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Blood-nerve barrier: Structure and opening
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Abstract 

Like the blood-brain barrier and blood-spinal cord barrier, the blood-nerve barrier (BNB) is one of the 
crucial tissue barriers of the nervous system. It plays a vital role in homeostasis, physiological protection, 
and pathological reactions. Various factors, such as biological, physical, and chemical factors, can lead 
to transient or permanent dysfunction of the BNB. With the advancements in biological techniques 
and the growing peripheral nerve injuries such as trauma and diabetic peripheral neuropathy, the BNB 
has gained increasing attention. Moreover, the defensive function of the BNB impedes therapeutic 
deliveries and anesthetic drugs, which compromises the therapeutic experiences and life quality. It 
should be noted that numerous pathways are involved in the microstructure, function, and opening 
of the BNB, but the true underlying molecular mechanisms are still under constant exploration and 
investigation. This review summarizes the microstructure, and signaling pathways of the BNB, and 
thoroughly discusses the transient or permanent disruptions of the BNB in both physiological and 
pathological conditions.
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INTRODUCTION

The normal functions of the physiological system 
rely on many factors, tissue barrier is one of 
them. The blood-brain barrier (BBB)1,2, air-blood 
barrier3, gut-blood barrier4,5, and retinal-blood 
barrier6 are the commonly discussed and studied 
barriers, which play unreplaceable roles in 
shielding easily vulnerable tissues from physical, 
chemical, and biological stimulus.1,7 Blood-nerve 
barrier (BNB)7-9, assumes this role in the peripheral 
nervous system (PNS)7, is typically considered 
to consist of the perineurium and endoneurial 
blood vessels, and is regarded as a critical 
interface between blood flow and the innermost 
compartment of nerve9,0, the TJ sealed basement 
membrane (BM) and layers of perineurial cells 
compose the perineurium.8 Furthermore, the 
endoneurium and inner part of the perineurium 
constitute specialized endothelial cell (EC) and 
myofibroblasts, which are interconnected through 

tight junctions (TJs).11,12 Moreover, pericyte is 
attached to the outer side of the vascular EC, and 
both types of cells are covered by BM.9,13 The 
BNB maintains a safe and stable environment for 
axons, Schwann cells (SCs), other endoneurial 
cells, and both functional and non-functional 
entities.14 Not only does the BNB play a role in 
preventing the axons, SCs, and other cells from 
external injuries to the most, but also restricts 
the aberrant migration of various cells and 
soluble substances, for example, potassium (a 
high level of potassium could disrupt electrical 
conductance).14,15 Collectively, the structure and 
function integrity of the BNB is the precondition of 
the normal homeostasis of the nerve. Nevertheless, 
the tight structure and functional junction of 
BNB may impede the delivery of therapeutic 
and anesthetic agents.9,16,17 In such circumstances, 
the presence of BNB could significantly hinder 
treatment efficacy and anesthesia effectiveness.
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	 Due to the similarities in cellular composition, 
cellular junction, and function, the BNB and BBB 
are often undeterminedly brought up together 
for comparison and discussion.18,19 But the 
two barriers are extremely different from their 
structures, as the vessels in the BBB are covered 
by cells, such as the pericytes and astrocytes, 
there is a high degree of pericyte coverage, 
and the rest surface is covered by the astrocyte 
endfeet.20,21 However, except for the absence of 
astrocytes, there is a significant variation in the 
coverage of pericytes in BNB compared to BBB, 
with an average of 54% from 2D imaging and 
33.86% from 3D imaging.9 For the insufficient 
coverage of the EC and the lack of the end foot 
of the astrocyte, the barrier function of the BNB 
is weaker than BBB.22,23 On the contrary, some 
scholars also believe that the BNB exhibits barrier 
function despite low cell coverage9, the shortage 
in EC coverage might be redressed physiologically 
by the perineurium.10 (Figure 1)
	 Unlike BBB, which exploration has been 
put forward to a profound degree24,25, there is 
far from research on BNB despite recent years 
progress. Studies have demonstrated different 
measures to open the BNB16,17, and many 
signaling pathways have been found involved in 
the structure and function adjustments of it.26,27 
A thorough grasp of the structure, signaling 
pathway, and physiologically or pathologically 
transient or permanent permeability disruption 
of BNB is imminent for further clinical practices 
and basic research. This review intends to 
provide a comprehensive summary of the recent 
advancements in the understanding of the structure, 

opening, and signaling pathway of BNB, the 
disruptions of the BNB under physiological and 
pathological conditions are also deeply discussed 
to better elucidate their fundamental physiology 
and pathology, provide an orientation for the 
exploration of novel instruments, therapeutic 
drugs, and narcotic drugs toward this barrier.16,28 

STRUCTURE OF BLOOD-NERVE BARRIER 

Despite the BNB is not as extensively researched 
as BBB, a decent understanding of BNB’s overall 
structure has been gained in recent years. As a 
functional entity, the BNB relies on the basic unit 
to carry out its function, its vascular unit (VU) 
plays a fundamental role in the function.9 The 
unit serves not only as the basic building blocks 
of the BNB function but also as a crucial channel 
for further in-depth research and exploration of 
the BNB.9 Furthermore, some cells and structures 
enhance the barrier function, and support and 
protect the barrier, such as SC9, macrophage9,29, 
pericyte9, tactocyte, and TJ.7,9 What should be 
noted is that although transendothelial electrical 
resistance (TEER)30 is not a physical structure 
but a functional parameter, it plays a crucial role 
in assessing and maintaining the function of the 
BNB. Therefore, it is important to include the 
discussion of TEER in this part.

VASCULAR UNIT

BNB, which localizes in an endoneurial blood 
vessel of the peripheral nerve, plays a crucial 
role in the maintenance and homeostasis of the 
nerve and adjacent structures.9 (Figure 2) VU is 

Figure 1.	The diagram illustrates the differences between the blood-brain barrier and the blood-nerve barrier. Both 
barriers consist of endothelial cells, a tight junction that closely connects endothelial cells, pericytes, and 
the surrounding basement membrane. The difference lies in the presence of the astrocytic end foot and 
surrounding microcytes in the blood-brain barrier, and the astrocyte and macrophage in the blood-nerve 
barrier. The endoneurial endothelial cell, closely collaborated pericyte, and slightly connected tactocyte 
and macrophage consist of the vascular unit of the blood-nerve barrier, the endothelial cell, and the 
pericyte are firmly enveloped by the basement membrane.

blood-brain barrier blood-nerve barrier
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the basic element of BNB, it confers PNS the 
specializations of transcytosis and parasitosis 
transport like the central nervous system (CNS).31,33 
Moreover, it is defined as endoneurial EC 
combined with tightly collaborating pericyte and 
loosely connected tactocyte and macrophage9,34,
the EC is connected by TJ11,12 and attaches to 
pericyte, moreover, the two kinds of cells are 
covered by BM.9,13 (Figure 1) It’s reported that 
VU is conserved across organisms, nerve types, 
and even different mammalian species.9 Notably, 
the BNB is not only present in mammals but also 
in other biological populations. In Drosophila 
melanogaster, for example, the perineurium and 
sub perineurium form the BNB, and the cortex 
glia beneath the subperineurium enclose and 
provide sheathing for axons.15

	 Even though the endoneurial EC and VU are 
surrounded by various cells or molecules, it is 
important to note that the EC in the BNB is not 
always completely covered by other cells like the 
BBB. This means that total cellular coverage of the 
vascular endothelium may not be strictly essential 
for the normal function of the BNB.9 This property 
enables the possibilities of utilizing physical, 
biological, or chemical forces to functionally open 
the BNB and facilitate the delivery of therapeutic 
drugs or anesthetic drugs16,17,35, techniques such 
as focused ultrasound and MRI-guided focused 
ultrasound have been demonstrated to be safe, 
feasible, and reversible.16,17,28

SCHWANN CELL 

Schwann cell (SC), which accounts for about 

70% of cells in the endoneurium cell population9, 
primarily distributes in specific regions, it exhibits 
path-different but destination-similar functions 
and mainly encompasses myelinating Schwann 
cell (mSC) and non-myelinating Schwann cell 
(nmSC) in the nerve root, trunk and terminal 
after differentiation and radial sorting.36,37 MSC 
predominantly presents in the nerve trunk, 
surrounding large-diameter axons and forming 
compact myelin sheath to ensure rapid conduction 
of potential and excitation38, but there is no direct 
interaction between SC and endoneurium in the.
VU9 NmSC provides mechanical support to small-
diameter axons to ensure integrity, furthermore, 
a single nmSC can encompass several axons to 
form a Remak bundle, but more specific structures 
and functions of nmSC need to be established.36 
SC itself is widely indicated in adjusting the 
opening of BNB through modulating the level 
of transcytosis9,27,39 despite the cell being the 
component of VU.9 Propelled by persistent signals 
emanating from the ERK signaling pathway after 
nerve injury, SC could restructure to a functional 
or even progenitor-like state40, which enables SC 
to actively modulate and fine-tune the process 
of nerve regeneration.41,42 Furthermore, myelin-
associated glycoprotein, as a member of lectins 
that binds to sialic acid in the SC, is a key molecule 
in the formation and maintenance of myelinated 
axons43,44, it actively roles in the development 
and progression of BNB-related diseases43, for 
example, anti-myelin-associated glycoprotein 
neuropathy.45

Figure 2.	Schematic illustrates the structure of the peripheral nerve and the components of the blood-nerve barrier, 
which consists of the endoneurial blood vessel and perineurium. 
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MACROPHAGES

Macrophage, which simultaneously expresses 
F4/80 and Iba146,47, (Table 1) belongs to 
mononuclear phagocyte, predominantly 
originating from progenitor cells residing in the 
bone marrow and subsequently migrating to the 
vasculature.48,49 Notably, monocyte possesses the 
remarkable capacity to differentiate, leading to the 
emergence of diverse macrophage lineages that 
give rise to specialized populations and functions. 
In particular, these subtypes mainly include 
Kupffer cells in the liver, cardiac macrophage 
in the heart, splenic macrophage in the spleen, 
alveolar macrophage in the lung, microglia in the 
CNS, and osteoclast in the bone. Additionally, 
histiocyte, which is the functionally quiescent 
state of macrophage, presents within the loose 
connective tissues.50,51 (Figure 3) Despite the 
residual macrophage, which accounts for 2-9% of 
the endoneurial cell populations9,52, is the essential 
element of VU, (Figure 1) the knockout of the cell 
seems to make no difference to the barrier function, 
the permeability of the connection and transcytosis 
transport within BNB remain intact, which means 
that macrophage might be not responsible for the 
tightness of the barrier.9 However, the cell serves 
as the rescue and backup for the structural and 
functional integrity of the BNB by efficiently 
and reliably phagocytosing leaked materials and 
debris9,29,53,54, for this, the impairments of the 
structure and function completeness of BNB could 
be functional remedied by macrophage. At the 
time of bearing the role in BNB, macrophage could 
be adjusted by many factors both in physiological 
and pathological conditions. For example, 
prostaglandin D2 synthase could negatively 
influence the function of macrophages by 
regulating the expression of COX2

55, the absence 
of this synthase is followed by more macrophage 
recruitment, but these macrophages can’t normally 
exert complete functions. This could result in the 
accumulation of destroyed myelin and debris, and 

the impairments to permeability and integrity of 
the BNB.54-56

PERICYTE

The pericyte, which expresses NG2, PDGFRb, 
a-SMA, and CD146/MCAM46, (Table 1) is located 
within the BM of small blood vessel9,57, (Figure 1)
The coverage of pericyte varies from 10% to 
100%, and different coverage accompanies with 
similarly barrier function. The cell plays a pivotal 
role in facilitating the formation, preservation, and 
control of the BNB, they also modulate endothelial 
function within the BNB through the paracrine 
release of growth factors58, such as TGF-β57,59, 
and VEGF.57,60 By prompting the pericyte 
secrets of the VEGF and TGF-β, advanced 
glycation end-products induce dysfunction of the 
BNB and hypertrophy of the BM. In addition, 
pericytes can regulate BM function by secreting 
fibronectin, collagen type IV, and tissue inhibitor 
of metalloproteinase.57 It’s also reported that the 
pericytes function as perivascular macrophages 
to clear tissue debris and abnormal proteins.61,62

TACTOCYTE

Tactocyte, which frees from the envelopment 
of BM and accounts for about 2% to 12.5% of 
endoneurial cell46,63,64 and exhibits an endoplasmic 
reticulum-riched elongated morphology, is poorly 
characterized but polymorphic fibroblast-like 
closely contacts with blood vessel.65 It possesses 
protrusions that span the endoneurium, which 
facilitates direct contact with other cells.46 
(Figure 1) The cell itself is usually described 
as fibroblast66,  mesenchymal precursor cell67, 
pericyte-like cell68, and talocyte.69 The cell 
expresses pericyte markers NG2 and PDGFRb 
combined with p75 positive but aSMA-negative, 
research found that the astrocyte expresses a 
common symbol of progenitor cells: CD34.65 
(Table 1) It could be distinguished from SC and 

Table 1: Functional phenotypes of the cells related to the blood-nerve barrier

F4/80 Iba-1 PDGFR-β α-SMA NG2 CD34 CD68 CD31 CD146 p75 caveolin-1 S100b GLUT1
macrophage + + - - - - + - - - - NA NA
Schwann 
cell

- - - - - - NA - - + - + NA

pericyte - - + + + - NA - + - - NA NA
astrocyte - - + +/- + + - - - + - - -
endothelial 
cell

- - - - - + NA + - - + NA +

+: positive; -: negative; NA: not applicable; +/-:variation or heterogeneity
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pericyte for lacking BM envelopment66, and the 
negative expression of CD68 differentiates it 
from macrophage.66 The distinctive morphological 
characteristics of tactocyte make it the potential 
provider of the barrier function of BNB.9 However, 
due to limited research, further studies are still 
needed to explore the characteristics and roles of 
the cell in BNB.

JUNCTION AND MOLECULE 

TJs are formed by protein complexes that tightly 
join cells together, the barrier function of the BNB 
heavily relies on TJs. They play a crucial role in 
biological organisms by restricting the unrestricted 
diffusion of substances and signals70, maintaining 
cell membrane polarity and function, as well as 
regulating cell differentiation, proliferation, and 
migration. For this, it has been described to have 
“gate” and “fence” functions which are keys to 
maintaining low endothelial permeability.71

	 BNB gene profile consists of numerous TJs, 
adherent junctions, and cell adaptor molecules, 

such as endoneurial endothelial microvessel protein 
expression of α1 catenin, cadherin-5, cadherin-6, 
claudin-1, claudin-4, claudin-5, ZO-1, platelet 
endothelial cell adhesion molecule(PECAM), and 
junctional adhesion molecule(JAM).10,72-76 The 
alteration in the perineurium or the integrity of 
TJ in endoneurial EC makes no difference to the 
opening of BNB, but the enhanced transcytosis of 
endoneurial EC significantly modulates it.7,9 For 
instance, claudin-1, as a crucial protein in TJ, plays 
a vital role in maintaining the barrier function, 
inhibition or knockout of it can significantly 
impact the function of the perineurium.8 Among 
the molecules, claudin-4 is associated with TJ, 
cadherin-5 is associated with adheren junction, and 
α1 catenin, as an adhesion molecule, mediates the 
linking of F-actin cytoskeleton and TJs.10 Studies 
found that claudin-5 and ZO-1 are commonly 
expressed in endoneurial EC9 and epineurial blood 
vessels despite the absence of TJs in epineurial 
vessel77, what’s more, claudin-5 serves as a vital 
component of TJ rather than epineurium. (Figure 4)
The complex molecular abundance of the BNB 

Figure 3.	Diagram illustrates the overview of the origin, main tissues, and organ distribution of macrophages. The 
macrophage is an important defense system, which mainly includes Kupffer cell in the liver, cardiac 
macrophage in the heart, alveolar macrophage in the lungs, macrophage in the spleen, microglia in the 
central nervous system, osteoclast in bone tissue, and pericyte in loose connective tissue. They play 
immune and defensive roles in different tissues, working together to maintain homeostasis.
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indicates the potential presence of significant 
molecular superfluousness to maintain its normal 
function, these molecules may possess functions 
beyond their barrier roles.10 Both the types 
and expression levels of these proteins deeply 
influence their functionality.78,79 However, current 
researches primarily focus on the impact of TJ 
expression on barrier function and have yet to 
delve into the influence of their interplays in the 
PNS. Exploring the interactions and their effects 
on the BNB function is a worthwhile direction.

TRANSENDOTHELIAL ELECTRICAL 
RESISTANCE 

TEER is an indicator of the resistance to electrical 
current across EC, it’s commonly used to assess 
the integrity and functionality of various barriers.30 
TEER provides valuable insight into barrier 
permeability and TJ function, which real-time 
feedback on the integrity of barrier structures, 
measurement of TEER represents a noninvasive 
and quantitative technique utilized for the 
evaluation of the electrical resistance exhibited 
by cellular layers constituting biological barrier, 
such as endothelial and epithelial monolayers.80 
The main primary utilization of TEER involves 
foretelling the physiological integrity of biological 
membranes in response to diverse chemical 
and biological entities.81 It is calculated as the 

resistance value of the cell layer multiplied by the 
effective membrane area (Ω.cm2).82,83 Unlike the 
CNS, the TEER in the PNS is little known, but 
studies showed that the TEER in the CNS valuable 
about 35 Ω.cm2 82,84, moreover, a unanimous 
consensus regarding the precise value of TEER 
in the peripheral nerve has yet to be established. 
What’s more, it enables the evaluation of drug 
efficiency in crossing biological barriers and 
prediction of the barrier permeability30, which aids 
in understanding drug transport characteristics 
and potential therapeutic effects across different 
barrier systems.85 By effectively assessing this 
process, it guides drug design and optimization, 
facilitates the selection of suitable administration 
routes, and enhances drug penetration and 
treatment efficacy.30

OPENING OF BLOOD-NERVE BARRIER

Overviews of the opening

As the barrier between the peripheral nerve 
and circulating blood, the BNB plays a vital 
role in the restriction of unexpected substances 
exchange between blood and nerve, including 
metabolic waste, nutrients, toxic substances, 
drugs, and various small molecule substances.9,10 
Sometimes, BNB could be opened physiologically 
and temporarily, which means that the defense 

Figure 4.	Schematic of the junctional structure of blood-nerve barrier, claudins, occludin, and JAM constitute the 
core components of tight junctions, cadherin, and platelet endothelial cell adhesion molecules belonging 
to the adhesion junctions.
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function of BNB experiences a temporary 
reduction for certain substances during specific 
physiological conditions, such as the delivery of 
therapeutic drugs and narcotic drugs17, the BNB 
subsequently returns to the normal state with the 
stimulus removed.16,17 In most cases, however, the 
opening of the BNB is pathological and usually 
caused by peripheral nerve injury79,86, metabolic 
disease (diabetic peripheral neuropathy)87, or 
other pathological conditions (neurodegenerative 
or neuroimmune disorders).45,88 This usually 
combines with the decreased expression of 
claudin-5, claudin-12, and ZO-189, and causes 
severe negative effects, even irreversible damage 
to the structure and function integrity of BNB.7 
From the macroscopic perspective, the disruptions 
of the BNB signify damage to the structure, such as 
vascular EC, endoneurium, perineurium, and even 
the nerve.13 From the microscopic perspective, 
the disruptions of the BNB further entail the 
weakening or disappearance of structures, and 
functions of cellular and molecular, as well as the 
disruption of interactions among different cells, 
and molecules, which are often accompanied by 
alterations in cellular metabolism, changes in the 
microenvironment, alterations in the concentration 
of certain RNA and proteins8,78,79,90, like miRNA8,78, 
tumor necrosis factor43 and Pmp227, and the 
augmentation or attenuation of specific signaling 
pathways27,91, such as RET-tyrosine kinase-
MAPK signaling pathway91, Ras/Raf/MEK/ERK 
signaling pathway27 and Wnt/β-catenin pathway.92 
By way of illustration, the impairment of SC 
function leads to an increase in transcytosis 
level in the peripheral nerve and an increased 
permeability of BNB.9 What’s more, function or 
structure damage of BNB dramatically prompts 
the prothrombin transcription level and relative 
thrombin inhibitor protease nexin-1 expression, 
which in turn results in the disturbance of the 
local coagulation-anticoagulation system. The 
specific mechanism, however, requires further 
investigation.93 In this part, we mainly discuss 
the functional condition that opens the BNB, 
and the pathological condition will be discussed 
in the next section.

Evaluation of the opening of the blood-nerve 
barrier

The detection of BNB dysfunction serves as 
a crucial aspect in evaluating nerve functional 
status, guiding subsequent intervention, and 
facilitating prognostic evaluation. Undoubtedly, 
the opening of the barrier is inevitably 

accompanied by the increase in permeability, 
which could be indirectly demonstrated by the 
decreased TEER94 and enhanced efficacy of 
therapeutic drugs or anesthetics.16,17 Of note, the 
electron microscopy or immunohistochemistry 
demonstrated increased transcytosis activity on 
both sides of the BNB is the most direct evidence 
of the increased permeability.9,13 A diverse array 
of chromophores or tracers are employed to 
evaluate the permeability of the BNB, such as 
Evans blue13,95, anti-endothelial barrier antigen 
(anti-EBA), and anti-rat EC antigen-1 (anti-
RECA-1)13, horseradish peroxidase9, dextran-
FITC9, retrograde tracer Fluorogold96 and 
nanoparticle.97 
	 Evans blue is one of the commonly used largest 
tracers with a molecular weight of 961 Da, it 
is presently the most widely used tracer, which 
could tightly and reversibly bind to albumin.98 
Intravenous injection of 1 mL per 100g body 
weight of Evans blue allows the evaluation of BNB 
function to be accomplished quickly, the more 
tracer transferred between the perineurium and 
ECs, the more severe impairment of the BNB.13,95 
Electron microscopy demonstrated increasing in 
transcytosis could also be a sign of the impairment 
of BNB.9 Furthermore, Dextran-FITC of either 
40kDa or 10kDa at a concentration of 1.5 mg/ml, 
an injection of 10 ml per gram of body weight, 
and subsequently sacrificed either 30 minutes or 
6 hours post-injection for the observation.9 The 
horseradish peroxidase is also the agent used for 
the trance of permeability of BNB, its solution 
is prepared by dissolving 125mg of horseradish 
peroxidase type II in 2.5ml of PBS, and the 
animal is injected with a single dose of 0.5mg 
per gram of body weight and then harvested at 
specific time9, the barrier’s permeability could 
be precisely assessed. Furthermore, anti-RECA-1 
is a monoclonal antibody that specifically binds 
to the surface antigen of both macrovascular 
and microvascular ECs99, while anti-EBA 
is a monoclonal antibody that specifically 
targets endothelial protein localized in regions 
of BNB.100 The two antibodies hold great 
promise for studying the function and structural 
integrity of the barriers, a decrease in the ratio 
of anti-EBA to anti-RECA-1 usually indicates 
impaired permeability.13,101 Of note, magnetic 
resonance imaging and photoacoustic imaging 
exhibit exceptional spatial resolution, profound 
tissue penetration, and remarkable contrast. By 
combining Fe3O4@COOH nanoparticles with 
biotinylated dextran amine, the forward-directed 
nanoscale neural tracer can be generated, which 
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significantly prolongs the duration of nerve 
blockade, it does not exert a significant impact 
on the duration of blockade when combined with 
high-intensity sound waves.16 In the absence of 
insonation, the sensory nerve block exhibited a 
diminished rate and shortened duration. However, 
ultrasound at intensities of 0.1 W/cm2 or 0.5 W/
cm2 significantly heightened the block rate, while 
intensity above 0.5 W/cm2 prolonged the block 
duration. At 3 W/cm2 intensity, the block success 
rate reached 100% with a remarkable extension 
of duration. Insonation facilitates drug delivery 
through fluid oscillation and enhances molecule 
diffusion efficiency and transportation across 
blood, cell, and extracellular fluid.16 Furthermore, 
hydrophobic drugs are less affected by insonation 
compared to hydrophilic drugs, which could be 
attributed to the fact that hydrophilic substances 
encounter hindrances in traversing biological 
membranes, whereas hydrophobic substances do 
so effortlessly.16

SIGNALING PATHWAYS RELATED TO 
THE REGULATION OF BLOOD-NERVE 
BARRIER

The maintenance and regulation of BNB integrity 
have become a popular research area, as the 
discovery and study of signaling pathways have 
revealed the intricate mechanisms involved in 
BNB regulation.26,92 It is worth noting that cases 
of abnormal activation or disruption of these 
signaling pathways can lead to BNB breakdown 
and significantly implicate the occurrence and 
development of various neurological disorders.111 
By gaining a comprehensive understanding of 
these signaling pathways, we can enhance our 
knowledge of the biological characteristics of 
the BNB and provide new insights for future 
treatment strategies and drug development. This 
section aims to review the pathological condition 
of BNB opening through signaling pathways.

Ras/Raf/MEK/ERK signaling pathway

The Ras/Raf/MEK/ERK signaling pathway is 
a mitogen-activated protein kinase pathway, its 
activation centers on the conversion of RAS to RAS 
GTP through the ornithine cycle. This pathway 
not only deeply acts in cell proliferation but also 
regulates cellular growth and differentiation.112 
It’s well-documented involvement in various 
diseases, including nerve injuries113, 114, tumors115 
and wound healing.116 In the absence of injury, 
the disruption of the BNB in heterozygous P0-
RafTR mice, which is accompanied by elevated 

enables protracted release and facilitates real-time 
tracking of injured nerves using a dual-modal 
imaging technique.97 Seitz et al. conducted an 
experiment where they injected biotin-labeled 
substances intraperitoneally, the tracer quickly 
reached the blood vessels and tissues of various 
organs, but could only be detected in the dura 
mater of the CNS, spinal ganglia, and outer layer 
of peripheral nerves, later on, IgG was also found 
in the inner layer of peripheral nerves, while the 
brain, spinal cord, and spinal nerves remained 
IgG-free, indicating different permeability of the 
BNB and partial permeability of the normal BNB 
to IgG.102

Functional opening of the blood-nerve barrier

The presence of BNB protects the nerve against 
external stimuli and potential damages.10 However, 
it poses challenges in efficiently and rapidly 
delivering local anesthetics and therapeutic 
drugs to target tissues, which leads to great 
amounts of inconvenience. Therefore, extensive 
research in this field focused on ultrasound16,17, 
microbubbles103,104 to address these problems and 
enhance the treatment efficacies and anesthetic 
effectiveness. Microbubbles, most of which 
are metabolized by the Kupffer cells in the 
liver105,106, are the contrast agents of diagnostic 
ultrasound107, through the shell and gas core are 
deep diverse, they are usually regarded as the 
effective candidates of contrast agents.108 Of note, 
the microbubbles are also used as theranostic 
agents for the drug uptake stimulations followed 
by the dilatation and compression secondary to 
ultrasound field.109 Focused ultrasound combined 
with microbubbles could constitute a noninvasive 
approach that transiently disrupts the barrier 
in a specific region, facilitating precise and 
localized delivery of the therapeutic agent, 
genetic material, or nanoparticle into targeting 
tissue.110 In the neurophysiological assessment 
following microbubble administration and 
focused insonation, superharmonic emission and 
tissue tracer extravasations could be observed.16 
Umansky et al. conducted a significant study 
showing disruption of neural endostructure at 1.2 
MPa and 166.7 μl/kg, with notablely anatomical 
changes at a lower threshold of 0.3 MPa and 
40 μl/kg, the compound muscle action potential 
was partially affected, as the signal alteration 
in the magnetic resonance imaging supported 
transient modulation of BNB permeability 
by focused ultrasound rather than sustained 
neural impairment.16 While the combination of 
microbubbles with low-intensity sound waves 
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inflammatory cells, can be triggered by signaling 
activated by Ras in SCs, activation of Ras then 
leading to upregulation of mRNA, such as the 
mRNA of MCP-1, IL11, Scye1, and Cxcl10. Of 
note, the expression of various other factors that 
may play important roles in the regenerative 
response, such as MEGF10, neurotrophic factors 
like GDNF, and angiogenic factors, are also 
significantly upregulated.27 (Figure 5) In the 
context of nerve injury, administering a highly 
selective MEK1/2 inhibitor effectively blocks the 
ERK signal, resulting in a remarkable reduction 
of phosphorylated ERK levels and a remarkable 
suppression of the inflammatory response 
caused by the suppression of inflammatory cell 
recruitment.27

Wnt/β-catenin and Sonic Hedgehog signaling 
pathways

The Wnt/β-catenin pathway holds the ability 
to adjust the communication between toll-like 
receptors and Sonic Hedgehog signaling.92 Its 
abnormal activation leads to an increased resident 
macrophages-released VEGF117, then resulting in 
the down-regulation of Frizzled-7, VE-cadherin, 

and the early changes of the vascular endothelial-
cadherin/β-catenin/Frizzled-7 complex, which 
disrupts the adhesive structure of endoneurial 
ECs, ultimately leading to the disruption of 
BNB.92 However, the knockout of Wnt/β-catenin 
signaling makes no negative influence on the 
Sonic Hedgehog pathway nor the function of the 
BNB, which means the interrelation between the 
Wnt/β-catenin and Sonic Hedgehog pathways is 
responsible for the disruption of both the function 
and structure of BNB. Moreover, toll-like receptor 
4 or inactive Sonic Hedgehog signaling could 
regulate the BNB through down-regulate crucial 
TJ26, but the activation of Sonic Hedgehog and 
inactivation of toll-like receptor 4 signalings do 
not cause any changes in molecular alterations92, 
which means that the two pathways could 
independently modulate the expression of TJ and 
act in the function of BNB. Inhibition of Hh-Smo 
signaling resulted in downregulated expression of 
mRNAs encoding TJs of Occln and claudin-5, and 
the marks of the Hedgehog system, also the RNA 
expression of TLR2, CCL2, IL-1b, and CD11b 
increased.26 (Figure 6) For that, the Wnt/β-catenin 
and Sonic Hedgehog signaling pathways regulate 

Figure 5.	Activation of the Ras/Raf/MEK/ERK signaling pathway leads to the recruitment of inflammatory cells and 
disruption of the blood-nerve barrier by prompting the expression of many molecules and the infiltration 
of various inflammatory cells.
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the BNB permeability differently, activation of 
the Wnt/β-catenin signaling pathway disrupts 
intercellular junctions and increases the barrier’s 
permeability, while the Sonic Hedgehog pathway 
affects the stability of the barrier by regulating 
the expression of claudin-5.

RET-tyrosine kinase and MAPK signaling 
pathway

Glial cell line-derived neurotrophic factor 
(GDNF) is a member of the transforming 
growth factor β protein superfamily, it is 
deeply involved in maintaining the survival 
of all kinds of neurons.118-120 It strengthens 
BNB function by restricting transcytosis, 
reducing solute permeability, and regulating the 
expression of cytoskeletal proteins and TJs.121 

After the administration of GDNF, the damaged 
membrane of human peripheral nerve vascular 
endothelial cells (pHEndECs) longitudinal 
F-actin cytoskeletal filaments could relocate to 
form more continuous adherence and TJs91, by 
upregulating the expression of adherence junctions 
and desmosome components such as ACTN2, 
RALA, WASL, ARF6, TLN1, and cytoskeletal 
intercellular junctional complexes such as ACTN3, 
LLGL1, HCLS1, and SPTAN1, the inhibitor of 
RET-tyrosine kinase, MAPK2K2 could knock out 
the increased TEER and permeability121, which 
mean GDNF could enhance the properties and 
TEER of BNB through the RET-tyrosine kinase 

and MAPK signaling pathway91,121, (Figure 7) 
but the specific mechanism remains yet to be 
determined.

Other pathways

The RECK/MMP9 signaling pathway is a 
regulatory involved in tissue remodeling, 
including extracellular matrix degradation 
and angiogenesis122, it deeply acts in various 
physiological and pathological processes, such 
as wound healing and tissue remodeling.78,123 
Reversion-inducing cysteine-rich protein 
with Kazal motifs is the inhibitor of Matrix 
Metalloproteinase 9, which is responsible for the 
breakdown of extracellular matrix components.124 
As a non-coding RNA, miRNA plays an 
indirect role in cellular physiological processes 
by functioning as a regulator for numerous 
biological processes.125 Numerous studies verified 
the functions of miRNA in neurogenesis and 
nerve regeneration.126-128 The miRNA-1207-5p/
EPB41L5 axis is found to be involved in TGF-
β1-mediated exosomal lnc-MMP2-2-induced 
increase in barrier permeability129, and the subtle 
change in the permeability of the blood barrier.130 
The expression of adaptor-associated kinase 1 is 
restrained by miRNA-384-3p, it has been found 
to alleviate sevoflurane-induced nerve injury by 
suppressing the expression of adaptor-associated 
kinase 1.131  Also the knockout of the miRNA-155 

Figure 6.  Schematic illustrates the effects of the Sonic Hedgehog signaling pathway on the blood-nerve barrier.
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could alleviate the diabetic peripheral nerve injury 
by up-regulating the expression of erythroid 
2-like 2.126 MiRNA also actively participates in 
the function regulation of BNB, nerve injury is 
often accompanied by alterations in the activity 
of miRNA, Reinhold et al. reported that miR-21 
participated in the regulation of BNB function 
through the RECK/MMP9 pathway.78 Stimulus 
leads to the decrease in miRNA-183 expression 
and the increase in FoxO1d, which in turn results 
in a decrease in claudin-5 expression, ultimately 
leading to impairment of the barrier function.79 
	 After nerve injury, miR-21 expression is 
increased, which consequently downregulates 
its target RECK, leading to an upregulation of 
the downstream Mmp9 and decreasing in the 
expression of claudin-1, and ultimately impairs the 
function of BNB.78  On the contrary, the expression 
of miR-183 decreases continuously following 
injury, which is in parallel with the decrease of 

TJ, moreover, its inhibition is associated with 
activation of forkhead box protein O1, impairment 
of TEER and BNB function, and use of miR-183 
mimic could reverse this situation.8,79 (Figure 8) 
These findings indicate that the impact of various 
miRNAs on the BNB is not consistent, certain 
miRNAs can strengthen the barrier function of 
the BNB, while some miRNAs compromise it. 
The diverse actions of different miRNAs offer 
potential avenues for future research to leverage 
their unique characteristics. By harnessing these 
properties, we may be able to alleviate nerve 
damage, enhance the recovery of the BNB, and 
ultimately facilitate neural regeneration and 
functional rehabilitation.

FUTURE DIRECTIONS OF BLOOD-NERVE 
BARRIER RESEARCH

Understanding the physiological regulation 

Figure 7.	The diagram demonstrates the effect of GNDF on the function blood-nerve barrier. In injured cells, the 
use of GNDF leads to an increase in the expression of adherens junction and desmosome components 
such as ACTN2, RALA, WASL, ARF6, TLN1, as well as cytoskeletal intercellular junctional complexes 
including ACTN3, LLGL1, HCLS1, and SPTAN1. This, in turn, promotes the improvement of BNB 
barrier function and TEER. Conversely, the use of an inhibitor of RET-tyrosine kinase, MAPK2K2 can 
completely hinder the aforementioned effects.
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mechanisms of the BNB is vitally important 
for their crucial roles in maintaining a stable 
environment for the peripheral nerve by 
controlling the permeability of EC in blood 
vessels. Researchers can investigate the regulatory 
effects of different cells, hormones, and 
neurotransmitters on the BNB process. Moreover, 
in-depth studies are required to unravel the 
intricate interplays between the BNB and specific 
diseases such as diabetic peripheral neuropathy 
and peripheral nerve injury. These investigations 
should focus on elucidating the structural and 
functional characteristics of the BNB, as well 
as the molecular markers and components 
involved. Additionally, comprehending the 
complex mechanisms underlying the functional 
states of BNB components and their impact 
on barrier function and neural recovery is 
recommended. Furthermore, it is crucial to 
explore novel techniques and methodologies that 
can provide a comprehensive understanding of 
BNB functionality. For example, advancements 
in radiographic imaging techniques, such as CT, 
structural MRI, and even functional MRI, hold 

promise in capturing the different functional 
states of the BNB. These imaging modalities 
offer valuable insights into the dynamic changes 
occurring within the BNB during disease 
progression and therapeutic interventions. The 
development of reliable animal and cell models 
of BNB is pressing needed, representative 
models that accurately mimic the complex 
structure and intricate functions of the BNB will 
enable researchers to study disease mechanisms, 
test potential therapeutic interventions, and 
evaluate drug delivery efficiency. By refining 
and expanding the experimental models, the 
understanding of the BNB and its role in various 
pathological conditions could be achieved. 
In conclusion, further investigations into the 
structure, component, molecular marker, and 
functional state of the BNB are essential for 
unraveling the pathophysiology of diseases like 
diabetic peripheral neuropathy and peripheral 
nerve injury. Such research will not only shed 
light on the fundamental mechanism underlying 
these conditions but also pave the way for the 
development of targeted therapies and improved 

Figure 8.	The diagram depicts the alterations in two miRNAs in response to nerve injury, highlighting their 
involvement in modulating the function of the blood-nerve barrier. Specifically, miRNA-21 exerts a 
negative effect on the blood-nerve barrier through the RECK/MMP9 signaling pathway. 
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drug delivery strategies. 

DISCLOSURE

Financial support: This study was supported 
by the National Natural Science Foundation of 
China (No.81571202); the “five-five” project 
construction project of the Third Hospital of 
Sun Yat-sen University (No.2023WW504); 
Guangzhou Science and Technology Project 
(No.202201020578);  Guangdong Basic 
and Applied Basic Research Foundation 
(No.2022A1515012433).

Conflict of interest: None 

REFERENCES 
  	1.	 Li Y, Sun X, Liu H, et al. Development of human 

in vitro brain-blood barrier model from induced 
pluripotent stem cell-derived endothelial cells to 
predict the in vivo permeability of drugs. Neurosci 
Bull 2019;35(6):996-1010. https://doi.org/10.1007/
s12264-019-00384-7.

  	2.	 Salaroglio IC, Abate C, Rolando B, et al. 
Validation of thiosemicarbazone compounds as 
p-glycoprotein inhibitors in human primary brain-
blood barrier and glioblastoma stem cells. Mol 
Pharm 2019;16(8):3361-73. https://doi.org/10.1021/
acs.molpharmaceut.9b00018.

  	3.	 Tsuda A, Donaghey TC, Konduru NV, et al. Age-
dependent translocation of gold nanoparticles across 
the air-blood barrier. Acs Nano 2019;13(9):10095-
102. https://doi.org/10.1021/acsnano.9b03019.

  	4.	 Li G, Zheng X, Zhu Y, Long Y, Xia X. In-depth 
insights into the disruption of the microbiota-gut-
blood barrier of  model organism (Bombyx mori) by 
fluoride. Sci Total Environ 2022;838(Pt 2):156220. 
https://doi.org/10.1016/j.scitotenv.2022.156220.

  	5.	 Yang X, Ai P, He X, et al. Parkinson’s disease is 
associated with impaired gut-blood barrier for short-
chain fatty acids. Mov Disord 2022;37 (8):1634-43. 
https://doi.org/10.1002/mds.29063.

  	6.	 Oliveira AV, Sarmento B. Establishment of a 
multilayered 3D cellular model of the retinal-blood 
barrier. Int J Pharm 2019;572:118811. https://doi.
org/10.1016/j.ijpharm.2019.118811.

  	7.	 Chen JT, Hu X, Otto I, et al. Myelin barrier 
breakdown, mechanical hypersensitivity, and 
painfulness in  polyneuropathy with claudin-12 
deficiency. Neurobiol Dis 2023;185:106246. https://
doi.org/10.1016/j.nbd.2023.106246.

  	8.	 Yang S, Krug SM, Heitmann J, et al. Analgesic 
drug delivery via recombinant tissue plasminogen 
activator and  microRNA-183-triggered opening of 
the blood-nerve barrier. Biomaterials 2016;82:20-33. 
https://doi.org/10.1016/j.biomaterials.2015.11.053.

  	9.	 Malong L, Napoli I, Casal G, et al. Characterization 
of the structure and control of the blood-nerve barrier  
identifies avenues for therapeutic delivery. Dev 
Cell 2023;58(3):174-91. https://doi.org/10.1016/j.
devcel.2023.01.002.

 	10.	 Ubogu EE. Biology of the human blood-nerve barrier 
in health and disease. Exp Neurol 2020;328:113272. 
https://doi.org/10.1016/j.expneurol.2020.113272.

 	11.	 Greathouse KM, Palladino SP, Dong C, Helton ES, 
Ubogu EE. Modeling leukocyte trafficking at the 
human blood-nerve barrier in vitro and in  vivo geared 
towards targeted molecular therapies for peripheral 
neuroinflammation. J Neuroinflammation 2016;13:3. 
https://doi.org/10.1186/s12974-015-0469-3.

 12.	 Maiuolo J, Gliozzi M, Musolino V, et al. The 
role of endothelial dysfunction in peripheral 
blood nerve barrier: Molecular mechanisms and 
pathophysiological implications. Int J Mol Sci 
2019;20(12). https://doi.org/10.3390/ijms20123022.

 13.	 Fujino K, Yokota A, Ohno K, Hirofuji S, Neo M. 
Impairment and restoration of the blood-nerve barrier 
and its correlation with pain following gradual nerve 
elongation of the rat sciatic nerve. Int J Neurosci 
2021;131(3):254-63. https://doi.org/10.1080/00207
454.2020.1738430.

 14.	 Kanda T. Biology of the blood-nerve barrier and 
its alteration in immune mediated  neuropathies. J 
Neurol Neurosurg Psychiatry 2013;84(2):208-12. 
https://doi.org/10.1136/jnnp-2012-302312.

 15.	 Ryabova EV, Melentev PA, Komissarov AE, et al. 
Morpho-functional consequences of Swiss cheese 
knockdown in glia of drosophila melanogaster. 
Cells-Basel 2021;10(3). https://doi.org/10.3390/
cells10030529.

 16.	 Cullion K, Petishnok LC, Sun T, et al. Local anesthesia 
enhanced with increasing high-frequency ultrasound 
intensity. Drug Deliv Transl Res 2020;10(5):1507-16. 
https://doi.org/10.1007/s13346-020-00760-1.

 17.	 Umansky D, Bing C, Chu TH, et al. Utilization of 
focused ultrasound for opening of the blood-nerve 
barrier. Phys Med Biol 2022;67(20). https://doi.
org/10.1088/1361-6560/ac8f0f.

 18.	 Sun Y, Zabihi M, Li Q, et al. Drug permeability: 
From the blood-brain barrier to the peripheral nerve 
barriers. Adv Ther (Weinh) 2023;6(4). https://doi.
org/10.1002/adtp.202200150.

 19.	 Shimizu F, Sano Y, Saito K, et al. Pericyte-derived 
glial cell line-derived neurotrophic factor increase 
the  expression of claudin-5 in the blood-brain 
barrier and the blood-nerve barrier. Neurochem Res 
2012;37(2):401-9. https://doi.org/10.1007/s11064-
011-0626-8.

 20.	 Sweeney MD, Zhao Z, Montagne A, Nelson AR, 
Zlokovic BV. Blood-brain barrier: From physiology 
to disease and back. Physiol Rev 2019;99(1):21-78. 
https://doi.org/10.1152/physrev.00050.2017.

 21.	 Obermeier B, Daneman R, Ransohoff RM. 
Development, maintenance and disruption of the 
blood-brain barrier. Nat Med 2013;19(12):1584-96. 
https://doi.org/10.1038/nm.3407.

 22.	 Orte C, Lawrenson JG, Finn TM, Reid AR, Allt 
G. A comparison of blood-brain barrier and blood-
nerve barrier endothelial cell markers. Anat Embryol 
(Berl)  1999;199(6):509-17. https://doi.org/10.1007/
s004290050248. 

 23.	 Iwanaga T, Takahashi-Iwanaga H, Nio-Kobayashi 
J, Ebara S. Structure and barrier functions 
of the perineurium and its relationship with 



Neurology Asia December 2024

882

associated sensory corpuscles: A review. Biomed 
Res 2022;43(5):145-59. https://doi.org/10.2220/
biomedres.43.145.

 24.	 Wu D, Chen Q, Chen X, Han F, Chen Z, Wang Y. The 
blood-brain barrier: structure, regulation, and drug 
delivery. Signal Transduct Target Ther 2023;8(1):217. 
https://doi.org/10.1038/s41392-023-01481-w.

 25.	 Wu JR, Hernandez Y, Miyasaki KF, Kwon EJ. 
Engineered nanomaterials that exploit blood-brain 
barrier dysfunction for delivery to the brain. Adv 
Drug Deliv Rev 2023;197:114820. https://doi.
org/10.1016/j.addr.2023.114820.

 26.	 Moreau N, Mauborgne A, Bourgoin S, et al. Early 
alterations of Hedgehog signaling pathway in 
vascular endothelial cells  after peripheral nerve 
injury elicit blood-nerve barrier disruption, nerve 
inflammation, and neuropathic pain development. 
Pain 2016;157(4):827-39. https://doi.org/10.1097/j.
pain.0000000000000444.

 27.	 Napoli I, Noon LA, Ribeiro S, et al. A central role for 
the ERK-signaling pathway in controlling Schwann 
cell  plasticity and peripheral nerve regeneration 
in vivo. Neuron 2012;73(4):729-42. https://doi.
org/10.1016/j.neuron.2011.11.031.

 28.	 Xhima K, Markham-Coultes K, Hahn KR, Saragovi 
HU, Hynynen K, Aubert I. Ultrasound delivery of a 
TrkA agonist confers neuroprotection to Alzheimer-
associated pathologies. Brain 2022;145(8):2806-22. 
https://doi.org/10.1093/brain/awab460.

 29.	 Ben-Kraiem A, Sauer RS, Norwig C, et al. Selective 
blood-nerve barrier leakiness with claudin-1 and 
vessel-associated macrophage loss in diabetic 
polyneuropathy. J Mol Med (Berl) 2021;99(9):1237-
50. https://doi.org/10.1007/s00109-021-02091-1.

 30.	 Mantle JL, Min L, Lee KH. Minimum transendothelial 
electrical resistance thresholds for the study of 
small and large molecule drug transport in a human 
in vitro blood-brain barrier model. Mol Pharm 
2016;13(12):4191-8. https://doi.org/10.1021/acs.
molpharmaceut.6b00818.

 31.	 Helms HC, Abbott NJ, Burek M, et al. In vitro 
models of the blood-brain barrier: An overview 
of commonly used brain endothelial cell culture 
models and guidelines for their use. J Cereb 
Blood Flow Metab 2016;36(5):862-90. https://doi.
org/10.1177/0271678X16630991.

 32.	 McConnell HL, Kersch CN, Woltjer RL, Neuwelt EA. 
The translational significance of the neurovascular 
unit. J Biol Chem 2017;292(3):762-70. https://doi.
org/10.1074/jbc.R116.760215.

 33.	 Sweeney MD, Ayyadurai S, Zlokovic BV. Pericytes 
of the neurovascular unit: key functions and signaling 
pathways. Nat Neurosci 2016;19(6):771-83. https://
doi.org/10.1038/nn.4288.

 34.	 Stubbs EJ. Targeting the blood-nerve barrier for 
the management of immune-mediated  peripheral 
neuropathies. Exp Neurol 2020;331:113385. https://
doi.org/10.1016/j.expneurol.2020.113385.

 35.	 Liu Y, Gong Y, Xie W, et al. Microbubbles in 
combination with focused ultrasound for the delivery 
of  quercetin-modified sulfur nanoparticles through 
the blood brain barrier into the brain parenchyma 
and relief of endoplasmic reticulum stress to treat 

Alzheimer’s disease. Nanoscale 2020;12(11):6498-
511. https://doi.org/10.1039/c9nr09713a.

 36.	 Pandey S, Mudgal J. A review on the role of 
endogenous neurotrophins and Schwann cells in 
axonal regeneration. J Neuroimmune Pharmacol 
2022;17(3-4):398-408. https://doi.org/10.1007/
s11481-021-10034-3.

 37.	 Monk KR, Feltri ML, Taveggia C. New insights on 
Schwann cell development. Glia 2015;63(8):1376-93. 
https://doi.org/10.1002/glia.22852.

 38.	 Xu J, Zhang B, Cai J, et al. The transcription factor 
Stat-1 is essential for Schwann cell differentiation,  
myelination and myelin sheath regeneration. Mol 
Med  2023;29(1):79. https://doi.org/10.1186/s10020-
023-00667-w.

 39.	 Cattin AL, Lloyd AC. The multicellular complexity 
of peripheral nerve regeneration. Curr Opin 
Neurobiol 2016;39:38-46. https://doi.org/10.1016/j.
conb.2016.04.005.

 40.	 Kameneva P, Kastriti ME, Adameyko I. Neuronal 
lineages derived from the nerve-associated Schwann 
cell precursors. Cell Mol Life Sci 2021;78(2):513-29. 
https://doi.org/10.1007/s00018-020-03609-5.

 41.	 Stierli S, Imperatore V, Lloyd AC. Schwann cell 
plasticity-roles in tissue homeostasis, regeneration, 
and disease. Glia 2019;67(11):2203-15.

 42.	 Tiong YL, Ng KY, Koh RY, Ponnudurai G, Chye SM. 
Melatonin promotes Schwann cell dedifferentiation 
and proliferation through the  Ras/Raf/ERK and 
MAPK pathways, and glial cell-derived neurotrophic 
factor  expression. Exp Ther Med. 2020-11-01 
2020;20(5):16. https://doi.org/10.1002/glia.23643.

 43.	 Vivinetto AL, Castanares C, Garcia-Keller C, et al. 
Myelin-associated glycoprotein activation triggers 
glutamate uptake by oligodendrocytes in vitro 
and contributes to ameliorate glutamate-mediated 
toxicity in vivo. Biochim Biophys Acta Mol Basis 
Dis 2022;1868(4):166324. https://doi.org/10.1016/j.
bbadis.2021.166324.

 44.	 Pronker MF, Lemstra S, Snijder J, et al. Structural 
basis of myelin-associated glycoprotein adhesion and 
signalling. Nat Commun 2016;7:13584. https://doi.
org/10.1038/ncomms13584.

 45.	 Sato R, Shimizu F, Kuwahara M, et al. Autocrine 
TNF-alpha increases penetration of myelin-associated 
glycoprotein antibodies across the blood-nerve barrier 
in anti-MAG neuropathy. Neurol Neuroimmunol 
Neuroinflamm 2023;10(3). https://doi.org/10.1212/
NXI.0000000000200086.

 46.	 Stierli S, Napoli I, White IJ, et al. The regulation of 
the homeostasis and regeneration of peripheral nerve 
is distinct from the CNS and independent of a stem 
cell population. Development 2018;145(24). https://
doi.org/10.1242/dev.170316.

 47.	 Mueller M, Leonhard C, Wacker K, et al. Macrophage 
response to peripheral nerve injury: the quantitative 
contribution of resident and hematogenous 
macrophages. Lab Invest 2003;83(2):175-85. https://
doi.org/10.1097/01.lab.0000056993.28149.bf.

 48.	 Doulatov S, Notta F, Eppert K, Nguyen LT, Ohashi 
PS, Dick JE. Revised map of the human progenitor 
hierarchy shows the origin of macrophages and 
dendritic cells in early lymphoid development. Nat 



883

Immunol 2010;11(7):585-93. https://doi.org/10.1038/
ni.1889. 

	49.	 Mosser DM, Edwards JP. Exploring the full spectrum 
of macrophage activation. Nat Rev Immunol 
2008;8(12):958-69. https://doi.org/10.1038/nri2448.

 50.	 Chen P, Piao X, Bonaldo P. Role of macrophages 
in Wallerian degeneration and axonal regeneration 
after peripheral nerve injury. Acta Neuropathol  
2015;130(5):605-18. https://doi.org/10.1007/s00401-
015-1482-4.

 51.	 Park MD, Silvin A, Ginhoux F, Merad M. Macrophages 
in health and disease. Cell 2022;185(23):4259-79. 
https://doi.org/10.1016/j.cell.2022.10.007.

 52.	 Kolter J, Kierdorf K, Henneke P. Origin and 
differentiation of nerve-associated macrophages. J 
Immunol 2020;204(2):271-9. https://doi.org/10.4049/
jimmunol.1901077.

 53.	 Jha MK, Passero JV, Rawat A, et al. Macrophage 
monocarboxylate transporter 1 promotes peripheral 
nerve regeneration after injury in mice. J Clin Invest   
2021;131(21). https://doi.org/10.1172/JCI141964.

 54.	 Xu J, Wen J, Fu L, et al. Macrophage-specific 
RhoA knockout delays Wallerian degeneration after 
peripheral nerve injury in mice. J Neuroinflammation  
2021;18(1):234. https://doi.org/10.1186/s12974-021-
02292-y.

 55.	 Forese MG, Pellegatta M, Canevazzi P, et al. 
Prostaglandin D2 synthase modulates macrophage 
activity and accumulation in  injured peripheral 
nerves. Glia  2020;68(1):95-110. https://doi.
org/10.1002/glia.23705.

 56.	 Govindappa PK, Elfar JC. Erythropoietin promotes 
M2 macrophage phagocytosis of Schwann cells 
in peripheral nerve injury. Cell Death Dis 
2022;13(3):245. https://doi.org/10.1038/s41419-022-
04671-6.

 57.	 Shimizu F, Sano Y, Haruki H, Kanda T. Advanced 
glycation end-products induce basement membrane 
hypertrophy in endoneurial microvessels and disrupt 
the blood-nerve barrier by stimulating the release 
of TGF-beta and vascular endothelial growth factor 
(VEGF) by pericytes. Diabetologia 2011;54(6):1517-
26. https://doi.org/10.1007/s00125-011-2107-7.

 58.	 Shimizu F, Sano Y, Abe MA, et al. Peripheral 
nerve pericytes modify the blood-nerve barrier 
function and tight  junctional molecules through 
the secretion of various soluble factors. J Cell 
Physiol 2011;226(1):255-66. https://doi.org/10.1002/
jcp.22337.

 59.	 Kemp SS, Aguera KN, Cha B, Davis GE. Defining 
endothelial cell-derived factors that promote 
pericyte recruitment and capillary network assembly. 
Arterioscler Thromb Vasc Biol 2020;40(11):2632-48. 
https://doi.org/10.1161/ATVBAHA.120.314948.

 60.	 Kim S, Lee S, Lim J, et al. Human bone marrow-
derived mesenchymal stem cells play a role 
as a vascular pericyte in the reconstruction of 
human BBB on the angiogenesis microfluidic 
chip. Biomaterials 2021;279:121210. https://doi.
org/10.1016/j.biomaterials.2021.121210.

 61.	 Armulik A, Genove G, Mae M, et al. Pericytes regulate 
the blood-brain barrier. Nature 2010;468(7323):557-
61. https://doi.org/10.1038/nature09522.

 62.	 Pieper C, Marek JJ, Unterberg M, Schwerdtle T, 
Galla HJ. Brain capillary pericytes contribute to 
the immune defense in response to cytokines or 
LPS in vitro. Brain Res 2014;1550:1-8. https://doi.
org/10.1016/j.brainres.2014.01.004.

 63.	 Griffin JW, George R, Ho T. Macrophage systems 
in peripheral nerves. A review. J Neuropathol 
Exp Neurol 1993;52(6):553-60. https://doi.
org/10.1097/00005072-199311000-00001.

 64.	 Oldfors A. Macrophages in peripheral nerves. An 
ultrastructural and enzyme histochemical  study on 
rats. Acta Neuropathol 1980;49(1):43-9. https://doi.
org/10.1007/BF00692218.

 65.	 Sidney LE, Branch MJ, Dunphy SE, Dua HS, 
Hopkinson A. Concise review: evidence for CD34 
as a common marker for diverse progenitors. Stem 
Cells 2014;32(6):1380-9. https://doi.org/10.1002/
stem.1661.

 66.	 Richard L, Topilko P, Magy L, et al. Endoneurial 
fibroblast-like cells. J Neuropathol Exp Neurol 
2012;71(11):938-47. https://doi.org/10.1097/
NEN.0b013e318270a941.

 67.	 Carr MJ, Toma JS, Johnston A, et al. Mesenchymal 
precursor cells in adult nerves contribute to 
mammalian tissue repair and regeneration. Cell Stem 
Cell  2019;24(2):240-56. https://doi.org/10.1016/j.
stem.2018.10.024.

 68.	 Zhao N, Kulkarni S, Zhang S, et al. Modeling 
angiogenesis in the human brain in a tissue-engineered 
post-capillary venule. Angiogenesis 2023;26(2):203-
16. https://doi.org/10.1007/s10456-023-09868-7.

 69.	 Mirancea N. Telocyte - a particular cell phenotype. 
Infrastructure, relationships and putative functions. 
Rom J Morphol Embryol 2016;57(1):7-21. 

 70.	 Abbott NJ, Ronnback L, Hansson E. Astrocyte-
endothelial interactions at the blood-brain barrier. 
Nat Rev Neurosci 2006;7(1):41-53. https://doi.
org/10.1038/nrn1824.

 71.	 Kojima S, Rahner C, Peng S, Rizzolo LJ. Claudin 
5 is transiently expressed during the development 
of the retinal pigment epithelium. J Membr Biol 
2002;186(2):81-8. https://doi.org/10.1007/s00232-
001-0137-7.

 72.	 Kanda T, Numata Y, Mizusawa H. Chronic 
inflammatory demyelinating polyneuropathy: 
decreased claudin-5 and relocated ZO-1. J Neurol 
Neurosurg Psychiatry 2004;75(5):765-9. https://doi.
org/10.1136/jnnp.2003.025692.

 73.	 Reinhold AK, Yang S, Chen JT, et al. Tissue 
plasminogen activator and neuropathy open the 
blood-nerve barrier with  upregulation of microRNA-
155-5p in male rats. Biochim Biophys Acta Mol Basis 
Dis 2019;1865(6):1160-9. https://doi.org/10.1016/j.
bbadis.2019.01.008.

 74.	 Sauer RS, Krug SM, Hackel D, et al. Safety, efficacy, 
and molecular mechanism of claudin-1-specific 
peptides to enhance blood-nerve-barrier permeability. 
J Control Release 2014;185:88-98. https://doi.
org/10.1016/j.jconrel.2014.04.029.

 75.	 Vandenbroucke E, Mehta D, Minshall R, Malik AB. 
Regulation of endothelial junctional permeability. 
Ann N Y Acad Sci 2008;1123:134-45. https://doi.
org/10.1196/annals.1420.016.



Neurology Asia December 2024

884

 76.	 Yuan L, Le Bras A, Sacharidou A, et al. ETS-related 
gene (ERG) controls endothelial cell permeability via 
transcriptional regulation of the claudin 5 (CLDN5) 
gene. J Biol Chem 2012;287(9):6582-91. https://doi.
org/10.1074/jbc.M111.300236.

 77.	 Ouyang X, Dong C, Ubogu EE. In situ molecular 
characterization of endoneurial microvessels that 
form the blood-nerve barrier in normal human 
adult peripheral nerves. J Peripher Nerv Syst 
2019;24(2):195-206. https://doi.org/10.1111/
jns.12326.

 78.	 Reinhold AK, Krug SM, Salvador E, et al. 
MicroRNA-21-5p functions via RECK/MMP9 as 
a proalgesic regulator of the blood nerve barrier in 
nerve injury. Ann N Y Acad Sci 2022;1515(1):184-95. 
https://doi.org/10.1111/nyas.14816.

 79.	 Reinhold AK, Salvador E, Forster CY, Birklein F, 
Rittner HL. Microvascular barrier protection by 
microRNA-183 via FoxO1 repression: A pathway 
disturbed in neuropathy and complex regional pain 
syndrome. J Pain 2022;23(6):967-80. https://doi.
org/10.1016/j.jpain.2021.12.007.

 80.	 Nazari H, Shrestha J, Naei VY, et al. Advances 
in TEER measurements of biological barriers in 
microphysiological systems. Biosens Bioelectron  
2023;234:115355. https://doi.org/10.1016/j.
bios.2023.115355.

 81.	 van der Helm MW, Odijk M, Frimat JP, et al. Direct 
quantification of transendothelial electrical resistance 
in organs-on-chips. Biosens Bioelectron  2016;85:924-
9. https://doi.org/10.1016/j.bios.2016.06.014.

 82.	 Huang J, Ding J, Wang X, et al. Transfer of neuron-
derived alpha-synuclein to astrocytes induces 
neuroinflammation and blood-brain barrier damage 
after methamphetamine exposure: Involving the 
regulation of nuclear receptor-associated protein 1. 
Brain Behav Immun 2022;106:247-61. https://doi.
org/10.1016/j.bbi.2022.09.002.

 83.	 Cenhrang K, Robart L, Castiaux AD, Martin RS. 3D 
printed devices with integrated collagen scaffolds 
for cell culture studies including transepithelial/
transendothelial electrical resistance (TEER) 
measurements. Anal Chim Acta 2022;1221:340166. 
https://doi.org/10.1016/j.aca.2022.340166.

 84.	 Wang K, Sun C, Dumcius P, et al. Open source 
board based acoustofluidic transwells for reversible 
disruption of  the blood-brain barrier for therapeutic 
delivery. Biomater Res 2023;27(1):69. https://doi.
org/10.1186/s40824-023-00406-6.

 85.	 Tu KH, Yu LS, Sie ZH, et al. Development of 
real-time transendothelial electrical resistance 
monitoring for an in vitro blood-brain barrier system. 
Micromachines (Basel) 2020;12(1). https://doi.
org/10.3390/mi12010037.

 86.	 Ramirez SH, Fan S, Dykstra H, et al. Inhibition 
of glycogen synthase kinase 3beta promotes tight 
junction stability in brain endothelial cells by half-
life extension of occludin and claudin-5. Plos One 
2013;8(2):e55972. https://doi.org/10.1371/journal.
pone.0055972.

 87.	 Takeshita Y, Sato R, Kanda T. Blood-nerve barrier 
(BNB) pathology in diabetic peripheral neuropathy 
and in vitro human BNB model. Int J Mol Sci 

2020;22(1). https://doi.org/10.3390/ijms22010062.
 88.	 Kanda T. Biology of the blood-nerve barrier and 

its alteration in immune mediated  neuropathies. J 
Neurol Neurosurg Psychiatry 2013;84(2):208-12. 
https://doi.org/10.1136/jnnp-2012-302312.

 89.	 Lux TJ, Hu X, Ben-Kraiem A, Blum R, Chen JT, 
Rittner HL. Regional differences in tight junction 
protein expression in the blood-DRG barrier and 
their alterations after nerve traumatic injury in rats. 
Int J Mol Sci 2019;21(1). https://doi.org/10.3390/
ijms21010270.

 90.	 Lun P, Ji T, Wan DH, et al. HOTTIP downregulation 
reduces neuronal damage and microglial activation 
in Parkinson’s disease cell and mouse models. 
Neural Regen Res 2022;17(4):887-97. https://doi.
org/10.4103/1673-5374.322475.

 91.	 Yosef N, Ubogu EE. GDNF restores human blood-
nerve barrier function via RET tyrosine kinase-
mediated cytoskeletal reorganization. Microvasc 
Res  2012;83(3):298-310. https://doi.org/10.1016/j.
mvr.2012.01.005.

 92.	 Moreau N, Mauborgne A, Couraud PO, et al. 
Could an endoneurial endothelial crosstalk between 
Wnt/beta-catenin and Sonic Hedgehog pathways 
underlie the early disruption of the infra-orbital 
blood-nerve barrier following chronic constriction 
injury? Mol Pain 2017;13:2071435895. https://doi.
org/10.1177/1744806917727625.

 93.	 Zhou LX, Lin SW, Qiu RH, et al. Blood-nerve barrier 
disruption and coagulation system activation induced 
by mechanical compression injury participate in 
the peripheral sensitization of trigeminal neuralgia. 
Front Mol Neurosci 2022;15:1059980. https://doi.
org/10.3389/fnmol.2022.1059980.

 94.	 Kobutree P, Tothonglor A, Roumwong A, Jindatip D, 
Agthong S. Curcumin reduces blood-nerve barrier 
abnormalities and cytotoxicity to endothelial cells and 
pericytes induced by cisplatin. Folia Morphol (Warsz) 
2022. https://doi.org/10.5603/FM.a2022.0065.

 95.	 Olsson Y. Studies on vascular permeability in 
peripheral nerves. I. Distribution of circulating 
fluorescent serum albumin in normal, crushed 
and sectioned rat sciatic nerve. Acta Neuropathol 
1966;7(1):1-15. https://doi.org/10.1007/BF00686605.

 96.	 Godinho MJ, Staal JL, Krishnan VS, et al. 
Regeneration of adult rat sensory and motor 
neuron axons through chimeric  peroneal nerve 
grafts containing donor Schwann cells engineered 
to express different neurotrophic factors. Exp 
Neurol  2020;330:113355. https://doi.org/10.1016/j.
expneurol.2020.113355.

 97.	 Ren J, Tang X, Wang T, et al. A dual-modal magnetic 
resonance/photoacoustic imaging tracer for long-
term high-precision tracking and facilitating repair 
of peripheral nerve injuries. Adv Healthc Mater  
2022;11(13):e2200183. https://doi.org/10.1002/
adhm.202200183.

 98.	 Kozler P, Pokorny J. Altered blood-brain barrier 
permeability and its effect on the distribution of Evans 
blue and sodium fluorescein in the rat brain applied 
by intracarotid injection. Physiol Res 2003;52(5):607-
14. 

 99.	 Duijvestijn AM, van Goor H, Klatter F, Majoor GD, 



885

van Bussel E, van Breda VP. Antibodies defining 
rat endothelial cells: RECA-1, a pan-endothelial 
cell-specific monoclonal antibody. Lab Invest 
1992;66(4):459-66.

100.	Sternberger NH, Sternberger LA, Kies MW, Shear 
CR. Cell surface endothelial proteins altered 
in experimental allergic encephalomyelitis. J 
Neuroimmunol 1989;21(2-3):241-8. https://doi.
org/10.1016/0165-5728(89)90180-x.

101.	Omura K, Ohbayashi M, Sano M, Omura T, 
Hasegawa T, Nagano A. The recovery of blood-
nerve barrier in crush nerve injury--a quantitative 
analysis utilizing immunohistochemistry. Brain Res 
2004;1001(1-2):13-21. https://doi.org/10.1016/j.
brainres.2003.10.067.

102.	Seitz RJ, Heininger K, Schwendemann G, 
Toyka KV, Wechsler W. The mouse blood-
brain barrier and blood-nerve barrier for IgG: a 
tracer study by use of the avidin-biotin system. 
Acta Neuropathol 1985;68(1):15-21. https://doi.
org/10.1007/BF00688950

103.	Gasca-Salas C, Fernandez-Rodriguez B, Pineda-Pardo 
JA, et al. Blood-brain barrier opening with focused 
ultrasound in Parkinson’s disease dementia. Nat 
Commun 2021;12(1):779. https://doi.org/10.1038/
s41467-021-21022-9.

104.	Sonabend AM, Gould A, Amidei C, et al. Repeated 
blood-brain barrier opening with an implantable 
ultrasound device for delivery of albumin-bound 
paclitaxel in patients with recurrent glioblastoma: 
a phase 1 trial. Lancet Oncol  2023;24(5):509-22. 
https://doi.org/10.1016/S1470-2045(23)00112-2.

105.	Ergen C, Heymann F, Al RW, et al. Targeting 
distinct myeloid cell populations in vivo using 
polymers, liposomes and microbubbles. Biomaterials  
2017;114:106-20. https://doi.org/10.1016/j.
biomaterials.2016.11.009.

106.	Deprez J, Lajoinie G, Engelen Y, De Smedt SC, 
Lentacker I. Opening doors with ultrasound and 
microbubbles: Beating biological barriers to promote 
drug delivery. Adv Drug Deliv Rev 2021;172:9-36. 
https://doi.org/10.1016/j.addr.2021.02.015.

107.	Kooiman K, Roovers S, Langeveld S, et al. 
Ultrasound-responsive cavitation nuclei for 
therapy and drug delivery. Ultrasound Med Biol 
2020;46(6):1296-325. https://doi.org/10.1016/j.
ultrasmedbio.2020.01.002.

108.	De Cock I, Zagato E, Braeckmans K, et al. Ultrasound 
and microbubble mediated drug delivery: acoustic 
pressure as determinant for uptake via membrane pores 
or endocytosis. J Control Release 2015;197:20-8.

		  https://doi.org/10.1016/j.jconrel.2014.10.031.
109.	Kooiman K, Vos HJ, Versluis M, de Jong N. Acoustic 

behavior of microbubbles and implications for drug 
delivery. Adv Drug Deliv Rev 2014;72:28-48. https://
doi.org/10.1016/j.addr.2014.03.003.

110.	 Shin J, Kong C, Lee J, et al. Focused ultrasound-
induced blood-brain barrier opening improves adult 
hippocampal neurogenesis and cognitive function 
in a cholinergic degeneration dementia rat model. 
Alzheimers Res Ther 2019;11(1):110. https://doi.
org/10.1186/s13195-019-0569-x.

111.	 Wu R, Chen B, Jia X, et al. Interleukin-1beta 

influences functional regeneration following nerve 
injury in mice  through nuclear factor-kappaB 
signaling pathway. Immunology 2019;156(3):235-48. 
https://doi.org/10.1111/imm.13022.

112.	 Ullah R, Yin Q, Snell AH, Wan L. RAF-MEK-
ERK pathway in cancer evolution and treatment. 
Semin Cancer Biol 2022;85:123-54. https://doi.
org/10.1016/j.semcancer.2021.05.010.

113.	 Noon LA, Lloyd AC. Treating leprosy: an Erb-al 
remedy? Trends Pharmacol Sci 2007;28(3):103-5. 
https://doi.org/10.1016/j.tips.2007.01.004.

114.	 Feng S, Wang S, Sun S, Su H, Zhang L. Effects of 
combination treatment with transcranial magnetic 
stimulation and bone marrow mesenchymal stem 
cell transplantation or Raf inhibition on spinal cord 
injury in rats. Mol Med Rep  2021;23(4). https://doi.
org/10.3892/mmr.2021.11934.

115.	 Wu PK, Becker A, Park JI. Growth inhibitory 
signaling of the Raf/MEK/ERK pathway. Int J Mol Sci 
2020;21(15). https://doi.org/10.3390/ijms21155436.

116.	 Li T, Sun Y, Wang J, Zhang C, Sun Y. Promoted 
skin wound healing by tail-amputated eisenia foetida 
proteins via the Ras/Raf/MEK/ERK signaling 
pathway. ACS Omega 2023;8(15):13935-43. https://
doi.org/10.1021/acsomega.3c00317.

117.	 Lim T, Shi XQ, Martin HC, et al. Blood-nerve 
barrier dysfunction contributes to the generation 
of neuropathic pain and allows targeting of injured 
nerves for pain relief. Pain 2014;155(5):954-67. 
https://doi.org/10.1016/j.pain.2014.01.026.

118.	 Beck KD, Valverde J, Alexi T, et al. Mesencephalic 
dopaminergic neurons protected by GDNF from 
axotomy-induced degeneration in the adult brain. 
Nature  1995;373(6512):339-41. https://doi.
org/10.1038/373339a0.

119.	 Trupp M, Ryden M, Jornvall H, et al. Peripheral 
expression and biological activities of GDNF, a 
new neurotrophic factor for avian and mammalian 
peripheral neurons. J Cell Biol 1995;130(1):137-48. 
https://doi.org/10.1083/jcb.130.1.137.

120.	Takahashi M. The GDNF/RET signaling pathway 
and human diseases. Cytokine Growth Factor Rev 
2001;12(4):361-73. https://doi.org/10.1016/s1359-
6101(01)00012-0.

121.	Dong C, Ubogu EE. GDNF enhances human blood-
nerve barrier function in vitro via MAPK signaling  
pathways. Tissue Barriers 2018;6(4):1-22. https://
doi.org/10.1080/21688370.2018.1546537.

122.	Li H, Miki T, Almeida GM, et al. RECK in neural 
precursor cells plays a critical role in mouse forebrain 
angiogenesis. iScience 2019;19:559-71. https://doi.
org/10.1016/j.isci.2019.08.009.

123.	Liu C, Shan F, Gao F, et al. DAP12 deletion 
causes age-related motor function impairment but 
promotes functional recovery after sciatic nerve 
crush injury. Exp Neurol 2023;360:114296. https://
doi.org/10.1016/j.expneurol.2022.114296.

124.	Mahl C, Egea V, Megens RT, et al. RECK (reversion-
inducing cysteine-rich protein with Kazal motifs) 
regulates migration, differentiation and Wnt/beta-
catenin signaling in human mesenchymal stem cells. 
Cell Mol Life Sci 2016;73(7):1489-501. https://doi.
org/10.1007/s00018-015-2054-4.



Neurology Asia December 2024

886

125.	Lai EC. Micro RNAs are complementary to 3’ 
UTR sequence motifs that mediate negative post-
transcriptional regulation. Nat Genet 2002;30(4):363-
4. https://doi.org/10.1038/ng865.

126.	Chen J, Li C, Liu W, Yan B, Hu X, Yang F. 
miRNA-155 silencing reduces sciatic nerve injury 
in diabetic peripheral neuropathy. J Mol Endocrinol  
2019;63(3):227-38. https://doi.org/10.1530/JME-19-
0067.

127.	Huang J, Ma J, Wang J, et al. Whole-transcriptome 
analysis of rat cavernosum and identification of 
circRNA-miRNA-mRNA networks to investigate 
nerve injury erectile dysfunction pathogenesis. 
Bioengineered 2021;12(1):6516-28. https://doi.org
/10.1080/21655979.2021.1973863.

128.	Huang J, Zhang G, Li S, et al. Endothelial cell-
derived exosomes boost and maintain repair-related 
phenotypes of Schwann cells via miR199-5p to 
promote nerve regeneration. J Nanobiotechnology 
2023;21(1):10. https://doi.org/10.1186/s12951-023-
01767-9.

129.	Wu D, Deng S, Li L, et al. TGF-beta1-mediated 
exosomal lnc-MMP2-2 increases blood-brain barrier 
permeability via the miRNA-1207-5p/EPB41L5 
axis to promote non-small cell lung cancer brain 
metastasis. Cell Death Dis 2021;12(8):721. https://
doi.org/10.1038/s41419-021-04004-z.

130.	Wu Y, Cheng H, Zhu M, et al. Monitoring subtle 
changes of blood-brain barrier permeability via 
detection of MiRNA-155 in brain microvasculature. 
ACS Appl Mater Interfaces 2023;15(18):21893-903. 
https://doi.org/10.1021/acsami.3c01527.

131.	Chen Y, Gao X, Pei H. miRNA-384-3p alleviates 
sevoflurane-induced nerve injury by inhibiting 
Aak1 kinase in neonatal rats. Brain Behav 
2022;12(7):e2556. https://doi.org/10.1002/brb3.2556.

 


