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ARTICLE INFO ABSTRACT

Keywords: During osmotic demyelination syndrome (ODS), myelin and oligodendrocyte are lost according to specific pat-

Blood-brain barrier terns in centro- or extra-pontine regions. In both experimental model of ODS and human cases, brain lesions are

Tracer - locally correlated with the disruption of the blood brain-barrier (BBB). The initiation, the degree and the

Eing}lﬁ;z duration of blood-brain barrier (BBB) opening as well as its contribution to brain damages are still a matter of
. - debate. Using a panel of intravascular tracers from low- to high- molecular weight (from 0.45 kDa 150 kDa), we

Osmotic demyelination syndrome . A e A A ) A

Mouse have assessed the BBB permeability at different timings of ODS induced experimentally in mice. ODS was

mimicked according to a protocol of rapid correction of a chronic hyponatremia. We demonstrated that BBB
leakage towards smallest tracers Lucifer Yellow (0.45 kDa) and Texas Red-dextran (3 kDa) was delayed by 36 h
compared to the first clues of oligodendrocyte loss (occurring 12 h post-correction of hyponatremia). At 48 h
post-correction and concomitantly to myelin loss, BBB was massively disrupted as attested by accumulation of
Evans Blue (69 kDa) and IgG (150 kDa) in brain parenchyma. Analysis of BBB ultrastructure verified that brain
endothelial cells had minimal alterations during chronic hyponatremia and at 12 h post-correction of hypona-
tremia. However, brain endothelium yielded worsened alterations at 48 h, such as enlarged vesicular to tubular-
like cytoplasmic profiles of pinocytosis and/or transcytosis, local basal laminae abnormalities and sub-
endothelial cavities. The protein expressions of occludin and claudin-1, involved in inter-endothelial tight
junctions, were also downregulated at 48 h post-correction of hyponatremia. Our results revealed that functional
BBB opening occured late in pre-established ODS lesions, and therefore was not a primary event initiating
oligodendrocyte damages in the mouse model of ODS.

1. Introduction extrapontine regions (e.g. basal ganglia, caudate nucleus, putamen,

thalamus, internal and external capsules), or even both [8,9]. Interest-

Osmotic demyelination syndrome (ODS) is a brain demyelinating
disease that usually occurs as a result of an abrupt correction of a chronic
hyponatremia [1,2]. Besides myelin and oligodendrocytes are the major
targets of the disorder, recent reports from human cases and experi-
mental models converge to say that astrocytes are concomitantly
damaged or lost inside the demyelinating lesions [3-7]. One of the most
intriguing feature is the peculiar pattern of demyelination throughout
susceptible regions of the CNS. Related to their neurologic symptoms,
patients display demyelinating lesions in either centropontine or

ingly, some brain areas are fully spared despite their high content of
myelin and interfascicular oligodendrocytes.

Neuroscientists have debated about a significant contribution of
blood-brain barrier (BBB) opening to myelin or oligodendrocyte dam-
ages during ODS [10-15]. Indeed, it has been well described that oli-
godendrocytes are vulnerable towards various non-physiological insults,
such as oxidative stress, glutamate excitotoxicity, ATP release toxicity,
inflammatory mediators, antibodies or complement-mediated attack, or
other blood components (review in [16]). For instance, exposure to

Abbreviations: BBB, blood-brain barrier; CNS, central nervous system; L.Y., Lucifer Yellow; ODS, osmotic demyelination syndrome; T.R., Texas Red-dextran.
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whole-serum or extracellular hemoglobin induces from cellular stress to
death of cultured rat oligodendrocytes [17,18]. Therefore, it would
make sense that blood-brain barrier (BBB) integrity be a pre-requisite for
proper oligodendrocyte functioning. Interestingly, in both ODS-affected
humans and animals, there is a strong correlation between the brain
areas undergoing demyelination and BBB opening [10,11,19,20]. BBB
permeability has been investigated in experimental models using
intravascular tracers that had exuded into brain parenchyma [12-14,19,
20]. So far, evidences showed that BBB leakage is delayed compared to
myelin and oligodendrocyte defects. Although this suggests that BBB
breach is not a primary event initiating oligodendrocyte damages, the
limitation has been the usage of extravasation tracers equal or larger
than 34 kDa: complement fragment C3d (34 kDa), horseradish peroxi-
dase (44 kDa), albumin-bound Evans Blue (69 kDa), immunoglobulins G
(150 kDa). Hence, it does not exclude that subtle changes in BBB
permeability to molecules <34 kDa could occur very early during
chronic hyponatremia or immediately after its rapid correction. If this is
the case, an unidentified blood-borne toxic factor would selectively
damage oligodendrocytes, precipitating their death, followed by mye-
linolysis. To address this question, we investigated the BBB permeability
towards small- and large-molecular weight tracers at different timings
after the correction of hyponatremia using the mouse model of ODS
[20-22]. We also looked at the ultrastructure of brain endothelium and
at the expression level of inter-endothelial tight junctions.

2. Material and methods
2.1. Animals

The experimental protocol was conducted in compliance with the
European Communities Council Directives for Animal Experiment
(2010/ 63/EU, 86/609/EEC and 87-848/EEC) and was approved by the
Animal Ethics Committee of University of Namur (ethic project UN
14-210). Male C57BL/6 J mice, aged from 3 to 4 months were included
in the study. They were housed in a temperature and humidity-
controlled room maintained at 12:12 h light/dark cycle. Measures (daily
monitoring, acute administration of buprenorphine: 0.1 mg/kg in case
of signs of pain) and human endpoints were set to minimize pain and
discomfort.

2.2. Model of ODS

ODS was induced in mice as described previously (Bouchat et al.,
2018). Briefly, an osmotic minipump (Model 1004, Alzet, Cupertino, CA,
USA) filled with desmopressin acetate (0.002 mg/mL) (Minirin®, Fer-
ring, Saint-Prex, Switzerland) was inserted subcutaneously at day 0.
Standard pellets and water were replaced by a low-sodium liquid diet
(AIN76A, MP Biomedicals, Santa Ana, CA, USA), for a period of 4 days
ad libitum. On the 4th day, blood serum level was measured using
Spotchem EL SE-1520 electrolyte analyzer (Arkray, Kyoto, Japan) and
hyponatremia, as found below 124 mEq/L, was corrected using an
intraperitoneal injection of hypertonic saline (NaCl 1 M; 1.5 mL/100 g
body weight). Animals were divided into four groups: normonatremic
mice (NN), uncorrected 4-days hyponatremic mice (HN), ODS mice
sacrificed 12 h post-correction (12 h PCHN) or 48 h post-correction (48 h
PCHN). Average natremia (mean + SEM) were respectively 146.6 + 2.1
mEq/L for normonatremic group and 118.2 + 1.6 mEq/L for hypona-
tremic group. At 12 h or 24 h after the correction of hyponatremia,
natremia retrieved 146 + 5.1mEq/L, with a mean ASNa + of 34.2 +
3.3mEq/L.

2.3. Blood-brain barrier tracer procedures
Intravascular tracers were chosen according to their molecular

weight gradation: Lucifer Yellow (L.Y.; 0.45 kDa, Sigma-Aldrich), Texas
Red-dextran (T.R.; 3 kDa, Thermofisher Scientific #D3328), and Evans
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Blue (albumin-bound 68 kDa, Sigma-Aldrich).

Evans blue diluted saline solution (2% w/v) was intraperitoneally
delivered (4 mL/kg) 1 h before euthanasia [23]. Euthanasia was ach-
ieved under anesthesia using ketamine (100 mg/kg) and xylazine (5
mg/kg). Mice were exsanguinated and transcardially perfused with
heparinized NaCl 0.9 %, until no more blue dye flew out of the right
atrium. Prosencephalons were isolated, weighted before snap-freezing
into liquid nitrogen, and then stored at —80 °C until analysis. Samples
were thawed, digested in 250 mL formamide for 3 days at 65 °C. Next,
samples were centrifuged at 13,000 rpm for 10 min at 4 °C and super-
natants analyzed with spectrophotometry at 620 nm. Dye concentration
in the sample was interpolated from a standard curve and normalized
with the wet weight of the tissue.

Texas Red-dextran and Lucifer Yellow were diluted in saline to
respectively reach a concentration of 1 mM and 10 mM. Under anes-
thesia (ketamine 100 mg/kg and xylazine 5 mg/kg), a mixture (1:2) of
Texas Red-dextran and Lucifer Yellow was intracardially injected (100
pL/mouse) and allowed to circulate for 15 min before euthanasia.
Euthanasia was achieved by exsanguination, followed by transcardial
perfusion for 1 min with heparinized NaCl 0.9 %. Prosencephalons were
homogenized in PBS at 4 °C. After spinning down the samples at
10,000xg for 15 min at 4 °C, the supernatant was measured to obtain
raw fluorescence units (RFU) in a fluorescence plate reader at excita-
tion/emission wavelength of 425/525 nm for Lucifer Yellow and 595/
625 nm for Texas Red-dextran and further normalized to the wet weight
of the tissue.

2.4. Immunohistochemistry

Under anesthesia (ketamine (100 mg/kg) and xylazine (5 mg/kg)),
mice were exsanguinated and transcardially perfused with NaCl 0.9 %
followed by phosphate-buffered 4% paraformaldehyde. Brains were
harvested and post-fixed overnight in fixative. Hemi-brains were then
immunolabeled according to standard procedures and as previously
described [20]. Except for IgG immunolabeling, primary antibodies
were incubated overnight at 4 °C. Primary antibodies were as follow:
p25alpha as marker of mature oligodendrocyte (1:1000, Sigma-Aldrich,
HPA036576); PLP as marker of myelin protein (1:1000, Biorad,
MCA839 G), TMEM119 as marker of microglia (1:1000, Abcam,
ab209064) and Slc4al/Band 3 as marker of erythrocyte (1:1000, Cell
Signaling, #20112). Binding of primary antibody was detected using a
secondary biotinylated goat anti-mouse or anti-rabbit IgG (1:100, Vec-
tastain, Vector Laboratories, Burlingame, CA) for 1 h at room temper-
ature. Inmunoreactivity was then revealed as described elsewhere [24].
The morphology of TMEM119 microglial cells was analyzed according
to Bouchat et al. [20]. For each experimental group, one hundred
TMEM1197 cells were chosen randomly and blindly, and sorted into
four types based on their morphology: Type A resting: cells have long
and very thin processes; Type B ramified: processes are long and thicker,
cytoplasm around nucleus is visible; Type C ramified: processes are
shorter and there are many branches; Type D amoeboid: rounded hy-
pertrophic cell without processes.

Extravasation of endogenous IgG was evidenced by immunolabeling
using a biotinylated goat anti-mouse IgG (1:50; Jackson ImmunoR-
esearch, Newmarket, UK) for 4 h at room temperature, then revealed
with avidin-biotin—peroxidase (Vector Labs, Belgium) and dia-
minobenzidine (Dako, Belgium) including hematoxylin counterstaining.
Brain tissue was imaged with an Olympus BX63 microscope using the
Cell Sens software.

2.5. Western blot

Proteins were extracted from micro-dissected thalamus and resolved
as previously described [20]. Primary antibodies used were rabbit
anti-occludin antibody (# 40-4700, ThermoFisher, 1:500), rabbit
anti-claudin-1 antibody (#71-7800, ThermoFisher, 1:1000), rabbit
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anti-GLUT-1 antibody (#ab115730, Abcam, 1:1000) and mouse anti-- where their relative density within the same surface’s section was
fB-actin antibody (Sigma-Aldrich A5441, 1:10 000). averaged in each experimental condition.
2.6. Ultrastructural morphometry 2.7. Statistical analysis

Under anesthesia, mice were transcardially perfused with a solution All results were expressed as mean values + Standard Error of Mean
of PFA 2% and glutaraldehyde 2% in 0.1 M phosphate buffer (pH (SEM). The data were statistically analyzed using ANOVA followed by
7.2-7.4). Thalamus, a region prone to demyelination and BBB break- Dunn’s multiple comparisons test. The level of significance was set at p
down in the mouse model of ODS was sampled according to Paxinos and < 0.05. The statistical analyses were performed by using the software
Franklin’s mouse brain atlas and method previously described [20-22]. GraphPad Prism version 7 (GraphPad Software, Inc., La Jolla, CA, USA).

All measurements were performed using manual delimitation of
capillary (sub)structures, from TEM images, according to previously 3. Results
published procedures [25,26]. Each endothelium thickness was calcu-
lated as an average of 5 measurements in the thinnest parts associated The mouse model of ODS was validated by assessing the extent and
with the marginal fold and 5 measurements in the thickest parts asso- timing of oligodendrocyte loss and myelinolysis. Accordingly, in the
ciated with the intercellular junctions. The basal laminae thickness was thalamus - a demyelination-prone region previously reported in the
similarly measured for the sake of completion of the endothelial lining’s mouse model - a drastic loss of proteolipid protein (PLP) immunoreac-
investigations. For vesicles’ density and size, the peri-nuclear organelles tivity was observed 48 h post-correction of hyponatremia (Suppl.
and adjacent perikaryon were not considered for measurements, ac- Fig. 1a). Unlike PLP expression, the decrease of p25alpha + oligoden-
cording to other studies [25-27]. Pinocytosis and transcytosis profile drocytes occurred as early as 12 h post-correction, with no more
structures viewed were generically named ‘vesicles’. Vesicle profile immunoreactive cells at the 48 h timing (Suppl. Fig. 1b). Image-based
surfaces were measured and averaged per pm? of endothelial cytoplasm, quantification confirmed that myelin loss was shifted by at least 36 h
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Fig. 1. BBB permeability towards various intravascular tracers in ODS brains. (a) The tracers were sorted from the highest- to the lowest molecular weight: IgG (150
kDa), Evans Blue (69 kDa), Texas Red-dextran (T.R., 3 kDa) and Lucifer Yellow (L.Y., 0.45 kDa). IgG deposits were massively detected in the thalamus (th) at 48 h
PCHN. Scale bar =500 pm. (b) Significant Evans Blue extravasation was measured at 48 h PCHN in whole-brain homogenates from ODS mice compared with
normonatremic mice (NN). Similarly, accumulation of T.R. or L.Y. into brain parenchyma was higher at 48 h PCHN (B). *p < .05 compared to HN group, ANOVA
followed by Dunn’s multiple comparisons. (c) Expression of inter-endothelial junction proteins. Protein expression of occludin and claudin-1 was decreased at 48 h
PCHN. No significant change was observed in GLUT-1 expression. **p < .01, ***p < .001 compared to NN group, ANOVA followed by Dunn’s multiple comparisons,
n = 4 independent samples per experimental condition. Results are expressed as mean +/- SEM. RFU means “relative fluorescence units” and “a.u.” means “arbi-
trary unit”.
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compared to oligodendrocyte loss (Suppl. Fig. 1c). In parallel, the
microglia activation was quantified in the ODS lesions. Resident
TMEM119-expressing microglia started to switch toward a type B
morphology within the first 12 h after the correction, with few type D
cells (Suppl. Fig. 1d). It is only at a timing of 48 h that a majority of type
C and type D cells were observed. At 48 h post-correction of hypona-
tremia, BBB breakdown was evidenced by brain parenchymal endoge-
nous IgG deposits that were detected using an immunohistochemical
method. While no IgG immunoreactivity was observed in NN, HN and 12
h post-correction, a strong immunolabeling was seen in the thalamus at
48 h post-correction of hyponatremia, that appeared more intense at the
perilesional rim (Fig. 1a). Of note, immunoreactivity against slc4al, a
surface marker of erythrocytes, was not evidenced in any of the ODS
samples; this certainly advocated that extravasation of erythrocytes did
not occur into brain parenchyma (data not shown). Next, we sought to
know whether a BBB leakage to smaller molecules than IgG (150 kDa)
could have occurred earlier during the ODS induction. Evans Blue, Texas
Red-dextran or Lucifer Yellow were intravascularly delivered into the
different experimental groups and allowed to circulate for several mi-
nutes. Evans Blue binds to circulating albumin to form a higher molec-
ular weight protein tracer (69 kDa), whereas Texas Red-dextran (3 kDa)
or Lucifer Yellow (0.45 kDa) remain unbound small molecules.
Regardless of their molecular weight and albumin binding properties,
the profile of extravasation was similar for all three intravascular
tracers. A significant accumulation into brain parenchyma was
measured only at the timing 48 h post-correction of hyponatremia (one-

48h PCHN
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way ANOVA, p < 0.05 48 h PCHN compared to NN) (Fig. 1b). We next
investigated how ODS induction impacted on the molecular integrity of
brain endothelium, specifically in the thalamus. Remarkably, the gene
expression of GLUT-1, endothelial glucose transporter expressed at
luminal surface, was unchanged across the different experimental
groups. On the contrary, the protein expression of claudin-1 and
occludin was significantly downregulated at 48 h post-correction of
hyponatremia, suggesting that, during the ODS induction, endothelial
tight junctions may have been transiently destabilized (Fig. 1c).

An ultrastructural analysis of endothelium integrity and sub-
endothelial components was performed on all experimental groups.
Normal thalamus capillaries showed typical brain vascular linings with
endothelial cells dotted with a tiny Golgi apparatus and small round to
oval plasmalemmal vesicular profiles that encompassed pinocytosis and
transcytosis (collectively called vesicles), as well as delineated by mar-
ginal fold extensions at the level of the inter-endothelial junctional
complexes (Fig. 2 a-b). During chronic hyponatremia challenge, quasi
all capillaries showed collapsed lumen where surface linings appeared
squeezed together and discrete sub-endothelium voids appeared (Fig. 2
c—d). At 12 h PCHN, endothelial cells displayed numerous cytoplasm
vesicles and some oblong, lysosome-like electron-dense bodies dissem-
inated among these surface linings (Fig. 2 e-f). It is also at this stage that
junctional complexes became poorly detectable as they got entwined by
small troughs or vesicles. At 48 -hs post-correction of hyponatremia,
endothelium vesicles increased their size, not only in the main cyto-
plasm and impinged as grooved parts at the level of the junctional

Fig. 2. Pane of fine structure examples of mu-
rine thalamus capillary endothelia of NN, HN,
12 h PCHN, 48 h PCHN.

NN a-b: Normal capillary endothelia with
junctional complexes, including marginal folds
and pericytes surrounded by typical basal
laminae.

HN c-d: Collapsed endothelial aspects, where
black arrows mark wide round transcytosis
vesicles (black arrow in c¢) and sub-endothelial
spaces (black arrow in d).

12 h PCHN e-f: Endothelium and pericyte basal
laminae covered by delicate concentrical
microglia extensions and oligodendrocyte parts
amongst astrocyte end-feet forming sub-
endothelial spaces. Junctional complexes
appear poorly contrasted entwined with many
vesicle profiles (black arrows) and cytoplasm
also contains large lysosomal bodies (white
plain arrow).

48 h PCHN g-h: Endothelial cells with junc-
tional complexes amid hollow spaces (g) and
vesicle profiles forming tubular-like organelles
across the endothelial cells; some random
tubulo-vesicles appeared to reach the wash out
parts of the basal lamina (black arrows in insert
of g).

48 h PCHN i-j: Worse damaged capillary as-
pects. The endothelium appeared thinned,
forming abluminal crypts or troughs with
altered or lack of basal laminae between endo-
thelial cells and the associated pericytes,
creating spaces in continuity with sub-
endothelial spaces of the deeply altered brain
parenchyma (black arrow in i). Scale bars equal
500 nm. Abbreviations: As: Astrocyte; E:
Endothelium; M: Microglia; O: Oligodendro-
cyte; P: Pericyte; bl: basal laminae; open ar-
rows: junctional complexes; black arrows:
endothelium vesicles or tubulo-vesicles and
major gaps in basal laminae; white arrows: de-
fects in fine structures.
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complexes as well as the marginal fold regions. Random cut, 50—70 nm
thick fixed tissue sections, were able to reveal vesicles as elongated parts
of a sort of tubulo-vesicular channel system, partly straight or twisted,
that reach the abluminal side of the endothelium (Fig. 2 g-h and insert).
Within the worst damaged brain lesions, altered or no basal laminae
between the endothelial cells and pericytes formed sub-endothelial
spaces (Fig. 2 i-j). In order to support the qualitative observations
illustrated in Fig. 2, the endothelium alterations were quantified by
morphometry (Table 1). Neither endothelium thickness or surface un-
derwent significant variations across experimental groups. On the con-
trary, the capillary lumen diameter was significantly increased after
ODS induction (one-way ANOVA, p < 0.01 at 12 h PCHN and p < 0.05 at
48 h PCHN compared to NN). By quantifying the density and the size of
plasmalemmal vesicles, we confirmed their abnormal size, as enlarged
or tubular-shape structures previously visualized at 48 h PCHN (one-
way ANOVA, p < 0.01 at 48 h PCHN compared to NN). Finally, due to
the very local nature of basal laminae abnormalities, it was not possible
to find out modifications of its thickness during ODS challenge.

4. Discussion

The seminal hypothesis of BBB opening in ODS arose from autopsy
material from the pons containing greenish or yellowish discoloration,
subsequent of erythrocyte extravasation and hemoglobin degradation.
The mechanistic hypothesis was proposed on the fact that following
correction of hyponatremia, a rapid increase of serum osmolality would
shift water out of the cells, as a response to correct solute imbalance.
Consequently, brain cells lining in front line the blood compartment, as
the endothelial and perivascular glial cells, would shrink, which would
compromise the stability of intercellular tight junctions and render BBB
abnormally permeable to blood-borne factors. Based on the mouse
model of ODS, our findings allow now to refine the timing and the de-
gree of BBB breach, and to relate it to oligodendrocyte loss. Using
various molecular weight intravascular tracers, we demonstrated that
BBB leakage, even to molecules as small as 0.45 kDa, was delayed by 36
h in respect to oligodendrocyte loss. This means that local glial cell
defects are independent of blood-derived components, even though the
phenomenon’s co-localize later in the same demyelinated brain regions
[3]. BBB opening was systematically detected at 48 h post-correction,
once oligodendrocytes and astrocytes were already lost within ODS le-
sions. This result suggests that BBB opening is likely a collateral damage,
secondary to alterations of astrocyte perivascular feet [28], and in which
prominent inflammation might drive the unsealing of inter-endothelial
tight junctions. One limitation that should be kept in mind is the pos-
sibility that the BBB permeability assays with smallest tracers we per-
formed on whole-brain homogenates, were not sensitive enough to
detect, yet relevant, minor and local leakages in specific CNS regions. As
recently demonstrated using plasma proteome labeling in mice, many
circulatory proteins - smaller than IgG - impregnate the brain paren-
chyma, beyond the endothelial barrier, in physiological conditions [29].

Unlike the mouse model, ODS rats showed earlier BBB leakages to-
wards small molecules such as horseradish peroxidase (44 kDa) or the
split fragment of activated complement C3d (34 kDa), at respectively 3
and 20 h after the correction of hyponatremia [12,13]. Whether this
leakage triggers or contributes to local oligodendrocyte damages re-
mains so far unknown. In the mouse model of ODS, BBB opening towards
Evans Blue (69 kDa) or IgG (150 kDa) was found starting the second day
post-correction of hyponatremia, corroborating the findings of the rat
model where a major BBB breakdown is classically described several
days after correction. Although BBB is massively disrupted at late tim-
ings, remarkably, no extravasation of blood-borne immune cells or
erythrocytes were found in other animal models [3,20]. This is a dif-
ference with some human post-mortem cases in which the most
damaged and demyelinated areas accumulated erythrocytes.

Restricted BBB permeability greatly, but not exclusively, relies on the
integrity of inter-endothelial tight junctions. The expression of claudin-1
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Table 1

Morphometry of thalamus capillaries. Data are shown as mean + SEM.
Following Dunn’s multiple comparisons test, the adjusted p-value is expressed in
the table as *p < .05, **p < 0.01 for comparison between PCHN and NN; #p <
0.05 for comparison between PCHN and HN. n= number of independent capil-
lary images. Abbreviations: NN, normonatremia; HN, hyponatremia; PCHN,
post-correction of hyponatremia.

NN HN 12h 48 h Level of
PCHN PCHN significance
Capillary lumen  3.557 3.279 6.138 + 5.603 + Kruskal-Wallis
diameter (pm)  + + 0.718%*, 0.429%, test, p = 0.0012
0.387 0.317 # #
n=18 n=7 n=9 n=28
Endothelium 0.341 0.342 0.286 + 0.287 + Kruskal-Wallis
thickness + + 0.024 0.027 test, p = 0.1525
(pm) 0.025 0.014
n=234 n=14 n=22 n=62
Endothelium 7.691 7.385 11.46 + 11.13 + Kruskal-Wallis
surface (pm2) + + 1.617 1.471 test, p = 0.2222
0.971 0.716
n=18 n=7 n=9 n=28
Number of 42.18 32.16 50.95 + 38.34 + Kruskal-Wallis
vesicles per + + 2.271 4.592 test, p = 0.0217
annulus 3.159 4.466
surface unit
(N/pm2)
n=13 n==6 n=7 n=30
Size of vesicles 4389 9201 6015 + 18,230 Kruskal-Wallis
(nm2) + 158 + 1073 + test, p = 0.013
1767 3780%**
n=26 n=12 n=14 n=>58
Basal laminae 112.5 98.21 84.69 + 1125 + Kruskal-Wallis
thickness + + 3.88™* 13.45 test, p = 0.0590
(nm) 7.965 9.785
n=24 n=14 n=16 n=230

and occluding was strikingly modified at 48 h post-correction of hypo-
natremia, yet not earlier. This suggests that inter-endothelial tight
junctions might have been transiently or permanently destabilized,
which facilitates a paracellular leakage of plasma components into
subendothelial spaces. Whether endothelial shrinkage following hy-
pertonic stress or inflammation is responsible for the destabilization of
tight junctions will remain an unanswered question. In this model,
neuro-inflammation, as evidenced by the progressive accumulation of
activated microglia in the lesioned thalamus, was prominent at 48 h
post-correction, and thus concomitant with the timing of BBB break-
down. Evidences are numerous to demonstrate that inflammation opens
tight junctions and enhances paracellular passage [30,31].

At ultrastructural analysis, even though some changes in the cyto-
plasm and junctional complexes of the endothelial cells were noticeable
12 h ODS, it is at 48 h post-correction that endothelial linings and
associated structures appeared worst impaired. Firstly, the observations
that sub-endothelial fluid-filled cavities appeared suggest that tight
junction integrity might have been transiently compromised. Those
enlargements were seen in or just beneath the basal laminae, and were
created in places where astrocyte end-feet or myelin were the most
disrupted [20,24,25]. Secondly, ultrastructural morphometry was able
to comfort that endothelial intracellular transport and/or transcytosis
across the blood-brain barrier was disturbed. We found numerous
enlarged tubulo-vesicules that suggested abundant transport across the
endothelial cells as channels that reached the abluminal zones into the
basal laminae spaces. To remind, ultrastructural findings in the rat
model of ODS also evoked higher number of pinocytic vesicles at the
level of brain endothelia [6]. It is commonly found that after various
forms of injury to the BBB, brain endothelial cells display an increased
density of intracellular vesicles [31]. Such vesicles, from round to partly
elongated in shape, form tubulo-vesicular structures, and can reflect
changes in the intracellular endocytic network. It is often assumed that
such an increase in density reflects a higher rate of transcellular passage
across the BBB. However, cautious should be taken, since this conclusion
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is based on morphology alone and not on functional evidences nor on the
nature of cargo molecules [32].

Even if we consider an early BBB opening, including leakage of
“small” blood-borne molecules potentially toxic, the difficulty resides in
explaining the selective loss of oligodendrocytes, next to the relative
sparing of neurons within the same demyelinated brain region [22].
Moreover, BBB breakdown is now recognized in many other neurologic
disorders, where such a specific pattern of myelin or oligodendrocyte
loss does not occur.

In conclusion, we demonstrated that, in the mouse model, BBB
permeability — even to small molecules - and endothelium morphology
remain unchanged during the first 12 h post-correction of hypona-
tremia. This timing corresponds to the first clue of oligodendrocyte loss
in the future demyelinated brain areas. Altogether, the present results
strengthen the idea that BBB disruption is not the primary event during
ODS pathology, but account more as a secondary mechanism that might
exacerbate later on glial cell or myelin damages.
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