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Abstract Blessed were the days when it all made sense and
the apparent mechanism for edema formation in nephrotic
syndrome was straightforward: the kidneys lost protein in the
urine, which lowered the plasma oncotic pressure. Thus, fluid
leaked into the interstitium, depleting the intravascular volume
with subsequent activation of renin/aldosterone and consequent
avid renal sodium retention. As simple as that! Unfortunately, a
number of clinical and laboratory observations have raised
serious concerns about the accuracy of this “underfill” hypoth-
esis. Instead, an “overfill” hypothesis was generated. Under this
assumption, the nephrotic syndrome not only leads to urinary
protein wasting, but also to primary sodium retention with
consequent intravascular overfilling, with the excess fluid spill-
ing into the flood plains of the interstitium, leading to edema.
Recently, an attractive mechanism was proposed to explain this
primary sodium retention: proteinuria includes plasma protein-
ases, such as plasmin, which activate the epithelial sodium
channel in the collecting duct, ENaC. In this edition, further
evidence for this hypothesis is being presented by confirming
increased plasmin content in the urine of children with nephrot-
ic syndrome and demonstrating ENaC activation. If correct,
this hypothesis would provide a simple treatment for the ede-
ma: pharmacological blockade of ENaC, for instance, with
amiloride. Yet, how come clinicians have not empirically dis-
covered the presumed power of ENaC blockers in nephrotic
syndrome? And why is it that some patients clearly show
evidence of intravascular underfilling? The controversy of
over- versus underfilling demonstrates how much we still have
to learn about the pathophysiology of nephrotic syndrome.
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Introduction

Ideally, medical treatment is based on best evidence,
which includes a thorough understanding of the patho-
physiology of the respective disease [1]. Based on this
knowledge of disease mechanisms we can then provide
rational and sound treatments. Treatment of edema in
nephrotic syndrome unfortunately does not fit this ideal.
There are two opposing theories trying to explain the
mechanism of edema formation: the under- and the
overfill hypotheses and edema treatment is different
depending on which one is applied.

The underfill hypothesis

We probably all learned the underfill hypothesis in medical
school and it was formulated almost 100 years ago [2]: an
unknown trigger leads to proteinuria; as the plasma protein
level falls, the intravascular oncotic pressure decreases with
consequent leakage of plasma water into the interstitium,
thus generating edema. Owing to the extravasation of the
fluid, the intravascular volume is decreased and neurohor-
monal markers of intravascular depletion are increased, such
as vasopressin and aldosterone, resulting in highly concen-
trated urine with very low sodium content. Thus, renal
sodium retention in this scenario is a secondary phenome-
non, a physiological consequence of the underfilling [3].
The therapeutic consequences of this hypothesis for the
treatment of edema are clear: expansion of intravascular
volume and restoration of plasma oncotic pressure by ad-
ministration of, for instance, albumin.

Problems with the underfill hypothesis

There are, however, a number of clinical observations that
do not fit well with the underfill hypothesis, including:
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1. Treatment of the edema of nephrotic syndrome by al-
bumin alone reduces plasma renin activity, but is insuf-
ficient to induce diuresis [4, 5] and most clinicians will
add a diuretic at some stage. In contrast, diuretic use
alone can be successful in the treatment of edema in
some patients [6].

2. Reducing activity of the renin–aldosterone axis by miner-
alocorticoid receptor antagonists, such as spironolactone or
angiotensin-converting enzyme inhibitors does not result
in a marked increase in sodium excretion in most patients
with nephrotic syndrome [4, 7].

3. Once the patient goes into remission, the first symptom
(besides the disappearance of proteinuria) is a large
diuresis, well before plasma protein levels (and thus
oncotic pressure) have normalized [8, 9]. Parents of a
child with nephrotic syndrome sometimes first recog-
nize the onset of remission by the sudden increase in
urine output, subsequently confirmed by the disappear-
ance of proteinuria on dipstix.

4. There are patients (and animal models) with
analbuminemia and these typically do not suffer from
edema [10–12].

5. Attempts at trying to measure blood volume and/or
neurohumoral markers of volume depletion, such as
renin/aldosterone, do not show a consistent picture,
but suggest volume depletion in some, normal or excess
volume in others [4, 5, 9, 13–17].

6. Administration of albumin in some patients is associat-
ed with evidence of volume overload, such as hyperten-
sion and pulmonary edema [18].

Strong experimental evidence against the underfill hy-
pothesis was generated in an animal model of minimal
change disease [19]: rats infused with puromycin
aminoglycoside develop nephrotic-range proteinuria with
minimal changes on histology [20]. The elegance of the
experiments by Ichikawa et al. lay in the idea of perfusing
only one kidney with PA and combining this approach with
the then newly developed technique of nephron puncture.
Hence, he was able to independently assess the effect of
proteinuria in both the nephrotic, as well as the normal
kidney. They noted that only the nephrotic kidney avidly
conserved sodium. Indeed, in a separate study, the control
kidney actually increased sodium excretion, as if sensing
intravascular volume excess [21]. Moreover, Ichikawa et al.
[19] controlled plasma protein levels within the normal
range by infusion of homologous rat plasma to maintain
euvolemia, suggesting that there might have been primary
sodium retention in the nephrotic kidney, not mediated by
volume depletion. With nephron puncture, they were further
able to show that sodium delivery to the collecting duct was
comparable in the nephrotic and the control kidney, whereas
final sodium excretion was three-fold higher in the control

kidney. Therefore, the collecting duct had to be the site of
the avid sodium reabsorption in the nephrotic kidney.

The overfill hypothesis

Based on the above observations, an alternative explanation
for the development of edema was put forward, the “overfill
hypothesis”: proteinuria, by some undefined mechanism
causes primary sodium retention with consequent volume
expansion and leakage of excess fluid in the interstitium
[14]. But what mediates the primary sodium retention? The
studies by Ichikawa et al. [19] had already identified the
collecting duct as being the relevant segment, and the key
molecular pathway for sodium reabsorption in this segment
is the epithelial sodium channel, ENaC [22]. Studies in
animal models did indeed show increased expression and
apical targeting of ENaC in nephrotic syndrome [23–25], as
well as enhanced Na-K-ATPase activity in this segment [26,
27]. Importantly, it was noted that modification of extracel-
lular loops of ENaC by proteinases, such as plasmin, leads
to activation of the channel [28, 29]. Thus, a clear explana-
tion for primary sodium retention was at hand: the patho-
logical filtration in nephrotic syndrome includes
proteinases, which enhance sodium reabsorption in the
collecting duct by modification of ENaC. Indeed,
Svenningsen et al. recently showed that nephrotic urine
activated ENaC channels expressed in cell culture and that
this activation could be prevented by inhibitors of plasmin
[30]. In the current study presented in this issue of Pediatric
Nephrology, the group extends their findings by investigat-
ing a cohort of 20 children with idiopathic nephrotic syn-
drome [31]. They show that the urine of these children during
relapse does indeed contain an increased amount of
plasminogen/plasmin compared with urine collected during
remission. And whereas the relapse urine did activate ENaC
channels in a collecting duct cell line, remission urine did not.

So, is this now the final word in the under- vs overfill
controversy? Are we all going to effectively treat edema in
our nephrotic patients by sole administration of ENaC
blockers, such as amiloride?

Probably not, as there clearly are some clinical observa-
tions that are difficult to reconcile with the overfill
hypothesis.

Problems with the overfill hypothesis

1. Probably every pediatric nephrologist is familiar with
nephrotic patients displaying obvious clinical signs of
volume depletion: they are peripherally cool, typically
have low blood pressure, tachycardia, and often abdom-
inal pain, thought to reflect decreased intestinal
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perfusion [32]. Blood tests in these patients show ele-
vated hemoglobin levels, suggesting severe intravascu-
lar volume depletion [33]. Indeed, some of these
patients develop spontaneous thrombosis of peripheral
arteries [34, 35]. Whilst the latter is of course also
promoted by the prothrombotic tendency of nephrotic
syndrome, the hemoconcentration and resultant sluggish
flow are likely contributory [36].

2. If ENaC blockers were indeed the effective treatment of
edema, how come clinical practice has not empirically
identified them as such? Whilst there is some evidence
for the efficacy of amiloride in nephrotic syndrome [37],
the effect is not as resounding as the logic of the overfill
hypothesis would suggest. Certainly, in my own unsci-
entific and unpublished experience, I have not been
impressed. Is it because I have never dared to use
amiloride as the sole diuretic, but always in combination
with a loop diuretic? Amiloride is a competitive inhib-
itor of ENaC [38] and by co-administration of a loop
diuretic, sodium delivery to the collecting duct will be
enhanced and thus efficacy of amiloride may be dimin-
ished. Yet, in the study by Deschenes et al., amiloride
was used in conjunction with furosemide [37].

Conclusions

The observations made with respect to primary sodium reten-
tion constitute an important contribution to our understanding
of the formation of edema. They provide a welcome counter-
weight to the underfill hypothesis, which, by the resultant
uncritical use of albumin can lead to dangerous complications
such as pulmonary edema. However, uncritical acceptance of
the overfill hypothesis with the consequent emphasis on di-
uresis is likely to be equally as dangerous, as it could lead to
severe volume depletion with serious complications, such as
thromboembolism. The problem is that not all nephrotic states
are created equal. Even Meltzer and colleagues, when they
proposed the overfill hypothesis in 1979, remarked that there
were some patients who exhibited signs of under- and others
of overfilling [14]. Probably, overall maintenance of volume
homeostasis is severely impaired in nephrotic syndrome and
patients can swiftly swing between over- and underfill states:
some present with clinical signs of hypovolemia, yet develop
pulmonary edema after repeated albumin infusions. Others
present clinically euvolemic, yet develop vasoconstriction,
abdominal pain, and tachycardia after aggressive diuresis.
This apparent instability of intravascular volume highlights
the need for close clinical observation of patients with
nephrotic syndrome with rapid modification of the ther-
apeutic measures based on the clinical findings. Thus,
for now, the treatment of edema is likely to remain an
art, rather than a science.
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