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Blockade of Arginine Vasopressin 
receptors prevents blood-brain 
barrier breakdown in Experimental 
Autoimmune Encephalomyelitis
Verónica Viñuela-Berni1, Beatriz Gómez-González2 & Andrés Quintanar-Stephano1*

The blood-brain barrier (BBB) plays a significant pathophysiological role in multiple sclerosis (MS). 
Vasopressin (AVP) is released after brain injury and contributes to the inflammatory response. We 
propose that AVP may be modulating BBB permeability and hence affecting EAE clinical signs. Female 
Lewis rats were immunized s.c. with guinea-pig brain extract suspended in complete Freund’s adjuvant. 
Prior to that, animals were subjected to Neurointermediate pituitary lobectomy (NIL) or treated with 
AVP receptor antagonist (conivaptan). BBB permeability assays were performed. Western blot for 
claudin-5 and histological analysis were performed in conivaptan treated EAE rats. EAE increase in BBB 
permeability to Evans blue was reverted by the NIL surgery. AVP receptor blockade reverted the EAE 
BBB hyperpermeability to Evans blue and 10-kDa FITC-dextran in almost all brain regions. Both, AVP 
low levels and AVP receptor blockade attenuated EAE clinical signs. Conivaptan reduced perivascular 
cuffs in EAE rats. A decrease in claudin-5 expression was observed in EAE rats and conivaptan treatment 
partially restored normal levels. Our data indicate that V1a and V2 AVP receptors can modulate BBB 
permeability and consequently are involved in the CNS inflammatory process during EAE. Future 
research is required to characterize the utility of vasopressin antagonist in MS treatment.

The blood-brain barrier (BBB) is a dynamic barrier that maintains the homeostasis of the central nervous system 
(CNS). It is composed of a monolayer of brain endothelial cells and perivascular cells, including pericytes and 
astrocytes1. Brain endothelial cells are the main component of this barrier and form tight junctions that restrict 
the paracellular passage of molecules from blood-to-brain2. During neuroinflammation, leukocytes migrate and 
trigger inflammatory reactions in the CNS, causing BBB impairment. It has been widely described that the BBB 
plays an important pathophysiological role in neuroinflammatory diseases, such as multiple sclerosis (MS)3–5. MS 
is an autoimmune inflammatory demyelinating disease with different immune cells involved in its pathogenesis 
and T cells are the most recognized cell type6, and one of its most studied animal models is experimental autoim-
mune encephalomyelitis (EAE)5. CNS migration and accumulation of autoreactive myelin-specific T lymphocytes 
as well as BBB breakdown are the basic pathological hallmarks of both MS and EAE7. Th1 and Th17 cytokines are 
key factors modulating inflammatory responses and BBB impairment in both EAE and MS8,9.

Arginine vasopressin (AVP) plays an important pathophysiological role in various forms of brain injury, 
including cerebral ischemia, intracerebral hemorrhage, and traumatic cortical injury10–14. AVP-V1a receptors are 
broadly distributed in the rodent and human brain and spinal cord. Autoradiography as well as in situ hybridi-
zation studies have shown extensive AVP-V1a receptor distribution in cells of the cerebral cortex, hippocampus, 
pituitary gland and the choroid plexus15,16. Astrocytes, endothelial and perivascular smooth muscle cells present 
high mRNA AVP-V1a receptor expression17,18. AVP-V1b receptor expression is detected in kidneys, thymus, 
heart, lung, pancreas, adenohypophysis, spleen, and brain19,20.

It has been demonstrated that AVP is released as a response to peripheral inflammation and in brain injury 
AVP secretion also increases21–25. During brain injury AVP leads to cerebral vessel constriction and increased 
sympathetic tone, ensuing endothelial dysfunction and cerebral ischemia26,27. AVP also promotes dysregula-
tion of ionic-water flux in the BBB through astrocytic Na + / K + ATPase, Na-K-Cl cotransporter (NKCC), and 
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Aquaporin‐4 (AQP-4) dysfunction11,28–30, resulting in cytotoxic edema30. Brain ischemia can trigger vascular 
endothelial growth factor (VEGF) overexpression and increase endothelial permeability through AVP positive 
feedback24. On the other hand, the use of V1a and V2 receptor blockers, as conivaptan, in brain injury has been 
extensively reported; in fact, conivaptan reduces brain edema and BBB disruption during brain ischemia and 
cardiac arrest in mice10,12. All the above evidence suggests that AVP blockers can provide neuroprotection in 
conditions where BBB is compromised. In the present study, we investigated the effect of AVP receptor blockade 
with conivaptan on BBB permeability during EAE in rats.

Results
Experiment 1: AVP loss and AVP receptor blockade revert the BBB hyperpermeability to Evans 
blue in an EAE rat model.  In order to investigate the possible mechanisms underlying the effects of AVP 
during EAE, the BBB permeability to Evans Blue was evaluated in the brain and spinal cord of Intact Control, 
SHAM-EAE and NIL-EAE animals. As shown in Fig. 1 EAE in SHAM group significantly increased BBB perme-
ability to Evans blue in the brain (9.4 ± 1 µg/g wet tissue weight, Fig. 1a) and spinal cord (24.6 ± 5.9 μg/g wet tissue 
weight, Fig. 1b) as compared to the Intact Control (0.9 ± 0.5 and 0.6 ± 0.2 μg/g wet tissue weight respectively; 
p < 0.0001); and, interestingly, the NIL animals, characterized by AVP low levels, presented significant reduction 
in BBB permeability to Evans blue in the brain (4.65 ± 0.6 VS 9.4 ± 1 μg/g wet tissue weight, Fig. 1a) and in spinal 
cord (7.3 ± 0.6 vs 24.6 ± 5.9 μg/g wet tissue weight, Fig. 1b) as compared to the SHAM group (p < 0.0001). The 
amount of Evans blue tracer was higher in spinal cord tissue samples.

To elucidate whether the blockade of AVP receptors has the same effect as AVP deficiency on BBB permeabil-
ity to Evans blue, we used a synthetic antagonist of V1a and V2 AVP-receptors, conivaptan. As shown in Fig. 2, 
there was a significant increase in BBB permeability to Evans blue in EAE control group, both in brain (6.2 ± 3.2 

Figure 1.  AVP deficiency by NIL surgery significantly attenuated EAE-induced blood brain barrier hyper-
permeability to Evans blue. Six rats of every group were randomly assigned for the evaluation of BBB 
permeability using Evans blue extravasation assay. BBB permeability in NIL brain (a) and spinal cord (b) tissues 
was significantly decreased compared to the SHAM group. (c) Representative Evans blue extravasation in the 
brain and spinal cord of the intact control (IC), simulated operated animals immunized for Experimental 
Autoimmune Encephalomyelitis (SHAM) and animals with Neurointermediate Lobectomy of the pituitary plus 
EAE (NIL). Data represents mean ± SD, ****P < 0.0001, using a one-way ANOVA and Tukey´s post hoc test.

Figure 2.  AVP V1a and V2 receptor antagonist reverts the EAE-induced blood-brain barrier hyper-
permeability to Evans blue. Graphs show the concentration (µg/g of tissue) of Evans blue dye in the brain (a) 
and spinal cord (b) of Intact Control (IC). Experimental Autoimmune Encephalomyelitis (EAE) and EAE 
plus conivaptan at 3 mg/kg (CO) (n = 6 per group). (a) Conivaptan treatment significantly reduced Evans blue 
dye concentration in the brain as compared with the EAE group. (b) Graph shows a trend toward a decrease 
in Evans blue extravasation in animals treated with conivaptan, but no significant differences were found as 
compared with the EAE group. (c) Representative images of Evans blue extravasation in the brain and spinal 
cord of intact control (IC), Experimental Autoimmune Encephalomyelitis (EAE) and EAE plus conivaptan at 
3 mg/kg (CO) groups. Mean ± SD, Kruskal-Wallis test and Dunn´s post hoc test, **p < 0.01.
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VS 0.8 ± 0.4 μg/g wet tissue weight; p < 0.01, Fig. 2a) and spinal cord (19.38 ± 14.1 VS 0.6 ± 0.2 μg/g wet tissue 
weight; p < 0.01, Fig. 2b) as compared with the Intact Control. As expected, the BBB permeability to Evans blue 
in animals treated with conivaptan (CO; 3 mg/kg/day) was decreased both in brain (2.63 ± 1 VS 6.2 ± 3.2 μg/g wet 
tissue weight; p < 0.01) and spinal cord (6.9 ± 7.7 VS 19.38 ± 14.1 μg/g wet tissue weight; no significant differ-
ences), compared to the EAE group (Fig. 2a,b,c). This clearly indicates that AVP plays a pivotal role in regulating 
BBB physiology during a neuro-inflammatory process, like EAE. The Fig. 2c shows representative photographs of 
Evans blue staining in the spinal cord and brain for each group.

Experiment 2: AVP receptor blockade decreases BBB hyperpermeability to 10 kDa FITC-dextrans  
in an EAE rat model.  Due to the above results and the observations described previously on the regulatory 
effects of AVP on the BBB permeability, we decided to quantify BBB leakage to 10-kDa FITC-dextran tracer in spe-
cific CNS regions. Figure 3 shows that in the EAE group an increase in BBB permeability to 10 kDa FITC-dextran 
was observed in the cerebral cortex, hippocampus, cerebellar vermis, and spinal cord as compared to the intact 
control group. Again, conivaptan-treatment effectively suppressed EAE-induced BBB hyper-permeability to 
10 kDa FITC-dextran in almost all brain regions. As shown in Fig. 3 the conivaptan-treated group presented a 
prominent decrease in the 10-kDa FITC-dextran concentration in the cortex (0.5 ± 0.2 mg/g wet tissue weight, 
p < 0.05), hippocampus (0.3 ± 0.1 mg/g wet tissue weight p < 0.01), cerebellar vermis (0.3 ± 0.1 mg/g wet tissue 
weight p < 0.05), and spinal cord (0.6 ± 0.1 mg/g wet tissue weight, p < 0.05) in comparison with the EAE group 
(cortex 1.2 ± 0.2 mg/g wet tissue weight, hippocampus 0.9 ± 0.1 mg/g wet tissue weight, vermis 0.7 ± 0.1 mg/g wet 
tissue weight, and spinal cord 1.1 ± 0.02 mg/g wet tissue weight). The 10 kDa FITC-dextran extravasation levels of 
EAE rats treated with conivaptan were indistinguishable from the intact controls. No significant differences were 
found in the basal nuclei (Fig. 3).

Experiment 3: AVP receptor blockade partially reverts decreased tight junction protein expres-
sion in an EAE rat model.  As increased BBB permeability is inversely related to tight junction assembly, we 
determined the expression levels of the tight junction protein claudin-5 by western blot in the EAE rats treated 
with conivaptan. As shown in Fig. 4 a large decrease in claudin-5 expression in the brain and spinal cord was 
observed in EAE rats (p < 0.05) (Fig. 4b). In the brain, the AVP receptor antagonist conivaptan partially reverted 
the EAE-induced low levels of claudin-5, the conivaptan-treated group did not differ significantly from both, the 
intact control and the EAE group.

Experiment 4: AVP receptor blockade attenuates inflammatory cell infiltration and EAE neu-
rological signs.  Quantitative evaluation of hematoxylin and eosin stained sections showed the presence of 
infiltrated inflammatory cells (perivascular cuffs) in the brain (9.3 ± 2 counts) and spinal cord (16.8 ± 1.7 counts) 
of the EAE group (Fig. 5b). As it is shown in Fig. 5a,b the conivaptan-treated EAE group showed a prominet 
decrease in the number of perivascular cuffs both in the brain (1 ± 1.4 counts, p < 0.001) and the spinal cord 
(1.7 ± 1.7 counts, p < 0.0001) as compared to the EAE group.

Figure 3.  Conivaptan treatment reverts the EAE-induced blood-brain barrier hyper-permeability to 10-
kDa FITC-dextran. Graphs show the concentration (mg/g of tissue) of 10-kDa FITC-dextran in the cortex 
(a), hippocampus (b), basal nuclei (c), vermis (d), and spinal cord (e) of intact control (IC), Experimental 
Autoinmmune Encephalomyelitis (EAE) and EAE plus conivaptan at 3 mg/kg (CO) (n = 6 per group). 
Mean ± SD. One-way ANOVA test and Tukey´s post hoc test, *p < 0.05 and **p < 0.01.
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All animals were examined daily for neurological signs. SHAM operated and immunized rats (SHAM), used 
as a control to operated rats, developed EAE (90% incidence), with the onset of clinical signs occurring on days 
10–11 after immunization. The SHAM operated and immunized rats reached its highest score on day 15, while 
in the NIL immunized group a significant decrease in the EAE clinical score was observed (0.3 ± 0.2 versus 
2.25 ± 0.7 EAE clinical score at day 15 post immunization, p < 0.0001, Fig. 6a). Figure 6b shows that all groups 
of rats started to develop clinical signs at day 11 post EAE induction. Rats treated with vehicle developed a typ-
ical course of EAE, as evidenced by ascending paralysis beginning 11 days after immunization which peaked at 
day 15 post-immunization (mean score 4.2 and 90% of incidence). The treatment with 3 mg/kg/day conivaptan 
started 3 days pre-EAE induction and continued throughout the 2-week period post-EAE induction. Conivaptan 
treatment practically suppressed the EAE hind limb paralysis during the observation period (mean score 0.4; 
p < 0.0001, Fig. 6).

Discussion
We showed that the loss of AVP by the NIL surgery induces a reduction in BBB permeability to Evans blue in the 
EAE rat model. These effects are in agreement with a significant reduction in severity of EAE clinical signs due to 
the AVP low levels induced by the NIL surgery. Moreover, here we show for the first time that conivaptan treat-
ment effectively suppressed hindlimb paralysis during the 2-week follow up period of EAE development. In addi-
tion, conivaptan treatment restored normal BBB function in EAE rats. Under normal physiological conditions 
tracers as Evans blue and 10 kDa FITC-dextrans cross the BBB at very low levels. Our study showed that Evans 

Figure 4.  AVP receptor blockade partially reverts the decreased claudin-5 expression in the CNS of EAE rats. 
(a) Representative blot showing changes in the expression of the tight junction protein claudin‐5 in the brain 
and spinal cord of EAE group (EAE) and EAE conivaptan-treated group (CO) as compared with the intact 
controls (IC). (b) Graphs show the normalized optical density (OD) of protein expression for claudin‐5 in the 
IC, EAE and CO groups. A 220‐kDa band stained with Ponceau red was used for normalization of claudin-5 
expression. Mean ± SD, *p ≤ 0.05 as compared with the intact control.

Figure 5.  AVP receptor blockade attenuates inflammatory cell infiltration in the brain and spinal cord of rats 
with EAE. (a) Hematoxylin and eosin (H&E)-stained brain and spinal cord sections from intact control (IC), 
EAE, and conivaptan-treated EAE rats (CO). The EAE group shows perivascular cuffs in the brain and spinal 
cord, while EAE-CO (3 mg/kg) rats present a decrease in inflammatory cell infiltrates (H&E, X400). (b) Graph 
shows that perivascular cuffs decreased in both brain and spinal cord in the EAE CO-treated rats. Data are 
expressed as the mean ± SD. ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test and Dunn´s post hoc test. There 
was no significant difference between intact control (IC) and conivaptan-treated (CO) groups in the number of 
perivascular cuffs.
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blue and 10-kDa FITC-dextran extravasation was markedly increased in the SHAM and vehicle treated EAE rats 
compared with the control group. NIL surgery and conivaptan treatment significantly decreased BBB permea-
bility compared with the SHAM and EAE group. Together, these results indicate that V1a and V2 AVP receptor 
antagonists could prevent the development of clinical signs and to restore the integrity of the disrupted BBB.

Our results are well in agreement with other experimental studies showing that AVP is involved in the patho-
physiology of brain damage, Bhandari et al.31 effectively attenuated the brain edema secondary to intracere-
bral hemorrhage (ICH) in animals treated with Tolvaptan, an AVP-V2 receptor antagonist; they also showed a 
decrease in BBB permeability to Evans blue tracer in the Tolvaptan-treated ICH animals as compared to the ICH 
group31. Other animal experiments found that blockade of AVP-V1 receptors reduces brain edema and BBB 
disruption in stroke32. Clinical studies have shown that the plasma AVP level increases after ICH, stroke, and 
preeclampsia23,32–35.

The increased BBB permeability was related to a decreased expression of the tight junction protein claudin 5 in 
EAE and we showed in EAE conivaptan-treated rats an increase in brain and spinal cord expression of this tight 
junction protein. As claudin-5 is one of the most important tight junctions protein, its loss may actively contribute 
to severe BBB dysfunction.

AVP was reported to induce contraction responses in placental vessels36, Gao et al. showed that AVP acting 
on V1a receptor can induce vasoconstriction in placenta mainly via activation of the PKC pathway. The PKC 
family is known to affect endothelial barriers, and has been associated with alterations in tight junction protein 
assembly37,38, as well as in the integrity of the BBB in different inflammatory diseases39. In our model it may 
have occurred the same, the AVP antagonist blocked AVP receptor 1, which consequently translates into less 
PKC activation precluding tight junction alterations and BBB hyperpermeability in EAE rats. Also other authors 
have shown that AVP promotes the increased secretion of vascular endothelial growth factor (VEGF), triggering 
decreased expression of tight junction proteins and increased BBB permeability24. Furthermore, various studies 
have speculated that a relationship exists in the brain between AVP and AQP412,40. An up-regulation of brain 
AQP4 was observed in many brain injury models and a reduction in AQP4 expression appeared after an AVP 
receptor blocker administration41,42. Likely, diverse experiments demonstrated that AVP in pregnancy is sufficient 
to up-regulate the expression of the co-stimulatory molecules CD80, CD86, and major histocompatibility com-
plex class II (CLII) on dendritic cells23, which are necessary in the early pathogenesis of MS and EAE7 and induce 
a pro-inflammatory Th1 and Th17 profile, with elevated IFN-γ and IL-1723. These data indicate that conivaptan 
treatment may block all of those mechanisms during EAE, preventing BBB breakdown and the subsequent brain 
damage, ensuing the disappearance of clinical signs.

In MS or EAE an initiating factor is the loss of BBB function3, the BBB disruption is associated with changes 
in the basement membrane and tight junctions43,44. Elevated levels of IL-17A have been found in brain lesions 
and cerebrospinal fluid of MS patients45,46 and IL-17A facilitated migration of human Th17 cells through the BBB 
by disrupting endothelial cell tight junctions47. Matrix metalloproteinases (MMPs) and TNF-α have also been 
implicated in the breakdown of the BBB in MS and EAE48. In the most common form of MS, relapse-remitting 
(RR) MS, the lesions are centered on blood vessels, which become inflamed and leaky, ensuing edema formation. 
Other works provided evidence that a luminal BBB membrane Na–K–Cl cotransporter is a major contributor 
to edema formation28, and studies using cultured cerebral endothelial cells found that the cotransporter is quite 
sensitive to AVP stimulation29.

We have previously shown that AVP-deficient rats (Neuro-Intermediate pituitary Lobectomy) decreased inci-
dence and severity of EAE, and that effect coincided with a significant reduction in spinal cord perivascular 

Figure 6.  AVP deficiency and conivaptan treatment attenuate EAE clinical score. Graphs show the daily 
mean ± SEM of clinical scores from days 9 to 15 post-immunization among the EAE groups. (a) Significant 
differences between NIL (AVP deficient animals) and SHAM animals () were found from days 13 to 15 post-
immunization. *p < 0.05, ****p < 0.0001, n = 10 animals per each experimental group. (b) Blockade of AVP 
V1a and V2 receptors ameliorates the disease time course of EAE. Significant differences between CO () and 
EAE () groups. Two-way ANOVA test, *p < 0.05, EAE vs CO at day 12 post-immunization. ****P < 0.0001 
EAE vs CO at days 13, 14 and 15 post-immunization. n = 10 animals per each experimental group.
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cuffs49. In the present study we show that conivaptan treatment also significantly decreased the number of 
perivascular cuffs in brain and spinal cord. This observation is consistent with our present’s results which showed 
a partial restoration of claudin-5 expression and decreased severity of the neurological signs in conivaptan treated 
EAE rats.

Evidence is accumulating that AVP plays a major role in the regulation of neuroinflammatory reactions10,41. 
Our data reveal that inhibition of V1a and V2 AVP receptors can prevent BBB hyper-permeability caused by 
EAE. The present study provides a new insight into how AVP may regulate BBB exchange during inflammatory 
response in the EAE rat model. The underlying pathophysiological mechanism and possible clinical importance 
of the present findings deserves further investigation.

In conclusion, we found that the blockade of the AVP V1a and V2 receptors with conivaptan could protect 
the BBB, contributing to the amelioration of neurological disorder in an EAE rat model. Conivaptan may be a 
promising prophylactic candidate to control neurological disease (MS) severity by targeting the BBB.

Methods
Female Lewis rats 10–12 weeks old were used and were obtained from the Autonomous University of 
Aguascalientes. The animal´s room was kept under controlled temperature (22–24 °C) and light/dark conditions 
(12 h light/dark cycle, lights on at 7am). The diet consisted of Purina rat chow and tap water ad libitum. The ani-
mals were divided into five groups: Intact Control (IC group), SHAM group, immunized for EAE (EAE group), 
Neurointermediate pituitary lobectomized rats and immunized for EAE (NIL group) and immunized for EAE 
treated with Conivaptan (CO group). The animals were habituated for 7 days to the room conditions prior to 
the experiment. All surgical experimental procedures were approved by the Institutional Animal Care and Use 
Committee of the Universidad Autónoma de Aguascalientes and are compatible with the Institute for Laboratory 
Animal Research (USA, 1996) guidelines.

Neurointermediate pituitary lobectomy (NIL) surgery.  NIL surgeries were performed under anes-
thesia with mixture of O2/Sevorane, the neck was shaved, and rats were placed in dorsal decubitus position. The 
intermediate and posterior lobes (neurointermediate lobe) of the pituitary gland were removed under a dissect-
ing microscope through the parapharyngeal-transoccipital-sphenoidal approach and gentle aspiration via a bent 
needle. The method employed has been described previously49,50. Only successfully operated NIL rats with com-
plete removal of the neurointermediate lobe and without damage to the anterior lobe were included in the study. 
Removal of neurointermediate lobe o the pituitary generated AVP low levels as previously reported51. As a control 
condition, in the SHAM group the pituitary gland was only exposed but not removed. All animals were injected 
with penicillin (5000 IU, i.m.) once a day for 7 days and metamizole (15 mg/kg; i.m.) once daily for 3 days.

EAE immunization.  Rats were anesthetized with inhalatory anesthesia (Sevorane), the tail base was shaved, 
and rats were placed in the ventral decubitus position. Animals were injected subcutaneously at the dorsal base 
of the tail with 200 µl of an emulsion composed of 50% guinea pig brain homogenate emulsified with complete 
Freund’s adjuvant. The emulsion was composed of 1 ml brain homogenate, 1 ml incomplete Freund’s adjuvant 
(F5506, Sigma, St. Louis, Mo., USA) and 2 mg of finely ground Mycobacterium tuberculosis (strain H37 Ra, Difco, 
Detroit, Mich., USA).

Drug treatment.  Dimethyl sulfoxide (DMSO) (EAE; 10% i.m.) or conivaptan (CO; 3 mg/kg of body weight 
i.m.) (ShangHai Biochempartner Co., Ltd China) were administrated to EAE and CO groups respectively. 
Administration started 3 days before EAE immunization and continued daily until the end of the experiment on 
day 15 after immunization (AI).

Evaluation of EAE.  Rats were examined daily for disease signs and were assigned scores on a conventional 
scale52,53 as following: 0, healthy; 1, tail paralysis; 2, ataxia in one hind limb; 3, paralysis of one hind limb; 4, 
paralysis of one hind limb and ataxia of the other, and 5, complete paralysis of tail and both hind limbs. The intact 
control group was also evaluated as negative control.

Experiment 1: BBB permeability assay to evans blue.  The integrity of the BBB was determined using 
Evans blue (EB) as a tracer54. Rats were divided into intact control (IC, n = 6), simulated operated rats plus EAE 
(SHAM, n = 6) and Neurointermediate pituitary lobectomized rats plus EAE (NIL = 6). An independent group 
of rats was divided into intact control (IC, n = 6), Experimental Autoimmune encephalomyelitis animals (EAE, 
n = 6) and treated animals with 3 mg/kg of conivaptan plus EAE (CO, n = 6). On day 15 after immunization rats 
were anesthetized with a mixture of O2/Sevorane and then injected with 2% Evans blue dye in PBS at a dose of 
2 mL/kg through the jugular vein. Two hours later, animals were anesthetized with pentobarbital (ip. 0.063 g/kg 
body weight) and then sacrificed. Immediately after rats were transcardially perfused with PBS (200 ml) at a rate 
of 20 ml/min. The brain and spinal cord were collected, and their wet weights determined. The organ samples 
were homogenized in 3 ml N, N-dimethylformamide55. After 24 h of incubation at 55 °C, the organ samples were 
centrifuged at 14,000 rpm for 20 min at 20 °C. Supernatant was collected and absorbance was measured at 620 nm 
using a Jenaway 6300 spectrophotometer. The quantity of extravasated dye was calculated by measuring the con-
tent of Evans blue in the brain and spinal cord tissues from a linear standard curve derived from known amounts 
of the dye and was expressed as micrograms per gram of each tissue.

Experiment 2: Blood-brain barrier permeability assay to 10-kDa FITC-dextrans.  10-kDa 
FITC-dextrans (Sigma FD10S) were used to evaluate blood–brain barrier permeability to low-molecular weight 
tracers. Dextrans were suspended in phosphate buffered saline (PBS) to obtain a concentration of 3 mg/ml. Rats 
were divided into intact control group (IC, n = 6), Experimental Autoimmune encephalomyelitis group (EAE, 
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n = 6) and EAE plus 3 mg/kg of conivaptan (CO, n = 6). Rats were anesthetized with sodium pentobarbital (ip. 
0.063 g/ kg body weight), and 0.2 mL/100 g body weight of FITC-dextran was administrated in the jugular vein. 
After 10 minutes of FITC-dextran circulation, rats were perfused during 5 minutes with PBS at a rate of 20 ml/
min. The brain and spinal cord were removed; the concentration of 10-kDa FITC-dextran was calculated in the 
hippocampus, basal nuclei, cerebellar vermis, cerebral cortex, and spinal cord. Samples were weighed, homog-
enized with PBS and centrifuged at 14,000 rpm for 10 min at 4 °C. FITC-Dextran fluorescence was quantified 
using fluorescence microplate reader at 520 nm (SpectraMax M5, Molecular Device)56. Fluorescence values from 
duplicate wells were fit to a standard curve built from known amounts of the tracer. Results are showed as the 
concentration of FITC-dextran per weight of each tissue (mg/g).

Experiment 3: Western blot of tight junction protein claudin-5.  Animals from the intact control 
group (IC, n = 3), Experimental Autoimmune encephalomyelitis group (EAE, n = 3) and EAE plus 3 mg/kg of 
conivaptan (CO, n = 3) were euthanized between 08:00 hours and 10:00 hours. Deaths occurred at the 15th day 
post-inmunization. Microvessels were isolated from brain and spinal cord. Briefly, tissues were placed in cold 
sucrose buffer (sucrose 10.95%, Hepes 0.07% and BSA 1%, pH 7.4, SB), and homogenized. After two centrifu-
gation rounds (3500 rpm 10 min each) at 4 °C, the supernatant was discarded, and the pellet was resuspended 
in cold bovine serum. Samples were then centrifuged at 1130 rpm for 50 seconds at 4 °C three times and the 
supernatants obtained. The supernatants were centrifuged again at 7000 g for 5 min at 4 °C. The supernatant was 
discarded, and the pellet washed in PBS, then the pellet was resuspended in RIPA buffer with protease inhibi-
tors. The samples were centrifuged at 13,500 rpm for 10 min at 4 °C, the supernatant was collected, and protein 
concentration determined by the Bradford assay (500‐0006, BioRad). The proteins (30 μg) were resolved using a 
denaturing 10% sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) and then transferred 
to PVDF membranes. Membranes were blocked with low‐fat milk, followed by incubation with the primary 
antibody anti‐claudin 5 (1:1,000; Thermo Fisher) overnight at 4 °C. After two washes, the membranes were incu-
bated with biotin‐secondary antibody followed by avidin‐biotin complex (ABC kit, Vector Labs PK6100), and 
were revealed with a chemiluminescence detection system (Inmobilion Western WBKLS0500). Blot images were 
acquired using the C‐Digit equipment and the Li‐COR image studio (Version 3.1). A 220 kDa band stained with 
Ponceau red was used for normalization. Experiments were performed by duplicate.

Experiment 4: Histological analysis of perivascular cuffs in the CNS.  Rats were divided into intact 
control group (IC, n = 4), Experimental Autoimmune encephalomyelitis group (EAE, n = 4) and EAE plus 3 mg/
kg of conivaptan (CO, n = 4). At 15 days post-immunization animals were anesthetized with sodium pentobar-
bital (ip. 0.063 g/kg body weight) and then sacrificed, the brain and spinal cord were dissected and fixed in 10% 
neutral buffered formalin, embedded in paraffin and sectioned into 6 μm slides. The sections were stained with 
hematoxylin and eosin to evaluate inflammatory cell infiltration. One photograph per slide was obtained for each 
subject with a magnification of x400. The inflammatory perivascular cuffs were counted on the entire area at each 
section level and photographed using a Nikon light microscope (Optiphot-2) using a CCD.

Statistical analysis.  Statistical significance was analyzed by one-way ANOVA and Kruskal-Wallis test for 
permeability assays, western blot analysis and histological analysis. A two-way ANOVA tests was used for statis-
tical analysis of EAE clinical signs. Differences were considered significant at p < 0.05. The results are presented 
as mean ± SD. Statistical analysis was performed with the GraphPad Prism 7 (GraphPad Software, San Diego, 
CA, USA).
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