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The Rats in the Gutter

Being asked to contribute to a Hans Ussing com-
memorative issue provides a unique opportunity to
look back in time and try to name the really important
papers or events that have influenced one’s scientific
career. My quest in membrane biology started with a
master’s degree in biochemistry in 1968 at the univer-
sity of Utrecht under the inspiring supervision of the
late Laurens van Deenen. The international atmo-
sphere in his laboratory and the rapid developments in
the field of membrane lipid biochemistry initiated at
that time my interest in biological membranes. In the
same year, Hans Ussing was 57 and had already pub-
lished his most significant papers when I started as a
graduate student in physiology at the university of
Nijmegen for a Ph.D. in membrane biology under su-
pervision of Jan Slegers. My contribution to this vol-
ume will focus on some of Ussing’s papers and ideas
that were most influential at the start of my career. I
have often been surprised by the fact that Hans Ussing
had analyzed and discussed an issue way ahead of
anyone else in the field of membrane transport and that
he had also hinted at explanations that were much later
proven to be correct. I didn’t meet him in person before
1980 when he was already 69. This happened at the 15™
Alfred Benzon symposium, which Niels Binslev orga-
nized in 1980 in Copenhagen. He impressed me by his
common sense and his frankness. One expression by
him at that occasion I never forgot. Sitting next to him
at the symposium dinner in a fabulous castle I told him
about my children and my worries about the future of
our planet. He simply replied by saying: “don’t worry,
even the rats in the gutter have a good life”.

Active Sodium Transport and the Two-Membrane
Hypothesis

In 1968, when I started my Ph.D. work, Hans Ussing
summarized at a symposium organized by D.C.

Tosteson his most important experimental and the-
oretical work so far as follows: “For some 20 years in
my laboratory we have been using the isolated frog skin
as our favorite experimental object. The isolated frog
skin performs massive transport of sodium chloride
from the outside to the inside bathing solution. It
turned out that sodium was the active transported
species since it went against its own electrochemical
gradient, whereas chloride could be shown to behave
exactly as a passive ion should according to the flux
ratio equation....... The more detailed analysis of the
nature of the frog skin potential led to the model of the
epithelium that we may call the two-membrane theory.
It is assumed that the outward facing epithelial
boundary is permeable to chloride and selectively but
passively permeable to sodium. The inward facing
boundary, on the other hand, is readily permeable to
potassium as well as chloride, but only slightly per-
meable to sodium. This ion leaves the cellular com-
partment only by way of an inward-directed sodium
pump. Such a system would account for the net trans-
port of sodiumchloride in the open circuit skin, for the
sodium current in the short-circuited skin and also for
the maintenance of the epithelial cells in a state of
osmotic and ionic balance” (Ussing, 1949;1969; Ussing
& Zerahn, 1951; Koefoed-Johnsen & Ussing, 1958).
Here are the essentials of active sodium transport in
the kidney collecting duct and in the distal colon,
summarized in a few sentences in his own prose, as we
teach them today to our medical students. The beauty
of this concept has not faded and the molecular
properties of the epithelial Na channel, ENaC, the
different K channels and the Na-K pump fit very well
within this early frame work formulated by Ussing.
The observations of Jared Diamond in the early
sixties on isolated rabbit gall bladders, an epithelial
tissue that performs massive active NaCl transport in
the absence of any transepithelial potential, must
have been a big surprise to the field (Diamond, 1962).
In view of the apparent contradictions with the frog
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skin two-membrane hypothesis, I decided to have a
closer look at the membrane permeabilities of the gall
bladder epithelium. Quite surprisingly, it turned out
that in the Necturus gall bladder the apical membrane
was almost impermeable to Na and Cl ions but that
its permeability to K was as high as in the basolateral
membrane (van Os & Slegers, 1975). Hence, in ad-
dition to a leaky paracellular pathway, the perme-
ability properties of the two membranes in series were
very similar and these were conspicuous differences
with the frog skin model of active Na transport. At
the same time, but unaware of each other, Reuss and
Finn (1975) arrived at similar conclusions.

Much later in my laboratory, Wim Ghijsen, Rene
Bindels and Joost Hoenderop provided evidence that
the Ussing model for active Na transport is also ap-
plicable to active Ca transport in the small intestine
and the distal nephron (Ghijsen, & van Os, 1979;
Ghijsen, de Jong & van Os, 1982; Bindels et al.,1991;
Hoenderop et al., 1999.) Influx of Ca is also passive
and takes place via an apical epithelial Ca channel,
ECaC, whereas basolateral efflux is active and me-
diated by a Ca-pump or a Na-Ca exchanger.

Negative Feedback on Sodium Entry

It is now well accepted that any maneuver that brings
about an increase in the cytosolic Na concentration
results in a decrease in active Na transport and Na
conductance (Schultz, 1992). Ussing was the first to
report observations on the effect of ouabain on frog
skin and hinted already at some form of negative
feedback as he concluded: “It may be that any inter-
ference with the pump mechanism is accompanied by a
decrease in the passive permeabilities to ions and that
the active ion transport and the passive fluxes are not
entirely independent” (MacRobbie & Ussing, 1961).
In my opinion the molecular mechanisms in-
volved in the negative feedback of intracellular Na on
ENaC are still poorly understood, in spite of extensive
studies, in which either intracellular Ca, pH, cell vol-
ume or an intracellular Na receptor have been impli-
cated (Taylor & Windhager, 1979; Harvey, Thomas &
Ehrenfeld, 1988; Ishibashi et al., 1999). The story be-
comes now more complex because, recently, Dijkink
in our laboratory was able to demonstrate also an
effect of intracellular Na on the aldosterone-induced
synthesis of an ENaC subunit as a clear form of neg-
ative feedback (Dijkink, 2001; Dijkink et al., 2001).
She used primary cultures of immunodissected rabbit
cortical collecting-duct cells and observed that stim-
ulation of apical Na entry, by long-term short-cir-
cuiting of the monolayers, suppressed the aldosterone-
stimulated benzamil-sensitive /., while in the presence
of benzamil this inhibitory effect was absent. Using an
immunoprecipitation assay after labeling the B-sub-
unit of ENaC with [*°S]-methionine, she could also
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demonstrate that the effects of modulation of apical
Na entry on active Na transport were exactly mirrored
in the B-ENaC subunit protein levels. Also in the ab-
sence of aldosterone, incubation of the cell layer for 18
hr with benzamil resulted in doubling of active Na
transport and of the amount of B-ENaC in the cells.

To complicate matters even more, it is now be-
coming clear that most of the ENaC subunit protein
is not present in the apical membrane but present
intracellularly in a core-glycosylated Endo H-sensi-
tive form, which is indicative of retardation in the ER
or pre-Golgi compartment (Dijkink, 2001; Dijkink
et al., 2001). This is not only true upon expression of
ENaC in oocytes (Valentijin, Fyfe & Canessa, 1998)
but also in fully differentiated distal colonic and
kidney cells (Dijkink, 2001a,b). Hence, posttransla-
tional maturation of ENaC subunits in the ER-Golgi
seems the limiting step in processing functional Na
channels and this is fully in agreement with a recent
publication by Loffing et al. (2000) who described
translocation of ENaC protein from intracellular
pools to the apical plasma membrane in mice put on a
low-Na diet. Forty years after the first prescient
statement by Ussing hinting at feedback, we are now
at the unsolved problems of posttranslational matu-
ration of ENaC proteins and regulated trafficking of
intracellular vesicles containing ENaC subunits.

The negative feedback of intracellular Ca on
apical Ca influx via ECaC is, in contrast to Na influx,
far more direct and faster than in the case of ENaC,
and this should not really be surprising if one realizes
the detrimental effects of high intracellular Ca con-
centrations on the viability of cells. In the actively
Ca-transporting epithelia the negative feedback is
realized by an intrinsic molecular property of the
apical Ca channel, since it was demonstrated that
ECacC is a constitutively open channel that is rapidly
inactivated by Ca ions when intracellular Ca con-
centrations rise above the resting value. This mech-
anism is a perfect safeguard to prevent uncontrolled
Ca influx (Vennekens et al., 2000). Another striking
difference with active Na transport is the role of cy-
tosolic high-affinity Ca-binding proteins, calbindins,
which occur in high concentrations and serve as ef-
ficient Ca buffers and facilitate the diffusion of Ca**
ions from the entry ports to the basolateral Ca
pumps, without interfering with cellular Ca-signaling
(Koster et al., 1995).

Paracellular Shunt Pathways in Epithelia

Ussing and Windhager (1964) introduced the concept
of extracellular shunt pathways in epithelia when they
realized that in frog skin the conductance of this
pathway amounted to 40% of the conductance of the
epithelium. Later, Fromter and Diamond (1972)
demonstrated very elegantly and convincingly that in
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Necturus gallbladder the paracellular transjunctional
pathway constituted 95% of the epithelial electrical
conductance and introduced the terms ““tight” and
“leaky” epithelia for high resistance-high potential
and low resistance-low potential epithelia, respec-
tively. In that seminal paper they also correlated
water permeabilities with electrical conductances of a
variety of epithelia and suggested that in “leaky”
epithelia the dominant route for water could also be
paracellular. This concept became generally accepted
for a long period. I became skeptical about this
concept when we could demonstrate that the ductal
epithelium of the rabbit submaxillary salivary gland
combined “‘tight” epithelial properties with resistance
values observed in very “leaky” epithelia (Augustus
et al., 1977). In addition, the water permeability of
this ductal epithelium was extremely low (van Os
et al., 1981). Nowadays it is not surprising anymore
that water permeabilities and ionic conductances are
distinct entities that can be independently regulated,
however, in those days the significance of the para-
cellular route in isotonic water transport across
“leaky” epithelia was a hotly debated issue. We now
take for granted that the high density of aquaporin
water channels determines the high water perme-
ability and that the number of open ion channels in
the membrane determines the ionic conductance, in-
dependent of the leakiness of the paracellular path-
way or zonula occludens. This explains why, in the
proximal tubule of an aquaporin knock-out mouse,
the water permeability is greatly reduced without
affecting the epithelial resistance and why the elec-
trical conductance of the shunt pathway in the thick
ascending limb of Henle’s loop is extremely high,
whereas the water permeability is extremely low
(Schnermann et al., 1998).

At the moment it is very exciting to watch the
unraveling of the molecular details of the proteins that
constitute the zonula occludens and which determine
whether the junctional route is “tight” or “leaky”. It is
now clear that zonulae occludentes are made of any one
of 20 members of the claudin-encoding genes and a
few other transmembrane proteins, like occludins, and
many peripheral proteins (see Tsukita & Furuse,
1999). Indirect evidence suggests that claudins may
create the selectivity properties of the paracellular
pathway since mutations in the claudin-16 gene (also
named paracellin-1) leads to a selective loss of the
extracellular Mg pathway in the thick ascending limb
and to Mg-wasting (Simon et al., 1999). More re-
cently, Wilcox et al. (2001) reported mutations in the
gene coding for claudin-14 causing autosomal reces-
sive deafness DFNB29. These authors suggest that
claudin-14 may play an important role in maintaining
the high resting potential and the high K concentra-
tion of the endolymph in the cochlea by constituting a
“tight” seal with various types of cells bordering the
endolymph. Very recently, two interesting papers ap-
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peared, which described experimental modulation of
the paracellular conductance and selectivity in
MDCK cells. In one paper, the difference in trans-
epithelial resistance between MDCK I and II, the
high- and low-resistance forms, respectively, was
demonstrated to be due to claudin-2. Induced ex-
pression in MDCK I cells of claudin-2, which is nor-
mally only expressed in the low resistance MDCK 11
cells, converted the MDCK 1 phenotype into an
MDCK II phenotype (Furuse et al., 2001). In the other
paper it was shown that overexpression of claudin-4 in
MDCK 1II cells decreased the paracellular conduc-
tance through a selective decrease in Na permeability
(Van Itallie et al., 2001). Taken together, it could well
be that the so-called “‘kisses in the dark™, a term coined
by Moreno and Diamond for the paracellular struc-
tures that determine the cation selectivity in gallblad-
der epithelium, have now been identified as being
members of the claudin family (Diamond, 1974).

Water Permeability of Biological Membranes

No quest for membrane channel proteins has been
longer and more tortuous than the one for water
channels. One reason could have been that phos-
pholipid bilayers turned out to be already surpris-
ingly well permeable to water, and in van Deenen’s
school in Utrecht everyone was convinced that water
permeability of biological membranes was deter-
mined by the lipid composition and especially by the
cholesterol content. By scanning the literature that
reported water permeability measurements in epi-
thelial tissues around 1970, I became more and more
convinced that there must be more to it than only
lipid composition and my interest in water perme-
ability has never faded since then.

Ussing has also been a pioneer in the field of water
permeability. As a student of August Krogh he studied
the water permeabilty of fish eggs by using deuterated
water and he concluded that the diffusional water
permeability was too low to be measured accurately
(Krogh & Ussing, 1937). How correct this notion was
is nowadays routinely demonstrated when Xenopus
oocytes are used as expression system for aquaporins.
Noninjected oocytes will not swell even when placed
into distilled water, but after expression of any one of
the 10 aquaporins, they explode within a minute when
put into distilled water (Preston et al., 1992).

Koefoed and Ussing (1953) were the first to report
diffusional and osmotic water permeabilities in toad
skin and to observe an increase in osmotic water per-
meability with ADH. Ussing also introduced a mi-
croscopical technique with which he was able to
measure the entire thickness of the epithelial layer of
the frog skin and could follow osmotically-induced
swelling in time. With this technique, MacRobbie and
Ussing (1961) were able to observe that the outer
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barrier of the skin was much less permeable to water
than the inner barrier and that the water permeability
of the outer barrier was increased when the inner so-
lution contained ADH. A year later Hays and Leaf
(1962) reported a much greater effect of ADH on toad
bladder epithelium. This paper as well as Ussing’s
papers started off a big discussion on the possible size
of the water pores induced by ADH, based on the
differences observed in hydraulic conductivity (Lp)
and diffusional permeability (P4). Only after correc-
tion for unstirred-layer effects on Py measurements,
Hays and Franki (1970) arrived at the, as we now
know, correct conclusion that ADH increases the
number and not the diameter of small aqueous pores in
the apical membrane. This classical paper by Hays and
Franki, together with the first morphological obser-
vation by the group of Bourguet of numerous intra-
membranous particle aggregates after ADH challenge
of frog bladder, are in my opinion the papers that
justified the search for molecular water channels
(Chevalier, Bourguet & Hugon, 1974). However, most
peer reviewers did not consider molecular water
channels very appealing nor realistic and this delayed
my search for water channels significantly.

In 1985 I was finally successful in getting a pro-
ject funded, aiming at identifying water channel
proteins in proximal tubular membranes. By using a
stopped-flow light-scattering technique, we were able
to demonstrate a Hg-sensitive water flow in rat
proximal tubular brush border and basolateral
membrane vesicles, a component that was completely
absent from small intestinal specimens (van Heeswijk
& van Os, 1986). Using a radiation-inactivation ap-
proach, van Hoek et al. (1991) were able to demon-
strate that this Hg-sensitive water flow in proximal
tubular membranes had a functional unit size of ap-
proximately 30 kDa. Before we were able to identify
this 30 kDa protein, Peter Agre took the whole field
by surprise. His group had cloned the first molecular
water channel from red blood cells and proved its
water-channel properties in a now classical paper
(Preston et al., 1992). Agre’s serendipitous discovery
of the first water channel opened up a completely new
field, and within a couple of years 10 aquaporins were
described (see Deen & van Os, 1998). We were ex-
tremely fortunate that in the university hospital in
Nijmegen, Knoers and Monnens were seeing and
studying several patients suffering from congenital
nephrogenic diabetes insipidus, NDI. In close col-
laboration, we were able to prove that the autosomal
recessive form of NDI was caused by mutations in the
gene coding for aquaporin-2, which was the ultimate
proof that aquaporin-2 was the vasopressin-depen-
dent water channel in the collecting duct (Deen et al.,
1994). Up to now we are again and again surprised by
new mutations in this gene, which also causes the
autosomal dominant form of NDI (Mulders et al.,
1998; Kamsteeg et al., 1999). However, more details
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about recent advances in the aquaporin field would
be out of place in a tribute to Hans Ussing.

Concluding Remarks

Hopefully, I have made clear that in every aspect of
my past and present work Hans Ussing has had an
influence as a pioneer. He has formulated biophysical
concepts that have withstood the tooth of time ex-
tremely well. He told me personally not to worry too
much and since 1980 I, indeed, stopped worrying
about matters that one cannot control.

Looking at the list of papers Hans Ussing pro-
duced, it is very obvious that he never retired and that
he was faithful to the frog skin a long life long. I
realize, however, that his most influential and original
contributions to the field of biological membranes
were made in the first half of his productive scientific
career. So, here is another lesson to be learned from
Hans Ussing’s life. Don’t worry when it is time to
retire and make place for the young and talented
ambitious young men and women! These young sci-
entists will fully agree with the statement Hans Ussing
made in 1968: ““The advances on the membrane front in
experimental biology were very slow indeed until after
the last world war. Then things started happening.
Stimulated by the developments in electronics as well as
by the availability of radioactive and stable isotopic
tracers, information about the permeability properties
of living cells and membranes was pouring in and was
arranged in a nice pyramid of theory”. However, the
new generation of membrane biologists, most likely,
want to change the words “last world war” into
“1990”, “electronics” into “genomics” and “‘theory”
into “‘molecular data”(Ussing, 1969).

Drs. Bindels, Deen, Hoenderop, Mulders, Kamsteeg and Miiller
are gratefully acknowledged for being such great colleagues and for
suggestions for this contribution.
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