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Abstract

Brain endothelial cells (ECs) rely on mechanical cues to provide a physical barrier that protects
the brain. Yet how ECs integrate forces to establish and maintain the blood-brain barrier (BBB)
remains poorly understood. Here, we show that the two main endothelial force-bearing
systems, tight junctions and cell-matrix adhesions, reciprocally control BBB integrity. Using
a combination of super-resolution imaging and biophysical techniques, we reveal increasing
mechanical loads on cell-cell junctions vs. cell-matrix adhesions in human stem cell-derived
ECs during BBB maturation. This force redistribution is enabled by cytoskeletal remodeling,
a compacted pattern of the tight junction protein claudin-5, and the emergence of specialised
perinuclear cell-matrix adhesions. Mechanistically, we find an inverse relationship between
claudin-5 levels and the expression of key cell-matrix adhesion proteins zyxin and vinculin
in vitro and in mice. Finally, we demonstrate that this mechanobiological signature associated
with BBB maturation is reversed upon BBB dysfunction after seizures in mice and in human
patients with temporal lobe epilepsy. Collectively, our findings establish a novel interplay
between mechanoresponsive elements in brain ECs, with implications for BBB stabilisation
therapy in epilepsy.
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Introduction

The blood-brain barrier (BBB), formed by highly specialised brain microvessels, controls the
composition of the neuronal microenvironment and is vital for neurological function®.
Endothelial cells (ECs) lining these vessels are constantly exposed to mechanical forces
resulting from blood flow-induced shear stress, hydrostatic pressure and extracellular matrix
stiffness?, which ECs sense and act on to fine-tune BBB integrity. Recent studies have
described key molecular players that shape how brain ECs sense such forces®#, including
ion channels PIEZO15% and TRPV47 as well as structural elements, such as the glycocalyx®
and actively suppressed caveolae®'0. Yet, the specific mechanisms by which brain ECs then
integrate and transmit forces to establish and maintain the BBB are poorly understood.

The two main force-bearing systems in brain ECs are cell-cell junctions (connecting ECs to
each other) and cell-matrix adhesions (connecting ECs to their environment), which are both
anchored by the actin cytoskeleton*. Unlike in peripheral ECs, cell-cell contacts at the BBB
feature elaborate tight junctions that limit solute exchange between the blood and brain
parenchyma. While the molecular composition of brain endothelial tight junctions is well-
characterised', with claudin-5 being the dominant tight junction protein'>'3, many questions
still remain about the precise architecture, mechanics and dynamic regulation of cell-cell
contacts at the BBB. Considerably less is known about the arrangement and dynamics of
cell-matrix adhesions at the brain vasculature, and how the two mechanoresponsive systems
interact with each other to enable barrier formation.

Importantly, the BBB becomes dysfunctional in a wide range of neurological and
neuropsychiatric conditions, which is a key driver of pathology in these diseases.
Mechanical alterations that lead to BBB leakage and extracellular matrix dysregulation are
particularly common in epilepsy'#'8, a disease defined by recurrent unprovoked seizures that
affects more than 50 million people worldwide. We have previously shown that levels of the
tight junction protein claudin-5 are negatively associated with epilepsy, with claudin-5
knockdown leading to spontaneous recurrent seizures, severe neuroinflammation and
mortality'®. It is less clear, however, how endothelial cell-matrix adhesion is involved in BBB
breakdown, and which mechanical elements in brain ECs might serve as therapeutic targets
in disease. As BBB stabilisation has emerged as a promising way to prevent seizure activity %20
and to treat a range of other neurological disorders?!, there is now a pressing need to
understand the dynamic nature of brain EC mechanics, and how they control BBB integrity in
both health and disease.

Here, we explore key mechanobiological aspects of BBB maturation and dysfunction. For a
robust induction of BBB maturation, we took advantage of our recently developed cARLA
method that synergistically enhances barrier tightness and induces complex BBB properties in
cultured human ECs?2. Using the cARLA method, we now reveal a coordinated redistribution
of mechanoresponsive elements during human BBB maturation, with a compacted pattern of
tight junctions and the emergence of highly specialised perinuclear cell-matrix adhesions.
We also describe the first force signature of BBB maturation, and reveal an inverse relationship
between tight junction protein levels and the expression of key cell-matrix adhesion proteins
in vitro and in mice. Finally, we demonstrate a reversal of these mechanobiological properties
upon epileptic BBB dysfunction in mice and in brain sections from epilepsy patients.
Together, these findings establish a reciprocal regulation of brain vascular integrity by
endothelial tight junctions and cell-matrix adhesions in health and epilepsy.
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87 Results

88 Tight junctions and cell-matrix adhesions are markedly redistributed during BBB
89 maturation

90 Using super-resolution imaging, we first examined how the nano-scale structure of tight
91 junctions changes in human stem cell-derived ECs upon BBB maturation. To induce BBB
92 maturation, we used our well-established cARLA method??. As previously demonstrated,
93 a 48-hour treatment with this small molecule cocktail synergistically induces BBB properties in
94 ECs by acting on three signaling pathways that converge on the tight junction protein
95 claudin-5 (Fig. 1a).

96 Three-dimensional direct stochastic optical reconstruction microscopy (3D dSTORM) allowed
97 us to visualize the spatial distribution of single claudin-5 molecules in ECs with nanoscale
98 resolution (Fig. 1b). In mature brain ECs, we observed a shift in claudin-5 distribution (Fig. 1b),
99 with reduced cytoplasmic (Fig. 1¢) and increased junctional staining (Fig. 1d; Supplementary
100 Fig. 1a) compared to the control group. In addition, the width of claudin-5 staining at cell-cell
101 junctions was markedly reduced upon cARLA treatment (Fig. 1b,d; Supplementary Fig. 1b),
102 indicating that mature tight junctions had higher amounts of claudin-5 packed into a more
103 compact space. Specifically, treatment with cARLA increased the number of pixels with high
104 amounts of claudin-5 localisations, and decreased the number of pixels with zero or low
105 amounts of claudin-5 localisations along the length of tight junctions (Fig. 1e). In 2D, we also
106 noted that tight junctions at the mature BBB had a less jagged, zig-zaggy morphology
107 (Supplementary Fig. 1c-d).

108 To capture the architecture of tight junctions along the z-axis, we performed 3D super-
109 resolution imaging and generated y/z (side view) projections of claudin-5 localisations (Fig. 1f).
110 Strikingly, while 82% of tight junction strands in the control group were composed of a single
111 strand, this figure was only 19% in the cARLA-treated group (Fig. 1f,g, Supplementary
112 Fig. 1e,f). In other words, 81% of tight junctions in mature, cARLA-treated cells were
113 composed of two or more strands of claudin-5 localisations in 3D (Fig. 1f,g). Tight junctions
114 strands spanned multiple focal planes and created an intricate meshwork-like structure with
115 ‘kissing points’ between strands (Fig. 1f). The 3D structure of strands along the length of
116 junctions was also considerably more complex at the mature BBB (Supplementary Fig. 1g).
117 To better understand changes in claudin-5 spatial distribution, we imaged the underlying
118 cytoskeleton that provides mechanical support for tight junctions (Fig. 2a). Filamentous actin
119 was mostly present in stress fibers in ECs under control conditions but was markedly
120 redistributed upon cARLA treatment (Fig. 2a,b). The redistribution involved two hotspots: actin
121 was transferred to the cell periphery (cortical actin) and to the area around nuclei (perinuclear
122 actin, Fig. 2a,b). Importantly, this suggests that mature brain ECs not only change the way
123 they attach to each other during BBB maturation, but also how they adhere to the extracellular
124 matrix. We found that perinuclear actin was anchored to the extracellular matrix via specialised
125 structures, which we termed as perinuclear adhesions (Fig. 2c). Perinuclear adhesions stained
126 positive for focal adhesion proteins, such as zyxin, vinculin and the focal adhesion kinase
127 (Fig. 2c; Supplementary Fig. 2a-f). Using 3D rendering, we also noted that actin filaments
128 anchored by focal adhesion proteins run over and above nuclei at the mature BBB (Fig. 2d-g;
129 Supplementary Fig. 2d,e), possibly to provide extra mechanical stability at the central part of
130 the cell. While the expression of zyxin and vinculin were downregulated by cARLA at the mRNA
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131 level (Fig. 2h), we did not observe changes in their protein levels as quantified by microscopy
132 (Fig. 2i). Rather, perinuclear adhesions specific to the mature BBB were a result of changes
133 in the localisation of focal adhesion proteins, from a uniform distribution to specifically
134 positioned clusters (Supplementary Fig. 3a-d). Indeed, while 88% of ECs at the mature BBB
135 had perinuclear adhesions, this figure was only 3% in the control group (Fig. 2j;
136 Supplementary Fig. 3a-d). Together, these findings reveal a coordinated redistribution of the
137 endothelial actin cytoskeleton as well as tight junctions and cell-matrix adhesions,
138 key mechanoresponsive structures, during BBB maturation.

139 A force signature of BBB maturation over time

140 After quantifying morphological changes in force-bearing endothelial structures, we were
141 curious how such changes create a functional output during BBB maturation. To explore this,
142 we measured the force signature of BBB maturation using fluidic force microscopy (FluidFM).
143 In FluidFM, a specialised hollow cantilever probe (Fig. 3a) is used to engage and detach
144 individual ECs from a monolayer using negative pressure and force-controlled cantilever liftup
145 (Fig. 3b,c). Strikingly, when applying such negative pressure that successfully detached an
146 individual EC from control monolayers in 95% of cases (19/20 trials), we could only detach
147 ECs from cARLA-treated monolayers with a 12.5% success rate (5/40 trials, Fig. 3d).
148 This indicates that individual ECs are more tightly embedded in monolayers at the mature BBB.
149 We wondered if this was the result of increased cell-cell adhesion, cell-matrix adhesion or both.
150 Focusing on successful cell detachment events, we generated force-distance curves of the
151 detachment process (Fig. 3e; Supplementary Fig. 4). These curves had a characteristic
152 shape with two local minima (dips), the first dominated by cell-matrix adhesion forces and the
153 second one dominated by cell-cell adhesion forces?® (Fig. 3b,e). In line with the observed
154 differences in cell detachment efficiency, the overall work of detachment (area under the curve)
155 was significantly higher at the mature BBB (Fig. 3f). Importantly, this was a result of increased
156 cell-cell, but not cell-matrix, adhesion (Fig. 3g). While control cells exhibited approximately
157 equal forces at cell-cell and cell-matrix adhesions, this balance was shifted towards cell-cell
158 adhesions in cARLA-treated ECs (Fig. 3h) without a reduction in forces on cell-matrix
159 adhesions (Fig. 3g). We also validated these findings using atomic force microscopy (AFM;
160 Fig. 3i,h; Supplementary Fig. 5a-d). Compared to control ECs having a more uniform force
161 distribution profile, mature brain ECs were softer and more plastic at the area above nuclei but
162 harder and more elastic at cell-cell junctions (Fig. 3i,h), confirming the redistribution of forces.
163 Of note, cell height remained unchanged upon cARLA treatment (Supplementary Fig. 5d).
164 Next, we investigated how this force redistribution is orchestrated over time. We used
165 resonant waveguide grating (RWG), a label-free and high-throughput biophysical technique,
166 to measure the real-time kinetics of cell-matrix adhesion during BBB maturation (Fig. 4a;
167 Supplementary Fig. 6a). RWG quantifies the resonant wavelength shift of light caused by
168 cellular structures at the basal 150 nm part of an EC monolayer, which is directly proportional
169 to the surface area covered by cell-matrix adhesions and their local density?* (Fig. 4a). During
170 the early phase of BBB maturation, cARLA-treated ECs induced a positive wavelength shift
171 that returned to baseline within 2 hours (Fig. 4b). By contrast, at mid (24 h) and late (48 h)
172 timepoints after cARLA treatment, we measured progressively more negative wavelength
173 shifts compared to both baseline and the control group (Fig. 4b; Supplementary Fig. 6a,b).
174 This indicates a gradual decrease in the surface area covered by cell-matrix adhesions during
175 BBB maturation. Indeed, while the early phase of BBB maturation (0-2 h) was dominated by
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176 an evenly distributed pattern of focal adhesions, a complete remodeling of cell-matrix contacts
177 was apparent at mid- and late phases (Fig. 4c; Supplementary Fig. 6¢-f). At 24 and 48 hours
178 after cARLA treatment, 46% and 88% of ECs had zyxin-containing perinuclear adhesions,
179 respectively (Fig. 4d). A similar tendency was seen for perinuclear actin filaments (Fig. 4e).
180 Importantly, perinuclear actin and perinuclear adhesions were almost entirely absent at early
181 timepoints and in the control group at 48 hours (Fig. 4c-e; Supplementary Fig. 6d-f), further
182 confirming that these structures are specific to the mature BBB. Collectively, we propose
183 a mechanobiological signature of BBB maturation in which progressively more force is placed
184 on cell-cell adhesions, while a constant amount of force is placed on progressively fewer,
185 highly specialised perinuclear cell-matrix adhesions over time.

186 BBB tightness negatively regulates endothelial cell-matrix adhesion via claudin-5

187 While perinuclear actin- and adhesions emerged during mid-to-late phases of in vitro BBB
188 maturation (Fig. 4c-e), cortical actin was already strongly present at the cell periphery 2 hours
189 after cARLA treatment (Fig. 4c,f). This timing coincided with rapid changes in claudin-5
190 distribution and continuity at tight junctions (Fig. 4g; Supplementary Fig. 7a), suggesting that
191 changes to cell-cell junctions precede the rearrangement of cell-matrix adhesions during BBB
192 maturation. Additionally, trypsin-mediated cleavage of cell-cell junctions resulted in
193 an immediate positive wavelength shift in cARLA-treated ECs, indicating a rapid increase
194 in the surface area covered by cell-matrix contacts (Supplementary Fig. 7b-d). Based on
195 these observations, we hypothesised that junctional tightness can directly influence the state
196 of cell-matrix adhesions at the BBB.

197 To test this, we generated brain EC populations with different levels of junctional tightness by
198 stably overexpressing (OE) or knocking out (KO) claudin-5 from mouse bEnd.3 cells
199 (Fig. 5a,b). Using RNA-sequencing, we indeed identified a core set of cell-matrix adhesion
200 genes that inversely followed claudin-5 levels across OE, KO and mock-transfected brain EC
201 populations (Fig. 5¢,d). These genes encode focal adhesion proteins (Zyx/zyxin, VclAinculin,
202 Vasp), key mediators of integrin signalling (ltgav, Iltgb1, EphaZ2), extracellular matrix
203 components (Col4a1, Colda2, Hspg2) and stress fiber-associated proteins (Micall2, Pdlim1,
204 Synpo; Fig. 5¢,d). Notably, all of these genes are relatively depleted from brain ECs and are
205 more enriched in peripheral ECs in mice (Supplementary Fig. 8).

206 Using an inducible Cldn5 knockdown mouse model?® (Fig. 5e), we validated findings at the
207 protein level for zyxin and vinculin. In these adult mice, a doxycycline-inducible shRNA against
208 Cldn5 allows the suppression of claudin-5 levels over time in littermates positive for
209 an EC-specific Cre recombinase (Fig. 5e). After doxycycline supplementation, Cre* mice had
210 57% lower claudin-5 protein levels than Cre- littermate controls (Fig. 5f,g). In line with our
211 in vitro data on claudin-5 KO bEnd.3 cells, we observed a 1.76-fold increase in vessel-
212 associated zyxin, with a strong trend for statistical significance (Fig. 5f,h) and a 1.55-fold
213 increase in vessel-associated vinculin (Fig. 5i,j) in Cre* animals compared to Cre- controls.
214 Notably, Cre- control mice showed mainly parenchymal, but not vascular, zyxin and vinculin
215 staining (Fig. 5f,1), both of which were reduced in Cre* litermates (Fig. 5k). This indicates
216 increased vascular and decreased parenchymal levels of zyxin and vinculin upon Cldn5
217 knockdown. Taken together, our results show that endothelial cell-matrix adhesions inversely
218 follow junctional tightness, and specifically claudin-5 levels, at the BBB in vitro and in mice.
219 Given the key role of claudin-5 in regulating BBB integrity, we wondered how endothelial
220 cell-matrix adhesion is orchestrated during pathological BBB disruption.
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221 Increased endothelial cell-matrix adhesion in epileptic BBB dysfunction in mice and
222 humans

223 We have previously shown that reduced tight junction integrity and reduced claudin-5 levels
224 are strongly associated with epilepsy in mice and in human patients'®. To assess if brain
225 endothelial cell-matrix adhesions are altered in epilepsy, we reanalysed a publicly available
226 RNA-sequencing dataset on brain ECs from a kainic acid-induced epilepsy mouse model?®
227 (Fig. 6a). Indeed, the top pathways in brain ECs acutely induced by seizures were related to
228 cell-substrate adhesion, focal adhesions and actin stress fiber formation (Fig. 6a;
229 Supplementary Table 1). Importantly, 11 out of 12 genes from our cell-matrix adhesion gene
230 module (Fig. 5¢,d) were highly upregulated in seizure-bearing mice (Fig. 6b). The regulation
231 of 8 of these genes (Zyx, Vcl, Vasp, Iltgav, Epha2, Col4a1, Col4a2, Synpo) was also highly
232 consistent between 3 different RNA-sequencing datasets from different biological contexts
233 (Supplementary Fig. 9a-c). Our top hits, zyxin/Zyx and vinculin/Vcl inversely followed Cldn5
234 levels (Fig. 5d), were downregulated by cARLA during BBB maturation (Fig. 2h;
235 Supplementary Fig. 9a), and were upregulated in epilepsy in mice by 2.6 and 5-fold,
236 respectively (Fig. 6b).

237 With a proof-of-concept approach, we assessed zyxin and vinculin protein distribution in
238 resected human brain tissue from patients with temporal lobe epilepsy (TLE, n=3,
239 Supplementary Table 2) and matched autopsy controls (Ctrl, n=3; Supplementary Table 3).
240 In agreement with previously reported values'?, claudin-5 protein levels were reduced by ~30%
241 in TLE patients, with a strong trend for statistical significance (Fig. 6c¢,d). Strikingly, we
242 observed a 2.8-fold increase in vessel-associated zyxin levels in TLE patients (Fig. 6¢c,e).
243 In addition, while zyxin localised to well-positioned clusters within brain microvessels in the
244 control group, it was more uniformly distributed in vessels from TLE patients (Fig. 6¢), inversely
245 mirroring our findings on in vitro BBB maturation (Fig. 2c,j). Similarly, vinculin was not
246 associated with blood vessels in the control group but its vascular localisation and protein
247 levels were elevated in the TLE group by 4.4-fold (Fig. 6f). Added to this, vessel-associated
248 vinculin levels inversely correlated with claudin-5 levels in both human (r=-0.49, P<0.0001;
249 Fig. 6g) and mouse brain sections (r=-0.57, P<0.0001; Supplementary Fig. 10a).
250 Interestingly, although zyxin protein levels were highly increased after BBB disruption, we
251 found no correlation between vascular zyxin and claudin-5 levels in mouse and human brain
252 sections (Supplementary Fig. 10b,c). Collectively, these results indicate that endothelial cell-
253 matrix adhesion is markedly increased in epileptic BBB dysfunction in mice and in human
254 patients. Our data also suggest that vessel-associated zyxin and vinculin respond differently
255 to changes in BBB tightness and claudin-5 levels.

256 Discussion

257 In this study, we revealed i) how brain endothelial force-bearing structures and mechanical
258 forces are redistributed during BBB maturation, ii) described how tight junctions and cell-matrix
259 adhesions reciprocally control barrier integrity at the molecular level and iii) demonstrated the
260 pathological relevance of these findings in epileptic BBB dysfunction.

261 First, we used super-resolution microscopy to image nanoscopic changes in tight junction
262 complexes during BBB maturation. Two recent studies have pioneered this field?”-28, however,
263 questions still remain about the 3D architecture of tight junctions at the BBB. The strength of
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264 our approach compared to previous studies is the use of 3D dSTORM imaging with nanoscale
265 axial resolution. This allowed us to discover that higher amounts of claudin-5 protein are
266 packed into a tighter space in 2D, and that this corresponds to an intricate pattern of multiple
267 intertwining tight junction strands in 3D. Our images show, for the first time using light
268 microscopy, a 3D pattern of tight junctions similar to those in freeze-fracture electron
269 microscopy studies in brain ECs?%-32. These observations of a meshwork-like structure with
270 kissing points between strands suggest an additional layer of complexity in the regulation of
271 tight junctions at the BBB, in accordance with recent seminal work on the sophisticated
272 organisation of epithelial tight junctions33:34,

273 In parallel to changes in tight junction structure, we observed major rearrangements in the
274 underlying actin cytoskeleton and cell-matrix adhesions in ECs during BBB maturation,
275 with hotspots at the cell periphery and around nuclei. Intriguingly, actin around the nucleus has
276 been described as an important regulator of ultrafast ‘outside-in’ mechanotransduction and cell
277 shape in fibroblasts®>-37, and similar structures have recently been reported in lymphatic ECs
278 subjected to high levels of mechanical stretch®. We found that perinuclear actin was anchored
279 to the extracellular matrix via zyxin and vinculin-containing structures, which we termed as
280 perinuclear adhesions. Perinuclear adhesions were specific to the mature BBB, and we
281 hypothesize that they are key to i) allow force redistribution in ECs to support increased loads
282 on tight junctions, while ii) providing balance and stability for ECs.

283 Our study provides the first comprehensive biophysical characterisation of BBB maturation,
284 which we performed in a time-dependent manner, using three different techniques.
285 Our FluidFM and RWG measurements suggest a model in which progressively more force is
286 placed on EC-EC contacts, while a constant amount of force is placed on progressively fewer,
287 highly specialised perinuclear cell-matrix adhesions over time. Importantly, this indicates that
288 by rearranging and concentrating forces to specific subcellular locations, mature brain ECs
289 can achieve the same level of cell-matrix adhesion as control ECs while also creating a tighter
290 paracellular barrier. These functional biophysical measurements are supported by our
291 morphological observations on claudin-5, the actin cytoskeleton and focal adhesions proteins.
292 As a final validation, we used AFM to combine functional and morphological outputs by
293 mapping force measurements to subcellular locations in ECs3%4'. Indeed, our AFM images
294 show a shift from uniform to polarised force distribution upon BBB maturation, with regions
295 above cell-cell junctions being harder and more elastic, while the region above the nucleus
296 being softer, more plastic and more indentable in mature brain ECs.

297 How do the major force-bearing systems in brain ECs interact with each other? In peripheral
298 ECs, cell-matrix adhesions can directly influence barrier integrity*243. However, it was unclear
299 whether the same was true for brain ECs having a significantly tighter barrier with highly
300 specialised cell-cell junctions, and whether barrier tightness could influence cell-matrix
301 adhesions. A recent study has provided an example of how one mechanoresponsive system
302 can act on another, and thereby regulate BBB integrity*+. In their work, Ayloo and colleagues
303 described that pericytes can physically pull on ECs via basement membrane
304 vitronectin-integrin contacts, which suppresses caveolae formation and non-specific
305 transcytosis at the BBB**. We have now demonstrated that junctional tightness directly controls
306 the state of cell-matrix adhesions at the BBB via claudin-5, which we validated using genetically
307 engineered ECs in vitro and in an inducible claudin-5 knockdown mouse model®.
308 Mechanistically, the timeline that emerges from our functional RWG measurements and
309 morphological observations suggests that tight junctions rapidly control cell-matrix adhesions
310 in a cytoskeleton-linked process, presumably mediated by protein phosphorylation events.
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311 Such rapid structural changes are then ‘locked in’ by gene expressional changes occuring at
312 later timepoints to fully establish barrier integrity.

313 Finally, we have now shown that in parallel to a reduction in BBB integrity, endothelial
314 cell-matrix adhesion is increased in epilepsy in mice and human TLE patients. The next logical
315 steps for future studies will be to i) validate this proof-of-concept finding on a larger sample,
316 and ii) to establish whether an increased brain endothelial cell-matrix adhesion is part of the
317 pathomechanism of epileptic BBB dysfunction — or rather, a compensatory protective
318 mechanism that is beneficial for ECs. Inhibition/loss of the focal adhesion kinase has been
319 shown to enhance barrier function in peripheral blood vessels**#6, and to reduce
320 tumour-induced vascular permeability in glioma*’. These findings, together with our own
321 observations, raise the idea of modulating EC focal adhesions to regulate BBB integrity in
322 epilepsy. As up to one-third of epilepsy patients are refractory to traditional anti-seizure
323 medications*®, and as brain microvascular stabilisation has recently emerged as a promising
324 way to prevent seizure activity'®?°, exploring such novel targets is a top priority. Intriguingly,
325 recent omics studies have indicated that the dysregulation of brain EC focal adhesions and
326 extracellular matrix are not unique to epilepsy but are a shared feature of multiple neurological
327 disorders, together with BBB dysfunction and claudin-5 loss?64%-52, Therefore, we anticipate
328 that future studies will focus on understanding the dynamics of brain endothelial cell-matrix
329 adhesion as well as explore its modulation as a novel form of microvascular stabilisation
330 therapy against a wide range of neurological and neuropsychiatric conditions.

331 In conclusion, our study establishes a reciprocal regulation between brain endothelial tight
332 junctions and cell-matrix adhesions during BBB maturation and dysfunction. Together, these
333 findings provide fundamental mechanobiological insight into the regulation of BBB integrity in
334 health and disease, with broad implications for improved benchmarking of in vitro BBB models
335 and for brain vascular stabilisation in neurological disorders.
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336 Materials and methods

337 Human brain tissue

338 Experiments involving human brain tissue were performed in accordance with the Declaration
339 of Helsinki. Studies were approved by the Ethics (Medical Research) Committee of Beaumont
340 Hospital, Dublin, Ireland (ethics code: 20/59), and informed consent was obtained from all
341 participants. Surgically resected brain tissue was obtained from temporal lobe epilepsy (TLE)
342 patients (n=3) at Beaumont Hospital. Post-mortem hippocampal sections of non-diseased
343 control brains (n=3) were obtained from the Stanley Medical Research Institute. Patient
344 demographics can be found in Supplementary Tables 2-3.

345 Animal experiments

346 Animal experiments were performed in accordance with the EU Directive 2010/63/EU about
347 animal protection and welfare. Protocols were reviewed and approved by the Research Ethics
348 Committees of Trinity College Dublin and/or the Royal College of Surgeons in Ireland under
349 licenses from the Department of Health (HPRA: AE19136/PO80 and/or AE19127/P057),
350 Dublin, Ireland. The generation of doxycycline-inducible Cldn5 knockdown mice was described
351 previously?. Doxycycline was administered in the drinking water of mice (2 mg/mL in 2%
352 sucrose solution). Mice were kept on doxycycline until they experienced their first seizure, then
353 were sacrificed for tissue collection. Mice were housed under standard conditions (18-23 °C,
354 12 h light/dark cycle, 40-50% humidity) with regular rodent chow diet and water available
355 ad libitum. Mice were bred on-site at Trinity College Dublin onto a C57BL/6J background and
356 used at 8—14 weeks of age for experiments.

357 Derivation and culture of human stem cell-derived endothelial cells

358 CD34* hematopoietic stem cells were isolated from human umbilical cord blood and
359 differentiated towards endothelial cells as previously described®3. Research was performed
360 according to the principles of the Declaration of Helsinki. Informed consent was obtained from
361 the parents of donors and protocols were approved by the French Ministry of Higher Education
362 and Research (CODECOH DC2011-1321). Endothelial cells (ECs) were derived from CD34*
363 stem cells in endothelial cell growth medium (EGM; Lonza cat# CC-3162) supplemented with
364 20% fetal calf serum (FCS; Sigma-Aldrich cat# F7524) and 50 ng/mL vascular endothelial
365 growth factor (VEGF165; PeproTech, cat# 100-20). Differentiated ECs were cultured in
366 endothelial cell culture medium (ECM; ScienCell, cat# 1001) supplemented with 5% fetal
367 bovine serum (FBS; Sigma-Aldrich, cat# F4135), 1% endothelial cell growth supplement
368 (ECGS; ScienCell, cat# 1052) and 50 yg/mL gentamicin (Sigma-Aldrich, cat# G1397). ECs
369 were kept in a humidified incubator at 37 °C with 5% CO,, and were used between passage
370 numbers 6-7 in all experiments.

371 Induction of blood-brain barrier maturation by cARLA

372 Blood-brain barrier (BBB) properties were induced in human stem cell-derived ECs as
373 previously described??. Confluent EC monolayers were treated with the small molecule cocktail
374 cARLA, which is composed of 8-(4-chlorophenylthio)adenosine 3',5'-cyclic monophosphate
375 sodium salt (cPT-cAMP; Sigma-Aldrich, cat# C3912, 250 uM), Ro 20-1724 (Sigma-Aldrich,
376 cat# 557502, 17.5 yM), lithium chloride (LiCl; Sigma-Aldrich, cat# L9650, 3 mM) and A83-01
377 (Tocris, cat# 2939, 3 uM). ECs were treated with cARLA for 48 h from the luminal (‘blood side’)
378 compartment.
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379 Immunocytochemistry

380 Human stem-cell derived ECs were cultured in glass-bottom chamber slides (Nunc Lab-Tek I,
381 4-well, Thermo Fisher cat# 154526) or glass cover slips coated with a mixture of collagen IV
382 (Sigma-Aldrich, cat# C5533, 100 pg/mL) and fibronectin (Sigma-Aldrich, cat# F1141,
383 25 pg/mL) at a seeding density of 6.0x10* cells/cm?. Confluent monolayers were treated with
384 CARLA or control medium for 48 h to induce BBB maturation. After 48 h treatment, the medium
385 was removed and ECs were fixed with a 1:1 mixture of ice cold methanol-acetone solution for
386 2 min (claudin-5 staining) or with 3% paraformaldehyde (focal adhesion proteins) for 15 min at
387 room temperature. For focal adhesion staining, a permeabilization step with 0.2% Triton X-100
388 in PBS for 10 min at room temperature preceded blocking. Cells were blocked with 3% BSA in
389 PBS for 1 h at room temperature and were subsequently incubated with primary antibodies
390 diluted in blocking buffer overnight at 4 °C. Cells were then incubated with secondary
391 antibodies and the nuclear counterstain Hoechst 33342 (Thermo Fisher, cat# H1399, 1 ug/mL)
392 diluted in PBS for 1 h at room temperature, protected from light. Antibodies/labeling probes
393 used are listed in Supplementary Table 4. Between each step, cells were washed three times
394 in PBS. Chamber slides were coverslipped using Fluoromount-G mounting buffer (Southern
395 Biotech, cat# 0100-01) and imaged as described below.

396 dSTORM super-resolution microscopy

397 Human stem-cell derived ECs were cultured on glass cover slips coated with collagen IV and
398 fibronectin, treated with cARLA or control medium for 48 hours, fixed in ice cold
399 methanol-acetone 1:1 solution and stained for claudin-5 as described above. Antibodies used
400 are listed in Supplementary Table 4. Samples were mounted onto a microscope slide, then
401 3D dSTORM experiments were conducted in GLOX switching buffer54. The imaging buffer
402 (pH 7.4) was an aqueous solution diluted in PBS containing the GluOx enzymatic oxygen
403 scavenging system, 2000 U/mL glucose oxidase (Sigma-Aldrich, cat# G2133-50KU),
404 40,000 U/mL catalase (Sigma-Aldrich, cat# C100), 25 mM potassium chloride (Sigma-Aldrich,
405 caté 204439), 22 mM tris(hydroxymethyl)aminomethane (Sigma-Aldrich, cat# T5941),
406 4 mM tris(2-carboxyethyl)phosphine (TCEP) (Sigma-Aldrich, cat# C4706) with
407 4% (w/v) glucose (Sigma-Aldrich, cat# 49139), and 100 mM B-mercaptoethylamine (MEA,
408 Sigma-Aldrich, cat# M6500). 3D dSTORM super-resolution measurements were performed on
409 a custom-made inverted microscope based on a Nikon Eclipse Ti-E frame with an oil immersion
410 objective (Nikon CFl Apo TIRF 100XC QOil, NA = 1.49). Epifluorescence illumination was
411 applied at an excitation wavelength of 647 nm. The laser power density was set to 2—4 kW/cm?
412 on the sample plane and controlled via an acousto-optic tunable filter. The separation of
413 excitation from emission wavelengths was achieved by using a filter set from Semrock
414 (Di03-R405/488/561/635-t1-25 x 36 BrightLine® quad-edge super-resolution/TIRF dichroic
415 beam-splitter and FF01-446/523/600/677-25 BrightLine® quad-band bandpass filter, and an
416 additional AHF 690/70 H emission filter). Images of individual fluorescent dye molecules were
417 captured by an Andor iXon3 897 BV EMCCD camera (512 x 512 pixels with 16 ym pixel size)
418 with the following acquisition parameters: exposure time = 20 ms; EM gain = 200;
419 temperature = -75°C. For all presented images, 20,000 frames were captured from a single
420 region of interest. The Nikon Perfect Focus System was used to keep the sample in focus
421 during measurements. High-resolution images were reconstructed with the rainSTORM
422 localization software®®. The axial position of each individual fluorescent molecule was obtained
423 by introducing astigmatism into the system via a cylindrical lens placed in front of the detector
424 and measuring the ellipticity of the point spread function of each fluorescent molecule.
425 This astigmatic 3D super-resolution technique® was calibrated using 20 nm fluorescent
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426 polystyrene beads moved axially by 25 nm steps through the depth of field with a piezo stage.
427 Spatial drift introduced by either mechanical movement or thermal effects was analyzed and
428 reduced using an autocorrelation-based blind drift correction algorithm. The detected
429 localizations were filtered based on the fitting parameters (e.g., sigma values, residue,
430 intensity). The pixel size of the final pixelized super-resolution images was set at 20 nm, based
431 on the localization precision and localization density. For junctional image analysis, we first
432 determined the path along cell-cell junctions on super-resolved 2D localisation density images.
433 To achieve this, two endpoints were manually marked on the junction, and the path between
434 the end points along the junction was outlined similarly to Gray et al.5” by the algorithm,
435 balancing the shortest path with the regions of highest density. The path was then smoothed
436 and resampled using spline fitting. This marked path formed the basis for further analyses.
437 To determine junctional width, the histogram of the signed distances of localisation points from
438 the marked path were first obtained using a modified 'distance2curve’ MATLAB function.
439 Then, the autoconvolution of the histogram was calculated and the background was removed.
440 The junctional width value was given as the full width at half maximum of the resulting peak.
441 To make side view projections of tight junctions, claudin-5 localisations were projected onto
442 the marked path in the x-y plane, while maintaining their axial (z) coordinates. The positions of
443 projections along the path and the axial coordinates of localisations were then used as the new
444 point coordinates for the side view. Zig-zaginess/jagedness of junctional segments was
445 calculated as the relative difference of the marked path length to the Euclidean distance of the
446 endpoints.

447 Confocal microscopy and image analysis of in vitro samples

448 Confocal microscopy of in vitro samples was performed using Leica TCS SP5 AOBS and Leica
449 Stellaris confocal laser scanning microscopes (Leica Microsystems) equipped with HC PLAPO
450 20x (NA=0.7) and HCX PL APO 63x oil (NA=1.4) objectives. 3D renderings as well as x-z and
451 y-z projections were generated in Leica Application Suite X software v3.7.5 (Leica
452 Microsystems) on a series of z-stacks with 0.1 ym spacing. Image analysis was performed in
453 FlJl/imaged on 8-bit, grayscale images. The staining intensity of focal adhesion proteins was
454 determined using the 'Mean gray value’ function. The calculation of cell ratios and subcellular
455 clustering of focal adhesion staining was done manually in FIJI/ImageJ using a set of criteria
456 described in Supplementary Fig. 3a and Supplementary Fig. 6c¢.

457 Fluidic force microscopy (FluidFM)

458 A robotic fluidic force microscopy setup (FluidFM OMNIUM, Cytosurge AG) was used to
459 measure direct adhesion forces of individual ECs within a monolayer during BBB maturation.
460 Human stem cell-derived ECs were seeded in 6-well plates (Corning, cat# 3736) coated with
461 a mixture of collagen IV (100 pg/mL) and fibronectin (25 pg/mL) at a seeding density of 2.5%104
462 cells/cm?. Confluent monolayers were treated with cARLA or control medium for 48 h to induce
463 BBB maturation. FluidFM measurements were performed in a 37 °C incubator with 5% CO..
464 Before measurements, a micropipette probe (8 um aperture diameter; 2 N/m nominal spring
465 constant; Cytosurge AG) was inserted into the device. The microfluidic channel inside the
466 probe was filled with 1 uL of Dulbecco’s phosphate buffered saline (DPBS, Sigma-Aldrich).
467 The probe was then mounted onto the FluidFM head, and the laser was manually aligned at
468 the end of the cantilever. The laser signal reaches the position-sensitive detector reflecting
469 from an automatically aligned mirror, which provides optimal light distribution between the
470 sensor segments®8. Inverse optical lever sensitivity was measured on the surface of a medium-

471 filled well without cells. To convert to distances, values measured by the position-sensitive
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472 detector were multiplied by the sensitivity and the spring constant®®. ECs within a monolayer
473 were approached with a speed of 10 ym/s, and the setpoint defining the mechanical contact
474 between the cell and surface was 200 nN. After reaching the setpoint, a -500 mbar negative
475 pressure was applied in the microfluidic channel inside the cantilever. When the cantilever was
476 in contact with ECs for 30 seconds, it was retracted to a height of 100 ym with a retraction
477 speed of 1 um/s. Force-distance curves were generated from measured values, which were
478 used to analyse adhesion forces and the work of detachment. Adhesion forces were defined
479 as force values at absolute minima of curves, while the work of detachment was defined as
480 the area under the curve.

481 Atomic force microscopy (AFM)

482 AFM experiments were performed using an Asylum Research MFP-3D atomic force
483 microscope (Asylum Research; software in IgorPro 6.34A, Wavemetrics) mounted on top of a
484 Zeiss Axiovert 200 optical microscope, which was used for optical positioning. Human stem
485 cell-derived ECs were grown on 35 mm Petri dish lids (Greiner Bio-One, cat# 627102) coated
486 with collagen IV (100 ug/mL) and fibronectin (25 ug/mL) at a seeding density of 2.5x104
487 cells/cm?. Confluent monolayers were treated with cARLA or control medium for 48 h to induce
488 BBB maturation. Measurements were performed using V-shaped rectangular overall gold-
489 coated cantilevers (BioLever A-short lever; 30 pN/nm nominal spring constant; 37 kHz
490 resonant frequency in air; Olympus). The spring constant of the cantilever was determined
491 each time by thermal calibration®®. To compare the elastic properties of ECs, 80 pmx80 uym
492 areas were selected and divided into 40 lines by 40 columns. In each point, a single force
493 curve was recorded with a trigger of 300 pN, total travelling distance of 2 um, acquisition
494 frequency of 2 Hz, resulting a travelling speed of 8 um/s both for landing and retraction of the
495 cantilever. From each recorded curve, Young’'s modulus and elasticity index values were
496 calculated and stitched together into a pseudo-colored elastic map in MATLAB as previously
497 described®’.

498 Resonant waveguide grating (RWG)

499 Real-time kinetics of cell adhesion was measured using the Epic Benchtop System (Corning)
500 instrument, which features a high-resolution, high-throughput optical sensor based on RWG
501 technology. Human stem cell-derived ECs were cultured in specialised, fibronectin-coated
502 384-well microplates (Corning, cat# 5040), in which each well contains a 2x2 mm? RWG sensor
503 area, at a seeding density of 2.5%10* cells/cm?. The microplate is illuminated from below by a
504 tunable broadband light source with 825-840 nm wavelengths. Light is coupled through the
505 grating areas into a thin waveguide layer with high-refractive-index made from biocompatible
506 Nb,Os, which is deposited on a glass substrate. Within the waveguide, the coupled light
507 undergoes multiple total internal reflections before being detected by a CCD camera. This
508 propagation generates an evanescent electromagnetic field, which decays exponentially with
509 distance from the sensor surface, allowing interaction with the sample. The evanescent field
510 extends into the suspension above the surface, penetrating a 150 nm-thick region in contact
511 with the waveguide. Using this system, wavelength shifts — which are directly proportional to
512 the surface area covered by and local density of cell-matrix adhesions — are detected with a
513 sensitivity of 0.25 pm?*. After ECs reached confluency in wells, the baseline was recorded for
514 5 minutes. EC monolayers were then treated with cARLA or control medium using an electronic
515 16-channel pipette. Measurements were performed for 90-120 min at room temperature
516 immediately after treatment, 24 h after treatment and 48 h after treatment. Between
517 measurements, ECs were returned to the 37 °C incubator with 5% CO.. To investigate the
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518 effect of trypsin on cell-cell and cell-matrix adhesions, ECs were treated with 0.05% trypsin-
519 EDTA for an additional 10 min after the 48 h measurement. Resonant wavelength shifts were
520 calculated and compared to both the baseline and relative to the control group.

521 Generation of Cldn5 overexpressing and knockout bEnd.3 cells

522 The mouse immortalised brain endothelial cell line bEnd.3 was cultured in Dulbecco’s modified
523 Eagle’s medium (DMEM; Sigma-Aldrich, cat# D5030) supplemented with 10% FBS
524 (Sigma-Aldrich, cat# F4135), 100 U/mL penicillin, and 100 pg/ml streptomycin (Sigma-Aldrich,
525 cat# P4333) in a humidified incubator at 37 °C with 5% CO2. Mouse bEnd.3 cells
526 overexpressing human CLDN-5 (CLDNS OE) or lacking mouse CLDN-5 (Cldn5 KO) were
527 generated as described previously®2. Briefly, for CLDN5 OE cells, pcDNA3.1 (+) encoding
528 human CLDN-5 was transfected into cells using FUGENE HP DNA (Promega) and cells were
529 cultured for more than 10 days with 10 pug/mL blasticidin S (Invivogen). For Cldn5 KO cells,
530 Cas9 was transduced into cells by LentiArray Cas9 Lentivirus (Thermo Fisher, cat# A32064)
531 and gRNA against mouse Cldn5 (target sequence: 5-CCGTCGGATCATAGAACTCG-3’)
532 expressing pU6 vector with puromycin resistance gene was transfected into cells. Cells were
533 then cultured for 2 weeks in medium supplemented with 3 pg/mL puromycin (Invivogen) and
534 10 pg/mL blasticidin S. A limiting dilution was performed to isolate single colony-derived cells.
535 RNA-sequencing and analysis

536 RNA was isolated from confluent monolayers of Cldn5 OE, KO and mock-transfected bEnd.3
537 cells using the E.Z.N.A. Total RNA Kit (Omega Bio-tek, cat# R6834) according to the
538 manufacturer’s instructions. Residual DNA was digested by DNase | on column, and cDNA
539 was prepared using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
540 cat# 4368814). RNA-sequencing and data processing were performed at Macrogen Europe
541 BV (Amsterdam, The Netherlands) using the TruSeq Stranded mRNA LT Sample Prep Kit,
542 100 bp paired-end reads and 20 million reads per sample, on a NovaSeq 6000 instrument
543 (Mumina). Raw FASTQ files were trimmed with Cutadapt and aligned to the mouse reference
544 genome (version GRCm39) using STAR®3. The resulting BAM files were sorted with STAR and
545 indexed with Samtools. Gene quantification was performed using the RSEM’s rsem-calculate-
546 expression tool. The following published datasets were also reanalysed in this study: control
547 and cARLA-treated human stem cell-derived ECs??; GEO accession number: GSE224846) as
548 well as FACS-isolated mouse brain ECs in acute epilepsy vs. control?®; GEO accession
549 number: GSE111839). Differential expression analysis was performed using the DESeq2
550 R/Bioconductor package, in which logx(fold change) and P-values were obtained for each
551 gene. To account for multiple comparisons, false discovery rate (FDR) was calculated using
552 the Benjamini-Hochberg method. Genes with an FDR < 0.01 and log.FC > 0.3 or
553 log2FC < -0.3 were considered to be differentially expressed. The g:GOSt tool in g:Profilers
554 was used to identify over-represented Gene Ontology (GO) terms in acute epilepsy and to
555 calculate gene ratios and statistical significance for each pathway. Heatmaps were created
556 using Min-Max scaling on transcript per million (TPM) normalized counts in Prism 10
557 (GraphPad).

558 Immunohistochemistry and image analysis of ex vivo samples

559 Mice were sacrificed by cervical dislocation and brains were frozen in O.C.T. reagent (Fisher
560 Scientific, cat# 23-730-571). Resected brain tissue from TLE patients was rapidly frozen on
561 dry ice, embedded in O.C.T. reagent, and 20 ym sections from the lateral temporal lobe and
562 hippocampus were prepared. TLE and autopsy control sections were fixed in ice cold methanol
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563 for 10 min, and blocked in 5% BSA in PBS containing 0.2% Triton X-100 for 30 min at room
564 temperature. Incubation with primary antibodies (in blocking buffer) were performed overnight
565 at 4 °C. Sections were then incubated with secondary antibodies in PBS containing 0.2% Triton
566 X-100 for 1 h at room temperature. Antibodies used are listed in Supplementary Table 4.
567 Between each step, slides were washed in PBS. Slides were coverslipped with Aqua-
568 Poly/Mount (Polysciences, cat# 18606-5). Images were acquired on a Zeiss Apotome 3 optical
569 sectioning microscope equipped with an Axiocam 705 mono sCMOS camera and Colibri 5
570 LED illuminator with 385nm/475nm/555nm/630nm excitation using Zen Blue software v3.8.3.
571 Image analysis was performed in FlJI/Imaged on 8-bit, grayscale images. Blood vessels as
572 regions of interest were outlined and masked by automatic thresholding with manual
573 adjustments defined by vascular (collagen 1V) and tight junction (claudin-5) stainings.
574 Claudin-5 vessel area fraction was determined using the ’Area fraction’ function within regions
575 of interest. Zyxin and vinculin intensities were quantified within regions of interest (vascular) or
576 outside these regions (parenchymal) using the 'Mean gray value’ function.

577 Statistics

578 No statistical method was used to pre-determine sample sizes. All key experiments were
579 repeated independently, and detailed information about error bars, sample size, definition of
580 replicates, statistical tests and P-values are provided in each figure legend. Statistical analyses
581 were performed using Prism 10 (GraphPad). Normality was determined by D’Agostino-
582 Pearson, Shapiro-Wilk and Kolmogorov-Smirnov normality tests. On normally distributed data,
583 unpaired t-test (two-tailed) or one-way ANOVA followed by Dunnett’s post-hoc test were used
584 to compare means from two or more groups, respectively. If standard deviations were different
585 between groups (determined by an F-test), Welch’s correction was applied. On non-normally
586 distributed data, a non-parametric Mann-Whitney test (two-tailed) was used to compare means
587 from two groups, and relationships between two variables were determined using a Spearman
588 correlation. To account for multiple comparisons in RNA-sequencing data, false discovery rate
589 (FDR) was calculated using the Benjamini-Hochberg method. Statistical significance was
590 generally set at P < 0.05, and FDR < 0.01 for RNA-sequencing analysis.
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784 Fig. 1. Super-resolution imaging reveals tight junction redistribution during BBB
785 maturation. a) Schematic of the experimental setup. The small molecule cocktail cCARLA is used
786 to induce BBB maturation. b) Representative super-resolution images of the tight junction protein
787 claudin-5 in human stem cell-derived ECs in 2D, as seen from above. Insets show claudin-5
788 localisations at cell-cell junctions. ¢) Claudin-5 intensity in the cytoplasm. Box: median * quartiles,
789 whiskers: range. Mann-Whitney test, two-tailed, n=53 cells from two experiments.
790 d) Representative density plot showing the number of junctional claudin-5 localisations and tight
791 junction width in ECs during BBB maturation. e) Histogram showing the distribution of junctional
792 claudin-5 localisations in ECs, n=43 full-length junctions from two experiments. Three subgroups
793 were created based on localisation density: low (0-4), medium (5-16) and high (17-60 localisations
794 per pixel). f) 3D architecture of tight junctions in ECs along the z-axis. Representative super-
795 resolution images (y-z projection, as seen from the side; top panel) and scatter plots of single
796 claudin-5 localisations are shown (lower panel). g) Pie chart showing the proportion of tight
797 junctions composed of single- and multiple strands, n=43 full-length junctions from two
798 experiments.
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800 Fig. 2. Specialised perinuclear focal adhesions control cell-matrix attachment at the mature
801 BBB. a) Representative confocal microscopy images of F-actin in human stem cell-derived ECs
802 during BBB maturation. Insets show the two hotspots of actin rearrangement: cortical- (white
803 arrowhead) and perinuclear actin (yellow arrowhead). b) Quantification of the number of cells
804 having actin stress fibers (left panel), cortical actin (middle panel) and perinuclear actin (right
805 panel). Box: median £ quartiles, whiskers: range. Mann-Whitney test, two-tailed, n=14 images from
806 two experiments. ¢) Representative images of F-actin co-stained with the focal adhesion protein
807 zyxin in human stem cell-derived ECs. Yellow arrowheads highlight the emergence of perinuclear
808 adhesions at the mature BBB. d) Representative 3D reconstructions of images show the unifom
809 (control) and perinuclear (cARLA-treated) distribution of zyxin in ECs. e) 3D reconstructions of
810 images in cARLA-treated mature ECs from multiple angles, and f) x-z and y-z projections in 2D
811 highlight the spatial organisation of F-actin and zyxin in perinuclear adhesions. g) Representative
812 3D reconstructions from cARLA-treated mature ECs showing a similar organisation of the focal
813 adhesion protein vinculin in perinuclear adhesions. h) Changes in ZYX/zyxin and VCL/vinculin
814 mRNA levels during BBB maturation as determined by RNA-sequencing. Log2FC: logz (fold
815 change). P-values were adjusted for multiple comparisons (FDR; Benjamini-Hochberg method),
816 n=4 cell culture inserts per group. i) Changes in zyxin and vinculin staining intensity as determined
817 by confocal microscopy. Box: median + quartiles, whiskers: range. Unpaired t-test, two-tailed, n=14
818 images (zyxin) and n=12 images (vinculin) per group from two experiments. j) Quantification of the
819 number of of cells having perinuclear adhesions. Box: median + quartiles, whiskers: range. Mann-
820 Whitney test, two-tailed, n=14 images from two experiments.
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822 Fig. 3. A force signature of BBB maturation. a) Image of the specialised hollow cantilever with
823 circular opening (microprobe) used in fluid force microscopy (FluidFM). b) Schematic of the
824 FluidFM measurement process. After a cell is engaged with the cantilever using negative pressure,
825 a force-controlled lift-up protocol is applied to detach that cell from the monolayer. First, cell-matrix
826 adhesions are torn. Cell-cell adhesions are torn in a subsequent step, and the cell is then detached.
827 TJ: tight junction, FA: focal adhesion. ¢) The process of cell detachment by FluidFM is shown using
828 real-time phase-contrast microscopy in human stem cell-derived EC monolayers. The red circle
829 highlights the cell that was engaged and detached. d) Pie chart showing the proportion of
830 successful cell detachment events using the same negative pressure; n=21 (control) and n=40
831 (cARLA) total cell detachment events. e) Representative force-distance curves of the cell
832 detachment process in control and mature ECs. The first minimum corresponds to cell-matrix
833 andhesions, the second minimum corresponds to cell-cell adhesions. f) Differences in total work of
834 detachment (area under the curve) between control and cARLA-treated ECs based on successful
835 cell detachment events. g) Adhesion forces corresponding to cell-matrix (left panel) and cell-cell
836 adhesion (right panel) upon BBB maturation. h) Ratio of cell-cell vs. cell-matrix adhesion from the
837 previous panel. In all box plots, box: median * quartiles, whiskers: range, unpaired t-test, two-tailed.
838 In panels f,g and h: n=20 cells (control) and n=5 cells (cCARLA) per group from two experiments.
839 In panels i and j: n=47 images per group from four experiments.
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841 Fig. 4. Kinetics of force redistribution during BBB maturation. a) Schematic of experimental
842 setup. Resonant waveguide grating measures the resonant wavelength shift (AA) caused by
843 cellular structures at the basal part of cells, which is directly proportional to the surface area covered
844 by cell-matrix adhesions. ECM: extracellular matrix. b) Wavelength shift kinetics of human stem
845 cell-derived brain ECs at early, mid and late timepoints of in vitro BBB maturation.
846 c) Representative confocal microscopy images of zyxin and F-actin distribution upon cARLA
847 treatment over time. Yellow arrowheads in the top row point to zyxin-containing perinuclear
848 adhesions. White arrowheads in the middle row point to cortical actin structures. d) Quantification
849 of the number of cells having perinuclear adhesions, e) perinuclear actin and f) cortical actin during
850 BBB maturation. Note that the emergence of cortical actin precedes perinuclear actin and
851 perinuclear adhesions. In all three panels, box: median + quartiles, whiskers: range. One-way
852 ANOVA compared to the Oh cARLA group, ****P<0.0001, n=11-14 images from two experiments.
853 g) Claudin-5 continuity at cell-cell junctions upon cARLA treatment over time. White arrowheads
854 indicate discontinous junctions. Note the rapid increase in claudin-5 staining intensity and continuity

855 at cell-cell junctions.
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857 Fig. 5. BBB tightness negatively regulates endothelial cell-matrix adhesion via claudin-5.
858 a) Schematic of claudin-5 overexpression (OE) and knockout (KO) strategy in vitro. b) Claudin-5
859 immunostaining in Cldn5 OE, KO and mock-transfected cell populations (left panel). Quantification
860 (right panel): mean = SD, one-way ANOVA, n=4-7 images per group. ¢) Min-max scaled heat map
861 and d) Slope chart showing a core set of cell-matrix adhesion genes that inversely follow
862 claudin-5 levels in vitro as determined by RNA-sequencing. For each gene, between-group FDR-
863 corrected P-values (Benjamini-Hochberg method) < 0.05; n=3 cell culture inserts per group. ECM:
864 extracellular matrix. e) Schematic of the Cldn5 knockdown mouse model used. Upon doxycycline
865 supplementation in adult mice, an inducible shRNA against Cldn5 suppresses claudin-5 levels in
866 littermates positive for an endothelial cell-specific Cre recombinase (Cre*). Cre" littermates were
867 used as controls. f) Immunohistochemistry of claudin-5 and zyxin in mouse brain sections with or
868 without Cldn5 knockdown. Dashed lines outline blood vessels. Scale bar: 15 ym. g) Quantification
869 of claudin-5 and h) vessel-associated zyxin levels. For both panels: unpaired t-test with Welch’s
870 correction, two-tailed, n=36 blood vessels from 3 mice per group. i) Immunohistochemistry of
871 claudin-5 and vinculin in mouse brain sections with or without Cldn5 knockdown. Dashed lines
872 outline blood vessels. Scale bar: 15 pm. j) Quantification of vessel-associated vinculin levels.
873 unpaired t-test with Welch’s correction, two-tailed, n=36 blood vessels from 3 mice per group.
874 k) Quantification of parenchymal zyxin and vinculin levels. Unpaired t-test with Welch’s correction,
875 two-tailed, n=20 equally sized parenchymal areas from 3 mice per group. In panels g-h and j-k,
876 lighter dots indicate individual blood vessels and darker dots indicate means from each animal.
877 Statistical tests were performed on means from each animal.
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879 Fig. 6. Increased endothelial cell-matrix adhesion in epileptic BBB dysfunction in mice and
880 humans. a) RNA-sequencing analysis of mouse brain ECs in epilepsy. Left panel: schematic of
881 the experimental setup. Right panel: top upregulated pathways in brain ECs in acute epilepsy as
882 reanalysed from Munji et al.?® b) Analysis of our core set of 12 cell-matrix adhesion genes that
883 inversely follow claudin-5 levels in the acute epilepsy dataset. Differential expression analysis by
884 DESeq2, FDR-corrected P-value (Benjamini-Hochberg method), ****Paq<0.0001, n=3 mice per
885 group. ¢) Immunohistochemistry of collagen type IV, claudin-5 and zyxin in human brain sections
886 from autopsy controls or patients with temporal lobe epilepsy (TLE). Dashed lines outline blood
887 vessels. Scale bar: 20 um. d) Quantification of claudin-5 and e) vessel-associated zyxin levels.
888 Unpaired t-test with Welch’s correction, two-tailed, n=36 blood vessels from 3 patients per group.
889 f) Immunohistochemistry of claudin-5 and vinculin in human brain sections from autopsy controls
890 or patients with temporal lobe epilepsy (TLE). Dashed lines outline blood vessels. Scale bar: 20 um.
891 Quantification (right panel): unpaired t-test with Welch’s correction, two-tailed, n=30 blood vessels
892 from 3 patients per group. In panels d-f, lighter dots indicate individual blood vessels and darker
893 dots indicate means from each patient. Statistical tests were performed on means from each
894 patient. g) Correlation analysis of vessel-associated vinculin and claudin-5 levels in human brain
895 sections. Spearman correlation, two-tailed, n=60 datapoints from both control (grey) and TLE
896 (green) groups. The line of best fit (continuous line) and 95% confidence intervals (dashed lines)

897 from a simple linear regression are shown.
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