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Abstract

Brain homeostasis depends on the existence of the blood-brain barrier (BBB). Despite decades of
research, the factors and signalling pathways for modulating and maintaining BBB integrity are
not fully elucidated. Here, we characterize the expression and function of the multifunctional
receptor, sortilin, in the cells of the BBB, in vivo and in vitro. We show that sortilin acts as an
important regulatory protein of the BBB’s tightness. In rats lacking sortilin, the BBB was leaky,
which correlated well with relocated distribution of the localisation of zonula occludens-1, VE-
cadherin and [-catenin junctional proteins. Furthermore, the absence of sortilin in brain
endothelial cells resulted in decreased phosphorylation of Akt signalling protein and increased the
level of phospho-ERK1/2. As a putative result of MAPK/ERK pathways activity, the junctions
between the brain endothelial cells were disintegrated and the integrity of the BBB became
compromised. The identified barrier differences between wild type and Sort/-/- brain endothelial

cells can pave the way for a better understanding of sortilin’s role in the healthy and diseased

BBB.
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1. Introduction

The capillaries of the brain constitute a highly specialised structure, the so-called blood-
brain barrier (BBB). The physiological barrier element of the BBB is the specialised endothelium
formed by brain endothelial cells (BECs). To acquire and maintain the specific barrier attributes,
BECs need the support of their neighbouring cells, which mainly are astrocytes and pericytes. The
tight and healthy BBB protects the brain from exogenous and endogenous compounds with
neurotoxic properties and strictly controls the exchange of solutes between the blood and the
central nervous system [1]. To fulfil these functions, receptors, transporters, and efflux pumps are
localised in the membranes of BECs in a function-specific manner [2]. For instance, the majority
of the P-glycoprotein efflux pumps (MDR1/ABCBI1) are located at the luminal membrane of
BECs where they limit the brain penetration of lipophilic xenobiotics and drugs from the blood
[3]. On the other hand, to supply the brain with the necessary nutrients, certain transporters need to
be present nearly equally at both surfaces of the BECs such as the glucose transporter 1
(GLUTI1/SLC2A1) [4] and the large neutral amino acid transporter (LAT1/SLC7AS) [5]. Brain
interstitial spinal fluid homeostasis depends on the integrity of the barrier therefore BECs are
connected laterally by numerous tight (TJs) and adherent junction complexes (AlJs). These
complexes are built up from highly specialised transmembrane receptors, such as claudins, and
cadherin family proteins and their cytoplasmatic linker proteins e.g., zonula occludens proteins,
and the catenins [6]. Claudin-5 is the major constitutive claudin among the TJs of the BBB [7],
while in the AJs the vascular endothelial cadherin (VE-cadherin) is the dominant transmembrane
protein [8]. Both transmembrane proteins are anchored intracellularly to the actin cytoskeleton via
direct or indirect interaction with the zonula occludens-1 (ZO-1) protein [9, 10]. Among the
catenins, B-catenin has received increased attention due to its dual role as a cytoplasmic anchor-
protein for VE-cadherin and as a central element of the Wnt/B-catenin signalling pathway [11].
Besides the Wnt/B-catenin pathway, several other signalling pathways have an important function
in the regulation of the integrity of the BBB including the phosphatidylinositol 3-kinase
(PI3K)/Akt and the mitogen-activated protein kinase/extracellular signal-regulated protein kinase

(MAPK/ERK) pathways. [12]. Especially, altered MAPK signalling pathway has been reported in
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several diseases to cause BBB disruption [13]. Despite several years of research, there remained
gaps in our knowledge of how and which proteins influence the BBB under normal and
pathophysiological conditions.

In recent years, sortilin has received a great deal of attention due to its fundamental role in
health and diseases [14]. Sortilin is a member of the vacuolar protein sorting 10 protein (Vps10)
domain family and is located mainly perinuclear in the late Golgi apparatus and endosomes [15].
Sortilin binds to various cargo proteins and regulates their surface localisation, secretion or
degradation in lysosomes. However, 10% of sortilin is found on the cell membrane where it
functions as an endocytic receptor with high capacity. After endocytosis the internalized ligand-
receptor complex is transferred to the endo-lysosomal system for retrograde transport to the trans-
Golgi network or for lysosomal degradation [16]. Sortilin-mediated vesicle trafficking affects the
cellular levels and activities of numerous substrate proteins such as signalling receptors, enzymes,
and growth factors. Therefore, sortilin is characterized as a multifunctional receptor [14].
Physiologically, sortilin plays a key role in various important functions, ranging from normal
biological processes such as neuronal survival [17], and glucose metabolism [18] to the influence
of pathological processes underlying neurodegenerative diseases [19]. Moreover, it has been
shown to have a pivotal role in cardiovascular and metabolic disorders [20, 21]. Sortilin is
abundantly expressed in several tissues and organs especially in the brain [15]. Therefore, it has
mainly been investigated in neurons and to some extent in glial cells [22]. However the role of
sortilin in the cells of the BBB has previously not been addressed except from expression data in
large gene sequencing databases [23-25] (Data ref: [26, 27]).

The aim of the present work was to investigate the expression of sortilin in the brain
microvessels, and the other cells of the BBB, including BECs, astrocytes and pericytes, and to
elucidate the role of sortilin in maintaining the integrity of the BBB. We primarily focus on
sortilin’s expression in the BECs which are the cells that forms the physical basis of the BBB. The
applied in vivo and in vitro approaches describe specific cell and organ functions in wild-type
(WT-) and SortI-/- knock-out (KO) animals and thereof isolated primary cells. Since sortilin is
known to be involved in the pAkt signalling pathway we also evaluate the phosphorylation of Akt
and ERK1/2 in our models.

2. Results
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2.1 Sortilin is expressed in the cells of the brain microvessels

To study what role sortilin plays at the BBB, we first investigated the expression of Sort/ gene in
the cell types constituting brain microvessels. We found that the Sort/ gene is highly expressed in
BECs, as well as in astrocytes and pericytes from wildtype rats [Fig 1A]. To further validate Sort/
genes expression, Western blot was performed on isolated microvessels, BECs, astrocytes, and
pericytes. The BECs and astrocytes were grown in Transwell setup as non-contact co-culture [28]
and pericytes as monoculture [29]. In agreement with the gene expression data, sortilin was
detectible in a considerable amount in the lysate of WT-microvessels, -BECs, -astrocytes, and -
pericytes [Fig 1B]. Previously study has validated the lack of sortilin expression in Sortl-/- rats,
and accordingly sortilin was not present in the lysate of microvessels, BECs, astrocytes and
pericytes from KO rats [Fig 1B] [30]. The subcellular localisation of sortilin was further
characterised by immunocytochemistry [Fig 1C-F]. The majority of sortilin was localised around
the nucleus in the WT-BEC:s, -astrocytes and -pericytes [Fig 1D-G], and a co-staining with cation
independent mannose 6-phosphate receptor suggests the majority of sortilin is perinuclear located
in the trans-Golgi network [Fig 1C]. Consistent with the Western blot data, we observed positive
staining for sortilin only in the WT cells and not in the cells of the sortilin knock-out rats. The
BECs had the typical elongated morphology and formed confluent layers. Immunocytochemistry
staining of the tight junction protein claudin-5 delineated the endothelial cell borders [Fig 1E].
The cell—cell attachment was continuous in both groups, as judged by the claudin-5 staining.
Astroglia’s expressing glial fibrillary acidic protein (GFAP) showed a multipolar shape with long
processes. This stellate shape could be observed in the WT- as well as in the KO-cells [Fig 1F].
Pericytes were characterized by their large cell size, polygonal cell shape, branched morphology,

and positive staining for neuron-glial antigen 2 (NG-2) [Fig 1G].

2.2 Sortilin-KO brain microvessels displays a decreased integrity

Having established that sortilin was indeed expressed in brain microvessels, we focused on the
role of sortilin in BBB integrity, using the compounds oxaliplatin and investigating endogenous
albumin leakage. Oxaliplatin is a low molecular weight (397 Da) BBB-impermeable
chemotherapeutic drug previously used for the investigation of paracellular leakage [31].
Oxaliplatin was injected in the tail vein of WT- and KO-rats. Cortical brain microvessels of the

KO-rats had reduced integrity, as evidence by a 50 % increase in the accumulation of oxaliplatin
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(26.15 £ 2.82 ng/g) in KO-brain homogenates compared to the WT controls (17.01 £+ 2.25 ng/g)
[Fig 2A].

In addition to the paracellular tightness, we examined the transcellular permeability of the
capillaries by looking for albumin leakage. Albumin occurs naturally in the blood and is
transported only in low amount across the endothelium of intact microvessels [32]. The top panel
in Fig 2B shows representative images of the cortex where there is no albumin immunoreaction in
either WT- or the KO-cortex, indicating normal vesicular paracellular transport in absence of the
sortilin as well. The bottom panel demonstrates representative images of the choroid plexus as
positive controls. The choroid plexus has positive albumin labelling in both groups, which
indicates that the immunolabelling is working [Fig 2B]. Additionally, the ultrastructural of 50
brain capillaries were analysed by transmission electronmicroscopy (TEM) [Fig 2C]. TEM images
did not any show significant differences in the endothelial wall thickness between the WT- (226 +
19 nm) and KO-cortex (226 + 17 nm), indicating no ongoing endothelial inflammation that could
contribute to vessel leakiness [Fig 2C-D]. The data indicates that the sortilin KO cells have less
tight barrier that allows more influx of small molecules by paracellular transport, whereas

transcellular vesicular transport is not affected.

2.3 Sortilin is involved in maintaining BBB integrity

To investigate the functionality of the BECs, we co-cultured brain capillary endothelial
monolayers with astrocytes, also known as no-contact co-culture BBB model. As illustrated by
Fig 3A, WT-BECs were co-cultured with WT-astrocytes and similarly, KO-BECs were co-
cultured with KO-astrocytes. We examined the tightness of the in vitro BBB models [Fig 3B-C]
and the function of selected influx and efflux transporters using their radiolabelled substrates [Fig
3D-F].

In parallel with the in vivo data, the KO-BBB model was leaky for the paracellular
permeability marker, sodium-fluorescein in vitro. The KO-BECs showed doubled permeability
values (5.74 x 106 + 1.27 x 10°% cm/s) compared to WT-BECs (2.72 x 106 + 0.51 x 10-% cm/s)
[Fig 3B]. Accordingly, the TEER values of the KO-endothelial monolayer (293 + 39 Q x cm?)
were nearly two times lower, than for the WT-endothelial monolayer (553 + 18 Q x cm?). While
WT-BECs co-cultured with KO-astrocytes did not show significantly higher TEER [Fig 3C]. The
TEER values indicate the tightness of the confluent BECs’ layers and reflect the permeability of

the intercellular junctions for sodium ions [33].
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The BECs are polarised cells with the apical membrane facing the blood and the abluminal
membrane at the brain side. The polarity of the cells arise from the differential expression of
specific transporters in the luminal and abluminal membranes [3]. To analyse the functional
polarity in BEC’s from WT and KO rats, the efflux transporter activity of P-glycoprotein was
investigated in a bidirectional transport study [Fig 3D]. Luminal-to-abluminal (A-B) and
abluminal-to-luminal (B-A) transendothelial fluxes of the P-glycoprotein substrate, *H-digoxin
was measured. The WT-BECs displayed steady-state permeability values of 2.53 + 0.07 x 106
cm/s (A-B) and 5.72 £ 0.08 x 10° cm/s (B-A). Similarly, the KO-BECs exhibited permeability
values of 2.53 £ 0.27 x 106 cm/s (A-B) and 5.64 + 0.06 x 10° cm/s (B-A). In both BBB-models,
the flux from the abluminal to the luminal compartment (B-A) was more than two-fold higher than
the flux in the opposite direction. Therefore, the net efflux ratio (Pg.a/Pag) was nearly 2.2
indicating active efflux transport. In both cases, the specific P-glycoprotein inhibitor, zosuquidar
inhibited the polarized efflux [Fig 3D]. Thus, both models retain functional P-glycoprotein
expression. These demonstrate functionally active and polarized efflux transport by P-glycoprotein
with no difference between the WT- and the KO-BBB models. Furthermore, the uptake of *H-
glucose by the GLUT1 was very low (approximately 0.008% of the added tracer) in both BBB
models and was not affected by adding unlabelled glucose for competition [Fig 3E]. The LATI
facilitated transport of 3H-L-leucine in the presence or absence of the specific LAT-1 inhibitor 2-
aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH), was investigated as well. The transport of
SH-L-leucine was inhibited approximately 40-45% by BCH which indicated functional LAT1
transporter in both models. Although there was a difference between the leucine uptake of the

WT- and the KO-BEC:s, it did not reach statistical significance [Fig 3F].

2.4 Sortilin influences the junctional proteins of the BECs

Altered TEER and permeability values [Fig 3B-C] can indicate changes in the structure and the
expression of the inter-endothelial junctions [34]. Therefore, we have investigated the protein level
and the localisation of the most well-characterized TJ and AJ proteins namely ZO-1, claudin-5, -
catenin, and VE-cadherin [Fig 4]. To quantify the observed differences in localisation, the
fluorescence intensity of the junctional proteins at the cell border and in the cytoplasm were
measured, and the ratio of these values (localisation ratio) were compared between the WT-BECs

and KO-BEC:s [Fig 4].
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The ZO-1 TJ protein showed a lower localisation ratio in the KO-BECs than in the WT-BECs
[Fig 4A]. Accordingly, less fluorescence intensity was measured at the cell border of the KO-
BECs. However, no difference was detectable in the protein amount of ZO-1 between the two
groups [Fig 4B], indicating changes only in the localisation of this tight junction protein. In the
case of claudin-5, no significant difference was seen neither in terms of localisation [Fig 4C], nor
in western blot [Fig 4D]. Similarly to ZO-1, the other cytoplasmic junctional protein f-catenin
resulted in a lower localisation ratio in the KO-BECs and B-catenin staining could be seen around
the nuclei in the KO-BECs [Fig 4E]. The protein level of B-catenin in KO-BECs was markedly
decreased (78.87 + 6.12%) compared to the WT-BECs [Fig 4F]. Since B-catenin expression was
changed, we have investigated its transmembrane linking partner, VE-cadherin [Fig 4G-H]. A
lower localisation ratio in the KO-BECs was observed and more proteins were visible in the
cytoplasm of these cells [Fig 4G]. However, the protein amount of VE-cadherin did not differ
between the WT- and the KO-group [Fig 4H]. Images quantification using high content line scan
of capillaries is not possible with our methods, wherefore no in vivo data has been acquired.
Overall, the results indicated that the observed BBB leakage [Fig 2A, Fig 3B-C] is caused by re-

localisation of the junctional proteins.

2.5 Sortilin and the signalling pathways in BECs

To explore the mechanisms of how sortilin influences the localisation of junctional proteins, we
examined the activation of those key signalling pathway proteins, which are associated with both
sortilin and the junctional proteins.

The absence of sortilin significantly decreased the phosphorylation of Akt protein (pAkt;
59.17 £ 7.04%) in the KO-BECs [Fig SA]. There was no statistically significant difference in the
amount of total-Akt protein between the KO- and the WT-BEC:s. Still, the level of total-Akt was
slightly lower in KO-BECs (79.37 £ 6.15%), which was likely caused by the difference in
phospho-Akt. This indicated that there was no difference in the level of un-phosphorylated Akt
between the two genotypes. Accordingly, the ratio of phospho-Akt to total-Akt (pAkt/T-Akt) was
significantly lower in the KO-group (KO: 0.97 £ 0.10; WT: 1.39 + 0.13).Since there is less
phospho-Akt in the KO-BECs to inhibit the activation of the MAPK pathway, the phosphorylation
of ERK1/2 was increased by the same extent (pERK1/2; 146 = 6 %) in those cells [Fig 5B]. This
resulted in a significant difference in the level of total-ERK1/2 (KO: 3 + 7.0 %) and in the
pERK1/2/T-ERK1/2 (KO: 0.66 = 0.06; WT: 0.87 £ 0.06). Finally, we added a phospho-Akt
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inhibitor which evaluated by western blot resulted in an almost complete blocking of Akt
phosphorylation. Analysing the wildtype BEC in this set-up displayed a drop in TEER values, but
re-localisation of B-catenin and VE-cadherin as observed in the Sortilin KO was not significant
[Fig 5C, B-catenin not shown]. Attempt to increase the amount of phospho-Akt via stimulation of
sortilin using sortilin ligand Spadin failed [Fig 5C] [35].

These results suggested that sortilin maintained the phosphorylation level of Akt protein in
WT-BECs resulting in inhibited activation of the MAPK/ERK1/2 pathway. In the absence of
sortilin, the amount of phospho-Akt protein decreased, while the pERK to ERK ration was
increased. This could indicate a general activation in the MAPK pathway which might be related
to the changed localisation of junctional proteins and the tightness of the BEC monolayer. As the
MAPK/ERK is known to influence the proliferation and migration of other endothelial cells, we
did test the viability and proliferation of the sortilin KO BEC in relation to wildtype BEC using a
MTT proliferation kit. We did now observe any changes (WT BEC 97.92 + 3.18; KO BEC 100.0
+ 1.84; p=0.576), however the other downstream effect of the kinase pathway should be further

analysed in the future.

3. Discussion

Sortilin has fundamental biological functions in different organs and tissues of the body and has
been intensively analysed over the last decade [19]. Since sortilin is abundantly expressed in the
brain [15, 36], its role in neurons and to some extent in certain glia cells of different brain regions
have been investigated [22]. However, the brain microvessels including the cells of the BBB have
been neglected. Here, we provided the first evidence on the presence of sortilin in the cells of the
BBB. We use a BBB model based on primary rat cells as these has been validated to mimic the in
vivo barrier with respect to tightness, transporter activity and receptors [37]. We have shown that
sortilin is expressed and is detectable at a considerable protein level in BECs as well as in other
cells of the BBB, such as astrocytes and pericytes. We have also shown that sortilin has a
perinuclear localization in these cells. These findings agree with other studies in different cell
types describing the perinuclear localisation of sortilin in transcellular vesicles and the trans-Golgi
network [16]. Moreover, previous wide-range gene expression studies support our findings which

have reported Sortl gene to be expressed in BECs, astrocytes, and pericytes from both mouse and
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human origin ([23-25] (Data ref: [26, 27]). Only a few studies mention the role of sortilin in
peripheral endothelial cells, but sortilin has been found to be involved in myocardial
hypoxia/reoxygenation injury [38] and in activation of membrane NADPH oxidase [39]. However,
the focus of these studies was not primarily to describe the role of sortilin in endothelial cells. The
data presented here provide the framework for future studies to explore the function and
importance of sortilin in other endothelial cells. We have focused on the role of sortilin in BECs of
the microvessels since these cells serve as the anatomical basis and forms the main barrier of the
BBB. Since the Vps10p-D receptors are known to bind and sort several growth factors, the effect
on BBB integrity of sortilin expression in astrocytes would be important to study [19, 40]. Less is
known about VpslOp-D receptors in pericytes, but SorCS-2 is upregulated in mice pericytes
during ischemia-reperfusion injury and might have a function in signalling in inflammation of
pericytes [41]. The role of sortilin in other cells of the BBB such as astrocytes and pericytes would
therefore be important to explore in future studies.

Sortilin is primarily a sorting receptor, which mediates the vesicular trafficking of various
substrate proteins involved in physiological and pathological processes [42]. For instance in
striated muscle, sortilin transfers the insulin-regulated glucose transporter 4 from the storage
vesicles to the plasma membrane, thus accelerating the uptake of glucose and inhibiting the
progression of diabetes [43]. Therefore, we have investigated the glucose uptake in BECs. The
BEC:s of the BBB express a different type of glucose transporter, the so-called insulin-independent
GLUT]1 [44]. This glucose transporter was not affected by the lack of sortilin in our experiments.
In addition, the amino acid transporter LAT1 has proved to function independently from the
presence of sortilin. The BECs are polarised cells and for maintenance of the polarity and proper
function of these cells, correct sorting of proteins is essential [2]. One of the most important efflux
pumps of the BECs, the P-glycoprotein, is located at the luminal membrane where it limits the
brain penetration of lipophilic xenobiotics and drugs from the blood [3]. Therefore, we have
investigated the efflux transporter activity of P-glycoprotein by a bidirectional transport study.
However the absence of sortilin did not change the function and the polarized activity of P-
glycoprotein. This indicates that the sortilin receptor is not crucial for the polarisation of BECs,
but future studies are needed to determine whether sortilin is a sorting receptor for other essential
transporters in the BECs.

Brain homeostasis depends on the integrity of the BBB. Therefore, we have further analysed

the permeability and the tightness of the BBB both in vivo and in vitro. The microvessels and the
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BECs of the KO-rats lacking sortilin were leaky to paracellularly transported oxaliplatin.
Accordingly, the in vitro KO-BBB model has proved to be less tight than the WT. The increased
permeability of sodium-fluorescein and the low transendothelial electrical resistance (TEER)
values of the KO-BBB model pointed out that sortilin plays an important role in the integrity of
the BBB. A leaky BBB is a common hallmark in pathological conditions such as Alzheimer’s
disease [45], hypercholesterolemia [46], and diabetes [46, 47]. Interestingly the dysfunction or
downregulation of sortilin has been also connected to the progression of these diseases [48-50].
Under pathological conditions, the expression, posttranslational modification, trafficking,
and localisation of junctional proteins change. In the healthy BECs, the majority of the junctional
proteins are localised at the cell border giving strong fluorescent staining where the cells attach to
each other. Only a low amount of proteins can be found in the cytoplasm [6, 34]. In KO-BECs, the
junctional proteins showed an altered localisation profile compared to the ones in the WT-BECs.
The intensity of ZO-1 has dropped at the cell border and more VE-cadherin and -catenin adherent
junctional proteins were visible in the cytoplasm. Additionally, the protein level of B-catenin was
lower in these cells. To reveal the mechanisms of how sortilin influences the localisation of
junctional proteins, we examined the activation of the key signalling pathway proteins, which are
associated with both sortilin and the junctional proteins. Sortilin is known to induce the
phosphorylation of Akt protein [51] and without an active PI3K/Akt pathway the protein level of
sortilin dropped in insulin-resistant mice [52] and adipocytes [53]. These findings/observations
were in agreement with the protein amount of pAkt fell dramatically in the KO-BECs compared to
the WT-BECs in our experiments. Akt is a central protein, which communicates with several other
signalling pathways [54]. Among these interactions, crosstalk between the PI3K/Akt and the
MAPK/ERK pathways has been reported on multiple levels [55]. The phosphorylation of Raf
protein by Akt abrogate Raf activity on MEK1/2 (mitogen-activated protein kinase kinase 1 and 2)
and subsequently prevent the phosphorylation of ERK1/2 proteins in the MAPK/ERK pathway
[56]. In line with these observations, ERK1/2 phosphorylation was highly increased in the KO-
BECs. Increased phosphorylation of ERK1/2 and decreased level of sortilin were also described
also in hepatic cells of obese and diabetic rats [50]. The MAPK/ERK signalling pathway is able to
modulate paracellular transport by altering the molecular composition within TJ complexes [13].
In our study, an increased amount of pERK1/2 has been detected in KO-BECs and less ZO-1 was
be found in the TJs. Accordingly to our findings, several papers have reported the absence or

complete disappearance of ZO-1 from the cell border parallel with ERK1/2 activation [57-61].
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Besides the ZO-1 protein, we have found disturbed localisation of VE-cadherin and B-catenin AJ
proteins. Both of these proteins are anchored intracellularly to the actin cytoskeleton via indirect
interaction with the ZO-1 protein [10]. Other studies have also found delocalisation of VE-
cadherin and B-catenin from the cell border along with increased MAPK/ERK signalling pathway
activity [62-64]. Our data does not fully elucidate the pathway by which sortilin affect the
tightness of BEC, as a sudden inhibition of Akt phosphorylation only result in a slight but
significant increase in permeability values, but not in relocation tight junction proteins. Either the
relocation is a relatively gradual and cannot be observed within the timeframe of the experiment or
more likely there are other mechanisms involved. This should be further investigated.

Collectively, our data suggested that sortilin is involved in maintenance the tightness of the
BEC and thereby the integrity of BBB. The details of mechanism behind our observation are not
fully clear, but in the absence of sortilin, the amount of pAkt drops and the MAPK/ERK pathway
becomes activated. We suggest this changed activity of MAPK/ERK pathway in sortilin KO might
affect the junctions of BECs which compromise the integrity of the BBB.
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4. Materials and methods

4.1 Materials
All chemicals and reagents were purchased from Sigma-Aldrich (Missouri, USA) unless otherwise

indicated.

4.2 Animals

Wild-type (WT) Sprague Dawley rats were obtained from Janvier labs, while Sort/-/- Sprague
Dawley rats (KO) were purchased from Horizon Discovery and custom made, respectively, for
breeding at the Animal Facility at Aarhus University. Sort/-/- is a 5 basepair deletion in exon 9
resulting in a stop codon, with subsequent complete destruction of the VpslOp-domain folding
[30]. No mRNA splice variants or protein fragments were detected by sequencing or Western blot
analysis. KO-animals were housed at the Animal Facility at Aarhus University in standard cages
(Scanbur) in a temperature-controlled environment with a 12h light/12h dark cycle, light during
daytime in a pathogen-free environment. Cages were cleaned every week and supplied with
bedding and nesting material, a wooden stick, and a tunnel. Chow (Altromin 1324, Brogaarden,
Denmark) and water were provided ad libitum. Animals were handled according to the Danish and
European animal experimentation legislation (directive 2010/63/EU). All animal experiments were
approved by the Danish Animal Experiments Inspectorate under the permission number 2017-15-

0201-01192.

4.3 In vivo permeability experiment

The experiments were performed on 20 WT (~115 g) and 18 KO (~55 g) 3-weeks-old rats.
Oxaliplatin was injected into the tail vein and left to circulate for 4 hours. Two animals per group
were injected with saline water and used as blank. After 4 hours, animals were deeply anesthetized
with Hypnorm/Dormicum (fentanyl/fluanisone mixed with midazolam and sterile water in a ratio
of 1:1:2) and perfused in. The brain was extracted and cut into two halves. Each half was weighed
and homogenized in a dunce homogenizer in 3.5 ml phosphate buffered saline (PBS) and snap
frozen on dry ice, except the brains used for immunostaining. The oxaliplatin (MW: 397 Da)
content was measured by inductively-coupled plasma-mass spectrometry (ICP-MS). The
oxaliplatin content of the brain homogenate was plotted as a/the percentage of administrated dose

as depicted from the sample taken immediately after administration and compared to the WT.
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4.4 Primary cortical microvessels and cell culture isolations

Primary cortical microvessels were isolated from 3-week-old rats. The forebrains were collected in
ice-cold sterile PBS. The meninges were removed and the grey matter was minced by scalpels into
1 mm? pieces.

For immunostaining of microvessels, the isolated grey matter was transferred to a grinder tube
of a hand-held tissue homogenizer in Dulbecco’s modified Eagle medium (DMEM). The
microvessels were separated by centrifugation in 20% bovine serum albumin (BSA)-DMEM
(1000xg, 20 min) from myelin containing elements. Next, the homogenate was filtered using 100
pum than 20 um filter-mesh to isolate the intact microvessels. The brain capillaries were frozen in
10% DMSO-FBS mixture and frozen until further use. For visualisation in immunohistochemistry,
microvessels were identified by claudin-5 immunopositivity.

For BEC and pericyte culturing, the tissue was digested with 1 mg/ml collagenase CLS2
(Worthington, USA) in DMEM for 1.5 hours at 37°C. The microvessels were separated by
centrifugation in 20% BSA-DMEM (1000xg, 20 min) from myelin containing elements. The
microvessels were further digested with 1 mg/ml collagenase-dispase (Roche) in DMEM for 1
hour. Microvascular BECs and pericytes clusters were separated on a 33% continuous Percoll
gradient (1000%g, 10 min) and collected. The brain capillaries were frozen in 10% DMSO-FBS
mixture and frozen until further use. BECs were cultured 1.5 weeks before the experiments as
described in details below in the ‘/n vitro BBB model constraction’ section [Fig 1C].

Pure cultures of rat cerebral pericytes were obtained by prolonged, 2-week culture of isolated
rat brain microvessels fragments that contain pericytes beside endothelial cells. Pericytes’ survival
and proliferation were favoured by selective culture conditions, using uncoated dishes, and
DMEM supplemented with 10% FBS and antibiotics as described in a previous paper [65]. The
culture medium was changed every twice a week. Cultured brain microvascular pericytes show
typical morphology of large, flat multipolar cells with several branches in accordance with
literature data [65]. Pericyte cultures were regularly checked for NG2 positivity which is a well-
known marker for pericytes [Fig 1F].

Isolation of rat astrocytes was performed according to a previously described method [28].
Briefly, cultures of glial cells were prepared from newborn rats (1-2 days old). After removal of
the meninges, the cortical pieces of the brain were mechanically dissociated, plated in poly-L-

lysine coated T75 flasks (Thermo Fisher Scientific, Roskilde, Denmark), and kept for minimum of
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3 weeks in DMEM containing 1% penicillin/streptomycin, and 10% FBS before being frozen.
Minimum two weeks before co-culture, astrocytes were thawed and grown as above described in
12-well plate. Once the astrocytes reached 100% confluence, the medium was changed every three

days. In confluent glia cultures, at least 90% of cells were immunopositive for GFAP [Fig 1E].

4.5 In vitro BBB model

All cell cultures were maintained in a humidified incubator with 5% CO, at 37°C. For primary
cultures of cerebral endothelial cells, the rat brain capillaries were plated in T75 flasks coated with
collagen IV (100 pg/ml) and fibronectin (100 pg/ml) in DMEM/F12 medium supplemented with
10% plasma-derived bovine serum (PDS; First Link Ltd, Wolverhampton, UK), basic fibroblast
growth factor (1 ng/ml), heparin (15U), insulin-transferrin-selenium and gentamicin (5 pg/ml).
Puromycin (4 pg/ml) was added to the medium for the first 3 days to obtain a pure culture of
BECs and remove contaminating cells. Cells were grown until 70% confluency then passaged onto
1.12 c¢cm? polycarbonate Transwell® filter inserts with 0.4 um pore size (Costar, Corning,
Kennebunk, ME, USA) at a density of 1-2 x 103 cells/cm?. From the following day after seeding
them on inserts, BECs were kept in a non-contact co-culture with rat astrocytes on the bottom of
the 12-well culture dish. When the BECs had reached confluence, approximately 2 days after co-
culture media on BECs and astrocytes have been changed and were supplied with differentiation
factors: 550 nM hydrocortisone, 250 uM  8-(4-chlorophenylthio)adenosine-3’,5'-cyclic
monophosphate (¢CAMP) and 17.5 uM RO-201724. Sample collection was carried out on the next
day. The tightness of the in vitro BBB models was monitored by measuring transendothelial
electrical resistance (TEER).

Two different models were used in this study [Fig 3A]; namely, the WT-BBB model and the
KO-BBB model. For the WT model, we co-cultured WT-BECs with WT-astrocytes. To create the
KO-BBB model, KO-BEC were co-cultured with KO-astrocytes at the same time and the same
way as the WT.

Inhibiting the phosphorylation of Akt protein, Akti-1/2 (R&D Systems, Minneapolis, MN,
USA) was used in 10 uM concentration for 1 hour at 37°C. Inhibiting sortilin, spadin (part of
sortilin propeptide) was used in 100 nM concentration for 1 hour at 37°C. Control groups received

only culture medium.
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4.6 Measurement of tightness and permeability in vitro

TEER value reflects the tightness and the permeability of intercellular junctions for ions. TEER
was measured by an EVOM resistance meter using EndOhm-12 cup system (World Precision
Instruments Inc., Sarasota, FL, USA) and expressed relative to the surface area (2 x cm?). TEER
values of cell-free inserts were subtracted from the measured data and presented as percent of the
WT group.

To measure the permeability across endothelial cell layers, a small molecular weight (MW)
marker sodium fluorescein (MW: 376 Da) was used. The molecular weight of the in vitro used
permeability marker is comparable to the in vivo used oxaliplatin (MW: 397 Da). Cells were
seeded onto Transwell inserts and grown as described above. Inserts with confluent layers were
transferred to 12-well plates containing 1.5 mL DMEM phenol red-free medium (Gibco, Life
technologies), which was the abluminal (lower) compartment in the permeability experiments. In
the upper chambers (luminal compartment), the culture medium was replaced by 500 mL of
DMEM phenol red-free medium containing 10 pg/mL sodium fluorescein and 1% BSA. The
plates were kept in a 37°C incubator with 5% CO, on a horizontal shaker (150 rpm). To minimise
luminal to abluminal transport, inserts were transferred at 20, 40, and 60 min to a new well
containing DMEM phenol red-free medium. After 1-hour incubation, concentrations of the marker
molecules in samples from the abluminal (lower) compartments were determined by Enspire
multimode plate reader (PerkinElmer Inc, Lillestrem, Norway). Sodium fluorescein concentration
was measured by fluorescent spectrophotometry (emission: 525 nm, excitation: 440 nm). Flux
across cell-free, coated control inserts was also measured. The apparent permeability coefficient
(Papp) was calculated from the concentration difference of the tracer in the abluminal
compartments (A[C],) after 1 hour (At) and luminal compartments at 0 hour ([C]p), the volume of
the abluminal compartment (V,; 1.5 mL) and the surface area available for permeability (A; 1.1

cm?) by the following equation [66].

(cm) A[C]A * VA
parp|— | =

s ] Ax[C]L* At
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4.7 Transport and uptake studies

TEER was measured at room temperature prior to all experiments, using an Endohm-12 cup
electrode chamber (World Precision Instruments, Sarasota, Florida) connected to a Millicell-ERS
device (Millipore, Massachusetts, USA). Cells were subsequently equilibrated to 37°C before
initiating transport or uptake experiments. Transcellular transport studies were performed directly
in the culture medium after 3 days of co-culture. The radioisotopes *H-digoxin, *H-D-glucose, and
SH-L-leucine were purchased from Perkin Elmer (Hvidovre, Denmark). Zosuquidar hydrochloride,
unlabelled D-glucose, and BCH were from Sigma-Aldrich (Steinheim, Germany).

The experiments were initiated by adding a trace solution (1 pCi/ml 3H-digoxin and 0.5
pCi/ml C-D-mannitol) to either the apical or basolateral medium. Culture trays were placed on a
temperature-controlled shaking table at 37°C, 90 rpm. Receiver samples (50 pl from the apical or
100 pl from the basolateral compartment) were withdrawn after 15, 30, 45, 60, 75, and 90 minutes
and a donor sample was taken after 90 minutes (to confirm mass balance). Receiver samples were
replaced with pre-heated (37°C) culture medium to maintain a constant volume. Transport studies
were performed in both the apical-to-basolateral (A — B) and basolateral-to-apical (B — A)
direction. P-glycoprotein functionality was evaluated by co-application of zosuquidar (0.5 uM) in
both apical and basolateral compartments.

Uptake studies were performed in Hank’s balanced salt solution with Ca?"/Mg?" (HBSS)
with HEPES (10 mM), 0.05% BSA either with (for leucine uptake) or without glucose (for
glucose uptake). The culture medium was removed and cells were washed twice with HBSS and
subsequently incubated 10 minutes at 37°C with fresh HBSS with or without the LAT-1 inhibitor,
BCH (100 uM) in both compartments (for leucine uptake). The experiments were initiated by
adding the trace solution (I pCi/ml 3H-D-glucose or 1 pCi/ml 3H-L-leucine) to the apical
compartment. Then, cells were incubated for 2 minutes for glucose uptake and 5 minutes for
leucine uptake. Receiver and donor samples were withdrawn at the end of the uptake study and the
trace solution was removed. The cells were washed three times in ice-cold HBSS and the
permeable supports were cut out and put into scintillation vials. The concentration dependency of
glucose uptake was investigated by co-administration of 2 mM unlabelled D-glucose.Samples
were transferred to Ultima Gold scintillation fluid (Perkin-Elmer) and radioactivity was counted in
a Tri-Carb 2100 TR Liquid Scintillation Analyzer (Packard Instrument Company, Meriden, USA).

The measured molar amounts in the receiver samples from the transport studies were corrected

for the dilution from replacing the receiver samples using equation 1:
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Masstotal = I/s X [ch—lj + Cn X I/t

n=1
V; is the volume of the receiver samples, V; is the total volume of the receiver solution and C, is
the concentration of the isotope in the receiver sample, n. The corrected amount transported was
plotted as the total amount transported per cm? per unit of time. Fluxes (J) were calculated from
the steady-state slopes of the straight lines. Apparent permeability values were calculated using

equation 2:

Jss
}1WP = (j

donor

P.p 1s the apparent permeability, Ji is the observed steady-state flux and Cgonor 1S the
concentration in the donor compartment after spiking. Efflux ratios were calculated as the apparent
permeability in the B — A direction divided by the apparent permeability in the A — B direction.
Digoxin permeability and efflux ratios were analysed using one-way analysis of variance followed
by Tukey’s test for multiple comparisons (o = 0.05). Concentration dependency of D-glucose

uptake and BCH inhibition of leucine uptake were examined using a two-sided Student’s t-test (o

= 0.05).

4.8 RT-qPCR analysis

For real-time quantitative PCR (RT-qPCR), astrocytes and pericytes were cultured in T75 flasks
and BECs were co-cultured with astrocytes on 75 mm diameter polycarbonate Transwell® inserts
(Costar, Corning) as it is described in ‘/n vitro BBB model constraction’. The cells were washed
twice with ice-cold PBS and collected. Total RNA was extracted using the NucleoSpin® RNA
Isolation Kit (Macherey-Nagel, Diiren, Germany) according to the manufacturer’s instructions.
Material from one T75 flask or one insert was used to generate each RNA sample. The mRNA-
purity was measured using NanoDrop 2000c UV-VIS Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA). Only mRNA samples with a 260/280 ratio over 2.00 were used
for further analysis. Primers were designed using SDSC BiologyWorkbench and NCBI and
retrieved from Thermo Fisher Scientific. Reverse transcription of mRNA was performed using
High CapacitycDNA reverse transcription kit (4368814) from Thermo FisherScientific, according
to the manufacturer's protocol. Riboloc R1 (Thermo Scientific) was used as RNAse inhibitor.
PTC-200 ThermalCycler (MJ Research) was used for reverse transcription of mRNA to cDNA.
The following primer pairs were used: Sortilin fwd 5’-AGACATCCTTGAGCGCAACT-3’, rvs
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5’-CGTAGCCGTAGGAACTGCTC-3’, product size 123 bps; Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) fwd 5’-AGACAGCCGCATCTTCTTGT-3’, rvs 5’-
CTTGCCGTGGGTAGAGTCAT-3’, product size 207 bps; P-actin  fwd  5’-
TGTCACCAACTGGGACGATA-3’, 1vs 5’-CTGGGTCATCTTTTCACGGT-3’, product size 139
bps. Primer efficiencies were calculated by the equation E = 10(—1/slope), where the slope was
found from a ten-fold serial dilutions calibration curve. Primer pairs were accepted if the
efficiencies were in the range of 1.9-2.1 and obtained regular melting curves. RT-qPCR analysis
was performed using Light Cycler 96 Instrument (Roche, Basel, Switzerland), and ¢cDNA
corresponding to 0.31 pg RNA per reaction was used. A reaction mixture of 20 pl consisting of 2
pl cDNA, 5 pl primer (a mix containing 2 pM of forward and reverse primers), 3 ul water (PCR-
grade), and 10 pl mastermix was used in the PCR. Cycling conditions were as follows: pre-
incubation at 95°C for 600 s, 45 cycles 95°C for 10 s, 55°C for 10 s, and 72°C for 20 s. Melting
curves were determined for all samples to verify the specificity of amplicons. All samples were
run in triplicates. All PCR data was normalized to the geomean of reference genes B-actin and

GAPDH. Genes above 35 average cycle-threshold value were considered to be not expressed.

4.9 Western blot

For cell lysates, cells were washed with PBS and lysed in ExB lysis buffer (150 mM NacCl, 20 mM
MgCl,, 20 mM CacCl,, 100 mM HEPES, 1% TritonX-100, complete™ p

rotease inhibitor). 5 pg of each protein sample was loaded on a 4-12% polyacrylamide gel
(GeneScript, New Jersey, USA) and subsequently transferred to nitrocellulose membrane or
polyvinylidene (Invitrogen iBlot). To improve the signals of Akt and phospho-Akt protein, the
polyvinylidene membranes were incubated with 4% paraformaldehyde in PBS for 30 min at RT
and boiled for 5 min in PBS. Before incubating with primary antibodies overnight at 4°C, the
membrane was blocked in 5% skimmed milk, 0.01 M Tris-HCI, 0.15 M NaCl, and 0.1% Tween
20, pH 7.6 in buffer solution. The primary antibodies were: anti-sortilin antibody (AF2934,
1:1000; R&D Systems, Minneapolis, MN, USA), anti-claudin 5 antibody (SAB4502981, 1:1000),
anti-ZO-1 antibody (61-7300, 1:250; Invitrogen, Carlsbad, CA, USA), anti-fB-catenin antibody
(610153, 1:1000; BD Transduction Laboratories, San Diego, CA, USA), anti-VE-cadherin
antibody (36-1900, 1:500; Invitrogen), anti-phospho-Akt antibody (4060, 1:1000; Cell Signaling
Techonology, Danvers, MA, USA), anti-Akt antibody (9272, 1:1000; Cell Signaling
Techonology), anti-phospho-p44/42 MAPK (Erk1/2) antibody (4695, 1:1000; Cell Signaling
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Techonology), anti-p44/42 MAPK (Erk1/2) antibody (9101, 1:1000; Cell Signaling Techonology),
anti-f-actin antibody (A5441, 1:1000), anti-B-tubulin antibody (STJ31562, 1:1000; St. John’s Lab,
London, UK) and anti-GAPDH antibody (G8795, 1:1000). Secondary horseradish peroxidase
(HRP)-conjugated anti goat IgG or anti-rabbit IgG or anti-mouse IgG antibodies (1:2000) were
applied for 1 hour at room temperature. Finally, bands were detected using ECL (GE Healthcare)
or SuperSignal (Thermo scientific, Rockford, USA) according to the manufacturer’s
recommendations and visualised using LAS 4000 (Fujifilm). ImageJ software was used to perform
densitometry analyses of Western blot results on unprocessed images. For representative Western
blot pictures to improve clarity, brightness, and contrast adjustment were applied equally across

the entire image. The unprocessed pictures are uploaded as a source data file.

4.10 Immunohistochemistry

Brains (n = 6) for albumin-immunohistochemistry were cut into 3 smaller pieces and fixed in 4%
paraformaldehyde dissolved in 0.01 M potassium phosphate-buffered saline (KPBS) pH 7.4 for
two days. Then, the fixed brains were cut frontally on a cryostat at 40 um sequentially in a series
of six and collected free-floating in KPBS pH 7.4. To block unspecific bindings, sections were
incubated in a blocking buffer consisting of 3% swine serum, 0.3% Triton X-100 diluted in 0.01
M KPBS. These sections were then incubated with the primary antibody rabbit anti-albumin
(A001, 1:200; Dako, Glostrup, Denmark) diluted in blocking buffer overnight at 4°C. The next
day, the sections were incubated with the secondary antibody swine anti-rabbit immunoglobulin
(E00353, 1:200; Dako, Glostrup, Denmark) diluted in blocking buffer. Binding of the antibodies
was subsequently visualised using the ABC system and 3,3’-diaminobenzidine tetrahydrochloride
(DAB) [67]. The brain sections were mounted on cover glasses and visualized using the Axiovert

2000 (Carl-Zeiss) microscope. Image analysis was performed using ImageJ 1.47V.

4.11 Transmission electronmicroscopy (TEM)

For TEM, the deeply anesthetized animals were perfusion fixed with a solution of 2%
glutaraldehyde, 4% paraformaldehyde in 0.1 M Na-cacodylate buffer pH 7.4. After perfusion, the
brains were excised and placed in the fixative solution to await further processing. The cortex was
removed from the rest of the brain and cut into 1 mm? pieces. These pieces were washed 3 times in
0.1 M Na-cacodylate buffer and stained in a 1% osmium tetroxide in 0.1 M Na-cacodylate buffer

solution for 1 hour at room temperature. Following staining with osmium tetroxide, the samples
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were washed 3 times in milliQ water and suspended in a 1% uranyl acetate solution overnight. The
following day, samples were washed twice in milliQ water followed by dehydration in increasing
concentrations of ethanol, 50%, 70%, 95%, 100%, and 100% with 10 minutes between solvent
exchanges. The samples were further dehydrated 3 times in acetonitrile for 5 minutes each before
the start of resin infiltration. The samples were placed in a 1:1 solution of agar 100 medium
hardness embedding resin and acetonitrile. After 1 hour, the samples were placed in a 2:1
resin:acetonitrile solution and the resin was allowed to infiltrate overnight. The next morning, the
samples were suspended in pure resin for 2 hours before being placed in BEEM capsules and
cured at 60°C for 24 hours. After the resin was completely cured, resin blocks were removed from
the oven and the block face was roughly trimmed with a razor blade to expose the tissue surface.
Using an RMC-7 ultramicrotome with a diamond knife, 100 nm thick sections of brain tissue were
cut and placed on 200 mesh formvar coated nickel grids. TEM was performed utilizing an FEI
Tecnai T12 Biotwin TEM operating at 120 kV located at the Center for Electron Nanoscopy at the
Technical University of Denmark, and images were acquired using a Bottom mounted CCD,
Gatan Orius SC1000WC. A minimum of 50 capillaries was imaged for each sample. Additionally,

endothelial wall thickness was measured.

4.12 Immunocytochemistry and confocal microscopy

For immunocytochemistry, BECs were grown on polycarbonate Transwell® filter inserts in co-
culture with astrocytes. Astrocytes and pericytes were cultured on coated cover glasses as
described above. Confluent cell layers were fixed with 4% paraformaldehyde in PBS for 20 min at
RT. For permeabilization 0.2% Triton X-100 in PBS for 10 min were used followed by blocking
of samples in 2% BSA in PBS for 20 min. Primary antibodies and secondary antibodies were
diluted in 1.5% BSA and 0.05% Triton X-100. The following primary antibodies were applied for
I hour at room temperature: anti-sortilin antibody (AF2934, 1:300; R&D Systems, Minneapolis,
MN, USA), anti-M6PR antibody (ab134153, 1:100, Abcam, Cambridge, UK), anti-claudin 5
antibody (SAB4502981, 1:300), anti-ZO-1 antibody (61-7300, 1:300; Invitrogen, Carlsbad, CA,
USA), anti-B-catenin antibody (610153, 1:300; BD Transduction Laboratories, San Diego, CA,
USA), anti-VE-cadherin antibody (36-1900, 1:300; Invitrogen), anti-GFAP (GAS) antibody (3670,
1:200; Cell Signaling Techonology, Danvers, MA, USA) and anti-NG2 antibody (ab83178, 1:200;
Abcam, Cambridge, UK). Secondary Alexa Fluor-488 conjugated anti-goat or Alexa Fluor-568

conjugated anti-mouse or anti rabbit antibodies (1:500) were applied for 1 hour at room
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temperature. For staining of nuclei, Hoechst 32528 (0.5 pg/ml) in distilled water for 10 min was
applied as a separate step. In between the steps, samples were washed 3 times for 5 min in 0.02%
Triton-X100 in PBS to remove unbound antibodies. Finally, samples were mounted on glass slides
using Dako fluorescence mounting medium (Dako, Glostrup, Denmark). Confocal images were
captured by Olympus IX-83 fluorescent microscope with Andor confocal spinning unit and Andor
iXon Ultra 897 camera, Olympus UPlanSApo, 60x/1.20 NA water objective lens or Olympus
UPlanFL N, 40x/1.30 NA oil objective lens, using Olympus CellSens software (Olympus). For
representative images, the brightness and contrast adjustments were applied to the same extent for

the WT and KO images using ImagelJ software.

4.13 Line intensity scanning

Multichannel images were analysed using Fiji software. During line intensity scan analysis, the
intensity parameters were counted on maximum intensity projections of confocal Z-stack images.
Only images stained and captured in the same experiments were compared. Three-six images of
randomly selected fields of the confluent BECs monolayer from each filter were acquired. On
each image 3-5 cells were chosen to draw lines in the cytoplasm and at the cell border. To quantify
the observed differences, the fluorescent intensities at the cell border and in the cytoplasm were
measured. Then the fluorescent intensity at the cell border was divided by the measured
fluorescent intensity in the cytoplasm on the same image. Here, we refer to the calculated
fluorescent intensity ratio as localisation ratio. The calculation is summarized in the following

equation:

fluorescent intensity at the cell border

Localisation ratio = 3 -
fluorescent intensity in the cytoplasm

The localisation ratios were compared between the WT-BECs and KO-BECs.

Additionally, the measured fluorescent intensity values either at the cell border or in the
cytoplasm were compared between the WT- and the KO-groups from the same experiment.
Similarly, the measured fluorescent intensity values of the cytoplasm in the same experiment were

compared between the two groups. The values are shown as a/the percentage of the WT-group

(100%).
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4.14 Statistical analyses

All curve fitting and statistical analyses were performed in Graph Pad Prism version 6 (GraphPad
Software, La Jolla, CA, USA). All in vitro studies were performed in three individual models
(biological replicates) with every 3 permeable supports for each condition within each model. Data

are reported as means =+ standard error of the mean (SEM).
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Figure Legends

Figure 1 - Sortilin is expressed in the cells of the brain microvessels in rat. A RT-PCR shows
Sortl gene expression in brain endothelial cells (BECs), astrocytes and pericytes. B Western blot
demonstrates sortilin protein in wild-type (WT) microvessels, BECs, astrocytes, and pericytes, but
not in the respective Sortl/-/- knock-out cells (KO). B-actin serves as a loading control. C
Representative immunocytochemistry of sortilin and trans-Golgi network localized mannose 6-
phosphate receptor (M6PR) in WT-BECs. D-G Double immunocytochemistry shows sortilin
(green) in WT-BEC:s, -astrocytes, and -pericytes, but not in the respective KOs. Nuclei are labelled
with blue. Sortilin gives a strong staining around the nucleus of the WT-cells. Scale bars: 20 pM.
D-E Brain microvessels and BECs were identified by claudin-5 staining (red). F Astrocytes were
labelled with glial fibrillary acidic protein (GFAP; red). G Pericytes were stained against neuron-
glial antigen 2 (NG2; red). Magnification is 40x (C, F) and 60x (D-E). All cells were primary and

purified from rat. Data information: Data are presented as mean £ SEM. n > 3 cultures.

Figure 2 - The brain microvessels of WT- and KO-rats. A Permeability of microvessels for
oxaliplatin in Sortl-/- knock-out (KO)-rats compared to the wild-type (WT) -rats (100%) in vivo
(n = 11 rats for each genotype). The oxaliplatin content of the brain homogenate was plotted as
a/the percentage of administrated dose (AD%). B Immunohistochemistry against albumin in WT-
and KO-brain. The top panel shows representative images of the cortex. The bottom panel displays
images of the choroid plexus. Scale bar: 20 pm. C Transmission electron micrographs of brain
capillaries in the cortex of WT- and KO-rat. A: astrocytic endfeet, E: endothelial cell, P: pericyte,
RBC: red blood cell. Scale bar: 1 pm. D Average endothelial thickness of brain capillaries
measured on the transmission electron micrographs. (n = 4 rats/genotype) Data information: Data

are presented as mean = SEM. ns: not significant **P<0.01 (Student’s t-test).

Figure 3 - The integrity of the wild-type (WT-BBB) and Sort/-/- knock out blood-brain
barrier (KO-BBB) in vitro. A In vitro BBB model set-ups. Wild-type brain endothelial cells
(WT-BECs) were grown on permeable inserts in co-culture with WT-astrocytes at the bottom of
the dish. On the same way, in the KO-BBB model Sort/-/~- brain endothelial cells (KO-BECs)
were kept together with KO-astrocytes. B Apparent permeability (P,,,) of KO-BBB compared to
the WT-BBB model. C Tightness of KO-BECs/KO-astrocytes and WT-BECs/KO-astrocytes
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compared to the WT-BBB model. D Polarized efflux transport activity of P-glycoprotein.
Transendothelial transport of *H-digoxin across the WT-and KO-BECs’ monolayer in the
abluminal-to-luminal (B-A) and luminal-to-abluminal direction with and without P-glycoprotein
specific inhibitor (i). Efflux ratios are derived from the apparent substrate permeability. E Glucose
transporter 1 dependent glucose uptake. The uptake of *H-glucose was low in both BBB models,
which was not affected by adding unlabelled glucose for competition (¢). F LAT-1 dependent
leucine uptake. LAT1 shows functional transport of *H-L-leucine and the transport that was
inhibited by the LAT1 specific inhibitor (i). Data information: In (B-F) data are presented as mean
+ SEM. n > 3 cultures. ns: not significant, *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test (B-C)
and one-way ANOVA (D-F)).

Figure 4 - Immunocytochemistry and western blot for tight and adherent junctional
proteins. A, C, E, G Immunocytochemistry and localisation ratio of zonula occludens-1 (A),
claudin-5 (C), B-catenin (E), VE-cadherin (G). Nuclei are blue and sortilin is labeled with green.
Magnification is 60x. Scale bars: 20 uM. B, D, F, H Quantitative Western blot analysis of zonula
occludens-1 (B), claudin-5 (D), B-catenin (F), VE-cadherin (H). BECs: brain endothelial cells,
WT: wild type, KO: Sortl-/-. Data information: Data are presented as mean + SEM. n > 3 cultures.

ns: not significant, *P<0.05, **P<0.01 (Student’s t-test).

Figure 5 - Akt and MAPK signaling pathways. A, B Quantitative Western blot analysis of
phospho-Akt (pAkt) and total Akt (T-Akt) (A), phospho-ERK1/2 (pERK1/2) and total ERK1/2 (T-
ERK1/2) (B) and their ratios in the wild type (WT) and Sort/-/- (KO) brain endothelial cells. C
Westen blot analysis of pAkt and total Akt in WT brain endothelial cells treated 1 hour with
spadin (100 nM) or Akt-inhibitor (Akti-1/2; 10 uM). Apparent permeability (P,,,) and localisation
ratio of VE-cadherin protein in WT brain endothelial cells treated with Akti-1/2. The control
group received culture medium. Data information: Data are presented as mean + SEM. n > 3

cultures. ns: not significant, *P<0.05, **P<(.01 (Student’s t-test).
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