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Introduction

For numerous animal cell species a quaternary co-
transport system has been demonstrated, which is
located in the plasma membrane and transports
Nat, K*, and ClI- electroneutrally with a stoichiom-
etry of 1:1:2. It is inhibitable by furosemide and
other loop diuretics. Previously, various other
transport systems for these ions, which are inhibit-
able by the same diuretics, had been postulated,
such as K*-Cl~ cotransport [9, 38], Na*-K~ cotrans-
port [28, 29, 70], primary active CI~ pump [14, 15,
17, 80], Na*-K* cotransport [34, 62, 63, 97], and
Na*/Na*t and K*/K" exchange [10, 68, 69, 89, 90,
91]. It is now believed that these are not distinct
systems, but merely partial aspects of the above-
mentioned single cotransport system. The concept
of the Na*-K*-2CI~ cotransport system evolved
along different lines which will be briefly described
here.

One line started with the ‘‘paradoxical’” behav-
ior of Cl~ in Ehrlich cells. This ion, which for many
decades had been believed to pass the membrane
only passively and without mediation, was not al-
ways found to behave accordingly: Its distribution
between cell and medium often deviates from the
Nernst equation at a given electrical potential.
Moreover, a rise of the electrical PD, for instance
after stimulation of the electrogenic Na*/K* pump
by K*, does not prevent Cl~ to move into the cell,
i.e., against its electrochemical potential gradient
[49]. This ‘“paradoxical’’ CI~ movement was inhib-
itable by furosemide and was always accompanied
by an extra furosemide-inhibitable K* movement of
similar magnitude, normally also against the corre-
sponding electrochemical potential gradient [38].
The first hypothesis that comes to mind, that of a
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furosemide-sensitive inward Cl- pump, does not
explain the energetically uphill K* movement.
More plausible seemed another hypothesis, that of
an active K¥/H* antiport, which is the presence of a
CI=/OH~ or CI-/HCOj5 exchange mechanism would
account for the observed effects. This hypothesis
also had to be discarded, because no evidence of an
active K*/H"* exchange nor for the participation of
an existing SITS- or DIDS-sensitive CI7/OH~ ex-
change could be found. There remained a third hy-
pothesis, that of an active K*-Cl~ cotransport.
Soon, however, improved techniques and shorter
test periods revealed that the furosemide-sensitive
Cl~ transport exceeded the accompanying K*
transport by a factor of about 2 [13] and, moreover,
that electroneutrality was maintained by a furo-
semide-sensitive Na* flow. This led to the first pos-
tulation of a (quaternary) Na*-K*-2Cl~ cotransport
[35], which could soon be verified on the ground of
thorough kinetic and thermodynamic analyses [36,
40], as will be discussed below. As this cotransport
had no effect on the electrical PD of the cell mem-
brane, nor was it affected by an imposed electrical
PD, it appeared to be electrically silent, in agree-
ment with the indicated stoichiometry. In this form
this cotransport is now widely accepted, though its
first presentation was met with great scepticism
(discussion in 36).

In another line of research it was found that in
erythrocytes the exit of Na® falls short of what
could be accounted for by the ouabain-sensitive
Na*/K* pump. A second Na* pump, inhibitable by
ethacrynate was, therefore, considered [55]. When
it turned out that this process also operates inward
directed and that this extra Na* entry is always
associated with an extra entry of K*, a Na*-K~
cotransport [97] was postulated for these cells, and
later also for Ehrlich cells and other cells [33, 79]. In
avian erythrocytes evidence was found that this
Na*-K* cotransport functions in the regulation of
cellular volume [32, 64, 84]: It is activated by os-
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motic shrinking of the cell and also by nore-
pinephrine, which, supposedly through a g-adrener-
gic process via cAMP, participates in volume
regulation. Later, it could be shown with human
erythrocytes that the Na*-K* cotransport depends
on the presence of Cl~, which cannot be replaced by
nitrate [19, 20, 25]. It was assumed that Cl~ is co-
transported with the two cations, though direct evi-
dence could not be obtained, because the overlap-
ping anion antiport exceeds that of the Na*-K*
cotransport by several orders of magnitude. Only
later was this assumption confirmed for avian eryth-
rocytes after specific inhibition of the anion ex-
change [45]. For various other cells, ClI~ depen-
dence at this process is now shown [2—4, 12, 67, 73].

A third line of research was concerned with the

detailed action of loop diuretics in renal tubules.
After a second Nat* pump had been excluded, the
active movement of Cl~ was identified in microper-
fusion studies to be the primary target of these in-
hibitors [15, 80]. Similar findings were reported for
other epithelial tissues such as cornea [17] and the
intestine of teleosts [98]. Some discrepancies be-
tween prediction and findings could be reconciled
by the assumption of a secondary active Cl~ trans-
port, i.e. of a Na*-CI~ cotransport [29]. For the salt
gland of the shark this system was later expanded to
include a second Cl- ion [87], and the resulting
Na*-2Cl~ cotransport appeared to account for most
experimental findings satisfactorily. The require-
ment of K* for this loop diuretic-sensitive transport
in Henle’s loop and other epithelia was discovered
more recently on the basis of microperfusion stud-
ies [41, 71] and directly by studies with vesicles of
various cells [46, 61]. Hence, it would appear that
also in the kidney the quaternary cotransport, first
described for the Ehrlich cell, is the mechanism un-
derlying all these observations. It is natural that a
Na*-K* cotransport, similar to that postulated for
the erythrocytes, has never been considered in
transepithelial transport, as it would disagree with
the electrical findings.

Coupling in Cotransport

Any cotransport implies that the individual flows of
the cotransported species are tightly coupled with
each other at a fixed stoichiometry. The most rigor-
ous and quantitative test for coupling available is
based on ‘‘the degree of coupling’’ (g), derived from
the phenomenological equations of Thermodynam-
ics of Irreversible Processes (TIP). It takes into ac-
count that each coupled flow is driven, besides by
its own (conjugate) driving force, also by the (non-
conjugate) driving force(s) of other flow(s). For a
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simple two-component system the phenomenologi-
cal equations are

Ja = LaaXu + Lath (la)
Jp = LapXy + LippXy. (Ib)

J, and J, are the flows of solutes A and B, each of
which is linked to its driving force X, and X,,
through the straight coefficients L,, and L, and to
that of the other solute through a cross coefficient,
L.

The coupling becomes more explicit in the
“‘quasi-chemical notation,”” which presupposes a
fixed stoichiometry of coupling overlapped by (un-
coupled) leakage flows [47].

‘]Ll = (’YZL/ + LZ)XH + )’a’)’erXb (za)
Jo = yaysLiXy + (viL, + L)X, (2b)

L, is the coefficient linking the flow of the overall
process to the total driving force (X, + X,). L and

4 are (summarizing) leakage coefficients, and v,
and v, the stoichiometric coefficients.

We see that each flow consists of two compo-
nents, the coupled flow and the uncoupled leakage
flow. )

The degree of coupling (¢) is defined

q= Lah - %ﬁer
\/Lau ) Lbb \/(V%JLI + LZ“)(')’%L, + Lgb)

(3)

A completely coupled pair of flows should give the
maximal g of = 1, which is usuvally reduced by leak-
age flows. To obtain ¢ it is not necessary to know all
phenomenological coefficients separately; it suf-
fices to determine the ratios of the cross coefficient
over each of the straight coefficients. It should be
pointed out that in these ratios the variations of the
coefficients, which naturally occur with changing
driving forces and which severely limit the applica-
tion of TIP, largely cancel. Accordingly, as has
been demonstrated elsewhere [48], ¢ is a far more
reliable parameter than the phenomenological coef-
ficients from which it is derived, and the objections
raised against the use of irreversible thermodynam-
ics in general do, therefore, not apply to the degree
of coupling q.

" The simplest experimental way to determine g
is through the ‘‘pulse-cross response’ method:

7= (i) G g

Each partial differential gives the response of the
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one flow to an induced change (pulse) of the other
one to which it is supposedly coupled. It is unim-
portant how the primary changes are induced, but
in any case, the conjugate driving force of the re-
sponding flow must remain constant during the test.
If the two flows are plotted against each other, one
obtains straight lines over a rather wide range.
From the two corresponding slopes g can be de-
rived. The quasi-chemical notation shows that the
two corresponding slopes can also be used to deter-
mine the upper and the lower limit of the stoichio-
metric coefficients.

G =omm=(2),

For the Na*-K*-2Cl~ cotransport this procedure
has to be extended to all three ion flows concerned,
each of which should be coupled directly to the
other two. The obscuring effects of the leakage
flows can be reduced or even eliminated by specific
inhibitors. In the present system advantage could be
taken from the specific inhibition by the loop diuret-
ics (furosemide, bumetanide, piretanide). Using
only those flux components that are sensitive to
these diuretics for the determination of ¢ and y, one
can ‘“‘filter out’’ the leakage components, provided
that the measuring periods are short enough to
avoid changes of the driving forces.

The pulse-cross response test, as described
above, was carried out with Ehrlich cells as follows
[36, 40}: In cells eariched with Na* and depleted of
K* and suspended in K*-free buffer the cotransport
was initiated by the addition of K*. One type of
experiment was carried out for each of the three
ions, Na*, K* and ClI~. In each case the concentra-
tions of two ion species were kept constant, where
that of the third one was varied (Fig. 1). The fluxes
of the two unvaried ion species were plotted versus
that of the varied species. Thus, it can be shown to
which extent the two ion species with constant con-
Jugate driving force respond to the variation of the
driving force of the third ion species. Straight lines
were obtained with the slopes of almost unity for
the two cations and of one half for each cation flow
as a function of the CI~ flow and about two for the
CI~ flow as a function of each of the cation flows.

Using the above slopes to determine g accord-
ing to Eq. (3) one obtains values very close to unity
for all three couplings. It may safely follow that
under the experimental conditions no flows other
than those of the cotransport are inhibited by furo-
semide. The stoichiometry was then derived and
found to be as expected, namely 1 Na*:1K™* and
2C1~ [36, 40). The above analysis also excludes, at
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Fig. 1. Pulse-cross response experiment to determine for furo-
semide-sensitive ion transport the degree of coupling and stoi-
chiometric ratios. Na*-rich, K*-depleted Ehrlich cells were incu-
bated for 5 min at 37°C in Krebs-Ringer phosphate buffer with
varied Na*, K*, and Cl- content. Furosemide-sensitive fluxes
were initiated by addition of K* to a K*-free incubation medium.
(For experimental details see the original publication.) (A-C)
The furosemide-sensitive component of uptake of the constant
(cross-responding) ions is plotted versus that of the pulsed one.
(A) Na* and Cl- constant, K+ varied. (B) K* and Cl- constant,
Nat varied. (C) Na* and K* constant, C]~ varied. The slopes of
the lines are not significantly different from the following values:
cation/cation, 1; Cl-/cation, 2; and cation/Cl-, 0.5. (D) Pooled
experimental data from A-C. Uptake of osmotic active solutes
(Na* + K* + Cl) and electrical charge (Na* + K* — CI7). The
slope of the line for osmotic active solutes versus associated
water movement gives an osmolarity of the transported mixture
not significantly different from isotonicity. Transfer of electrical
charge is not significantly different from zero. (From Ref. 40,
reproduced with permission of Elsevier Science Publishers) '

least for Ehrlich cells, that the quaternary cotrans-
port is in reality the sum of two separate binary
cotransport systems in parallel, of NaCl and of KCI.
Otherwise, the pulse-cross response test would not
show any coupling between Na* and K*: in other
words, the appropriate degree of coupling, g,
should not significantly differ from zero. In the
present system it is just this coupling which has
been most thoroughly investigated by various au-
thors, for various cell types. Hence, the coupling
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Fig. 2. Coupling of ion transport to ATP hydrolysis. For Na*-
rich, K+-depleted cells ATP content was determined at different
times after activation of transport by addition of K* and after
blocking of respiratory ATP production by antimycin A. While
ATP consumption by ouabain-sensitive pump flux is clearly
seen, no influence of furosemide-sensitive cotransport could be
observed. (From Ref. 40, reproduced with permission of the pub-
lisher)

between K* and Na' is probably the best estab-
lished one of the three.

Although the cotransport system has by now
been postulated for many other cell types, a rigor-
ous determination of g, based on the pulse-cross
response technique described above, so far has not
been carried out with any cell other than the Ehrlich
cell. It would be reassuring if the g-test was also
applied in other systems, for instance to the cou-
pling between Na*-K* cotransport and Cl~ flow in
erythrocytes, and to that between Na*-2Cl~ cotrans-
port and K* flow in the loop of Henle. But even
though the final proof of the Na*-K*-2Cl~ cotrans-
port in most cases may still be missing, the evi-
dence appears very strong that this cotransport is
present in all classes of vertebrates.

Treatment of erythrocytes with NEM induces
KCl cotransport not inhibitable by loop diuretics
[65, 66]. It is not decided now whether a new trans-
port system is induced or whether NEM splits off a
part of the quaternary transporter, bearing the K*-
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and one (the specific) Cl~ binding site, but not that
for the other anion (unspecific?), Na* and the di-
uretic.

Specificity of the Na*-K*-2Cl~ Cotransport

INHIBITABILITY

The furosemide-sensitive cotransport system is also
inhibited by other loop diuretics such as bumetanide
and piretanide. These two are even more powerful
and more specific than furosemide: their 1Cs is
lower and their side effects on the anion exchange
system are smaller. Also ethacrynate inhibits the
cotransport system, though not as such, but in the
form of its cysteine adduct. It is much less specific,
since as a SH-blocker, it affects many other unre-
lated processes. As one would expect of various
loop diuretics, ICs, for inhibition of transport in the
isolated perfused tubules of Henle’s loops is
strongly correlated to their diuretic effect [83].
Moreover, as tested with avian erythrocytes [75]
and for Ehrlich cells (M. Gé6tz and P. Geck, in prep-
aration), the inhibitory effect of most diuretics in
the quaternary cotransport system of these (non-
epithelial) cells correlates well with their diuretic
effect, supporting the view that the target process is
similar for epithelial and nonepithelial cells.

The stilbene derivatives DIDS and SITS and
related compounds, which specifically inhibit the
anion exchange system through covalent binding to
protein, are ineffective towards the cotransport sys-
tem. This fact helps to distinguish the cotransport
from other transport systems [45, 52, 59].

REPLACEABILITY OF ION SPECIES

None of the three ion species participating in the
quaternary cotransport system can fully be replaced
by related species. So Na'* can only partially be
replaced by Li*, i.e., with the loss of cotransport
activity, but pot at all by K*, Rb*, or Cs*. K* can
completely be replaced by Rb*. Cs* is less effective
than these, as it reduces the overall transport rate,
whereas TI* appears to be more effective than all
other cations, even than K* and Rb* [11, 85, 86]:
Under otherwise equal conditions its isotope flux
through the cotransport is about ten times that of
K™ and Rb* (the corresponding factor for the Na*/
K* pump or the K* channel is about three). More
recent investigations have shown that K* can be
replaced by NHZ [58]. ClI- can be replaced by Br~
with the loss of half the transport activity, but not,
or not completely, replaced by nitrate. As men-
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tioned before, this latter observation is helpful to
distinguish the cotransport system from the anion
antiport system. Recently, however, more detailed
analysis has given evidence that only one of the two
Cl-binding sites discriminates between Cl- and
NO; . This appears to follow from the observations
that partial substitution of Cl~ by nitrate shifts the
stoichiometric coefficient for Cl~ from two to one
[26, 58, 74].

Energetics of Cotransport

Since under normal conditions both K* and CI~ are
transported against their respective electrochemical
potential difference, the question arises whether
this transport is primarily or secondarily active. As
under those conditions the third species, Na*, is
maintained at an inward-directed electrochemical
potential difference, many authors tend to the view
that the cotransport is secondarily active. This
agrees with the finding that the cotransport, in con-
trast to the ouabain-sensitive Na*/K* pump, even
working at maximum speed, does not cause any
appreciable increase in ATP hydrolysis (Fig. 2)
nor, under anaerobic conditions, in glycolytic rate
[36, 40]. Yet, this cotransport strongly depends on
the presence of intracellular ATP, and in the steady
state the sum of the electrochemical potentials of all
three ion species seems to be somewhat higher in-
side than outside [36, 40, 54], but this discrepancy
vanishes if one takes into account that the ionic
activity coefficients are likely to be lower inside
than outside by 10-20%, according to the theory of
Debye and Hiickel. The ATP dependence of trans-
port may be explained by a regulatory role of ATP,
for instance, it may be necessary to phosphorylate
proteins crucially involved in cotransport.

Diuretic-sensitive transport is reversible; at
very low extracellular K* (0.2 mM) it operates net
outward directed, a behavior used to isolate trans-
port-deficient mutants |34, 56]. This observation is
better explained by secondary than by primary ac-
tive transport.

In summary, though primary transport has not
rigorously been excluded yet, secondary active
transport appears to be a plausible and well-sup-
ported working hypothesis (Fig. 3).

Function of Cotransport in Volume Regulation

Evidence that the Na*-K*-2Cl~ cotransport system
functions to maintain cellular volume so far stems
mostly from studies with avian erythrocytes [32,
62—-64, 84] and, more recently, with Ehrlich cells
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[37, 39, 52, 54]. With the former it has consistently
been observed that osmotic shrinkage of the cells
activates the Na*-K* cotransport, which, as men-
tioned before, is most likely identical with the Na*-
K*-2Cl~ cotransport. The overall result is a net up-
take of KCl into the cell (regulatory volume
increase, RVI), as the cotransported Na' is imme-
diately replaced by K* through the Nat/K* pump.
As a consequence, the cellular volume increases
again, and as soon as the initial cellular volume is
restored the cotransport is inactivated [39]. This be-
havior is shared by a variety of cell, e.g. rat [23], but
not human erythrocyte [1] or frog skin epithelial
cells [93], while other cells regulate volume by con-
certed action of Na*/H*- and ClI-/HCO; exchange
mechanisms, e.g., Amphiuma red cell [16] and/or
human [43], and pig lymphocytes (E. Flaut, in prep-
aration). With Ehrlich cells the relationship be-
tween Na*-K*-2Cl~ cotransport and volume regula-
tion is less obvious. Normal Ehrlich cells shrunken
in hypertonic medium fail to restore their original
volume [50]. Nonetheless, the Na*-K*-2Cl~ cotrans-
port is activated under these conditions, as indi-
cated by an increase in cellular K* content and by
an up to 20-fold acceleration of the furosemide-sen-
sitive steady-state flux of Rb* [37, 39]. Apparently,
the driving force under these conditions is too small
for the required transport of KCl, probably owing to
the high Cl~ content of these cells. This would ex-
plain why avian erythrocytes, whose Cl~ content is
lower, do normalize their volume in hypertonic me-
dium, and only fail to do so if the extracellular K™ is
as low as 2.5 mwM or less. It might also explain why
Ehrlich cells, that have been previously adjusted to
hypotonic medium, fully normalize their volume
through the Nat-K*-2CI~ cotransport if they shrink



102
(S|gnc|l)D
® if
K* -channel Q ¥e>Y%
Cichannel | RVD
cell -
" - ® volume ’
Na*+ K*+ 2C1 . 4
cotransport RV! if
o Vo>V,

(signal )l

Fig. 4. Feedback control system for cell volume regulation by
RVD and RVI. (For explanation, see text)

upon resuspension on isotonic medium [52, 54]. It
seems that the release of KCl, by which they had
overcome the swelling during the hypotonic pre-
treatment (volume regulatory decrease), favorably
altered the driving force of the Na*-K*+-2Cl- cotrans-
port. Yet, the lack of driving force for the Na*-K -
2CI- cotransport system does not fully explain the
above-mentioned incompleteness of volume adjust-
ment in hypertonic medium. If, for instance in
Ehrlich cells, this driving force is increased by ap-
propriately selected ion concentrations, the volume
adjustment is improved, but still remains incom-
plete (P. Geck, unpublished observation). This
has also been observed with turkey erythrocytes
[92].

Loop diuretic-sensitive ion fluxes are also acti-
vated if the cells are shrunken by other than os-
motic means: for instance by reducing Nat, K*,
and/or CI~ in an otherwise isotonic medium. The
cotransport is then activated and can easily be inac-
tivated again by increasing the cell volume, for in-
stance by increasing intracellular content in the os-
motic active solutes [39]. It thus appears that the
cotransport process is part of a feedback loop to
regulate cellular volume by RVI. It is activated
when the cellular volume drops below the ‘‘set
point” value, and is inactivated when this set point
is attained or exceeded. Since also the volume regu-
lation after hypotonic shock often seems to remain
incomplete, the model hypothesis described below
seems to account best for all observations (Fig. 4):
Ehrlich cells and many other cell species are capa-
ble of regulating their volume in either direction: to
increase their volume after shrinkage in hypertonic
medium (RVI), on the one hand, and to decrease
their volume after swelling in hypotonic medium
(RVD), on the other hand. Each of these two pro-
cesses appears to be effected by a different and sep-
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arate mechanism: the volume increase (RVI) by the
quaternary cotransport system described in this ar-
ticle, and the volume decrease (RVD) by gated K+
and Cl~ channels [42, 53]. Both are in the end ener-
gized by the Na*/K* exchange pump. Each of them
appears to have its own “‘set point,”’ at which it is
activated, or inactivated, respectively. Neither of
these two set points necessarily coincides with the
“‘normal’’ cell volume: the set point of the RVD
seems to be above this value and that of the RVI
below it. In between there appears to be a ‘‘blind
zone,”’ within which the cellular volume may vary
without initiating any of the regulatory mecha-
nisms. As a consequence, the volume regulation
may often remain incomplete. For instance, if after
hypertonic shock the cellular volume shrinks below
the set point, the Na*-K*-2Cl~ cotransport system
is activated until the volume of the corresponding
set point is recovered. Even though at this point the
volume is still well below the normal ‘value, and
even though the driving force of this cotransport
mechanism is still sufficient to operate this process.
Similarly, after the cell has swollen in hypotonic
shock, shrinkage is effected by opening (gated) K*-
and Cl~ channels, but only until the corresponding
set point of the volume is attained, which, however,
may be well above the normal volume. Again, the
regulation of the volume remains incomplete, al-
though this time in the other direction. This discrep-
ancy between the two set points with the resulting
intermediate unregulated ‘‘blind’” zone may seem
disadvantageous. Their main purpose, however,
may be to avoid that both mechanisms operate at
the same time, as would lead to a dissipation of
energy by futile cycles without any regulatory ef-
fect.

It is interesting to note that turkey erythrocytes
[92] do not appear to possess a RVD mechanism.
As a consequence, they can protect their volume
from shrinkage, but not from swelling.

Some basic questions still remain:

1. How does the cell sense its volume and com-
pare it with the set points. Several possibilities are
thinkable:

a) A certain activator substance of the cotransport,
dissolved in the cytoplasm, could be diluted or
concentrated, respectively, by the volume
change. This appears unlikely, since the cotran-
sport responds already to volume changes by less
than 10%, and the inducer concentration changes
of the activator may be too small to be effective,
unless extremely high cooperatively effects are
involved.

b) Cotransport is normally active, upon expansion
of the cyto-skeleton following the increase of vol-
ume, ligands of the cyto-skeleton might liberate
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which inhibit the cotransport system. Attempts to
inhibit this process by effectors acting on the
cyto-skeleton such as cytochalasine B, colchi-
cine, or vinblastine, even at very high concentra-
tions, were unsuccessful with the Ehrlich cell.

c) Expansion of the cellular membrane could liber-
ate an enzyme, normally hidden in a membrane
fold, which catalizes generation of an inhibitor or
destruction of an activator of cotransport. Such a
hypothesis might explain the high sensitivity of
the regulation to even small changes in volume.
So far, however, this hypothesis is pure specula-
tion and not supported by any evidence. At least
for erythrocytes having a smooth surface, such a
hypothesis is very unlikely.

2. The nature of the signal, which is emitted by
a change in cellular volume and how it is perceived
by the cotransport system, are not known yet, One
may think of the involvement of cAMP, or Ca**.
But at least in Ehrlich cells neither of these media-
tors appears to be involved, as will be discussed
further below. So far, there is no evidence of any
other mediator to be involved either. In contrast,
there is good evidence that Ca** plays an important
role in RVD.

It may be informative to compare the regulation
of Na*-K*+-2Cl~ cotransport with that of other cel-
lular functions, which also depend on the tonicity of
the medium, such as the Initiation of protein synthe-
sis [60] and the repair of radiation-induced DNA
damages [78], which are both inhibited by a hyper-
tonic medium. The question arises whether the reg-
ulating signals are the same in such processes and in
cotransport? It is noteworthy that both protein syn-
thesis and cotransport respond to volume changes,
independent of how these are induced [39].

Influence of Hormones on the Cotransport

In avian erythrocytes the cotransport system is
strongly enhanced if the cellular cAMP level is
raised either directly, by the addition of dbcAMP,
or indirectly, by catecholamines [6, 32, 45, 63, 70,
75, 84, 92]. The effect is inhibitable by propanolol
indicating a B-adrenergic receptor being involved.
In duck erythrocytes cAMP raises the ‘‘set point”’
of cellular volume regulation. It appears safe to as-
sume that cAMP does not represent the signal re-
quired to turn the transport mechanism on or off,
respectively, during the regulation [6, 92], since
during activation of the transport process by hyper-
tonic shrinkage cAMP-level is uninfluenced. It
seems to be more likely that cAMP-mediated phos-
phorylation may influence the volume sensor mech-
anism and/or the set point value.
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In Ehrlich cells cAMP does not appear to be
involved in the control of cotransport at all.
Theophylline in high concentrations inhibits the co-
transport, though presumably by lowering the ‘‘set
point’’ value of the cellular volume. It is unlikely
that this effect involves cAMP, as no change in
cAMP could be detected. On the other hand, epi-
nephrine has no additive effect on the cotransport,
even though it raises the cAMP level drastically.
Other inhibitors of phosphodiesterase, such as roli-
pram or Ro-20 1724, do not affect the cotransport
ecither, not even in the presence of isoprenaline, in
spite of an appreciable rise in cAMP. No change in
the cAMP level could be observed in Ehrlich cells if
the cellular volume was varied.

After stimulation of quiescent cells by the ad-
dition of serum or of growth factors such as EGF,
the first noticeable effect is an enhancement of ion
transport, in particular, the furosemide-sensitive
K* influx [8, 21, 72, 77, 81]. This effect is only
transient and leads to a net uptake of osmolarity,
followed by an increase in cellular volume. Altera-
tions of DNA—and protein synthesis are observ-
able only later, when ion transport has been de-
pressed again and a new steady-state volume of the
cell has been established. This phenomenon is simi-
lar to that of avian erythrocytes induced by cate-
cholamines. Also here the phenomenon is consis-
tent with the assumption of an altered set point for
the RVI.

Both serum and growth factors induce phos-
phorylation of a protein, presumably through a pro-
tein kinase C, since the effect of growth factors can
be enhanced by TPA and some other phorbol esters
that activate protein kinase C. Those phorbol es-
ters, that do not stimulate the kinase, do not acti-
vate the ion transport either.

The stimulation of transepithelial transport in
the Henle loop by ADH or its inhibition by pro-
staglandins probably do not involve the quaternary
cotransport system directly, but rather the K* chan-
nels of the luminal membrane [51]. Similar findings
or observations are reported for acetylcholine and
cerulein on pancreas cells [88].

Intracellular Ca does not appear to affect the
cotransport: its increase through the ionophore
A23187 does not prevent inactivation of the cotrans-
port after the ‘‘set point”’ value has been attained,
nor does it prevent maximal cotransport activity in
shrunken cells. Depletion of cellular Ca does not
alter the regulation of cellular volume through the
cotransport system. For avian erythrocytes, too,
participation of Ca in volume regulation by RVI is
excluded, in contrast to volume regulation by RVD,
which clearly depends on Ca.

The correlation between loop diuretic-sensitive
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cotransport and various pathological states has
been extensively studied, but obviously without
convincing results. Some of the reported findings
are even contradictory, for instance in hereditory
hypertension [18, 22, 24, 30, 31, 44, 94-96] the co-
transport in human erythrocytes is reported by
some authors to be increased, and by others to be
decreased or unaltered. The correlation is not much
better with other pathological states. Presumably,
human erythrocytes are not very suitable for such
studies, as they are unable to regulate volume by
varying their cotransport rate, in contrast to avian
erythrocytes and other nucleated cells.

‘Chemical Nature of the Transporter

It could be shown in various laboratories that la-
beled furosemide or bumetanide is specifically
bound to isolated membranes of rabbit kidney and
of the rectal gland of the shark [27, 46]. This binding
is enhanced by K* and Na* and inhibited by Cl~.

Using UV irradiation *H-bumetanide could be
attached covalently and saturably to a membrane
protein with the molecular weight of 34 kD [57].
This protein is claimed to be a part of the transport
mechanism, though an irreversible and specific inhi-
bition of the Na*-K*-2Cl~ transport has not been
demonstrated yet. On the other hand, it could be
demonstrated with fibroblasts that UV irradiation in
the presence of bumetanide irreversibly inhibits this
cotransport system. This inhibition is rather spe-
cific, provided that the bumetanide concentration is
not too high, since otherwise other transport path-
ways are also affected [7].

In other laboratories it has been found that
stimulation of the cotransport by catecholamines, a
protein of molecular weight of 200 kD is phosphory-
lated [5, 82]. Incubation in hypertonic medium,
however, does not lead to this phosphorylation,
even though the transport is activated. Presumably,
the phosphorylated protein is not involved in the
transport process directly, but may have a function
in the regulatory control system for transport. The
same may be true with the 37-kD membrane protein
which binds cAMP [6, 76], possibly the protein ki-
nase which phosphorylates the 200-kD protein,
since the transport itself is not directly stimulated
by cAMP.
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