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Obituary Notice. The first named author of the following survey, Professor Dr. WerNER KUHN, died in Basel on the 27th of August, 1963,
at the age of 64. Experientia has lost one of its most stimulating and many-sided natural scientific contributors (publications on questions of
the physico-chemical constitution of the earth, on ageing, on the structure of the fiber-molecule, on contractility, on separation of substances,
and other subjects), one, who to the highest degree, was capable of dealing with fundamental general biological problems and of establi-
shing basic physical-chemical methods, such as artificial wuscle fibers, artificial kidneys and artificial swimbladders, which have proved
to be of particular valuc for the understanding of living processes.
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The Filling Mechanism of the Swimbladder
Generation of High Gas Pressures through Hairpin Countercurrent Multiplication

By W. Kuhn, A. Ramel, H. J. Kuhn, and E. Marti*

1. Introduction. Many species of fish possess a gas-
filled swimbladder, and it is well known that the fish
make use of this organ to control their buoyancy wher-
ever they live, in shallow water at sea level or at great
depth in the sea. Thus, in order to retain neutral buoy-
ancy the total pressure of the gases inside the bladder
must be 1 atm at sea level or, e.g., 100 atm when living
at the depth of 1000 m. But the function of the bladder
cannot be restricted to retention of neutral buoyancy
alone; the pelagic fish in the top 1000 m frequently
make extensive vertical migrations (Kampa and Bo-
DENY), and if they are to retain neutral buoyancy
everywhere, they must secrete gas as they descend and
reabsorb gas as they rise.

Biot? noted that the swimbladder of fish caught at
great depth must have contained gas at very high pres-
sure and that the gas was almost pure oxygen. The
first quantitative analyses of swimbladder gases ob-
tained from deep-sea eels were reported by SCHLOESING
and RicHARD3. A typical example of their results in a
specimen caught at 900 m was: oxygen 75.19,, nitro-
gen 20.5%,, carbon dioxide 3.19,, and argon 0.4%,.
Almost a century after BroT’s experiments, HUFNER?
communicated the striking discovery that the swim-
bladder of white fish (Coregonus acronius) from the
bottom of Lake Constance at a depth of 60 to 80 m con-
tained 999, nitrogen. Accordingly, the nitrogen tension
in the bladder at the depth at which the fish was caught
must have been 6 to 8 atm. Similar findings were re-
ported by SAUNDERS®, TaiT®, SCHOLANDER, VAN Dam,
and EnNNs?, who found virtually pure nitrogen at 10
atm pressure in the swimbladder of several species of
fresh-water physostomes captured from the depths of
Lake Huron and Lake Michigan. The swimbladder of
cyprinids (goldfish}, too, is normally filled with nitro-
gen. The purity of the gas is such that PRIESTLEY,
when no nitrogen of comparable purity could be pre-
pared, used to withdraw it from the swimbladder of the
carp purchased at the market {quoted in pE Four-
CROYS),

Recent investigations have confirmed and extended
the earlier work. ScHOLANDER and vax Dam?® and
SCHOLANDER have studied gas taken from the swim-
bladders of fish living down to 1400 m. They included
also analyses for argon. The general picture emerging
from these and earlier studies is as follows:

{a) The deeper the fish live in the ocean, the greater
the percentage of oxygen becomes; it often accounts
for over 909, of total gas.

{b) In the special case of rather low depth (from sea-
level to sometimes over 200 m), on the other hand, the
nitrogen tension in many cases increases linearly with
depth (SCHOLANDER' or DENTONY). Nitrogen in these
cases appears to be secreted as a constant fraction of
oxygen secretion. The ratio py [po, characteristic for a
certain species lies usually between 2 to 159,

(c) The argon-nitrogen ratio lies reasonably close to
1.18 x 10-2, the value found in air.

A notable exception to this general picture appear
to be the aforementioned coregonids and cyprinids.

To complete our survey of the composition of swim-
bladder gases, we should recall also the very important
experiments on direct stimulation of gas secretion
(MoreaU'?) and analyses of the freshly secreted gas of
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fish living in shallow water. (Deep sea fish are not
accessible for such experimentation.) Fish can be in-
duced to secrete gas in several quite different ways
(MoreAU?2, JacoBs!d, AKITA', and FAENGE'). The
new gas secreted in all cases was overwhelmingly oxy-
gen. Carbon dioxide, although often found in appre-
ciable amounts, was never the major constituent but
varied from a negligible amount to a few percent. After
secretion is complete, the fraction of nitrogen (and
argon) rises slowly until finally nitrogen accounts for
the major part of swimbladder gas. This is assumed to
be the result of preferential reabsorption and exchange
of oxygen and carbon dioxide between the swim-
bladder and the surrounding tissue, leaving nitrogen
and argon behind. WITTENBERG !¢ has made a remark-
able further contribution to this type of investigation.
With several species of fish, by carefully removing the
residual contents of the bladder and collecting only the
very freshly secreted gases, he could confirm in five
cases the earlier findings that oxygen is the prominent
constituent. Although the partial pressures of argon
and nitrngen were low, their ratio was appreciably
higher than in air, approaching 2.64 x 102, a value
reflecting the relatively higher solubility of argon in
water. The relative proportions of helium and neon
which are less soluble in water than nitrogen were cor-
respondingly reduced. In two species of trout, however,
the newly secreted gas consisted of 95-999, nitrogen,
and the argon to nitrogen ratio was not different from
that in air.

2. Examination of Current Theories. With these facts
in mind we may examine the present status of theory
about gas secretion into the swimbladder. For a de-
tailed discussion the reader is referred to the excellent
survey of DENTONL. We shall focus attention here
only on points which are directly related to our paper
or for which we believe a critical account is missing
with respect to our concept. There are two crucial
questions to answer by any theory which claims to
solve the formidable task of explaining gas secretion,
where and how. From MARSHALL's description of
abyssal fish!?, there can be no doubt that gases must
be brought into the swimbladder through the com-
bined action of a glandular epithelium, the gas gland
(MULLER®) and vascular structures, the retia mirabilia
(DELAROGHE!). The observed correlation between
functional requirements and the extent to which the
retia mirabilia are developed in these fishes suggest that
the rete must play an essential part in gas secretion.
MARSHALLY? describes in Lionurus filicauda six (!)
retia each of 20 mm length, and in Bassozetus taenia
two retia, each 25 mm long. The anatomical structure
in the swimbladder associated with gas secretion in
these cases must be the gas gland and the retia.
Opinions are divided as to the individual contributions
of these structures to the overall result of the secreting
mechanism. This question, however, is so intimately re-
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lated to the current ideas of their function that we
may proceed to it without delay.

The net result of the process is a transport of gases,
as different in their properties as oxygen, carbon di-
oxide, nitrogen, and argon, agatnst a high dissolved gas
concentration gradient between the ambient sea-water
and the content of the swimbladder. It is therefore a
conspicuous example of an active transport, that is, a
transport requiring free energy for its maintenance.
The main difficulty in explaining the operation of the
swimbladder thus appears to be the generation of high
partial pressures rather than the subsequent main-
tenance by compensation of relatively small diffusion
losses. Although the latter itself is an astonishing ex-
ample of biological engineering, this function was al-
ready early relegated to the rete, which consists of
regular and intimate checkerboard-like intercalations
of arterial and venous capillaries, running parallel, and
thus constituting an efficient countercurrent exchanger
(WoopLanD 0, Harpane?!, Harr?, Jacoss?, Scho-
LANDER and vaN Dam*). The function of the rete in
this respect is often compared with an industrial heat
exchanger (SCHOLANDER!-?). But this comparison,
although accounting for one essential property under
stationary conditions, misses a second fundamental
capacity of the rete, the butlding up of high pressures
toward the end of the rete, when operating as a counter-
current multiplier. An analogous thing, i.e., a preferen-
tial transport of heat toward the vertex, never happens
in a heat exchanger. Thus the picture of the heat ex-
changer should be applied with caution. One is led
astray if one limits the function of the rete by defini-
tion to a mere diffusion barrier, when actually it is
meant to be the locus of pressure generation. This error
occurs frequently in the literature. SCHOLANDER!® was
the {irst to apply to thss problem the countercurrent
multiplier successfully introduced into biology by
Kunn and RyYFFEL?, by HARGITAY and KuHN?, and
further developed by KunN and RaMELZ. But also
SCHOLANDER in his pioneering attempt to apply the
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countercurrent multiplier principle to gas secretion,
appears to have been unaware of this difference. He
formulated the diffusion characteristics of the rete in
two basic equations which in this form are strictly
applicable only to the stationary end-state, in which the
swimbladder is filled and no further gases are secreted
{except for diffusion losses). Hence the equations
should not be used, as is done later on, to discuss secre-
tion rates.

Despite this inadequacy and the oversimplification
in assuming a linear pressure gradient along the capil-
laries of the rete, when in reality an exponential pressure
function should be considered (see section 3(c)), ScHo-
LANDER’s paper is still a very valuable account of cer-
tain operational characteristics of the countercurrent
multiplier system. Prerequisite for such a system to
operate, besides a critical minimum of blood flow, is
the existence of a minute ‘single concentrating effect’. A
small relative elevation of the partial pressures in the
efferent as compared to the afferent capillaries of the
gases to be secreted would lead to a slightly elevated
concentration in the afferent capillaries, if it is assurmed
that pressure equilibration between the capillaries is
possible by diffusion. T'his single concentrating effect
could then be multiplied by an enormous factor through
countercurrent multiplication. Every substance which
reduces the solubility of the inert gases in the venous
capillaries and particularly reduces the binding of oxygen
to blood hemoglobin, would be a candidate for this
pressure elevation. It is obvious after what is said
about the principle features of the countercurrent
multiplier, that if this substance were known, a general
theory accounting for the simultaneous secretion of all
the gases mentioned could be presented. The most likely
candidate is lactic acid, which is assumed to be added
to the blood at the vertex of the retial capillaries
through glandular action of the gas gland (CopELAND %,
FAENGE?S, BALL, STRITTMATTER, and CooPER®). Lac-
tic acid would have the combined action of salting-out
the physically dissolved gases {O,, N,, CO, Ar) and,
through acidification of the blood and the Bohr and
Root effect, would liberate CO, and O, from the hemo-
globin, respectively. Experiments recently carried out
in vive with Anguilla vuigaris (KUHN, MOSER, and
KusN® and subsequently STEEN32) have shown that
during the filling period of the swimbladder, and only
during this period, the lactic acid content in the vein
coming from the rete exceeds the concentration in the
artery leading to it by 20 to 60 mg9%,. It will be seen
that the excess lactic acid concentration found in the
vein of the rete is in excellent agreement with the value
of 45 mg¥, found to be sufficient for the eel, based on
the Bohr and Root effects measured by SCHOLANDER
and van Dam2. To be sure, we are fully aware of the
fact that our proposition is by no means complete.
Other metabolites not found yet (e.g. NH,HCO,) may
have perhaps to be given a supporting role in the over-
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all scheme. Salting-out effects were first proposed by
Kocu?® to account for the secretion of inert gases.
HALpANE?®, HALL®, JacoBs®, and particularly ScHo-
LANDER and vaN Dam®, are to be credited with the
introduction of the Bohr and Root effects as a possible
explanation for oxygen liberation. SCHOLANDER?®,
however, was later led to reject the Bohr and Root
effects as the basis of oxygen secretion. According to
him the essential role of the rete would be a diffusion
barrier. SCHOLANDER and VAN DaM 4, in their excellent
study on oxygen dissociation of blood, have shown that
the Bohr and Root effects at pH 6 were nullified at
pressures above 50 atm in some fish which live and
secrete oxygen at much greater depths, and therefore
could not be the primary pressure reactions. It will be
shown in section 4(b) that this is in reality no serious.
handicap.

In concluding this survey we should mention finally
the interesting theories of WITTENBERG!® and the
WrITTENBERGS3:. In further developing the bubble
theory of POWERS®, WITTENBERG has given this
theory a solid theoretical foundation. It is argued that
secretion of inert gases is a corollary of the secretion of
oxygen (even in fishes whose bladders contain only
nitrogen), and that chemical work is necessary only for
the latter process. It is suggested that oxygen is se-
creted in the form of minute bubbles and that inert
gases diffuse into these bubbles during their formation.
The oxygen bubbles then would carry with them the
inert gases into the swimbladder. The composition of
the gases freshly secreted into the swimbladder as pre-
dicted by his quantitative treatment is in fairly good
agreement with his experimental findings (see above}.
We cannot follow, however, his reasoning in those
cases {e.g. the trout) where his experiments failed to
prove the theory. Most recent experiments on 7inca
tinca (KroHN and P1rpER) appear to support an ac-
tive concentration of inert gases rather than a passive
carrier mechanism in the case of the cyprinids and
coregonids. We believe that a mechanism of inert gas
secretion entirely based on the multiplier principle will
adequately explain the detailed experimental findings
(Kurn and Kusx, in press). The WITTENBERGS,
although in favour of countercurrent multiplication
for the secretion of oxygen, reject the oxyhemoglobin
of blood as the immediate source of oxygen on grounds
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of their elegant experiments on simultaneous transport
of CO and O,. An apparent partition coefficient for a
presumptive common carrier was calculated {rom the
concentration of the gases administered and the gases
secreted. It was found to be 5.4 over the entire concen-
tration range investigated. By comparison of the pro-
portions of carboxy- and oxyhemoglobin in the blood
with the composition of the gases secreted, they were led
to the conclusion that the gases could not have evolved
directly from combination with blood hemoglobin. The
suggestion was therefore advanced that cellular (ac-
tive) oxygen transport from the efferent to the afferent
capillaries, mediated by a common carrier (another
hemoglobin), occurs in the rete mirabile, thus estab-
lishing the single concentrating effect required for
countercurrent multiplication.

We believe that the experimental findings, though
extremely interesting and wvaluable, do not conclu-
sively ensure this interpretation. There is no reason for
the expectation put forward in their paper that O, and
CO would be secreted into the swimbladder according
to the partition coefficient as defined by DoucLas and
HaLpaNE?®. This assumption would only be true if the
complexes were decomposed quantitatively, or at least
to the same relative extent in the gland near the vertex
of the system. RooT and GREEN® have pointed out
that pH change in toadfish blood only affects the
oxygen-binding capacity and practically not at all the
carbon monoxide-binding capacity of this hemoglobin.
This criticism does not invalidate the assumption that
the apparent partition coefficient of the WITTENBERGS
is expressing an intrinsic property of the secretory
mechanism. Its interpretation, however, must await a
careful mathematical analysis of the Bohr and Root
effects on the oxygen and CO-dissociation of toadfish
hemoglobin in connection with countercurrent multi-
plication. See also the remark at the end of section 4(b).

It is the aim of the present paper to elucidate in
detail the function of a countercurrent multiplier, ap-
plied to both the generation and the maintenance of high
gas pressures in the swimbladder. A certain minimum
of mathematical formulae could not be avoided with-
out impairing clarity. For a more rigorous treatment
we refer to Kun~N and Kunn®.

3. Countercurrent Multiplication in the Case of Nitro-
gen or Argon. Countercurrent multiplication is easiest
understood in considering first the concentrating of
inert gases, e.g. nitrogen or argon. The countercurrent
system of the rete (Figure 1) is schematically depicted
in Figure 2. An afferent channel A, and an efferent
channel A,, each of height a, length L, and width 1 cm
(not shown in the Figure), correspond to the afferent
and efferent limbs of the rete capillary system. They
are separated from each other by a membrane, M,
which is assumed to be permeable for the nitrogen (or
argon) dissolved in the liquid, and non-permeable for
the solvent (water) and for the salt. V designates the
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vertex (bend) of the capillary. B represents the bladder
(or 2 manometer) in contact with V, and G the gland
which may produce a defined quantity of electrolytes
(e.g. NH,HCO; or lactic acid) and add them to the
blood passing through V.

The existence of a single concentrating effect, pro-
duced by the addition of salt to a nitrogen solution in
water, will now be explained with the aid of Figure 3a,
b, and ¢ and the multiplication of it with the aid of
Figure 3c-h.

Let the whole arrangement Figure 2 be filled, at the
beginning of the experiment, with a solution of nitrogen
of concentration ¢,. This situation is represented in

Fig. 1. Schematic drawing of the capillary rete mirabile (R.M.) and
the gas gland (G) in relation to the swimbladder wall of the common
cel. The blood derived from the A. coeliaca arrives through the A.
ductus pneumatici which splits into two branches (A). (Only one is
depicted on the diagram.) Each branch then divides into ~ 120,000
capillaries which run paralilel for ~1 ¢cm and assemble again to the
artery A’ leading to the gas gland G in the swimbladder wall (repre-
sented with exaggerated thickness), Here a second capillary network,
coating the entire interivr surface of the wall, is built up. The capil-
laries of the glandular network are collected by vein V’, which forms
a third capillary network of ~ 80,000 venous capillaries closely inter-
mingled with the arterial capillaries of the incoming artery (A),
constituting together the countercurrent system of the rete mirabile
(R.M.) of which the ccl has a set of two. The venous capillaries finally
assemble into the vein V, which is connected with the portal vein
leading to the liver,
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Fig. 2. The hairpin countercurrent system ot the rete is schematic-
ally depicted. Channels /1, and A, correspond to the afferent and ef-
ferent limbs of the retial capillaries. G, corresponding to the gas
gland, is a dosage device through which either salt and/or, for ex-
ample, lactic acid can be added to the blood passing at the vertex (V).
M represents a membrane permeable for the gas, ¢.g. N, or Oy, and
impermeable for the solvent (water) and the substances added
through G. E and I, are the places where the blood enters and leaves
the system. The gases concentrated by countercurrent multiplication
may be transferred to the bladder B in contact with V as soon as the
particular partial pressure exceeds the one inside B.
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Figure 3a, the index 0 indicating the existence in all
parts of the apparatus of the initial concentration c.

(@) The single concentrating effect. We now introduce
fresh nitrogen solution of concentration ¢, through E,
and let the corresponding volume pass from A, through
V into A,. A quantity of salt is added to the solution
when it passes through V by means of the gland, which
increases the salt concentration of the solution by a
small amount Ac,, leaving the nitrogen concentration
(co) practically unchanged. At the end of this process,
the solution in 4, contains nitrogen in the concentra-
tion ¢, the solution in /1, the same nitrogen concentra-
tion and, in addition to this, salt in the concentration
Ac,. This situation is represented in Figure 3b, where
hatching indicates the presence of salt in A, It is
known that salt generally decreases the solubility of
gases in water.

Let A4, be the solubility coefficient of nitrogen in A,;
the partial nitrogen pressure p, of the solution in A,
will then be related to the nitrogen concentration c, in
A, by the well known equation

Cg = Aa pa'

The solubility decrease in A, produced by salt is ex-
pressed in terms of a different solubility coefficient A,.
It is

(3.1)

A,=A,(1—¢-Ac), (3.2)

where ¢ is a parameter specific for the salt, but it is of
similar magnitude for any electrolyte (e.g. sodium
chloride, sodium bicarbonate or sodium lactate) if only
inert gases are considered. It is mainly a consequence
of the electric field produced by the ions in the solution.

If p, is the partial nitrogen pressure of the solu-
tion in /A, of nitrogen concentration ¢, containing
(relative to the solution in A,) an additional salt con-
centration /c,, then, according to (3.2) and in analogy
to (3.1)

c,=A, (1 —e-Ac) - p,. (3.3)
using the abbreviation
g Ac. =96 (3.4)

and dividing (3.1) by (3.3), we obtain (for small values
of 8):

Cq ]‘)a
¢ Pe
Applying this equation to the situation represented in
Figure 3b, where ¢, = ¢, = ¢,, we realize that

po=p. (149)

(generally in the case where ¢, — ¢,), i.e. the nitrogen
pressure in /A, exceeds the nitrogen pressure in /,. In
this case, and always if p, > 4, a transfer of nitrogen
through the membrane will take place until the partial
pressures of nitrogen in the gaseous phase above the
solution in A, and /A, will be equal. The equilibrium

(1+6)- (3.5)

(3.6)
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state, i.e. p, = p, (the thermodynamic equilibrium
with respect to nitrogen) will, again according to (3.5),
be realized when

¢, =¢, (1+9) (3.7

(equilibrium condition for p, = p,).

Notice that (3.7) is independent of the partial pres-
sures and a function only of d (which is related to Ac,
and ¢ through equation (3.4)). If Ac, were 0.02 mol/l
and taking ¢ for nitrogen in an aqueous solution of
NaCl as 0.43 I/mol (Critical Tables, vol. III, p. 275) we
get for d a value 0f 0.0086. According to observations of
STEEN (kindly communicated to us by sending the pre-
prints of a publication to appear in Acta physiol.
scand. 57 (1963)) there would exist a specific solubility
decrease of nitrogen and argon by addition of small
quantities of lactic acid to the blood of anguilla vul-
garis. If this observation is correct, its effect would
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Fig. 3. The continuous process of countercurrent multiplication is
split into a logical sequence of single steps, Figure 3a-Figure 3y,
which lead to a progressive accumulation of N, or O, towards the
vertex V of the system, and finally to a stationary end state as indi-
cated in Figure 3h. The highest gas concentration and correspond-
ingly the highest partial pressures are obtained at the vertex of the
countercurrent multiplier. Hatching of the efferent limb indicates
the existence of a salt increment /¢, or the presence of a small
amount of lactic acid, which leads to a reduced physical solubility or
liberation of chemically bound oxygen from hemoglobin. (For
further description sce text.)
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formally be equivalent to a specifically high value of ¢,
valid for nitrogen and argon in the case of lactic acid
addition to the blood. The difference Ae¢, assumed of
0.02 mol/l would correspond to a shift by 10%, of the
normal electrolyte concentration in the blood of the
deep-sea eel; e.g. a total hydrolysis of 60 mg9, urea
would give an NH,HCO,-concentration of about this
value (0.02 mol/l). A & of 0.0086 corresponds further to
an increase of ¢, by 0.869, over the value of ¢,. This
concentration vatio morveover will be established inde-
pendently of the absolute value of c, as long as equation
(3.2) holds, if only the system is given time to rveach
equilibrium. The equilibrium concentrating factor (1+6)
will be called the single concentrating effect for nitrogen,
produced by the salt concentration difference 4Ac..

In the case of Figure 3b the transfer of nitrogen
from A, to A, will produce a decrease of the concen-
tration in A, and an increase in 4, in such a way that
in the final state reached, issuing from Figure 3b we
will everywhere in A, have ¢, = ¢, (1 + 8/2), every-
where in A, at the same time ¢, = ¢, (1 — §/2), in ac-
cordance with equation (3.7). This state is indicated
in Figure 3¢ by the indices + §/2 and — §/2.

(b) Multiplication of the single concentrating effect. In
order to multiply the single concentrating effect let
fresh solution with nitrogen concentration ¢, enter
through E, (Figure 3c) until the left half of A, is re-
stored while a corresponding volume of liquid passes
through V from A, to A,. While it passes through V,
the NaCl-concentration is again increased by Ac,
through action of the gland G. The situation thus
reached is represented in Figure 3d. The nitrogen con-
centration now is ¢; (1 + §/2) in the right-hand part of
A, and of A,, the solution in A, containing NaCl in
addition to nitrogen. This situation is unstable because
p, > p, according to (3.6). A transport of nitrogen
will again take place from A, to A, until a new equi-
librium state is reached with ¢, = ¢y(1 + ) and ¢, = ¢,
in the right-hand part of the system, as indicated in
Figure 3e.

After this equilibrium is established again, let some
fresh liquid with the nitrogen concentration ¢, enter
through E, into A, while liquid with a nitrogen con-
centration ¢, (1 + J) passes from /A, to A, through V
where its salt concentration is increased by Ac,. This
leads to the situation indicated in Figure 3f. Again we
find at the right-hand end of the system equal concen-
trations of nitrogen (this time ¢, (1 + §)) with a NaCl
concentration Ac, in 4, and none in A, This again
leads to a transfer of nitrogen from /1, to /1, until, in
this part of the system, the nitrogen concentration is
o (L4 36/2) inA,and ¢, (1 + 6/2) in A, as indicated in
Figure 3g. The continuation of this transport of liquid
from A, to A, through V where its salt concentration
is increased by Ac, while its nitrogen content remains
unaffected, obviously leads to a continuous increase of
the nitrogen concentration and correspondingly ac-
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cording to equation (3.1) of the nitrogen partial pres-
sure in the right-hand part, near the vertex of the hair-
pin countercurrent system (Figure 3h).

Another comprehensive argument for this establish-
ment of a high nitrogen concentration near V results
from examination of the nitrogen fransport balance in
the channels in the case of a continuous flow in the hair-
pin countercurrent arrangement. If ¢, ,and ¢, , are the
nitrogen concentrations in A, and /4, at a distance x
from the origin of the system (Figure 2), ¢, , will (if
equilibrium with respect to nitrogen is attained
through M between adjacent parts of A, and A,) ex-
ceed ¢, , by the factor (1 4+ 8) (equation (3.7). If the
cross section of channel /A, (and of A,) is @ - 1 ¢m?® and
if % (and —) is the linear velocity in 4, (and in 4,), it
is seen that the number of gram molecules of nitrogen
which are in the unit of time transported to the right
in channel A, exceeds the number of gram molecules
which are transported to the left in channel A,. That
is, at the point x

(3.8)

gram molecules are transported in fotal per unit of
time towards the vertex of the system. This must, in
the course of time, lead to an increase of the nitrogen
concentration in the right-hand part of the system, as
depicted in Figure 3h.

(c) The stationary end state. The accumulation of
nitrogen at the right-hand side of the system (Figure 2
and 3) must, for two reasons, come to an end when
¢, 1, at ¥ = L has reached a certain maximum value.

The first and main reason is due to the time require-
ment for attainment of the equilibrium condition
(equation (3.7)). As we saw in the last paragraph, in
order to render possible the gas accumulation towards
the vertex of the system, nitrogen has to pass through
the membrane M from /A, to A,. If the flow rate were
high, this transfer of nitrogen could not take place
sufficiently rapidly, and the solution would leave /1, (at
E,) with the (nitrogen) concentration ¢, ,_o. No multi-
plication of the single concentrating effect and not
even its establishment could occur. Hence, the flow
rate must be low in order to facilitate the transfer of
nitrogen from /A, to A,.

A second reason limiting the concentrating towards
the vertex becomes important in the limit of very low
flow rate. It is the diffusion of nitrogen in the x-direc-
tion (the direction of flow in A,) of Figure 2 or 3 which
in the case of solution at rest would abolish any con-
centration gradient. It can be shown (KuuN and
Kunn?®) that this second effect (back-diffusion in the
x-direction) can be neglected in the case of the rete if
the linear velocity of the blood in the capillaries ex-
ceeds a value of # = 0.2 cm sec. The actual velocity
in the rete appears to be in the vicinity of this value.
A value only four times smaller than the actual value
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would already lead to considerable back-diffusion and
a corresponding decay of the multiplication effect.

The actual concentration distribution along the
channels of the hairpin at stationary conditions (neg-
lecting back-diffusion, which is permissible in case of
the rete) will now be calculated. It follows from equa-
tion (3.8) that no further net transport of nitrogen to-
wards (or away from) the vertex takes place if, for all
values of x, the condition

c =

a, x e, x

(3.9)

(stationary end state condition) is fulfilled. Equation
(3.9) is seen to be a necessary and also a sufficient
criterion for the stationary end state.

From (3.9) in conjunction with (3.6) it follows that

Peor = Pax (1 +9) (3.10)

(for ¢, , = ¢, ,; in the stationary end state). It says that
at stationary conditions corresponding to Figure 3h, the
partial pressure of nitrogen everywhere in the efferent
limb is higher by a factor of (1 + §) than the nitrogen
pressure in the afferent limb. The inevitable result is a
steady flow of nitrogen across the membrane M every-
where from A, to A,.

The quantitative consideration of the nitrogen flow
through M, due to the pressure difference (3.10), will
now lead to a differential equation for the dependence
of ¢, , on x. We consider for this purpose a small section
of channel A,, extending from x to x + dx (Figure 2).
Let y be the permeability coefficient of this membrane
for nitrogen, that is, the amount of nitrogen passing
through the membrane at a pressure difference of
unity per unit time and unit area. The number of gram
molecules of nitrogen entering our volume element per
unit time, through membrane M, is then

an =Y (pe,x—pa,x) dx:ypa,xadx‘

It was stated in the consideration leading to equa-
tion (3.8) that the number of gram molecules of nitro-
gen which enter per unit of time, the volume element
beginning at x by flow, will be & % ¢, ,; the number of
gram molecules leaving the volume element at x + dx
will similarly be equal to auc,, 4. If in the sta-
tionary state ¢, , has to remain constant in time, the
net number of gram molecules per second entering the
volume element has to be zero. Considering the contri-
butions resulting from diffusion through the membrane
and from convection, we obtain

Y (pe,x— Pa,x) dx+ ua (Ca,x_'

dc %
dxa = ua (pe,x_i)a,x)'

Finally, expressing ¢, and p,, in terms of p, . with
equations (3.1) and (3.10), we have

(3.11)

Ca,x+dx) =0
or

(3.11a)

dpax _ 70

ax  wad, Por

(3.12)
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This is the differential equation for stationary condi-
tions. Integrating (3.12) between the limits x = 0 and
x = L, we obtain for the partial pressure in channel
A, as a function of »

ﬁa,x = i)a,x- ) e(y 6/uuAa) x.

(3.13)

Equation (3.13) can also be written in a form which
reveals another aspect of its physical meaning.

Since y, L, #, a and A, are constant parameters for
a given set of conditions they can be combined in one
general constant, which entirely describes the effec-
tiveness of a given countercurrent multiplier. Put

v L
wady " M (3.13a)
and substitute in equation (3.13) to obtain
Pt _ ot (3.13b)
Pa,x =0

The pressure at the end of the rete is expressed here as
a function of 4, the parameter of the single concentrat-
ing effect obtained with a given concentration incre-
ment Ac,. As § is much smaller than unity ¢® can be
developed in a power series. Taking only the first
order term, ¢® becomes 1 4 8. It is recognized that
this is the single concentrating effect for nitrogen pro-
duced by the salt concentration difference Ac,. Com-
bining these notations we have

Pa, L

pa,x=0

= (14 8)ra.

(3.14)

The partial pressure increase produced in the counter-
current multiplier equals the increase which would be
realized by an »,-fold repetition of the single concen-
trating effect. (Recognize the analogy to the number
of plates in distillation.)

(d) Numerical evaluation of the general pressure func-
tion (equation (3.13)). It is of interest for practical rea-
sons to evaluate equation (3.13) with the actual para-
meters of the rete of the eel (Anguilia vulgaris). The
average length of the retial capillaries of this species is
approximately 1 cm (Dorn%?), The linear velocity of
the blood in the capillaries, #, is ~0.2 cm sec™?, and
the average capillary diameter is reported to be ~10-3
cm. As each afferent capillary in the countercurrent
system Figure 1 is in contact with 4 or 6 efferent
capillaries etc., the distance over which the exchange
of gases (N, or O,) between /A, and 4, has to take place
will in effect be smaller than the capillary diameter.
For this reason the value of a as defined by Figure 2
has formally been taken as 4= 5-10-* cm instead
of 103 cm. The permeability factor can be estimated
to have, for N, or O,, a value of about 310~ mol

40 E, Dorvw, Z. Zellforsch, 55, 849 (1961).
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dyne~* sec™! (KunN and Kunx®, p. 430). 4, is Hen-
ry’s constant in the afferent capillaries; it is close to
4, the value for pure water. If ¢, is expressed in molf
cm? and p, in dynefcm?, the value of 4, for nitrogen
from data in the literature is 0.77 - 10-22 mol dyne-?
cm~L

With these parameters the multiplication factor
Pa,1/Pa -0 and the pressure p, ; at the end of the
rete can be calculated as a function of A¢,, the increase
of the salt concentration in the efferent relative to the
afferent capillaries. It is convenient to perform this
caleulation by means of equation (3.14). The single
concentrating factor 1 + § is obtained with the nota-
tion gdc, =6 (equation (3.4)}, and », by means of
equation (3.13) and (3.13a). In case of the eel (L =1
cm) the value for n, becomes 390; with L = 2 cm, n,
becomes 780 correspondingly. In Figure 4, #,, is
plotted on a logarithmic scale against x, the distance
from origin of the retial capillaries, Three sets of con-
ditions were selected corresponding to an increase Ac,
of the salt content by 1%, 109, and 259, over the
normal level of fish blood.

While the limit of osmotic resistance of the blood cells
is restricting Ac, to an upper value somewhere between
19, and 109, (physiological range), there is no such
restriction evident for . The physiological adaptation
to the special environmental conditions of the deep-sea
during the evolutionary process most likely occurred
by increasing the length of the retial capillaries. Hence,
one expects according to this reasoning to find retia
mirabilia of especially pronounced length in case of
abyssal fish. That this in fact is true is convincingly
evidenced by the length of the retia of the two abyssal
fish mentioned in the introduction.

In order to demonstrate the sensitive dependence of
the attainable pressures on the length of the capillaries
with otherwise unchanged parameters we have ex-
tended the diagram (Figure 4) to a length of 2 cm.
Notice that the factor 2 becomes part of the exponent
in equation (3.13b).

{e) Rate of filling. The high values of the nitrogen
pressure obtainable near the vertex of the retial capil-
laries according to equation (3.13) do not involve, as
one might expect, a high rate of filling of the swim-
bladder with nitrogen. On the contrary, it is seen that
the filling rate in case of nitrogen will be extremely low.
If ¢ is the total volume of blood passing the retial
capillaries per unit time, the amount of nitrogen enter-
ing the rete at E_ is ¢ ¢, ,_ o and the amount of nitro-
gen leaving the rete at E_ becomes g ¢, ,_,. With the
most perfect arrangement it will just be possible to
realize the equilibrium condition equation (3.7). The
net transport of nitrogen towards the end of the rete
thus becomes

dn

dx q Caxw0 (3'15)

=g Chy—0=9Cx-0 4-
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It is obvious that for a given rate of flow of blood at
best only the fraction § of the dissolved nitrogen which
enters through E, per unit time can be used to {ill the
swimbladder. If 8 is small the rate of filling of the
bladder will be correspondingly small; it couid be in-
creased by increasing J; it cannot, however, be in-
creased by increasing L, the length of the rete. An
increase of L helps, according to equation (3.13) only to
increase the vertex value of the nitrogen pressure
Pa,x-1- The smallness of é and the corresponding low
rate of filling is an important feature of the addition of
salt mechanism of the inert gas filling of the swimblad-
der. A swift filling with oxygen will be seen to be
possible by application of the Bohr- and Root-effects
(instead of or besides the solubility change by salt
addition) for the production of the single concentrating
effect in case of oxygen.

(f) Experimental verification of salting out effect wul-
tiplication. An experimental test of these conditions,
i.e. of the possibility of preparing a high concentration
{and partial pressure) of a dissolved gas by multiplica-
tion of a small salting out effect in a hairpin counter-
current multiplier, has been carried out recently in
this laboratory in collaboration with E. Marti and
P. Moser (Kunn%). In this experiment the gas
brought from low to high concentration (and corres-
pondingly high partial pressure) was CO,, dissolved in
water. A solution containing ¢, = 9.6 x 10=° mole
CO, per 1 was introduced through E, into the afferent
limb A, of the system (scheme Figure 2). The tempe-
rature was 20° C throughout the experiment. The
CO, partial pressure of the solution entering through

i W, Kunw, Naturw. 50, 171 (1963).

0
1+6-10215

108

il /
0 /
//3200
1+5-10086 637

10
T -”]2 _m__ﬁ%
10 =

1+6=100258 —3
Pax atm] 1 /_/_——-—-“ﬁ'/" 6
M 9 390 780
Ney
0 05 10 15 2 x[cm]

Fig. 4. Theoretical curves calculated with equation (3.14), showing
the increase of N, partial pressure along the x-direction of Figure 2
at stationary end state. Logarithmic plot of p, ;, versus x, the distance
from the entrance for values of the single concentrating factor
1+§=1.00258, 1.0086, 1.0215 as indicated. Other parameters:
Py z=0 = 0.8 atm; ¥ =8 X 107 mol dyne™? sec™?; u = 0.2 cm
sec™l;a =5 x 107* cm; 4, = Ay = 0.77 X 1072 mol dyne™ sec™™.
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E, was, according to the solubility coefficient of CO,
in water and the CO, concentration mentioned, about
192 mm Hg; it was controlled and found constant in
the course of the experiment (curve E, of Figure 5).

At the vertex of the hairpin countercurrent system
(near V in Figure 2) 3.4 g K,50, per 100 g solution was
added to the liquid by means of a dosage device G. The
partial pressure of CO, over an aqueous solution con-
taining 9.6 X 102 mole CO, and at the same time 0.2
mole of K,S0, (ie. 34 g K,SO,) per 1 is, according to
data in literature and also according to our own
measurements, 213 mm Hg at 20° ie., 21 mm Hg
higher than for a CO, solution of the same CO, con-
centration in pure water. This is indicated by the
dotted horizontal S (single effect) in Figure 5.

The membrane M, separating the afferent and ef-
ferent limbs A, and A, (Figure 2) was in this experi-
ment a rubber sheet, 1.8 x 10~2 cm thick, known to
be permeable for CO, and impermeable for the solvent
(water) and for the salt (K,S0,). '

Limbs A, (and A,) were spiral channels each with
depth 2 = 0.1 cm, width 0.5 cm, and length L = 394
cm, engraved in brass plates 25 cm in diameter (see
HarciTay and Kun~N®, Fig. 9, p. 551). Using the data
given for the rubber membrane, the values found in
literature for the solubility and diffusion coefficient of
CO, in rubber, and taking into account the contribu-
tion of the water layer to the total diffusion resistance
occurring in the CO, exchange between channel A,
and A,, we have in this experiment a permeability
coefficient ¢ = 1.5 - 10-13 mol dyne—! sec—.

The CO, partial pressure near the vertex of the sys-
tem (near B in the scheme of Figure 2) was measured
with a manometer, indicating the CO, pressure in a
small gas chamber (2 cm?®) which, zia a rubber mem-
brane, was in CO, exchange equilibrium with the solu-
tion passing through V (Figure 2).

The CO, pressure actually observed at the vertex of
the system in the course of an experiment is shown as a
function of time (abscissa) in curve B of Figure 5.
K,S0, is added to the liquid passing through V in the
time interval 90 to 474 h. The pressure near B equals
the pressure near E, as long as no K,SO, is admini-
stered (up to time 90 h). It starts rising as soon as
K,S0, is introduced. The rise of pressure is seen to ex-
ceed by far the value 213 mm Hg (horizontal S) cor-
responding to the single salting out effect. The possi-
bility of multiplying the single salting out effect, pro-
duced by K,S0, on CO, in water, is thus demonstrated.
As CO, can be withdrawn from the system near B with
a pressure of e.g. 385 mm Hg (at time 474 h) while the
CO, pressure near E, is 192 mm Hg only, the system
is seen to bring about an active CO, transport, similar
to the active transport materialized in the swim-
bladder.

The accumulation of CO, near the vertex is followed
by a decrease down to the value of pressure near E, as
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soon as the addition of K,SO, is interrupted. This
shows anew that it is the salting out effect which is the
basis of the building up of high CO, pressures in the
system. It can be mentioned that the rate of filling of
the gas chamber (chamber plus manometer) near B in
Figure 2 as well as the final pressure (to be extra-
polated from curve B of Figure 5) is in good agreement
with the formulae developed in the preceding para-
graph and the numerical values of the parameters ex-
plained in this section.

As a further result obtained with this apparatus, we
mention that nitrogen as well as a mixture of nitrogen
and CO, has been subjected to the salting out effect of
K,S0, and its multiplication. As the solubilities and
diffusion constants in rubber (and in water) are greatly
different for N, and for CO,, the y-values (permeability
parameters) are different too in a well defined and
known way.

The introduction of these numerical values into the
formulae and the experimental results show in agree-
ment one with the other that the salting out effect and
its multiplication of the CO, and the N, concentrations
occurs simultaneously and independently, each with
its own rate and final concentrating factor. It was
found, for instance, that the final concentrating factor
for the same salt addition was about 3.6 times higher
for N, than for CO,. This is of interest because it allows
the general statement that the concentrating factor
and the rate of its establishment can be fundamentally
different for two gases exposed simultaneously to the
same conditions in a hairpin countercurrent system.
Attention is drawn to the point that, even in the
simple case of the salting out problem, the final con-
centrating factor (p,,1/p,,.-0) according to equation

400
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Fig. 5. Experimental countercurrent multiplication of a salting out
effect produced by K,SO, on CO, dissolved in water. CO,-partial
pressures as a function of time observed at the entrance E, and the
vertex (near B) of an experimental set-up corresponding to Figure 2.
0.2 mol/l K,S0O, were continuously added to a solution containing
9.6 x 1073 mol CO, per | when passing through V (Figure ?) during
the time interval marked ‘salt addition’. Curve E, (dashed line):
CO,-partial pressure at the entrance E, of the system. — Curve B
(solid line) : CO,-partial pressure measured at the vertex of the system
(near B). The CO, pressure starts rising at ¢ ~ 90 h as soon as salt
is added, and is declining again at ¢ = 474 h when salt addition is
interrupted. — Curve S (dotted line): CO,-partial pressure increase
from 192 to 213 mm Hg corresponding to single salting out effect
of the K,50, added,
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3.13b not only depends on the solubility coefficient 4,
but in addition to this also on the §- and the p-value of
the gas considered. No comparative prediction should
be made based on one of these parameters alone, the
combination of all of them being decisive. A similar
remark is valid in the case considered in the following
section, where the single concentrating effect arises
from a combination of the salting out effect with
chemical equilibrium changes.

4. Countercurrent Multiplication in the Case of Oxygen.
After having dealt in the former section with the simple
case of inert gas secretion and having developed the
framework of basic notations for an understanding of
countercurrent multiplication, we shall proceed now to
oxygen secretion. A swift nitrogen filling of the swim-
bladder is seen (equation 3.15) to be impaired by a low
value of 6 and, in addition, by a low carrier capacity
€4,2=0 Of the blood for inert gases like nitrogen and
argon, due to their low physical solubility. In the case
of oxygen, nature has developed a transport mechan-
ism of startling capacity through utilization of a speci-
fic oxygen carrier, the hemoglobin to which oxygen is
chemically bound. The amount of oxygen bound to the
hemoglobin of 1 cm?® blood at pH 7.6, room temperature,
and 0.2 atm oxygen pressure is ~ 105 mol cm—3.

The amount physically dissolved under equal condi-
tions is only 3 X 10-7 mol cm~3, however. The binding
capacity of the blood under these conditions thus ex-
ceeds the capacity for physical dissolution of oxygen
{or the inert gases in general) by a factor 33 (!). The
hemoglobin of fish blood furthermore bears another
striking feature. Not only is the well-known Bohr effect
(i.e. the displacement of the oxygen dissociation curve
by carbon dioxide or acid) strongly pronounced in the
case of fish blood hemoglobin, but there is also a
strongly pH-dependent binding capacity observed
(Root1*? and GREEN and Root1*). (For a possible simi-
lar specific effect of pH-changes on the solubility in the
blood of nitrogen and argon see STEEN#. In the
case of the black grouper fish a change of carbon
dioxide from 5%, to 109, or a corresponding change of
acidity will displace more than half of the oxygen com-
bined as oxyhemoglobin, even against an oxygen pres-
sure of 80 (or even 140) atm (SCHOLANDER and VAN
Dam?). Although there are exceptions to these find-
ings (e.g. in the case of the long-nosed eel where above
50 atm the Root effect is minute) one just cannot ig-
nore this striking predisposition of the hemoglobin as
a presumptive oxygen carrier for gas secretion into the
swimbladder. Moreover, it will come out as a result of
our quantitative analysis that the aforementioned im-
plication (minute Root effect in certain fish at very
elevated pressures) is no handicap for the generalizing
concept put forth in this paragraph of hemoglobin as
the oxygen carrier in gas secretion. This is accom-
plished by the assumption that a solubility displace-
ment (salting out effect) as already demonstrated for
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nitrogen is, in the case of oxygen, supplementing the
Bohr and eventual Root effect. This process, the salt-
ing out contribution, is not subjected to the former
implications even at highest pressures. It will be-
come predominent at pressures above ~ 50 atm,
thus taking over further filling of the swimbladder.
Below ~50 atm, however, the shape of the pres-
sure function is mainly determined by the Bohr and
Root effect.

(a) The single concentrating effect in the case of
oxygen. The single concentrating effect in the case of
oxygen, i.e. a difference at equilibrium between the
oxygen concentration ¢o,_, and ¢o,_, in channel 4, and
A, of Figure 2, thus can arise through cooperation of
three effects: (i) the salt effect on the solubility coeffi-
cient of oxygen in water, (ii) the Bohr effect, ie. a
shift of the equilibrium Hb + O, = HbO, through a
decrease of the binding constant K, and finally, (iii)
the Root effect, i.e. the reduced total binding capacity
of the hemoglobin for oxygen. It is implicitly assumed
that these three effects are simulteneously provoked
by addition of a small amount of lactic acid and
(eventually) of some neutral salt (sodium chloride or
ammonium bicarbonate) to the blood when passing
the vertex V of the countercurrent system of Figure 2.

The determination of the single concentrating effect
as defined in paragraph 3.1 (equation (3.6)), and later
of the pressure function po ., at stationary end-
state conditions, requires the knowledge of ¢o, , and
Co, . 1.€. the total concentration of oxygen at every
level x of channels /1, and A,, respectively. The total
concentration of oxygen ¢q, in either channel will be
the sum of two terms:

Co, = €0,,; T CHLO,

where ¢, denotes the amount of oxygen physically
dissolved per unit volume, and cypo, the amount of
oxygen chemically bound to hemoglobin per unit vol-
ume of blood. Let A, be the solubility coefficient of
oxygen in water, po , the partial pressure of oxygen
in 4,, and K, the equilibrium constant for the binding
of oxygen to hemoglobin under conditions prevailing
in channel 4,; 4,, po, ., K, the corresponding expres-
sions pertaining to channel /1, ; and § the fraction of the
total hemoglobin concentration ¢y, in /A, which re-
mains accessible to oxygen binding after addition of a
given amount of lactic acid (Root effect). Making use
of equations (3.1) and (3.3) and the law of mass action
for oxygen binding to hemoglobin, we obtain for ¢q_,

42 R, W. Roor, Biol. Bull. Woods Hole 61, 427 (1931).

4 A. A. GReeN and R. W. Roor, Biol. Bull. Woods Hole 64, 383
(1933).

44 J. B. STEEN, Acta physiol. scand. 57, (1963).
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and ¢, ,, i.e. the total concentration of oxygen in 4,
and /1, respectively,

c = A ‘ 1+ __..{ff.fﬂb__
Oga H?Og,ﬂ l 1+ AaKaP(J,,a l (4121)

and
K, oy, B

1+ 4,K,po,. | (4.1b)

{;Og,e = Ae ?50,,8 { 1 +

It is noticed that equations (4.1a) and {4.1b) are gen-
eralizations of equations (3.1) and (3.3) for the case of
nitrogen to the case of oxygen where a salting out
effect and effects on the chemical binding of oxygen to
hemoglobin had to be considered. Indeed, for ¢y, = 0,
identity of the corresponding parallel expressions would
result.

In order to obtain the single concentrating effect we
follow closely the considerations as outlined in para-
graph 3.1. for the case of nitrogen. Transfer of oxygen
between channel A, and A, through the membrane M
will take place until at equilibrium the partial pres-
sures of oxygen pg, , and pp, . (at corresponding
values of x) will be equal. The ratio ¢p_,/co, , under
this condition (po, , = po,.) is per definition called
the single concentrating effect.

It is seen by executing this division that the single
concentrating effect produced by salt and lactic acid
addition s not a constant ; it is dependent on the oxygen
pressure realized. If po, increases with x in Figure 2 or
3, the single concentrating effect will decrease and
hence will be itself a function of x. From data recorded
in literature we obtain for ¢ (salting out effect of Na(l
for oxygen, equation (3.2)) a value of 0.4 1mol™!
(LANDOLT-BORNSTEIN, Physikalisch-chemische Tabel-
lew, Hauptwerk I, p. 71; 5th ed.) and for the solubility
coefficient of oxygen in water at 15°C, 4,= 1.53.
10-12 mol dyne—? ¢cm~2.

If the neutral salt concentration in A, is increased
by Ac¢, = 0.02 mol 17! (as in the case for nitrogen) we
shall have (in analogy to equation (3.2.)) 4, = 4, -
(1 — & dc) = 15177« 10712 mol dyne! cm~i. With
these values, § > ¢ Ac, becomes 8- 10-3.

The influence of the addition of lactic acid is mainly
expressed in the change of K, to K, and in 8. The in-
formation (SCHOLANDER and van Dam?%Y) that at a
partial pressure of 50 mm Hg about 509, of the total
hemoglobin present is oxyhemoglobin, leads to a K, of
1.0 x 107 cm® mol-}, and again from data observed
by the same authors we conclude that the addition
of 5 x 1073 mol of lactic acid per 1 brings about a
decrease of the equilibrium constant by a factor of 4,
ie. from K, =107 to K,= 0.25 x 107 cm?® mol™!
{Bohr eifect).

The decrease of the oxygen-saturation capacity of
hemoglobin was formally accounted for by the factorp.
f is a constant smaller than unity and was estimated
to be ~0.9 for addition of 5 x 10-% mol per | of lactic
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acid (Root effect). Finally we take from the literature
the value for ¢y, the total hemoglobin content per
unit volume of blood, to be 10~% mol per cm?® (Frv*5).

Putting these parameters together and being in-
terested primarily in the single concentrating effect
at the entrance of the rete (at position E, and E, of
Figure 2) where the initial oxygen pressure is 0.2 atm =
2 % 10° dyn cm~%, we obtain from (4.1a} and (4.1b)

(4.2)

{in the case of oxygen exchange equilibrium at x = 0
and po, = 0.2 atm). The total oxygen concentration
at the entrance of A, is (at equilibrium) about fwice the
concentration in /1, and the same value of x. Examina-
tion of formulae (4.1a) and (4.1b) reveals that this
large difference is mainly due to the Bohr effect. If
only the salt effect on the solubility were present {i.e.
for ¢y, = 0) we should have independent of pressure
and position

oua. _ 1.008.
CO,, &

The concentration increment in A, relative to A, at
the rete entrance at equilibrium is thus, when all
three, Bohr, Root, and salting out effects, are con-
sidered, about 87.6/0.8 = 110 times greater than it
would be if the salting out effect were active alone.
We shall see in paragraph 4(d) that this is the reason
for the swift filling rate of the swimbladder in the case
of oxygen secretion.

(b) Multiplication of the single concentrating effect and
stationary end state in the case of oxygen. The basic con-
dition for countercurrent multiplication to occur was
seen to be the existence of a single concentrating effect.
As a result of this effect the total oxygen concentration
at each level in A, is increased relative to its value in
A,. If the solution is now put in motion, more oxygen
is transported through /1, to the right than through 4,
to the left, thus leading to an accumulation of oxygen
towards the vertex of the countercurrent capillaries,
Accumulation stops according to the reasoning of
section 3(c¢) when, under the influence of convection,
diffusion and gas transport through the membrane,
equation (3.9) is fulfilled. It was shown that the mo-
ment this condition prevails at each cross section of the
system, a pressure gradient has built up which becomes
stationary. The stationary condition is expressed also
in the case of oxygen by equation (3.9). This together
with equations (4.1a) and (4.1b) allows an evaluation
of the oxygen partial pressure g, in limb A, and of

8 1, A, Fry, Physiology of I'ishes (Academic Press, New York 1957},
vol. I, p. 87.
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the oxygen partial pressure p,_, in limb A,. The result-
ing differential equation for pg_, can be solved nu-
merically. The reader who is interested in the details
is referred to KuaN and KunN®, equation {29).

In this section we proceed with a discussion of the
numerical results plotted in Figure 6. The relevant
parameters were given in section 4(a) and can also be
obtained from the legend to Figure 6. Oxygen pressures
are plotted on a logarithmic scale against x, the dis-
tance from the entrance of the capillaries. Curve a)
was calculated under the assumption of simultaneous
cooperation of all three effects. In order to differentiate
the individual contributions of each effect, three
(other) curves are plotted. In curve b) the contribution
of the Root effect was omitted (f = 1). Curves c¢) and
d) illustrate the exclusive contribution due to Bohr or
salting out effect, respectively.

Comparison of these curves reveals some striking
features of oxygen concentration: in all cases where
the Bohr effect is involved there is a steep increase of
the pressure at the very beginning of the counter-
current capillaries. A small portion (0.1-0.2 cm) of
their total length (1 cm) is sufficient to generate pres-
sures between 10 and 100 atm. In this region the curves
smoothly bend and atfain a slope which is character-
istic for a practically exclusive action of the salting out
effect (compare with curve d). At higher pressures
{above ~ 100 atm) further increase of the pressure be-
comes an exclusive contribution of the salting out ef-
fect. The last statement is of greatest significance with
respect to the observations of SCHOLANDER and VAN
Dam#, who found the Bohr and Root effect to be nulli-
fied at this pressure in some fish which live at great
depths. It is thus the answer promised in section 2 to
this problem. It is furthermore noticed that the end-
values of oxygen pressures which can be realized,
despite the moderate conditions introduced, are much
higher when Bohr and Root effect are involved ; ~2000
atm in curve a), as compared to 4.29 atm in curve d)
where only the salting out effect is considered.

The amount of 5 x 10-% mol of lactic acid per 1 on
which these calculations are based, was introduced in
section 4(a) without further justification. In the mean
time this value has obtained a solid experimental
foundation through experiments carried out in wvivo
with Anguilla vulgaris by KunnN, Mosgr, and Kuan®
and also by STEEN?®2 They found that the lactic acid
content in the vein coming from the rete exceeds the
concentration in the artery leading to it of 2.23 x 103
to 6.7 x 10-* mol/l.

In concluding this section it can be said that counter-
current multiplication of salting out, Bohr and Root
effects on the inert gases and oxygen, respectively,
either applied in combination or alone, can cover the
whole hydrostatic pressure range known to be popu-
lated by fish. Although a great variety of observations
reported in the introduction can be explained at the
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present status of the theory, it does, however, require
further development in those cases where gas mixtures
are secreted. Preliminary attempts on experimental
and theoretical grounds have shown that this will be
achieved by properly accounting for permeability dif-
ferences between the gases involved and differences in
the sensitivity of physical solubility and chemical
binding constants to substances added at the rete
verfex.

{c) Rate of filling with oxygen. The remark is justified
that an excess lactic acid concentration of 5 x 10-3
mol/l in the efferent capillaries is necessary for the eel
when living in the deep sea, where a pressure of, for
example, 100 or 200 atm has to be built up, but un-
necessary for the eel caught in fresh water where the
total hydrostatic pressure is 1-2 atm. It is obvious that
here a lactic acid concentration of 10 or 50 times less
would be sufficient to generate the small pressure re-
quired. The situation is, however, different if the speed
of filling is considered.

Equation (3.15) applied to the case for oxygen states
that the number of gram molecules of oxygen which
may per unit time be transferred to the bladder will at
best be equal to

dn

df = q [Cog,a,xm() - 00,, e,x=0] . {43)

Now, with a lactic acid addition of 5 x 1072 mol/l as
assumed for the estimation of the parameters K, and
B, and for po_, = 0.2 atm (2 x 105 dyn cm?), a condi-
tion approximately valid at the entrance {(x = 0} of

2000

1000 -
a)Bohr.Root and

salfing out effect 304
100 ,/ //
b) Buhr and salfing
A effect 28

¢)Exclusively Bohr effect
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w2 am1 effect
01
025 85 875 1
x[om] ——

Fig. 6, Theoretical curves showing the increase of the O, partial
pressure along the x-direction of Figure 2 at stationary end state.
Logarithmic plot of $0, a, 5 VESUS ¥, the distance from the entrance. -
Curvea): K (K, = 4; f = 0.9; 144 = 1,008, Curve b}: K, /K, = 4;
f=1; 1+5=1.008 Curve c): K,/K,=4; f=1; 1+d=1.0.
Curve d): K /K, =1; ﬁ =1; 140 = 1.008, — Other parameters:
PO,,a,x=0 = 0.2 atm; amount of lactic acid added 5 X 1073 mol/l;
amount of salt added 2 X 10~2mol{l; y = 6 X 10~ mol dyne~ sec?;
A, ~ Ay = 1510712 mol dyne™? em™; = 0.2 cm sec); a =
5 X 10™4 cm. Calculated with equation (29) (KunN and Kunun39),
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the rete of a fish living in fresh water saturated with
atmospheric air, we obtained (equation 4.2) ¢, , =
€0, . * 1.876. Introducing this into (4.3) we have

D 047 copaeoo b (4.4)
That is, 479 or half of the total oxygen content of the
blood (sum of freely dissolved oxygen and oxygen
bound to hemoglobin) entering the rete can be con-
tinuously transferred to the bladder. The pressure
under which the gas has to be delivered is not impor-
tant as long as it is smaller by a factor of 3 or 5 than
the maximum pressure attainable at x = L according
to the foregoing section. This means: the eel living in
the deep sea and the eel living in fresh water can by
means of a lactic acid addition of, for example 5 x 10—
mol/l transport half of the oxygen contained in the
rete arterial blood into the swimbladder. If the eel
living in the fresh water would reduce the lactic acid
addition by a factor of 10 to, for example, 4.5 mg¥%,
the value of In K /K, would presumably drop from
1.4 to 0.14; i.e. we would have K, = 1.0 x 107 and
K,=0.806 x 107, while § ~ 1. The single concentrat-
ing factor 1+ 6 would then become ~1.04 under
these conditions and dn/df would be 0.04 ¢o 4,09
The speed of {illing of the swimbladder would, with a
lactic acid addition of 4.5 mg9%,, be 12 times slower
than with 45 mg?%,.

According to this consideration the addition of
~5 x 103 mol/fl of lactic acid should be mainly re-
quired, in the case of the fresh water eel, for the sake
of rapid filling.

It is obvious that a similar means of increasing the
speed of filling, i.e. of increasing J, does not exist in
the case of nitrogen. This again seems to be the reason
for the observed fact that species whose swimbladder
is normally filled with a gas containing much more
nitrogen than oxygen, after a loss of gas, first show a
swift secretion of oxygen, which in the course of some
days or some weeks is replaced by nitrogen.

5. Possible Deviation from some of the Assumptions.
We have made the assumption, both in the scheme for
nitrogen and for oxygen, that the membrane M sepa-
rating channel A, and A, of Figure 2 or 3 was perme-
able for nitrogen (or oxygen), smpermeable for salt and
lactic acid, and impermeable also for water. It can be
seen that the assumption as to the impermeability of
the membrane for salt (and lactic acid) may be dropped
to a considerable extent practically without any dele-
terious consequences for the single concentrating effect
and its multiplication. If, for example, in the case of
concentrating nitrogen the membrane M has some
permeability for the salt, the addition of salt at the
vertex (by the gland G in Figure 2 or 3) would result
in a partial transfer of salt from /1, to A, and thereby
in a partial back transport of salt via /1, to the vertex.
This process would, in the final stationary end state,
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result in an increase of the salt concentration towards
the vertex, in such a way, however, that the difference
Ac, between the salt concentration in A, and A, remains
unaltered, being determined by the volume of liquid
passing and the amount of salt produced by the gland
per unit of time. It has, however, been pointed out
that the single concentrating effect is determined by
Ac, and, at least in a first approximation, is inde-
pendent of the absolute value of ¢,. This shows that a
partial permeability of M would lead to a certain in-
crease of ¢, without a change in Ac, towards the vertex
of the rete, leaving the single concentrating effect and
its multiplication unaffected in a first approximation.
A corresponding statement holds for lactic acid when
concentrating oxygen. It would be of interest to look
for an increase of these concentrations and thereby an
increase of the molality towards the vertex of the rete;
the increase when realized would indicate a certain
permeability of M for the salt (and for the lactic acid)
which, however, would be of practically no importance
for the filling of the bladder.

6. Thermodynamic Efficiency of Filling the Swim-
bladder. It has been pointed out in section 2, and it is
evident also from the present discussion of the counter-
current multiplication, that the net result of the pro-
cess is a transport of gases from a level of low partial
pressure in sea water to very high partial pressures at
the vertex of the system. It is well known that such a
result will never be realized spontaneously; it needs
the expenditure of a definite amount of mechanical
energy (free energy). We shall now examine the ther-
modynamic efficiency of the process, i.e. we shall com-
pare the free energy change corresponding to the
transport of gas from low to high partial pressure with
the mechanical energy actually introduced into the
system per unit of time. The latter will be higher than
the former, the ratio of the two values being the
thermodynamic efficiency. While the mechanical en-
ergy corresponding to the gas transport is easily ob-
tained from the amount of gas which is brought per
sec from partial pressure $, ,., at the entrance to
b4, 1, the pressure at the vertex, where it is delivered
to the bladder, a closer look at the details of the salting
out mechanism is required in order to obtain the
mechanical energy which is necessary per unit of time
to keep the multiplier system going.

We notice that, when multiplying the salting out
effect, a certain amount of salt has continuously to be
added to the solution passing the vertex near V
(Figure 2) in order to diminish the solubility of, for
example, N, in A, relative to /A,. The salt has thus to be
added to a solution which contains a high concentra-
tion of dissolved N, while the solution leaving A,
through E, has still the higher salt concentration but
a very much lower N, concentration. It can be shown
that the salting out effect produced by the salt on the
gas is paralleled by a ‘gassing out effect’ of the gas
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{N;) on the salt, ie. the dissolved gas increases the
chemical potential of the salt in the solution. The inter-
dependence is quantitatively expressed by Maxwell’s
cross-relations.

Thus, under stationary conditions, salt has to be
brought continuously from the low activity existing at
the exit of 4, to the high activity at the vertex. The
mechanical energy required for this operation matches
both the mechanical energy required for the filling of
the bladder and the energy dissipated per unit of time
when the dissolved gas passes from A, to 4, through
the membrane, being subsequently transported by con-
vection in /1, and A, performing in total the multiplier
circular motion described in section 3.2. In a case where
the concentrating factor equals 5, the quotient of the
free energy corresponding to the filling of the bladder
and the mechanical energy actually spent for the salt
transport will be about 409%,; similar values were pre-
viously obtained for the performance of the kidney
{KunN and RamMeL®) and in distillation (KueN, NAR-
TEN, and PETERLI®).

If the O, concentration is considered, lactic acid in-
stead of salt has to be added near V in Figure 2. In
other respects the considerations leading to the ther-
modynamic efficiency are analogous for N, (salting out
effect) and for O, (Bohr and Root effects). Here also
the source of free energy stems from the difference be-
tween the chemical potentials of lactic acid added at
the vertex and available at the exit of 4,.

Under conditions which are practically realized in
the swimbladder, performance coefficients of 709, are
in principle possible. Part of the free energy supplied
to the system, here also, is lost in the partly irreversible
multiplier circular transport process.

The result of this consideration shows that for the
attainment of certain aims nature uses means and
methods, which though charged with irreversibility,
have quite a ‘reasonable’ efficiency. It is furthermore
seen, in particular in the case of oxygen transportation,
how nature makes use of chemical free energy to realize
an active gas transport. The free energy of lactic acid
in this case is converted into osmotic work, ie. is
utilized for gas compression without the use of piston
and cylinder. It is understood that lactic acid leaving
the multiplier system through E, will be used in sub-
sequent metabolic processes (e.g. in the liver) and that
its chemical potential available for these processes is
smaller than the chemical potential realized when this
substance (lactic acid) was produced in the gland and
added to the oxygen charged blood near V in Figure 2.
1t is this difference in the chemical potential under
which lactic acid has to be produced in the gland, and
under which it is available after leaving the counter-
current system, which ‘pays’ for the high pressure
oxygen filling of the swimbladder.

7. Relation to Active Transport Phenomena. The net
result obtained by the entire arrangement of the rete,
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the gland and the swimbladder is the secretion of
oxygen and nitrogen into the swimbladder with a total
pressure of, for example, 100 or 200 atm from a medinm
which is saturated with a total pressure of 1 atm of
these gases only. The filling of the swimbladder thus
requires (as mentioned in the introduction) a transport
of these gases from a low to a high partial pressure.
When considering this net result, we do not hesitate
to state that an active transport, i.e. a transport
against an existing concentration gradient, has been
realized. As this net result has been explained in detail
by production in the gland of some lactic acid from
glycogen and possibly of some electrolyte (e.g. by
hydrolysis of urea, efc.}, it can be stated that we are
here confronted by perhaps the first highly active
transport phenomenon whose mechanism is described
by fully controlled physical and chemical processes.
The concentration of urea in the kidney is also pro-
duced by means of multiplication of a single concen-
trating effect in a hairpin countercurrent system. In
the case of the kidney, however, the single concen-
trating effect (an active sodium transport through the
Henle loop membrane) cannot yet be declared as being
fully traced back to well known physical and chemical
processes in spite of promising attempts to reach this
goal.

Zusammenfassung. Es wird gezeigt, dass die Erzeu-
gung der hohen Gasdrucke, welche in der Schwimm-
blase von Tiefseefischen beobachtet werden, durch
Vervielfachung bekannter Konzentrier-Einzeleffekte in
der durch das rete mirabile gegebenen Haarnadel-
gegenstromvorrichtung moglich ist.

Der Konzentrier-Einzeleffekt — eine kleine ErhShung
der Gaskonzentration in den afferenten relativ zu
benachbarten efferenten Kapillarelementen — durfte
bei allen Gasen durch eine geringe Erhéhung der Elek-
trolytkonzentration (Aussalzwirkung) zustande kom-
men.

Im Falle von Sauerstoff iiberlagern sich der Aus-
salzwirkung bei Zusatz von Milchsiure die durch pH-
Verschiebung bedingten Bohr- und Rooteffekte, wobei
die Substanzen dem Blut am Scheitel des rete durch
die dort befindliche Driise zugefligt werden.

Auf Grund der vorliegenden Berechnungen, die sich
auf die beim Aal gegebenen Verhiltnisse stiitzen, wiir-
de eine relative Erhéhung des Salzgehaltes um 0,02 M1
im Falle von Stickstoff einen Einzeleffekt erzeugen,
aus welchem infolge der durch das rete bewirkten
Vervielfachung ein Partialdruck von etwa 25 Atm N,
aufgebaut werden kénnte.

Eine relative Erhohung des Milchsduregehaltes in
den efferenten Kapillaren um 45 mg9%, (beim Aal in

46 W, Kvuun, A, Nartinw, and E. PETERLI, Helv, chim, Acta 40, 1066
(1957).
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vivo experimentell bestitigt) miisste fiir Sauerstoff einen
Einzeleffekt hervorbringen, der bis zu Enddrucken
von ~ 3000 Atm multipliziert werden kann. Die genaue
Analyse lisst in diesem Fall erkennen, dass bei niedri-
gen Partialdriicken der Bohr- und Rooteffekt, und nach
Erreichung hoher O,-Driicke, der Aussalzeffekt den
im Gegenstrom vervielfachten Einzeleffekt bildet.

Es wird ein Modellversuch beschrieben, bei welchem
die Anreicherung eines Gases durch Vervielfachung des
Aussalzeffektes in einer Gegenstromvorrichtung tat-
sichlich durchgefiihrt wurde.
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Es wird weiter darauf hingewiesen, dass der Vor-
gang im Gesamteffekt einen aktiven Transport darstellt
und es wird die Herkunft der fiir einen solchen Vorgang
benétigten freien Energie durch eine thermodyna-
mische Betrachtung aufgezeigt.

Im tibrigen wurde versucht, die allgemeinen Prinzi-
pien der Gegenstrom-Multiplikation verstindlich zu
machen, und bestehende Theorien iiber die Gaskonzen-
trierung in der Schwimmblase wurden im Lichte dieser
Erkenntnisse einer sachlichen Diskussion und Kritik
unterworfen.

Prinzipien cerebraler Organisation*
Von W. R, Hess**

Zur Einleitung. Um dem Leser, welcher mit der
Physiologie des Zentralnervensystems nicht niaher ver-
traut ist, die richtige Einstellung zum Titelthema zu
vermitteln, ist es geboten, kurz auf Untersuchungen
zuriickzukommen, welche einen tieferliegenden Ab-
schnitt des Gehirnes, den sogenannten Hirnstamm, be-
treffen (HEss!). Es hat sich um eine experimentelle
Analyse der Funktion des sogenannten Zwischen-
hirnes und angrenzender Hirnabschnitte gehandelt.
Dabei kamen unter anderem Symptome zum Vor-
schein, welche bestimmten Stimmungslagen des Ver-
suchstieres (Katze) entsprechen. Sehr prignant ist
z. B. die Ausserung von Wut, wobei das Tier in
direkter Abhingigkeit von elektrischer Reizung in
einem genau umschriebenen Gebiet knurrt, faucht
oder schneuzt und sich auch die Haare des Schwanzes
und des Riickens strduben. Nahert man sich dem Tier
mit der Hand, so riskiert man einen gutgezielten Schlag
gegen diese. Bei Fortsetzung des Reizes kann es sogar
dazu kommen, dass die Katze eine in der Nihe ste-
hende Person angreifend anspringt. Wer das ganze
Bild ins Auge fasst, stellt eine genaue Ubereinstim-
mung mit dem Verhalten fest, welches man zu sehen
bekommt, wenn ein Hund auf eine Katze losgeht und
diese sich mit Mut und in Wut zur Wehr setzt. — Bei
Reizung an benachbarter Stelle reagiert das Tier hin-
gegen mit ausgesprochenem Fresstrieb (BRUGGER?Z).
Ferner kann in analoger Weise ein Verhalten produziert
werden, wie es fiir Durst spezifisch ist. Eine im circum-
scripten Gebiet des Zwischenhirns gereizte Ziege be-
gibt sich zu einem im Aufenthaltsraum befindlichen
Wassereimer und trinkt solange, wie die Reizung dauert.
Setzt man diese aus, so hort die Ziege auch mit dem
Trinken auf, um bei neuem Reiz wieder zu beginnen.
ANDERsSON hat die Bedingungen dieser Wirkung noch
eingehender studiert, wobei er Ziegen darauf dres-
sierte, sich bei natiirlichem Durst auf Umwegen aus

einem gefiillten Gefdss Wasser zu beschaffen. Ein sol-
ches Tier reagiert nun auch auf die angelernte Weise,
wenn es, obgleich wassergesittigt, im «Durstareal» des
Zwischenhirns gereizt wird®4, — Die genannten und
noch anderweitige Erfahrungen normaler wie er-
lernter Verhaltensweisen als Antwort auf kiinstliche
Reizung koénnen nicht anders verstanden werden, als
dass durch die elektrische Reizung je nach Angriffsort
diese oder jene Gefiihle, wie Wut, Hunger, Durst u.s. w.
ausgelgst werden, d.h. so, wie durch eine physiolo-
gische Reizsituation, z. B. wenn das Bild eines angrei-
fenden Hundes auf die Netzhiute der Augen geworfen
wird bzw. der Zuckergehalt des Blutes unter ein ge-
wisses Minimum absinkt oder die Salzkonzentration
des Blutes durch grosse Wasserverluste einen bestimm-
ten Schwellenwert iiberschreitet. Niher besehen sind
diese Sachwerthalte sehr bemerkenswert; denn sie
besagen nichts anderes, als dass die funktionsspezi-
fischen Sinneszellen, welche das Triebverhalten-
steuern, nicht zwischen dem sogenannten adiquaten,
d.h. dem physiologischen und dem elektrischen Reiz
unterscheiden kénnen. Entsprechend kommt es ein-
fach darauf an, dass diese Kontrollorgane in Erregung
versetzt werden. Massgebend fiir die Wirkung ist, wie

* Herrn Prof. A. v. MURALT bei Anlass seines 60. Geburtstages ge-
widmet.
** Ziirich.
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