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Introduction
According to the most recent Global Burden of Disease 
report published in 2024 in Lancet Neurology, 43% of 
the world’s population suffers from a condition affecting 
the nervous system [1]. The most significant contribu-
tors to disability-adjusted life-years are stroke, neonatal 
encephalopathy, migraine, Alzheimer’s disease (AD) and 
related dementias, diabetic neuropathy, meningitis, epi-
lepsy, neurological complications due to pre-term birth, 
autism, and cancers of the nervous system [1]. Most neu-
rological disorders significantly affect a person’s quality 
of life, ability to perform daily activities, evolve in the 
workplace and, in doing so, redefine an individual’s role 
in their own family and society at-large. Among the most 
disruptive consequences are the dependence on caregiv-
ers, and assistive technology may be required for mobil-
ity, communication, self-care, or domestic activities. 
Biotechnology and pharmaceutical companies have been 
leading efforts to identify, develop, and deploy therapeu-
tic solutions to support and treat these patients. Among 
the most pressing unmet needs are therapeutic agents 
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Abstract
The complex etiology of neurological disorders is a major challenge to the identification of therapeutic 
candidates. Tackling brain vascular dysfunction is gaining attention from the scientific community, neurologists 
and pharmaceutical companies, as a novel disease-modifying strategy. Here, we provide evidence that at least 
41% of neurological diseases and related conditions/injuries display a co-pathology of blood-brain and blood-
spinal cord barrier alterations and dysfunctions, and we discuss why this figure may represent only a fraction of a 
larger phenomenon. We further provide clinical evidence that barrier status may contribute to pathological and 
functional outcomes in patients. Finally, we discuss drug candidates under development to repair brain barriers.
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that halt or slow neurological disorders, but most clini-
cal trials have been unsuccessful at developing safe and 
effective drugs for approval by regulatory agencies [2, 3]. 
In this context, conceptually novel approaches to drug 
design and unexplored target identification could benefit 
drug discovery efforts.

The blood-brain barrier (BBB) is a specialized inter-
face between the blood and the brain. It is composed of 
microvascular endothelial cells, endothelial and paren-
chymal basement membranes that embed pericytes, and 
astrocyte endfeet that form the glia limitans and serve as 
a secondary layer to protect the brain parenchyma. The 
BBB controls brain homeostasis by selectively regulating 
the passage of ions, nutrients, molecules and cells from 
the systemic circulation [4, 5]. Brain microvascular endo-
thelial cells are connected via adherens, tight, and gap 
junctions, which are essential elements forming a tightly 
and selectively regulated polarized barrier that restricts 
the paracellular diffusion of ions and small molecules. A 
functionally equivalent barrier exists between the blood 
and the spinal cord, called the blood-spinal cord bar-
rier (BSCB), characterized by structural and molecular 
differences that may render the BSCB more permeable 
than the BBB [6]. The integrity of the BBB and BSCB is 
essential for proper brain and spinal cord function and 
by protecting the delicate tissues from potentially harm-
ful agents, such as toxins, pathogens, and inflammatory 
mediators. Importantly, barrier properties of brain and 
spinal cord microvascular endothelial cells are not intrin-
sic, but rather rely on the cellular crosstalk with pericytes 
and astrocytes, which are in close contact with these 
endothelial cells. The cellular and acellular components 
contributing to barrier function of the central nervous 
system (CNS) microvascular endothelial cells are referred 
to as neurovascular unit (NVU) [7, 8]. The term NVU 
may encompass additional cells like neurons, microglia 
and even circulating cells, when referring to the role of 
the NVU in regulating blood flow in the CNS [9].

A growing body of evidence now indicates that struc-
tural alterations and dysfunctions of brain barriers are 
a hallmark of numerous severe neurological diseases or 
injuries associated with inflammation and neurodegener-
ation. They include AD [10], amyotrophic lateral sclerosis 
(ALS) [11–13], Huntington’s disease (HD) [14–16], mul-
tiple sclerosis (MS) [17–19] and Parkinson’s disease (PD) 
[20, 21] (Fig.  1). Numerous disturbances at the barrier 
interface have been reported to alter barrier functions. 
For example, altered caveolae-mediated transcytosis 
results in the trafficking of peripheral inflammatory fac-
tors and toxins into the brain [22], and the dysregulation 
of aquaporin-4 channels at astrocyte endfeet results in an 
abnormal entry of water into the brain [23]. Inflammation 
of the endothelium results in an uncontrolled trafficking 
of immune cells and loss of tight junction (TJ) integrity. 

More particularly, the loss of TJ integrity can be triggered 
by altered TJ recycling or changes to TJ phosphoryla-
tion/oligomerization, and their compromised function-
ality may lead to enhanced paracellular diffusion of ions 
and molecules into the brain parenchyma. Additionally, 
dysregulation of P-glycoprotein efflux transporters at the 
surface of endothelial cells promotes the accumulation 
of undesirable metabolites in the brain [24]. All of these 
disturbances at the barrier interface ultimately perturb 
homeostasis and lead to neuroinflammation and neuro-
degeneration, and eventually vasogenic edema such as in 
stroke and neurotraumas [25]. Among them, the loss of 
TJs and related proteins, and the presence of blood ele-
ments and cells within the CNS parenchyma represent 
the most investigated structural alterations and dysfunc-
tions of brain barriers. They may therefore serve as com-
mon measures to evaluate barrier repair by therapeutic 
agents.

This comprehensive and systematic review of the lit-
erature provides clear evidence that compromised brain 
barriers are ubiquitous pathological features across brain 
disorders, and are not restricted to a subset of diseases. 
In fact, at least ~ 41% of brain disorders display dysfunc-
tions and/or structural alterations of brain barriers, as 
evidenced by published literature covering over a hun-
dred neurological diseases and injuries for potential BBB 
and BSCB dysfunctions in animal models and humans. 
Barrier dysfunctions documented in this study include 
abnormal leakage of blood-derived elements and red 
blood cells, and increased migration of immune cells 
into the CNS. In addition, we also examined articles 
reporting alterations of TJ structures and protein levels 
(e.g. claudin-5, occludin), along with changes to ubiq-
uitous scaffolding proteins that anchor TJ proteins to 
the cytoskeleton (zonula occludens-1, ZO-1). We then 
compiled clinical evidence for the possible causal rela-
tionships between barrier damage and progression of 
neurological disorders. Finally, we provide an overview 
of the mechanisms of action and stage of development 
of drug candidates currently pursued by biotechnology 
and pharmaceutical companies to repair brain barriers. 
Based on the collected evidence, we propose that restor-
ing BBB and/or BSCB integrity represents an innova-
tive disease-modifying therapeutic approach to address 
pressing unmet medical needs associated to neurological 
disorders. In essence, this review focuses on brain barri-
ers dysfunctions, structural alterations, and therapeutic 
treatments currently under development to treat symp-
tomatic patients.
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Evidence of BBB & BSCB dysfunctions and 
structural alterations in neurological disorders
Definition of key terms
In this review, pathological dysfunctions of brain barri-
ers are defined as the increased permeability of barriers 
to blood components (such as fibrinogen, IgG or albu-
min) or an exacerbated immune cell trafficking into the 
brain and spinal cord parenchyma. These features are 
mostly measured in postmortem tissues but occasion-
ally, as in epilepsy, diseased brain samples are collected 

for diagnostics and can be used for research purposes. 
Live imaging additionally enables the detection of brain 
barriers dysfunction. For example, dynamic contrast-
enhanced MRI (DCE-MRI) is an imaging-based approach 
capable of identifying subtle abnormal enhancements of 
gadolinium (Gd) or Gd-derived contrast agents (such as 
gadobutrol or Dotarem) in the parenchyma, following 
injection of the molecule into the bloodstream. A com-
mon and similar technique consists in injecting exog-
enous tracers into the bloodstream that can reach the 

Fig. 1  Timeline of milestone discoveries in BBB and BSCB structural alterations and dysfunctions in neurological disorders. This figure depicts research 
milestones encompassing the first use of the French term “barrière hémato-encéphalique” by Lina Stern in 1921 [303], later translated into “BBB”, the 
discovery of endothelial TJs in 1967 [304] and associated proteins (ZO-1 [305], occludin [306] and claudin-5 [307]) and the early use of DCE-MRI for diag-
nosis of MS lesions in patients [308] at the end of the 20th century. Rodent and human postmortem analyses of brain or spinal cord tissues to assess the 
extravasation of IgG, fibrin(ogen), albumin and/or hemoglobin provided the first demonstrations of BBB and BSCB leakage in neurological disorders, such 
as in AD [309, 310], ALS [119, 311], HD [16, 312], MS [313, 314] and PD [100, 101, 315]. In the last decade, advances in neuroimaging using DCE-MRI have 
paved the way for studying subtle BBB leakage in patients with neurological disorders, notably AD [96], HD [16] and PD [99], allowing earlier evidence/
diagnosis of BBB dysfunction in the progression of neurological disorders than postmortem analyses
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parenchyma where brain barriers are impaired, but this 
methodological approach is restricted to animal studies. 
These tracers include Evans blue, fluorescent dextrans or 
sodium fluorescein, and can be observed and quantified 
in postmortem tissues.

The loss or discontinuity of TJs that seal brain barriers 
can lead to abnormal leakage of blood components into 
the parenchyma and further disease processes. For the 
purpose of this review, structural barrier alterations are 
restricted to defects in TJ formation and maintenance, 
as defined by electron microscopy-based ultrastructural 
analyses of postmortem tissues, or by quantification of 
TJ-associated protein levels using protein-based assays. 
Among the large number of TJ-associated proteins, the 
most expressed and studied at the barrier are claudin-5, 
occludin and ZO-1.

Terms related to BBB and BSCB dysfunctions and 
structural alterations were searched on the PubMed 
database and include a total of 132 neurological dis-
orders (retrieval strategy provided as Supplementary 
Material). BBB alterations and dysfunctions reported in 
brain cancers [26] or after infection with viruses such as 
SARS-CoV-2 [27] fall outside the scope of this review. 
In addition, studies specifically investigating the blood-
cerebrospinal fluid (CSF) barrier were not discussed in 
this review, but measures of CSF/serum albumin ratio 
(Qalb) were reported throughout the relevant sections. 
Over 350 articles were retrieved from this initial litera-
ture survey and encompass studies performed in both 
animal models and humans (Fig. 2), but exclude in vitro 

studies. The main findings for each of the 54 neurologi-
cal disorders with compromised barriers are summarized 
in Supplementary Table 1. The 54 pathologies identified 
in this review encompass a large number of rare and 
incurable life-threatening diseases of sporadic or genetic 
etiology, and pediatric diseases. For a more exhaustive 
and detailed overview of BBB and BSCB alterations and 
dysfunctions in specific disorders, please refer to recent 
reviews on AD [10], ALS [11–13], cerebral small vessel 
disease [28], degenerative cervical myelopathy [29], epi-
lepsy [30], hepatic encephalopathy [31], ischemic stroke 
[32, 33], MS [17–19], PD [20, 21], or psychiatric disorders 
[34–36].

Compromised brain barriers have been documented in 
most classes of neurological disorders
The heatmap presented in Fig.  3 highlights the occur-
rence of publications reporting barrier dysfunctions and 
alterations in 54 diseases/injuries affecting the CNS.

Brain barriers dysfunctions were reported in patients 
classified with neurovascular (cerebral small ves-
sel disease [37–44], hemorrhagic stroke [45–49], isch-
emic stroke [50–55], cerebral cavernous malformation 
[56–58], Moyamoya disease [59]) and autoimmune 
diseases (MS [60–68], autoimmune encephalitis [69, 
70], Susac syndrome [71]). Brain or spinal cord vascular 
dysfunctions are also evident in patients with neurotrau-
mas (traumatic brain injury [72–81], chronic traumatic 
encephalopathy [82, 83], spinal cord injury [84, 85]) or 
neurodegenerative diseases. Besides AD [70, 86–98], 

Fig. 2  Histogram and venn diagram analysis using publications reporting BBB and BSCB alterations and dysfunctions in neurological disorders. The histo-
gram depicts the main characteristics of the 359 articles used for the survey of this review. About one third of these articles provided evidence in patients 
with neurological disorders, and the rest in animal models. The venn diagram highlights 54 neurological disorders for which BBB or BSCB alterations or 
dysfunctions were evidenced thus far in animal models and in humans. It shed light on 9 neurological disorders for which all the defects were reported: 
AD, ALS, cerebral cavernous malformation, epilepsy, HD, hemorrhagic stroke, major depressive disorder, MS and PD. Overall, this figure demonstrates the 
growing interest of the scientific and medical communities for barriers integrity, and the increasing number of pathologies for which BBB or BSCB altera-
tions or dysfunctions are discovered over time
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PD [99–101], epilepsy [102–106], Binswanger’s disease 
[107–109], degenerative cervical myelopathy [110, 111], 
dementia with Lewy bodies [87, 88] and frontotemporal 
lobar degeneration [112], rare neurodegenerative dis-
eases are also affected and include cerebral adrenoleu-
kodystrophy [113–116], ALS [117–119], multiple system 
atrophy [120–122], HD [16, 123, 124], idiopathic normal 
pressure hydrocephalus [125, 126], Batten disease [127], 
spinocerebellar ataxia [128], parkinsonism-dementia 
complex of Guam [129], familial amyloid polyneuropa-
thy [130] and type 2 neurofibromatosis [131]. Patients 
with psychiatric disorders (schizophrenia [132–135], 
major depressive disorder [136], bipolar disorder [137]), 
hepatic encephalopathy [138, 139] or optic neuritis 
[140] also displayed abnormal BBB leakage of blood com-
ponents. Research performed in animal models supports 
barriers dysfunction in most of these pathologies (Fig. 3). 
Damage to TJs or TJ-associated proteins in both humans 
and animal models provide additional key evidence of 

structural barrier alterations (Fig. 3). Lastly, the following 
nine neurological disorders have been shown to display 
both barrier dysfunctions and structural alterations in 
animal models and humans: AD, ALS, cerebral cavernous 
malformation, epilepsy, HD, hemorrhagic stroke, major 
depressive disorder, MS and PD (Figs. 2 and 3).

Case studies also reported gadolinium extravasation 
into the spinal cord of patients with subacute combined 
degeneration [141], a rare neurodegenerative disease, and 
discontinuity of ZO-1 and/or claudin-5 was observed 
in the brain of patients with various leukodystrophies 
(Aicardi-Goutières syndrome, Alexander disease, cathep-
sin-A-related arteriopathy with strokes and leukoen-
cephalopathy, LARS-2-related leukodystrophy) [142] and 
DiGeorge syndrome [143], a rare genetic disorder.

In addition to the pathologies discussed above, com-
promised brain barriers have also been documented in 
experimental animal models of neurodevelopmental 
disorders including autism [144–148], Krabbe disease 

Fig. 3  BBB and BSCB alterations and dysfunctions in neurological disorders. Barriers between the blood and the parenchyma are essential to human 
health by maintaining brain and spinal cord homeostasis. When these barriers are readily interrupted (for example through a degradation of TJ proteins 
or increased vesicular activity), they leak circulating blood elements (such as fibrin(ogen) or IgG), and sometimes red blood cells in case of hemorrhagic 
transformation. The uncontrolled recruitment of immune cells into the parenchyma across the inflamed vascular wall (diapedesis) represents another 
major dysfunction of these barriers. Today, these BBB and BSCB alterations and dysfunctions, in particular, have been reported in ~ 41% of neurological 
diseases and injuries, suggesting that they may contribute to the pathogenesis of many neurological disorders. The heatmap highlights evidence found 
in animal models and in humans ranked from the most relevant to human patients’ health to the less relevant (from the exterior to the interior of the circle: 
dysfunctions in humans, alterations in humans, dysfunctions in animal models and alterations in animal models). Features of barrier alterations included 
in this heatmap are a loss of TJs and/or decreased protein levels of TJ-associated proteins (claudin-5, occludin and/or ZO-1). Features of barrier dysfunc-
tions are a leakage of circulating elements into the parenchyma and/or an increased/uncontrolled immune cell trafficking across the BBB. The numbers 
in the squares indicate the number of articles depicting these alterations and dysfunctions, and corresponding articles are reported in Supplementary 
Table 1

 



Page 6 of 31Lemarchant et al. Fluids and Barriers of the CNS           (2025) 22:72 

[149, 150], Rett syndrome [151], Cockayne syndrome 
[152], Dravet syndrome [153] and San Filippo syndrome 
type B [154]. Experimental animal models of autoim-
mune diseases (neuromyelitis optica spectrum disorder 
[155–157], limbic encephalitis [158]), neuromuscular 
diseases (Duchenne muscular dystrophy [159, 160]) and 
peripheral neuropathy [161, 162] also provided evidence 
of barriers dysfunction. Animals with neoplasms and 
related conditions (paraneoplastic syndrome [163, 164], 
tuberous sclerosis complex [165]) or Sickle cell disease 
[166] displayed reduced barrier integrity as well. Lastly, 
reduced levels of claudin-5 or its discontinuity in brain 
microvessels of animals with myasthenia gravis [167], a 
rare pediatric autoimmune disease, and in spinal muscu-
lar atrophy [168], a rare inherited pediatric neuromuscu-
lar disorder, further confirm that barrier pathology is a 
widespread feature across the plethora of brain disorders.

Altogether, several research groups have reported that 
BBB and BSCB alterations and dysfunctions occur early 
in the pathogenesis of neurological disorders, or even 
prior to the appearance of pathological hallmarks and 
symptoms in several genetic animal models of AD [91, 
169, 170], ALS [171], Batten disease [127, 172], cerebral 
cavernous malformation [173], cerebral small vessel dis-
ease [174], Cockayne syndrome [152], Duchenne muscu-
lar dystrophy [160], HD [15], Sanfilippo syndrome type 
B [154], spinal muscular atrophy [168], spinocerebellar 
ataxia [128] and tuberous sclerosis complex [165] (Sup-
plementary Table 1). These observations could support a 
possible causal relationship between BBB or BSCB dam-
age and the onset and/or progression of several neuro-
logical disorders.

Genetic mutations of tight junction proteins are also 
associated with neurological disorders
Mutations in genes encoding claudin-5 and occludin have 
been reported in patients with extremely rare neurologi-
cal disorders, further emphasizing that endothelial junc-
tion proteins are affected in a large range of neurological 
disorders. For example, a de novo mutation (G60R) on 
the coding sequence of claudin-5 was found in two chil-
dren with alternative hemiplegia who developed heterog-
enous cerebral calcifications [175]. This mutation affects 
the extracellular loop of claudin-5 and converted TJs to 
anion-selective channels, thereby causing both a loss-of-
function and a toxic gain-of-function in endothelial cell 
monolayers. Similarly, recessive mutations in occludin 
have been frequently identified in patients with band-like 
calcification with simplified gyration and polymicrogyria, 
characterized by cerebral calcifications, severe progres-
sive microcephaly, early-onset seizures and developmen-
tal arrest [176–178]. Lower levels of claudin-5 proteins 
induced by one allele variant in claudin 5 (rs10314) 
relates to schizophrenia, a psychiatric disorder observed 

in 30% of individuals with the 22q11 deletion syndrome 
[179].

Compromised brain barriers: cause or co-pathology of 
neurological disorders?
Over the last decade, there has been a 5-fold increase in 
the number of publications reporting barrier dysfunctions 
or alterations in diverse populations of patients (Fig. 2), 
along with a surge of observational clinical trials aimed 
at evaluating BBB leakage using DCE-MRI or circulat-
ing biomarkers. Most of these trials will enable statistical 
analyses to correlate BBB integrity with disease severity 
and disability and, in doing so, indicate whether barri-
ers may be envisioned as potential cause or co-pathology 
for the diseases under investigation. They include trials 
in patients with autism (NCT04321915), cerebral small 
vessel disease (NCT05902039, NCT05746221), epi-
lepsy (NCT06057233), ischemic stroke (NCT05585255, 
NCT05556395), leukoaraiosis (NCT06181981), major 
depressive disorder (NCT06203015) or type 2 diabe-
tes (NCT06322212), but also trials in healthy volunteers 
with cardiovascular risk factors (NCT06116630) or sui-
cidal behavior (NCT06047613). It is reasonable to believe 
that the 54 pathologies presented in Fig. 3 represent only 
the tip of the iceberg and that brain vascular dysfunction 
may be a frequent and common pathophysiological com-
ponent of neurological disorders.

Three main patterns of barrier disruption in humans 
seem to be at play. Barrier disruption may aggravate with 
disease progression, such as in people with multiple sys-
tem atrophy [122], and this is consistent with observa-
tions from animal models of AD [91, 180], ALS [181, 182], 
HD [15], Batten disease [172] and Cockayne syndrome 
[152]. Barrier disruption peaks early after neurotraumas 
or stroke and then gradually attenuates overtime. In some 
instances, barrier integrity fully recovers as in spinal cord 
injury [84], or it may remain damaged as in traumatic 
brain injury [74]. Longitudinal studies are eagerly awaited 
to further evaluate how brain barriers disruption evolves 
over the course of each unique neurological disorder. 
Another pressing question is whether barrier disruption 
is a trigger or a significant contributor of specific neuro-
logical disorders, but not others. In this context, clinico-
pathological assessment and correlation analyses of BBB 
leakage rate, disease biomarkers, and patients’ symptoms 
may yield new discoveries and lead the field of neurologi-
cal diseases into new directions.

Barrier integrity status influences the clinical 
portrait of patients with neurological disorders
The most accurate method currently available to evaluate 
brain barriers integrity in patients is to measure the rate 
of Gd and Gd-based contrasts agents (i.e., transfer coef-
ficient (Ktrans) or influx constant (Ki)) using DCE-MRI. 
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This approach allows the detection of subtle and regional 
BBB/BSCB disruption. However, this technique is rela-
tively recent and expensive, especially when considering 
measuring barrier leakage in large-scale clinical studies. 
As a consequence, the literature correlating brain barrier 
leakage using DCE-MRI to clinical deficits in patients 
is rather sparse. Therefore, this review also accounted 
for published literature linking clinical deficits to Qalb, 
or the release of claudin-5, occludin or ZO-1 into the 
bloodstream. Qalb may reflect changes at the blood-CSF 
barrier as well as at the BBB and BSCB. TJ-associated 
proteins are not expressed specifically in brain and spinal 
cord endothelium. These biomarkers are thus less precise 
and not entirely specific to brain barrier leakage com-
pared to measures using DCE-MRI. However, they rep-
resent additional putative indicators of a loss of integrity 
of brain barriers, while they also provide more afford-
able alternative methods. As a result, biomarker-based 
associations of brain barriers integrity with clinical out-
comes are emerging in the literature. Postmortem analy-
ses further provide valuable evidence to define how the 
severity of brain barrier leakage/alterations influenced 
the clinical phenotypes of individuals with neurologi-
cal disorders. The following sections present key studies 
conducted with the consent of human participants for 
17 neurological diseases and injuries linking brain barri-
ers dysfunctions/alterations and clinical outcome. For a 
more comprehensive overview of common barriers dys-
functions and alterations in human diseases and injuries, 
Table  1 is provided in the Supplementary Material. In 
addition, we also detail findings collected from DCE-MRI 
studies on healthy elderly volunteers and individuals with 
mild cognitive impairments.

Healthy aged volunteers & Individuals with mild cognitive 
impairments
Advanced age is a frequent risk factor in neurodegen-
erative diseases, and it is important to note that several 
groups have reported increased BBB leakage of Gd-based 
contrast agents into regions critical for cognitive func-
tions using DCE-MRI, as well as correlations with cogni-
tive decline, in cohorts of healthy elderly volunteers and 
people with mild cognitive impairments:

 	• age-dependent increase in Ki of gadobutrol into the 
white matter (WM) and grey matter (GM) of the 
cortex and hippocampus, and into higher-order 
cognition brain regions (orbitofrontal and cingulate 
cortex) in a sex-balanced cohort of 57 healthy 
volunteers (66 [47–91] ± 10 years old) [183].

 	• higher Ki of gadobutrol into the normal-appearing 
WM in a cohort of 39 healthy volunteers (69 ± 12 
years old) was associated with lower scores on 
executive function using the Stroop color-word 

test interference score and information processing 
speed using the digit span forward test score [42]. 
No correlation was found in this study between the 
vascular volume or index and memory function 
using the Rey auditory verbal learning test score.

 	• higher BBB leakage rate of Gd-DTPA-BMA into the 
hippocampus of 11 individuals with mild cognitive 
impairments (74 ± 7 years old) compared to that 
of a age- and sex-matched cohort of 11 healthy 
volunteers [184]. Furthermore, the vascular rate was 
negatively correlated with naming ability using the 
Boston naming test score. Conversely, no correlation 
was found between the vascular volume or rate and 
cognitive function when using the mini-mental state 
examination (MMSE) score.

Neurodegenerative diseases
Alzheimer’s disease
Several studies have reported increases in Ki of gadobu-
trol into the cortex and GM of patients with early AD 
[96] and in Ktrans of Gd-DTPA into the hippocampus, 
cortex, occipital lobe and/or amygdala in AD patients 
with or without dementia [86–88], compared to age- 
and sex-matched healthy volunteers. Higher Ktrans did 
not correlate with cognitive deficits, nor disease sever-
ity using plasma Aβ1−42/Aβ1−40 concentrations ratio [88]. 
However, when including healthy volunteers and patients 
with dementia with Lewy bodies, weak positive correla-
tions were found between Ktrans in various brain areas 
(occipital lobe, frontal lobe, parietal lobe, pallidum, hip-
pocampus, amygdala) and clinical dementia rating score 
or cognitive deficits, and between Ktrans in the cortex or 
parietal lobe and Aβ1−42/Aβ1−40 ratio [87, 88]. Higher BBB 
leakage rate of Gd-DTPA into the centrum semiovale was 
associated with high-grade enlarged perivascular spaces 
and reduced verbal fluency and attention [86]. Fibrinogen 
extravasation was evidenced in WM lesions and normal-
appearing WM of postmortem brains of AD patients 
with small vessel disease, regardless of Braak staging of 
neurofibrillary tangles and Aβ pathology [93]. Fibrinogen 
burden was similar to that of non-cognitively impaired 
age- and sex-matched controls.

Claudin-5 and occludin protein levels, measured by 
ELISA, were specifically and strongly reduced in the cor-
tex of postmortem brains of people with AD compared 
to healthy age-matched donors, particularly in patients 
characterized by advanced Braak staging of neurofibril-
lary tangles [185]. Interestingly, the loss of TJ proteins 
was not correlated to cerebrovascular pathology or cere-
bral amyloid angiopathy. Lower TJ protein levels were 
associated with higher levels of insoluble Aβ1−40, Aβ1−42, 
and Tau, and with lower levels of synaptophysin and 
postsynaptic density protein-95; this latter correlation 
was found to be independent of higher levels of insoluble 
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Aβ1−40 and Aβ1−42, and Tau. The authors suggested that 
loss of TJ proteins at the BBB “may contribute to AD 
pathogenesis in both synergistic and additive manners to 
typical Aβ and Tau pathologies”.

Combined, these studies demonstrated that elevated 
BBB leakage rate or cerebral loss of TJ proteins, but not 
fibrinogen burden, relates to greater disease severity and 
disability in AD patients.

Parkinson’s disease
A prospective clinical study has recently reported 
increases of at least 20% in Ktrans of Dotarem into the 
substantia nigra and posterior cortex, in both normal-
appearing WM and WM lesions of PD patients compared 
to age- and sex-matched controls [99]. Interestingly, no 
difference was found when comparing Ktrans changes in 
these regions with age- and sex-matched controls who 
had a stroke or transient ischemic attack within 3 months 
to 2 years prior to the study. The authors suggest a similar 
burden of cerebral vascular disease in patients with a his-
tory of stroke and PD patients, despite lower cardiovas-
cular risk factors. However, no correlations were found 
between Ktrans and cognitive deficits, or disease severity 
using the unified PD rating scale. Importantly, levodopa 
equivalent daily dose was not associated with Ktrans 
increases in PD patients, suggesting that BBB leakage was 
not triggered by medication.

Epilepsy
Large increases in Qalb were reported in patients with 
generalized tonic-clonic seizures or with post-enceph-
alitic/encephalopathic epilepsy compared to controls 
[186, 187]. In subgroup analyses, Qalb was higher in 
patients with widespread lesions compared to those with 
focal lesions [186]. Furthermore, a weak positive cor-
relation was found between Qalb and monthly seizure 
frequencies.

Occludin and ZO-1 protein levels were decreased 
in isolated microvessels from the temporal neocortex 
(resections) of drug-resistant patients presenting with 
temporal lobe epilepsy compared to control autopsy 
samples [188]. In contrast, claudin-5 protein levels were 
increased. No correlation between claudin-5, occludin 
or ZO-1 protein levels, and the age at onset, duration of 
epilepsy, or monthly frequency of seizures were found 
in these epileptic patients. It is important to note that 
there was a high inter- and intra-variability in the sam-
ples selected for these analyses in terms of age, sex, age 
at onset, disease duration, seizure frequency, and antiepi-
leptic drug medication type.

Overall, these studies suggest that higher Qalb, but not 
changes in TJ protein cerebral levels, relates to greater 
disease severity in patients with epilepsy.

Dementia with lewy bodies
A recent prospective study reported increases in Ktrans of 
Gd-DTPA into the cortex, parietal lobe and occipital lobe 
of patients with dementia with Lewy bodies compared to 
age- and sex-matched healthy volunteers [88]. Despite a 
trend towards a moderate negative correlation between 
Ktrans in the occipital lobe and MMSE score, higher Ktrans 
of any brain area did not relate to worse MMSE or cog-
nitive scores. However, higher Ktrans related to greater 
disease severity, as shown by moderate positive correla-
tions between Ktrans in the cerebral cortex or parietal lobe 
and plasma Aβ1−42/Aβ1−40 concentrations ratio. When 
including a higher number of participants (including 
healthy volunteers and patients with AD), weak positive 
correlations were found between Ktrans in the parietal or 
occipital lobe and clinical dementia rating score. A strong 
increase in Qalb was also reported in patients diagnosed 
with dementia with Lewy bodies compared to healthy 
volunteers [88]. Interestingly, higher Qalb was associated 
with greater disease severity, as shown by a moderate 
negative correlation between Qalb and Aβ1−42 concentra-
tion in the CSF, while no correlations were found between 
Qalb and Tau or phosphorylated Tau [189]. Overall, these 
studies suggest that increases in BBB leakage rate or Qalb 
relate to greater disease severity in patients with demen-
tia with Lewy bodies.

Rare neurodegenerative diseases
Amyotrophic lateral sclerosis
Qalb and blood proteins in the CSF were reported to be 
increased in patients with ALS compared to age- and/
or sex-matched controls [190–192]. Elevated Qalb was 
observed in 10–39% of patients with ALS [193–197]. 
Qalb was higher in males than in females [193, 195] and 
more frequently elevated in patients with limb onset 
[195, 197]. No further increase of Qalb was observed in 
patients with mutation in the SOD1 gene or a pathologi-
cal hexanucleotide expansion in the C9orf72 gene com-
pared to sporadic patients [194]. Several studies have 
shown that elevation in Qalb was related to an increased 
mortality risk in this patient population, using Cox 
regression analyses that allow to determine the influ-
ence of Qalb on survival time [191, 193, 194, 196]; two 
of them showed that this Qalb-associated increased mor-
tality risk was mainly evident in males [193, 194]. Using 
the same type of analysis, elevated IgG levels in the CSF 
also related to an increased mortality risk [190, 191]. In 
addition, high levels of Qalb or CSF proteins were found 
to be poor prognostic indicators for patients with spi-
nal pathology [196]. Weak positive correlations between 
Qalb and disease severity or clinical disability were also 
reported by several independent groups [193, 197]. Alto-
gether, these prospective studies suggest that elevated 
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Qalb in patients with ALS relates to greater disease 
severity, disability, and poor prognosis.

Cerebral adrenoleukodystrophy
Adrenoleukodystrophy is a rare X-linked peroxisomal 
metabolic disorder caused by ABCD1 mutation prevent-
ing the degradation of very long chain fatty acids that 
accumulate within tissues, and which causes a severe 
demyelination of the brain WM. Allogeneic hematopoi-
etic stem cell transplantation represents the standard of 
care to halt disease progression and improve overall sur-
vival in patients with early-stage cerebral adrenoleuko-
dystrophy [198].

In a cohort of 66 males (8.3 [4.4–47.1] years old), Gd 
extravasation into the brain was resolved by 30, 60, 100, 
180 and 365 days after intravenous (i.v.) perfusion of 
allogeneic hematopoietic stem cell transplants for 43%, 
77%, 90%, 94% and 98% of patients respectively [115]. To 
evaluate the status of the graft, the number of neutro-
phils was measured in the blood of these patients (i.e., 
a sustained drop in the number of neutrophils relates 
to graft failure). Interestingly, neutrophil recovery was 
accelerated in patients with Gd resolution compared to 
patients without Gd resolution. Furthermore, patients 
with faster neutrophil recovery were more likely to show 
Gd resolution into the brain than those engrafting more 
slowly. Higher CD3 or CD15 donor chimerism, another 
strong positive prognostic indicator of graft success, was 
associated with greater Gd resolution, independently of 
donor sources. In a separate cohort of 20 patients with 
cerebral adrenoleukodystrophy, primary or second-
ary engraftment failure was associated with a decreased 
number of patients presenting Gd resolution at 30 and 60 
post-transplant compared to the cohort of patients men-
tioned above with successful engrafting (12.5% and 7.7% 
of patients versus 43% and 77% of patients, respectively) 
[115]. In a small cohort of 6 boys (9 [6–12] years old) with 
advanced cerebral adrenoleukodystrophy and not eligible 
for transplantation, i.v. administration of bevacizumab 
(an antibody targeting vascular endothelial growth fac-
tor) every two weeks also reduced Gd enhancement 
surrounding WM lesions, but did not halt disease pro-
gression [114]. Overall, these studies indicate that the 
resolution of BBB leakage may relate to hematopoietic 
stem cell transplantation halting disease progression and 
improving overall survival in patients with early-stage 
cerebral adrenoleukodystrophy.

Huntington’s disease
In a small cohort of 7 HD patients (with heteroge-
neous disease duration and disabilities), a study sug-
gested trends towards increases in Ktrans of Gd-DTPA 
into the caudate and the putamen compared to sex-
matched healthy volunteers, and corresponding positive 

correlations with mutant huntingtin burden score [16]. 
More particularly, a strong positive correlation was iden-
tified between Ktrans in the right caudate and mutant hun-
tingtin burden score, despite the low number of patients 
enrolled in this study. The increased BBB leakage rate 
found in these patients corroborate postmortem detec-
tions of fibrinogen deposits and decreased levels of TJ 
proteins in the putamen and spinal cord of individuals 
with HD (Supplementary Table 1) [16, 124].

Multiple system atrophy
A prospective clinical study recently reported a 29% 
increase in Qalb and a 69% increase in Ktrans of gadobu-
trol into the periventricular WM of patients with multiple 
system atrophy (mainly composed of cerebellar C type, 
and some parkinsonian type) compared to age-matched 
healthy volunteers [122]. Subgroup analyses revealed that 
both parameters were higher at advanced disease stage 
(≥ 3 years) than at earlier stages. The authors of this study 
identified strong positive correlations between Qalb 
or Ktrans and clinical disability, as defined by the unified 
multiple system atrophy rating scale. Furthermore, Ktrans 
was strongly and positively correlated with the volume of 
WM hyperintensities in these patients.

Neurovascular diseases
Hemorrhagic stroke
Several studies have shown an increased BBB leakage 
rate of Gd-based contrast agents or permeability-surface 
area product of iodinated contrast agents (using com-
puted tomographic perfusion) in the hematoma and peri-
hematomal region in patients with hemorrhagic stroke 
compared to healthy volunteers [45–49]. An increased 
extravasation of Gd-DTPA into the brain was found in 
patients with aneurysmal subarachnoid hemorrhage 
compared to healthy controls as early as 24 h and for up 
to at least 6–12 months post-injury [47]. In this patient 
cohort, BBB disruption was greater in patients with pro-
gressive disease course (i.e., decreased healthy brain tis-
sue between initial and last magnetic resonance scans). 
Interestingly, early and persistent BBB damage was asso-
ciated with poor long-term clinical outcome. Similarly, 
Ktrans of Dotarem was increased into the perihematomal 
region of the ipsilateral hemisphere of patients with acute 
supratentorial intracerebral hemorrhage compared to the 
contralateral hemisphere [45]. Higher Ktrans in the contra-
lateral hemisphere (but not in the perihematomal region) 
was associated with poor clinical outcome at 90 days 
post-injury assessed by the modified rankin scale (mRS) 
score. Higher Ktrans of Gd-DTPA into the perihematomal 
region of the ipsilateral hemisphere of patients with acute 
intracerebral hemorrhage compared to the contralateral 
hemisphere was associated with larger edema volume at 
one-day and one-week post-injury [49]. Using a different 
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method to evaluate BBB disruption (i.e., computed tomo-
graphic perfusion), contradictory studies have reported 
either positive [46] or no [48] correlations between 
increases in perihematomal BBB disruption and larger 
edema volume. A two-fold increase in the peripheral 
levels of occludin was observed in patients with intrace-
rebral hemorrhage compared to age- and sex-matched 
healthy volunteers, and correlated with larger perihema-
tomal edema [199]. Overall, these studies imply that ele-
vated BBB leakage rate, or increased peripheral levels of 
occludin, relate to greater disease severity and disability 
in patients with hemorrhagic stroke.

Ischemic stroke
A meta-analysis unveiled an increased BBB permeability 
using neuroimaging techniques in patients with ischemic 
stroke, from the hyperacute (≤ 6 h post-symptoms) to the 
chronic (≥ 30 days post-symptoms) phase [51]. Higher 
BBB leakage rate was associated with hemorrhagic trans-
formation in the hyperacute phase and with greater 
functional outcome in the subacute phase. The authors 
acknowledged that most of the studies did not meet cri-
teria to be included in the meta-analysis and that all of 
them separately reported that higher BBB permeability 
was associated with poor neurological outcome regard-
less of phase.

A 40% increase in occludin serum levels was associated 
with hemorrhagic transformation in patients with isch-
emic stroke [200]. This risk factor was independent of the 
poor neurological outcome in these patients, assessed by 
the NIH stroke scale. A two-fold increase in serum lev-
els of occludin was also observed in patients with acute 
ischemic stroke enduring hemorrhagic transformations 
after recanalization compared to age- and sex-matched 
patients with ischemic stroke who did not [201]. Inter-
estingly, combination of peripheral occludin levels and 
clinical risk factors improved the accuracy of predicting 
hemorrhagic transformation in patients with ischemic 
stroke after recanalization. Increases in serum levels of 
occludin and claudin-5/ZO-1 ratio were evidenced in 
patients with acute ischemic stroke who experienced 
clinical deterioration caused by hemorrhagic transforma-
tion compared to age- and sex-matched patients who did 
not [202]. Furthermore, higher serum levels of claudin-5 
within 3 h following the onset of stroke symptoms were 
associated with clinical deterioration caused by hemor-
rhagic transformation. Blood levels of occludin within the 
first 24  h following the appearance of stroke symptoms 
were increased in patients with non-lacunar stroke (com-
pared to those with lacunar stroke), a subtype of stroke 
related to worse functional outcome [203]. However, 
there were no associations between levels of TJ proteins 
in the blood (claudin-5 and occludin) and the neurologi-
cal status assessed by NIH stroke scale and mRS scores 

at 24 h following the manifestation of symptoms. Evalu-
ation of NIH stroke scale, combined to a measure of 
TJ-associated proteins in the serum, was also proposed 
to distinguish stroke patients from patients who exhibit 
functional neurological disorders, migraine or seizures 
that mimic stroke [204].

A recent study revealed that serum levels of occlu-
din were significantly reduced in patients with isch-
emic stroke treated with thrombolysis and normobaric 
hyperoxia compared to patients treated with thromboly-
sis alone at 1 and 7 days after the appearance of stroke 
symptoms [50]. Accordingly, a reduction of the cere-
bral extravasation of an iodinated contrast agent was 
observed in patients who received normobaric hyperoxia 
compared to those who did not. Interestingly, patients 
who experienced BBB permeability resolution exhibited 
lower peripheral levels of occludin at one day post-symp-
toms. Furthermore, lower peripheral levels of occludin at 
7 days after the manifestation of stroke symptoms were 
associated with a better prognosis assessed by the mRS 
score 83 days later.

Overall, these studies sustain that elevated BBB leakage 
rate, or increased peripheral levels of TJ proteins, relate 
to greater disease severity (hemorrhagic transformation) 
and disability in patients with ischemic stroke.

Cerebral small vessel disease
Patients with cerebral small vessel disease, whose cog-
nitive function had declined over a 2-year period using 
the MMSE score, had a higher baseline BBB leakage 
volume and Ki of gadobutrol into the normal-appearing 
WM and cortical GM [41]. Increased decline in executive 
function in this cohort was also correlated with higher 
baseline leakage volume in the normal-appearing WM 
and cortical GM, and higher baseline Ki in the cortical 
GM. Another group has shown that higher BBB leak-
age volume and Ki of gadobutrol into WM hyperinten-
sities were associated with larger WM hyperintensities 
volume in patients with cerebral small vessel disease, 
but not in healthy volunteers [42]. No correlation was 
found between the vascular volume or Ki and cognitive 
functions in this study. An increase in Ktrans of gadoter-
ate meglumine into the brain of at least 40% was also 
reported in patients with either sporadic or HTRA1-
related cerebral small vessel disease compared to healthy 
volunteers, whereas it was unchanged for patients with 
cerebral autosomal dominant arteriopathy with subcor-
tical infarcts and leukoencephalopathy (CADASIL) [37]. 
Furthermore, Ktrans was increased in normal-appearing 
WM of sporadic patients. No correlation was found 
between Ktrans and clinical disability using the mRS score. 
However, higher Ktrans in the deep GM was correlated 
with poorer global cognition in sporadic and HTRA1-
related cerebral small vessel disease. In patients with the 
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genetic form, higher Ktrans was also positively correlated 
with an increased number of enlarged perivascular space 
in the basal ganglia and centrum semiovale. A prospec-
tive study has further assessed colocalization of BBB leak-
age of gadobutrol hotspots and lesions (MRI) in patients 
with cerebral small vessel disease including symptomatic 
sporadic patients or with a diagnosis of CADASIL [40]. 
They found that BBB disruption was particularly pres-
ent at lacune edges (63%), WM hyperintensities core 
and edges (~ 50%), and microbleed edges (36%). A global 
decrease in cerebrovascular reactivity in WM hyperin-
tensities core and edges was associated with the presence 
and number of hotspots at lacune edges which according 
to the authors, predicts tissue destruction and lacune for-
mation. Overall, these studies demonstrate that elevated 
BBB leakage rate relates to greater lesion burden and dis-
ability in diverse subpopulations of patients with cerebral 
small vessel disease.

Neurotraumas
Traumatic brain injury
Ktrans of gadobenate dimeglumine was increased into the 
lesional, perilesional and non-lesional regions in patients 
with traumatic brain injury during the subacute phase 
(23 days post-injury on average) compared to age- and 
sex-matched healthy controls [74]. No resolution of the 
contrast agent was observed between 23 and 204 days 
post-injury. Higher Ktrans related to poor satisfaction with 
life scale scores during the subacute phase. The relevance 
of BBB disruption to long-term outcomes after traumatic 
brain injury is further supported by histological detection 
of blood elements (fibrinogen and IgG) into the brain 
parenchyma years to decades after the injury [80].

Serum levels of claudin-5 and occludin were increased 
in military personnel subjected to repetitive subcon-
cussive blast overpressure exposure induced by heavy 
weapon training compared to age- and sex-matched 
healthy controls [205]. Experienced instructors showed 
even higher levels of peripheral TJ proteins than their 
trainees. A 16% increase in occludin was also observed in 
the plasma of patients with mild neurotraumas compared 
to age- and sex-matched healthy controls [206], whereas 
no changes in claudin-5 were found in patients or football 
players with mild traumas [206, 207]. However, higher 
serum levels of claudin-5 correlated with psychological 
symptoms in patients with traumatic brain injury [208].

Autoimmune diseases
Multiple sclerosis
Gadolinium enhancement is a standard criterion for 
diagnostic of MS, and is detected in acute inflammatory 
lesions of the WM and also in normal-appearing WM 
[60, 62, 68]. A prospective study evaluated if BBB leak-
age resolution was a predictor of a positive treatment 

response to alemtuzumab (an anti-CD42 monoclo-
nal antibody; 1 course per year) in a cohort of patients 
with relapsing-remitting MS over a 2-year period [61]. 
Approximatively half of the patients in this study had a 
good treatment response, as defined by the absence of 
a disease activity-3 (NEDA-3) status, determined from 
T2-MRI lesion activity, expanded disability status scale 
(EDSS) score and the number of relapses, at 2 years after 
the initiation of treatment. The good treatment response 
group had a more prominent decrease in Ki of gadobu-
trol into the normal-appearing WM and GM between 
baseline and at 6- and 12-month follow-ups, than that of 
the poor treatment response group, despite similar EDSS 
scores among groups at baseline. Furthermore, ROC 
curve analysis of the Ki change in normal-appearing WM 
between baseline and 12 months post-treatment was 
a highly specific predictor of the loss of NEDA-3 status 
at 2 years post-treatment. Importantly, this study shows 
that BBB repair relates to clinical recovery. As suggested 
by the authors, the evolution of BBB leakage over the 
course of the disease, whether positive or negative, could 
be used as a surveillance readout to monitor treatment 
response. Such indicators could potentially guide neu-
rologists in deciding whether to discontinue or continue 
a treatment.

Autoimmune encephalitis
An increase in Ktrans of gadobutrol into several brain 
regions, particularly into the parahippocampal gyrus, 
was recently observed in patients with autoimmune 
encephalitis compared to healthy elderly volunteers [69]. 
This observation supports findings showing that Qalb is 
elevated in about one third of patients with autoimmune 
encephalitis [209–211]. A recent study also compared 
Ktrans of gadobutrol in various brain areas in patients 
with autoimmune encephalitis at admission, with either 
a poor or a good response to their respective/individual-
ized treatments at the last follow-up visit using the mRS 
score [69]. The poor treatment response group presented 
higher Ktrans in the cerebellar cortex and the left postcen-
tral gyrus than the good treatment response group.

Patients with neuronal surface antibody-mediated 
autoimmune encephalitis who presented an elevated 
Qalb were twice more likely to have brain lesions at 
admission, particularly in the basal ganglia, brainstem, 
frontal and parietal lobes, compared to those with a 
physiological Qalb [209]. At admission, the percentage of 
prodromal symptoms, the number of white blood cells in 
the CSF, as well as the concentrations of IgG and albu-
min in the CSF were significantly increased in patients 
presenting an elevated Qalb. Furthermore, elevated Qalb 
at admission was associated with greater disability at dis-
charge or last follow-up visit in patients using mRS and 
EDSS scores. Patients with anti-N-methyl-D-aspartate 
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receptor (NMDAR) encephalitis whose Qalb was ele-
vated were more prone to a decreased consciousness 
and admission to an intensive care unit than those with 
physiological Qalb [211]. The neutrophil-to-lymphocyte 
ratio in the blood and the intrathecal IgG synthesis were 
also significantly increased in these patients. Similarly, 
in a larger cohort of patients, elevated Qalb at admis-
sion was associated with greater disability using the mRS 
score and the clinical assessment scale for autoimmune 
encephalitis at the follow-up visit 30 days later [212]. The 
concentrations of IgG and the intrathecal IgG synthesis 
in the CSF were significantly increased in these patients. 
Conversely, no difference in MRI and electroencepha-
logram abnormalities or the neutrophil-to-lymphocyte 
ratio in the blood was found in this study.

Overall, these studies indicate that elevated BBB leak-
age rate or Qalb relates to greater disease severity, dis-
ability, and poor prognosis in patients with autoimmune 
encephalitis.

Neuromyelitis optica spectrum disorder
Qalb was found to be more elevated in patients with neu-
romyelitis optica compared to patients with MS [213], 
and increases in Qalb relates to greater disease severity 
and disability in these patients [78, 214, 215]. Indeed, 
patients with an elevated Qalb were twice more likely to 
have brain lesions [78]. Furthermore, positive correla-
tions between higher Qalb and greater clinical disability 
using EDSS were found in patients with neuromyelitis 
optica [78, 214, 215].

Psychiatric disorders
Bipolar disorder
An extensive and diffuse BBB leakage of gadoben-
ate dimeglumine into the brain was reported in 28% of 
patients with bipolar disorder [137]. These individuals 
developed more severe depression, anxiety, and socio-
occupational functioning disability than patients with a 
preserved BBB integrity. Furthermore, BBB disruption 
aggravated the occurrence and severity of manic and 
depressive episodes in patients with bipolar disorder.

Strong positive correlations between age at onset and 
claudin-5 protein levels were found in the hippocampus 
(GM and WM) and orbitofrontal cortex (WM) of indi-
viduals with bipolar disorder [216]. In addition, a strong 
negative correlation was found between disease dura-
tion and claudin-5 levels in the orbitofrontal cortex (GM 
and WM). Conversely, no correlation was found between 
claudin-5 protein levels in the hippocampal GM and the 
age of onset or disease duration in patients with major 
depressive disorder.

Overall, these studies show that elevated BBB leak-
age rate or decreased cerebral claudin-5 levels relates to 

greater disease severity, disability and psychiatric mor-
bidity in patients with bipolar disorder.

Schizophrenia
A higher Ktrans to gadopentetate meglumine was 
observed into the thalamus bilaterally, notably the medial 
and lateral pulvinar nuclei, of patients with schizophrenia 
compared to age- and sex-matched healthy volunteers 
[133]. Higher Ktrans was strongly correlated with reduced 
brain and thalamus volumes, longer disease duration and 
greater symptom severity using various scales assessing 
general psychopathology or negative and positive symp-
toms. Higher IgA responses to claudin-5 and occludin in 
blood sera were observed in patients with deficit schizo-
phrenia, who exhibit psychosis, hostility, excitation, man-
nerism and negative symptoms, as well as impairments 
in semantic and episodic memory, compared to age-
matched cohorts of healthy volunteers and patients with 
nondeficit schizophrenia [217].

Levels of ZO-1 were increased by three-fold in the 
serum of patients with schizophrenia compared to age- 
and sex-matched healthy volunteers without a medical 
psychiatric history [218]. A moderate positive correlation 
was established between ZO-1 levels and positive symp-
toms assessed by the positive and negative syndrome 
scale score. However, no correlations were found 
with disease duration, negative symptoms or general 
psychopathy.

Increases in Ktrans into the brain and ZO-1 levels in the 
blood in schizophrenic patients reported above corrobo-
rate studies showing an elevation in Qalb in 17–34% of 
patients with first-episode psychosis [219, 220] and in 
50% of patients with multiple-episode psychosis [219].

A moderate negative correlation between age at onset 
and claudin-5 protein levels in postmortem brain sam-
ples of people with schizophrenia was found in the GM 
of the orbitofrontal cortex, suggesting that loss of TJ pro-
teins might influence disease severity [216]. Despite a 
decrease in claudin-5 protein levels in the hippocampal 
GM in postmortem samples from schizophrenic patients 
versus controls, no correlation was found with age of 
onset or disease duration.

Overall, these studies suggest that elevated BBB leakage 
rate, increased peripheral levels of ZO-1, or decreased 
cerebral levels of claudin-5, relate to greater disease 
severity, disability, and psychiatric morbidity in patients 
with schizophrenia.
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Therapeutic agents to repair BBB/BSCB alterations 
and dysfunctions: mechanisms of action and stage 
of development
The causality dilemma: when and how to repair 
compromised brain barriers?
The exhaustive literature survey presented in this review 
provides valuable insights into how barrier integrity 
status (i.e., altered or repaired) influences pathological 
and functional outcomes in diverse diseases and inju-
ries affecting the CNS. Loss of TJ integrity or elevated 
brain barrier leakage are associated with greater disease 
severity, worse clinical disability, and/or poor diagno-
sis in several neurological disorders. They include – so 
far – neurodegenerative diseases (AD, ALS, dementia 
with Lewy bodies, HD, multiple system atrophy), neuro-
vascular diseases (cerebral small vessel disease, stroke), 
neuropsychiatric disorders (bipolar disorder, schizophre-
nia), neurotraumas (traumatic brain injury), autoimmune 
diseases (autoimmune encephalitis, MS, neuromyelitis 
optica spectrum disorder) and epilepsy. Furthermore, 
advanced age is a frequent risk factor in neurodegenera-
tive diseases, and elevated BBB leakage rate of contrast 
agents into regions critical for cognitive functions, as 
well as correlations with cognitive decline, were reported 
in cohorts of healthy elderly volunteers [42, 183] and 
people with mild cognitive impairments [184]. Impor-
tantly, accumulating evidence indicate that measures of 
improved barrier function correlated with a favorable 
clinical outcome in patients with autoimmune encepha-
litis, cerebral adrenoleukodystrophy, ischemic stroke 
and MS. Furthermore, recovery of BBB integrity at early 
stages of cerebral adrenoleukodystrophy may contrib-
ute to the efficacy of successful hematopoietic stem cell 
transplantations that halt disease progression [115, 198]. 
Indeed, restoring BBB integrity with another therapeutic 
approach and at a more advanced disease stage did not 
alter disease course [114].

In this context, the central question of when and how 
to repair compromised brain barriers is of the essence. 
Longitudinal studies evaluating the evolution of brain 
barriers disruption across the spectrum of neurological 
disorders would thus provide critical directions for the 
design of clinical trials evaluating the efficacy of thera-
peutic agents in a disease-specific manner.

Overview of the therapeutic landscape
Targeting BBB and BSCB alterations/dysfunctions is 
an emerging therapeutic avenue with the potential to 
mitigate disease progression, and thus serve as a dis-
ease-modifying strategy to a wide range of neurologi-
cal disorders. Most ongoing efforts by biotechnology 
and pharmaceutical companies can be categorized into 
three approaches (Fig.  4): (1) restoring normal levels of 
TJ proteins in order to mitigate the entry of circulating 

factors and blood cells, (2) exogenously supplying extra-
cellular matrix-derived biopolymers to rescue gaps in the 
endothelium triggered by the loss of TJ, or (3) reducing 
immune cell trafficking across the BBB and BSCB. We 
will additionally discuss a drug candidate that blocks 
blood-derived fibrin present in the brain parenchyma to 
reduce neuroinflammatory processes.

Based on the retrieval strategy presented in the Sup-
plementary information, a total of 11 therapeutic agents 
have been identified, and are currently being developed 
by 11 active biotechnology and pharmaceuticals compa-
nies to restore brain barriers integrity in neurodegenera-
tive diseases and CNS injuries (Table 1; Figs. 4, 5 and 6). 
There are four candidates in phase 1 evaluation in healthy 
volunteers, and four companies have tested / are testing 
their drug candidates in diseased patients. More specifi-
cally, they include one phase 1 trial in human T-cell leu-
kemia virus type 1-associated myelopathy (HAM), one 
phase 1/2 trial in AD, and four phase 2 clinical trials in 
ALS, HD, ischemic stroke and spinal cord injury.

The common features of therapeutic agents target-
ing BBB and BSCB alterations and dysfunctions, includ-
ing drug modalities (mAb, small molecule, peptide or 
biopolymer) and development stages, administration 
routes, and number of patients with neurological dis-
orders enrolled in clinical trials, are presented in Fig. 6. 
Notably, mAbs and small molecules represent 80% of the 
therapeutic candidates discussed here, and they include 
Pepinemab, MT3921, THN391, LYS241 and NVQXXX 
(mAbs), and OV888, SNP318, NRL1049 and Axitinib 
(small molecules). The most advanced drugs in the pipe-
line have reached clinical stages, either phase 1 (OV888, 
SNP318, NRL1049 and THN391), or phase 2 (Pepinemab, 
MT3921, NX210c and OTR4132). Among these, ~ 50% 
are delivered i.v., while the three small molecules cur-
rently in phase 1 are administered orally. For agents that 
have been launched in the clinical realm in patients with 
neurological disorders, the three trials with the high-
est number of expected participants include Pepinemab, 
NX210c, and MT3921. More specifically, Pepinemab 
enrolled 132 placebo- and 133 drug-treated patients with 
HD [221], NX210c is recruiting 20 placebo- and 60 drug-
treated patients with ALS (NCT06365216), and MT3921 
enrolled 24 placebo- and 48 drug-treated patients with 
spinal cord injury (NCT04683848).

Each of these therapeutic agents are presented in 
details in the sections below, and introduced in the order 
of development stage, from the most advanced clinical 
trials to the initial stages of preclinical testing. Key char-
acteristics of these drug candidates and details on clinical 
trials are summarized in Tables 1 and 2, respectively.
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Pepinemab
Pepinemab is a drug candidate developed by Vaccinex 
Inc (Rochester (NY), USA) for the treatment of AD and 
HD (https://www.vaccinex.com/). Pepinemab (formerly 
known as VX15/2503) is a humanized IgG4 monoclonal 
blocking antibody targeting semaphorin 4D. Semaphorin 
4D binds to plexin-1 receptors to trigger collapse of the 
actin cytoskeleton in cells and leads to the loss of homeo-
static functions of glial cells, particularly astrocytes, in 
the brain and of dendritic cells in the immune system 
[222]. Accordingly, Pepinemab [223] and its parental 
mouse antibody (MAb67-2) [223–225] were shown to 

promote remyelination and neuroprotection, reduce 
astrogliosis and microgliosis, and restore BBB integ-
rity. Additional mechanistic investigations were carried 
out using a human 3D BBB-on-chip model consisting of 
endothelial cells and astrocytes. Pepinemab was found to 
alleviate recombinant semaphorin 4D-induced decrease 
in transendothelial electrical resistance (TEER), and par-
tially rescue claudin-5 protein levels in chips exposed to 
TNF-α [223]. Furthermore, MAb67-2 reduced disease 
progression and promoted functional recovery in animal 
models of MS [223], HD [225] and Rett Syndrome [224]. 
MS-related investigations, carried out in an experimental 

Fig. 4  High-level mechanism of action landscape of therapeutic agents targeting BBB and BSCB alterations and dysfunctions as a treatment for neu-
rological disorders. The left panel represents the barrier interface in physiological condition, whereas the right panel represents the barrier interface in 
neurological disorders with barrier alterations. Several dysfunctions of brain barriers occur in neurological disorders; herein, we define dysfunctions by 
the leakage of blood elements and red blood cells into the parenchyma, and increased/uncontrolled trafficking of immune cells across the BBB or BSCB. 
Strategies to reduce blood-to-brain leakage consist in: (1) restoring normal levels of TJ proteins by promoting their expression through the activation 
of specific receptors (β1-integrin or WntR; indicated in green), or by inhibiting/blocking receptors or intra/extracellular molecules or enzymes known to 
degrade TJs (VEGFR, SEMA4D, LpPLA2, ROCK2, sVCAM1, Hcy and (s)RGMa; indicated in orange), or (2) by adding an exogenous synthetic biopolymer to 
“replace” TJs. Strategies to reduce blood-to-brain immune cell entry consist in: (3) blocking the adhesion of immune cells to endothelial cells by block-
ing their interaction through α4β1-integrin with VCAM1 present at the cell surface (indicated in orange), or (4) by blocking the interaction of circulating 
tPA with GluN1-NMDAR present at the surface of endothelial cells to reduce the extravasation of immune cells across the BBB (indicated in orange). An 
alternative or complementary strategy to BBB repair aims at blocking one blood element (fibrin) present in the parenchyma to reduce neuroinflam-
mation and neurodegeneration. Tysabri® (i.e., Natalizumab) was added to this figure as the standard of care for reducing immune cell migration across 
the BBB in patients with RRMS. ECM: extracellular matrix; GluN1-NMDAR: GluN1 subunit of NMDAR; Hcy: homocysteine; IgG: immunoglobulin G; ITG: integrin; 
Lp-PLA2: lipoprotein-associated phospholipase A2; NMDAR: N-methyl-D-aspartate receptor; (s)RGMa: (soluble) repulsive guidance molecule a; ROCK2: Rho-asso-
ciated coiled-coil containing protein kinase 2; RRMS: relapsing-remitting multiple sclerosis; SEMA4D: semaphorin 4D; sVCAM1: soluble VCAM1; TJ: tight junction; 
tPA: tissue plasminogen activator; VCAM1: vascular cell adhesion molecule 1; VEGFR: vascular endothelial growth factor receptor; WntR: Wnt receptor; α4β1-ITG: 
α4β1subunit of ITG; β1-ITG: β1subunit of ITG

 

https://www.vaccinex.com/
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autoimmune encephalomyelitis (EAE) mouse model, 
showed that MAb67-2 reduced fibrinogen extravasation 
into the spinal cord [223].

Pepinemab was well-tolerated with a favorable safety 
profile in clinical trials in different neurological condi-
tions. A double-blind, randomized and placebo-con-
trolled phase 1a (NCT01764737) evaluated the safety, 
tolerability and pharmacokinetics of single ascending 
dose of Pepinemab (i.v. at 1–20 mg/kg) in patients with 
MS in 2014 (enrollment of 20 patients) [226]. The maxi-
mum concentration (Cmax) and plasmatic half-life were 
increased in a dose-dependent manner. The plasmatic 
half-life was 20 days when given at 20  mg/kg. Cellular 
saturation with the antibody persisted for more than 
155 days. Most adverse events were mild to moderate, 
and included urinary tract infection, contusion, muscu-
lar weakness, insomnia and headache. One patient had a 
grade 3 event of increased Gd-positive lesions that were 
possibly related to the drug. A double-blind, random-
ized and placebo-controlled phase 2 (NCT02481674, 
“SIGNAL”) evaluated the safety, tolerability, pharmaco-
kinetic and efficacy of Pepinemab in early manifest and 
late prodromal HD patients in 2020 (enrollment of 265 
patients) [221, 227]. Pepinemab was administered by i.v. 
infusions at 20 mg/kg every 4 weeks for up to 18 months 
of treatment [221]. A pharmacokinetic study demon-
strated that Pepinemab was detected at 348 ng.mL− 1 in 
the CSF and that its average CSF/serum concentration 
ratio was of 0.38%. Most adverse events were mild to 

moderate, and serious adverse events slightly more fre-
quent in Pepinemab-treated HD patients than vehicle-
treated patients (19% and 15%, respectively). Common 
adverse events included headache, nasopharyngitis, fall, 
nausea and vomiting. Although the trial did not meet its 
co-primary efficacy endpoints, Pepinemab significantly 
improved motor functional outcome from baseline to 17 
months after treatment initiation compared to the pla-
cebo group. A double-blind, randomized and placebo-
controlled phase 1b/2 (NCT04381468, “SIGNAL-AD”) 
further recently assessed the safety of Pepinemab and its 
effect on brain metabolic activity in AD patients for up to 
8 months (enrollment of 50 patients; completed in June 
2024).

MT3921
MT3921 is a drug candidate developed by Mitsubishi 
Tanabe Pharma (Osaka, Japan) for the treatment of HAM 
and spinal cord injury (​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​t​-​p​​h​a​r​​m​a​.​c​​o​.​​j​p​/​e​
/). MT3921 (also known as unasnemab) is a humanized 
IgG1 monoclonal antibody targeting repulsive guid-
ance molecule-a (RGMa). RGMa is a glycosylphosphati-
dylinositol-transmembrane protein that also exists in a 
soluble form, and both impede neurite growth by bind-
ing to neogenin receptors present at the surface of neu-
rons [228]. In addition, when expressed by endothelial 
cells, RGMa impairs barrier integrity by reducing clau-
din-5 and ZO-1 protein levels [229]. The protein is also 
expressed by bone marrow-derived dendritic cells and 

Fig. 5  Drug development pipeline of therapeutic agents targeting BBB and BSCB dysfunctions for the treatment of neurological disorders. This figure 
depicts drug candidates in preclinical and clinical drug development for the treatment of BBB and BSCB dysfunctions (from companies’ pipeline online, 
and clinicaltrials.gov, accessed May 3rd, 2025). The administration route, the development stage, and the therapeutic modality are indicated whenever 
known for each drug candidate (name underlined in bold). Systemic administration routes include i.v., i.a., and s.c. For any agent at early developmental 
stage, we have reported the pathology and administration mode envisioned by the company for clinical trials in patients. Clinical trials are indicated as 
ongoing or completed (year of completion indicated). Tysabri® (i.e., Natalizumab) was added to this comprehensive SWOT analysis as the standard of 
care for reducing immune cell migration across the BBB in patients with RRMS. *clinical trial not disclosing brain barriers integrity biomarkers in the summary 
published on clinicaltrials.gov; CCM: cerebral cavernous malformation; CIS: clinically isolated syndrome; HAM: human T-cell leukemia virus type 1-associated 
myelopathy; i.a.: intraarterial; i.v.: intravenous; mAb: monoclonal antibody; MSA: multiple system atrophy; ND: neurological diseases; NVD: neurovascular diseases; 
RRMS: relapsing-remitting multiple sclerosis; s.c.: subcutaneous; SCI: spinal cord injury; SWOT: strengths, weaknesses, opportunities and threats

 

https://www.mt-pharma.co.jp/e/
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binds to neogenin receptors at the surface CD4-positive 
T cells, which increases adhesion of T cells to intracel-
lular adhesion molecule-1 at the surface of endothelial 
cells [230]. In this context, MT3921 [156, 231, 232] and 
its parental rat antibody [230, 232] were shown to pro-
mote neurogenesis, neurite growth, neuroregeneration 
and remyelination, and to restore BSCB integrity. Treat-
ment with these anti-RGMa antibodies was associated 
with a reduction of disease progression and improved 
functional recovery in animal models of EAE [230, 232], 
neuromyelitis optica [156], spinal cord injury [233] and 
vascular dementia [231].

The effect of MT3921 on BSCB integrity was first eval-
uated in mice subjected to EAE, followed by an intra-
spinal injection of proinflammatory cytokines (TNF-α 
and IFN-γ) 3 weeks later [232]. Intravenous injections of 
MT3921 (10 mg/kg) twice a week reduced Gd extravasa-
tion into the spinal cord in 5 days, and reduced neuro-
logical deficits within 12 days. A microarray analysis of 

the spinal cord tissue collected 5 days after initiating the 
treatment showed that several genes, expressed at the 
BSCB interface and upregulated with EAE, were reduced 
after exposure to MT3921. These markers include genes 
that trigger: (1) BBB dysfunction such as Selp, Timp1 and 
Spp1, (2) extracellular matrix production such as Col4a1, 
Col6a1, and Hspg2, and (3) endothelial-to-mesenchymal 
transition such as Col1a1, Snai2 and Acta2.

The effect of MT3921 on BBB integrity was also evalu-
ated in rats subjected to neuromyelitis optica [156]. Pro-
phylactic i.v. injection of MT3921 prevented the entry of 
aquaporin-4 antibodies into the CSF and parenchyma. 
MT3921 restored a physiological Qalb and may have 
reduced the infiltration of neutrophils and monocytes 
into the thoracic spinal cord, as suggested by a decreased 
number of myeloperoxidase-positive cells and a decrease 
of CXCL1 and CXCL2 mRNA levels. This may have trig-
gered the reduction of astrogliosis observed in the acute 
phase. A decrease in IL-17  A and neurofilament light 

Fig. 6  Key features of therapeutic agents designed at repairing BBB and BSCB integrity. The upper panels depict two pie charts showing the respective 
proportions of each modality and development stage of all drug candidates currently being developed. On the lower panels, the two pie charts show 
the respective proportions of each administration route for agents at clinical stage in healthy volunteers or in patients, and of the number of patients with 
neurological disorders being /planned to be enrolled in clinical trials for evaluation of brain barriers therapeutic candidates. *clinical trial completed; **final 
number of patients enrolled; PoC: proof of concept
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chain (NfL) levels was also noticed in the CSF, suggest-
ing anti-inflammatory and neuroprotective effects of 
MT3921. As a result, the anti-RGMa mAb restored neu-
rological scores back to the levels of control animals.

A quadruple-blind, randomized and placebo-controlled 
phase 1 clinical trial (NCT05240612) assessed the safety, 
tolerability and pharmacokinetics of MT3921 delivered 
by i.v. injections to Japanese patients diagnosed with 
HAM (enrollment of 15 patients; completed in Decem-
ber 2023). A phase 2 clinical trial (NCT04683848) also 
evaluated the safety and efficacy of MT3921 in patients 
with acute cervical spinal cord injury (enrollment of 72 
patients). This quadruple-blind, randomized and pla-
cebo-controlled trial investigated the effect of MT3921 
injected i.v., with a scheduled follow-up at 6-month 
post-treatment, on the upper extremity motor score as 

the primary endpoint. Secondary endpoints explored 
spinal cord independence measurement III score, grated 
redefined assessment of strength, sensibility and prehen-
sion score, spinal cord ability ruler, and proportion of 
responders (i.e., subjects with cutoff number or greater 
increase in the upper extremity motor score compared 
to baseline). Results may be expected shortly, since the 
study was completed in April 2025.

NX210c
NX210c is a drug candidate developed by Axoltis Pharma 
(Lyon, France) for the treatment of neurological diseases 
characterized by BBB/BSCB impairments. The prod-
uct is currently at the clinical stage of evaluation in ALS 
patients (phase 2), and at preclinical stages for AD, PD 
and spinal cord injury (https://www.axoltis.com/). In 

Table 1  Key characteristics of therapeutic agents designed at repairing BBB and BSCB integrity. All drug candidates are indicated by 
name, modality, target, approach, administration route(s), indication(s) in neurological disorders, stage of development and the name 
of sponsor companies developing these drugs. They are sorted out from the most advanced stage of development to the earliest 
stage of development. For drug candidates in phase 1 clinical trials in healthy volunteers, the pathologies are those envisioned by 
the companies, when they submitted investigational brochures for clinical trial approval by regulatory authorities, and reported 
on clinicaltrials.gov. For drug candidates at early stages of development (discovery, optimization, preclinical), the pathologies and 
administration modes are those envisioned for clinical trials in the development plan, reported on company websites. THN391 
represents an alternative or complementary drug candidate to BBB repair that aims at blocking one blood element (fibrin) present 
in the parenchyma (brown color). Tysabri® (i.e., Natalizumab) was added to this table as the standard of care for reducing immune 
cell migration across the BBB in patients with RRMS (blue color). *: clinical trial completed; CCM: cerebral cavernous malformation; CIS: 
clinically isolated syndrome; GluN1-NMDAR: GluN1 subunit of NMDAR; HAM: human T-cell leukemia virus type 1-associated myelopathy; 
HV: healthy volunteers; i.a.: intraarterial; i.v.: intravenous; ITG: integrin; Lp-PLA2: lipoprotein-associated phospholipase A2; mAb: monoclonal 
antibody; MSA: multiple system atrophy; N/A: not applicable; ND: neurological diseases; NMDAR: N-methyl-D-aspartate receptor; NVD: 
neurovascular diseases; RGMa: repulsive guidance molecule a; ROCK2: Rho-associated coiled-coil containing protein kinase 2; RRMS: 
relapsing-remitting multiple sclerosis; s.c.: subcutaneous; SCI: spinal cord injury; SEMA4D: semaphorin 4D; VEGFR: vascular endothelial 
growth factor receptor; WntR: Wnt receptor; α4β1-ITG: α4β1subunit of ITG; β1-ITG: β1subunit of ITG

https://www.axoltis.com/
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addition, the company used a Quantitative System Phar-
macology in silico modelling to predict potential effects 
of NX210c in virtual MS patients. NX210c is a 12-amino 
acid peptide analogue of the most conserved sequence of 
type 1 thrombospondin repeats. It promotes neuropro-
tection against glutamate-induced excitotoxicity [234], 
improves synaptic transmission in basal and hypoxic 
conditions [235, 236], and restores BBB integrity [237]. 
NX210c mediates its neuroprotective effects via integrins 
containing the β1 subunit [234], a class of receptors impli-
cated in synaptic transmission [238, 239] and BBB integ-
rity maintenance [240–242]. NX210c has been shown 
to attenuate disease progression and promote func-
tional recovery in animal models of AD [243], ischemic 
stroke [244], schizophrenia [235] and spinal cord injury 
[245]. The BBB-protective properties of NX210c include 
increased levels of claudin-5 and occludin in bEnd3 
endothelial cell monolayers, which improved TEER and 
reduced BBB permeability to a 40-kDa FITC-dextran 
[237]. Similarly, NX210c increased TEER in human brain 
microvascular endothelial cell (HBMVEC) monolayers 
and tricultures with human astrocytes and pericytes. Fur-
thermore, NX210c increased TEER and barrier integrity 
by reducing permeability of a 4-kDa FITC dextran tracer 
in a microfluidic-based model of the BBB, consisting of 
HBMVECs, human astrocytes, and pericytes. Finally, few 
systemic injections of NX210c (10 mg/kg) increased clau-
din-5 and occludin levels in the cortex and hippocampus 
of old mice. In healthy elderly volunteers (69 [56–91] ± 8 
years old), i.v. injections of NX210c at concentrations of 

5 or 10  mg/kg, following a regimen of three injections 
per week for a total of 4 weeks, were shown to be safe 
and well-tolerated in a phase 1b multiple ascending dose 
study (NCT05827653) [246]. No serious adverse events 
were reported and those observed were mild, transient, 
and related to the CNS such as headache. NX210c phar-
macokinetics showed a dose-dependent Cmax reached 
within 6 to 8 min and with ~ 17 to 18 min half-life, with 
no accumulation following multiple doses. NX210c treat-
ment decreased circulating claudin-5 in the plasma of 
healthy elderly volunteers. Furthermore, pharmacoki-
netic-pharmacodynamic relationships were observed for 
soluble vascular cell adhesion molecule 1, homocysteine, 
claudin-5 and NfL in the plasma of healthy aged partici-
pants treated with NX210c, denoting a beneficial effect of 
NX210c on BBB integrity and neuroprotection.

A phase 2 double-blind, randomized and placebo-con-
trolled clinical trial (NCT06365216, “SEALS”) has been 
recruiting patients with ALS since October 2024 to evalu-
ate the safety, tolerability and efficacy of NX210c (enroll-
ment goal of 80 patients). This trial will investigate the 
effects of 5 and 10 mg/kg NX210c, following a regimen 
of three 10-minutes i.v. injections per week for a total of 
4 weeks, with a scheduled 3-month follow-up after the 
end of treatment. The primary endpoints of the trial are 
changes in serum NfL or in Qalb. Secondary endpoints 
will explore: (1) additional biomarkers related to the drug 
mechanism of action and ALS pathophysiology, in CSF, 
blood and urine, and (2) a comprehensive assessment of 
disease-related symptoms, including evaluations based 

Table 2  List of clinical trials with therapeutic agents targeting brain barriers dysfunctions. This table reports key details of 
interventional clinical trials with barrier repair agents (to be) evaluated for safety, tolerability and/or efficacy in healthy volunteers or 
in patients with neurological disorders. THN391 represents an alternative or complementary drug candidate to BBB repair that aims 
at blocking one blood element (fibrin) present in the parenchyma (brown color). HAM: human T-cell leukemia virus type 1-associated 
myelopathy; HV: healthy volunteers; SCI: spinal cord injury



Page 19 of 31Lemarchant et al. Fluids and Barriers of the CNS           (2025) 22:72 

on the ALS functional rating scale-revised. Results of this 
study are expected in Q2 2026.

OTR4132
OTR4132 is a biological device developed by OTR3 Sci-
ence for Regeneration (Paris, France) for the treatment 
of stroke (​h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​t​r​3​.​c​o​m​/​e​n​/​h​o​m​e​/). OTR4132 
(also known as HSm4131; 132  kDa) is composed of 
synthetic polysaccharides with a dextran backbone 
engineered to mimic heparan sulfate functions (extracel-
lular matrix scaffold element, protection of extracellular 
matrix proteins and storage of peptides needed for cell-
cell communication), while remaining more resistant to 
proteoglycanases than the physiological heparan sulfates. 
OTR4132 was neuroprotective in rats injected via the 
intracerebroventricular (i.c.v.) route with the cholinergic 
immunotoxin 192 IgG-saporin that triggers degenera-
tion of the septohippocampal cholinergic pathway [247]. 
It was also shown that a fluorescein-labeled OTR4132, 
injected via the i.c.v. or intramuscular route immediately 
after injury, accumulated specifically at the lesion site. It 
also reduced the lesion volume and promoted functional 
recovery in a rat model of transient ischemic stroke [248]. 
A biodistribution study using [99mTc]-labeled OTR4132 
demonstrated radioactivity in the brain, with a peak of 
the signal 3  h after i.v. injection in the lesioned hemi-
sphere. The product’s patent application described that 
an intravenous injection of OTR4132 1 h after ischemia 
in rats reduced the extravasation of a Gd-based contrast 
agent into the brain within 24–48  h, and of Evans blue 
72 h post-injury in the ischemic hemisphere [249].

A phase 2 clinical trial (NCT06700824, “MATRISS-
II”) has been announced to evaluate the safety and effi-
cacy of OTR4132 in patients with acute ischemic stroke 
(enrollment of 60 patients). This quadruple-blind, ran-
domized and placebo-controlled trial will investigate 
the effect of OTR4132 on baseline-adjusted 24-hour 
NIH stroke scale as primary endpoint. Secondary end-
points will explore the rate of intracerebral hemorrhage 
at 24 h, and changes in mRS, lesion volume and Barthel 
index at 3-month follow-up. Completion of this study is 
expected by March 2026. This trial builds on an open-
label and single ascending dose study which enrolled 
19 patients with acute ischemic stroke to evaluate the 
safety and tolerability of a single intraarterial injection of 
OTR4132 (0.2–2.5 mg), that was completed in June 2024 
(NCT04083001, “MATRISS”).

OV888
OV888 is a drug candidate developed at preclinical and 
clinical stages by Ovid Therapeutics and Graviton Bio-
Science (New-York (NY), USA) for the treatment of 
neurovascular diseases and cerebral cavernous malfor-
mation, respectively (https://ovidrx.com/; ​h​t​t​p​s​:​/​/​g​r​a​v​i​

t​o​n​c​o​r​p​.​c​o​m​/​​​​​)​. OV888 (formerly known as GV101) is a 
highly selective and potent small molecule inhibitor of 
the serine/threonine Rho-associated coiled-coil contain-
ing kinase isoform 2 (ROCK2). This molecule’s selec-
tivity to inhibit ROCK2 is more than 1000-fold greater 
than that of ROCK1, with IC50 at 8 nM and > 30 µM, 
respectively [250]. RhoA/ROCK2 is a critical signaling 
pathway for endothelial cell barrier function by acting 
on actin cytoskeletal processes, cellular to extracellular 
matrix adhesion and fibrosis. However, abnormal activa-
tion of this pathway causes endothelial cell barrier dys-
function by phosphorylating and inactivating myosin 
light chain phosphatase, subsequently leading to actin 
polymerization and formation of stress fibers. In turn, 
these processes increase endothelial cell contraction, 
detachment of TJ proteins and subsequently, paracellular 
permeability [251]. This ultimately leads to intracerebral 
hemorrhage [252], notably in cerebral cavernous mal-
formation [252–254]. A less potent inhibitor of ROCK2, 
Fasudil, (IC50 = 1.9 µM), marketed in Japan and China for 
the treatment of cerebral vasospasm, was shown to pre-
serve BBB integrity in various in vitro and in vivo mod-
els, including EAE [255, 256]. Fasudil was safe and well 
tolerated by patients with ALS in a phase 2 study (spon-
sor: University Medicine Göttingen, Germany) [257]. 
Furthermore, it significantly reduced the loss of muscle 
motor units in ALS patients. Overall, these results col-
lected on Fasudil suggest a beneficial effect of inhibiting 
ROCK2 on BBB repair and neuroprotection.

Phase 1 single and multiple ascending dose studies 
(referenced in clinicaltrials.gov as NCT05068947 or in 
the company’s website [258]; enrollment of 16 and 50 
healthy volunteers, respectively) evaluated the safety, tol-
erability and pharmacokinetic of OV888 administered 
orally either as tablets (50–400  mg) or liquid suspen-
sion (400–1200  mg) once a day (o.d.) for up to 7 days. 
More recently, the company performed a double-blind, 
randomized and placebo-controlled phase 1 multiple 
ascending dose (100, 200, 400 and 600  mg) study (not 
registered on clinicaltrials.gov) launched in Q3 2023 to 
confirm the safety of OV888 given orally as tablets o.d. 
for 7 days and to establish the maximum dose toler-
ated [259]. No serious adverse events were recorded, all 
other adverse events were mild and resolved within 24 h 
(mainly headache). Blood levels of bilirubin and creatine 
phosphokinase were increased in 30% and 7% of the total 
number of participants, respectively; these increases had 
no clinical impacts (i.e., no jaundice, nor muscle pain or 
weakness). The Cmax and total drug exposure over time 
were dose-dependent for up to the 400 mg dose, and the 
plasmatic half-life was ~ 12 h when a 400 mg dose of the 
molecule was ingested daily for a total of 7 days. Further-
more, a pharmacodynamic response on the reduction of 
the secretion of proinflammatory interleukins, IL-17 and 

https://www.otr3.com/en/home/
https://ovidrx.com/
https://gravitoncorp.com/
https://gravitoncorp.com/
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IL-21, by peripheral blood mononuclear cells, validated 
the target engagement of OV888 to selectively inhibit 
ROCK2. The company has recently obtained a phase 
2 authorization for cerebral cavernous malformation, 
but has paused this program to evaluate clinical studies 
recently completed by other companies in the same ther-
apeutic indication.

SNP318
SNP318 is a drug candidate developed by SciNeuro Phar-
maceuticals (Rockville (MD), USA) for the treatment of 
AD (https://scineuro.com/). SNP318 is a small molecule 
that inhibits lipoprotein-associated phospholipase A2 
(Lp-PLA2) enzyme which produces pro-inflammatory 
mediators and thereby damages BBB integrity. SNP318 is 
the second-generation of Rilapladib, a compound shown 
to be beneficial for improving executive function and 
working memory in patients with mild AD in a placebo-
controlled phase 2a trial sponsored by GSK (62 placebo- 
and 62 drug-treated patients) (NCT01428453) [260]. 
Rilapladib (250 mg, o.d. for 24 weeks) did not impact the 
levels of Aβ1−42 in the CSF, but this trial provided prelimi-
nary evidence for the reduction of Qalb, Tau/pTau and 
NfL with a Lp-PLA2 inhibitor (p > 0.05).

A placebo-controlled and randomized phase 1 single 
ascending dose (starting at 1  mg) and multiple ascend-
ing dose (starting at 30  mg) study (NCT05792163) was 
performed in 2023 to evaluate the safety, tolerability and 
pharmacokinetics of SNP318 given orally for up to 20 
days to healthy volunteers (enrollment of 76 subjects), 
with the long-term objective to treat neurodegenerative 
diseases including AD. This trial revealed that SNP318 
penetrated the brain and was more potent than first-gen-
eration Lp-PLA2 inhibitors, thereby achieving better tar-
get engagement and broader anti-inflammatory benefits 
[261].

NRL1049
NRL1049 is a drug candidate developed by Neurelis (San 
Diego (CA), USA) for the treatment of cerebral cavernous 
malformation (https://www.neurelis.com/). NRL1049 
(formerly known as BA1049) is a selective and potent 
small molecule inhibitor of ROCK2. This molecule’s 
selectivity to inhibit ROCK2 is more than 43-fold greater 
than that of ROCK1, with IC50 at 0.59 µM and 26 µM, 
respectively [262]. In different models of cerebral cavern-
ous malformation and brain injury [253, 262], NRL1049’s 
protective effects could be mediated by the maintenance 
of BBB integrity via a decrease in ROCK2 activation. A 
dose-dependent reduction in the lesion volume was 
observed in CCM3+/− mice after oral administration 
of NRL1049 for 90 days [253]. Iron deposits were also 
reduced regardless of NRL1049 concentration, and fewer 
large stage 2 lesions were reported in treated animals. In 

CCM1+/− mice that exhibit smaller lesions than CCM3+/− 
mice, only the higher dose of NRL1049 administered 
for 120 days reduced the lesion volume, and there was 
a dose-dependent decrease in the number of mice that 
had lesions [253]. In mice subjected to a cortical cryo-
injury, intraperitoneal (i.p.) dosing with NRL1049 after 
the injury was associated with lower rates of brain edema 
and seizures [262]. A non-significant drop of Evans blue 
extravasation across the BBB was also observed in injured 
mice treated with NRL1049. In rats subjected to transient 
ischemic stroke, i.p. dosing with NRL1049 15  min after 
reperfusion reduced intracerebral hemorrhage and Evans 
blue extravasation into the ischemic hemisphere [262].

A double-blind, randomized and placebo-controlled 
phase 1 single ascending dose study (not registered on 
clinicaltrials.gov) assessed the safety, tolerability and 
pharmacokinetics of NRL1049 in healthy volunteers 
(completed in 2024) [263]. The maximum tolerated 
dose of a single oral dose of NRL1049 was established. 
Pharmacokinetics showed a dose-dependent Cmax of 
NRL1049 and its metabolite (NRL2017) that is also active 
for ROCK2 over ROCK1; their half-life was short and 
both were rapidly eliminated. No significant safety issues 
were reported by the company.

THN391
THN391 is a drug candidate developed by Therini 
Bio (Sacramento (CA), USA) for the treatment of AD 
(https://www.therinibio.com/). THN391 is a ​f​i​r​s​t​-​i​n​-​c​l​
a​s​s humanized affinity-matured IgG1 monoclonal anti-
body targeting the P2 cryptic epitope of fibrin fragments, 
which prevents their binding to CD11b and CD11c on 
microglia, macrophages and dendritic cells, responsible 
for driving neuroinflammation and neurodegenera-
tion. THN391 has a 100-fold greater affinity for fibrin P2 
and improved development properties than its parental 
mouse antibody 5B8 targeting the cryptic fibrin epitope 
of γ377−395 developed by the Akassoglou’s team [264]. 
Both THN391 and 5B8 antibodies selectively inhibit 
fibrin-induced inflammation and oxidative stress with-
out interfering with blood clotting [264, 265]. Indeed, 
5B8 antibody was shown to suppress fibrin-induced 
nicotinamide adenine dinucleotide phosphate oxidase 
activation as well as the expression of pro-inflammatory 
genes [265]. The 5B8 antibody was also shown to cross 
the BBB/BSCB in rodent models of MS and AD and bind 
to fibrin present in the parenchyma, which reduced the 
activation of innate immunity and amyloid-induced neu-
rodegeneration, respectively.

Phase 1 single ascending dose (0.3, 1.0, 3.0, and 10 mg/
kg) and multiple ascending dose (3 mg/kg, every 2 weeks 
and every 4 weeks) studies (not registered in clinical-
trials.gov) were launched in May 2023 to evaluate the 
safety and tolerability of THN391 injected i.v. in healthy 

https://scineuro.com/
https://www.neurelis.com/
https://www.therinibio.com/
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volunteers. According to the Alzheimer’s Drug Discovery 
Foundation, interim results presented at Clinical Trials 
in Alzheimer’s Disease meeting in 2023 suggested that 
THN391 was well-tolerated and did not generate seri-
ous adverse events [266]. The half-life of THN391 in the 
plasma was ~ 50 days when given as single ascending 
doses at 0.3 and 1 mg/kg.

Axitinib
Axitinib is a drug candidate developed at preclinical stage 
by CAVA Healthcare Inc (Surrey, Canada) for the treat-
ment of AD (​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​a​v​a​​h​e​a​​l​t​h​c​​a​r​​e​.​c​a​/). Axitinib 
is a potent and selective small molecule tyrosine kinase 
inhibitor (386  kDa) that targets the phosphorylation of 
vascular endothelial growth factor receptors, reaching 
50% inhibition with concentrations at a sub-nanomolar 
range [267]. This anti-angiogenic drug is approved as a 
second line treatment for advanced renal cell carcinoma 
and the recommended starting dose is set at 5 mg twice 
daily orally. Common adverse events of Axitinib include 
diarrhea, fatigue and hypertension. Axitinib is absorbed 
rapidly with a dose-dependent Cmax reached within 4  h 
and a plasmatic half-life ranging from 2.5 to 6.1 h. Plas-
matic levels attain a steady-state within 15 days, with no 
accumulation [268].

Preclinical evidence recently published in the Tg2576 
mouse model of AD [269] and in a rat model of tran-
sient ischemic stroke [270] suggest the drug repurposing 
potential of Axitinib for the treatment of these neurologi-
cal disorders. Pharmacokinetics studies of Axitinib given 
to mice by oral gavage have shown a total drug exposure 
over time of 55 nM×h in the plasma and 0.00885 pM×h 
in the brain [269]. In the same study, Axitinib attenuated 
neoangiogenesis and amyloidogenesis in aged Tg2576 
mice. Furthermore, the drug restored normal protein 
levels of ZO-1 and occludin, reduced TJ disruption in 
mature blood vessels and thereby significantly attenu-
ated BBB leakage of Evans blue into the brain. In line 
with these observations, Axitinib restored memory and 
cognitive functions in Tg2576 mice. In bEnd3 endothelial 
cell monolayers exposed to oxygen glucose deprivation, 
Axitinib partially restored claudin-5 and occludin pro-
tein levels and slightly improved TEER measures [270]. 
The BBB-protective effect of Axitinib was likely a conse-
quence of a greater endothelial cell survival under treat-
ment. Accordingly, in rats subjected to transient ischemic 
stroke, i.v. administration of Axitinib at the beginning 
of reperfusion reduced the lesion volume and edema in 
the acute phase. Anti-angiogenic and anti-inflammatory 
effects of Axitinib were accompanied by a restoration of 
normal protein levels of claudin-5 and occludin in the 
penumbra, and a reduced extravasation of Evans blue 
into the brain. In addition, Axitinib ameliorated neuro-
logical deficits triggered by ischemic stroke.

LYS241
LYS241 is an antibody developed by Lys Therapeutics 
(Caen, France) for the treatment of MS, PD, multiple 
system atrophy, stroke and clinically isolated syndrome 
(www.lystherapeutics.com). LYS241 is an IgG1 human-
ized monoclonal blocking antibody targeting the amino-
terminal domain of the GluN1 subunit of NMDAR to 
prevent the binding of endogenous tissue plasmino-
gen activator or its recombinant forms (alteplase and 
tenecteplase), which are the gold standard thrombolytic 
treatments for ischemic stroke [271]. Although tissue 
plasminogen activator plays essential roles in physiologi-
cal conditions (notably synaptic transmission for learning 
and memory functions), it potentiates glutamate-induced 
excitotoxic neuronal death and loss of BBB integrity 
in pathological conditions [272]. A mouse monoclonal 
antibody targeting the N-terminal domain of the GluN1 
(amino acids at position 169–192) (named Glunomab) 
was shown to reduce glutamate-induced neuronal death 
[273], immune cell migration across the BBB and BBB 
leakage [274–276]. Consequently, Glunomab reduced 
disease progression and promoted functional recovery in 
animal models of PD [274], ischemic stroke [275] and MS 
[277].

NVQXXX
NVQXXX is an antibody developed by Neuvasq Biotech-
nologies (Charleroi, Belgium) for the treatment of neuro-
logical diseases (https://neuvasq.com/). Little is known 
about this new drug candidate, given that it is at early 
stage of development, but it activates the Wnt signaling 
pathway as a barrier-repair strategy. Proof of concept 
studies support the relevance of the Wnt7a/b/β-catenin 
pathway in barrier repair mechanisms, notably in SARS-
CoV-2-induced cognitive impairments, ischemic stroke, 
and glioblastoma expansion [278, 279]. The same com-
pany also developed NVQ401, another Wnt surrogate 
antibody, for the treatment of wet age-related macular 
degeneration and diabetic macular edema.

Conclusions & perspectives
In this review, we evaluated over 350 scientific publica-
tions reporting on BBB and/or BSCB alterations and 
dysfunctions in more than 130 neurological diseases 
(Supplementary Tables 1 and Figs. 2 and 3). This exten-
sive survey indicates that 54 pathologies display BBB 
and/or BSCB dysfunction, which represent over 40% 
of neurological disorders being associated with barrier 
impairments. Among the remaining 60%, barriers dys-
function and structural alterations were not systemati-
cally reported or investigated and additional studies are 
necessary to conclude on this potential aspect of disease 
pathology.

https://www.cavahealthcare.ca/
http://www.lystherapeutics.com
https://neuvasq.com/
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The field of brain barriers is emerging as an important 
contributor to the understanding of the causes and con-
sequences of neurological disorders. The clinical studies 
discussed in this review have shed light on several fac-
tors critical to data interpretation and that need to be 
considered when designing future studies. For example, 
increased cardiovascular risk factors, or concomitant 
cerebrovascular or inflammatory diseases, represent 
major cofounding factors to barrier disruption in neuro-
logical disorders. Barrier integrity is also compromised 
during normal aging and may vary in a sex-dependent 
manner. For example, in ALS, elevated levels of biomark-
ers of barrier disruption are more frequent in males than 
in females, and relate to poor prognosis in males. This 
observation emphasizes the need to design adequate 
pairing of sex- and age-balanced cohorts to enable sex- 
and age-based analyses, and identify subpopulations 
at-risk of developing brain barriers pathologies. Such 
information would allow more accurate evaluations of 
how barrier disruption influences the clinical portrait of 
patients respective to their own pathology. Importantly, 
barrier damage is also not observed in all patients suf-
fering from the same pathology. For example, extravasa-
tion of gadolinium-based contrast agents was observed in 
28% and 38% of patients with bipolar disorder [137] and 
spinal cord injury [85], respectively. Similarly, elevation 
of Qalb was observed in 17–29%, 27–29%, and 10–39% 
of patients with schizophrenia [219, 220], anti-NMDAR 
encephalitis [210, 211] and ALS [193–197], respectively.

Established biomarkers to evaluate and measure the 
evolution of barrier disruption in humans are currently 
limited as of today. They mainly consist in measuring 
Qalb or the kinetics of penetration of contrast agents into 
the brain or spinal cord. The levels of TJ-related proteins 
in the blood have been measured, thus far, in psychiatric 
disorders (bipolar disorder [280], obsessive-compulsive 
disorder [281–283], schizophrenia [218]), autism [284], 
stroke [199–202, 204], Moyamoya disease [285], trau-
matic brain injury [205], MS [286] and AD [287]. While 
these proteins are ubiquitously expressed in several 
organs and therefore their presence in the bloodstream 
may not be specific to neurological disorders, these bio-
markers correlate with disease progression and clinical 
outcome in AD [287], autism [284], schizophrenia [218] 
and stroke [50, 199, 201–204]. Whether these proteins 
can serve as biomarkers to evaluate barrier integrity 
across the diversity of neurological disorders, or whether 
they are disease-specific remains to be determined. They 
may possibly provide a window into the stage of disease 
progression, severity, and clinical outcomes. However, 
challenges remain to determine what should be consid-
ered “physiological” levels of TJ-related proteins in the 
bloodstream, and if changes accurately reflect various 
states of brain barriers integrity. Indeed, barriers are 

dynamic structures that undergo continuous remodeling 
and recycling of TJs under physiological conditions. Fur-
thermore, it should be considered that TJ-associated pro-
teins assemble into multiprotein complexes and hence 
following only the blood level of a given monomer of a TJ 
protein may be misleading.

In our opinion, there is an urgent need to establish 
standardized protocols for the detection of barriers dis-
ruption in patients. As a first step, it would be advisable 
to establish a list of circulating biomarkers for systematic 
inclusion in clinical protocols. If biomarkers are mea-
sured concomitantly with the detection of BBB leakage 
using appropriate neuroimaging techniques, studies may 
unravel peripheral markers indicative of barrier damage 
and severity. Biomarkers of barrier damage, in conjunc-
tion with other disease-specific biomarkers, could guide 
diagnostic and help determine disease onset, progres-
sion, and prognosis in patient populations. Lessons learnt 
from past clinical studies and efforts to identify putative 
biomarkers of brain barriers disruption may also pro-
vide precious insights for drug development. Compa-
nies developing therapeutic agents targeted to repair 
brain barriers could leverage these blood biomarkers to 
refine study protocols for clinical trials. They may include 
stratifying patients using barrier disruption biomark-
ers, or defining appropriate inclusion/exclusion criteria. 
Altogether, it would allow a more precise targeting of 
patient subpopulations that may best respond to specific 
treatments. In this sense, personalized medicine may 
also benefit patients or individuals at risk of barrier dis-
ruption. To develop such approaches, establishing dedi-
cated platforms specialized in modeling patient-derived 
brain barriers would be key to determining if and how 
barriers are altered, what signaling pathways are specifi-
cally implicated, and which therapeutic agents may best 
support each patient’s needs. The relevance of such plat-
forms is supported by a recent study by Wasielewska 
and colleagues, who demonstrated that induced plu-
ripotent stem cells-derived BBB models developed from 
asymptomatic carriers of C9ORF72 mutations exhibited 
evidence of a compromised barrier in vitro, and these 
individuals eventually developed ALS later in life [288]. 
In fact, while this review focused primarily on human- 
and animal-based in vivo studies, the recent development 
of in vitro BBB models using patient-derived induced 
pluripotent stem cells also provided evidence of brain 
barriers dysfunctions and alterations in neurological dis-
orders. They include ALS [288–290], cerebral adreno-
leukodystrophy [291], cerebral cavernous malformation 
[292], DiGeorge syndrome [143, 293–295], HD [296], 
Friedreich’s ataxia [297], MS [298], PD [299], psychiat-
ric disorders [300, 301] and tuberous sclerosis complex 
[302].
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Most existing therapeutic approaches do not stop or 
slow the progression of neurological disorders, leaving 
patients and their families suffering the burden of debili-
tating motor and/or cognitive deficits. In this context, 
it can be argued that therapeutic avenues aimed at safe-
guarding the integrity of brain barriers will offer a novel 
strategy for treating neurological disorders, and could be 
a game changer for patients and their caregivers.

Strengths & weaknesses
This article offers a comprehensive and systematic review 
of over one hundred neurological disorders that have 
been evaluated for possible brain barriers alterations and 
leakage. In doing so, this manuscript provides readers 
with a global overview of the extent of barrier dysfunc-
tion in individuals affected by neurological disorders, and 
suggests that brain barriers may be leveraged as drug tar-
gets. Using the classification of diseases from the World 
Health Organization, we have attempted to cover a large 
number of diseases of the nervous system, as well as dis-
eases classified in other categories but associated with 
the nervous system. For a subset of illnesses and injuries 
where brain barriers alterations and dysfunctions have 
been extensively investigated in animal models, such as 
AD, MS, spinal cord injury, stroke, and traumatic brain 
injury, we focused our efforts on presenting results 
in well-known models for each pathology. Lastly, the 
molecular mechanisms underlying barrier dysfunction 
are complex and they implicate a large range of trans-
porters as well as the activation of signaling pathways. 
This article focused primarily on surveying the scientific 
literature that reported alterations of TJs and associated 
proteins, and extravasation of blood-borne factors; we 
did not review additional indicators such as changes in 
the phosphorylation and oligomerization of TJ proteins, 
dysfunctions of efflux transporters (such as P-glycopro-
tein) or ion/water channels. Furthermore, perturbations 
in the dynamic crosstalk between endothelial cells, glial 
cells and neurons are important contributors of NVU 
dysfunctions to be considered.
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