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HOW DO KIDNEY CELLS ADAPT TO SURVIVE IN
HYPERTONIC INNER MEDULLA?

TOMAS BERL, M.D.

AURORA, COLORADO

ABSTRACT

The hypertonic inner medulla poses challenges to the cells that inhabit
this area of the nephron. We employed discovery tools including proteom-
ics and genomics to identify proteins that subserve the adaptive response.
The � subunit of the Na/K-ATPase is critical to the survival of cells in
hypertonic conditions, as silencing it increases osmosensitvity, and over-
expression increases osmotolerance. The inner medullary collecting duct
(IMCD) has high transepithelial resistance (TER). Proteins responsible for
tight junction integrity are upregulated in hypertonic states. Multi PDZ
protein 1 (MUPP1), a PDZ scaffolding protein, targets Claudin 4 to the
tight junction. The silencing of either of these proteins decreases TER and
renders the epithelium leaky. The accumulation of inert osmolytes is
integral to the adaptive response. The genes involved are regulated by the
transcription factor Tonicity Enhancer Binding Protein. An osmoregulated
nuclear protein Nup88 is critical to the retention of this transcription
factor in the nucleus and to the generation of the osmolytes. In summary,
IMCD cells bring forth a coordinated response to hypertoncity that is
necessary for cell survival and function of these cells in anisotonic condi-
tions.

Introduction

Homer Smith elegantly narrated in his classic book From Fish to
Philosopher, how the kidney played a central role in making possible
the adaptation of living organisms in their transition from an aqueous
saline to an arid terrestrial environment (1). What made such a tran-
sition possible was the evolution of an excretory organ endowed with
the ability to conserve water. This conservation required that the urine
be concentrated to a level much greater than that of its surrounding
tissues. The ability to do so stemmed from the development of a loop
like structure, now designated as the Loop of Henley, that serving as a
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countercurrent multiplier and acting in parallel with an equally de-
signed vascular countercurrent exchanger, allows for the generation of
a marked cortico-medullary tonicity gradient, while maintaining a
small gradient at any given level of renal tissue (2). In this manner
terrestrial organisms have the capacity to excrete highly concentrated
urines that range from 1200 mOsm/Kg H2O in humans to levels that
approach 5000 mOsm/Kg H2O in some desert rodents (3). The corollary
to this evolutionary process is that the cells that inhabit the inner
medulla of mammalian kidneys need to adapt to such an inhospitable
environment, a process that is critical to the viability of these cells and
therefore the integrity and operation of the renal concentrating mech-
anism. This adaptation appears to be initially mediated by the activa-
tion of ion transport systems (4) and subsequently by the generation of
inert organic osmolytes such as sorbitol, inositol and betaine (5–8).
However, it has been recognized that in addition to the proteins in-
volved in the transport and synthesis of these osmolytes, the mainte-
nance of cell viability calls forth the coordinated upregulation of many
other proteins, such as heat shock proteins (9), cyclooxygenase 2 (10),
the atrial natriuretic peptide receptor (11), and the cystic fibrosis trans-
membrane conductance regulator (CFTR) (12), to name a few. In fact, a
genomic analysis reveals that hypertonicity brings about the up- and
down-regulation of hundreds of genes (13, 14). The present review will
describe the use of genomic and proteomic approaches to discover
proteins that we felt were critical in making it possible for inner
medullary cells to meet three challenges posed by their surrounding,
markedly hypertonic environment.

CHALLENGE 1: THE MAINTENANCE OF CELLULAR
BIOENERGETICS—THE � SUBUNIT OF NA/K-ATPASE

Analysis of gene chip data that allowed us to compare cells in
isotonic conditions (300mOsm/Kg H2O) to those we adapted to chron-
ically survive at 600 and 900 mOsm/Kg H2O, revealed that the most
upregulated gene message was for the � subunit of Na/K-ATPase. This
protein is a member of the FXYD family of proteins (15), also designated
as FXYD 2, which is almost exclusively expressed in the kidney (16–18).
We confirmed the observation made with the gene chip with protein
expression and found that the protein is virtually absent in isotonic
conditions and markedly upregulated in hypertonic settings (19). This
observation explained the previously reported absence of the protein in
cultured renal cells, as these were studied exclusively at isotonic
condition. In fact, when the cells that had adapted to hypertonicity
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were returned to 300mOsm/Kg, protein synthesis ceased and the decay
kinetics revealed a T1/2 of 17 hours. Studies were also performed in
vivo in mice during ad lib water intake compared to mice given D5W as
drinking solution, a maneuver that decreased their urinary osmolality
from 3066 to 499 mOsm/Kg. This brought about a highly significant
decrement in the abundance of the � subunit in the inner medulla of
such mice.

The above experiments were performed by the addition of NaCl to
increase the tonicity of the media. The observed upregulation with
NaCl could not be mimicked with either mannitol, an effective non-
electrolyte solute, or with urea which does not set up an effective
osmotic gradient. A subsequent series of substitution experiments for
sodium with choline chloride or for chloride with sodium acetate
pointed to chloride as the mediator of the � subunit expression, in
contrast to the alpha or beta subunit of the pump that is sodium
dependent. This was confirmed by the failure of a blocker of sodium
entry into the cell, namely amiloride, to alter the protein’s expression,
in marked contrast to the effect of a chloride channel blocker to pro-
foundly affect the synthesis of the subunit, an intervention that was
associated with a marked decrement in cell survival (20).

The signaling pathways that control the synthesis of the � subunit
were also investigated, particularly as we had previously shown that
all three (ERK, JNK and P38) of the MAP kinase pathways are acti-
vated by hypertonicty (21) and that JNK kinase activation in particular
is critical to the response of renal medullary cells to osmotic stress (22).
We observed that tonicity-mediated up-regulation of the � subunit was
insensitive to inhibitors of ERK kinase and P38 MAP kinase. In con-
trast, the pharmacologic inhibition of JNK kinase, as well as the use of
dominant negative mutants of this kinase, were associated with failure
to synthesize the subunit and with a marked decreased in cell survival.
A similar effect on � subunit synthesis and cell survival was noted
when the PI3 kinase pathway was inhibited (19). Subsequent experi-
ments determined that the effect of JNK kinase in the regulation of the
protein’s synthesis occurrs at the transcriptional level, while the effect
of PI3 kinase is at the translational level (23).

In all of the above described settings (Chloride substitution, JNK
inhibition, PI3 kinase inhibition) the failure to generate the � subunit
was associated with a decrement in cell survival under these stress
conditions. While such observations strongly suggested a central role
for the protein in protecting the viability of inner medullary cells, these
were only associations. Clearly, more direct evidence was needed. To
this end, we developed clones of these cells that either over-expressed
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the protein or were silenced for it (24). The osmosensitivity of the cells
was tested by acutely exposing the transfected over-expressing clones
to osmolalities that are above those usually tolerated by empty vector
controls (�550 mOsm/Kg H2O). As depicted in Figure 1, such clones
evidenced greater osmotolerance, as they withstood the stress of 675
mOsm/Kg with minimal loss of viability, while the empty vector con-
trols were unable to do so. Conversely, as also depicted in Figure 1, in
complementary experiments, the cells that were silenced for the pro-
tein, when exposed to tonicities well tolerated by empty vector controls,
rapidly lost viability. Taken together, these studies strongly support a
critical role for the � subunit of Na/K-ATPase in allowing cells in the
inner medulla to withstand osmotic stress.

The mechanism whereby the � subunit provides osmoprotection has
not been fully elucidated. The subunit appears to decrease the activity
of Na/K-ATPase, at any given intracellular sodium concentration by
decreasing its affinity for sodium (25, 26). Since the adaptive process
requires the entry of sodium coupled with the various aforementioned
osmolytes, and the prevailing extracellular concentration of sodium is
high, cellular sodium concentration is increased in this setting. Such a
change in cation concentration would increase the activity of the pump,
thereby depleting the energy stores of the cell by diminishing ATP

FIG. 1. Panel A: Effect of silencing the � subunit of Na/K-ATPase on cell survival
upon exposure to sublethal hypertonic stress (550 mOsm/Kg H2O). While empty vector
(EV) controls, (squares) withstand this stress well, the silenced cells (circles) display
significantly decreased survival ability. Panel B: Effect of overexpressing the � subunit
of Na/K-ATPase on cell survival in cells exposed to lethal osmotic stress (675 mOsm/Kg
H2O). The empty vector controls (squares) cannot withstand such a stress, the overex-
pressing cells (triangles) have high levels of survival. Adapted from reference 24.
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levels. Instead, by decreasing the affinity for sodium, the � subunit
allows the pump to operate at its usual activity level despite the higher
sodium concentrations, thereby preserving the bioenergetics of the cell.

CHALLENGE 2. PRESERVATION OF HIGH EPITHELIAL
RESISTANCE IN THE INNER MEDULLA—MUPP1

AND CLAUDIN 4

The inner medullary collecting duct of the mammalian nephron, in
contrast to the “leaky” proximal tubule, is characterized by low sodium
permeability and by a large transepithelial resistance. This character-
istic is important in the final control of sodium excretion that occurs
almost exclusively by transcellular movement via the epithelial so-
dium channel and not in paracellular pathway. This is thus a “tight”
epithelium. When we examined the differential expression of protein
in our antibody array approach to proteomics (27) and gene array, we
found that two proteins involved intimately with the tight junction
complex, and therefore critical to maintaining the tight characteristics
of this segment of the nephron, were markedly upregulated. These
proteins were MUPP1 and Claudin 4 (28, 29).

MUPP1 is located at the tight junction of epithelial and endothelial
cells where it acts as a scaffolding protein. It interacts with integral
proteins, including claudin and junctional adhesion molecules (30) that
together with occludins form tight junction strands (31, 32). In addition
to confirming the findings seen in the antibody array with quantitative
PCR and Western blots, we found that MUPP1 is upregulated by water
deprivation in the papilla of mice and much more abundant in the
human renal papilla than in the cortex (28). The significance of this
increment in MUPP1 expression was assessed by silencing cells for
this protein. While such a maneuver had only a minor impact on cell
survival, it had profound consequences on the maintenance of trans-
epithelial resistance. This is depicted in the left panel of Figure 2. The
transepithelial resistance (TER) was measured daily after cells previ-
ously adapted to hypertonicy were seeded on filters. While empty
vector control cells progressively increased TER as they achieved con-
fluence, those that were silenced for MUPP1 failed to do so. This was
also reflected in a greater paracellular flux of 4kDa fluorescence iso-
theocyanide (FITC) dextran in the silenced cells (28). We thus con-
cluded that the upregulation of MUPP1 is critical in the maintenance
of tight junction integrity, allowing the preservation of the permeabil-
ity of the tight epithelium.

As mentioned above, our gene chip data also led us to observe the
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up-regulation of another important tight junction protein, namely
claudin 4 (29). This was of interest because two claudins, 1 and 8, had
been reported to interact with MUPP1 (31, 33), and claudin 4 was
primarily localized to the high resistance segments of the nephron,
including the medullary collecting duct (34, 35). A review of our data
regarding the claudins revealed that claudin 4 was in fact the most
robustly up-regulated member of the family when cells adapted to
600mOsm/Kg were compared to cells living in isotonic condition. In
fact, silencing Claudin 4 had effects on TER similar to those we observed
with MUPP 1 silenced cells, as depicted in Figure 2. We found that
MUPP1 and Claudin 4 co-precipitate in immunoprecipitates and co-
localize at the tight junction, as assessed by confocal microspcopy (29).
Accompanying studies demonstrated that MUPP1 is necessary for the
proper trafficking of claudin 4 to the tight junction; as in MUPP1-
deficient cells, claudin 4 was targeted to the lysosome where it was
rapidly degraded. In summary, we believe that MUPP1/Claudin 4 up-
regulation plays a critical role in maintaining tight junction phenotype in
the inner medulla under hypertonic stress.

CHALLENGE 3: ACCUMULATION OF COMPATIBLE
OSMOLYTES-NUP88

The accumulation of inert compatible osmolytes is mediated by the
enhanced activity of aldose reductase (36) to generate sorbitol, the
sodium-myoinositol transporter (36), to accumulate inositol, the be-

FIG. 2. Effect of silencing MUPP1 Panel A and Claudin 4 Panel B on transepithelial
resistance (TER) in monolayers of inner medullary collecting duct cells previously adapted
to 550 mOsm/Kg H2O, compared to empty vector (EV) control. Under both circumstances
the silenced cells generated a significantly lower TER. Adapted from reference 28 and 29.
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taine/GABA transporter (37), to generate betaine, and the taurine
transporter (38), to generate taurine, among others. What these trans-
porters and aldose reductse have in common is that their synthesis
involves the transcription of genes that are targets of the tonicty
enhancer-binding protein (TonEBP) (6). Under hypertonic stress,
TonEBP is rapidly translocated from the cytoplasm to the nucleus
where it enhances the transcription of these genes, allowing for the
accumulation of the osmolytes. In turn, one of the mechanisms involved
in the regulation of TonEBP is nucleo-cytoplasmic trafficking (39–42). In
this regard, employing the antibody array we found a marked upregula-
tion of Nup-88 (nucleoporin-88) (43). This protein is a component of the
nuclear pore complex in the nuclear membrane involved precisely in
the nucleocytoplasmic trafficking of different molecules, including
transcription factors (44–47).

We confirmed the array data with quantitative PCR and western
blots for Nup88 and determined its regulation by hydration in mice
and its preferential localization to the papilla in human tissue (43). In
order to study its effect on TonEBP trafficking, a TonEBP-green fluo-
rescent protein (GFP) construct was prepared. The transcription factor
was found to move to the nucleus within 30 minutes of an acute
osmotic stress. However, the retention of TonEBP in the nucleus
proved to be Nup88-dependent. As is illustrated in Figure 3, panel A,
after 8 hours, in empty vector controls, the factor was almost com-
pletely retained in the nucleus. In contrast, in Nup88-silenced cells,
most of the fluorescence had left the nucleus and returned to the
cytoplasm. The significance of this failure to retain the transcription
factor in the nucleus is reflected in the marked decrement in message
for several TonEBP target genes and down-regulation of the expres-
sion of the protein, as illustrated inn Figure 3 B and C, respectively.
We therefore feel that the up-regulation of this nucleoporin plays a
critical role in allowing the transcription of target genes that are
essential for cell adaptation to hypertonicity.

In summary, as depicted in Figure 4, the cells of the mammalian
inner medulla muster a variety of adaptive responses. These responses
subserve equally diverse functions, all directed at either the mainte-
nance of viability, or at least function, of the cells in this environment.
Thus, the presence of the � subunit in the kidney, by altering the
kinetic of the Na/K-ATPase pump allows the cell to preserve its source
of energy (ATP) despite higher than normal intracellular sodium con-
centrations. This protein appears particularly critical to survival, and
is a major determinant of osmotolerance. Other proteins such a
MUPP1 and Claudin 4 preserve the integrity of the tight junction and
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thereby high TER that characterizes this segment of the nephron.
While this may not be critical to cell viability, it is of great importance
in the control of sodium balance. Finally, the generation of inert
osmolytes is central to the adaptive response. Many of the genes that
generate these osmolytes are under the control of the transcription
factor TonEBP. Hypertonicity upregulates Nup88, a nuclear mem-
brane protein involved in nucleocytoplasmic trafficking. Its presence is
critical to the retention of TonEBP in the nucleus for the ongoing
transcription of its target genes. This protein is therefore a component
of the adaptive response that allows for accumulation of inert organic
solutes, a central process in the osmoadaptive response. Taken to-
gether, the picture that emerges is that of a coordinated response
involving numerous pathways that make it possible for inner medul-

FIG. 3. Panel A: Effect of silencing Nup 88 on the retention of TonEBP in the nucleus.
The upper panel depicts that most of the fluorescent signal for the transcription factor
is in the nucleus in the empty vector control, while the lower panel shows that the
fluorescence is primarily in the cytoplasm in the silenced cells following 8 hours of
exposure to hypertonicity. Panel B: Quantitative PCR for target genes of TonEBP in
empty vector controls (open bars) and Nup 88 silenced cells (solid bars) following acute
exposure to hypertonicity. Note the decrement in message for all target genes but not for
the control alpha subunit of Na K ATPase that is not a target gene for TonEBP. Panel
C: A representative Western blot for aldose reductase (AR) and Hsp 70 protein expres-
sion in empty vector (EV) and Nup 88 silenced cells. The � actin is a loading control. With
permission, from reference 43.
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lary collecting duct cells to live and operate normally in this inhospi-
table environment.
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DISCUSSION
Mitch, Houston: Thank you Tom for using a variety of techniques to uncover a

rather difficult bit of physiology. My question is that some time ago, a lot of these
osmolytes were shown in the brain under certain conditions, and I wondered if you had
insights into what is regulating the production and decreased elimination of these under
conditions in brain cells as well as kidney cells?

Berl, Denver: Yeah, well, that’s where the next step should take us because of much
subtle changes in osmolality. We kind of use the big club when cells are exposed to 500,
600, 900 miliosmoles. The changes that the brain sustains are more than 10, 20 and,
sometimes in extreme situations, 30 or 40 miliosmoles, but some of these adaptive
mechanisms clearly occur in the brain, because people who have measured by NMR
techniques these organic osmolytes have been found to be modulated, we used to call
them idiogenic osmoles in the old days, but NMR techniques have shown the accumu-
lation of all of the organic compounds I outlined, and particularly in the human brain,
there is accumulation of inositol. Now these are very important in the protection of cell
volume, because if they didn’t occur and didn’t accumulate or leave the brain in the
hypotonic condition, the changes in cell volume that would occur would be incompatible
with the constraints of the brain in a fixed skull. On the other hand, the yin yang, to use
the TGF beta analogy of having too much or too little, is that when you lose some of these
osmolytes from the brain in the adaptation to hypotonic states and then correct the
hypotonic state, the reaccumulation of these osmolytes is slow, and that may underlie
the pathogenesis of osmotic demyelination. So I think some of this work has to be taken
to neural tissue and neural cells and to more subtle changes in osmolality; but the
adaptation or failure to adapt that occurs in some young women who develop cerebral
edema is also something that deserves some study. There is literature to the fact that
premenopausal women don’t have the best adaptive mechanisms and are much more
prone to cerebral edema when they become hypotonic. So this sort of big club study at
1200 miliosmoles has to be looked at to more subtle changes in neural tissue.

Billings, Baton Rouge: Tom, that was very interesting. Could you comment on the
paraneoplastic syndromes of inappropriate ADH and where the anti-mitotic modulation
of this phenomenon that is so commonly seen with lung cancer patients how that weaves
into this picture?

Berl, Denver: Well yes. You are referring to the fact that the most common cause of
the syndrome of inappropriate ADH are the small cell lung cancers. These are tumors
that secrete ADH or ADH-like substances and are in clinical medicine, the most common
causes of hyponatremia. The patients who have that have undergone this adaptive
mechanism, because it takes five to 10 days for some of these osmolytes to leave the brain
and we have not studied adaptation to hypotonicity; but I think the opposite of what I
have just shown you most likely happens; but most of the patients at least when they
have modest decrements in serum sodium are essentially asymptomatic because they
have adapted to this process. Now there is a lot of question about whether some of these
mildly hyponatremic patients are truly asymptomatic. There is now data suggesting that
they have a higher incidence of falls and fractures, particularly from the European
literature, which underlies the emergence of vasopressin antagonists which are probably
the drugs that you are going to be hearing about in the next year or two-a lot more
because the FDA just approved an oral vasopressin antagonist. These are all called
“vaptans.” There is an IV form that is available; but the question of whether most of the
patients with paraneoplastic syndromes have any symptoms has been somewhat de-
bated, because we have all seen patients walking and talking with sodiums of 128; but
what some of the groups have found is that their gait is not entirely normal, and that
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their risk of falling and fractures is markedly enhanced, especially in the elderly
individuals. So the push is, should we correct what we call asymptomatic hyponatremia?
And I think we need more studies to assess who should and who shouldn’t be treated
with these drugs that are going to be out there, and you will hear about them more often
than you would like.
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