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Abstract

Ischaemic stroke, accompanied by neuroinflammation, impairs blood-brain barrier (BBB)
integrity through a complex mechanism involving activation of both RhoA/Rho kinase/myosin
light chain-2 and neurokinin 1 receptor (NK1R). Using an in vitro model of human BBB
composed of brain microvascular endothelial cells (BMEC), astrocytes and pericytes, this study
examined the potential contributions of these elements to BBB damage induced by elevated
availability of pro-inflammatory cytokine, TNF-a. Treatment of human BMECs with TNF-a
significantly enhanced RhoA activity and the protein expressions of Rho kinase and
phosphorylated Ser19MLC-2 while decreasing that of NK1R. Pharmacological inhibition of
Rho kinase by Y-27632 and NK1R by CP96345 neutralised the disruptive effects of TNF-a on
BBB integrity and function as ascertained by reversal of decreases in transendothelial electrical
resistance and increases in paracellular flux of low molecular weight permeability marker,
sodium fluorescein, respectively. Suppression of RhoA activation, mitigation of actin stress
fibre formation and restoration of plasma membrane localisation of tight junction protein
zonula occludens-1 appeared to contribute to the barrier-protective effects of both Y-27632
and CP96345. Attenuation of TNF-a-mediated increases in NK1R protein expression in BMEC
by Y-27632 suggests that RhoA/Rho kinase pathway acts upstream to NK1R. In conclusion,
specific inhibition of Rho kinase in cerebrovascular conditions, accompanied by excessive
release of pro-inflammatory cytokine TNF-a, helps preserve endothelial cell morphology and

inter-endothelial cell barrier formation and may serve as an important therapeutic target.
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Introduction

Neuroinflammation, associated with exaggerated release of pro-inflammatory cytokines, is
considered as a key pathology in breakdown of the blood-brain barrier (BBB) in various
neurological conditions, including multiple sclerosis and ischaemic stroke. The BBB regulates
the selective passage of molecules between the brain and systemic circulation and is formed by
a monolayer of brain microvascular endothelial cells (BMECs) surrounded by a continuous
astrocyte end-feet, basement membrane and pericytes (Daneman et al., 2015). Inter-endothelial
cell tight junctions (TJs) contribute to the tightness of BBB and are established by intimate
relationships between actin cytoskeleton and the key transmembrane proteins, zonula
occludens-1, claudins and occludin (Dejana, 2004). Hence, any physical, chemical or humoral
stimuli capable of altering the availability and localisation of these proteins may also alter the
integrity and function of the BBB. TNF-a, a prominent pro-inflammatory cytokine, produced
by infiltrated leukocytes and resident microglia during acute neuroinflammation represents one
such stimuli (Movat et al., 1987, Beutler et al., 1986, Abdullah et al., 2014). Recent evidence
shows that induction of oxidative stress, matrix metalloproteinase-2/9 activity, apoptosis and
endothelial cell and astrocyte cytoskeletal reorganisation are involved in TNF-a-mediated BBB

disruption (Abdullah et al., 2016, Abdullah et al., 2015).

Dysregulation of small GTP-binding protein RhoA also plays a critical role in
neurodegenerative diseases associated with inflammation and BBB disruption (Kimura et al.,
2021, Arrazola Sastre et al., 2020). RhoA and its downstream effector Rho-kinase regulate a
range of diverse cellular processes, including actin cytoskeleton, cell adhesion and migration.
The binding of activated RhoA to Rho-kinase destabilises tight junctions through
phosphorylation of myosin light chain (MLC) and decreases the bioavailability of nitric oxide
(NO), the most potent endogenous antioxidant and anti-inflammatory agent. Because increased
expression and activity of endothelial Rho-kinase have been shown to account for BBB
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hyperpermeability in experimental settings of ischaemic injury or hyperglycaemia, it is
possible that inhibition of Rho/Rho-kinase pathway may also attenuate or negate the BBB-
disruptive effects of TNF-a (Srivastava et al., 2013). Previous reports demonstrating a strong
correlation between RhoA or Rho-kinase activation and EC barrier dysfunction support the

validity of this hypothesis (Peng et al., 2011, Clark et al., 2015).

Most cytokines, including TNF-a induce the expression of substance P (SP) (Annunziata et al.,
2002), a neurotransmitter and a neuromodulator, and its receptor neurokinin 1 (NK1R)
(Akasaka et al., 2005). SP and NK1R, in turn, stimulate the expression and activity of almost
all cytokines (Ansel et al., 1993, Sipka et al., 2010) and are intimately involved in cell
proliferation (Kim et al., 2015), angiogenesis (Um et al., 2016) and inflammation (Eapen et al.,
2019, Garcia-Recio et al., 2015). Investigation of the correlations between TNF-a and SP or
NK1R at cellular level has revealed that treatment with an SP antagonist markedly attenuates
TNF-a-stimulated rat brain endothelium activation and mitigates permeability through in part
regulation of endothelial nitric oxide synthase expression (Annunziata et al., 2002). In addition
to their well-documented antiemetic, antidepressant and anxiolytic effects, NK1R antagonists
have also been shown to suppress TNF-a-mediated tissue damage in various animal models
(Bang et al., 2004, Liu et al., 2019a, Un et al., 2020). Taken together, these findings suggest
that inhibition of NK1R may be somewhat protective against TNF-a-mediated BBB damage.
The putative pathways involved in TNF-a-triggered BBB breakdown is summarised in Figure

1.
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Fig. 1. Potential mechanisms involved in the deleterious effect of TNF-a on BBB integrity and
permeability. uPA: urokinase plasminogen activator, uPAR: urokinase plasminogen activator
receptor, tPA: tissue-type plasminogen activator, PAI-1: plasminogen activator inhibitor-1,
MMP: matrix metalloproteinase, O>": superoxide anion, NAPDH: nicotinamide adenine
dinucleotide phosphate, CuZn-SOD: Copper Zinc Superoxide Dismutase, gp91-phox: an active

subunit of NADPH oxidase, ZO-1: Zonula occludens-1.

Materials and Methods

Cell culture

Primary human brain microvascular endothelial cells (HBMEC), human astrocytes (HA) and
human pericytes (HP) were purchased from Neuromics, USA and cultured in respective
specific media supplemented with the necessary growth factors and 1% penicillin/streptomycin

solution (Sciencell, USA) at 37°C in 5% C0./95% air and constant humidity.

An in vitro model of human BBB consisting of HBMEC, HA and HP were established as before

(Kadir et al., 2022, Srivastava et al., 2013). Briefly, HA was seeded on the basolateral side of



12-well Transwell inserts (12mm diameter, 0.4 um pore size, Corning) for 4 h to allow them
to attach the membrane. Once HA was ~80% confluent, the HBMEC were seeded on apical
side of the inserts and both layers were cultured to full confluence. The inserts were then
transferred to fresh 12-well plates containing confluent pericytes to form a triple-cell culture

model of human BBB.

In current study, cells were exposed to TNF-a (10 ng/ml, R&D Systems, USA) for 6 h in the
absence or presence of inhibitors for NK1R (CP96345, 10 uM, R&D Systems, USA) and Rho-

kinase (Y-27632, 2.5 uM, Abcam, UK).

Assessment of BBB integrity and function

The integrity and function of the BBB were studied by measurements of Transendothelial
electrical resistance (TEER) and flux of a low molecular weight permeability marker i.e.
sodium fluorescein (NaF), respectively. To detect differences in TEER, an EVOM resistance
meter (World Precision Instruments, Hertfordshire, UK) was employed as before (Kadir et al.,
2022). To measure paracellular flux, NaF was added to apical chamber and incubated at 37°C
for 1 h prior to collection of samples from both upper and lower chambers and fluorometric
assessment (excitation/emission: 440/525 nm). NaF flux was indicated by following formula,

NaF cleared volume (uL) = abluminal reading x 500/luminal reading.

Western blotting

Cells subjected to experimental conditions were trypsinized and washed with phosphate-
buffered saline (PBS) before lysis in radioimmunoprecipitation assay buffer containing
phenylmethylsulfonyl fluoride (Cell Signalling Technology, USA), PhosSTOP, complete
EDTA-free protease inhibitor (Roche Diagnostics GmbH, Germany). The quantity of proteins
in samples was determined by bicinchoninic acid assay (Thermo Scientific, USA) using a

Microplate reader 680 (Bio-Rad, USA).



Approximately 80 ug of total protein samples were run on 6-12% sodium dodecyl sulfate-
polyacrylamide gel. Following transfer of proteins, the membranes were blocked and incubated
overnight at 4°C with primary antibodies targeting GAPDH (Sigma Aldrich, UK, HPA040067
and G8795), RhoA (Santa Cruz, USA, sc-418), Rho-kinase 2 (ROCK2, Santa Cruz, USA, sc-
398519), MLC2 (Merck Millipore, USA, MABT180), phosphorylated threonine18/serine19
MLC2 (p-Thr18Serl9MLC2, Cell Signalling Technology, USA, #3674), phosphorylated
serinel9 MLC2 (p-Ser19MLC2, Cell Signalling Technology, USA, #3671), ZO-1 (Invitrogen,
USA, #33-9100), occludin (Invitrogen, USA, #71-1500), and claudin-5 (Invitrogen, USA, #35-
2500), NK1R (Abcam, UK, ab183713). The membranes were then incubated with secondary
antibodies (anti-mouse 1gG, 926-68072 and anti-rabbit IgG, 926-32213, Licor Biosciences, UK)
for 1 h at room temperature and scanned using Li-Cor Odyssey infrared imaging system (L.i-
Cor Biosciences, UK). Densitometric analysis of protein bands was performed using the Image

Studio Lite software (Li-Cor Biosciences, UK).

Immunofluorescence

HBMECs, grown on coverslips and subjected to experimental conditions, were fixed and
permeabilised in 4% paraformaldehyde in PBS (Thermo Fisher, USA) and 0.1% Triton X-100,
respectively. To detect actin microfilaments, the cells were incubated with phalloidin-iFluor
647 Reagent (Abcam, UK, ab176759). To visualise tight junction proteins, ZO-1 (Invitrogen,
USA, #33-9100), occludin (Invitrogen, USA, #71-1500) and claudin-5 (Invitrogen, USA, #35-
2500), cells were stained with relevant primary and secondary antibodies (anti-mouse IgG,
ab150113 and anti-rabbit 19G, ab150077, Abcam, UK). Coverslips were then counterstained
by Vectashield anti-fade mounting media containing 4,6-diamidino-2-phenylindole for nuclei
stain (DAPI, Vector Laboratories, USA). The intensities of protein-specific staining of F-actin

in cytoplasm and tight junction proteins in whole cells were quantified using ImageJ software.



Rho activity assay

Rho activity was monitored using a commercial Rho-pull down kit (Merck Millipore, USA,
Catalog # 17-294). Briefly, cell lysates (~150 ug) were incubated with Rhotekin Rho-binding
peptide immobilised on agarose beads. Activated GTP-RhoA bound to Rhotekin was then
detected by Western blotting using an anti-Rho (-A, -B, -C) antibody included in the kit
(Srivastava et al., 2013). Total RhoA was detected by RhoA antibody (Proteintech, Cat no:
10749-1-AP).

Statistical analysis

Statistical analyses were conducted using GraphPad Prism 9.4.1 software package.
Comparison of the mean values was performed by one-way analysis of variance, followed by
Dunnett’s post hoc testing. P<0.05 was considered significant. Data were presented as

meanzs.e.m from at least three independent experiments.

Results

Effects of TNF-a on BBB integrity and function

Exposure of BBB to TNF-a for 6 h significantly compromised the integrity and function of
BBB as evidenced by decreases in TEER and concurrent increases in NaF flux which were
negated by inhibition of Rho-kinase and NK1R with Y-27632 and CP96345, respectively (Fig.

2A-B). The magnitude of improvements in BBB characteristics appeared to be greater with Y-

27632 than CP96345.
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Figure 2. TNF-o impaired the characteristics of blood-brain barrier (BBB) in vitro. Treatments
with TNF-a for 6 h significantly decreased TEER (A) and increased paracellular flux of NaF
(B), hallmarks of integrity and function of BBB. Inhibition of Rho-kinase by Y-27632 and
NK1R by CP96345 attenuated the impact of TNF-a. on BBB characteristics. Data are expressed

as meanzs.e.m. from at least three independent experiments. **p<0.01, ***p<0.001.

Effects of TNF-a on protein expression of RhoA/ROCK/MLC2 pathway components
and NK1R

Treatment of HBMECs with TNF-a for 6 h led to significant increases in ROCK2 and p-
Serl9MLC2 but not RhoA and p-Thr18Ser19MLC2 protein expressions. Co-treatment of cells
with Y-27632 and CP96345 markedly attenuated these increases (Fig. 3A-D). TNF-a, on the
other hand, decreased the expression of NK1R protein which was normalised by co-treatments

with CP96345 or Y-27§32 (Fig. 3E).
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Figure 3. TNF-a distinctly regulated the protein expression of RnoA/ROCK2/MLC?2 pathway
components and NK1R in HBMEC. Treatment of human brain microvascular endothelial cells
with TNF-a for 6 h did not affect the total protein expression of RhoA (A) while increasing
those of ROCK2 (B) and pSerl9MLC2 (C). TNF-a also failed to influence the protein
expression of pThrl8Serl9MLC2 (D) while selectively reduced that of NK1R (E). Co-
treatment of cells with Rho-kinase inhibitor (Y-27632) and NK1R antagonist (CP96345)
negated the effects of TNF-a on both ROCK2, p-Ser19MLC2 and NK1R protein expressions
without affecting those of the others. Data are expressed as meanzs.e.m. from at least three

different experiments. *p<0.05, **p<0.01

Effects of TNF-a on endothelial cell cytoskeleton and tight junction protein localisation
Incubation of HBMEC with TNF-a for 6 h substantially enhanced stress fibre formation and

led to the translocation of normally plasma membrane-bound actin filaments to cytoplasm
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which were prevented by the co-treatment of cells with CP96345 or Y-27632 (Fig. 4A and E).
Amongst the three tight junction proteins targeted in this study, only ZO-1 appeared to localise
to the plasma membrane in control HBMECs. While treatments with TNF-o disrupted the
continuous staining of ZO-1 on HBMEC plasma membrane, co-treatments with CP96345 or
Y-27632 effectively attenuated the impact of TNF-o. on ZO-1 localisation (Fig.4B). Unlike
Z0O-1, both occludin and claudin-5 appeared to localise to the cytoplasm in control HBMECs
and those treated with TNF-a in the absence or presence of CP96345 or Y-27632 (Fig. 4C-D).
No significant differences were observed in the overall staining of any of the aforementioned
tight junction proteins in HBMECs subjected to TNF-a. alone or with CP96345 or Y-27632

compared to the control cells (Fig.4E).
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Figure 4. TNF-a influenced the subcellular localisation of actin microfilaments and tight
junction proteins in human brain microvascular endothelial cells (HBMECSs). In physiological
settings, HBMECs manifested a prominent cortical actin staining. In contrast, HBMECs treated
with TNF-a displayed significant stress fibre formation. Co-treatment of these cells with an
inhibitor of Rho-kinase, Y-27632 or an antagonist of NK1R, CP96345 effectively prevented
stress fibre formation (A). TNF-a compromised the plasma membrane localisation of zonula
occludens-1 (ZO-1) which was prevented by co-treatments with Y-27632 and CP96345 (B).
Cytosolic localisation of occludin and claudin-5 were unaffected by treatments with TNF-a
alone or together with Y-27632 or CP96345 (C, D). While suppressing the intensity of stress
fibre formation in HBMECSs, treatments with Y-27632 or CP96345 had no impact on cellular
localisation or abundance of tight junction proteins (E). Data are expressed as meanzs.e.m.

from three different experiments. *p<0.05.

Furthermore, exposure of HBMECs to TNF-a had no effect on the level of ZO-1, occludin or

claudin-5 total protein expressions in the absence or presence of Y-27632 and CP96345 (Fig.

5A-C).
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Figure 5. Western blots and corresponding graphs show similar level of tight junction protein
zonula occludens-1 (A), occludin (B) and claudin-5 (C) expression in human brain
microvascular endothelial cells (HBMECSs) subjected to TNF-a alone or with a Rho-kinase (Y-
27632) or neurokinin 1 receptor (CP96345) inhibitor for 6 h. Data are expressed as meanz+s.e.m.

from at least three different experiments.

Impact of TNF-a on RhoA activation in HBMEC
Treatments with TNF-a significantly increased RhoA activity in HBMECs, as evidenced by
marked increases in Rho-GTPase protein levels. Suppression of NK1R and Rho-kinase via

CP96345 and Y-27632, respectively neutralised the effect of TNF-o on RhoA.activity (Fig. 6).
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Figure 6. Effect of TNF-o on RhoA activity in human brain microvascular endothelial cells
(HBMECSs). TNF-a provoked an increase in Rho-GTPase levels in HBMECs which were
negated by inhibition of NK1R and Rho-kinase by CP96345 and Y-27632, respectively. Data

are expressed as meanzs.e.m. from three different experiments. **p<0.01.

Discussion

Inflammatory reactions characterised by exaggerated release of pro-inflammatory cytokines,
notably TNF-o. may perturb BBB integrity and thus trigger the formation of brain oedema.
Protection of the integrity of a co-culture model of human BBB in experimental settings of
ischaemia-reperfusion injury by a specific antibody targeting TNF-a corroborates this notion
(Abdullah et al., 2015). Exposure to higher levels of TNF-a affects the functionality of all the
major cell lines that contribute to the formation of BBB, in particular BMECs and astrocytes
(Abdullah et al., 2015). Although TNF-a causes significant increases in MMP-2 activity, actin
stress fibre formation, caspase activity, NADPH oxidase activity and O>~ formation in both
HBMEC and HA, the magnitude of these changes appears to be markedly greater in ECs.
Similarly, despite attenuating these effects in both cell lines, the impact of quenching TNF-a
activity is considerably greater in HBMECs (Abdullah et al., 2015), adding weight to the notion

that endothelial cells constitute the most responsive cells in vasculature (Ulker et al., 2003,
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Bayraktutan, 2002). By using a triple culture model of human BBB, the current study has
confirmed that TNF-a substantially compromises the integrity and function of cerebral barrier,
evidenced by decreases in TEER and concomitant increases in NaF flux, respectively. The
model established by concurrent culture of HBMEC, astrocytes and pericytes represents an
anatomically and physiologically more relevant in vitro model of human BBB and has been
proven to generate consistently higher levels of electrical resistance compared to HBMEC
monolayers and co-culture models (Allen et al., 2009, Shao et al., 2013). Taken together, these
findings imply that factors released by astrocytes and/or pericytes play a crucial role in
strengthening the unity and tightness of the triple culture models (DeStefano et al., 2018, Banks
et al., 2018) . Significant tightening of endothelial cell monolayer barrier integrity through
incorporation of pericytes and astrocytes to the system somewhat validate this hypothesis

(Stebbins et al., 2019).

In addition to the mechanisms mentioned above, the current study has also shown that
RhoA/Rho-kinase/MLC2 pathway and NK1R may also play pivotal roles in TNF-a-mediated

BBB breakdown.

Considering the involvement of these pathways in immune responses and major cellular
mechanisms e.g. migration, proliferation and survival and the causative role of inflammatory
cytokines in various neurological conditions, elucidation of the nature of correlations between
TNF-o and these pathways may have greater implications than presently anticipated

(Jagannathan et al., 2009, Pan et al., 2006, Zaremba et al., 2001).

Despite increasing RhoA activity/Rho-GTPase, exposure to TNF-a did not lead to an increase
in total RhoA protein expression in HBMEC. Rather, it specifically increased ROCK2 protein
expression and Serl9MLC2 phosphorylation. Suppression of RhoA activity, but not total

RhoA levels, by the Rho-kinase inhibitor, Y-27632 implies the existence of a feedback
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mechanism between RhoA activity and Rho-kinase bioavailability in inflammatory settings.
Previous studies documenting a similar relationship between RhoA activity, its protein
expression and TNF-a corroborate these observations (McKenzie et al., 2007, Srivastava et al.,
2013, Allen et al., 2010). Previous studies also indicate that Rho-kinase may be activated
through RhoA-independent mechanisms and Rho-kinase plays an instrumental role in the
regulation of various TNF-a-mediated biological effects other than those observed on BBB
integrity and function in the current study (McKenzie et al., 2007, Nwariaku et al., 2003).
However, the absence of a similar feedback mechanism between RhoA and Rho kinase activity
in hyperglycaemic settings signifies the importance of predominant pathological stimulus in
dictating the type and extent of correlations amongst RhoA/Rho-kinase/MLC2 pathway

components (Srivastava et al., 2013).

In light of the previous evidence, it is reasonable to suggest that TNF-a-evoked selective
phosphorylation of Serl9MLC2 may be sufficient to increase BBB permeability (Kazakova et
al., 2020, Hirano et al., 2016). The phosphorylation of MLC?2 is realised by either primarily
calcium-dependent activation of myosin light chain kinase (MLCK) or by Rho-kinase-
mediated inhibition of myosin light chain phosphatase (MLCP) which normally triggers
cytoskeletal relaxation through dephosphorylation of MLC (Shen et al., 2010, Fukata et al.,
2001, Rigor et al., 2013). Similar to MLCK, Rho-kinase can also directly phosphorylate MLC2,
primarily at Ser19 which precedes phosphorylation of Thr18 (Amano et al., 1996, Ikebe et al.,
1985, lkebe et al.,, 1986). As Thrl8 phosphorylation requires considerably higher
concentrations of MLCK and Rho-kinase plays an essential role in MLCK-induced
diphosphorylation of MLC, it is reasonable to suggest that treatment with TNF-o does not
elevate the activity of MLCK and/or Rho-kinase in HBMECs to the levels required for
Thr18Ser19MLC2 diphosphorylation (Kazakova et al., 2020). Taken together, these findings

also suggest that changes observed in actin cytoskeleton, characterised by formation of stress
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fibres, are largely dictated by p-Serl9MLC2 in pathological settings associated with
exaggerated bioavailability of TNF-o and possibly other pro-inflammatory cytokines.
Intriguingly, the molecular weight of the phosphorylated proteins in the present study appeared
to be higher than expected which might in part derive from the posttranslational modification
of these proteins (Larsen et al., 2006). It is of note that similar size proteins with the same

antibodies had also been reported in a previous study (Hirano et al., 2016).

This and the concomitant disappearance of ZO-1 on HBMEC plasma membrane may account
for the TNF-a-induced inter-endothelial cell openings and ensuing BBB failure which appeared
to be fully mitigated by Y-27632 and CP96345. Similar cytosolic staining patterns observed
for occludin and claudin-5 in HBMECs treated with TNF-a. (Chen et al., 2020) in the absence
or presence of these inhibitors substantiate the crucial involvement of stress fibres and partial
loss of ZO-1 in BBB openings. Contrary to our previous studies, no differences in the
expression of tight junction proteins were detected in the present study (Abdullah et al., 2014,
Abdullah et al., 2016). Although employment of a different batch of HBMECs may somewhat
explain this dichotomy, differences in TNF-o concentration and incubation time may also
contribute (Rochfort et al., 2016, Chen et al., 2020). However, given the prominent disruption
of BBB with TNF-a in the current study, it is likely that the concentration and incubation time
employed in the study were sufficient to evoke dramatic increases in oxidative stress, apoptosis,
matrix metalloproteinase-2/9, caspase and NADPH oxidase activities as previously
documented (Abdullah et al., 2016, Abdullah et al., 2015). Similar to immunoblotting results,
comparative analyses of ZO-1 immunostainings in control versus all TNF-o-treated
experimental groups also yielded no significant difference in its cellular intensity. Despite
reducing TEER and elevating the focal cell junctional disruptions, exposure to TNF-a also
failed to alter the overall ZO-1 protein expression and submembrane staining in glomerular

endothelial cells (Xu et al., 2015).
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Here, prevention of BBB damage with Y-27632 and CP96345 propose Rho-kinase and NK1R
as potentially efficacious novel therapeutic targets for mitigation of BBB damage in
inflammatory settings (Petrache et al., 2003, Srivastava et al., 2013, Gibson et al., 2014). Indeed,
Y-27632 has previously been shown to attenuate TNF-a-mediated hyperpermeability of human
lung microvascular endothelial cells (Nwariaku et al., 2003, Shi et al., 2007). It is noteworthy
here that inter-endothelial cell openings accompanied by changes in ZO-1, but not occludin or
claudin-5, distribution has also been reported in immortalized human brain endothelial cell line
hCMEC/D3, rat BMECs and mouse BMECSs, namely b.End3 cells exposed to various pro-
inflammatory cytokines, notably TNF-a, interferon-y or interleukin-1p (Lopez-Ramirez et al.,

2012, Alluri et al., 2016, Yamamoto et al., 2008).

As alluded above, inhibition of NK1R via CP96345 also prevented the deleterious effects of
TNF-a on BBB integrity and function, confirming the critical role of SP in cytokine-stimulated
endothelial barrier damage (Annunziata et al., 2002). Since TNF-a failed to augment SP
secretion, and vice versa in HBMECs (data not shown), the barrier-protective effects of
CP96345 were unlikely to stem from the cytokine-mediated putative changes in SP levels.
Considering the extremely short half-life of SP in laboratory BBB settings (Freed et al., 2001),
it is probable that much of the SP released in response to TNF-o. may actually degrade well
before the use of a commercial kit to detect it. Hence, investigation of the effect of TNF-o on
SP mRNA in this study would have been useful. Previous studies focusing on this issue reveals
that TNF-a modulates SP mRNA level. For instance, treatments with TNF-a (50 U/ml) have
been shown to increase SP mMRNA expression in rat superior cervical ganglia without affecting
its protein expression in pure rat superior cervical ganglia culture (Ding et al., 1995, Freidin et
al., 1991). TNF-a has also been shown to elevate SP mRNA levels in a promonocytic cell line

and a T-cell line compared to their respective untreated controls (Ho et al., 2002). Similarly,
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TNF-a-evoked increases in rat brain endothelial cells SP immunoreactivity were accompanied

by increases in its MRNA expression compared to untreated cells (Cioni et al., 1998).

The observation of a decreased NK1R protein expression in HBMECs exposed to TNF-a may
in part derive from ubiquitination and consequent degradation of NK1R protein by this
particular cytokine (Cottrell et al., 2006). Recent evidence reveals that TNF-a may bind to
NK1R (Johnson et al., 1991) which suggests that NK1R can actually act as a defence
mechanism against the deleterious effects of TNF-a. By preventing the binding of TNF-a to
NK1R, receptor antagonists may play a barrier-protective role. Aside from its beneficial effects
on BBB, NK1R antagonists also suppress inflammation arising from rheumatoid arthritis (Liu
etal., 2019b), lipopolysaccharide (Fulenwider et al., 2018) and prurigo nodularis (Agelopoulos

etal., 2019).

Conclusion

In conclusion, this study shows that TNF-a affects the integrity and function of an in vitro
model of human BBB through activation of RhoA/Rho-kinase/MLC2 and SP/NK1R pathways.
The inhibition of Rho-kinase and NK1R attenuates the impact of TNF-o. on BBB and may
therefore serve as potential therapeutic targets in conditions associated with excessive release

of inflammatory cytokines, notably TNF-a.
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