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PREFACE

This volume contains the papers read at a Symposium of the Society for
Experimental Biology which was held at Bangor in July 1953. It is the
eighth of an annual series of Symposium Reports. The Symposium for
1954 will be held at Leeds, on Fibrous Proteins.

In the present Symposium the first three papers are introductory in
character. These are followed by four papers on water movements and
four papers on active transport phenomena in red blood cells, yeast and
bacteria. The next group of five papers are concerned with active transport
of ions in plants, and are followed by four papers on active transport of
ions in animal cells. The remaining three papers are concerned with active
movements of proteins and fats, and with mechanisms of active transport.

The papers presented here should be considered in relation to a number
of recent reviews, notably by Conway (1953) (Biochemistry of Gastric
Secretion. Springfield: Thomas), Hodgkin (1951) (Bzol. Rev. 26, 339),
Brown (1952) (/nt. Rev. Cytol. 1, 107), Goldacre (1952) (Int. Rev. Cytol.
1, 135) and Sutcliffe (1953) (I/nt. Rev. Cytol. 2, 179).

The Society is deeply indebted to the British Council, the Rockefeller
Foundation and to Imperial Chemical Industries Ltd. for financial aid.

The Editors wish to thank the members of the Advisory Committee who
assisted us in preparing the Symposium programme. We also wish to
thank the Cambridge University Press for the kindness with which we were
assisted in producing this report.

R. BrRowN

J. F. DANIELLI

Symposium Editors
Society for Experimental Biology

17 February 1954






MOVEMENTS OF WATER AND ELECTRO-
LYTES IN INVERTEBRATES

By J. A. RAMSAY
Department of Zoology, University of Cambridge

I. INTRODUCTION

When I was asked to give this introductory paper it was suggested to me
that I should first and foremost present the background against which
modern developments can be seen in perspective. It would be neither
practicable nor desirable to attempt a review of all the material available;
instead, what I shall do is to trace the development of ideas in the subject,
to consider why some lines of approach have prospered more than others,
why some questions have been answered and others left unasked, to show
how the existence of active transport mechanisms has been recognized and
to put forward some suggestions as to how they may have been evolved.

A few analyses of the body fluids of invertebrates were published during
the latter part of the nineteenth century, and work of this type continued
sporadically throughout the first two decades of the twentieth. At this
stage these investigations were not inspired by any precise theory as to the
nature of the body fluids and the ways in which their compositions were
maintained; nevertheless, it became apparent that the body fluids of animals
were in general not unlike sea water. Owing to the relative ease with which
freezing-point measurements can be made our knowledge of the osmotic
pressure of the body fluids began to advance rapidly. Experiments were
carried out to test the effects of changes in the external medium upon the
osmotic pressure of the body fluid. On the other hand, determination of
the constituents of the body fluids was beset by technical difficulties and
advance was slower. The development of the subject can be followed in
the reviews which have appeared from time to time, notably those of Duval
(1925), Schlieper (1930, 1935), Pantin (1931), Krogh (1939) and Beadle
(1943). By the time the subject became of sufficient importance to merit
review it had also acquired a philosophy which conveniently rationalized
its ecological and physiological aspects—Claude Bernard’s now famous
pronouncement ‘la fixité du milieu intérieur est la condition de la vie
libre’. For the subject now under discussion Claude Bernard’s pronounce-
ment has the following special implication: primitive marine animals have

EBS VI I



2 MOVEMENTS OF WATER AND

in general no means of regulating the composition of their body fluids,
and penetration into fresh water is only possible for animals which have
evolved such means. Although the reviewers I have mentioned may have
been mainly concerned with the physiological mechanisms whereby
‘constancy is achieved, they have very obviously accepted Claude Bernard’s
proposition and incorporated it into the background of their ideas.

Let us then begin by considering a primitive marine animal having no
control over the composition of its body fluid. When such an animal is
placed in dilute sea water it swells, which may be interpreted as due to the
inward diffusion of water. After some time in dilute sea water the volume
of the animal returns to normal, which may be interpreted as the result of
the relatively slower outward diffusion of salts through the general body
surface. This, of course, is to look upon the animal as little more than a bag
containing sea water. But even a primitive animal is generally something
more than this. We have to consider that it has an alimentary canal, that
it takes in food together with some sea water, and that it voids faeces which
also have some admixture of fluid. It has an excretory organ from which
urine is eliminated. Even if the body fluid is isotonic with sea water and
the net exchange across the external surface is zero, the animal continually
gains water, partly along with its food and partly as metabolic water
produced by the oxidation of the food within the body, and loses water with
its urine and faeces. There is thus a current of water continuously main-
tained through the body, upon which other movements, such as occur
when the animal is placed in dilute sea water, are superimposed. The
recovery of normal volume in dilute sea water, which we considered a
moment ago, is not primarily due to leakage of salts and water through the
general surface; it is due to an increased flow of urine, and it is via the
excretory organ that most of the water and most of the salt leaves the body.
There are in fact three principal regions of the body through which
exchanges with the external medium can and do take place: (1) between the
body fluid and the external medium at the surface of the body, (2) between
the body fluid and the fluid in the gut, (3) between the body fluid and the
urine in the excretory organ. All of these can be the sites of active transport
mechanisms.

Next, let us consider what happens when this primitive marine animal
evolves the ability to live in fresh water. This is a question which has been
discussed at length by Beadle & Cragg (1940) and by Beadle (1943), and
they have come to the conclusion that there are two stages in the process.
I can most conveniently illustrate their thesis with examples drawn from
the Crustacea (see Fig. 1). The spider crab Maia will serve to represent
the primitive marine animal. It has virtually no powers of osmotic
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regulation, the osmotic pressure of its blood following that of the external
medium over the whole of its viable range. The shore crab Carcinus shows
some powers of osmotic regulation, being able to maintain the osmotic
pressure of its blood above that of dilute sea water. It is commonly found
in estuaries as well as in the sea but cannot maintain itself in fresh water.
As an example of a crustacean fully adapted to fresh water we will take the
crayfish Astacus. In this case the general level of the osmotic pressure of
the blood is lower than in Maia and Carcinus, but it can be maintained at
this level even in fresh water.

3°C.L

A, ,7
/
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2 -

Carcinus
1+ 7

4
Astacus ,
’
s
/

| i 1
1 12 3°C
Sea water A,

Fig. 1. Relation between the osmotic pressure of the blood, and the osmotic pressure of
the external medium, for three crustaceans. Maia from Duval (1925), Carcinus from
Duval (1925) and Schmidt-Nielsen (1941), Astacus from Herrmann (1931).

It might well have been imagined by the early investigators that these
animals, when placed in dilute sea water, would follow what seems to us
the obvious and logical course of pumping out the water which diffuses
into them. But this does not seem to be the case. In a recent article,
Robinson (1953)* has reviewed the evidence for the active transport of
water in living systems, and as far as the aquatic invertebrate Metazoa are
concerned the evidence is as yet circumstantial. It appears that these
animals prefer to transport dissolved substances in such a way as to
compensate for the passive movements of water under osmotic gradients.

According to Beadle & Cragg, in the first stage of the evolutionary
process the animal develops the power of actively transporting salts from

* I wish to thank Dr Robinson for allowing me to see his review in typescript before
publication.
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the external medium into the blood, to an extent which is sufficient to
maintain the osmotic pressure of the blood significantly above that of the
external medium. The excretory organ, however, does not back up the
effort of the surface membranes. In Carcinus the urine is isotonic with the
blood under all conditions, and beyond a certain point of dilution more
salt is lost via the urine than can be gained by absorption through the
surface. Ecologically this point lies for Carcinus some distance up the
estuary, but definitely short of the river. But there is a crustacean which
does in fact succeed in getting into rivers on this same inefficient physio-
logical basis, and that is the Chinese mitten crab Eriocheir. As in Carcinus,
so in Eriocheir the urine is isotonic with the blood under all conditions, but
by sheer hard work, by absorbing salts from the river water at a great rate,
this determined animal penetrates up rivers such as the Elbe for hundreds
of miles, returning to the sea only for the purposes of breeding. For
Eriocheir the ecological limit seems to lie not between brackish water and
fresh water as for Carcinus, but between hard fresh water and soft fresh
water; Eriocheir does not appear to be able to penetrate the softer waters
of the Norwegian rivers (Schmidt-Nielsen, 1941).

Then in the second stage of the evolutionary process two things happen.
First, the excretory organ becomes awakened to a proper sense of its
responsibilities and produces hypotonic urine, thus conserving the salt
content of the body; secondly, the general level of the osmotic pressure of
the blood is lowered to about half that found in marine animals. This
reduces the strain on the active transport mechanisms at the body surface
and in the excretory organ. It also involves some readjustment of the salt
and water balance between the tissues and the blood.

It emerges from this survey that the important sites of active trans-
port lie in the general body surface—or specialized parts of it—and in the
excretory organ. There is as yet very little evidence of active transport in
the gut, at least as far as the digestive epithelium is concerned. We will
therefore now proceed to further consideration of the surface membranes
and of the excretory organs in aquatic invertebrates.

II. THE TRANSPORT OF IONS BY
SURFACE MEMBRANES
The first demonstration that an animal can maintain the osmotic pressure
of its blood by uptake of salts against a concentration gradient was given by
Nagel (1934) for Carcinus. Having confirmed that Carcinus had the power
of hypertonic regulation in brackish water and having demonstrated that
the urine was always isotonic with the blood, Nagel carried out the following
well-planned experiment. He took a number of crabs and allowed them to
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become adapted to a medium of considerable dilution. Some of the crabs
were killed and measurements were made of the osmotic pressure and
chloride content of their blood. The rest of the crabs were then placed in
another medium, more concentrated than the first medium but less con-
centrated than the blood of the crabs which had become adapted to the first
medium. After 24 hr. in the second medium the crabs were killed and their
blood taken for analysis. Nagel’s figures (Table 1) show that in the second
lot of crabs both osmotic pressure and chloride concentration of the blood
had increased. Since the body volume remained more or less constant the
increase of osmotic pressure and chloride concentration could only be
explained by the uptake of salts from the external medium against the
concentration gradient. This uptake was not affected by blocking the mouth
and Nagel assumed that it occurred at the gills.

Table 1. Demonstration of active transport of chloride
by Carcinus
(From Nagel, 1934)

External medium Blood
A°C. Cl (mg./ml.) A°C. Cl (mg./ml.)

I 089 857 1°42 120
120 11°9

1-23 12°3

1°42 130

ra8 1

Av. 131 12°1

11. 1-18 11°45 1°50 14°0
152 143

1°48 142

173 15°4

1°56 15°3

157 142

i 140

Av. 1'55 | 145

Three years later, Krogh (19374, b) showed that fresh-water fishes and
Amphibia are able to take up chloride from extremely dilute external media,
and he later extended this work to other ions and to invertebrates (Krogh,
1938). His method was to keep the animals in a current of distilled water
until their salt reserves were depleted and then to place them in measured
volumes of dilute solutions whose final composition was determined by
analysis at the end of the experiment. He was able to demonstrate active
uptake of chloride in Astacus, in a variety of fresh-water molluscs and in the
horse leech. Active uptake of chloride from dilute solutions has also been
demonstrated by Koch (1938) for mosquito larvae, by Maluf (1939) for the
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earthworm, by Boné & Koch (1942) for caddis larvae and by Holm-Jensen
(1948) for Daphnia. 1t is therefore of very widespread occurrence; but
there are some fresh-water animals in which it has been looked for but not
found, for example, in the eel and in the larva of the alder fly Sialis
(Beadle & Shaw, 1950).

One of the invertebrates which Krogh studied in particular detail was
Eriocheir, and he was able to show that there was active uptake of sodium,
potassium, chloride, bromide, cyanate and thiocyanate; that nitrate diffused
inwards rapidly under a concentration gradient, iodide slowly and sulphate
not at all. He was also able to show that the mechanisms for uptake of
anions and cations were independent, e.g. chloride, but not ammonium,
taken up from NH,CIl and replaced by bicarbonate; sodium, but not
sulphate, taken up from Na,SO, and replaced by ammonium. Eriocheir
does not appear to show any discrimination between sodium and potassium
or between chloride, bromide and thiocyanate when these are present in the
same solution. Astacus (Schmidt-Nielsen, 1941) will absorb sodium but
not potassium from solutions in which both are present, but does not
distinguish between chloride, bromide and thiocyanate.

It so happens that for technical reasons the best evidence for active
absorption of ions from the external medium comes from studies of fresh-
water animals, and there is no doubt that among fresh-water animals these
powers are well developed. Yet it would be wrong to suppose that they are
wholly confined to fresh-water animals.

The most recent and most accurate analyses of the body fluids of marine
invertebrates are those of Robertson (1939, 1949). Although the body
fluids of some primitive marine animals resemble sea water very closely
they are never identical with it owing to the Donnan effect which is set up
by the proteins. Robertson used the method of comparing the ionic
composition of the blood drawn from the animal with that of blood which
had been dialysed against sea water. In this way the Donnan effect is
eliminated from consideration, and it is possible to ascertain how far the
differences between internal and external media are actively maintained.
Some of Robertson’s figures are reproduced in Table 2. From this table
it can be seen that na active transport of ions is needed to maintain the
composition of the sea-urchin’s coelomic fluid. In the case of the lugworm
Arenicola the only ion showing a significant difference in concentration is
sulphate. But these are the exceptions. Pecten, the scallop, Loligo, the
squid, and Cancer, the edible crab, are all typical marine invertebrates
showing, like Maia, virtually no osmotic regulation; yet it appears likely
that mechanisms of active transport are at work to maintain the generally
higher concentration of potassium.
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From this we may infer that the active transport of ions by the surface
membranes, which is largely responsible for the hypertonic regulation of
brackish- and fresh-water animals, is not of itself a novelty of adaptive
evolution but is more probably the specialization of a mechanism which was
already in existence in their marine ancestors.

Table 2. Concentrations of various ions in body fluid as percentages
of their concentrations in dialysed body fluid

| Na K Ca Mg Cl SO,
Echinodermata | Echinus 100 102 101 100 100 101
Annelida ’ Arenicola 100 103 100 100 100 92
Mollusca Pecten 100 130 102 97 100 96

| Loligo 95 219 102 102 103 29
Crustacea ‘ Cancer 108 120 119 51 97 87

’ Carcinus 109 117 108 34 103 60

Carcinus figures from Webb (1940); the rest from Robertson (1939, 1949).

III. THE TRANSPORT OF IONS IN

EXCRETORY SYSTEMS
The functional unit of the vertebrate kidney is the nephron which consists
of a knot of blood vessels (glomerulus) projecting into a small coelomic
vesicle (Bowman’s capsule) from which a tubule leads to the exterior. The
hydrostatic pressure of the blood in the glomerular vessels is sufficiently in
excess of the colloid osmotic pressure of the blood to cause ultrafiltration,
and the fluid in Bowman’s capsule is identical with plasma except that it
contains no protein. As this fluid passes down the tubule it is modified by
the reabsorption of substances from it and the secretion of other substances
intoit. Asisseen from Fig. 24, the course of the fluid is: blood — coelom —~
tubule — exterior.

Now consider the excretory organs of invertebrates, some of which are
shown diagrammatically in Fig. 25, ¢ and d. It is conceivably possible that
the antennary glands of Crustacea are homologous with the nephridia of
annelids, but it is not easy to refute the assertion that all these types of
excretory organ have been independently evolved. Yet it appears that in all
of them the course of the urine is the same, i.e. blood — coelom - tubule -~
exterior. If they have this much in common, is it possible that they have
other features in common? Is it possible that, like the vertebrate nephron,
they operate on the ultrafiltration-reabsorption basis?

The suggestion that the primary process of urine formation in inverte-
brates was a process of ultrafiltration was first seriously put forward by
Picken (1936, 1937), whose main contribution to this thesis was to measure
the colloid osmotic pressure of the blood in various crustaceans and
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molluscs and to show that it was always low in relation to the hydrostatic
pressure. Ultrafiltration was thus a possibility. Paying particular attention
to Anodon, Picken showed that the pericardial fluid was isotonic with the
blood, whereas the urine collected at the excretory pore was hypotonic and
‘therefore modified in composition during its passage through the tubule.
He drew off the pericardial fluid and showed that it was continuously and
fairly rapidly renewed. Further confirmation came from the work of
Florkin & Duchateau (1948), who found that the concentrations of calcium,
chloride and phosphate in the blood and in the pericardial fluid were
identical (Table 3).

Dorsal blood
Renal artery Renal artery vessel

Pericardium

Ventral blood vessel (organ of Bojanus)

Bladder
(a) Vertebrate (b) Crayflsh (c) Earthworm (d) Fresh-water mussel

Fig. 2. Diagrams of the excretory organs of a vertebrate and of Astacus, Lumbricus and
Anodon to show the relation between blood system (black), coelom (stippled) and tubule.

For the others the evidence is less complete. In Astacus, Peters (1935)
succeeded in withdrawing small samples from various parts of the antennary
gland and determined the concentration of chloride (Table 4). His figures
show that within the limits of accuracy the fluids in the coelomic sac and
labyrinth are isotonic with the blood and that the urine becomes hypotonic
during its passage through the tubule. I carried out similar investigations
upon Lumbricus, measuring the freezing-point depression of blood, of
coelomic fluid and of samples collected from different parts of the tubule.
I was able to show that the coelomic fluid is isotonic with the blood and
that the fluid passing down the tubule becomes hypotonic in the region
known as the ‘wide tube’ (Ramsay, 1949).

Although these results are not in themselves sufficient to prove the truth
of the ultrafiltration-reabsorption theory for invertebrate excretory organs
they are at least compatible with it and can be said to raise it from the level
of mere speculation to that of a reasonable working hypothesis. But we
are still in the speculation stage in regard to the factors which have been
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at work in the independent evolution of this same physiological process in
so many different animals.

Table 3. Analysis of blood, pericardial fluid, Bojanus
fluid and urine of Anodon

Blood Pericardial | Bojanus :
fluid fluid e
Absolute % (%) (%) °
Chloride (mm./1.) 180 100 99 55 —
Calcium (mm./1.) 70 100 100 75 —
Inorganic phosphorus 0144 100 101 90 —
(mmMm./1.)
°C. i o0-06* 100* 100% — 60*

‘Bojanus fluid’ is fluid withdrawn from the excretory organ through its internal opening
into the pericardium, while ‘urine’ is fluid withdrawn from the excretory organ through
its opening to the exterior. Figures marked * from Picken (1937), the rest from Florkin &
Duchiteau (1948).

Table 4. Chloride concentration (in mmm.[L.) in the blood and in fluids
collected from different parts of the excretory organ of Astacus

(From Peters (1935) as recalculated by Krogh (1939).)

Coelomic Main End of
Blood sac labyrinth l labyrinth Tubule Bladder
196+ 3 198+2 | 200%7 21247 90+6 106 +06

In pursuing this line of thought we may next ask ourselves what happens
in animals such as the echinoderms in which there are no recognizable
excretory organs. These animals must take in water with their food and
must produce metabolic water like other animals. How do they get rid of
it? I am not aware that anyone has ever put this point to experimental test,
but it would not surprise me to be told that this water simply escapes by
seepage through the surface membranes of the body. I would be prepared
to risk a guess that if fluid were injected into an echinoderm so as to distend
its body and increase its internal hydrostatic pressure the result would be
an outward seepage of salts and water, only proteins being retained—in
fact, ultrafiltration through the thinner parts of the general body surface.

There is no serious disadvantage in this method of getting rid of water
provided that the flow is normally very small—as it is likely to be in a marine
anmimal whose blood is isotonic with sea water—and provided that the
animal is not concerned to maintain the composition of its blood signi-
ficantly different from that of sea water. But if the animal is maintaining
some substance X in its blood in higher concentration than in the external
medium and is actively transporting X against a concentration gradient,
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then it is wasteful simply to allow an ultrafiltrate to be swept away from
the filtering surface by currents—for this reason, that less work is required
to get X back again from the ultrafiltrate, in which it is initially at the same
concentration as in the blood, than is required to get X from the external
medium in which it is always at lower concentration than in the blood. This
seems obvious, but it is only very recently that the point has been clearly
put, by Potts.*

In the present context the interest of this conception lies in its evolu-
tionary implications, We have seen the physiological parallels which can be
drawn between the vertebrate nephron and the excretory organs of various
invertebrates. Yet as far as we can tell they have all been evolved inde-
pendently. I have suggested that ultrafiltration may be a widespread and
primitive method of volume regulation; if this is true, then animals seem
to have been at pains to restrict ultrafiltration to certain areas of the body
and to arrange that the filtrate has to traverse some sort of tube before
leaving the body. The point which Potts has made seems to me to provide
the argument for selective advantage in this arrangement and enables us to
understand why it has been evolved independently in different phyla of the
animal kingdom.

If this is true it also implies that in marine animals having well-developed
excretory organs the urine, although it may be isotonic with the blood, is
probably not identical with the blood in composition. This is borne out
by comparison of blood and urine in Carcinus (Webb, 1940) and Cancer
(Robertson, 1939). In all these animals the urine is isotonic with the blood
under all conditions, but as Table 5 shows there must be active transport
of some ions in the excretory organ. As we saw in the case of the surface
membranes, so now do we see in the excretory organs, that the active
transport of ions, upon which depends the ability to penetrate fresh waters,
is probably widespread among animals which are exclusively marine in habit.

Table 5. Concentrations of various ions in urine as percentages
of their concentrations in blood

Na | K | Ca | Mg c1|so¢

Cancer (Robertson., 1939) 96 81 90 125 96 165
Carcinus (Webb, 1940) I 95 78 94 390 98 224

It would appear therefore that the difference between Maia and Carcinus
is not that Carcinus can actively transport salts while Maia cannot; it is
likely that Maia, as well as Carcinus, has powers of active transport. The

* I wish to thank Dr Potts for permission to quote his work which is as yet unpublished.
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essential difference lies in the rate at which salts are transported relative to
the rate at which water diffuses passively in the same direction. The degree of
hypertonic regulation can be increased either by speeding up the active
transport of salts or by reducing the permeability of the surface membranes
to water, and we have perhaps paid too little attention to this second
possibility.

There is some evidence which suggests that the surfaces of fresh-water
animals are less permeable to water than the surfaces of their marine
relatives. It is not easy to present this evidence in quantitative terms of
permeability measurements because of the difficulties of measuring the
surface area of an animal. But these difficulties are not insuperable, and it
would be of great interest to know, for example, how far the success of
Eriocheir as compared with Carcinus in penetrating fresh water is due to its
powers of active transport and how far due to a decrease in the permeability
of its surface to water. It would also be interesting to know if a decreased
permeability to water is an active process in the sense that it demands a
continuous supply of energy, as suggested by Beadle (1934) for the
flatworm Gunda.

IV. OUTLOOK FOR THE FUTURE

Hitherto I have been concerned in tracing the growth of knowledge and
ideas in what may be called the general field of osmotic regulation. In
logical order, though not in chronological order, the problems were: first,
to determine the general nature of the body fluids; secondly, to show that
their composition was maintained by active transport; thirdly, to discover
the sites of active transport in the body. There are, of course, a great many
invertebrates, of which only a few have been studied, but as far as the
major phyla are concerned it is fair to claim that sufficient ground has been
covered to meet the first two points and it may be conceded that there is
some progress to report in the identification of the sites of active transport.
What is the next step to be? Are we to see the future merely as a process of
filling in the details of a design whose main outlines are already clear?

I do not think so. On the contrary, it seems to me that the next few years
will witness substantial changes in outlook.

Our present outlook is in fact still largely dominated by Claude Bernard
and his ‘fixité du milieu intérieur’. Primitive animals with no powers of
regulation are condemned to live in the sea, those with some powers of
regulation can work their way up estuaries and with the perfection of their
mechanisms can graduate to fresh water. It is a good story and by and large
it is true—but only by and large. On closer inspection the correlation
between powers of regulation and ecological distribution is not so good.
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The animals which penetrate farther up estuaries are by no means always
those which can better maintain the constancy of the internal medium.
Carcinus has greater powers of osmo-regulation than Anodon, yet Anodon
can live in fresh water while Carcinus cannot. One need look no further
than Hydra to find an animal which lives in fresh water and has no internal
medium at all in Claude Bernard’s sense of the term, and of these problems
Dr Kitching is to speak later in this symposium.

The internal medium which Claude Bernard had in mind was of course
the blood. But as has often been pointed out, the internal medium in
which constancy is a prime requirement is the protoplasm of the cell.
The responsibility for maintaining constant conditions in the protoplasm
rests in the last resort upon the cell membrane. In the case of Hydra it
rests solely upon the cell membranes throughout the body. But in the
higher Metazoa living in fresh water, the task of the cell membrane can be
made easier if the medium which bathes it is not fresh water but a saline
solution whose composition is kept constant, and in so far as its task in this
respect is made easier, so we may argue that the cell will be able to apply its
resources more effectively to the main function for which it is specialized.
What the animal does, in short, is to take a part of the load which would
otherwise bear upon all the cells in its body and transfer it to those cells
which separate the blood from the external medium.

The lack of close correlation between powers of regulation and ecological
distribution need not therefore disturb us unduly. A marine animal may
be able to get into fresh water either by evolving good powers of active
transport in all the cells of its body or by evolving an internal medium which
is kept constant by active transport on the part of a few cells in the body,
those which separate the blood from the external medium. The first method
may prove successful, but the second method lays the foundation of a more
efficient physiological organization and has been adopted by Nature for all
her greater evolutionary achievements. The second method, however,
cannot be pursued to the complete exclusion of the other. Not all of the
load can be transferred to the cells of the surface membranes, for, inasmuch
as the cells of the body are not physico-chemically identical but vary from
one tissue to another, the same internal medium cannot be in equilibrium
with all of them and there is still some work to be done by their cell
membranes.

And here, I think, is where our ideas need bringing up to date. We have
been too ready to believe that once the internal medium is stabilized it is all
over bar the shouting. We have concentrated too much upon the active
transport mechanisms at the surface of the body and in the excretory
organ. We have been inclined to think of the cells of the body as being able
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to relax, as it were, in a medium with which they are in equilibrium. And
this in spite of the abundance of modern evidence which shows that the
cells of the body are not in equilibrium with the fluid which bathes them,

but are actively taking up some materials and are actively keeping others
out.

One of the outstanding problems in this general field is presented by the
inability, relatively speaking, of fresh-water animals to return to the sea.
Although a great many animals have become successfully adapted to fresh
water, not many have the power of passing freely from one medium to the
other. Following Beadle & Cragg, complete adaptation to fresh water
involves lowering of the osmotic pressure of the blood to a new general
level of about half that of sea water. If a fresh-water animal is placed in
sea water the osmotic pressure of its blood usually rises and the animal dies.
The few animals which can survive transference from fresh water to sea
water, such as the Salmonidae and the eel among vertebrates and the prawn
Palaemonetes (Panikkar, 1941) among invertebrates, are capable of hypo-
tonic regulation, that is, they are able to maintain the osmotic pressure of
the blood below that of the medium when they are placed in sea water.
To this the elasmobranch fishes form an interesting exception. The blood
of marine elasmobranchs is isotonic with sea water by virtue of the retention
of urea; the salt content of the blood is not widely different from that of
fresh-water animals generally. This is interesting because it suggests that
a high salt content rather than a high osmotic pressure per se is the decisive
factor.

Beadle & Cragg investigated this problem on species of Gammarus living
naturally in sea water, brackish water and fresh water and came to the
conclusion that the ability of the animal to survive changes in the external
medium was related to its ability to maintain differences in the concentra-
tions of ions between tissues and blood as well as between blood and external
medium. More recently, Camien, Sarlet, Duchateau & Florkin (1951) and
Duchiteau, Sarlet, Camien & Florkin (1952) have shown that there is
a distinct difference between marine and fresh-water invertebrates in the
amino-acid content of their muscles. The amino-acid content is higher
in the marine species and makes a significant contribution to osmotic
pressure. It may be that animals which have penetrated fresh water and
have reduced the amino-acid content are unable to restore it when they
are placed in sea water; osmotic withdrawal of water will then raise the
concentration of salt in the muscles to levels which are higher than those
characteristic of purely marine species and which the living cells may not
be able to endure.
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The converse problem is also met with; there is no doubt that the tissues
of some animals are capable of working at high water content which in other
animals would be unthinkable. Anodon has succeeded in entering fresh
water not so much by its powers of active transport as by virtue of its ability
to tolerate hydration of its tissues. The osmotic pressure of the blood of
Anodon (and, so far as is known, of its tissues) is approximately that of §9,
sea water—a quite exceptional figure—and the general wateriness of its
tissues, to which Picken drew attention, is striking.

The moral of all this is that these are problems for the cell physiologist.
In preparing this paper I was acutely aware that the problems and ideas
which have guided research in this field have had an ecological flavour,
whereas it is a common interest in processes of active transport at the
cellular level, rather than in their ecological consequences, which brings
this symposium audience together. But it seems to me that ecology cannot
give the lead much longer and that for the future we must rather look to
cell physiology for inspiration. The zoologist who seeks to interpret
ecological distribution in physiological terms will have to concern himself
more and more with the problems of cell physiology, and it is to be hoped
that those whose interest is in the fundamental problems of all living
matter will not overlook the avenues of approach to these problems which
the invertebrates provide.
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VERTEBRATE PHYSIOLOGY FROM THE
POINT OF VIEW OF ACTIVE TRANSPORT

By HUGH DAVSON

Medical Research Council, Department of Physiology,
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Active transport is presumably an essential feature of the vegetative activity
of all cells, so that, in this respect, we cannot expect to observe striking
differences according as we study organisms of increasing complexity,
starting from the Protozoa, say, and finishing at the mammals; the indivi-
dual cells of all these organisms will doubtless be shown to be capable of
a high degree of active transport, and it may well be that certain highly
differentiated cells of the more complex organism, e.g. the mammalian
erythrocyte, will exhibit active transport to a less extent, and in a less
varied form, than the Protozoa. The complex organism, however, because
of its differentiation, exhibits certain structures in which active transport is
not only necessary for their vegetative activity but also—and in a very high
degree—in virtue of their specialized functions. Outstanding examples
will spring to the mind: the stomach elaborating a solution of about
o-17 N-HCl; the kidney capable of selectively removing substances from
the blood, the intestinal epithelium capable of the rapid absorption of
selected substances from the lumen of the gut; the various glands producing
characteristic secretions, and so on. Many of these specialized activities,
involving active transport, I have had occasion to review recently (Davson,
1951), and a number of them, moreover, will be subjects of specialized and
authoritative treatment in this symposium; consequently, in the present
paper, I shall confine myself to a few general aspects of active transport
taking place in specialized tissues.

Before discussing active transport—or secretory activity—it would be
interesting and instructive to consider a form of transport in which simple
physical forces appear to be adequate for the supply of energy involved in
the process. The production of the glomerular fluid in the nephron, and
of the interstitial fluid and lymph of the voluntary musculature, are
examples. The glomerular fluid is, apparently, plasma minus the plasma
proteins; the separation of this fluid requires energy to overcome the
difference of osmotic pressure between it and its parent plasma, and this
is provided by the pressure of the blood in the glomerular capillaries, i.e.
by the mechanical work of the heart. The colloid osmotic pressure in the



VERTEBRATE PHYSIOLOGY AND ACTIVE TRANSPORT 17

mammal is of the order of 30 mm. Hg, and there is little doubt that the
glomerular capillary pressure is not only adequate to effect this separation
of the plasma proteins, but also to provide the pressure-head necessary to
maintain a continuous flow against the frictional resistance of the tubules.
The separation implies, however, a membrane capable of holding back the
proteins of plasma whilst permitting a ready flow of water and the smaller
solute molecules of blood plasma; such a membrane is presumably given
by the capillary walls, the intercellular spaces being sufficiently small to
prevent—under normal conditions at any rate—the serum albumin and
globulin molecules from passing through, but sufficiently large to allow
inulin, gelatin and egg albumin to pass. The evidence in support of this
intercellular route is largely presumptive; it is argued that it is unlikely
that cellular membranes would show such a low level of discrimination as
to permit the passage of all the non-colloidal constituents of the blood at
the same rate, and, moreover, would permit substances of high molecular
weight such as inulin to pass. In the case of the muscle capillaries an
intercellular route for the flow of tissue fluid has been postulated on similar
grounds; since, in this case, there is a very definite ‘leakage’ of proteins,
we must assume either that the intercellular spaces are larger, or that the
glomerular membrane of Bowman’s capsule acts as a second, and more
efficient, filter to ensure that only minimal amounts of protein find their
way into the tubules. The evidence that the glomerular fluid is, indeed,
nothing more than a filtrate from plasma, i.e. that no active transport
mechanisms are involved in determining the relative concentrations of
dissolved material in it and its parent fluid, is based on chemical analyses
which, because of the very small amounts of fluid available, were probably
not accurate to within less than + 109, although the large number of
determinations carried out, and the absence of any trend indicating active
transport mechanisms, make for a convincing body of evidence in favour
of this simple origin of the glomerular fluid (Richards, 1938). The evidence
with regard to the intercellular fluid of muscle is by no means so impressive,
in fact I only know of one analysis of the relative compositions of plasma
and this fluid, namely, that of the chloride distribution by Maurer (1938),
so that the general physiologist bases his assertion that the capillary
membrane exerts no active transport between blood and tissue fluid
largely on the belief that the phenomena of fluid exchange between inter-
cellular space and plasma are explicable on simple mechanical considera-
tions (Danielli, 1940; Landis, 1934; Pappenheimer, J. R. & Soto-Rivera,
1948).

I raise this point not with the intention of shaking belief in the general
proposition, but rather to show how inadequate such chemical evidence
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would be if it were desired to show that other tissue fluids, namely, the
aqueous humour and cerebrospinal fluid, were likewise formed by simple
ultrafiltration mechamisms. Thus an analysis of the main constituents of
plasma and aqueous humour, e.g. Na and CI, carried out within the limits
of accuracy considered adequate for the study of the glomerular filtrate,
would indicate an excellent agreement between theory and experiment,
regarding the aqueous humour as a blood filtrate. Thus the ratio of the
concentrations of sodium (Na), /(Na),, was 1-03 and that for chloride
(Cp,/(Cl) o4, €qual to 0:955, comparing with ratios, theoretically computed
from the known base-binding power of the plasma proteins, of 1-04 and
0-96 respectively (Davson, 1939). Such a concordance was, indeed, so
convincing that for some years I was ready to believe that the aqueous
humour was, indeed, a plasma ultrafiltrate. However, the appearance of
evidence against this view made me reopen the question; thus a deviation
of 1%, from the equilibrium distribution of sodium, in this case, could be
of profound significance; it could mean, for example, that the aqueous
humour contained 19, more NaCl and NaHCO; than the blood plasma,
a difference in concentration capable of maintaining a difference of osmotic
pressure of some 60 mm. Hg, a by no means insignificant contribution to
the forces driving fluid into the eye. The weak point in the work, however,
was not the accuracy of the chemical analysis, which was easily high
enough to permit the detection of a 19, discrepancy, but the assessment of
the theoretical Donnan distribution of Na and Cl for a dialysate of blood
plasma, since the value of 1-04, given by Van Slyke (1926), postulates
equality of activity coefficients in the two fluids.

Clearly the best way of investigating the matter would be to dialyse
aqueous humour against plasma from the same animal, and see if there is
any migration of Na and Cl from one fluid to the other. The results for the
cat are shown in Table 1, the ratios for Na and Cl being determined before
and after dialysis (Davson, Duke-Elder & Maurice, 1949). It will be seen
that there is, indeed, a migration of both Na and Cl from the aqueous
humour to the blood plasma; the true distribution ratios for a dialysate
turned out to be 1-07 and o0-97 for Na and Cl and not 1-04 and 0-96 as
computed by Van Slyke. This excess of salt in the aqueous humour is
small, from the point of view of chemical analyses, and would have been
quite undetectable by the methods used for the study of the glomerular
fluid; nevertheless, it is large enough to influence the intra-ocular pressure
and to rule out a simple filtration mechanism for the origin of the aqueous
humour. I shall be returning to the problem of the aqueous humour later;
for the moment I merely wish to emphasize the importance of, and
difficulty in, determining the existence of active transport in certain
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systems. For many of the contributors to this symposium this has long
ceased to be a problem, e.g. the transfer of salt by the frog’s skin, the
absorption of sugars from the intestine, and so on; and the problems have
resolved themselves into determining the mechanism whereby the metabolic
energy of the cell is made available for osmotic work. In the case of the
aqueous humour and cerebrospinal fluid the problem has consisted
primarily in demonstrating the existence of active transport mechanisms
in the elaboration of these fluids.

Table 1. Effect of dialysing aqueous humour against blood
plasma on the distribution ratio of Na and Cl

| (Nam/(Nadag | (CDm/(CDiq
Before dialysis \' 1'042 l 0'945
After dialysis | 1068 ' 0'971 |

A rather similar problem will doubtless arise with many of the more
obvious forms of active transport; for example, we shall have to differentiate
between the ‘accidental’ and the ‘essential’ in the composition of many
secretions. Thus the obvious feature of the gastric secretion is the high
concentration of hydrogen ions; the concentration of potassium is, how-
ever, about twice that of the plasma from which the secretion must ulti-
mately be derived; the concentration of calcium is only about a tenth that
in the plasma (Gudiksen, 1943). We must ask whether these differences
are essential, in the sense that active transport mechanisms are operating
on these ions, or whether they are the result of activity directed towards
the hydrogen or chloride ion. A similar and more urgent problem, of
course, arose with muscle, nerve and the erythrocyte. The evidence
indicates that the active transport of sodium out of the muscle and nerve
fibres is adequate to account for the accumulation of potassium, because
the high internal concentration of non-permeating anions demands the
replacement of the excreted sodium. It was originally suggested that the
extrusion of sodium could explain the accumulation of potassium in the
human erythrocyte (Dean, 1941; Maizels, 1949), but, as I argued elsewhere
(Davson, 1951), this is to ignore the circumstance that the erythrocyte does
not have the same high concentration of non-permeating anions; the extru-
sion of sodium would therefore only permit a limited accumulation of
potassium, and to explain the observed accumulation an active transport of
this ion must also be postulated (Harris & Maizels, 1952).

To come now to a more general aspect of secretory activity in specialized
tissue, we may note that the outstanding feature of this activity—as
contrasted with the vegetative activity in single cells—is the transport of
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material across an organized tissue; thus the accumulation of potassium by
the erythrocyte or the extrusion of sodium by a muscle or nerve fibre, are
processes that concern only the inside of the cell and a surrounding
medium that may be considered homogeneous. Where transport across
a tissue is concerned, we are dealing with an essentially asymmetrical
system in which the medium surrounding the cells must be divided into
two specific regions—the donor region, from which the actively tranported
material is extracted, and the acceptor region, into which the actively
transported material is driven. Between the two we have the cells capable
of supplying the necessary metabolic energy. The asymmetry of this
system must, in the last analysis, reside in the asymmetrical activities of the
individual cells of the tissue, and it is worthy of note here that an important
element in this asymmetry may be the organization of the cells in a definite
layer; thus Chambers & Kempton (1933) showed that isolated cells of the
chick mesonephros showed no evidence of accumulation of phenol red,
whereas when organized in ‘cysts’ they did so. Viewing active transport,
in these specialized tissues, as a transfer across an organized cellular
structure, we must ask next whether the substances are indeed transported
through the cells, and if so, whether they are accumulated to any extent
within them. Again, we must pay attention to the role played by the spaces
between the active cells; this role will, of course, be passive, but it is
important to know to what extent the activities of the cells are favoured or
prejudiced by the existence of regions in the tissue where diffusion may be
as rapid as that observed in aqueous solution.

The transport of the secreted substance through the active cell is highly
probable on a priori grounds—the metabolic activity of the cell depends on
enzymes that are within it and, if chemical work is to be performed on
a given molecule or ion, it seems reasonable to conclude that the molecule
or ion must penetrate the cell to participate in the energy transformation.
Nevertheless, it is worth pointing to an example of metabolic activity that
seems to be located at the surface of the cell, namely, glycolysis of the
erythrocytes of certain species; since glycolysis seems to be the basis for the
energy available for the active transport of ions across the erythrocyte
membrane, this point is not entirely irrelevant to the discussion. Wilbrandt
(1938) showed that the permeability of the dog and rabbit erythrocytes to
glucose was so small as to preclude the possibility of its metabolism within
the cell. In the case of the rabbit erythrocyte this view seems to be borne
out by studies of the effect of fluoride. This inhibitor of glycolysis actually
causes a very rapid escape of potassium from the erythrocyte of this species;
the effect seems to be dependent on the accumulation of intermediary
products of metabolism, since it can be prevented by adding mustard gas
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which inhibits glycolysis in its initial stage, and it can also be prevented by
removing from the system the necessary substrate constituents—glucose,
phosphate, calcium, magnesium and potassium; the return of these consti-
tuents to the system causes the escape of potassium without any evidence of
a delay due to the necessity for the magnesium, glucose, etc., to penetrate
the cell. At what stage, if any, the glycolytic process becomes intracellular
is not known, but even if the entire series of chemical reactions took place
on the cell surface the energy liberated could presumably be made available
for active transport if we accept Goldacre’s mechanism for this process.

In certain cases the active transport of substances through the cells of
the active tissue has been unequivocally proved; thus Chambers & Kemp-
ton, in the work previously alluded to, have demonstrated the presence of
phenol red in the epithelial cells of mesonephros cysts during the process
of accumulation; any real active transport, i.e. the transfer of phenol red
against a gradient of electrochemical potential, was only definitely proved
in the direction, cell to lumen, so that it may well be that in the donor
region the passage into the cell is a matter of simple diffusion. Again, the
secretion of HCl by the parietal cell of the stomach may be regarded
essentially as a transfer of acid from the outside, donor, medium to the
acceptor region in the canaliculi of the parietal cell; the intermediate
accumulation of acid in the cytoplasm of the parietal cell must be ruled
out by the observations of Bradford & Davies (1950). We may thus regard
the secretory process, taking place across such specialized tissues as the
tubular epithelium of the kidney or the gastric mucosa, as the penetration
of certain substances into the active cells and their expulsion at another
region; this latter process unequivocally represents active transport, but
whether the former process, namely entry into the cells, involves any
metabolic activity will depend on an analysis of the contents of the cell and
the outside donor medium.

In this connexion we may note that many substances that are subjected
to active transport are not substances that would be expected to cross the
plasma membrane of a cell with any ease, e.g. glucose, or the sodium ion.
It seems very likely to me, however, that a specialized form of permeability,
not to be confused with active transport, will come into play in these cases.
It was Danielli who first pointed out that glycerol penetrates into certain
erythrocytes with a speed out of all proportion to what would be expected
on the basis of measurements on comparable molecules, e.g. ethylene
glycol, and he suggested the presence of active patches in the membrane
in which the activation energy necessary for penetration was very low.
About the same time I observed that, when cat erythrocytes were sus-
pended in isotonic KCl, sodium leaked out with a permeability constant
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very much higher than that for the penetration of the smaller potassium
ion; moreover, the permeability to sodium exhibited an optimal tempera-
ture in the region of 37° C., an optimal pH in the region of 7-4, and was
-markedly inhibited by narcotics, heavy metals, soaps, etc. The permeability
to potassium, under identical conditions, was much more ‘orthodox’,
being only mildly accelerated by narcotics and soaps, etc., and exhibiting
a continuous increase with increasing temperature without any sign of an
optimum. It was suggested (Davson & Reiner, 1942) that the permeability
to sodium was mediated by an enzyme-like grouping that lowered the
activation energy for penetration of the membrane; in other words, that the
cell membrane had become specialized to permit the rapid migration of
the sodium ion. A similar type of membrane specialization is probably
at the basis of the extremely rapid exchanges of anions observed in the
erythrocyte, a specialization that permits of the rapid acid-base exchanges
in the blood when exposed to alveolar air for the short time available.

If T have understood Le Fevre’s (1952) work correctly I would suggest
that in the transport of hexoses across the erythrocyte membrane we have
another example of this catalysed or specialized permeability. The essential
feature of this permeability is that it is higher than what would be expected
of an undifferentiated lipoid membrane, but it is a permeability that is
observed with substances passing from a region of higher to one of lower
electrochemical potential, i.e. active transport mechanisms need not be
invoked. On the other hand, the specialization seems to take the form of
an enzyme-like differentiation of the cell surface, so that the permeability
is inhibited by narcotics, heavy metals, small shifts in pH, and so on. If
this type of permeability is involved in the passive transfer into the secretory
cells we may expect the active transport mechanism as a whole to be
affected by narcotics, enzyme poisons, etc., even though the actual meta-
bolic systems may not have been affected. This consideration must always
be borne in mind when considering the action of enzyme poisons on active
transport.

We have raised the question of the intercellular spaces in so far as
secretory activity is concerned; we have asked whether their presence
would be detrimental or otherwise to the process of active transport. The
obvious answer is that they would be detrimental to any transfer of material
against a gradient of electrochemical potential, in so far as they permitted
back-diffusion from the acceptor to the donor region. We may consequently
expect the intercellular spaces of a secretory epithelium to be small by
comparison with the area of the cells. Thus, in the kidney tubule, glucose
may be reabsorbed until there is no detectable concentration of this
substance in the tubular fluid; this would suggest, either that back-diffusion



POINT OF VIEW OF ACTIVE TRANSPORT 23

is impossible—the intercellular spaces being too small to permit the mole-
cule to penetrate—or, what seems more probable, that the rate of back-
diffusion is too small to affect appreciably the concentration of glucose in
the tubule in the face of the rapid process of active transport. Further
evidence supporting the view that intercellular exchanges are not very
significant has been provided by the work of Hober (Schmengler & Hober,
1933; Hober, 1933) on the frog kidney using the dual perfusion technique;
according to these results, none of the sugars—glucose, galactose, fructose,
etc.—pass from the blood to the tubular fluid when perfused by way of the
renal portal vein, i.e. when presented only to the tubules. In those cases
where passive diffusion from blood to tubular fluid appears to take place,
e.g. with urea, thiourea, etc., it would seem that lipoid solubility is a
prominent factor, indicating that this back diffusion is predominantly
transcellular. Where secretory activity results in a marked difference in
osmotic pressure between the parent fluid and the secreted fluid, the
problem of back-diffusion—whether it be by way of extracellular spaces or
across the cells of the secretory tissue—raises an interesting problem.

In general we observe active transport directed towards substances that
penetrate cells slowly, e.g. ions, sugars, and amino-acids; highly lipoid-
soluble substances are generally not transported actively. This is under-
standable, since the work done in maintaining a gradient of electrochemical
potential depends directly on the permeability constant of the molecule
concerned; to maintain, for instance, a concentration ratio of 20 between
the inside and outside of the erythrocyte, the energy requirement would
be of the order of a million calories per kg. per hour if the substance
concerned were urea, far beyond the metabolic potentialities of the erythro-
cyte or of any other cell. From energetic consideration alone, therefore,
we may expect secretory activity to be manifested towards slowly pene-
trating substances. The permeability of cells to water, is, in general,
extremely high, much higher than the permeability of the erythrocyte to
urea, for instance (Davson & Danielli, 1952; Collander, 1949), so that,
where secretory activity results in a marked difference of osmotic pressure
between donor and acceptor fluids, we must expect a modification in the
cell membranes of the secreting cells in the direction of a reduced perme-
ability to water, otherwise it would be impossible to maintain the difference
of osmotic pressure. Thus the distal tubule of the mammalian kidney may
establish a difference in concentration of the order of 1-2M salt, equivalent
to an osmotic pressure of the order of 50 atm.; again, the salivary secretion
is strongly hypotonic, maintaining a difference of osmotic pressure of some
7 atm.; and in both instances the secreted fluid is separated from what is
presumably a blood-isotonic fluid by only a single layer of cells. I know of
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no study in which the permeability to water of these cellular layers has
been examined, and it would certainly be of interest to compare, say, the
proximal and distal tubular epithelia from this aspect. The phenomenon of
the maintenance of a large difference of osmotic pressure across a secreting
tissue emphasizes once again, moreover, the limited area of the intercellular
space in this tissue.

So far we have considered the intercellular space from a purely negative
aspect; it is worth asking, however, whether active transport could con-
ceivably take place through this space, i.e. essentially over the surface of
the active cells, as opposed to through them. This, of course, is pure
speculation, but I raise the matter for what seems to me to be a good
reason, namely, the observation of secretory activity across multiple layers
of cells, as in the plant root, the frog’s skin, and the ciliary epithelium. The
absorption of KNO, by the plant root is a process of active transport
between the epidermal cells, which remove the salt from the soil or other
nutrient medium, and the stele into which it is finally exuded as root-sap.
Between this epithelium and the stele, however, there are successive layers
of cells, and we have to consider whether the salt is actively transported by
one cell-layer, excreted into the interstitial fluid in contact with the next
layer, actively transported through the next layer, and so on, until it is
finally exuded into the stele. This would appear to be a most inefficient
process, involving separate acts of transport by each successive cell-layer.
If a mode of extracellular active transport could be imagined, and at
present I refrain from drawing any picture of a hypothetical mechanism,
it might well provide a more efficient mechanism for the transport through
successive cellular layers than one based on the more conventional view of
active transport through cells.

The ciliary epithelium in the eye seems to present a similar problem,
since it is made up of two layers of what appear to be secretory cells.
Aqueous humour—essentially a solution containing the non-colloidal
plasma constituents of which the main cation is sodium—appears to be
secreted continuously from the cells of this tissue; the actual mechanism
whereby the fluid is driven out of these cells is still a matter of speculation.
In line with present thought on the active transport of sodium, we may say
that the secretory cells actively extrude this ion from their inner surfaces
into the acceptor region (the posterior chamber); as a result of this extrusion
anions and water follow and the remaining constituents, e.g. potassium,
sugar, urea, etc., may follow by simple diffusion from the secretory cells or
through the intercellular spaces. If this is the essential basis, once again we
must postulate a double process, involving secretory activity by the two
layers in series. If the secretory cells contained normally a high internal
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concentration of sodium the work done in forming the aqueous humour
would, of course, not be very high, and it would not be of much energetic
significance if the process of formation were repeated by the second cellular
layer.

One generally assumes that cells have a high internal concentration of
potassium, in which case sodium must be excreted out of the cell against
a high gradient of electrochemical potential and repeated excretion would
have much greater energetic significance. It is worth remembering, how-
ever, that certain cells actually contain sodium as their predominant cation,
e.g. the erythrocytes of the cat and dog. It would certainly be interesting
to determine the potassium content of the cells of the ciliary epithelium.
One hypothesis that I entertained for some time was that the aqueous
humour was essentially an ultrafiltrate from the blood plasma, forced
between the cells of the ciliary epithelium, and that these cells modified the
filtrate by excreting sodium into it to produce finally a hypertonic fluid as
found experimentally. If such were indeed the mechanism of formation of
the fluid, the energy requirements would be low, the route of penetration
of the various constituents being almost completely extracellular. On
injecting various substances into the blood and measuring their rate of
appearance in the aqueous humour we should not expect to find any
marked differences in rates, since the theory postulates essentially a bulk
flow through intercellular spaces. A detailed examination of this ‘blood-
aqueous barrier’ revealed just the opposite, however, the rates of penetra-
tion of such substances as glucose, urea, sucrose, amino-acids, creatinine,
etc., being so markedly different as to indicate that these molecules must
pass a highly selective barrier-—such as could be constituted by the ciliary
epithelial cells—before penetrating. It seems very likely, therefore, that
the aqueous humour is, indeed, elaborated within a cellular tissue and
extruded from this as a characteristic secretion. It would appear from the
studies of the secretory epithelia that they constitute, from the point of view
of passive permeability, exceptionally tight barriers to diffusion of sub-
stances that normally pass through cells with great difficulty; in other
words, that the intercellular spaces must be exceptionally small and by no
means comparable with the extracellular spaces of the capillary endo-
thelium.

The eye does, indeed, present an apparent exception which on further
investigation seems to ‘prove the rule’. Sucrose, raffinose and plasma
proteins actually do penetrate the blood-aqueous barrier; because of the
rapid drainage away of the aqueous humour, through non-selective channels,
back into the blood, the concentration of, say, serum albumin, is only a
small fraction (about 19,) of the concentration in the plasma; nevertheless,
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this indicates a definite leak, presumably through intercellular spaces, of
molecules of very high molecular weight. The evidence indicates, however,
that the leak does not occur through the secretory ciliary epithelium but
rather through the anterior surface of the iris over which the aqueous
humour flows on its way out through Schlemm’s canal. The rates of pene-
tration of such high-molecular weight substances as have been examined,
e.g. sucrose and raffinose, suggest that the substances pass through holes
large by comparison with the size of the penetrating molecule (Davson &
Matchett, 1953). It is probably in this manner that various antibodies and
enzymes find their way into the aqueous humour. To speak teleologically,
it is in this manner that the physiological disadvantages of a highly selective
barrier, such as is constituted by a secretory epithelium, are overcome.
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THE CONCEPT AND DEFINITION OF
ACTIVE TRANSPORT

By THOMAS ROSENBERG

Steno Memorial Hospital and Nordisk Insulinlaboratorium,
Gentofte, Denmark

A glance at the titles of the contributions to this Symposium indicates that
the problem of ‘active transport’ has become of considerable interest, not
only for its own sake but also in relation to general problems of intermediary
metabolism. New topics, such as nerve stimulation and recovery (Hodgkin,
1951), have been included, and certain observations (Lehninger, 1951)
indicate that very similar phenomena of transport across membranes also
occur in intracellular particles, especially mitochondria. In spite of the
importance of the problem and the large amount of excellent experimental
work which has been devoted to it recently, its detailed mechanism has
been elucidated in scarcely a single case. The reasons for our meagre know-
ledge at the present moment probably lie mainly in the difficult nature of
the problems and in the experimental inaccessibility of the systems which
have been investigated. However, one must also consider the possibility
that we have so far formulated our questions unfavourably owing to un-
suitable basic concepts. This is suggested by the fact, among others, that
at present active transport cannot be sufficiently characterized by numbers,
and there is no clear definition of its concept which might serve as a base
for a measure. Even if most workers in this field feel rather clearly what is
meant by this concept, it is not primarily a phenomenon, pre-existing in
nature, which can be recognized without being defined. There have been
numerous analogous situations in the history of science. Carnot, in 1824,
recognized rather clearly the physical meaning of the second law of thermo-
dynamics, but he could not arrive at a definition of the concept of entropy.
This was done 26 years later by Clausius, who could then give the general
formulation of this law. I think that one should not regard questions of
terminology as a mere formality. Hazy definitions and fundamentals are
not only signs of the incompleteness of our knowledge, but also often the
main obstacles to attempts to gain further theoretical and practical insight.
Fundamental definitions have varying functions in the study of a group
of allied phenomena. In the early stages they facilitate the collection of the
necessary empirical data by differentiating between superficially similar
phenomena. In later stages they assist in the formulation of models and in
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the comparing of analogous groups of phenomena and thus in the under-
standing of the basal mechanisms. In the final stages they render possible
the immediate recognition and classification of relevant phenomena in the
study of new systems and the complete cataloguing of the whole group of
phenomena. I think that as regards the problem of active transport we are
in the second stage, and that therefore the replacement of more or less
diffuse concepts by clearer definitions is of special importance. I would
like, in connexion with these considerations, to quote a passage from Irving
Langmuir: ‘The progress of modern science depends largely upon (1)
giving to words meanings as precise as possible; (2) definition of concepts
in terms of operations; (3) development of models (mechanical or mathe-
matical) which have properties analogous to those of the phenomena which
we have observed’ (Langmuir, 1929).

Early in the development of this field active transport has been con-
trasted with diffusion, which signifies the movement of a substance along a
concentration gradient by reason of the thermal movement of the molecules.
The quantitative aspects of the latter phenomenon had been worked out by
Fick (1855), who formulated the so-called diffusion laws. Although the
movement of a large number of substances across cell walls could be
expressed satisfactorily by the diffusion equations, it soon became evident
that these equations were not applicable to the movement of all substances
in the living organism. The most obvious exceptions were found among the
most important cell metabolites such as carbohydrates and amino acids,
also cations and anions, water, and a number of other substances. For such
exceptions the expression ‘active transport’ was coined, which was designed
to convey the idea of the active participation of the cell in the movement of
the substance. It includes the concept that the cell can use part of the
energy derived from metabolism in regulating and influencing the rate and
direction of transport. The significance of such an influence can be manifold:
accumulation of certain substances within or without the cell in order to
create optimum living conditions; the preservation of substances which
are of importance to the cell or to the larger organism; or the elimination at
increased rate of toxic substances or metabolic end-products.

If one tries to describe somewhat more closely such concepts as were
gradually combined under the general heading of ‘active transport’,
neglecting vitalistic considerations, one might say: by active transport is
meant the transport of substances across one or more cell membranes which
is influenced not only by the force responsible for passive diffusion, but
also by other forces which are maintained and regulated by the metabolism
of the cell.

The nature of the forces implied by such a description is unknown, as is
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their connexion with metabolism, and the question arises: when can one
conclude that the transport of a substance is merely due to the force of
diffusion? Generally it is difficult to reach a conclusion, partly because
Fick’s equations are not expressions of absolutely valid laws, but apply to
ideal limiting conditions, and partly to our fundamental ignorance of
conditions within the membrane. This forces us to make use of finite
differences of concentrations instead of concentration gradients and to
neglect structural properties of the membrane. For the estimation of the
errors which are thus introduced experimental data are generally lacking.
Fick’s well-known first diffusion equation is

dc;

where s; is the amount of substance ¢ which is transported per unit time
across the cross-sectional area 4 normal to the direction of diffusion, D its
diffusion coefficient and de;/dx its concentration gradient. This equation
was originally set up by analogy to heat conduction rather than derived from
first principles. Only considerably later did van Laar (19o7) and Einstein
(1908) work out derivations which under certain assumptions lead to (1).
These derivations were based on the introduction of a force, the force of
diffusion, which can be identified, in modern terminology, with the negative
value of the chemical potential gradient ( — du;/dx). The term ‘force of diffu-
sion’ will be used in this sense here when applied to uncharged components.
Assuming infinitely dilute solutions, expressed by du,=RTdInc;, and a
high resistance, one obtains an equation of the form (1); when not limiting
the case to ideal conditions, the diffusion equation has to include an additional
term with the gradient of the activity coeflicient. In connexion with these
derivations it is to be noted that the application of terms like force and
resistance which are taken from analogous mechanical processes cannot be
regarded as justified a priori, but needs the confirmation of empirical and
statistical-thermodynamical methods. An extended diffusion theory, which
also considers the effect of other forces, has been presented by Onsager
(1931, 1945).

With regard to experimental evidence it is often taken as indicative of
active transport, if one of the following factors exerts an effect different from
that which it would be expected to exert on normal diffusion:

(1) Concentration. The rate is no longer a linear function of the difference
in concentration on both sides of the membrane; especially at higher con-
centrations saturation phenomena may occur.

(2) Competition by chemically similar substances. This is analogous to the
just-mentioned saturation phenomena.
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(3) Temperature. The temperature coefficient may be unusually high,
of the same order as that of enzymic reactions.

(4) Skght structural modifications of the penetrating substance. The rate
can be completely different for structurally related substances, even those
with similar molecular size or lipoid solubility, for instance, optical
isomers.

(5) Intensity of metabolism. The penetration may often be dependent
on simultaneous supply of oxygen.

(6) Effect of enzyme activators and inhibitors. In certain cases penetration
can be completely inhibited by enzyme poisons.

Some of these phenomena show that the penetration of certain substances
can be subject to regulatory mechanisms. Such mechanisms, however,
need not be equivalent to the participation of additional forces or of the
energy yielded by metabolism. One has to remember that although changes
in the rate of penetration can be due to changes in the driving forces, they
can equally well be due to changes in membrane resistance which depends
on its structure. This structure in turn might depend largely on such
factors as concentration, temperature, and occurrence of enzymic reactions
remaining normal. Perhaps the biologist is often interested primarily in
the existence of such control mechanisms and less in the question of whether
they are due to changes in the resistance or of the driving forces. Since,
however, there operate completely different mechanisms in the two cases,
it seems desirable to differentiate between them.

It should also be mentioned—as Danielli (1943) has pointed out—that
an ‘abnormal’ dependence of the rate of penetration on temperature and
molecular size of the penetrating substance is to be expected if the passage
of phase boundaries and microdiscontinuities are rate-determining steps.
If at such phase boundaries only a limited number of free places is available
to the diffusing substance, one might expect both saturation phenomena
and competition. Dr Wilbrandt and I (unpublished) have calculated the
case of a model with such an adsorption layer, and have found that in the
case of the human erythrocyte the dependence on concentration of the
penetration of glucose would not be inconsistent with such a structure.
For other reasons, however, a carrier mechanism was suggested in this
case. In addition, there is the often discussed possibility of a mosaic-like
structure of the membrane with transport paths of varying chemical and
structural specificity. Finally, it should be noted that even the dependence
of penetration on enzymic reactions is no definite proof for its dependence
on metabolism. It is possible, for instance, that a substance at the mem-
brane undergoes an enzymic transformation independent of cell metabolism
to an isomeric molecule, which might then be the one actually transported.
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A method of testing for passive penetration, introduced by Ussing
(1949, 1951), depends on new principles. It involves the application of
two different isotopic forms of the diffusing substance, and has already
yielded very valuable results, especially regarding the behaviour of in-
organic ions. However, this method also has its limitations in the applica-
tion to the present problem, as has also been pointed out by Ussing. I will
not discuss the practical difficulties which arise when the method is applied
to a substance, the participation of which, in metabolism cannot be neglected,
but also for theoretical reasons it only gives an unequivocal answer to the
present question if the substance under investigation does not undergo
complex formation or any other interaction within the membrane either
with itself or with other mobile membrane constituents. In such cases the
diffusion currents of the two isotopes are not independent of each other.
Thus in the case of the simple diffusion of benzoic acid through a layer
of benzene we would find a deviation from the test equations for passive
penetration, since in benzene benzoic acid occurs mainly associated as
double molecules. An examination of the applicability of these methods
to model membranes would appear to be of great interest.

The demonstration of transport from a lower to a higher potential
(uphill transport) is a certain indication of the participation of forces other
than of diffusion, and in my opinion, at the present time such a demonstra-
tion is the only certain criterion of active transport considering our ignorance
of membrane structure and the available methods. For that reason I have,
in an earlier discussion (Rosenberg, 1948), limited the definition of active
transport to such cases. Even if such a definition appears as too narrow for
many biological purposes it has several advantages, so that in every case a
special treatment for uphill transport appears desirable. Thus one can draw
conclusions as to a general mechanism by considering the numerous non-
biological cases of transport against potential gradients. It is also possible
to express a given uphill transport in terms of the amount of substance
transported and the difference in potential. Finally, the demonstration of
uphill transport is based solely on experimental evidence without re-
quiring assumptions regarding membrane structure or mechanism.

A broader definition could be based on the above-mentioned description
of active transport and formulated in the following manner: active trans-
port is the movement of a substance which is influenced by other forces in
addition to the chemical (or analogous) potential gradient of this substance.
An advantage of this definition would be that it would roughly cover the
usual concept and permit a theoretical treatment, whereas a disadvantage
would be the difficulty of the experimental determination of whether a
given transport is active if it is not an uphill transport.
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I would further like to add that the thermodynamical and statistical
treatments of irreversible phenomena during the last two decades have
greatly improved our understanding of the problems of the transport of
matter. Thus a number of systems which do not follow Fick’s equations
can be given a satisfactory and quantitative treatment by the above-
mentioned theory of Onsager (1945), and also Brensted’s (1946) concepts
have led to good results. These same theories, however, show us the limita-
tions to which the applicability of all treatments up to now is subject. Thus,
for instance, the integration of the relevant differential equations can only
be carried out, if all conditions prevailing along the transport path are
known. In Onsager’s theory, values of potential difference and flow must
be known for all quantities. Such theories are therefore of only limited
value for the quantitative treatment of membrane systems of unknown
structure with flows of unknown nature. A further limitation is that such
theories are only valid for those systems which are not far removed from
equilibrium. Transports which are induced by sudden fundamental
structural changes of short duration can apparently not yet be treated in a
satisfactory theoretical manner. Further, the possibility might be con-
sidered of whether in some case the very observation of a membrane
transport is able to induce changes in the factors affecting the transport
which cannot be neglected. Such a situation is known from atomic physics
and is there expressed by the so-called uncertainty relations.

I will not consider these limitations in what follows and discuss a few
somewhat simplified and schematic models in order to approach somewhat
more closely the problem of the nature of the additional forces and their
connexion with metabolism. Problems of the mechanism of the coupling
with metabolic processes not only play a role in the case of active transport
but also in the case of many analogous problems, e.g. muscular contraction
or the formation of energy-rich phosphate bonds. In such cases one would
often first ask the question: with which part of the total metabolism are
these processes coupled? In the case of muscular work the required energy
is evidently derived from the metabolism of carbohydrate. Such a con-
clusion does not, however, lead us to the mechanism of the coupling, for,
as is known from the work of Lundsgaard (1930), the muscle can also work
without the simultaneous utilization of carbohydrate as long as a reservoir
of energy-rich phosphate bonds is available. We can illustrate the situation
by means of a general scheme (Fig. 1). Let this scheme illustrate ametabolic
reaction chain, for instance, the metabolism of glucose, which leads from
the initial compounds G, via a number of more or less reversible reactions
to the end-products G,,. Branch chains are linked to this main chain by
coupling mechanisms, the nature of which is generally not known and
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which are represented by cog-wheels. For as soon as the nature of such
mechanisms is known, they can be described by chemical equations or
transports. That is due to the fact that from an energetic point of view a
chemical substance can only either be transformed chemically or trans-
ported. The coupling between coenzyme oxidation and phosphorylation
of ADP is thus at the present moment still to be represented by a cog-wheel,
whereas the corresponding phosphorylation during the oxidation of
phosphoglyceraldehyde can be largely represented by chemical equations
(Warburg & Christian, 1939; Racker & Krimsky, 1952).

Assume that in such a branch chain there is a certain active transport,
e.g. A; ~ Ag The conclusion that this transport is dependent on the
metabolism of glucose is of course correct and can be important. However,
it leads to no clue as to the nature of the link and the mechanism of the

*‘@“"@—* '''' — [
[a]=<[a]  [B]=[s]

Q

RO

s
coupling. We can, however, consider this mechanism more closely by
studying the process A; -~ A, which yields directly the energy for the active
transport. Although, of course, no specific information can be given con-
cerning this process, one can make two general statements: (1) the process
can also be described as a transport, and (2) the forces acting on it can be
represented by the gradients of a limited number of thermodynamic
potentials or homologous entities.

In this general form the above statements apply not only to such metabolic
schemes but are also valid for non-biological coupled transport processes.
For the purpose of illustration transports across cell membranes are, of
course, among the least suited examples, since it is just there that we have
no insight into detailed conditions. On the other hand, one can choose
models from the numerous non-biological instances where the movement
of a substance is not entirely due to the force of diffusion. Especially

among the separation and isolation procedures in the laboratory there are
several processes which involve the movement of a substance from a lower

Fig. 1.
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to a higher chemical potential. This occurs, for instance, in ultracentrifuga-
tion, electrolysis, distillation of mixture, electro-osmosis, thermo-osmosis
and many others.

Before considering in more detail these or similar examples, let us
examine a system which is regarded as normal with respect to the usual
conditions of diffusion. Suppose a diffusion tube, placed horizontally,
contains two substances 7 and % and is closed at both ends by membranes
which are permeable to 7 and impermeable to k. The state in all parts of the
tube is defined by conditions of constant temperature, constant pressure
and by a stationary flow of 7. Let the chemical potentials in two cross-
section elements I and II separated by a distance of dx be u;+du; and g;.
In addition to this system let us consider two phases I’ and 11 of the same
composition as the two cross-section elements. During the reversible
transfer of one mole of 7 from I’ to IT’, assuming the absence of other com-
pensatory processes, this system does work equivalent to du; and loses an
equal amount of energy. Let us assume an equal loss of work during the
diffusion of one mole of 7 from I to II. The natural expression for the force
causing such a movement is then the negative value of this loss of work
divided by the distance dx. K = —%‘3—: —%’%"E K,;. On these relations are
based the derivations of the diffusion equations.

Let us now consider the corresponding transport in the diffusion tube
placed vertically. In this case the corresponding loss of work is no longer
dp;, for the transport of the substance involves a simultaneous transport of
mass in a gravitational field. This portion of the energy change is repre-
sented by a term M,;d¢, where M, is the mass of one mole of 7 and ¢ the
gravitational potential. The total decrease in energy during the corre-
sponding reversible transport is therefore du;+ M;d¢. The force acting on
the transport, again represented by the negative value of the loss of work
divided by the distance, is thus: K= —%= —‘—fi‘% - iii—) =K, +K,.
We thus have here an example of an additional force, K,,, acting on the
transport of a substance. This force is, of course, capable of causing chemical
uphill transport, as happens, for example, in the ultracentrifuge.

In a similar manner chemical potential gradients can be used for lifting
mass. An example of this is well known from text-books of plant physiology.
It was originally designed by Askenasy and concerns the lifting of water in
high trees (Hulett, 1903). The model consists of a vertical glass tube which
is filled with water and is closed at the upper end with a porous gypsum
plate permeable to water vapour. On evaporation of a certain amount of
water through the gypsum plate an equivalent mass is raised from below
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to the top. We will not concern ourselves with the stability of the system
nor with the correctness of its reproduction of the natural process, but
rather with the energetic mechanism and the force which is responsible
for the uphill transport of mass in this system. Since the water within the
tube is in equilibrium, when no evaporation occurs, there must be—as we
have just seen—a chemical potential gradient which in this case exactly
compensates the effect of the gravitational potential gradient. We thus have

. . dp; d

in each cross-section: K= —22i_ i—gi
dx dx

the water and therefore also its vapour pressure is thus lower at the top

than at the bottom. The driving force for the lifting of the mass is thus the
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Fig. 2.

chemical potential gradient and the mechanism is the coupled movement
of chemical matter and mass along the two potential gradients. The state-
ment that here the energy is due to the evaporation is of course not in-
correct, since the transport is due to the evaporation. It could, however,
give the erroneous impression that the heat of evaporation or the work of
evaporation are concerned in it. The value of the former, for 18 g. of water,
is approximately 10,000 cal., that of the latter about 600 cal., whereas the
work for the reversible raising of this amount of water through a tube, for
example, 25 m. in length, would be 1 cal. This work equals the difference
in the chemical potential at the top and at the bottom.

The result of these processes can be formulated as follows. When the
movement of chemical matter is obligatorily bound with the movement of
mass along a gradient of the gravitational potential, then there acts on this
transport an extra force in addition to the chemical potential gradient.

3-2
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Energetically therefore a complex of chemical matter and mass is con-
ducted along the combined potential gradients.

We have based this result on the change in energy or the loss in work
during the corresponding reversible transfer. Now, the energy equation
in the form given originally by Gibbs has several terms, all of the form JdQ,
where J represents an intensity with potential character and Q a quantity.
This equation is an expression of the experience that differential energy
changes can be specified quantitatively as thermal, spatial, mechanical,
chemical, electrical, etc. In the same way, however, we are able to specify
the forces involved in the transport of matter (or in other transports).

Let us again consider two phases I’ and I1" with the chemical potential
M;+dp; and p; and the pressures p+dp and p. The reversible transport of
one mole of 7 from I’ to II’ again results in the loss of work du;, but only
on the assumption that no volume is transferred at the same time. If, how-
ever, we transfer together with 7 the volume v,, then the total loss of work
is given by du;—v;dp. By applying this relation to the diffusion of a sub-
stance one can thus conclude that a pressure gradient can act as an additional
force on transport and that such an action must be effective when under
the given conditions the transport of matter and volume are dependent on
each other. The total force on the transport is then

d4  du; 4
K= s —£?+vi£=Km+Km,
where v, is the volume which is being transported coupled to the transport
of one mole of 7.

These considerations show not only the formal similarity but also the
difference between the action of the gradients of pressure and gravitational
potential. When the latter is involved in a transport, there is always an
additional force, K, which is of constant value for a given transport. That
is due to the fact that chemical substance cannot be transported without
mass and that the ratio between quantity of matter (number of moles) and
mass (number of grams) is always the same. Pressure gradients, on the
other hand, do not act on the transport of matter if this latter is not coupled
to volume transfer, and in such coupled transports the volume which is
bound to the movement of one mole of 7 can be variable. The same con-
ditions as in the action of pressure gradients obtain when temperature
gradients are considered (entropy movement with a variable amount of
entropy S; per mole i) as well as the gradients of other chemical potentials
du,/dx (movement of substance 7 coupled to 7 with a variable amount #,;
per mole 7). On the other hand, electrical charge transport is analogous to
transport of mass if the substance in question does not during the transport
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participate in redox reactions and so alter its charge. It is therefore possible
and also advisable for theoretical reasons to identify the force of diffusion of
ions with the negative value of the electrochemical potential gradient:

K=—- ‘%: —‘% —ze - (2;€=ionic charge, and ¥ the electrical poten-
tial). In the same way one can, in systems in the field of gravity, define
the force of diffusion as the negative gradient of a gravitational-chemical
potential. Such a treatment is, as mentioned, not possible for the gradients of
temperature, pressure and other chemical potentials. Since in these cases
the corresponding quantities may vary during the coupled transport, the
additional forces are also variable and depend on special conditions during
transport. For the achievement of a chemical uphill transport, for instance,
by a thermal force it is therefore especially favourable to choose a transport
path along which the amount of entropy accompanying the substance is
particularly large. The vapour phase is therefore favourable as transport
medium for chemical uphill transport between two liquid phases.

Considerations of the properties of the transport path leads us directly
to the answer of the question: Of what practical value are such seemingly
abstract relations? The most important possibility is probably that the
search for the additional forces and special mechanisms is given a certain
direction. For this, examination of the conditions for the coupling of trans-
ports within the membrane is of special importance. Generally one would
say conditions are especially favourable for coupling if an uncoupled trans-
port of the isolated quantities concerned is difficult or impossible, that is,
when the membrane is not permeable to the single quantities separately.
For instance, an effective use of temperature gradients for chemical
transports requires a relatively low thermal conductivity of the membrane.
Effective chemical uphill transports are also dependent on low back-
diffusion, i.e. on low permeability for the substance in question.

In connexion with this one can make the striking observation that in
biological systems the substances which undergo definite uphill transports
apparently all have a strongly hydrophilic character, whereas cell membranes
under conditions of normal diffusion seem to be especially permeable to
organophilic substances. Thus it would seem reasonable to search for
organophilic transport complexes formed by the hydrophilic substances in
question. This would direct attention especially on other chemical potential
gradients as additional forces, for a hydrophilic substance can only become
organophilic through chemical transformation. We deal here mainly with
the question of models in order to approach more closely the problem of
the driving forces and the mechanism of coupling. Not many models have
been described in the literature illustrating the just-mentioned coupling,
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but the guaiacol models of Osterhout (1940) deserve interest in this
context.

Let us examine more closely an example of these models. T'wo identical
aqueous solutions I and IT of potassium chloride and the potassium salt
of guaiacol are separated by an organic, guaiacol-containing layer. The
introduction of carbon dioxide into solution I then induces a transport of
K+ from II to I, which leads to the accumulation of potassium in I. In this
uphill transport of potassium ions the guaiacol-potassium compound un-
doubtedly acts as the penetrating transport complex. The force which
causes the transport of potassium ions therefore also contains a term with
the electrochemical potential gradient of the guaiacol ion (G™) and can, in
complete analogy with the previously presented examples, be represented

by: K=Kg:++Kg-x+= —d/;;“ —ng-g+ dg::- . Here ng-g. gives the

amount of G~ which is transported while coupled with 1 gram-equivalent
of K+. Ina quantitative treatment of this model the expression would have
to be modified because of a possible participation of undissociated guaiacol
(GH) in the transport processes.

It is worth while to study this model a little further, for it illustrates two
other problems which are of interest in this connexion. One is the depen-
dence of the additional driving force, Kg-g+, on a chemical reaction,
the second is the chemical cause for the formation of the transport complex.

On introduction of carbon dioxide into solution I the following reaction

takes place: CO,+H,0+G™ -~ GH+HCO; .

Since the guaiacol ion is consumed in this reaction there arises a concentra-
tion gradient or potential gradient of this ion. This acts as a driving
force on the potassium ion, because the guaiacol ion cannot diffuse by
itself through the organic phase, but only in combination with the potassium
ion. We can express this connexion more clearly and generally by indexing
the equation above:

COzm + H20(D + G&I) — GH(I) + HCO;(I)

The connexion is thus based on the fact that the reacting substances,
carbonic acid and the guaiacol ion, are separated by a layer or membrane and
cannot come in contact with each other without carrying along the potassium
ion.

The chemical problem is why the potassium compound is soluble in the
organic medium, and this question is certainly not answered sufficiently by
simple salt formation. General chemical experience shows that conditions
for the existence of alkali ions as such in organic solvents are extremely
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unfavourable. Only such compounds can be expected to be organophilic
in which the charge is effectively shielded. In the case of ions of heavy
metals very many such organophilic compounds are known, especially the
so-called chelate complexes. Thus the copper complexes of f-dicarbonyl
compounds like acetyl acetone and the esters of acetoacetic acid and
oxaloacetic acid are sparingly soluble in water and easily soluble in non-
polar solvents. An uphill transport of copper ions by the mediation of these
substances could thus easily be effected. Guaiacol also belongs to this class
of chelate complex formers. The formation of complexes of this kind is due
to formation of rings, usually of 5 or 6 members. Although the tendency
of alkali ions for the formation of chelate complexes is much weaker, it
nevertheless definitely exists as many findings have shown. While in the
case of the ethylene diamine tetraacetic acid (Schwarzenbach & Ackermann,
1947) the sodium complex is more stable than the potassium complex, the
reverse seems to be the case for f-dicarbonyl compounds (Sidgwick &
Brewer, 1925). Several of the last-named complexes are easily soluble in
toluene. Also the complexes with sodium and potassium of di-g-naphthol
sulphide, containing an 8-membered ring, have a low solubility in water
and are easily soluble in ether (Evans & Smiles, 1937). Several years ago
we carried out a series of measurements of the electrical potentials in
systems with artificial lipoid membranes to which were added such chelate
complex formers (S. O. Nielsen & Th. Rosenberg, unpublished). We noted
relatively strong potassium-binding effects of the esters of acetoacetic acid
and oxaloacetic acid while sodium was bound less strongly. Dr Wilbrandt
in Berne then studied the effect of diethyl oxaloacetate on the cation distribu-
tion in erythrocytes, but found none. One will thus have to look for more
stable complexes for such effects. Also it is likely that the solvent pro-
perties of cell membranes are not characterized sufficiently by such de-
scriptions as organophilic or lipoid.

It follows from the treatment which has been applied here that what we
observe as active transport is the transport of only one part of an unknown
transport complex, whereas the total transport of the whole complex is
never active. In observing an uphill transport one can thus conclude that
the rest of the transport complex in question is transported ‘downhill’ and
that this furnishes, owing to coupling, the energy for the uphill transport.
For this rest the term ‘energetic carrier’ was introduced in a previous
paper (Rosenberg, 1948) because of its just-mentioned function. In order
to avoid possible misunderstandings of this term, I would like to emphasize
that there is no question of suggesting a special carrier mechanism of active
transport, but merely of supplying a description which is essentially
equivalent to that of the transport being under the influence of additional
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forces. The difference is mainly a specification of the forces which can act
on transport of matter at all, and also of the conditions under which such
an action becomes effective. On the other hand, the chemical organophilic
transport complexes may be considered as a special application of these
Considerations of coupled transport.

Summarizing one can set up the following points:

(1) The concept of active transport should be clearly defined in the
interest of the elucidation of the basic mechanisms.

(2) Such a definition cannot be based merely on deviations from the
normal diffusion equations. First, one cannot presume that the diffusion
behaviour is ‘normal’ during the penetration through structures like cell
membranes, and secondly, we have frequently no possibility of differentiating
between changes in the diffusion resistance and changes in the driving
forces.

(3) A definition of active transport as transport under the influence of
other forces in addition to the force diffusion (defined as the negative value
of the chemical or electrochemical potential) is therefore only of limited
practical applicability because of the difficulties in demonstrating such
forces.

(4) A method introduced by Ussing, which is based on the use of
isotopes, makes possible the demonstration of passive penetration if no
specific interaction between the diffusing substance and mobile com-
ponents, including the diffusing substance itself (association), occurs in the
membrane.

(5) A chemical uphill transport, defined as transport from a lower to a
higher chemical (electrochemical) potential, is proof for the action of
additional forces, independent of the structure or of other processes in the
membrane.

(6) Justlike theforceof diffusion, the additional forcesmay be represented
by gradients of potentials or analogous thermodynamical entities. Gradients,
as, for instance, the gravitational gradient, that of pressure, of temperature
or of other chemical potentials, act as additional forces when the corre-
sponding quantities mass, volume, entropy, or other chemical components
move coupled with the substance in question.

(7) The general nature of the coupling during transport can be studied in
well-known model systems. For the combined action of several chemical
potential gradients the solubility of the transport complex and of its
separate components is of decisive importance.
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SECRETION AND TRANSPORT OF WATER
By J. R_.ROBINSON

Department of Experimental Medicine, University of Cambridge

I. INTRODUCTION

There is now general agreement that ions are transported actively across
cell membranes, but there is no such agreement about active transport of
water. Water is certainly moved across cell membranes, but its movements
might be secondary to those of ions. If ions are transported across mem-
branes which are permeable to water, water must tend to follow because
of differences in osmotic pressure set up by the alterations of ionic concen-
tration. "This is transport of water; it is even in a secondary sense active
transport of water in so far as the primary transport of ions is active. But
it is strictly passive so far as water is concerned, because the movement is
one which, given the gradients of ionic concentration, would occur spon-
taneously. Rosenberg (1948) and Ussing (1949) have stressed that trans-
port which can properly be called active differs in direction or in rate from
what could be expected on the basis of gradients of chemical or electro-
chemical potential, and that, since it is not a spontaneous process, it can
only continue so long as there is a supply of energy (e.g. from some meta-
bolic source) to maintain it.

I want to consider the possibility that active transport of water in this
stricter sense, even against osmotic gradients, occurs quite commonly in
living systems—that cells can pump water, as such, with some sort of
water-pump, and not merely secondarily by means of ion pumps. The
evidence is not so complete or compelling as one could wish, but the
possibility may have received less consideration than its deserves, and it
leads to new ways of looking at old problems. That must be the excuse for
following a rather speculative trail which future work may show to be
false. It has been suggested that it is a beneficial intellectual exercise to
practise believing impossible things, even if only before breakfast
(Carroll, 1872).

II. FRESH-WATER PROTOZOA
Protozoa living in fresh water keep their osmotic pressure higher than that
of their habitat; they accumulate ions and they require finite concentrations
of metabolites. The concentrations within their cells have been measured
in a variety of ways, e.g. by electrical conductivity (Gelfan, 1928), by vapour
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pressure (Picken, 1936) or by finding the lowest external concentration
which will cause the organisms to shrink. This last method has been
exploited particularly by Kitching (1934, 1936, 1938) in forms which
possess contractile vacuoles. These vacuoles seem to excrete water which
diffuses in from the environment because the osmotic pressure is higher
inside the organisms. Metabolic poisons which stop the movements of the
vacuoles cause the organisms to swell, and the external osmotic pressure
which is required to prevent swelling when the vacuoles are not functioning
can be determined.

Such experiments as these have suggested that the excesses of concentra-
tion on the inner sides of the cell membranes which form the body walls
of Protozoa are of the order of o-or-o-05osm/l. these correspond to
osmotic pressures of the order of 170-850 mm. of mercury. Since it
cannot be supposed that the cell membranes withstand differences of
hydrostatic pressure of this order, the stability of these organisms cannot
be explained simply by accumulation of ions and retention of metabolites
within a semipermeable membrane. There seem to be three other
explanations:

(1) The membranes are quite impermeable to water. This does not
explain the osmotic behaviour of the organisms.

(2) The membranes are permeable to solutes as well as to water. This
way round the difficulty is no more satisfactory. T'he contents of the
organism would exert no osmotic pressure, but neither would they remain
inside; they would escape and the organism would shrink. Active retention
of any kind would presumably cause the membrane to behave as if semi-
permeable.

(3) Water is extruded actively as fast as it diffuses in under the influence
of the osmotic gradient. This is the explanation which I prefer. When there
is a contractile vacuole the extrusion of water can actually be seen. Kitching
has shown how vacuolated organisms swell when the vacuoles are inhibited,
and how the vacuoles cease to function if the ingress of water is checked
by raising the external osmotic pressure. These organisms are not in
osmotic equilibrium with their surroundings while they are alive, but they
keep their volume constant and their contents hypertonic as a steady state
by pumping out water. 'I'he energy which this requires must be provided
by metabolism. Organisms which do not possess contractile vacuoles
presumably pump water outwards across some part of the body surface by
a mechanism which may be the same as that which transports water across
the membrane of the contractile vacuole in a vacuolated organism.
Kitching (1952) has pointed out that the emptying of the vacuole to the
exterior could be explained mechanically by a very small excess of hydro-
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static pressure, whereas a secretory process must probably be invoked to
explain its filling. This secretion of water must be carried out across one
layer of vacuolar or cell membrane, like the secretion of sodium which
maintains a low concentration of sodium in mammalian cells bathed in
sodium-rich extracellular fluids.

III. AQUATIC METAZOA

More complex fresh-water animals have body fluids which are considerably
hypertonic, and marine teleosts keep their body fluids hypotonic to the
environment. These fluids surround most of the tissue cells and provide
them with a local environment with which they are usually supposed to be
in osmotic equilibrium. Schlieper (1930) pointed out the important
implication that the osmotic pressure of the body fluids needs to be care-
fully guarded, because it regulates the volume of the cells. We shall return
later to the question how far cells and body fluids are truly in osmotic
equilibrium. Meanwhile it is clear that, at the frontiers which separate the
body fluids from the aquatic environment, there are layers of cells whose
opposite poles are in contact with solutions which differ in osmotic pressure.
It is not necessary to discuss the various devices which reduce the area of
living tissue in the frontiers (shells and scales, for example) or which
protect it, like the slime which seems to reduce the permeability to water
of the body surface of eels (cf. Schlieper’s reviews, 1930, 1935, and Krogh’s
book, 1939). Even if much of the surface is so shielded, there are osmo-
regulatory organs where the internal and external environments with their
different osmotic pressures are separated by a layer of living cells. Here
work is done to preserve the differences in osmotic pressure which are so
important for the life of the animals.

IV. TERRESTRIAL ANIMALS
Frontiers of this kind which separate fluids differing in osmotic pressure
also occur in terrestrial animals. Human saliva and sweat may have osmotic
pressures half that of the fluid on the other side of the secreting epithelium,
and greater osmotic gradients occur across the secreting epithelium which
lines the convoluted tubules of mammalian kidneys. Human urine may
be more dilute than sweat, and it may also be four times as concentrated as
the plasma (Smith, 1951). The urine of some desert mammals may attain
to higher degrees of concentration than this; the record seems to be held by
a kangaroo rat studied by Schmidt-Nielsen, Schmidt-Nielsen & Brokaw
(1948) with a urine of which the total concentration was nearly 6 osm/l.
The kidneys and the sweat glands therefore provide good examples of
epithelia separating fluids with different osmotic pressures; moreover, the
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epithelia lining the renal tubules and the sweat glands are only a single cell in
thickness, so that these cells must sustain huge osmotic gradients.

There may be a closer analogy than is at first apparent between Protozoa
and the cells of osmoregulatory organs. The cytoplasm in the cells com-
posing a living membrane which lies between two fluids with different
osmotic pressures cannot be truly in osmotic equilibrium with both of
them. Consequently an osmotic gradient must exist across a single layer
of cell membrane at one pole of the cells at least. The production of
anisotonic secretions has usually been regarded as a function of complete
layers of cells, the secretory work being done in the cytoplasm. When the
human kidney is producing maximal concentrated urine, the concentration
of the fluid at the luminal pole of a cell lining the distal tubule may be
1-2 osM/l., compared with o-3 osM/l. at the opposite pole, for there is
evidence that the reabsorbed fluid under these conditions is at least as
dilute as the plasma (Chambers, Melville, Hare & Hare, 1945). What then
is the osmotic pressure of the cytoplasm? And where is the osmotic work
carried out? Water must either be actively transported into the cells at the
luminal poles, or else out of the cells at the opposite, basal, poles. In the
former case, the cytoplasm must have a lower osmotic pressure than the
body fluids in general for water to flow out spontaneously into the peri-
tubular interstitial fluid in contact with the basal ends of the cells. This
situation is not analogous to that in the Protozoa; it corresponds to a marine
protozoon with hypotonic contents. In the latter case the cytoplasm must be
kept hypertonic to the body fluids by active extrusion of water at the basal
ends of the cells into the peritubular interstitial spaces. Reabsorption at
the luminal pole could then be passive, for water would flow into the cells
down an osmotic gradient. The urine could be concentrated up to a limit
fixed by the maximal attainable intracellular osmotic pressure; but the
limiting concentration would only be reached at low rates of urine flow
because the rate of transport across the basal ends of the cells would set
an upper limit to the rate at which water could be reabsorbed. Recent work
by Ladd (1952) discussed by Homer Smith (1952) suggests that the final
process by which the human kidneys elaborate a hypertonic urine may be
a reabsorption of water unaccompanied by solute against an osmotic
gradient (between urine and blood) at a rate of not more than 2-3 ml./min.
Hence a process analogous to that which must operate to keep the contents
of unicellular animals more concentrated than their surroundings could
account for the known behaviour of mammalian kidneys, only it would have
to operate at one pole of the cell, and not symmetrically all round its
surface. There is an obvious histological difference between the basal and
the luminal poles of the cells of the renal tubular epithelium. The basal
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ends show striations which are due to the parallel arrangement of mito-
chondria packed closely together at right angles to the basal surface of the
cells. This would be consistent with a secretory process located at the end
of the cell remote from the lumen; it is perhaps analogous with the
grouping of mitochondria round contractile vacuoles, where a similar
extrusion of water may be occurring.

To sum up, there is no doubt that differences in osmotic pressure exist
across cell membranes in fresh-water Protozoa and in certain glands and
excretory organs of higher animals. In the former active transport of water
across a single thickness of cell membrane has to be postulated, and the
same fundamental process could account for the other examples of secretion
of water.

V. MECHANISM

Not much has been published to explain how such a process of active
transport of water might work. Mechanisms like the diffusion pump which
Franck & Mayer (1947) proposed require the cytoplasm to be divided into
compartments by semipermeable partitions. They might move water from
one end of a cell to the other end, and so pump it across a layer of epi-
thelium, but it is hard to visualize them pumping water across one thickness
of membrane either into a less concentrated environment or into a contrac-
tile vacuole. Thermo-osmosis provides a possible mechanism, which
Dr Spanner is going to discuss. The alternate expansion and contraction
of polypeptide chains combined with a cyclic alteration in their hydration
might provide a pump within a membrane (Goldacre, 1952), and there are
hints that the membrane may be a more complex organ than has been
supposed. Sjostrand (1953) has resolved some double membranes with
the electron microscope in secreting cells and around mitochondria, which
is interesting because Bartley & Davies (1952) suggested that mitochondrial
membranes perform secretory work. There seems to be an association
between double membranes and secretion, and they might contain the
secret of the water pumps. But it is not yet known how water is pumped;
an explanation may, however, be found if it is admitted that there is
something to explain.

VI. OSMOTIC EQUILIBRIUM OF BODY CELLS IN
HIGHER ANIMALS
Reasons have been advanced for believing that some of the cells in
secreting organs cannot be in equilibrium with the body fluids which
bathe them, and we must now return to the question whether the other
cells of higher animals are truly in osmotic equilibrium with these fluids.
It seems somehow natural and reasonable to regard cell membranes as
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semipermeable, and aqueous solutions separated by such membranes as in
osmotic equilibrium. This hypothesis has been of great practical value in
clinical medicine, for it has enabled alterations in the volumes of the
various body fluids to be correlated with alterations in their composition,
and it has satisfactorily accounted for most of the observed shifts of body
water between the cells and the extracellular fluids. It explains, for
example, the paradox that a deficiency of sodium produces a more severe
form of dehydration than a pure deficiency of water (McCance, 1936;
Marriott, 1947). Some account has been given elsewhere of how this
simple and attractive view grew up (Robinson, 1953).

It was known that there was a greater total concentration of fixed base
in the water in the cells than in the extracellular fluids, but this had been
ascribed to a Donnan equilibrium, for the cells were presumed to contain
considerable amounts of protein and other polyvalent and non-diffusible
anions (cf. Newburgh’s (1950) lucid account from the traditional stand-
point). J. P. Peters (1935, 1944), who did perhaps more than any other
investigator to preach the gospel of osmotic equality to the medical world,
explained the apparent excess of osmotic material inside cells, and the fact
that intracellular base sometimes varied without appropriate shifts of water,
by postulating that a variable portion of the fixed base in cells is bound in
some osmotically inactive form (Peters, 1937-8; Danowski, 1951). The
manner of binding is unknown, and the amount bound can only be
arrived at by assuming that the cells are in osmotic equilibrium, so that
this assumption can only be preserved (as a dogma) by placing it beyond the
possibility of experimental proof. The great attractiveness of this hypo-
thesis can be seen from the fact that, if it is true, the osmotic pressure of the
inaccessible intracellular fluids can be determined in living animals and
men by analysing samples of extracellular fluids, of which blood plasma is
typical and easy to obtain. But we have already seen that some of the cells
in the body cannot have the same osmotic pressure as the extracellular
fluids, and there is evidence which suggests similar inequalities in others.

Attempts to determine the osmotic pressure of cell fluids cryoscopically
have been made from time to time since Sabbatani (19o1) reported a
greater depression of the freezing-point of water in the parenchymatous
organs of dogs than in their blood. This sort of discrepancy has always
been found, and seems to have been accepted at its face value by workers
who have used the method, although the results might be affected by
autolytic changes occurring in the organs post mortem. However, Sabbatani
had found that the usual difference in osmotic pressure between the blood
and the liver was abolished by poisoning with phosphorus, and Géméri &
Molnar (1932), who used the same method, found that differences in
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osmotic pressure between a number of organs and the blood of rabbits
disappeared in the terminal stages of water intoxication. It seems that
phosphorus poisoning and water intoxication had abolished either a normal
hypertonicity of the cells, or the post-mortem autolytic changes.

VII. OSMOTIC PROPERTIES OF ISOLATED TISSUES

It has been known for some time that isolated tissues swell in solutions
which have the same osmotic pressure as the body fluids which bathed the
tissues during life. (See Robinson (1953) for some references to the earlier
literature.) Opie (1949) found with pieces of the liver and kidney of rats
that solutions of sodium chloride of about twice the osmotic pressure of
the body fluids were needed to prevent this swelling, and suggested that the
cytoplasm normally had a greater osmotic pressure than the extracellular
fluids in the body. These results might also have been due to autolysis, if
the membranes had remained impermeable to its products; but Opie (1950)
found that the cells of the liver and kidneys swelled when the animals were
poisoned with chloroform or potassium chromate, and that the behaviour
of the isolated tissues then suggested that the poisoned cells, unlike normal
ones, had been in osmotic equilibrium with their surroundings in the body.
This was also true of the livers of rats poisoned with carbon tetrachloride,
but the cells of those rats which did not die of the poisoning became hyper-
tonic again when they recovered. These effects of poisons recall Sabbatani’s
(1901) old observation that phosphorus abolished the difference in freezing-
point between the liver and the blood in the dog, and suggest that Opie’s
results also need not be dismissed as artefacts arising from autolysis.

VIII. OSMOTIC PROPERTIES OF SURVIVING
TISSUE SLICES

The use of sodium chloride instead of a balanced saline medium might
have contributed to the swelling of isolated tissues observed by Opie, but
I have observed the same behaviour in thin slices from the livers (Robinson,
19524a) and kidneys (Robinson, 19504) of rats in a medium which repro-
duced the ionic pattern of the extracellular fluids well enough to support
respiration at a constant rate for several hours. Swelling was measured by
the percentage of water in the tissue, for experiments with inulin had
suggested that alterations in the amount of water in kidney slices reflected
changes in the volume of the cells. The important point which emerged
was that Opie’s results were only confirmed when respiration was inhibited,
for instance, by cyanide or by chilling to 0-4° C.; or when the metabolic
reaction patterns were dislocated with 2, 4-dinitrophenol (Robinson,
19505). Chilled slices swelled unless the medium had about twice the
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normal concentration of extracellular fluids, and the cells in slices poisoned
with cyanide at 38:5° C. roughly doubled their volume in supposedly
‘isotonic’ solutions. They did not swell in these same solutions when
respiring normally, and they swelled surprisingly little when respiring in
hypotonic solutions. _

An essentially similar relation of water balance to respiration had been
reported by Aebi (19504) for liver slices from the guinea-pig, and by
Stern, Eggleston, Hems & Krebs (1949) for the liver, spleen, kidney, lung
and brain of the same animal. The latter authors found that slices from all
these tissues swelled under anaerobic conditions and concluded that some
mechanism dependent upon the supply of energy was the dominant factor
in regulating exchanges of fluid between the cells and the medium. Anoxia
and cyanide might have damaged the cells irreparably, but the swelling
which occurred when respiration was inhibited with cyanide turned out to
be fully reversible when cyanide was distilled out of the medium and the
oxygen uptake recovered (Robinson, 1950a). This suggested that Opie was
right to believe that these cells were not in osmotic equilibrium while they
were alive; but that their volume was regulated, and the osmotic pressure
of their contents was kept above that of their surroundings, as a steady state,
by some process which used energy derived from respiration to pump
water outwards across the cell membrane. When the pumps stopped for
lack of energy the cells had to swell. The action of 2,4-dinitrophenol
suggested that energy was made available through the mediation of
adenosinetriphosphate, and approximate calculations made for the kidney
slices suggested that the amount of energy required to maintain the steady
state was roughly proportional to the measured oxygen consumption, and
that its absolute value was reasonable. Swelling in hypotonic surroundings
would be anticipated if the pumps could not speed up to cope with the
more rapid diffusion of water into the cells down a steeper osmotic gradient.
The cells in slices respiring in hypotonic solutions did swell, but they
swelled less than cells in osmotic equilibrium would have been expected
to do, and also less than cells whose respiration was suppressed. Hence the
volume of respiring cells reacted to changes in external concentration in
the direction expected for cells in osmotic equilibrium, but to a smaller
extent and for a different reason. I had made a few experiments upon
liver slices before the work of Aebi and that of Krebs’s team was published,
with the idea that these would serve as controls and show the behaviour
of kidney slices to be peculiar; but when the liver slices behaved in much
the same way it began to look as though this sort of behaviour might be
more general than I had supposed. This work has been published, and it
remains to deal with a few points which merit further discussion.

E B S VIl 4
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IX. THE IMPORTANCE OF EXTRACELLULAR PROTEIN
Experiments upon tissue slices may fail in two main ways to reproduce
conditions in wvivo. First, Black (1953) has revived the suggestion of
Trowell (1946) that the interstitial phase is a gel rather than a free fluid, but
there is little information available upon this point. The fact that no extra-
cellular fluid escapes from the cut surface of a dead tissue may mean only
that water has been absorbed by cells which have been deprived of oxygen
and have ceased to pump it out. Secondly, the media used in most mano-
metric work contain no protein. It is not certain how much protein the
interstitial fluids contain in the body: Drinker & Yoffey (1941) suggested
that lymph might contain half as much as the plasma; but if the function
of the lymphatics is to return to the blood stream protein which has
escaped from the capillaries, lymph may contain more protein than inter-
stitial fluid in general; how much more is uncertain. The cells of the renal
tubules are probably surrounded by a fluid which contains very little
protein, for the glomerular filtrate contains hardly any, the volume
produced each hour is about 30 times that of the whole kidney, and all but
a small percentage is reabsorbed. Hence a protein-free medium is probably
physiological for experiments upon kidney slices, although the same may
not be true of the liver, since this organ manufactures most of the protein
of the plasma, and the hepatic lymph is especially rich in protein. In any
case the colloid osmotic pressure of the extracellular fluids must be trivial
compared with their crystalloid osmotic pressure.

Parry (1936) found that the proteins of dogs’ serum did not prevent the
swelling of excised portions of rats’ muscle in ‘isotonic’ saline media.
Aebi & Meyer (1951) found that liver slices from guinea-pigs only behaved as
osmometers with respect to substances of high molecular weight when the
cell membranes had lost their semipermeable behaviour with respect to
ions (see later, p. 57). An earlier paper of Aebi (19508) had shown that
serum increased the oxygen consumption of liver slices by up to 2009, by
supplying metabolites, so that its action could not be ascribed simply to
its colloidal osmotic effects. Suggestions that proteins prevent cell
membranes from becoming leaky do not help; a cell might shrink if a leaky
membrane allowed the contents to escape, but it should hardly swell.
Finally, it is improbable that the use of protein-free media vitiated the
experiments upon isolated tissue slices, because slices did not swell in
protein-free media if their respiration was satisfactory, and the swelling
which followed inhibition of respiration with cyanide was reversible in the
absence of protein.
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X. THE MAGNITUDE OF THE INTRACELLULAR
OSMOTIC PRESSURE
The weakest point in this dynamic theory of the water exchanges of
living mammalian cells is that it has still not been demonstrated directly
that the intracellular fluids are hypertonic. Potts (1952) made some direct
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Fig. 1. Estimated intracellular hypertonicity and oxygen consumption of rat kidney slices
respiring in media of different concentrations. Concentration of medium: @, o-30 osm/l.
(‘isotonic’), including experiments in presence of cyanide. ®, o'19 osM/l. A, 0-06 osm/l.
O, 0'12 osM[l. X, 0-03 osM/l.

measurements by a micro-cryoscopic method and found that muscle cells
of Mytilis edulis and eggs of Psammechinus miliaris were in osmotic equili-
brium with their surroundings, but it remains to apply this method to cells
which might not be expected to be in equilibrium. I estimated (Robinson,
1950a) that the cells of kidney slices might have an internal concentration

4-2
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of 0-52 osM/l. when respiring in a medium of 0-30 osm/l. The corresponding
figures for slices respiring in media of other concentrations may be obtained,
assuming the membranes to behave as semipermeable, by taking the
internal concentration as m = 0-52/s,, where s, is the relative volume of cell
water determined from the observed percentage of total water in the
slices (s,=1-00 in vivo, when the external concentration m,=0-30). Fig. 1
shows (m,—m,) plotted against the oxygen consumption of slices in
0-30 osM media with and without the addition of cyanide, and of slices in
four more dilute media without cyanide, and reveals a clear relation between
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Fig. 2. Effect of concentration of external medium upon volume of cells in respiring tissue
slices (expressed as ‘ Relative volume of cell water’, s.). , calculated from equation (2)
®, observed (Robinson, 1950a).

the estimated intracellular hypertonicity and the oxygen consumption of
the tissue. Moreover, approximately the same concentration difference
appeared to be maintained across the cell membrane in all these external
solutions, whose concentrations ranged from 0-03 to 0-30 osm/l.

The amount of swelling to be expected if a constant difference in
concentration was maintained across the cell membrane can be predicted
and compared with that which was observed. The condition for a constant
ditference in concentration is

(0’52/5c)—mo=K- (I)

But since in vivo s, =100 when m,=o0-30, K=0-22, and

.= A— —. (2)
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The smooth curve in Fig. 2 shows s, calculated from (2); the points are the
averages from experiments in different media. The cells did not shrink so
much in hypertonic media as was predicted, but their behaviour in dilute
solutions agreed well with equation (2). Moreover, (2) predicts a finite
volume (corresponding to s,=2-36) for slices in distilled water, whereas if
the cells were in osmotic equilibrium and their membranes had remained
semipermeable their volume should have become infinite. This point may
not be merely of academic interest, for human urine can approach the
concentration of distilled water quite closely. Hence the osmotic behaviour
of the slices is consistent with a constant internal hypertonicity maintained
by active transport of water.

XI. CONCENTRATION OF FIXED BASE IN CELLS

In an effort to gain more direct evidence of internal hypertonicity in
respiring cells the total amount of fixed base (Na+ K+ Ca+ Mg) was
determined in kidney slices under various conditions (Robinson, 19525).
The concentration of fixed base was higher in the cell water than in the
medium, and the difference was about the same in a o-17 0sM as in a
0-30 osM medium; but it could not account for a difference in total con-
centration greater than 0-07 osm, compared with the value of 0-22 suggested
for (m,—m,) above. The larger estimate was based on osmotic behaviour
and the smaller on determination of cations only, but it is generally sup-
posed that electrolytes are responsible for most of the osmotic pressure
exerted across cell membranes. An interesting point about this difference
between the concentration of base inside and outside the cells was that it
was abolished by chilling or by cyanide. The similarity between this and
the effect of chilling and cyanide upon respiration, rather than the magni-
tude of the difference, suggested that it was due to an active process.

Some alternative interpretations must now be considered very briefly.
The osmolar value of divalent cations is only half their chemical equivalence,
but there is no reason to suppose that the cells contained enough divalent
cations to account for the excess of total base without osmotic imbalance
(McCance & Widdowson, 1946). Intracellular cations held by the electro-
static attraction of indiffusible anions should contribute to intracellular
osmotic pressure. Conway (1945) suggested that most of these anions were
substances of low molecular weight like creatine-phosphate, carnosine and
adenosine triphosphate, which presumably also contribute to intracellular
osmotic pressure. Hodgkin (1951) concluded that little if any potassium
in the cells of excitable tissue is bound, and Klotz (1952) pointed out that
no proteins so far examined bind sodium or potassium in complexes which
should nullify their osmotic activity. Protein anions of large valency
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making small contributions to osmotic pressure might account for what has
been called ‘osmotically inactive base’, though it is the accompanying
anion that is relatively inactive. The amount of base that could be held in
this way should depend upon the relation of the isoelectric point of the cell
proteins to the intracellular pH, neither of which is known. It has been
suggested that the contents of some cells are more acid than their sur-
roundings (cf. Davson, 1951), and I did some very crude experiments
which have confirmed this for the cells of kidney slices. These slices will
accumulate phenolsulphone-phthalein (phenol red), a substance which is
actively excreted by the kidney, for more of it may appear in the urine than
in the glomerular filtrate formed at the same time (Smith, 1951). Slices
from rat’s kidneys incubated at 38:5° C. in the oxygenated medium used
for manometric experiments also took up:

(1) tetrabromo-m-cresol-sulphonephthalein (=bromocresol green),

(2) dichlorophenol-sulphonephthalein (= chlorophenol red), and

(3) dibromothymol-sulphonephthalein (=bromothymol blue).

Table 1
L ) Bromocresol Chlox'-ophenolﬁ— -“Bromothymol
Indicator green red blue
pH range 4'0-5°2 5:0-67 6:0—7-6
Colour of slice Blue-green Pink Yellow
Slice + acid Yellow Yellow No change
Shice + alkali No change Red Blue-green

Table 1 shows the pH ranges of these indicators, the colours of slices
which had taken them up from media buffered at pH 7-4, and the final
colours produced after placing drops of N/10-HCI and N/10-NaOH upon
stained slices. The colour changes produced by acid or alkali were delayed:
nothing happened for about a minute, and then the colour suddenly
changed, so that the staining of the slices was presumably due to dye within
the cells, and the delay to the time taken for the reagent to penetrate the cell
membranes. The cytoplasm in slices respiring in a medium of pH 7-4 thus
appeared alkaline to bromocresol green, acid to bromothymol blue, and
within the range of chlorophenol red, suggesting that the intracellular pH
was around §-5, but this must be regarded as an extremely rough estimate.
A pH of 55 is not far removed from the isoelectric points of many proteins
(Schmidt, 1945; West & Todd, 1951), although the isoelectric points of
intracellular proteins other than those of muscle do not seem to have been
determined. The amount of base held in cells by the electrostatic attraction
of protein anions is therefore likely to be small, and it would not be easy
to explain the swelling which occurs when respiration is inhibited by acid
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metabolites of low molecular weight lowering the intracellular pH and
providing osmotically active partners for cations which were previously
balanced by polyvalent protein anions of low osmotic activity. A large
amount of swelling has to be explained, for the cells may double their
volume when poisoned by cyanide. Moreover, only metabolic products
to which the membrane is impermeable could account for the swelling, for
although the increase in cell volume was complete in a few minutes, it was
maintained for several hours. These considerations may make it easier to
believe that the excess of base in respiring cells indicates an excess osmotic
pressure of their cytoplasm.

XII. ‘WATER PUMPS’ VERSUS ‘ION PUMPS’

If intracellular hypertonicity can be accepted, there seems little alternative
to postulating active transport. Moreover, the cells swell when the trans-
port system is deprived of its sources of energy. A transport system which
opposes swelling must be directed outwards; and if it leads to a higher
concentration inside the cell, it must be transporting water. The problem of
how far the phenomena could be accounted for by, say, a sodium pump,
and the swelling by water entering cells along with sodium when this pump
is stopped, can be approached experimentally by working in sodium-free
solutions. Kidney slices from rats respired satisfactorily, at least for an
hour, when the sodium chloride in the usual media was replaced by choline
chloride. Table 2 shows the percentages of water in slices in sodium-free
media of different concentrations, compared with the corresponding values
in ordinary media (Robinson, 19504), both when the slices were incubated
at 38:5° C. and when their metabolism was suppressed by chilling. When
respiration was suppressed choline solutions prevented swelling slightly
better than sodium-containing solutions, so that a small part of the swelling
might have been due to the entry of water accompanying sodium. Columns
2 and 4 demonstrate the same inverse relation between swelling and
respiration in sodium-free as in ordinary media. The differences in water
content between column 4 and column 2 cannot be ascribed to the entry
of water following sodium into the slices, because there was no sodium
outside to enter. Slices also took up water in sodium-free solutions when
their respiration at 38-5° C. was inhibited by cyanide. Hence respiration
appeared to be opposing the entry of water, rather than that primarily of
sodium.

In some experiments still in progress small concentrations of a mercurial
diuretic (thiomerin) increased the amount of water in respiring kidney
slices out of proportion to the effect upon oxygen consumption. Mercurial
diuretics are generally supposed to act by stopping active real;sorp_tjgn_qf
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sodium by the renal tubules, so that it appeared that this swelling might be
the consequence of stopping a sodium pump. But further experiments
showed that the effect of thiomerin was about as great in sodium-free
solutions as in the ordinary media, which again points to a system trans-
porting water independently of ions.

Table 2. Percentages of water in adult rat kidney slices in ordinary
and sodium-free solutions of different total concentration

Concentra-

tion of Chilled to o—4° C. Respiring at 38-5° C.

medium

osM/l. Na-free i Na present Na-free | Na present

o @ @ | e

o012 858 ‘ 850+ 08 81 9 } 81 9+1 o
o'19 831 | 837%08 785 | 785%07
o'30 804 816413 77°s 77°5+08
045 768 78415 766 l 75'4%0°3
o'58 747 | 758%18 765 | 76'5to08

Ion pumps are presumably operating as well, and it is hoped that more
work with mercurial diuretics may help to sort out their relations to the
water pumps which also seem to exist. Aebi (1951, 19524, b) made
a detailed study of the influence of the conditions of incubation upon the
properties of liver slices from guinea-pigs, and although he did not make
use of metabolic inhibitors, his results resembled those I had observed
with slices of the liver and kidney of rats. The main difference was that an
inverse relation between the respiration and the water content of the slices
was not always present, notably when calcium was omitted from the media,
i.e. under relatively unphysiological conditions. Aebi’s main conclusion
was that conditions of incubation which were unfavourable for the
retention of potassium within the cells were associated with a reduced
consumption of oxygen, with swelling by uptake of water, and with
more rapid disintegration of the cells shown by a faster loss of nitrogen
from the slices. (The effects of lack of calcium upon the loss of nitrogen
were remarkably similar to those published by Robinson (1949) on rat-
kidney slices.) Aebi (1952a) suggested that the processes which controlled
the water and the ionic contents of the slices were somehow linked, and
perhaps possessed a common mechanism. Sodium entered the slices when
potassium escaped, and this would be expected to follow the stopping of
a sodium pump which normally kept the concentration of sodium in the
cells low, and so kept that of potassium high, as has been proposed in the
case of excitable tissues (Hodgkin, 1951). There is no reason on this
hypothesis why the cells should swell if the sodium pump stops, for entry
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of sodium is balanced by loss of potassium (except for a slight swelling
which might arise from the somewhat greater osmotic effectiveness of
sodium ions compared with their equivalent of potassium; cf. Hill, 1950).
Ion pumps might, however, influence swelling indirectly in a rather
important way, if the functional semipermeability of the cell membranes
were to depend upon the dynamic separation of sodium and potassium
which they maintain. If sodium and potassium could diffuse freely across
the membranes in both directions, external sodium chloride could exert
no osmotic pressure, and its concentration would not be expected to
control the volume of the cells osmotically. This may explain Aebi &
Meyer’s (1951) observation that the volume of the cells was controlled by
colloidal osmotic pressure under conditions which prevented active osmo-
regulation and allowed intracellular potassium to be exchanged for
sodium.

A sodium pump could perform two functions. It could maintain the
characteristic difference in ionic pattern between intracellular and extra-
cellular fluids, and thus also account for the apparent semipermeability of
membranes which tracer studies have shown to be really permeable. It is
doubtful how far a sodium pump could at the same time control the
amount of water in the cell. Experiments in sodium-free media suggested
that it could not account for the osmotic behaviour of the cells in surviving
slices, and that there is in addition a water pump to provide independent
control of the volume of the cells and of the tonicity of their contents. If
these two separate pumps exist they are more likely to have a common
source of energy than a common mechanism.

XIII. ‘CLOUDY SWELLING’

If exchanges of water which influence the volume of the cells depend upon
the metabolism of the cells as well as upon external osmotic pressure, it
might be anticipated that shifts of water could occur in the body which
were not the consequences of changes in the composition or the concentra-
tion of the extracellular fluids. A few examples of shifts of this kind have
been produced experimentally, notably by Hamburger & Mathé (1951,
1952). They found that in poisoning with carbon monoxide or with
sublethal doses of cyanide, and in experimental acidosis and histamine
shock, water moved into the cells, with a reduction in the volume of
distribution of thiocyanate, and an increase in plasma protein concentration
and haematocrit, denoting a diminution in the volume of circulating blood.
Shifts of this kind have really been known for a long time, although they
have never been regarded in this light, for the phenomena of cloudy
swelling are recognized in the parenchymatous organs by pathologists at a
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high proportion of post-mortem examinations. Cloudy swelling occurs
especially in association with toxic conditions, fevers and anoxia. It is one
of the mildest forms of cellular damage that can be recognized at autopsy,
and in its earlier and less severe stages it is reversible (Bell, 1913; Moon,
1951). This suggests that there is a primary functional disturbance which
precedes later modifications of structure. From the chemical standpoint the
characteristic change is an increase in the amount of water in the affected
tissues; the cells are swollen; yet they remain surrounded by body fluids
whose osmotic pressure is not diminished. They resemble the cells of
slices whose respiration is inhibited, and swelling of this kind is just what
would be expected to occur if the water pumps ceased to function properly.
Moreover, the results of Opie & Sabbatani (cf. p. 48) with poisons which
produce cloudy swelling, suggested that these poisons abolished a normal
hypertonicity of the cell contents. Cloudy swelling might be due to an
increase in the amount of osmotically active material in cells in osmotic
equilibrium; but it might also be due to the failure to maintain a normal
steady state of disequilibrium. This might also explain the watery vacuola-
tion of liver cells which Trowell (1946) found to be associated with anoxia,
and to be reversible when the cause was removed.

A further characteristic of cloudy swelling is that the mitochondria
within the cells are swollen ('Tiirk, 1913; Anitschkow, 1914, 1923; Duthie,
1935). Mitochondria swell when the osmotic pressure of the cytoplasm is
reduced by placing cells in hypotonic solutions. Opie (1948) suggested that
cell inclusions of this kind might be regarded as intracellular osmometers.
Zollinger (1948) showed that mitochondria swelled if they were released
into isotonic saline solutions by rupturing the cell membrane, which
suggests that the osmotic pressure of the cytoplasm is normally greater
than that of these ‘isotonic’ solutions. This is also consistent with the
experience of Hogeboom, Schneider & Pallade (1947, 1948) that hypertonic
solutions had to be used in order to prepare isolated mitochondria from the
liver and kidney of rats without the loss of their staining reactions. Hence
the behaviour of mitochondria may indicate that the fluid within certain
cells has a greater osmotic pressure than the surrounding interstitial fluid,
although some recent work has made another interpretation possible.
Bartley & Davies (1952) found considerable concentration ratios for some
common ions between isolated mitochondria and the media in which they
were studied; and Raaflaub (1952) discovered an inverse relation between
the oxygen consumption and the swelling of isolated mitochondria in
suspensions, which is reminiscent of the behaviour of cells in tissue slices.
It is therefore possible that the behaviour of the cells might be the reflexion
of the behaviour of the mitochondria.
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There seems to be a choice here between hypertonic mitochondria
bathed in a cytoplasm which is osmotically in equilibrium with the extra-
cellular fluid, and mitochondria in osmotic equilibrium with a cytoplasm
which is kept more concentrated than the extracellular fluid. Poisoning in
the first case would stop secretion of water outwards across the mito-
chondrial membranes, and so the mitochondria would swell, and the cells
would take in water to allow them to do so, but without increasing the
volume of cytoplasm outside the mitochondria. In the second case
poisoning would cause the cells to swell and come into <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>