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ARTICLE INFO ABSTRACT

Keywords: Nociception is a fundamental acute protective mechanism that prevents harm to an organism. Understanding the
Pain integral processes that control nociceptive processing are fundamental to our appreciation of which cellular and
Eﬂ_dOthelial molecular features underlie this process. There is an extensive understanding of how sensory neurons interpret
f,}]);g;l cord differing sensory modalities and intensities. However, it is widely appreciated that the sensory neurons do not act
Vessel alone. These work in harmony with inflammatory and vascular systems to modulate pain perception. The spinal
Permeability cord has an extensive interaction with the capillary network in the form of a blood spinal cord barrier to ensure

homeostatic control of the spinal cord neuron milieu. However, there is an extensive appreciation that distur-
bances in the blood spinal cord barrier contribute to the onset of chronic pain. Enhanced vascular permeability
and impaired blood perfusion have both been highlighted as contributors to chronic pain manifestation. Here, we
discuss the evidence that demonstrates alterations in the blood spinal cord barrier influences nociceptive pro-
cessing and perception of pain.

1. Introduction

Nociception and the development of chronic pain states are inher-
ently dependent upon the generation, transmission and modulation of
sensory information by the somatosensory system. Pain is a fundamental
process for all organisms and acts as a dynamic protective mechanism to
prevent harm to tissues whilst allowing us to understand our sur-
rounding environment. Unfortunately, these sensory neuronal systems
are sensitive to manipulation, with alterations in their function within
the peripheral and/or central nervous system responsible for the mani-
festation of long lasting, inescapable, chronic pain. This sensory
neuronal plasticity is key to understanding how pain perception is
controlled. Despite extensive investigations into the sensory neural cir-
cuits involved in controlling these nociceptive processes, our under-
standing of how our pain perception transitions to pathological chronic
pain states still remains elusive.

The somatosensory nervous system is not only a neuronal system but
is a dynamic heterogenic population of differing cell types that work in
harmony to control neurological processes. These include resident glia,
an extensive vascular network and interactions with the immune system.
Recent evidence highlights that remodelling of the capillary function
and structure within the somatosensory system is culpable for

alterations in sensory neuronal function, pain perception and the tran-
sition to chronic pain states. Here we will explore this sensory neuro-
vascular interaction by focussing upon the role of the blood spinal
cord barrier (BSCB) in modulating the somatosensory nervous system
and exploring the evidence that highlights how changes in vascular
dynamics can lead to chronic pain states.

2. Structure and role of the blood spinal cord barrier

The BSCB is an integral regulator of the microenvironmental ho-
meostasis within the spinal cord. The spinal cord is an essential system
that is segregated into discrete neural centres, the dorsal and ventral
horns, which dictate the physiological processes associated with soma-
tosensation and motor function. To match the demands of these
fundamental physiological processes, the vascular system is required to
deliver a blood supply to the spinal cord that matches the required en-
ergy expenditure of the nervous system. The spinal cord blood supply is
provided via large arterial vessel inputs, posterior and anterior spinal
arteries as well as posterior and anterior spinal veins (Kim et al., 2019).
However, these conduit vessels only make up a proportion of the
vasculature in the spinal cord, with the capillary bed acting as the dis-
tribution network between these large vessels (Fig. 1A). Importantly,
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capillaries play a vital role in maintaining a continuous blood supply to
conserve spinal cord neuronal integrity and function, roles which are
impacted during times of pathology leading to sensory neurological
complications. These functions include regulation of vascular perme-
ability and resulting accessibility to the spinal cord parenchyma and
maintenance of spinal cord blood supply. Thus the effective function of
the spinal cord is dependent upon the uninterrupted provision of the
required nutritional support and protection from potential harmful en-
tities. This is provided by the BSCB that regulates the movement of cells
and solutes from the blood to the spinal cord tissues. This process is
controlled by structures and mechanisms that mediate trans- and para-
cellular diffusion using a highly refined filtration system that is regu-
lated by differing intercellular junctional proteins as well as a glycocalyx
layer on the luminal surface (Noble et al., 1996; Kutuzov et al., 2018).

The protective nature of the Blood Brain Barrier (BBB) and the BSCB
was first discovered by Goldmann and Ehrlich who demonstrated that
the BBB and the BSCB prevented penetration of varying solutes of
differing molecular weights (Saunders et al., 2014). Their work was
subsequently validated by others through varying methodological ap-
proaches (Ved et al., 2018; Beggs et al., 2010). The BSCB is a biological
interface residing between the spinal cord neural tissue and blood sup-
ply, controlling the exchange of solutes such as nutrients, oxygen and
provides tissue protection by preventing access of foreign entities
including pathogens and pharmacological agents. The BSCB differs to
other physiological tissues (e.g. the kidney) that typically consist of
fenestrated capillaries such as the kidney Bowman’s capsule, to enable
effective vascular permeability and filtration (Morita and Miyata, 2012).
The BSCB differs in that it is a continuous capillary with no fenestrations
formed between the endothelial cells that make up the lumen of the
capillary, minimising BSCB permeability (Morita and Miyata, 2012)
(Fig. 2A). In addition, the intercellular junctions between neighbouring
endothelial cells are highly interactive with junctional and surface
proteins. These include vascular endothelial cadherin (VE-CAD) and
platelet endothelial cell adhesion molecule 1 (PECAM1 or alternatively
referred to as CD31) forming interactions with tight junctional proteins
e.g. zona occluden 1 (ZO1), Claudins and Occludin (Occ), to control the
adhesion and passage of blood constituents (e.g. solutes, cells) across
this barrier. The importance of these junctional and adherence proteins
play in maintaining the BSCB is demonstrated by the loss of these
junctional proteins, impacting upon the integrity and function of the
BSCB, and presented typically as an increase in permeability (Nitta et al.,
2003). Furthermore, a reduction of claudin 5 has been shown to induce a
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reduction in tight junctional proteins in the CNS to enable CNS targetted
therapeutic intervention (Dithmer et al., 2017). Maintenance of the
vascular integrity is mediated by an array of angiogenic modulators that
include, though not restricted to, the Vascular Endothelial Growth
Factor (VEGF) family of proteins, fibroblast growth factors and angio-
poietin 1, to influence endothelial cell function (Mukwaya et al., 2021).
These angiogenic molecules drive proangiogenic processes that initiates
endothelial cell proliferation and sprouting, which further leads to ele-
vations in vascular permeability. The extensive nature of the archetypal
angiogenic family; VEGF-A protein(Moens et al., 2014) is multifactorial
with differing protein variants, having differences in cellular and
physiological function (Bates et al., 2018). Fluctuations in VEGF-A, a
master regulator of angiogenic function, expression is associated with
distinct endothelial cell activity relating to physiological function and
pathogenesis(Fallah et al., 2019). These signal predominantly through
VEGFR2 to influence BSCB vascular integrity, a receptor found to be
expressed in the spinal cord (Glaesel et al., 2020). Elevated levels of the
proangiogenic VEGF-A ya isoform family within the central nervous
system increases vascular permeability and cellular infiltration in part
through downregulation of tight junctional proteins (Ved et al., 2017)
and increase in adhesion molecules(Thichanpiang et al., 2014). This is
typified by application of exogenous VEGF-Ajgsa leading to increased
abundance of evans blue within the spinal cord compared to control (Ay
et al., 2008). In addition, these junctional proteins and adhesion mole-
cules are highly susceptible to degradation upon exposure to proteinase
activity from metalloproteinases(Zhang et al., 2017). Metal-
loproteinases play an important role in the formation of the architecture
of tissues as well as contributing to a number of cellular processes such
as angiogenesis(Gu et al., 2019), which occur in the spinal cord and are
highly associated to the manifestation of chronic pain (Gu et al., 2019).
The presence of metalloproteinases have been shown to support the
adhesion and infiltration of neutrophils through the breakdown of as-
sociations between junctional proteins (Zhang et al., 2017; Lee et al.,
2014) as well as increasing endothelial cell expression of immunological
adhesion molecules such as Intercellular Adhesion Molecule 1 (ICAM1)
(Montague-Cardoso et al., 2020a). This loss of tight junctional proteins
is heavily implicated in neuroinflammatory processes of the CNS due to
influx of inflammatory cell types that have been heavily associated with
a number of neurological disorders. This includes chronic pain, multiple
sclerosis and amyotrophic lateral sclerosis(Weiss et al., 2009).

Despite the impermeable nature of the BSCB, transport mechanisms
still reside to allow transfer of fundamental nutrients across this surface

Fig. 1. Blood vessel network within the
mouse spinal cord

The mouse lumbar spinal cord has a vast
blood vessel network that covers the entirety
of the neural tissue. [A] This is represented
by the vessel endothelium (CD31 labelled,
green). This includes differing of hierarchi-
cal order of vessels, including larger arteri-
oles (Red arrow) that flow into smaller
microvessels (Blue arrow). [B] Higher
magnification (scale bar = 25 pm) image of
this vessel organisation (endothelium
labelled Green with CD31) in the spinal
cord. [C] Larger arterioles are labelled with
alpha smooth muscle actin (a-SMA, Red),
with smaller capillaries solely labelled with
endothelial marker CD31. [D] Furthermore,
mural cells are identifiable with pericyte
marker neuron-glia marker 2 (NG2, Blue)
highlighting pericyte cells encapsulating
only the capillaries. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the Web version of
this article.)
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Fig. 2. Disturbances in the blood spinal cord
barrier
The blood spinal cord barrier (BSCB) plays
an essential role in monitoring the spinal
cord microenvironment. [A] The capillary
network consists of the endothelial cells that
form the lining of the vessel lumen, con-
trolling passage of varying solutes and cells
through into the spinal cord via stringent
filtering processes that line the endothelium
(Glycocalyx and tight junctional proteins).
Additionally, these capillaries interact with
surrounding mural cells, pericytes and as-
trocytes, to further regulate the BSCB integ-
rity and function. [B] Enhanced vascular
permeability is strongly associated with in-
creases in the inflammatory profile of the
spinal cord during chronic pain ie inflam-
matory pain and traumatic sensory nerve
lesion. This is typified by the opening of
{ interendothelial cell junctions due to
diminished tight junction expression.
Furthermore, astrogliosis, activation of dor-
sal horn astrocytes, accompanies an
enhanced interaction with the endothelium.
Upregulation of astrocytic foot processes
depicted by elevated GFAP expression in-

fluence BSCB permeability through diminished expression of tight junctional proteins and elevated infiltration of cells and solutes. Similarly, damage to the pe-
ripheral C fibre nociceptors ie through traumatic nerve injury induces enhanced BSCB permeability through increased release of neurogenic inflammatory mediators.
[C] Conversely, the endothelium degenerates, presented as a reduction in endothelium and the number of blood vessels. This is associated with reduced tissue
perfusion of the spinal cord. This is associated with cytotoxicity of neuropathological conditions such as hyperglycaemia, driving endothelial cell death.

with passive diffusion previously discussed. However, this will only
allow the movement of small molecules, therefore larger molecules
require additional assistance via channel mediated transport. As high-
lighted, the passive nature through the BSCB is regulated by intercellular
junctional proteins but there are transport proteins such as glucose
transporter 1 (GLUT1) that are present to enable the efficient delivery of
essential larger molecular weight nutrients(Winkler et al., 2015).
Additionally, as part of this channel mediated system, efflux mecha-
nisms are also found in the BBB and BSCB on the luminal surface of the
capillary, to further refine the selectivity of the BSCB to the penetration
of varying solutes (Campos et al., 2012). These efflux mechanisms utilise
transporters to further minimise the accessibility of the neural tissues by
exporting agents that penetrate the CNS. The expression of these efflux
transporters impairs delivery and accumulation of differing agents
including pharmacological treatments for neurodegenerative conditions
(Foran et al., 2016). These efflux transporters include ATP binding
cassettes such as P-Glycoprotein (P-gp) and multi drug resistance protein
(MRP) (Campos et al., 2012; Wang et al., 2014). The increased expres-
sion of these efflux transporters enhances the BSCB's ability to pump out
and thus decreasing the abundance of those substances in the spinal cord
(Wang et al., 2014; Jablonski et al., 2012). This obviously hinders
pharmacological intervention when targeting the CNS or specifically the
spinal cord. In an attempt to overcome this limitation, delivery ap-
proaches have utilised combination therapy to suppress P-gp efflux ac-
tivity, whilst simultaneously administrating treatments to act upon the
spinal cord tissues such as to treat spinal muscular atrophy (Foran et al.,
2016) and multiple sclerosis (Jablonski et al., 2012). This approach
minimises the amount of the pharmacological agent pumped out of the
spinal cord enabling effective actions of the treatment upon the tissue.

In addition to the extensive role that the endothelium plays in acting
as blood delivery conduit to the spinal cord, it also acts as a gatekeeper,
controlling the passage of differing blood constituents including im-
mune cells and solutes to the spinal cord parenchyma. These processes
are only efficient due to the interaction with several other auxiliary cell
types that similarly contribute to the maintenance of the spinal cord
neural tissue. These cell types include astrocytes, smooth muscle cells
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and pericytes as well as in instances the resident glia and circulating
immune cell complement (Li et al., 2017; Winkler et al., 2012) (illus-
trated in Fig. 1B-D and Fig, 2A). Smooth muscle cells and pericytes make
up the mural cell grouping that support the BSCB networks. The locality
of these specialised cells covers the hierarchal order of the macro-
vascular and microvascular system that is used to regulate function and
regulate the structure of the BSCB (Fig. 1B-D). Smooth muscle cells
(SMC) ensheath arterial vessels controlling blood flow and haemody-
namic capabilities through utilising contractile proteins e.g. alpha
smooth muscle actin (aSMA) and desmin, to regulate vessel diameter
and therefore arterial blood perfusion. Pericytes predominate in the
capillary networks and have a multi-dynamic role in regulating micro-
vascular stability and function. Pericytes (pericyte positive labelling
includes Neural glial antigen 2 (NG2 or CSPG4); Platelet derived growth
factor receptor p (PDGFRp) (Berthiaume et al., 2018)) are widely char-
acterised as having a ‘bump on a log’ structure, comprising of a cell soma
with long processes extending out wrapping around the endothelium
(Berthiaume et al., 2018). The role of the pericyte is integral for the
maintenance of the capillary structures such as the BBB. Pathogenic loss
or chemical ablation of the pericyte population leads to a disintegration
of the BSCB (Sauer et al., 2017) and BBB (Nikolakopoulou et al., 2019)
capillary networks and is associated with the initiation of neurodegen-
erative processes including Alzheimer’s disease (Kisler et al., 2017).
Despite the view of distinct locality as well as molecular and functional
clustering of these cellular populations, there is conjecture around
defining the role of the pericyte. SMC function is to control vessel
perfusion through manipulating vascular lumen diameter. However, it
has been identified that pericytes not only possess a paracrine endo-
thelial survival function(De Palma et al., 2005) but also modulate
perfusion of the capillaries via vessel contractility capabilities (Li et al.,
2017) through the expression of comparative contractile proteins such
as aSMA (Peppiatt et al., 2006).

Glia have classically been known as the ‘glue’ supporting the struc-
ture of the nervous system. The spinal cord is made up of many cells that
contribute to the vascular architecture, forming the BSCB. Over the last
few decades, the complex roles glia have in maintaining CNS
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homeostasis have been ascertained. There are three major classes of glial
cells: microglia, originating from the haematopoietic system(Sun et al.,
2019); oligodendrocytes that produce myelination (Gritsch et al., 2014);
and astrocytes that comprise part of the BSCB (Gao et al., 2010; Lin-
nerbauer et al., 2020). The BSCB consists of the capillary lumen formed
from endothelial cells surrounded by the basement membrane and the
pericyte that encapsulates the endothelial cells. Astrocytes act in a
supportive role, interacting with both neuronal and vascular systems.
Astrocytes are thought to interact extensively with neuronal soma (Gao
et al., 2010), whilst supplying fundamental resources such as metabo-
lites essential for neurotransmitter synthesis to maintain efficient
neurological function. Astrocytes typically extend radial processes -
astrocyte endfeet, commonly attributable to aquaporin 4 (AQP4) and
potassium channel proteins (e.g. Kir 4.1) (Lu et al., 2020), which interact
extensively with their surroundings such as with the endothelium.
Considering their involvement in the neurovasculature, astrocytes have
been suggested to play major roles in the pathogenesis of neuropathic
pain. Furthermore, astrogliosis and astrocytic activation in the CNS have
been attributed to alterations in BSCB function (Gordh et al., 2006).
These alterations include the hypertrophy of cell bodies and processes,
as well as upregulation of the astrocyte specific cytoskeletal protein glial
fibrillary acidic protein (GFAP), which is indicative of astrocyte activity
(Gordh et al., 2006; Giannoni et al., 2016). The current understanding of
astrocyte involvement in chronic pain is limited and needs further
investigation.

2.1. Experimental approaches for investigating the BSCB

Appreciation of the BSCB in relation to healthy physiological func-
tion and structure is integral prior to understanding of how CNS disease
alters the BSCB. Investigating the BSCB is a complex undertaking due to
the heterogenic cellular nature of this system, whilst also considering
the difficulties in accessing the BSCB due to it being embedded in the
spinal vertebra. To allow mechanistic evaluation, numerous in vitro
approaches have investigated single cell type or co-culture setups that
incorporate differing aspects of the BSCB. In vitro assays designed to
interrogate endothelial cell activity have been applied to BSCB endo-
thelial cells(Watson PM Thom et al., 2013). Watson et al. explored a
monolayer of BSCB endothelial cells through evaluating tight junctional
proteins using fluorescent immunocytochemistry, whilst measuring
functional measures of tight junctions in monolayer endothelial
permeability via transwell fluorescent tracer permeability and trans-
epithelial/transendothelial electrical resistance (TEER) (Watson PM
Thom et al., 2013).

In vivo monitoring of BSCB integrity is highly important to under-
stand the progression of many diseases. One of the most common
methods to investigate BSCB integrity in vivo is through the use of
fluorescent tracers. Sodium fluorescein (SF) and Evans Blue (EB) are the
most used tracers and can be used to measure solute abundance in tis-
sues (Ved et al., 2018), other methods include histological evaluation
using light or fluorescence microscopy (Xanthos et al., 2012) or intra-
vital imaging of the spinal cord (Farrar et al., 2012). Previously, Xanthos
et al. used a variety of techniques to explore changes in the BSCB
including techniques involving the measurement of IgG accumulation,
monitoring levels of Occludin protein levels and the evaluation of
fluorescent dyes including EB and SF (Xanthos et al., 2012). More
recently a study by Sauer et al. (2017) used these tracers to evaluate
BSCB after chronic constriction injury(Sauer et al., 2017). Similarly,
another class of solute permeability tracer includes protein luciferases
and are used in the same way as EB and provide very similar data on
BSCB permeability. Once injected the luciferin is oxidised leading to the
emission of light that can be imaged using fluorescence microscopy.
Radiolabelled tracers such as [14C]-alpha-aminoisobutyric acid,
[3H]-D-mannitol and [14C]-carboxyl-inulin (Prockop et al., 1995;
Popovich et al.,, 1996) have also been utilised in variety of studies
investigating the BSCB. Once the radiolabelled substrate is administered
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the levels of isotope activity can be monitored and correlated between
serum and the CNS.

Non-invasive techniques are also readily used to investigate BSCB
integrity. The majority of these techniques involve paramagnetic
contrast agents and magnetic resonance imaging (MRI). These small
molecular weight agents (e.g. gadolinium) are administered through
intravenous injection and can infiltrate damaged BSCB, with dynamic
contrast-enhanced MRI used to image and evaluate the integrity of the
BCSB. Cohen and colleagues used a similar method to evaluate spatial
and temporal alterations in the BSCB permeability in an experimental
model of spinal cord injury (Cohen et al., 2009) and autoimmune
encephalomyelitis (Schellenberg et al., 2007). These processes typically
provide a presentation of a neuropathology, but only in relation to a
snapshot of time. An example of in vivo methodologies to evaluate BSCB
function and integrity is intravital microscopy (IVM) of the spinal cord
(Farrar et al., 2012). This method allows the surveillance of cell or tissue
specific biological processes in live animals at a high resolution (Mase-
dunskas et al., 2012). IVM has been utilised with real-time epifluor-
escence (EPI-IVM) (Sathiyanadan et al., 2014) and two-photon laser
scanning microscopy (2P-IVM) (Locatelli et al., 2018) and necessitates
surgical window preparations. Dray and colleagues used 2P-IVM to
identify the effects of neovascularisation on axonal outgrowth following
spinal cord injury (Dray et al., 2009) and has been used to identify
enhanced microglial cell migration in response BSCB injury (Davalos
and Akassoglou, 2012).

Overall, these methods used to study BSCB integrity and function are
of utmost importance though they are limited in aspects. In vitro
methods are often likely to be limited by the injury to the SC and do not
always provide proof of functional physiological change.In vivo
methods are limited by the fact that they do not specify which BSCB
components have been compromised. Therefore it seems the most
effective approach to investigate BSCB integrity and function is a com-
bination of both.

2.2. Endothelial remodelling in spinal cord neuropathology

The microvasculature comprises largely of endothelial cells (EC), but
the microvessel constituents also comprise of mural cells including
smooth muscle cells and pericytes that act in harmony with the endo-
thelium to regulate tissue perfusion. However, dysfunction in this co-
ordinated communication is implicated in age and metabolic
disturbances in cerebrovascular disease (Kisler et al., 2017; Reeson
et al., 2015; Taylor et al., 2015). Pericytes are located to the capillary
network and are widely regarded as integral in maintaining capillary
architecture and function, with pericyte dysfunction or death termed
‘drop off’, a characteristic of vascular disease (Nikolakopoulou et al.,
2019; Kisler et al., 2017; Cai and Boulton, 2002; Diéguez-Hurtado et al.,
2019). A concept widely acknowledged to occur in diabetic vascular
disease. Recent evidence highlights that pericyte mediated contractility
underlies reduced neural tissue perfusion (Li et al., 2017; Berthiaume
et al., 2018) and underpins neurodegenerative diseases including Alz-
heimer’s disease (Hall et al., 2014; Nortley et al., 2019).

In relation to the BSCB, the adaptive nature of the capillary network
is key to enabling sensory neurons to function in line with the metabolic
demands of the neurological tissue. However, alterations in the BSCB
through endothelium remodelling is an integral process that underlies
the development of a number of neuropathological processes that arise
in differing neurological disorders (Kim et al., 2019; Uchida et al.,
2019). A primary example is spinal cord injury (SCI), characterised by
insult or injury to the spinal cord, leads to complete or incomplete
cessation of neuronal sensory communication to the spinal region.
Whether the SCI is complete or incomplete is dependent on the viability
of sensory and motor functions at the distal level of insult (Nas et al.,
2015). The lateral and anterior spinothalamic tracts of the white matter
are hubs that communicate somatosensory signals such as touch, tem-
perature and pain information and are the primary sites of injury.
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Primary damage to the SC is instantaneous and involves impact damage,
extensive cell death, and inflammation (Varma et al., 2013). There is
also severe haemorrhaging to the grey matter due to alterations in
vascularity (Rowland et al., 2008). With such damage includes extensive
BSCB leakage, neurotransmitter accumulation and eventually neuronal
cell death. The severe damage caused by SCI is responsible for altered
pain perception and is a source of chronic pain in many individuals
(Jensen et al., 2005). In recent years, SCI and neurodegenerative con-
ditions including multiple sclerosis and amyotrophic lateral sclerosis
(ALS) have been shown to have common pathologies. Astrocytes, in
particular in ALS and SCI, at the site of degenerating areas elicit
morphological and functional changes that result in compromised or
total loss of function (Nicaise et al., 2015), and are suggested targets for
therapeutic intervention in both neurodegeneration and SCI (Ban et al.,
2019). In humans, alterations in BSCB have been mentioned in various
diseases including ALS, though a recent study has suggested dysfunction
of the BSCB is independent of motor neuron pathology, interleukin 6
(Waters et al., 2021). Degenerative cervical myelopathy (DCM) is the
most common form of spinal cord injury in humans, it involves tight-
ening of the cervical spinal canal which causes spinal cord compression
and results in neuropathic pain (Milligan and Ryan, 2019). A recent
review concluded BSCB injury and subsequent leakage was involved in
DCM pathology (Blume et al., 2020).

In relation to pathological pain development, enhanced vascular
permeability has been extensively documented and concurrently
implicated in a number of differing diseases including cancer (Wang
et al., 2020a)), arthritis (Beazley-Long et al., 2018), as a result of
physical injury to the sensory nervous system such as traumatic nerve
injury (Echeverry et al., 2011) or the treatment of certain diseases (e.g.
chemotherapy (Montague-Cardoso et al., 2020b)). Furthermore, other
factors have been associated with alterations in nociception. These
include differences in nociceptive behaviour in rodent strains in com-
parison to human contexts and also the recognition of gender differences
(Mogil, 2020). Despite this body of work, conjecture remains with
regards pain hypersensitivity between rodents and humans. There have
been studies that have highlighted aligned nociceptive responses to heat
detection and noxious thresholds between human and rodents (Dunham
et al., 2015). However, gender disparities do need to be considered with
regards to pain perception. It is widely presented that females, both
rodent and human, are more sensitive to the prevalence of pain be-
haviours (Mogil, 2012, 2020). However, in contrast, males present
stronger responses to analgesic interventions (Mapplebeck et al., 2018)
as well as amelioration of chronic pain through cessation of inflamma-
tory processes (Sorge et al., 2015). This dichotomy in relation to the
investigations into acute and chronic pain behaviours demonstrates the
gender demographic needs to be considered when considering pain
treatment and drug discovery programmes. How this integrates with
regards the BBB has been acknowledged, with differences in the makeup
of the brain capillary network differing with strain and gender (Schaf-
fenrath et al., 2021). In addition, measures of vascular permeability
within the BBB is also altered with gender (Schaffenrath et al., 2021).
Acknowledgement of sex-specific differences acting upon BBB integrity
mostly surrounds the beneficial role of estrogen on neurodegenerative
diseases (Lee et al., 2019; Medina et al., 2003; Zarate et al., 2017; Jesmin
et al., 2010). This highlights a role of sexual dysmorphism on neuronal
function, however there is yet to be data which supports sex-specific
influence on the BSCB and neurodegeneration.

Alterations in the BSCB have presented as a result of direct damage to
the peripheral sensory nervous system e.g. directly upon sensory nerve
afferents through traumatic nerve injury (Beggs et al., 2010) as well as
through alternative modes of sensory nerve afferent damage such as
chemotherapy (Montague-Cardoso et al., 2020a). In rodent models of
diabetic neuropathic pain, within the spinal cord there is a reduction in
the endothelium (Ved et al., 2018), indicative of curtailed blood
perfusion. This highlights that disturbances in the BSCB is implicated in
chronic pain development.
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2.3. Activation of nociceptors and increased BSCB permeability

Activation of peripheral c fibre nociceptors induce localised neuro-
genic inflammation. This is represented typically by skin redness and
swelling due to increased local oedema that arises due to elevated
localised vascular perfusion and permeability. Neurogenic inflammation
as a result of nociceptor activation via physical noxious stimuli, through
electrical or optogenetic stimulation induces vascular permeability in
discrete localised tissues with peripheral sensory nerve terminal inner-
vation (Bharali and Lisney, 1992) (Michoud et al., 2021). This arises due
to activated nociceptors releasing neurogenic inflammatory modulators
that include calcitonin gene related peptide and substance P (Lynn,
1996). These act by altering capillary function e.g. in the skin or joint
through modulating vascular permeability mechanisms and/or vasodi-
lation(Michoud et al., 2021). However, the dorsal root ganglia sensory
neurons not only extend sensory neuronal projections to the viscera or
hindlimbs, but also to the sensory aspect of the spinal cord, the dorsal
horn. The subdivisions termed lamina of the dorsal horn handle
distinctive nociceptive and somatosensory inputs, which arrive from the
sensory afferents (Ved et al., 2018; Greenspon et al., 2018). Within the
dorsal horn there are local neural circuits encompassing local in-
terneurons and descending projections from neurons residing in higher
centres. These decipher this incoming information from the periphery to
determine whether this is further relayed onto higher brain centres for
the perception of pain. This information is ultimately transmitted by
projections neurons that classically encode sensory inputs from both
innocuous and noxious stimuli and are localised to the superficial lamina
I (predominate as Neurokinin 1 receptor 1) and deeper lamina IV-V
(Todd, 2010). During times of chronic pain these projection neurons
have heightened levels of activity referred to as sensitisation (Li et al.,
1999) which is accompanied by molecular (Luo et al., 2008; Lu et al.,
2015) and structural (Tan et al., 2012) alterations that underlie these
neuronal maladaptations. Alterations in spinal cord activity during pa-
thology suggests a role for altered BSCB integrity and function to in-
fluence nociceptive hyperexcitability. However, exploration of how
dorsal horn neurons directly respond to disturbances in BSCB integrity
and functions are lacking. In contrast, the role nociceptors play in con-
trolling vascular permeability has been investigated. Activating noci-
ceptors electrically or chemically with a TRPV1 agonist capsaicin
induces a decrease in tight junction protein expression in the BSCB and
accompanies an increase in BSCB permeability (Beggs et al., 2010; Sauer
et al., 2017). Furthermore, in a number of experimental chronic pain
scenarios, traumatic surgical intervention (Campbell and Meyer, 2006)
as well as models of inflammatory pain, nociceptors are activated and
modulate BSCB permeability (Beggs et al., 2010; Sauer et al., 2017;
Echeverry et al., 2011; Li et al., 2020). This is demonstrated following
traumatic injury, a direct injury to sensory nerve fibres causing re-
ductions in Claudin 1 and Occludin in the spinal cord for the duration of
the study (up to 14 days) (Sauer et al., 2017) (Fig. 2B). This data has
been generated by utilising an array of methodological approaches to
evaluate BSCB permeability including fluorescent tracers such as EB,
immunological cell infiltration and quantification of key features of the
BSCB ie tight junctional molecules (Sauer et al., 2017) as discussed
earlier. These disturbances in BSCB function through increased vascular
permeability have been found to be attributable to C fibre nociceptor
mediated activity and deemed TRPV1 dependent (Beggs et al., 2010).
This falls in line with the propensity for increased C fibre activity to
develop in models of chronic pain, whether to evoked stimuli (Dunham
et al., 2008) and/or ongoing nociceptor activity (Kelly et al., 2012;
Djouhri et al., 2006; Hulse, 2016).

2.4. Inflammation induced BSCB endothelial remodelling
Inherently, the accumulation of circulating inflammatory cell types

in the spinal cord and associated increase in pro-inflammatory state
within the dorsal horn is thought to be instrumental in the onset of pain
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(Echeverry et al., 2011). This is exemplified by Costigan and colleagues
who showed that following a traumatic nerve injury in
immuno-compromised mice that lacked T lymphocytes, did not present
an accumulation of infiltrating inflammatory cells in the spinal cord
(Costigan et al., 2009) as typically identified in rodent models of chronic
pain (Hu et al., 2017/10; Li et al., 2016). This was accompanied by those
rodents lacking T lymphocytes also not presenting neuropathic pain
phenotypes(Costigan et al., 2009). This highlights a pronounced
involvement of pro-inflammatory mechanisms as a mediator of inducing
chronic pain states. Furthermore, a circulatory pro-inflammatory cell
complement interacts strongly with the BSCB and in particular the
endothelium, to induce endothelial remodelling. This dependence upon
an engaged immuno-vascular interaction to promote immune cell
infiltration into the spinal cord is demonstrated by the depletion of the
neutrophil population resulting in the preservation of the BSCB (Aubé
et al., 2014).

Pathological vascular alterations arise in part due to the endothelial-
immune interaction, with circulatory cell types such as macrophages
(Aubé et al., 2014) and neutrophils (Aubé et al., 2014). These cells
release prominent inflammatory agents, including metalloproteinase 3
(Leeetal., 2014), metalloproteinase 9 (Lee et al., 2012), tumour necrosis
factora (TNFa) (Lee et al., 2019), interleukin 6 (IL6), and monocyte
chemoattractant protein 1(MCP1) (Yao et al., 2016; Wang et al., 2020b),
which are associated with increased BSCB vascular permeability. These
inflammatory mediators are widely regarded to activate sensory neuron
activity in the peripheral and the central somatosensory system. How-
ever, they are also known mediators and contributors to an inflamma-
tory spinal cord environment and initiate a pronounced remodelling of
the endothelium (Echeverry et al., 2011). The release of these mediators
influence architectural and functional properties of the endothelium by
impairing the BSCB integrity leading to extravasation. This is typically
demonstrated by enhanced vascular permeability due to loss of endo-
thelial cell tight junctional proteins ZO1 and Occ (Lee et al., 2014; Wang
et al., 2020b) (Fig. 2B). This increased opportunity for cellular passage
and transmigration of inflammatory cells into the spinal cord tissues is in
conjunction with elevated endothelial cell surface inter-
actions/adhesions with circulating inflammatory cells (Mon-
tague-Cardoso et al., 2020a). This includes the increasing expression of
cell adhesion molecules on the endothelial lumen including ICAM1
(Sweitzer et al., 2002; Nordal and Wong, 2004), which can occur in
rodent models of neuropathic pain such as chemotherapy induced
neuropathic pain (Montague-Cardoso et al., 2020a). This interaction is
presented typically as an increased adherence to enable greater in-
flammatory cell attachment/rolling on the endothelial lumen (Mon-
tague-Cardoso et al., 2020a). Furthermore, remodelling of the BSCB
endothelium can be suppressed. By inhibiting the inflammatory medi-
ator cocktail, i.e. through provision of neutralising antibodies (MCP1) or
through TGFbl or interleukin 10, dampens the increased vascular
permeability that develops following peripheral nerve injury (Echeverry
et al., 2011).

Prominent endothelial cell interactions within the immune system
control the chronic maladaptation of the vasculature in the spinal cord.
Increased inflammation of neural tissues is accompanied by the infil-
tration of several immunological cell types. As mentioned, this elevated
inflammatory cell invasion is concomitantly associated with increased
abundance of local inflammatory mediators, which include TNFa. These
factors have been shown to induce alterations in the endothelium to
activate molecular pathways that support cellular adhesion and break-
down of the endothelial monolayer or in this instance the BSCB. In-
flammatory mediators such as interleukinlp (I118) (Wang et al., 2020b)
and TNFa (Lee et al., 2019) also induce endothelial remodelling through
manipulating angiogenic signalling cascades that control the blood
vessel architecture and function in the spinal cord. In rodent models of
inflammatory pain there is a significant glio-vascular interaction typi-
fied by strong associations between CD11b cell types and the endothe-
lium in the dorsal horn of arthritic rodents (Beazley-Long et al., 2018).
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This interaction is strongly dependent upon VEGFR2 signalling in the
endothelium. Cessation of VEGFR2 signalling whether through phar-
macological inhibition or endothelium specific VEGFR2 knockout ro-
dent models, prevented arthritic pain (Beazley-Long et al., 2018). This
was attributable to the suppression of endothelial derived VEGFR2 sig-
nalling induced by circulating monocyte activity in arthritic rodents. In
arthritis patients, circulating monocytes expression profiles of TNF a,
IL6 and VEGF-A (Kim et al., 2020; Mclnnes and Schett, 2007) are
elevated and initiate elevated endothelial adhesion through activating
endothelial VEGFR2-ICAM1 dependent vascular remodelling (Thichan-
piang et al., 2014; Beazley-Long et al., 2018). This mirrors chemo-
therapy induced neuropathic pain that presents elevated ICAM1
expression in the BSCB to drive monocyte adherence(Montague-Cardoso
et al., 2020a; Montague-Cardoso and Malcangio, 2021). However, it is
important to note that part of the nociceptive system works in harmony
with resident microglia (CD11b positive cells) to maintain environ-
mental and functional homeostasis within the dorsal horn. This is
highlighted by the revitalisation of the microglia cellular complement
within the spinal cord that is dependent upon a pronounced infiltration
of monocytes into the spinal cord (Yao et al., 2016; Wang et al., 2020b).
However, a shift in the spinal cord parenchyma inflammatory profile can
tip towards the induction of chronic pain states. Increased trans-
migration of the CD11b positive circulating cells that may differentiate
to act as resident microglia, induce chronic pain (Sun et al., 2019; Li
etal., 2016), as described in inflammatory arthritis (Beazley-Long et al.,
2018).

In relation to mural cell involvement, astrocytes, pericytes, neurons,
and microglia in the neurovascular unit (NVU) are involved in the
efficient control and maintenance of the BSCB. These interact exten-
sively with the microvessels supporting vessel integrity and function. In
times of neuro-sensory pathology such as traumatic nerve injury and
chemotherapy induced pain, astrogliosis is highly prominent in the
dorsal horn (Gordh et al., 2006; Wang et al., 2020b). The association of
astrocytes in relation to chronic pain, is attributable to alterations in
AQP4 channel distribution in the spinal cord. AQP4 expression is highly
abundant in laminae I and II, which are superficially located in the
dorsal horn, and therefore attributable to the modulation of nociceptive
processing (Lu et al., 2020). AQP4 dependent astrocytic mechanisms
have been shown to regulate neuronal activity, survival, regeneration
and neurotransmitter release in pathological conditions. Involvement of
astrocytic AQP4 signalling in nociception is further demonstrated
through AQP4 deficiency attenuating inflammatory pain and neuro-
pathic pain, but has no effect in acute pain (Lu et al., 2020). Conse-
quently, increased astrocytic activity is associated to increased BSCB
extravasation depicted by increased EB accumulation and reductions in
tight junctional markers (Wang et al., 2020b). Additional, astrocyte
associated mechanisms contributing to chronic pain have been demon-
strated through traumatic injury to tissues such as skin, joints, or mus-
cles. This drives astrogliosis in the spinal cord leading to the release of
inflammatory mediators such as cytokines and chemokines e.g. MCP-1
and IL-1 through activation of ERK and or JNK (Gao et al., 2010; Liao
et al., 2011). These pro-inflammatory mediators have previously been
mentioned in modulating BSCB function and integrity. Similarly, the
pericytes control vascular permeability, with the presence of pericytes
protecting the BSCB. This is depicted by a loss of ZO1 and Occ and
elevated BSCB permeability in a PDGFRf knockout model which drives
pericyte loss (Winkler et al., 2012).

2.5. Reductions in spinal cord blood flow and degeneration of the
endothelium

Alterations in nociception in rodent models encapsulate modulation
of the BSCB with relation to enhanced vascular permeability. However,
maintaining the health and integrity of the BSCB endothelium is a sig-
nificant factor in nociceptive processing. The spinal cord microvessels
provide integral function in meeting the essential energy demands of the
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dorsal horn neurons, which allow the required provision of important
solutes such as glucose and oxygen. A dysfunction in the delivery of
these molecules as a consequence of endothelium degeneration and
consequently diminished vascular perfusion of neural tissues is promi-
nent in the development of neurological disease (Bracko et al., 2021). As
highlighted previously, the vasculature is highly adaptable, responding
to differing tissue demands and cellular/tissue stressors. During vascular
related pathologies such as retinopathy (Gupta et al., 2013) and ne-
phropathy (Kumar Vr et al., 2016), the vasculature is highly angiogenic -
demonstrated through an expansion of the capillary network (Korn and
Augustin, 2015) and heightened vascular permeability. However, in
some instances vascular regression can dominate (Korn and Augustin,
2015). This describes the degeneration or retraction of the endothelium,
diminishing the vascular network and consequently reducing blood
perfusion of neural tissues. This is highly prevalent in neurodegenerative
disease including Alzheimer’s (Bracko et al., 2021). In relation to
nociception, impaired vascular perfusion is strongly implicated in pe-
ripheral sensory neuropathy such as peripheral limb disease in diabetic
patients (Hsiao et al., 2016; Richner et al., 2019). At the level of the
spinal cord, modulation of nociceptive processing has been demon-
strated to be dependent upon vascular perfusion (Ved et al., 2018)
(Fig. 2C). Endothelial cells are susceptible to hyperglycaemia, with high
levels of glucose leading to endothelial cell apoptosis (Oltean et al.,
2014) and blood vessel functional abnormalities that are displayed as
reductions in vascular perfusion of the lumbar spinal cord (Ved et al.,
2018). These studies highlight that endothelial cell survival was
dependent upon the cytoprotective actions of VEGF-A isoform VEG-
F-Axxb mediated signalling through VEGFR2 (Oltean et al., 2014).
Interestingly, these studies demonstrate that in a rodent model of dia-
betes there is an association between BSCB damage and the onset of
neuropathic pain (Ved et al., 2018). However, these studies have mul-
tiple variables including alterations in blood glucose. To specifically
investigate the interaction between the BSCB integrity and nociception,
the reliance of the endothelial cell upon VEGFR2 signalling for cell
survival and function(Beazley-Long et al., 2018) was assessed. By
removing VEGFR2 signalling from the BSCB endothelium using a rodent
transgenic model demonstrated distinctly that degeneration of the BSCB
leads to heat hypersensitivity (Ved et al., 2018).

3. Conclusion

This review discusses how alterations to the BSCB have a significant
contribution in the modulation of nociceptive processing and the onset
of chronic pain states. It is presented here that disturbances to the BSCB
endothelium results in the development of neuropathic as well as in-
flammatory pain. As a result of enhanced BSCB permeability infiltration
of inflammatory cell types into the spinal cord is enabled and the
consequent release of pro-inflammatory agents induce pain hypersen-
sitivity. Additionally, a degradation of the endothelium presented as a
reduced capillary network within the dorsal horn also leads to the
development of neuropathic pain states. Here the preclinical data is
presented to highlight the role of the BSCB in chronic pain manifesta-
tion. There is minimal understanding of how the BSCB is altered in
chronic pain states and how it influences nociception. This will allow for
further insight into the pathological circumstances and maladaptations
that occur in chronic pain states that as present remain undefined and
therefore present future avenues for analgesia development.
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