initiation of the 
biological responses [42]. The technical challenge is to de­
monstrate the existence and key role of microaggregates (as in 
the case of the mast cell). Larger clusters of hormone-recep­
tor complexes also form and are internalized into the cell by 
a process of receptor-mediated endocytosis occuring at specia­
lized regions of the cell surface called coated pits [43']. The 
latter mechanism is also employed for the uptake of nutrition­
ally important proteins and associated small molecules but its 
significance in the case of hormone internalization is as yet 
unclear. 
New approaches 

From the above, it is evident that changes in the lateral 
and rotational diffusion properties of receptor molecules as 
a consequence of ligand binding and other interactions may 
constitute the key initial steps in transmembrane signaling 
and transduction. 

We are currently engaged in studies of membrane receptor 
dynamics using new biophysical techniques capable of defining 
the proximity and aggregation states of membrane components: 
a) a flow analyzer/sorter equipped with dual-laser source 
and multiple fluorescence detectors [44] can measure the dis­
tance between suitably labeled surface moieties of single 
cells by resonance energy transfer determinations. In the case 
of receptors (or more suitably, acceptors, 34) for the lectin 
concanavalin A, we have obtained evidence for clustering 
even at low levels of saturation [45,46], The conclusion is 
that the cellular surface glycoproteins and glycolipids dif­
fuse and aggregate as a consequence of the multivalent charac­
ter they share with the lectin. 
b) the rotational motion of cell surface proteins in the 
microsecond-millisecond domain is being measured by timed-re­
solved phosphorescence anisotropy [47,48], a technique which 
exploits the long-lived triplet states of suitable extrinsic 
probes and conjugates [19]. Current experiments on the IgE 
and hormone receptor systems are providing preliminary evi­
dence for rapid rotational motion in the 10-100 ys region and 
for aggregation under the influence of environmental condi­
tions (ionic, temperature) and agents (Bartholdi et al; 
Zidovetzki et al; to be published).The acetylcholine receptor 
from Torpedo marmorata (Bartholdi et al) as well as the major 
surface glycoproteins (Band 3, glycophorin) of the human ery-
throcyte are also under investigation (Bartholdi et al; 
Matayoshi et al). The attempt is being made to systematically 
compare the rotational and lateral diffusion properties of 
proteins in native and reconstituted membranes. 
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INTRODUCTION 
The simplest manifestation of temporal s t ructure in unit spike records 

is the periodical modulation often observable during spontaneous firing. 
In extreme cases these modulations are resulted in bursting activity or in 
fairly constant frequency of firing. Concerning to the origin, the increase 
of firing rate may be endogenous or synaptic activation, while the frequen­
cy decrease may be caused by falling of generator potentials, disappearen-
ce of synaptic activation or appearence of more or less lasting synaptic 
inhibition. However, both of them may occur also as a resul t of refractory 
cycle or post - tetanic processes . 

In theoretical sense , the t e rm "periodic" firing does not correspond 
to the precise ever- last ing periodicities of certain solutions of given diffe­
rential equations, i . e . the finitness and noisiness are character is t ic to 
the rea l r eco rds . The t e rm "modulation" is also vague, because an ad­
equate demodulation procedure will not always resul t in a function which 
has observable equivalent in the oscillation of membrane potential. This 
is explicit only if the generator potentials are present and it is hidden if 
threshold or conductance changes are not accompanied by potential var ia ­
tions. 

As it is shown in Fig. 1. the internal course of the repeatedly occuring 
spike sequences includes very minute, but at the same time consequently 
emerging details . It is also observable that, there are obvious differences 
between the recur r ing and preceeding cycles. The two simultarweous r e ­
cords are definitely correlating. 

Figure 1. Simultaneous records of two giant neurons of landsnail 
(Helix pomatia L. ) 

309 



POINT-PROCESS MODEL OF UNIT RECORDS 
In order £Q_ extract or t ranslate the information included in intra- or 

extracellular record the following procedure was followed: (1) The initial 
R record is the basis of computation of X point -process , which is a set 
of time points, each of them is corresponding to one and only one spike. 
(2) The T set of the successive interspike intervals is essentially equivi-
valent to X, i . e . they may be calculated from each other. (3) Choosing a 
d>0 period of time and dividing the period of observation into equidistant, 
disjoint and covering dwell t imes of length d, and finally counting the time 
points of T in each dwell box an Fd sequence of firing ra tes is obtained. 
If d was sufficiently smal l , than Fd is a sequence consisting only of 0 or 1. 
These sequences are called (0,l)-words or tapes. Their computation is 
more or less algorithmic. 

During this computational procedure,,information is lost , i . e . the 
computability holds only in the following direction: R—*(X j!LT)—*Fd-
The most painful loss of information is that really observed subthreshold 
oscillations are i r revers ib ly lost . However designing formal neuronal 
networks on the basis of Fd may result in several solutions, of which the 
selection is definitely helped by returning to the original R records . Fu r ­
ther details is written by Labos(1980a, 1980b, 1980c). 

EXISTENCE OF TEMPORAL STRUCTURE*AND CORRELATION 

Both single and double records are often analyzed with linear co r r e ­
lation methods. Auto- and cross-cor re la t ion diagrams are suitable to 
demonstrate the existance of periodici t ies , delays and also yield mea­
sures of the linear correlat ion. However, it is obvious that correlat ions 
are not corresponding to stochastic dependences. There are even invert-
ible determinist ic relationships for which the linear correalation coeffi­
cients are ze ros . For this reason it is reasonable to introduce a method 
called auto- or c ross - communication analysis (Labos,1978,1980a) which 
is based upon the computation of Shannonian te rm called t rans information. 
It explores exactly the dependence of two e .g . F d frequency-time diagram. 
However, in this procedure the actual values of firing ra tes a re ignored. 
In Fig. 2. for a pair of neuronal records a normalized cross-communica­
tion diagram is compared to a c ross -cor re la t ion one. 

- 2 0 ► J+20 

-0,4 + 
Figure 2. Cross-communicat ion (A) and c ross -cor re la t ion plots (B) 
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FORMAL NEURONAL NETWORKS GENERATING GIVEN PATTERNS 

The first step of the network synthesis is to find a suitable descr ip­
tion of the F^ (0,1) words , where d f£ min T. Any finite words have two 
important parameters : (1) the length, denoted by L and (2) the order 
designated with r . The order is the minimal integer number for which 

G ( s k , s k _ r '\-r] = Sk+1 

relation is function. For example W = (1111010110010000) has L=16 length, 
the consecutive le t ters a re marked with s ^ k * ! , . . .16 and the order is 4. 
Functions of 3 or less variables are not adequate as e .g . 101 is followed 
either by 0 or by 1. The following relations hold: 

r < 2 r , n < 2 n , L ^ 2 n , L ^ 2 , r < L , nl 1, r2>0 and n ^ r 

Here the symbol n means the number of formal neurons or modules in 
the network of which at least one module generates periodically a previous­
ly given W word if the network was start ing of its rest ing state. 

A formal neuronal network is here defined as a vector-vector func­
tion. Its states a re vectors of 0 or 1 components, its connectivity is 
described by an nxn matr ix called N and by the threshold T, which is a 
vector. Both N and T have rea l numbers as en t r ies . The function is as 
follows: £k44=u(s, . N-T) , where the function u is taken by coordinates 
and its value is 1 if the argumentum was positive and is zero otherwise. 

As it is known from the threshold logic (see e.g. Muroga, 1971) to 
design a neuronal network is equivalent to the solution of a given set of 
systems of linear inequalities. The aim is to find the values in the matr ix 
N and T . The start ing point is a truth function defined either partially or 
completely. 

1111010110010000 
observation 
of m, by sym­

bolic electrode 

pf-1,0,0,0,3,2,0] 

->+1 
-•-1 

N = 

1 0 
0 1 
0 0 
0 0 
0 - 1 

- 1 0 0 - 1 
0 0 1 1 

0 
0 
0 

- 1 
1 

1 1-1 
1 1-1 
1-1 1 
1 1-1 
0 0 0 
0 0 0 
0 0 0 

Figure 3. A network of formal neurons of which m-j module generates 
cyclically the word (1111010110010000). 
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The order of ideas resulted in the network in Fig. 3 is as follows. As 
the G function of 4-order yielded non-solvable system of inequalities, first 
a simpler network of modules m-.-m^ were chosen, which is capable to 
generate the sequence (11110000), i . e . a word which is deficient if compa­
red to the W word to be produced. The modofication of this " core -network" 
was car r ied out by recognizing those cr i t ical s tates which lead to e r r o r s . 
This recognition was carr ied out by additional modules responding by 1 
output if and only if the cri t ical state occured. It is often necessary to de­
lay the result of this recognition until the time when the intervention or 
control becomes important. Thus modules mg, mg and m 7 are cri t ical 
s ta te-recognizer neurons observing states of the core network (mi-m^.) 
and by feeding back their output to the monitored network it is possible to 
set the core network as it is needed. 

This manner of design is called s ta te - re cognition method (1980c). 
It is s imilar the way, when the words to be generated are obtained 

from rea l neuronal r ecords . E . g . the patterns of the Fig. 1 has the follow­
ing charac ter i s t ics : (1) The active phases in the lower record s tar t and 
and sooner then in the upper one; (2) The ra te of firing is fairly constant 
in the upper record except the shorter interval at the end of activity, 
while the lower spike sequence shows slow decrease of the r a t e ; (3) Both 
neurons are stopped by inhibition and in this inhibited phase shorter perio­
dic modulations occur. 

The formal network which contains two modules simulating at least 
partially the phenomena listed above is published in work of Labos (1980c). 

DISCUSSION 

The aim of this lecture was to show that interpretatory network can 
be designed in a more or less canonical way if either rea l or fictitious 
sequence are prescr ibed. The more difficult problems are included in the 
evaluation and testing of the models. As usually many solutions can be 
obtained a selection procedure is necessary to exclude i r r ea l cases . Two 
ways, the experimental test and the searching of optimal solutions are 
helpful. The other problem is a semantical one. It is not possible to 
equalize formal and rea l neurons and it is most probable, that several 
formal neurons represent par ts and processes of r ea l ones whose speci­
fication is necessary. 
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Since biological systems are intricate, a profound 
understanding can only be reached after exploring the simplest 
components fully. In physics complex atoms were only understood 
after the hydrogen atom problem had been solved. Simple proteins 
such as myoglobin or cytochrome c, are the hydrogen atoms 
of biology. The present talk will stress the results obtained 
with such proteins; it is likely that many of the general 
conclusions and techniques can be applied to more complex 
biological systems. One of the central problems is characteri­
zed by the catch word structure-function relation. This 
question is intimately related with the spatial and temporal 
behavior of proteins. The two aspects cannot be separated; 
in order to discuss the time course of an event intelligently 
we must know which parts of the macromolecule are involved. 
Two concepts can be distinguished, conformations and confor-
mational substrates. A conformation is characterized by a 
particular overall structure and a specific function. A 
conformation can exist in a very large number of conformational 
substates that have the same coarse structure but differ in 
local configurations. All conformational substates perform 
the same biological function, but possibly with different 
rates. The problem can now be stated: What are the spatial 
and temporal properties of conformations and conformational 
substates? Theory and experiment must go hand in hand to answer 
this question. In the past few years, theory has progressed 
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considerably; statistical mechanics, irreversible thermodyna­
mics, and computer calculations provide detailed insight into 
the temporal and spatial aspects of motion in proteins. Fluc­
tuations around the equilibrium positions and motion of small 
molecules within proteins are being explored. Experimentally, 
the spatial and temporal behavior are also being studied. 
Standard X-ray and neutron diffraction, coupled with improved 
sources of radiation, detectors, and methods of evaluation, 
provide the coarse structure of different conformations. 
Information about the spatial properties of conformational 
substates has come from a new look at the Debye-Waller factor 
for all nonhydrogen atoms in proteins. The temporal properties 
of transitions among conformations and also among substates 
are investigated by a wide range of techniques, for instance 
flash photolysis, NMR, ESR, fluorescence experiments, and 
Mössbauer effect. The result is a picture of a dynamic bimo-
lecule that continuously breathes and moves and where the da-
namic behavior is the relevant feature for the biological ac­
tion. The connection between structure and function thus is 
dynamic and not static. 
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These concluding remarks are personal considerations 
about the accomplishments, research trends and forecasts 
emerging from the discussions. They were written on the spur 
of the moment, as suggested by the Organizers of the Congress. 
I whish to apologize for the inevitable errors, mis-interpre­
tations, omissions and bias. Specific reference to the work 
and ideas of the invited participants will often be omitted 
because obvious. For this also, however, I whish to apologize. 

The time structure of the main macromolecular systems 
constituting the cell begins to be known down to the pico­
second range. Thanks to recent theoretical and experimental 
developments for each class of cell components /proteins, 
nucleic acids, phospholipid micelles, etc./ events have been 
identified, described in molecular terms and classified 
according to the time domain in which they occur. So far only 
few, but very representative, cases have been studied in depth. 
The consolidated results and the ideas which generated and 
were generated by them are so significant that a rapid, re­
warding expansion of the field is to be expected. 

Of particular interest are the motions typical of macro-
molecules. Here local events are generally faster than seg-
mental processes, which are in their turn faster than those 
involving the whole macromolecule. Fluctuations in the macro-
molecular structure are produced by interaction with external 
ions and water molecules as well as by brownian transfer of 
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momentum. Proteins have a flexible structure related to their 
capacity of existing in different conformational substrates. 
This flexibility plays a crucial role in biological events 
such as enzyme catalysis, allosterism, muscular contraction, 
membrane properties and viral life cycle. Further, systematic 
work on the relation between the characteristic time constants 
of the above biological processes and the temporal properties 
of the macromolecular systems involved in them is highly 
desirable. 

As shown by Frauenfelder, reaction theory as applied to 
the analysis of the dynamic structure of proteins must be re-
examined. Starting from Kramers' model of a chemical reaction 
/brownian motion of a particle along the reaction coordinate 
in the presence of a potential energy barrier/ it is possible 
to overcome the inadequacy of classical transition state 
theory for the description of reactions in proteins and in 
complex biological systems. This approach leads to important 
conclusions, substantiated by measurements of representative 
systems, such as hemoglobin and the "purple membrane"/cf. 
Frauenfelder and associates/. First: viscosity exerts a do­
minant influence on rate coefficients and solvent has a large 
effect on the local motility inside the protein, variations 
of solvent viscosity being partially transferred to the reac­
tion site. Second: the static model of a reaction pathway 
controlled by "barriers" to be overcome should be replaced 
by a dynamic picture of usually closed "gates", occasionally 
opened by conformational fluctuations. This is an important 
notion which should be extended to many mechanisms of biolo­
gical control. 

Gratton, starting from a discussion of the time dimension 
of proteins, pointed out that a critical comparative study of 
the characteristic time constants for the different classes 
of events occurring in the various types of biological macro-
molecules provides a fundamental clue in the analysis of bio­
logically relevant interactions among the constituents of 
complex cellular systems: no cross-correlation is possible 
between processes having greatly different time constants. 
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Applying this approach to what is in physiological /but cer­
tainly not in physical and chemical/ terms an "elementary" 
process, i.e. an enzyme-catalyzed reaction, the problem arises 
of defining the relation between the molecular motions 
occurring in the enzyme protein with time constants of 10 

—8 - 10 sec and th€i "chemical" event occurring at the active 
-3 -2 site with a time constant of 10 - 10 sec. The solution 

of this problem, which has received considerable attention 
in recent years /e.g. Careri, Gratton and Fasella/, requires 
further theoretical and experimental work. Useful concepts 
in this respect are that of protein-mediated cross-correlations 
of fluctuations at the enzyme active site, and that of the 
fluctuating enzyme protein as a machine conveying energy 
from the thermal bath to the reaction site. 

The rates for the main elementary reaction steps involving 
nucleic acids /stacking, base pairing, helix-coil transitions, 
etc./ determine the rates of information transfer and cleavage 
of DNA and RNA. The relative rates of contemporaneous or 
successive events play a crucial role in reduplication, trans­
cription, translation, mutation and repair, as well as in se­
lection. The importance which the dynamic structure of nucleic 
acids has in determining not just the rates but the specificity 
of biologically relevant events is demonstrated by recent 
work carried out by Rigler on tRNA. Here, the existence of 
a dynamic equilibrium among different conformational states 
has been defined in its structural and temporal aspects: con­
formational flexibility is important for the charging of the 
tRNA with the corresponding amino acid and for the translation 
of the charged tRNA on the programmed ribosome. Moreover, the 
role of kinetic effects in "editing" the genetic message by 
reducing translational errors at the level of the tRNA amino-
acid interaction has been demonstrated /cf. also the work 
of Hopfield and of Fersht/ 

The role of the dynamics of the DNA Helix, including the 
opening and closing of base pairs and the formation of branched 
loops, in the control of enzymological transformations of nucleic 



acids has been clearly illustrated by recent kinetic studies, 
reported by Rigler, of DNA cleavage by restriction endonucle-
ases and of base-specific interactions between DNA and inter­
calating compounds. The occurrence of specific, "available" 
conformations of DNA was emphasized during the discussion of 
the interaction of nucleic acids with regulatory proteins and 
enzymes. 

Recent methodological developments, including time resolved 
measurements of fluorescence depolarization, dynamic laser 
light scattering, low-angle X-ray scattering, öynchroton radi­
ation sources and NMR, make it possible to extend the above 
approach to the study of other fundamental processes of gene 
control and expression. Such work is already carried out in 
some laboratories and will expand in the near future. The 
analysis of the time structure of chromatin is one of the most 
important areas within this field /cf. the intervention of 
Damjanovich/. 

A discussion of the time-resolved structure of biomembra-
nes requires consideration of the characteristic time constants 
of their components and of the interaction among them during 
morphogenesis and function. The general properties of bio-
membranes are illustrated by the selected, representative, 
cases presented by Jovin /e.g. glycoforin and its interaction 
with model and natural membranes/. A number of advanced tech­
niques, ranging from NMR to EPR and photochemical bleaching, 
have been developed and are being applied to the study of 
biomembranes. The kinetic picture of biomembranes is dominated 
by the high non-homogeneous viscosity of the medium and by the 
fluctuating, non-symmetric, mosaic structure. This confers a 
vectorial character to the chemical reactions occurring in bio-
membrane. Proteins diffuse in membranes and through membranes. 

— 8 — 1 O The lateral diffusion constants range between 10 and 10 
2 -1 

cm sec ; at least in some cases diffusion occurs by dis­
locations through existing, fluctuating channels. Transverse 
diffusion through the membrane is generally slower, except in 
correspondence of specific "open" gates. The interaction 
between lipids and proteins are particularly interesting for 
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the comprehension of these phenomena: in general proteins 
increase order in the fluid phase and decrease order in the 
gel phase of the membrane lipid components. Both lateral and 
transverse diffusion of proteins in membranes are involved in 
fundamental physiological processes. A good example is trans-
membrane signalling by receptors aggregation upon effector 
binding, followed by the formation of coded pits and by 
internalization. An interesting example of transmembrane 
signalling is provided by Damjanovich's work about the effect 
of extracellular osmolality on esterase activity inside 
lymphocytes and lymphoblasts. Dr. Dancshäzy has illustrated 
the time structure of the electric signals associated with 
the photocycle of bacteriorhodopsin. This correlates with 
some of Frauenfelder's observations. 

The discussion of the time dimensions of cellular metabo­
lic processes uses all the previous notions concerning the 
time structure of the cell macromolecular components, intro­
duces new facts and ideas about metabolic pathways and cellu­
lar structures and integrates all this complex information in 
a unitary approach. It is particularly at this level that the 
physical chemistry of macromolecular complexes meets cell phy­
siology. 

Cell anatomy describes the ordered subdivision of cellular 
space in vesicles, particles, tubules, vacuoles, reticulum and 
cytoplasmic compartments. Biochemistry identifies the main 
metabolic networks, formed by interacting series of enzyme-
catalyzed reactions, localized in the various subcellular 
compartments. Interactions between compartments are controlled 
by transmitters and by protein-mediated transport of meta­
bolites, followed by free-space diffusion. The time dimensions 
of transport through membranes are the same as those of enzyme 
reactions. Within each compartment the kinetic properties of 
all enzyme and transport systems involved and the pool size 
of the respective metabolites determine the time course of 
events and hence the fluxes of matter and energy. Thanks to 
the work of Hess and his associates and of some other labora­
tories, detailed data are available about the time dimensions 
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of the most important energy yielding biochemical systems: 
glycolysis and oxidative phosphorylation. Several representa­
tive cell types have been investigated, so that a general pic­
ture can be obtained.While over-all turnover numbers are of 
the same order of magnitude /100 sec / for glycolysis and 
oxidative phosphorylation, transition times from one metabolic 
state to another are shorter /0.05-0.1 sec/ for oxidative 
phosphorylation than for glycolysis /1-20 sec/. In intact 
cells both processes "oscillate" /i.e. the controlling enzymes 
go through alternating maxima and minima of activity/ with 
frequencies ranging between 0.1 and 0.01 sec . Such oscilla­
tions also provide a means for functional coupling among cells, 
as shown by the work on the aggregation of slime molds. More­
over, such metabolic oscillation could form the basis for 
"biological clocks". In free space, metabolic oscillations 

-3 -1 spread at a rate of 10 cm sec . Coupling of chemical events 
and spatial transport makes the time dimension of metabolic 
pathways dependent on the space dimensions of transport and 
hence on cellular and subcellular anatomy. Metabolic oscilla­
tions in space can generate dynamic structures which are time-
and metabolic flux dependent. Such pioneering, but fully con­
solidated, work should and shall be extended to other systems. 
Of particular interest is the role which the formation of 
stationary metabolic waves in space could play in morphogene­
sis by the creation of localized zones of high concentrations 
of specific compounds. 

The symposium was focussed on the time dimensions of cells 
and their components; however the time structure of multicellu-
lar systems is of equal or greater physiological importance 
and obviously, even more complex. A stimulating, "token" 
illustration of the type of problems and approaches in this 
very wide area /which is certainly in rapid expansion as shown 
by work presented at other sections of this Congress/ has been 
presented by Läbos and coworkers, who discussed the temporal 
structure of spike sequences in snail giant neurons as a 
basis for the design of neuronal networks. 
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CONCLUSIONS 

Because of the eminently dynamic state of living systems, 
the time dimension is a fundamental aspect of the description 
of cells. The time structure of cells and of their components 
in the subsecond range is particularly interesting because 
fundamental events in biochemical transformations, energy pro­
duction and utilization, information processing, morphogene­
sis, development, regulation and selection occur in this time 
range. Thanks to recent conceptual and methodological develop­
ments, the main features of the cell short time structure 
are being uncovered. Some representative systems, illustrated 
at this Symposium by pioneers in the respective fields, are 
now known in considerable detail. The means are there for a 
rapid and fruitful expansion of their whole research area. 

The interest which the physical and molecular approach 
introduced by many of the speakers has for cell physiologists 
has been confirmed by the high rate of attendance to this 
symposium and by the quality and number of interventions in 
the discussion. I am certain that I correctly interpret the 
feelings of invited speakers and of the audience, when I 
express to the Chairman of the Section of Cell Physiology, 
Professor Salänki, our deep gratitude for this welcome 
opportunity and for his broad-minded and imaginative support. 
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