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Urea minimizes brain complications following rapid
correction of chronic hyponatremia compared
with vasopressin antagonist or hypertonic saline
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Hyponatremia is a common electrolyte disorder that carries

significant morbidity and mortality. However, severe chronic

hyponatremia should not be corrected rapidly to avoid

brain demyelination. Vasopressin receptor antagonists

(vaptans) are now being widely used for the treatment of

hyponatremia along with other alternatives like hypertonic

saline. Previous reports have suggested that, in some cases,

urea can also be used to correct hyponatremia. Correction

of severe hyponatremia with urea has never been compared

to treatment with a vaptan or hypertonic saline with regard

to the risk of brain complications in the event of a too rapid

rise in serum sodium. Here, we compared the neurological

outcome of hyponatremic rats corrected rapidly with urea,

lixivaptan, and hypertonic saline. Despite similar increase in

serum sodium obtained by the three drugs, treatment with

lixivaptan or hypertonic saline resulted in a higher mortality

than treatment with urea. Histological analysis showed that

treatment with urea resulted in less pathological change of

experimental osmotic demyelination than was induced by

hypertonic saline or lixivaptan. This included breakdown

of the blood–brain barrier, microglial activation, astrocyte

demise, and demyelination. Thus, overcorrection of

hyponatremia with urea resulted in significantly lower

mortality and neurological impairment than the

overcorrection caused by lixivaptan or hypertonic saline.

Kidney International (2015) 87, 323–331; doi:10.1038/ki.2014.273;

published online 6 August 2014

KEYWORDS: hyponatremia; vasopressin; water–electrolyte balance

Osmotic demyelination syndrome (ODS) is the most feared
complication during the treatment of hyponatremia. It
typically occurs few days after the too rapid correction of
hyponatremia and is characterized by evidence of demyelina-
tion in the basal ganglia, subcortical areas, and the pons. The
clinical signs are variable depending on the demyelinated
tracts involved.1,2 The magnitude of increase of serum
sodium (SNa) in 24 h is the most important risk factor of
osmotic demyelination, but that increase in SNa depends
on many variables and is poorly predictable during hypo-
natremia correction.3 The sequence of events leading to
demyelination after rapid correction of severe hyponatremia
is still not well understood. During chronic hyponatremia, a
significant decrease in the content of brain organic osmolyte
contributes to the osmotic buffering of the brain to prevent
edema; when chronic hyponatremia is corrected rapidly, the
re-accumulation of these osmolytes is slow4,5 and the delay
in the reaccumulation of these small molecules might play
a part in the events leading to ODS. Recently, we have
shown that astrocyte death occurs very early in ODS and is
accompanied with a loss of astrocyte–oligodendrocyte gap
junctions,6 which may compromise astrocyte trophic support
to oligodendrocyte, integrity of the blood–brain barrier
(BBB), and also induce microglial activation. Indeed, the
well-defined histological hallmarks of ODS are BBB break-
down, microglial activation, and demyelination. Several
vasopressin receptor (V2R) antagonists have been approved
for the correction of euvolemic and hypervolemic hypo-
natremia around the world.7 These molecules called vaptans
act by inhibiting vasopressin-dependent translocation of the
water channel at the lumen of the distal circonvoluted tubule
and therefore water reabsorption; these events will induce
electrolyte-free diuresis and increase the SNa levels. Although
in most of the studies with vaptans the reported increment of
SNa is o10 mEq/l/24 h, there is a risk of a higher increase in
SNa,8,9 and a recent meta-analysis showed that the risk of an
increase of serum sodium of 410 mEq/l/day with vaptans is
around 10%.10 Preliminary animal studies have suggested
that vaptans could carry some risk of ODS.11,12 However,
so far only one case of human ODS has been published in
which the use of vaptans unfortunately led to an excessive
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correction gradient (66 mEq/l over 72 h) along with
hyperosmolarity.13 Another option for the treatment of
hyponatremia is urea, and our team has reported that urea
is effective in correcting euvolemic and even hypervolemic
hyponatremia.14,15 Interestingly, urea, through an unclear
mechanism, acts as a cryoprotectant and an osmoprotectant
in amphibians.16,17 It has also been reported that urea could
protect rat heart during electrolysis and increase murine
kidney cell viability after hyperosmotic stress.18,19 Our
previous experimental studies suggested that rapid correc-
tion of severe hyponatremia with urea might carry a lower
risk of neurological complications when compared with
treatment with hypertonic saline (HS).20,21 The protection
afforded by treatment with urea seems to be independent
of the kinetics of the other major organic osmolyte
re-accumulation during hyponatremia correction.20 It
remains, however, unknown whether correction of hypo-
natremia with urea or vaptans is accompanied by any
significant changes on the histological hallmarks of osmotic
demyelination such as BBB rupture, microglial activation,
and astrocyte loss. We wanted to investigated the effects
of overcorrection of hyponatremia with urea, HS, and a V2R
antagonist on an experimental model of ODS.

RESULTS
Compared with HS, both urea and lixivaptan are effective
in correcting chronic hyponatremia in rats

Administration of a liquid diet with vasopressin infusion
resulted in hyponatremia in all the six studied groups of rats
(see Supplementary Figure S1 online for experimental design
and Table 1 for biochemical parameters). Mean SNa values
after the induction of hyponatremia ranged from 108 to
114 mEq/l. In all groups, there was a sharp increase of the

SNa 24 h after the initiation of the treatment (32–33 mEq/l),
regardless of the experimental paradigm.

Fractionated doses of HS or lixivaptan induced a
similar twelfth hour SNa increment compared with
urea (16±1, 18±1 and 19±1 mEq/l respectively, Table 1
and Figure 1). Blood level of urea was higher in animals
that received urea compared with animals treated with
lixivaptan or HS.

Mortality and neurological manifestations associated with
overcorrection of hyponatremia are significantly less when
urea is used for correction than when lixivaptan or HS was
used for correction

At 24 h after the beginning of the correction of hyponatremia,
animals treated with lixivaptan or HS started to show
neurological manifestations described in experimental ODS
(lethargy, seizures, paralysis, and coma or death). Fewer
animals treated with urea displayed those signs, which were
less marked than in animals treated with V2R antagonist or
HS (Figure 2a, Po0.01 for neurological score urea vs.
lixivaptan or HS). In experiment 1, 6 days after the beginning
of the correction of SNa, the mortality in the group of
animals treated with urea was only 27 vs. 65 and 76% of
animals treated with lixivaptan and HS, respectively
(P¼ 0.017 by Fischer’s exact test—Table 1). Survival curve
analyses (Figure 2c) confirmed survival benefit of treatment
with urea vs. a bolus of lixivaptan or HS (P¼ 0.003 by log-
rank test).

The serum sodium increment after the first 12 h does not
account for the effect of urea in ODS

Although the magnitude of SNa increase at 24 h is the main
determinant of ODS,1,2,22–25 earlier work has suggested that

Table 1 | Biological parameters of animals in experiments 1 and 2

After the start of the correction

0 h 12 h 24 h SNa increment Outcome

SNa Urea SNa Urea SNa Urea 12 h 24 h Dead Alive Mortality

Experiment 1
Group 1 n¼ 23, lixivaptan once 112±1 23±2 NA NA 145±1 71±9 NA 33±1 15 8 65%
Group 2 n¼ 22, urea 4 doses 108±1 31±1 NA NA 141±2 143±30 NA 33±1 6 16 27%
Group 3 n¼ 25, NaCl single bolus 109±1 28±3 NA NA 140±1 45±6 NA 31±1 19 6 76%

Experiment 2
Group 4 n¼ 17, lixivaptan 2 doses 112±1 29±3 131±3 42±4 145±2 52±5 19±2 33±2 12 5 71%
Group 5 n¼ 16, urea 4 doses 114±1 22±1 133±1 158±30 147±1 187±40 18±1 32±1 4 12 25%
Group 6 n¼ 15, NaCl 2 doses 112±2 27±1 128±1 27±2 145±2 44±3 16±1 32±1 14 1a 93%

Abbreviations: NA, not applicable; SNa, serum sodium.
In the first experimental paradigm (Experiment 1), lixivaptan or hypertonic saline was administered in a single intraperitoneal (ip) bolus and urea in four divided doses. SNa
was measured before the correction (0 h) and 24 h after the beginning of the correction. Groups 1–3 had similar increases in their Na at 24 h. (Po0.001 for SNa before and
after in all the groups by paired t-test and P¼NS for increment in Na between all the groups by analysis of variance (ANOVA) test.)
In the second experimental paradigm (Experiment 2), lixivaptan or hypertonic saline was administered ip in two doses 12 h apart and urea ip in four doses every 6 h with
Na measured at 0, 12, and 24 h. The three treatments induce a similar increment in Na at 12 and 24 h (P¼NS between the three groups by ANOVA both at 12 and 24 h).
In experiments 1 and 2, animals receiving urea had a lower mortality than animals receiving lixivaptan (P¼ 0.017 and 0.015, respectively, by Fischer’s exact test) or
hypertonic saline (P¼ 0.0012 and 0.0002, respectively). No difference in mortality was found in animals receiving lixivaptan vs. hypertonic saline in both experiments
(P¼ 0.529 and 0.178, respectively).
SNa¼ serum sodium in mmol/l and urea in mg/dl (to convert to blood urea nitrogen, multiply by 0.357). Range for urea groups 2 and 5 at 24 h: 68–620 and 79–590 mg/dl,
respectively.
aThe animal was alive early on day 10 and died later on the same day.
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Figure 1 | Increment of serum sodium after the correction of hyponatremia with lixivaptan, hypertonic saline (HS), and urea.
(a) In experiment 1, serum sodium was corrected with a single intraperitoneal (ip) dose of lixivaptan, HS, or four divided ip doses of urea. No
difference in the increment of serum sodium at 24 h after the correction started in the three groups was seen. (b) In experiment 2, serum
sodium was corrected with two doses of ip lixivaptan 12 h apart, two doses of ip HS, or four divided ip doses of urea (q6 hours). No differences
in the increment of serum sodium in the three groups were seen 12 and 24 h after the beginning of sodium correction. P¼ 0.01 for serum
sodium before and after the beginning of the correction in the three groups and both experiments. P¼NS for the overall sodium increment
12 h and 24 h after the beginning of the correction in the three groups in experiment 2 and at 24 h after the beginning of the correction in
experiment 1.
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Figure 2 | Morbidity and mortality after the correction of hyponatremia with a vasopressin antagonist, hypertonic saline (HS), and
urea. In experiment 1, we compared mortality in animals corrected with a single intraperitoneal (ip) bolus of either lixivaptan or HS with rats
corrected with ip urea q6 hours. (a) From day 1 to day 6 after the beginning of hyponatremia correction, animals treated with urea displayed
less severe neurological manifestations than animals corrected with lixivaptan or HS (P¼ 0.01 for urea vs. lixivaptan or HS from days 1 to 6 after
the start of the correction by analysis of variance (ANOVA) test, n¼ 20–25). (b) Weight changes were similar 1 day after the correction of
hyponatremia started in all groups, whereas 3 and 6 days after the initiation of the correction animals receiving urea had much less weight
decrease as opposed to animals corrected with lixivaptan or HS (P¼NS for weight loss 1 day after the correction of hyponatremia and Po0.05
at 3 and 6 days after the correction of hyponatremia, n¼ 4–12). (c) Finally, correction of hyponatremia with urea is associated with lower
mortality than with a single bolus of either lixivaptan or HS. In experiment 2, both HS and lixivaptan were given in two doses q12 hours to
achieve the same kinetic of serum sodium increase than with urea given at 4 doses q6 hours. Again, animals treated with lixivaptan or HS had a
(d) lower neurological score and (e) continued losing weight compared with animals treated with urea (P¼ 0.01 from days 2 to 6 by ANOVA
test, n¼ 15–17, and P¼NS for weight loss 1 day after the correction of hyponatremia began and Po0.05 at 3 and 6 days after the correction of
hyponatremia began. n¼ 4–17). (f) Despite the same kinetics in serum sodium increase, treatment with either lixivaptan or hypertonic saline
was still associated with higher mortality compared with correction of hyponatremia with urea (Po0.01 by log-rank test).
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the rate by which the final increment is obtained might also
have a role.26 In clinical practice, it is observed that most of
the diuresis afforded by the vasopressin receptor antagonists
occurs within few hours after the administration of the
drug.7,27 Similarly, administration of a bolus dose of HS
produces a brisk correction of hyponatremia, whereas on
the other hand administration of urea in divided doses
results in a more even diuresis during the entire
administration period. In preliminary studies, we observed
that 77 and 80% of the final increment of SNa was reached
by HS and lixivaptan given as a bolus, whereas only 44%
of the final increment is achieved at 12 h after the
administration of urea (Supplementary Figure S2 online). It
is therefore possible that the difference in the SNa increase
accounted for the better outcome in the urea-treated
group. To address that issue, we set up a second experimental
design (experiment 2, Supplementary Figure S1 online) to
achieve a similar correction gradient in the two groups 12
and 24 h after the treatment initiation. This was successfully
accomplished by administering both lixivaptan and HS in
two divided doses (Figure 1b and Table 1). Despite the same
increment of SNa in the first 12 h, neurological manifesta-
tions were again worse and more frequent in animals
receiving lixivaptan or HS than in animals given urea
(Figure 2d, Po0.01 between the urea vs. HS or lixivaptan
for neuroscore).

In experiment 2, the mortality in the urea-treated group
was lower than in animals that received lixivaptan or HS (25,
71, and 93%, respectively. P¼ 0.015 by Fischer’s exact test for
urea vs. lixivaptan and 0.0001 for urea vs. HS. Po0.005 by
log-rank test for survival; Table 1, Figure 2f).

The overall mortality after HS or lixivaptan was similar
regardless of the administration schedule (Supplementary
Figure S3 online).

Compared with neuroscore, weight loss is a less biased
assessment of the animal’s impairment and is correlated
with the neurological manifestations of ODS. We therefore
compared the relative weight changes in animals treated with
HS, urea, and lixivaptan in experiments 1 and 2 and found
that all groups displayed the same magnitude of weight loss
24 h after the beginning of treatment. However, animals
treated with urea started to gain back weight and showed a
positive weight balance 6 days after the treatment initiation,
whereas animals treated with lixivaptan or HS continued to
lose weight and had a negative weight balance 6 days after the
beginning of correction (Figure 2b and e, Po0.05 and o0.01
for weight changes in both experiments for 3 and 6 days after
the treatment, respectively).

Both urea and lixivaptan can alleviate the changes in the
permeability of the BBB in ODS

The rupture of the BBB is a hallmark of ODS.6,28 We wanted
to investigate the effects of lixivaptan and urea compared
with HS on the BBB integrity through Evans blue (EB) dye
analysis and immunohistochemistry for immunoglobulin G
(IgG), which are reliable markers of BBB breakdown in this

model. We found that 24 h after the correction of hypo-
natremia, both urea and lixivaptan did not induce
intraparenchymal extravasation of IgG as opposed to HS
(Figure 3a–d), and these results were confirmed by EB
analysis (Figure 3j). However, 6 days after the treatment of
hyponatremia began, several large areas of broken BBB (as
evidenced by intraparenchymal extravasation of IgG) were
seen in animals treated with lixivaptan or HS compared with
animals treated with urea (Figure 3e–i).

Rapid correction of hyponatremia with urea causes less
microglial activation and astrocyte damage than treatment
with lixivaptan or HS

We recently reported that astrocytes were lost in the brain of
animals with ODS.6 We wanted to know the effect of urea
and lixivaptan on astrocyte viability. At 24 h after the begin-
ning of the correction of SNa, animals treated with HS saline
displayed larges areas with loss of the glial fibrillary acidic
protein (GFAP) immunoreactivity. In contrast, animals
treated with lixivaptan or urea had much less areas of
astrocyte loss (Po0.01 for GFAP-depleted areas in HS vs.
urea or lixivaptan). Six days after the correction of
hyponatremia started, the brain of animals treated with the
V2R antagonist and HS showed extensive areas of astrocyte
death, whereas there was only minimal astrocyte loss in few
of the animals treated with urea (Figure 4m, Po0.01 for
lixivaptan or HS vs. urea). In animals treated with lixivaptan,
astrocyte-depleted regions were surrounded by an intense
astrogliosis, as previously reported6,29 (Figure 4a–c and
Supplementary Figure S4 online).

Microglial activation is another hallmark of ODS, and
we therefore wanted to assess the ability of both treatments
to decrease microglial activation. Similar to animals treated
with HS, rats treated with lixivaptan displayed strong
evidence of microglial activation in the hippocampus, basal
ganglia, and cortical regions, whereas urea-corrected animals
had no evidence of microglial activation (Figure 4i–l and n).
We also established that in lixivaptan-treated animals
astrocyte-depleted regions were the same regions subject to
demyelination and microglial infiltration (Supplementary
Figure S4 online).

Correction of hyponatremia with urea but not with lixivaptan
can alleviate myelinolysis

We next addressed the presence and magnitude of demye-
linative regions in animals of each group, and the brains of
surviving animals were processed for immunohistochemistry
with myelin antibody. All the six surviving rats treated with
HS had demyelinative lesions (in experiment 2, the only
surviving rat died during day 10 before killing and was not
examined histologically to avoid autolysis artifact); in
contrast, only 3 out of the 28 surviving animals treated with
urea displayed minimal signs of demyelination, and 8 out of
the 13 animals in the lixivaptan group showed demyelinative
lesions in the brain.

326 Kidney International (2015) 87, 323–331

b a s i c r e s e a r c h F Gankam Kengne et al.: Urea versus vaptan or hypertonic saline



DISCUSSION

The treatment of severe hyponatremia remains a challenge, as
it should put into balance the risk of neurological damage
associated with too rapid correction of SNa and the risk of
hyponatremic encephalopathy from persistent severe hypo-
natremia.30 Available choices include HS, urea, and the
vasopressin receptor antagonists.31 The use of these three
agents could be associated with unpredictable rise in SNa
during correction of hyponatremia. Overly rapid increase in
SNa by HS has been associated with ODS,3 but little is known
about the risk of ODS after treatment with vaptans in the
event of a too sharp increase of the SNa. On the other hand,
our previous experimental studies have shown that urea
might be protective during rapid correction of severe
hyponatremia.20,21 Here, using two different experimental
paradigms, which included a large series of animals, we have
demonstrated that despite a comparable rise in serum
sodium animals treated with urea had a better outcome
than animals treated with lixivaptan or HS.

The increased mortality associated with overcorrection of
hyponatremia with lixivaptan that we observed is in line with
previous preliminary work published as abstracts using a
different V2R antagonist.11,12

Rapid correction of hyponatremia with urea compared
with either lixivaptan or HS significantly decreased brain
microglial activation, significantly reduced changes in the
BBB permeability, increased astrocyte viability, and reduced
brain histological evidence of demyelination 6 days after the
beginning of the correction of hyponatremia.

The clinical importance of our result is unclear at this
stage. Although we observed significant mortality in animals
treated with vaptans, the clinical experience with that drug
class does not confirm an increased risk of osmotic
demyelination, as so far only one case of ODS with the use
of vaptans in monotherapy has been reported.13 In addition,
the increments of serum sodium achieved in this experi-
mental study are seldom seen in clinical practices, and it is
likely that the vaptans when used to correct hyponatremia
within the prescribed guidelines are not associated with a
significant risk of ODS.

As of the protection afforded by urea, some experimental
caveats need to be taken into account. First of all, because of
its short half-life, we administered urea every 6 h. Although
repeated handling and injections were previously shown not
to affect the outcome in experimental ODS,21 there is a
theoretical possibility that different injection schedules could
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Figure 3 | Blood–brain barrier after hyponatremia correction with lixivaptan, hypertonic saline, or urea. (a, b) One day after the
correction of hyponatremia with lixivaptan or urea only, minor intraparenchymal immunoglobulin G (IgG) is seen compared with (d) control. On
the other hand, as shown in panel (c), extensive IgG staining is seen in animals treated with hypertonic saline. (e–g) At 6 days after the
beginning of hyponatremia correction, significant intraparenchymal extravasation of IgG is seen in animals corrected with lixivaptan (d and
higher magnification in f) and hypertonic saline (g). In animals treated with urea, only intravascular staining is present, suggesting no alteration
in the BBB permeability (f) and higher magnification in panel (i). Graph (j) shows that there is no significant difference in the Evans blue
(EB) content in animals treated with lixivaptan and in animals treated with urea 1 day after the correction began as opposed to animals treated
with hypertonic saline (n¼ 5–8 for panel h, P¼NS for lixivaptan vs. urea or control and Po0.05 for NaCl vs. urea or lixivaptan by analysis
of variance test). Bar¼ 200 mm.
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have affected the results. In addition, the different kinetics of
serum sodium increase in the first hours might have affected
the findings, as we measured serum sodium only at 12 h. In
this regard, it is worthly to note that a recent report has
suggested that with the use of tolvaptan the increment of
serum sodium in the first 3 h could be a determinant for
future demyelination.32 Also, this study did not determine
which of the presence of high blood urea during the
correction of hyponatremia or the osmotic diuresis induced
by urea is the protective factor. However, some insight on the
matter could be derived from the fact that animals with acute
renal failure were also shown to be resistant to ODS.33

Notwithstanding those technical limitations, there are
some new insights into the physiopathology of ODS that
could be derived from our results. These experiments shed
new light into the role of the BBB permeability during ODS.
We observed that despite a very high increase of sodium
obtained by administering urea or lixivaptan 24 h after the
correction, no changes in the permeability of the BBB were
seen. On the contrary, a similar increment of SNa obtained

with a bolus injection of HS resulted in a diffuse opening
of the BBB at 24 h. HS induces a brisk increase in SNa as
opposed to urea or V2R antagonist; from that standpoint,
these results first confirm that the early opening of the
BBB (at 24 h) is not a major determinant in ODS morbidity,
as animals treated with lixivaptan still fared poorly despite
a closed BBB 24 h after the treatment. Second, our
results suggest that a sharp and high increase in the SNa is
needed to induce early (24 h) changes in the permeability
of the BBB.

This supports the hypothesis that the opening of the BBB
in ODS might be a two-step process where the first step is
secondary to abrupt osmotic stress with astrocyte death and
the second step is secondary to the inflammation that goes
along with microglial activation and demyelination.

The absence of astrocyte loss in animals treated with
lixivaptan 24 h after the beginning of the correction, although
astrocyte loss was evident 5 days later, also hints that
astrocyte demise might also depend on both the magnitude
and the intensity of the osmotic stress sustained by these cells.
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After rapid correction of hyponatremia with HS, brain
sodium value increases above the normal level (in normona-
tremic animals); this was called an overshoot in the brain
sodium.4,34 This peculiar finding is thought to induce
brain cell hyperionization, which could be deleterious to
the cell metabolism. Urea has been reported to prevent
brain sodium overshooting, and the ability of urea to
protect the brain during rapid correction of hyponatremia
might rely on these properties.20 It is also worth mention-
ing that although urea has been widely seen as a protein
denaturant it has been shown to protect from freezing
stress and oxidative stress in some settings.16–18 Interest-
ingly, hypertonicity from NaCl induced DNA damage as
opposed to urea-induced hypertonicity in kidney cells,19

and accordingly our preliminary studies have shown that
rapid correction of hyponatremia with urea as opposed to
HS induces a different pattern of gene expression in the
brain, which may suggest that there are indeed some
specific effects of urea on the brain during correction of
severe hyponatremia.35

In summary, we studied the effects of exogenous urea or a
vasopressin receptor antagonist (lixivaptan) vs. HS in a rat
model of hyponatremia and we found that overcorrection
of hyponatremia with lixivaptan and HS induces severe
neurological manifestations and demyelination in the murine
brain, whereas on the other hand overcorrection of hypo-
natremia with urea resulted in significantly lower mortality
and neurological impairment.

It is important to mention that these studies were set
in extreme conditions of SNa correction that hardly reflect
the daily clinical practice. Indeed, the risk of ODS after
hyponatremia is corrected within the recommended range
regardless of the drug used is extremely low. Further studies
are needed to fully elucidate the mechanisms associated with
the protective effect of urea on ODS.

MATERIALS AND METHODS
Animals, induction, and correction of hyponatremia
For all the experiments, male Wilstar rats, aged 8–10 weeks and
weighing 200–350 g, were used. They were allowed to adapt in
individual cages for a week with ad libidum access to water and food.
Procedures were performed in accordance with guidelines for
animal care at Université Libre de Bruxelles.

Hyponatremia was induced as described in earlier work22,36 by a
combination of osmotic minipumps (Model 2001 Alzet, Palo Alto,
CA) filled with 4 mg/ml desmopressine acetate (Ferring, Malmoe,
Sweden) and a liquid formulated diet for 4 days.

Hyponatremia was corrected according to the experimental
paradigms and group allocation, as detailed below (Supplementary
Figure S1 online).

Reagents. Urea solution was made fresh, by dissolving 24 g of
urea in 100 ml of D5W, and the mixture was allowed to reach room
temperature. Lixivaptan solution was made by dissolving 50 mg of
lixivaptan powder (BOCscience, Shirley, NY) in 50 ml of D5W at a
concentration of 1 mg/ml.

Experiment 1. In this first experimental paradigm, hypo-
natremic animals were divided into three groups: Group 1 (Urea,

n¼ 22) had SNa corrected with urea solution administered
intraperitoneally over 5 min at the dose of 0.8 ml/100 g every 6 h
for a total of four doses.

Group 2 (Lixivaptan, n¼ 23) received a single intraperitoneal (ip)
injection of lixivaptan solution (2 ml/100 g).

Group 3 (HS, n¼ 25) received a single ip injection of 1.5 M NaCl
at a concentration of 1.5 ml/100 g of body weight. In this
experiment, SNa was measured before the correction and 24 h after
the beginning of correction for all animals.

To investigate the kinetics of SNa increase with this paradigm, in
preliminary studies, 5–10 animals of each group had SNa measured
12 h after the initiation of SNa correction.

Experiment 2. The second set of experiments was designed to
determine whether the rate at which the SNa increment is achieved
affects the outcome. Animals were divided into three groups:

Group 4 (Urea, n¼ 16) consisted of hyponatremic animals
corrected with ip urea, as in experiment 1.

Group 5 (Lixivaptan, n¼ 17) consisted of hyponatremic animals
corrected with lixivaptan, which was administered in two divided ip
doses in order to get an SNa increment at 12 h equal to around
half of the total SNa increment. The first dose of lixivaptan was
0.5 mg/100 g of body weight, followed by 1.5 mg/100 g of body
weight 12 h later.

Group 6 (HS, n¼ 15) consisted of animals that received two
divided ip doses of 1.5 M HS at a concentration of 0.75 ml/100 g for
the first dose and at a concentration of 1.25 ml/100 g for the second
dose, which was given 12 h after the first dose.

In the second experiment, SNa was measured 12 and 24 h after
the beginning of correction for all animals. At 24 h after the
beginning of correction, rats were switched again to normal pellet
diet and water. Blood samples (0, 3 ml) were collected via tail
transection at specified times according to the group allocation, and
electrolyte measurements were taken using MODULAR p800, Roche
(Roche Diagnostics, Vilvoorde, Belgium).

Evaluation of neurological manifestations and mortality
Rats were weighed and observed daily for occurrence of neurological
manifestations graded as follows37: 6¼No neurological manifesta-
tions; 5¼ slow or awkward gait; 4¼ limb weakness and/or paralysis;
3¼ seizures; 2¼ severe motor deficits; 1¼ complete inability to
move; and 0¼ death. All animals were allowed to survive until 6
days after the beginning of the correction of SNa.

Immunohistochemistry and immunofluorescence
Brain processing for histology and immunohistochemistry/immuno-
fluorescence including tyramide amplification procedure was per-
formed as previously detailed36 24 h and 6 days after the beginning
of hyponatremia correction in each group of animals. Antibodies
used included anti-MBP (clone SMI 32 at 1/1000 Abcam,
Cambridge, England), anti-GFAP (ab 5260 from Abcam and clone
GA5 from Imgenex, San Diego, CA), anti-CD68 (clone ED1 at 1/200—
AbDserotec, Oxford, England), and goat anti-rat IgG (1/50 Vector
Labs, Brussels, Belgium). Fluorescent reagents used were goat anti-
mouse Alexa 594 (Invitrogen, Merelbeke, Belgium) and tyramide
fluorescein isothiocyanate (PerkinElmer, Zaventem, Belgium).

Image quantification
For astroglial (GFAP) and microglial (CD68) quantification, the
whole-stained slides were captured at up to �20 magnification with
an automated microscope (Hamamatsu Nanozoomer C96000-01,
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Hamamatsu Photonics, Belgium). The image was imported to
ImageJ software (US NIH, Bethesda, MD), and individual images
were then converted to binary image. ImageJ threshold function was
then used with rigorous microscopic control to delineate only areas
of GFAP signal loss or CD68 microglial-positive staining. Those
areas were then quantified and divided by the area of the entire
brain image to obtain the proportion of brain surface with astrocyte
loss or microglial infiltration.

Evaluation of BBB by EB dye extravasation
EB was used to determine the BBB permeability 24 h after the correc-
tion of the hyponatremia in animals treated with lixivaptan, HS, and
urea. For EB analysis, hyponatremia induction and correction was
performed similarly to experiment 1. However, animals were used 24 h
after the correction for BBB permeability analysis with EB. EB dye
extraction was done using formamide, as previously described.6

Statistical analysis
Results were expressed as mean±s.e.m. All variables were assayed
for normality by Shapiro–Wilk test. Paired and unpaired t-test,
analysis of variance one- or two-way tests, and Kruskal–Wallis tests
were used as appropriate. Fischer’s exact test on proportions and
Kaplan–Meir survival analysis with log-rank test were also used to
compare mortality in the different groups. All the statistical analyses
were performed using the StatDirect software (Cambridge,
England), and graphs were designed using the GraphPad software
(La Jolla, CA). P values o0.05 were considered to be significant.
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