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IP3 binds to the IP3 receptor, leading to the release of 
Ca2+ from intracellular stores, followed by a continuous 
influx of Ca2+ from the extracellular space via store-
operated cation channels4 and transient receptor poten-
tial channels.5,6 Elevated cytoplasmic Ca2+ concentration 
in endothelial cells activates MLCK (myosin light chain 
kinase), followed by MLC (myosin light chain) phosphor-
ylation, cell contraction, endothelial gap formation, and 
increased endothelial permeability.7,8

A number of studies have demonstrated the existence 
of functional voltage-gated Ca2+ (Cav) channels in vascular 
endothelial cells,9,10 which open upon depolarization of the 
plasma membrane, allowing Ca2+ influx from the extracel-
lular space. Cav channels are multiprotein complexes con-
sisting of the pore-forming subunit Cavα1 and the auxiliary 
subunits Cavβ, Cavα2δ, and, in skeletal muscle, Cavγ.11–13 
In particular, the Cavβ and Cavα2δ subunits contribute to 
the membrane localization of the ion-conducting Cavα1 
pore and to the gating of Cav channels.14–17

In addition to their role as Cav subunits, the Cavβ and 
Cavα2δ subunits also have channel-independent func-
tions. For example, the Cavα2δ1 protein has been iden-
tified as a neuronal thrombospondin receptor,18 which 
contains binding sites for gabapentin and pregabalin.19 
Gabapentin and pregabalin are drugs that are used in the 
treatment of epilepsy and neuropathic pain. In addition, 
presynaptic Cavα2δ proteins are essential for the for-
mation and organization of glutamatergic synapses and, 
as transsynaptic organizers of glutamatergic synapses, 
may align the synaptic active zone with the postsynaptic 

density.20,21 The Cavβ subunits Cavβ1, Cavβ3, and Cavβ4 
translocate to the nucleus where they influence gene 
expression.22–26 When the electrical activity of innervated 
adult mouse muscle cells is impaired, the expression of 
a splice variant of Cavβ1 (Cavβ1e) is upregulated to 
limit the loss of muscle mass via GDF5 (growth differ-
entiation factor 5). Overexpression of Cavβ1e in aged 
mice activates the GDF5 signaling pathway and coun-
teracts age-related muscle mass loss.25,26 In cardiomyo-
cytes, a fraction of Cavβ2 translocates to the nucleus 
and regulates calpain-dependent hypertrophic signaling 
pathways.27 Cavβ1 has been identified in T cells in the 
absence of functional Cav currents and may play a role 
in the regulation of T-cell proliferation and apoptosis.28

In fibroblasts, insulin-producing pancreatic β-cells, 
HEK293 and COS7 cells, we demonstrated that Cavβ3, 
but not Cavβ1, Cavβ2, or Cavβ4, acts as a brake on Ca2+ 
release from intracellular stores by binding to the IP3 
receptor without affecting Cav channel function. In cells 
in which the Cacnb3 gene has been deleted by gene 
targeting, IP3-dependent Ca2+ release from intracellular 
Ca2+ stores is enhanced, resulting in accelerated wound 
healing, increased cell migration, collagen secretion, 
insulin release, and glucose excretion.29–33

In this work, we identified Cavβ3 transcripts and 
Cavβ3 protein in primary mouse BMECs. Genetic dele-
tion of the Cacnb3 gene increased the permeability of 
BMEC monolayers in vitro and of the blood-brain barrier 
in vivo, and during experimental autoimmune encephalo-
myelitis (EAE), Cavβ3−/− (Cavβ3-deficient) mice devel-
oped more severe and earlier onset of EAE symptoms 
associated with increased T-cell infiltration into the 
central nervous system. In BMECs from Cavβ3−/− mice, 
thrombin-mediated Ca2+ release from intracellular stores 
and MLC phosphorylation were increased. The increased 
permeability of BMEC monolayers was significantly 
reduced in the presence of an inhibitor of MLCK but 

Nonstandard Abbreviations and Acronyms

bEnd.3 immortalized mouse brain endothelial cell

BMEC brain microvascular endothelial cell

Cav voltage-gated Ca2+

Cavβ3−/− voltage-gated Ca2+ channel β3-deficient

DAPI 4ʹ,6-diamidino-2-phenylindole

EAE  experimental autoimmune 
encephalomyelitis

GDF5 growth differentiation factor 5

GFP green fluorescent protein

HRP horseradish peroxidase

IP3 inositol 1,4,5-trisphosphate

IRES internal ribosome entry site

JAM-A junctional adhesion molecule-A

MLC myosin light chain

MLCK myosin light chain kinase

PAR-1 protease-activated receptor 1

PECAM1  platelet endothelial cell adhesion 
molecule

Rho Ras homologous

ZO-1 zona occludens-1

Highlights

• Cavβ3 transcripts and proteins are present in pri-
mary brain microvascular endothelial cells where 
they function independently of voltage-gated Ca2+ 
channel activity.

• Cavβ3 desensitizes cells to low inositol 1,4,5- 
trisphosphate (IP3) levels by binding to the IP3 
receptor (IP3R), and thereby contributes to Ca2+-
dependent MLC (myosin light chain) phosphoryla-
tion and endothelial barrier integrity.

• Deletion of the Cavβ3 gene Cacnb3 increased the 
permeability of brain microvascular endothelial cell 
monolayers in vitro and of the blood-brain barrier in 
vivo.

• The presence of Cavβ3 alleviates the symptoms of 
experimental autoimmune encephalomyelitis in vivo.
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not of Rho (Ras homologous)-dependent phosphatase, 
and the wild-type BMEC permeability phenotype was 
rescued by expression of the Cacnb3 cDNA in Cavβ3−/− 
cells. Our results indicate that Cavβ3, independent of its 
role as a Cav channel subunit, associates with the IP3 
receptor, affects thrombin-induced IP3-dependent Ca2+ 
release from intracellular stores of BMECs and thereby 
the permeability of BMEC monolayers, which may con-
tribute to the integrity of the blood-brain barrier in vivo, 
and alleviates the clinical symptoms of EAE.

MATERIALS AND METHODS

Data Availability
Data that support the findings of this study are available from the 
corresponding author upon reasonable request. RNA-sequencing 
and mass spectrometry proteomics raw data have been made 
publicly available in the Gene Expression Omnibus under the 
accession number GSE268823 and the ProteomeXchange 
Consortium via PRIDE (Proteomics Identifications Database)34 
with the data set identifier PXD052822. Animals, antibodies, 
cDNA clones, cultured cells, and reagents are listed in the Major 
Resources Table in the Supplemental Material.

Animals and Ethic Statements
All experimental procedures were approved and performed in 
accordance with the ethic regulations and the Animal Welfare 
Committees of Saarland University, Saarland state, Heidelberg 
University and Regional Council, Karlsruhe, Germany. All efforts 
were made to minimize animal suffering and to reduce the num-
ber of animals used. Both males and females with matched age 
and sex were used, but sex difference and interaction were not 
determined in the study. For EAE experiments, only female mice 
with matched age were used in the study because this disease 
is a model for multiple sclerosis, which predominantly affects 
young females. For this reason, and that disease induction is 
reportedly higher in female rodents,35,36 young female mice are 
routinely used in EAE research. Mice were housed in a 12-hour 
light-dark cycle with access to standard diet and water ad libi-
tum. The standard diet in Homburg was from ssniff Spezialitaten 
GmbH (V1534-300) containing grain and grain products, oil 
seed products, minerals, and tuber products. The standard diet 
in Heidelberg was from Altromin International (1310), which is a 
cereal-based (soy, wheat, and corn) fixed formula.

Histopathology and Immunolabeling
Animals were anesthetized with an overdose of ketamine and 
xylazine mix and transcardially perfused with PBS followed by 
ice-cold 4% paraformaldehyde in PBS (137 mmol/L NaCl, 
2.7 mmol/L KCl, 8 mmol/L Na

2
HPO

4
, 2 mmol/L KH

2
PO

4
, 

pH 7.4) as described.37 Brains were removed and postfixed 
in ice-cold paraformaldehyde for 2 hours, followed by over-
night incubation in 30% sucrose at 4 °C. Brains were frozen 
in freezing medium (optimal cutting temperature; Leica) and 
stored at −80 °C. Brains were sectioned (14-µm thick) on a 
cryostat (Leica); sections were stored at −80 °C until usage. 
Spinal cords were dissected, postfixed for 24 hours in 4% 
ice-cold paraformaldehyde, and, following paraffin embedding, 

0.5-µm-thick transverse sections were cut with a microtome 
(SM 2000R; Leica).

For immunolabeling of brain, cryosections were washed 3× in 
PBS for rehydration at room temperature and then incubated in 
blocking solution (5% [v/v] normal donkey serum and 0.5% [v/v] 
Triton X-100 in PBS) for 1 hour at room temperature. Sections 
were incubated in primary antibodies (chicken anti-GFP [green 
fluorescent protein] and goat anti-CD31 [cluster of differentia-
tion 31]) overnight at 4 °C. On the following day, sections were 
washed 3× in PBS and incubated in secondary antibody (goat 
anti-chicken Alexa 488, donkey anti-goat Cy3 [Cyanine-3]) for 2 
hours at room temperature. Sections were washed in PBS, and 
nuclei were stained with bisbenzimide. Sections were mounted 
in Fluoromount G and stored at 4 °C until imaging. Images were 
taken using the Zeiss AxioScan.Z1 slide scanner and the ZEN 
Blue software (Zeiss, Oberkochen, Germany).

Demyelination was investigated by Luxol fast blue staining 
and hematoxylin counterstain as described previously.38 For 
anti-CD3 immunohistochemistry, antigen retrieval was per-
formed by incubating spinal cord sections mounted on glass 
slides in heated ( 80 °C) 0.2% (v/v) citric acid solution (pH 
6.0), before being left to cool. Endogenous peroxidases were 
blocked using 3% hydrogen peroxide, and nonspecific bind-
ing sites were blocked in the presence of a blocking solution 
containing 10% (v/v) normal goat serum and 2% (v/v) BSA. 
Sections were incubated overnight in the presence of anti-
CD3 primary antibody. Thereafter, biotinylated secondary goat 
anti-rabbit antibody was applied for 1 hour, followed by 1-hour 
incubation in the ABC kit (Vector Laboratories) according to 
the manufacturer’s instructions and subsequent development 
with 3,3ʹ-diaminobenzidine tetrahydrochloride (Sigma-Aldrich).

Spinal cord images were acquired on a light microscope 
(Nikon Eclipse 80i; Nikon GmbH, Düsseldorf, Germany) using a 
10× objective. Quantification was performed manually from 10 
complete spinal cord cross sections evenly distributed through-
out the spinal cord. The degree of demyelination was evalu-
ated semiquantitatively using the following scoring system: 0.5, 
traces of perivascular or subpial demyelination; 1, marked peri-
vascular or subpial demyelination; 2, confluent perivascular or 
subpial demyelination; 3, demyelination of half spinal cord cross 
section; and 4, transverse myelitis. Infiltration of CD3-positive T 
cells was quantified by counting CD3-positive cells per spinal 
cord section and normalized to the spinal cord area measured 
using Fiji (National Institutes of Health, Bethesda, MD).

For immunostaining of cultured cells, BMECs were seeded 
onto collagen-coated glass coverslips. When confluent, cells 
were washed 3× with PBS, fixed and permeabilized with 98% 
(v/v) methanol at −20 °C for 20 minutes (for ZO-1 [zona 
occludens-1] staining) or fixed with 4% (w/v) paraformalde-
hyde and permeabilized with 0.2% Triton X-100 in PBS for 15 
minutes at 21 °C (for PECAM1 [platelet endothelial cell adhe-
sion molecule] staining). Nonspecific binding sites were blocked 
in the presence of PBS buffer containing 0.1% Triton X-100, 
1% normal donkey serum, and 3% BSA (ZO-1) or 0.2% Triton 
X-100 and 5% normal donkey serum (PECAM1) for 1 hour at 
21 °C. Cells were then incubated for 16 hours at 4 °C in the 
presence of either rabbit anti-ZO-1 or goat anti-PECAM1 anti-
bodies diluted in the respective blocking buffer. Next day, cells 
were washed 3× with PBS and incubated in PBS containing the 
respective Alexa Fluor 488–conjugated secondary anti-rabbit 
or anti-goat for 1 hour at 21 °C. Nuclei were stained using DAPI 
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(4ʹ,6-diamidino-2-phenylindole), and coverslips were mounted 
using Fluoromount G. Cells were imaged using Zeiss Axio 
Observer microscope (Zeiss, Oberkochen, Germany) equipped 
with an oil immersion 63×/1.4 Plan-Apochromat objective 
(Zeiss). The continuous staining of ZO-1 between cells was 
measured using the Image J software39 (National Institutes of 
Health, Bethesda, MD) and normalized to the cell area.

Isolation and Culture of Primary Mouse BMECs
As described previously,40 adult (8–14 weeks old) wild-type 
(C57BL/6N) and Cavβ3−/− mice were euthanized by cervical 
dislocation, and brains were isolated. Brain stems and cerebella 
were removed, and meninges were detached by rolling brains 
on sterile Whatman paper and then transferred into ice-cold 
DMEM. Brain tissues were minced by trituration using 25-mL 
and 10-mL serological pipettes followed by digestion in DMEM 
medium containing 1 mg/mL collagenase/dispase and 100 
µg/mL DNAse I for 45 minutes at 37 °C under shaking. The 
digestion was stopped by centrifugation at 200g for 10 min-
utes, and the tissue pellet was resuspended in DMEM con-
taining 20% (w/v) BSA followed by a second centrifugation at 
200g for 20 minutes at 21 °C to separate the myelin layer. The 
upper myelin layer and the supernatant were discarded, and 
the remaining pellet was washed twice with DMEM endothelial 
culture medium containing 20% (v/v) fetal calf serum, 10 ng/
mL fibroblast growth factor, 100 ng/mL heparin, 10 000 U/mL 
penicillin, and 10 mg/mL streptomycin. Cells were cultured for 
3 days at 37 °C and 5% CO

2
 in dishes precoated with collagen 

type IV in the presence of 4 µg/mL puromycin to eliminate con-
taminating cells. Thereafter, puromycin was excluded from cul-
ture medium, and BMECs were cultured until confluent. Each 
biological replicate was prepared from 4 mice per genotype.

Cell Culture and Transfection
The immortalized mouse brain endothelial cells (bEnd.3) 
were cultured at 37 °C and 5% CO

2
 in DMEM medium sup-

plemented with 10% fetal calf serum, 1% minimal essential 
medium non-essential amino acid solution, 1% glutamax, and 
5 µmol/L 2-mercapthoethanol. bEnd.3 and primary BMECs 
were transfected with pCAGGS-Cavβ3-IRES-GFP, pCAGGS-
IP3R1-IRES-GFP, pCAGGS-IP3R3-IRES-GFP, or pCAGGS-
IRES-GFP cDNA-encoding plasmids30,31 in the presence of 
Lipofectamine 3000 following the manufacturer’s protocol. 
pCAGGS indicates plasmid vector for highly efficient expres-
sion of genes under the control of the AG promoter and the 
human CMV-IE enhancer; IRES, internal ribosomal entry site.

RNA Isolation and Sequencing
RNA was isolated from wild-type and Cavβ3−/− primary BMECs 
using the RNeasy Mini PLUS Kit following the manufacturer’s 
protocol. The RNA (1 µg total RNA with quality indicator values 
>8.5) was used for sequencing. RNA solutions (100 µL per 
sample, at a concentration of 25 ng/µL) were kept at −80 °C 
until shipped on dry ice to Novogene Europe (Cambridge, United 
Kingdom) for transcriptome sequencing as described previously.29

Western Blot
BMECs or bEnd.3 cells were harvested by trypsinization fol-
lowed by lysis in ice-cold lysis buffer containing 50 mmol/L 

Tris, 150 mmol/L NaCl, 0.5% sodium deoxycholate, 2 mmol/L 
EDTA, 50 mmol/L sodium fluoride, 0.1% sodium dodecylsulfate, 
1% Nonidet P-40, and 1% Triton X-100 supplemented with 
complete protease inhibitor cocktail and PhosSTOP. Samples 
were then incubated at 4 °C for 30 minutes under rotation, fol-
lowed by centrifugation at 16 900g and 4 °C for 15 minutes. 
Total protein concentration in the supernatant was determined 
using a BCA assay, and proteins were denatured in sodium 
dodecyl sulfate (SDS)–denaturing buffer containing 4% SDS, 
60 mmol/L Tris, 0.005% bromophenol blue, 10% glycerol, 5% 
(v/v) 2-mercapthoethanol, and pH 6.8 for 20 minutes at 60 °C. 
Denatured proteins were separated by SDS-PAGE (4%–12% 
NuPAGE Novex Bis-Tris gels) and transferred onto nitrocellulose 
membrane. After blocking free-binding sites in the presence of 
nonfat milk, the membranes were incubated with the indicated 
primary antibodies overnight at 4 °C. Next day, the membranes 
were incubated with secondary antibodies conjugated to HRP 
(horseradish peroxidase) or VeriBlot for immunoprecipitation 
reagent, and bound antibodies were visualized by Western 
Lightning Chemiluminescence Reagent Plus using the LAS-
3000 analyzer (Fujifilm). Membranes used to detect target pro-
teins were stripped and reprobed with loading control antibodies. 
The following antibodies were used in this study: anti-Cavβ2, 
anti-Cavβ3, anti-ZO-1, anti-β-actin, anti-CD31/PECAM1, anti-
IP3R1, anti-IP3R3, anti-phospho-MLC2, anti-occludin, anti-
JAM-A (junctional adhesion molecule-A), and anti-VE-cadherin.

Immunoprecipitation
For coimmunoprecipitation experiments, wild-type BMECs and 
bEnd.3 cells (transfected with Cavβ3+IP3R1 or Cavβ3+IP3R3 
cDNAs) were lysed in ice-cold lysis buffer (containing 50 
mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L CaCl

2
, 1% 

[w/v] digitonin, 0.3 µmol/L aprotinin, 10 µmol/L leupeptin, 
1 µmol/L pepstatin, 1 µmol/L phenylmethanesulfonyl fluo-
ride, 90 mmol/L iodoacetamid, and 1 µmol/L benzamidine) 
and incubated for 1 hour at 4 °C, followed by centrifugation 
at 100 000g for 45 minutes at 4 °C. The supernatant con-
taining protein lysates was incubated in the presence of the 
anti-Cavβ3 or anti-IP3R1 or anti-IP3R3 antibody coupled to 
magnetic beads for 2 hours at 4 °C. For high-resolution mass 
spectrometry, microsomal membrane protein fractions (8 
mg) prepared from wild-type or Cavβ3−/− mouse brains were 
homogenized in ice-cold RIPA (radioimmunoprecipitation) buf-
fer and incubated at 4 °C for 30 minutes under rotation, fol-
lowed by centrifugation at 16 900g and 4 °C for 15 minutes. 
Supernatants containing the solubilized microsomal membrane 
proteins were incubated with anti-Cavβ3 or nonspecific rab-
bit immunoglobulins coupled to magnetic beads for 3 hours at 
4 °C. Magnetic beads were collected, extensively washed with 
the respective lysis buffer, and the bound proteins were eluted 
and denatured for 20 minutes at 60 °C in the presence of SDS 
denaturing sample buffer. Denatured proteins were separated 
by SDS-PAGE (4%–12% NuPAGE Novex Bis-Tris gels) fol-
lowed by Western blot or high-resolution mass spectrometry.

Label-Free High-Resolution Mass Spectrometry
Following antibody-based Cavβ3 protein enrichment, proteins 
were eluted, separated on NuPAGE 4% to 12% gradient gels, 
fixed in the presence of 40% ethanol and 10% acetic acid, 
and visualized with colloidal Coomassie stain as described 
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previously.41,42 Four gel pieces were cut, washed, reduced, carb-
amidomethylated, and trypsin digested. After extraction, tryptic 
peptides were analyzed by data-dependent nano-LC-ESI-HR-
MS/MS (nano-liquid chromatography–electrospray ioniza-
tion–high resolution-tandem mass spectrometry) analysis. The 
setup contained Ultimate 3000 RSLCnano LC equipped with 
Ultimate3000 RS autosampler coupled to a Thermo Scientific 
Orbitrap Eclipse Tribrid mass spectrometer (Thermo Scientific, 
Germany). Peptides were separated with a 60- and 120-minute 
gradient. The 120-minute gradient was generated with buffer 
A (0.1% formic acid) and buffer B (90% acetonitrile and 0.1% 
formic acid) at a flow rate of 300 nL/min: 0 to 5 minutes to 4% 
B, 5 to 80 minutes to 31% B, 80 to 95 minutes to 50% B, 95 to 
100 minutes to 90% B, 100 to 105 minutes to 90% B, 105 to 
106 minutes to 4% B, and 106 to 120 minutes to 4% B. Tryptic 
peptides were trapped on a C18 trap column (75 µm×2 cm, 
Acclaim PepMap100 C18, 3 µm) and separated on a reverse 
phase column (nano viper Acclaim PepMap C18 capillary col-
umn; 2 µm; 75 µm×50 cm). The effluent was sprayed into the 
mass spectrometer using an emitter (ionization energy, 2.4 keV). 
MS1 (mass spectrometry 1) peptide spectra were acquired 
using the Orbitrap analyzer (R, 120 k; radio frequency [RF] lens 
setting, 30%; m/z=375–1500, MaxIT [maximum injection time]: 
auto, profile data, intensity threshold of 104). Dynamic exclusion 
of the 10 most abundant peptides was performed for 60 s. MS2 
spectra were collected in the linear ion trap (isolation mode, 
quadrupole; isolation window, 1.2; activation, higher energy colli-
sion induced dissociation [HCD], 30%; scan rate, fast; data type, 
centroid). Peptides and fragments were analyzed using the TF 
Proteome Discoverer 1.4 software (Thermo Fisher, Waltham) 
using the Mascot algorithm (Matrix Science). Briefly, peptides 
were matched to tandem mass spectra by Mascot, version 2.4.0, 
by searching of a SwissProt database (version2021_05; num-
ber of protein sequences for all taxonomies, 564 638; number 
of protein sequences for the Mus musculus taxonomy, 17 080).

Peptides were analyzed with the following mass tolerances: 
peptide tolerance, 10 ppm; fragment tolerance, 0.7 D. The 
Proteome Discoverer workflow included tryptic digest, and we 
allowed for up to 2 missed cleavage sites. Cysteine carbamido-
methylation was set as a fixed modification and deamidation of 
asparagine and glutamine, acetylation of lysine, and oxidation of 
methionine were set as variable modifications. The Proteome 
Discoverer result files were loaded into the Scaffold software 
(5.3.0; Proteome Software, Inc, Portland, OR) and were com-
bined with Multidimensional Protein-Identification Technology. 
Peptide identifications were accepted if the parent ion false dis-
covery rate was <1% and the fragment ion false discovery rate 
was <5% and contained at least 2 unique identified peptides.

Electrophysiology
Wild-type and Cavβ3−/− primary BMECs were plated onto 
collagen-coated glass coverslips and used for patch clamp 
recordings 24 hours after plating. Whole-cell patch clamp 
recordings were performed using the Axiovert 135M micro-
scope (Zeiss, Oberkochen, Germany) equipped with the 40× 
LD Achroplan objective (Zeiss), the EPC9 amplifier (HEKA, 
Reutlingen, Germany) and the Patchmaster software (HEKA). 
Patch pipettes were pulled from borosilicate glass capillaries 
GB150T-8P (Science Products GmbH, Hofheim, Germany) 
using a vertical puller (PC10; Narishige, Tokyo, Japan) and 
had resistances between 2 and 4 M  when filled with pipette 

solution. Sigmacote (Sigma-Aldrich) was used to coat pipette 
tips. The bath solution contains (mmol/L) 102 NaCl, 10 CaCl

2
, 

5.4 CsCl, 1 MgCl
2
, 20 TEA-Cl, 5 HEPES, and 10 glucose (pH 

7.4 with NaOH). Patch pipettes were filled with (mmol/L) 135 
CsCl, 3 MgCl

2
, 3 Mg-ATP, 10 EGTA, and 5 HEPES (pH to 7.4 

with CsOH). After break-in, voltage ramps spanning from −100 
to +100 mV within 50 ms were applied with a repetition every 
2 s from a holding potential (Vh) of −60 mV. All ramp currents 
were corrected for linear leak by auto-leak subtraction using 
the Patchmaster software (HEKA) and normalized to the cell 
size (pA/pF).

Calcium Imaging
Wild-type, Cavβ3−/− BMECs or transfected Cavβ3−/− BMECs 
plated on collagen-coated glass coverslips were loaded with 
5 µmol/L Fura-2-AM for 45 minutes at 37 °C protected from 
light. After washing with the experimental solution containing 
(in mM) 140 NaCl, 4 KCl, 1 MgCl

2
, 10 HEPES, and 10 glu-

cose (pH adjusted to 7.2 with NaOH), glass coverslips were 
placed onto the stage of an inverted fluorescence microscope 
(Axiovert S100; Zeiss, Oberkochen, Germany) equipped with 
a Fluor-20×/0.75 objective (Zeiss), a Charge-Coupled Device 
camera (Andor Technology), and a monochromator (poly-
chrome V; TILL Photonics, Gräfelfing, Germany). The described 
equipment and the analysis of data were controlled by the 
TILLvisION software (TILL Photonics). Briefly, Fura-2 was 
alternatively excited at 340 and 380 nm (every 2 s), and the 
emitted fluorescence was recorded at >440 nm. After back-
ground correction, ratio images were calculated from images 
recorded at 340 and 380 nm (F340/F380). Single endothe-
lial cells were marked as regions of interest and changes in 
cytoplasmic calcium concentration (Ca2+) are shown as F340/
F380 plotted versus time.

Transendothelial Resistance
The barrier function of BMEC monolayers (wild type, Cavβ3−/−, 
or transfected Cavβ3−/−) or transfected bEnd.3 cell monolay-
ers was measured by the electrical cell-substrate impedance 
method43 using the Electric Cell-Substrate Impedance Sensing 
instrument (Applied BioPhysics, NY). The 96W10idf plate was 
incubated with a solution containing 10 mmol/L sterile cyste-
ine for 30 minutes to generate stable electrode impedance, 
followed by washing 3× with sterile water and collagen coating 
(0.4 mg/mL) for 60 minutes at 37 °C. Next, 2×104 BMECs 
were seeded into the Electric Cell-Substrate Impedance 
Sensing culture wells (electrodes) and incubated at 37 °C 
and 5% CO

2
. The resistance was monitored over time at a fre-

quency of 4000 Hz using Electric Cell-Substrate Impedance 
Sensing Z-Theta (Applied BioPhysics). When resistance values 
reach a baseline (7–8 days after seeding), thrombin (10 U/
mL), ML-7 (10 µmol/L), YM-254890 (100 nmol/L), Y-27632 
(10 µmol/L), U-73122 (10 µmol/L), or vehicle (dimethyl sulf-
oxide) was applied.

In Vitro Permeability Assay
BMECs (2.5×106 cells) were seeded onto collagen-coated 
transwell culture plate inserts (polyethylene terephthalate 
membrane, 0.4 µm pore size) until they achieved confluency. For 
permeability measurements, cell culture medium in the lower 
chamber was replaced by 0.2% BSA in PBS (600 µL) and in 
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the upper chamber by 0.2% BSA in PBS (50 µL) supplemented 
with 1 mg/mL tetramethylrhodamine isothiocyanate–dextran 
(75 kDa) and 0.25 mg/mL fluorescein isothiocyanate–albumin 
(66 kDa) in the absence or presence of 10 U/mL thrombin or 
vehicle. Inserts were then incubated at 37 °C and 5% CO

2
 for 

3 hours. To quantify the passage of fluorescein isothiocyanate–
albumin and tetramethylrhodamine isothiocyanate–-dextran  
through the cell monolayer, 20 µL were taken from the upper 
and lower chambers, transferred into a 96-well plate, and read 
in the fluorescence plate reader (Tecan Infinite M200). The per-
meability coefficient (P) was calculated as described44 accord-
ing to the following equation: P =

RFU lower

RFUupper × V ×
1

t
×

1

A  with 
RFU being the relative fluorescent unit; V, the volume of the 
lower chamber in µL; t, the diffusion time in minutes; and A, the 
total surface area of the monolayer in cm2.

In Vivo Blood-Brain Barrier Integrity
Blood-brain barrier integrity was determined by Evans blue 
extravasation according to the study by Fairless et al.45 Adult 
wild-type and Cavβ3−/− mice were anaesthetized with isoflu-
rane, and 2% Evans blue dye was injected into the lateral tail 
vein at a final dose of 4 mL/kg body weight. After 3 hours, 
mice were euthanized with an overdose of ketamin/xylazin and 
transcardially perfused with 20 mL ice-cold PBS to remove 
intravascular dye. Brain and spinal cord were collected, and the 
wet weights were determined. To quantify Evans blue contents, 
the brain and spinal cord were cut into small pieces and incu-
bated in N,N-dimethylformamide for 24 hours at 21 °C. Next, 
samples were centrifuged at 4000g and the optical density in 
the supernatant was measured at 595 nm using a plate reader 
(Tecan Infinite M200). The amount of Evans blue was deter-
mined from a standard curve and was normalized to the total 
tissue weight of each sample.

Induction and Evaluation of EAE
Cavβ3−/− and control female mice were immunized as 
described previously.38 In brief, mice were immunized by sub-
cutaneous injection of 100 µg recombinant MOG

35–55
 (myelin 

oligodendrocyte glycoprotein) peptide in complete Freund’s 
adjuvant containing 10 mg/mL Mycobacterium tuberculosis 
H37RA (Difco; Fisher Scientific). Immediately after immuni-
zation and 48 hours later, mice received intraperitoneal injec-
tions of 250 ng of Pertussis toxin (Axxora, Enzo). Over 90% 
of mice developed disease with no difference between both 
genotypes. Neurological deficits were scored daily by a blinded 
experimenter using a scale from 0 to 5 (0, no clinical disease; 
0.5, distal paresis of the tail; 1.0, complete paralysis of the tail; 
1.5, paresis of tail and mildly impaired righting reflex; 2.0, gait 
ataxia and severely reduced righting reflex; 2.5, bilateral severe 
hind limb paresis; 3.0, complete bilateral hind limb paralysis; 
3.5, complete bilateral hind limb paralysis and fore limb paresis; 
4, hind limb and fore limb paralysis; 5, moribund state or death).

Viability/Proliferation Assay
The viability/proliferation assay was performed using CellTiter 
96 AQueous One Solution Cell Proliferation Assay Kit accord-
ing to the manufacturer’s protocol and was monitored for 
10 days. Briefly, BMECs were seeded onto collagen-coated 
96-well plates at a density of 5×103 cells per well in 100 µL 
culture medium. Each day, 20 µL of CellTiter 96 AQueous One 

Solution Reagent was added to each well of a 96-well plate and 
incubated at 37 °C in 5% CO

2
 for 3 hours. The optical density 

of the colored formazan product at 490 nm was determined by 
a plate reader (Tecan Infinite M200). It was directly proportional 
to the number of viable endothelial cells in each well.46

IP3 Production Assay
The IP3 production assay was performed as described previ-
ously.47 In brief, BMECs were seeded onto a collagen-coated 
white opaque 384-well microplate at a density of 2×104 cells 
per well and cultured until they achieved confluency. Thereafter, 
medium was changed, and cells were stimulated with 10 or 60 
U/mL thrombin in the presence or absence of YM-254890 
(100 nmol/L) or U-73122 (10 µmol/L) for 30 minutes at 
37 °C in 5% CO

2
. The IP3 production before and after agonist 

stimulation was measured by detecting the inositol monophos-
phate. The inositol monophosphate is a stable metabolite of 
IP3 and was measured using the IP-One AlphaLISA Detection 
Kit following the manufacturer’s protocol. The final inositol 
monophosphate concentration in nanomoles per liter was inter-
polated from the standard curve using nonlinear regression.

Data Analysis
Data obtained by Ca2+ imaging and electrophysiological record-
ings were analyzed using Igor Pro 6.02 (Wavemetrics, OR). 
GraphPad Prism (version 9.4.1; GraphPad Software, La Jolla, CA) 
was used to prepare graph presentations, for statistical analysis, 
and to calculate the P values. Data normality was tested using 
D’Agostino-Pearson omnibus or Shapiro-Wilk normality tests. 
Normally distributed data are shown as bar graphs with single 
values and mean±SD. For non-normally distributed data sets, box 
and whiskers were used (Tukey box and whiskers, with the boxes 
extending from the 25th to the 75th percentiles). Whiskers are 
extended to the most extreme data point that is no more than 
1.5× the interquartile range from the edge of the box, and outliers 
beyond the whiskers are depicted as dots. Statistical analysis and 
calculation of the P values were performed by unpaired 2-tailed 
Student t test (normally distributed) or Mann-Whitney U test 
(non-normally distributed) for comparing 2 experimental groups 
and 1-way ANOVA (normally distributed) or Kruskal-Wallis test 
(non-normally distributed) for comparing 3 experimental groups. 
P<0.05 was considered statistically significant.

RESULTS

Cavβ3 Transcripts and Proteins Are Present in 

Primary BMECs and Have Functions Unrelated 

to Cav Channel Activity

To visualize Cacnb3-expressing cells, we generated a 
Cacnb3-specific Cre recombinase knock-in mouse strain 
(Cacnb3-IRES-Cre, Cacnb3-IC; Figure S1A through 
S1E). The Cacnb3-IC mice were then crossed with 
eROSA26-τGFP reporter mice48 to genetically label 
Cacnb3-positive cells by constitutive τGFP expression 
(Figure S1F). GFP-positive cells were identified in brain 
cryosections from Cre-positive mice but not Cre-negative 
mice (Figure 1A). Endothelial cells identified by a positive 
anti-CD31 (PECAM1) staining were also GFP positive, 
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Figure 1. Cavβ3 in primary brain microvascular endothelial cells (BMECs).

A, Representative immunofluorescent images of Cacnb3-IRES-Cre-negative (Cre neg.) and Cre-positive (Cre pos.) cortical brain cryosections 

stained with the endothelial marker anti-CD31 (cluster of differentiation 31; orange) and anti-GFP (green fluorescent protein; green; scale bar=100 

µm). The Cacnb3-GFP-positive cells were also positive for the endothelial marker CD31 (orange). B, Isolated and cultured primary wild-type mouse 

BMECs stained with anti-CD31 and DAPI (4ʹ,6-diamidino-2-phenylindole). Scale bar=100 µm. C, Transcript expression levels of endothelial-, 

astrocyte-, pericyte-, and neuron-specific genes in isolated BMECs. D, Transcript expression levels of the genes of subunits of high voltage-gated 

Ca2+ channels in BMECs. Data in C and D are shown as single values of fragments per kilobase of transcript per million mapped reads (FPKM) and 

bar graphs with mean±SD (n=4 independent BMEC preparations and cultures). E, RT-PCR (reverse transcription polymerase chain reaction) of 

Cacnb3 and Hprt1 transcripts with total RNA isolated from BMECs indicating the expression of Cacnb3 (123 base pairs). Hprt1 (161 base pairs) 

was amplified as a positive control, and replacement of RNA by water was used as a negative control. F, Western blot of protein extracts from WT 

(wild-type; black) and Cavβ3−/− (voltage-gated Ca2+ channel β3-deficient; red) BMECs using anti-Cavβ3 and anti-CD31 as loading control. G, Mean 

current-voltage relationships recorded from wild-type (black) and Cavβ3−/− (red) BMECs by voltage ramps from −100 to +100 mV within 50 ms, 

which were repeated every 2 s from a holding potential of −60 mV before (left) and after (right) addition of the L-type Ca2+-channel agonist Bay 

K8644 (10 µmol/L). The number of measured cells per genotype is indicated in brackets. H, Changes in cytoplasmic Ca2+ concentrations, shown as 

mean Fura-2 (F340/F380) ratiometric traces before and after application of 50 mmol/L potassium in wild-type (black) and Cavβ3−/− (red) BMECs. 

The number of measured cells (x) per experiment (y) are indicated as (x/y). IRES indicates internal ribosomal entry site.
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indicating the expression of Cavβ3 transcripts (Fig-
ure 1A). We then isolated and cultured primary BMECs 
from wild-type mice at high purity using a puromycin 
selection step49 as described by Ruck et al.40 BMECs 
were identified by the presence of the endothelial protein 
CD31 (Figure 1B) and by RNA profiling (Figure 1C) of 4 
independent isolations and cultures. Endothelial marker 
genes are expressed in BMEC cultures, whereas expres-
sion of marker genes for astrocytes, pericytes, and neu-
rons50–54 was barely detectable (Figure 1C).

Among the genes expressed in BMECs with a frag-
ments per kilobase of transcript per million mapped reads 
value >1 (Table S2) were the Cav channel subunit genes 
Cacna1a, Cacna1e, and Cacnb3, encoding the channel 
subunits Cav2.1, Cav2.3, and Cavβ3, respectively (Fig-
ure 1D). The presence of Cavβ3 transcripts and protein 
in BMECs was confirmed by RT-PCR (reverse transcrip-
tion polymerase chain reaction; Figure 1E) and Western 
blot, using BMECs isolated from Cavβ3−/− mice as con-
trols (Figure 1F). Electrophysiological recordings from 
wild-type and Cavβ3−/− BMECs revealed a small (<1 pA/
pF) Cav current that was independent of the presence of 
Cavβ3 protein and the absence or presence of the Cav 
channel agonist Bay K8644 (10 µmol/L; Figure 1G). 
Depolarization of BMECs by potassium (50 mmol/L) in 
the presence of extracellular Ca2+ did not significantly 
increase the cytoplasmic Ca2+ concentration ([Ca2+]

ic
; Fig-

ure 1H). These experiments demonstrate that in BMECs 
the Cavβ3 protein is present and may have functions 
unrelated to its function as a Cav channel subunit.

Cavβ3 Contributes to the Maintenance of the 

Blood-Brain Barrier In Vivo, to the Sealing of 

BMEC Monolayers In Vitro and Ameliorates EAE

Together with other cell types such as astrocytes and 
pericytes, BMECs form the blood-brain barrier and 
regulate the exchange of fluids, molecules, and cells 
between the blood and the central nervous system. To 
investigate whether Cavβ3 plays a role in maintaining 
the integrity of the blood-brain barrier in vivo, we gen-
erated Cavβ3−/− mice (Figure S2) and used them as a 
control to assess vascular leakage following intravenous 
injection of Evans blue. Three hours after intravenous 
injection of Evans blue, mice were euthanized and the 
extravasation of Evans blue into the brain and spinal cord 
was determined in wild-type mice and Cavβ3−/− mice 
as controls (Figure 2B). The absence of Cavβ3 protein 
was confirmed by Western blotting of whole brain pro-
tein lysates with an anti-Cavβ3 antibody, which detected 
Cavβ3 protein ( 55 kDa) in lysates from wild-type mice 
but not from Cavβ3−/− mice (Figure 2A). The wet weights 
of brain or spinal cord from wild-type and Cavβ3−/− mice 
were not different (Figure 2C). However, the amount of 
Evans blue that leaked into the brain and spinal cord was 
significantly increased in Cavβ3−/− mice compared with 

wild-type (Figure 2D), suggesting that the Cavβ3 protein 
contributes to the integrity of the blood-brain barrier.

BMECs in culture form a continuous monolayer 
sealed by tight and adherens junctions. To assess the 
contribution of Cavβ3 protein to the barrier function 
of these monolayers, transendothelial resistance was 
measured using the electrical cell-substrate impedance 
method.43 After seeding with equal numbers of wild-type 
and Cavβ3−/− BMECs, the cells developed continuous 
cell monolayers with resistance values reaching the 
plateau phase at day 5 after seeding (Figure 2E). Both 
genotypes reached the plateau phase at the same time, 
but the achieved resistance was significantly reduced 
on days 4, 5, 6, and 7 in Cavβ3−/− BMECs compared 
with cells from wild-type animals (day 7: wild-type, 
3113±122.1  [n=45]; Cavβ3−/−, 2441±92.7  [n=34]; 
P<0.0001). The absence of Cavβ3 had no effect on 
endothelial cell viability and proliferation over 10 days 
(Figure 2F). Independently, the contribution of Cavβ3 
protein to the barrier function of BMEC monolayers was 
assessed by their permeability to albumin or dextran. The 
leakage rate for albumin and dextran was significantly 
higher in Cavβ3−/− monolayers than in BMEC monolay-
ers from wild-type animals (Figure 2G).

To examine the influence of Cavβ3 on the blood-brain 
barrier during neuroinflammation of the central nervous 
system, we immunized wild-type and Cavβ3−/− mice with 
MOG

35–55
 for EAE induction (Figure 2H) and followed 

the clinical disability in mice over 30 days. Cavβ3−/− mice 
showed a more severe EAE disease course (Figure 2I) 
with increased cumulative clinical disability (Figure 2J) 
and earlier disease onset (Figure 2K) compared with wild-
type control mice. Furthermore, on day 5 following EAE 
symptom onset, the amount of Evans blue that leaked 
into the brain was significantly increased in Cavβ3−/− 
mice compared with wild-type mice (Figure 2L). In agree-
ment with the increased clinical disability and increased 
permeability of the blood-brain barrier, the number of 
CD3-positive T cells infiltrating the spinal cord was sig-
nificantly increased at the acute phase (5 days following 
symptom onset) and slightly (P=0.0908) increased at the 
chronic phase (21 days following symptom onset) of EAE 
in Cavβ3−/− compared with wild-type mice (Figure 2M). 
Demyelination measured by Luxol fast blue staining was 
slightly, but not significantly, increased in Cavβ3−/− at the 
acute phase of EAE (Figure 2N). In summary, Cavβ3 pro-
tein appears to help maintain the integrity of the blood-
brain barrier, reduces immune cell infiltration, and thereby 
alleviates the clinical symptoms of EAE in mice.

Increased Thrombin-Induced Endothelial 

Barrier Disruption in the Absence of Cavβ3

Thrombin is a proinflammatory mediator and increases 
endothelial permeability. Therefore, we determined the 
thrombin-induced changes in transendothelial electrical 
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Figure 2. Deletion of Cacnb3 impairs the integrity of the blood-brain barrier and exacerbated the clinical symptoms of 

experimental autoimmune encephalomyelitis.

A, Western blot of protein extracts from WT (wild-type; black) and Cavβ3−/− (voltage-gated Ca2+ channel β3-deficient; red) brains (100 µg of 

protein per lane) using anti-Cavβ3 and as a loading control anti-Cavβ2 antibody. B, Protocol followed for the assessment of the integrity of 

the blood-brain barrier in vivo with time points for Evans blue administration and analysis indicated. C, Brain (left) and spinal cord (right) wet 

weights measured after Evans blue injection and transcardial perfusion with PBS (n=10 mice). D, Amount of Evans blue extravasation into the 

brain (left) and spinal cord (right) of wild-type (black) and Cavβ3−/− (red) mice shown as µg Evans blue per g tissue weight (µg/g; n=10 mice). 

E, Mean transendothelial resistance of wild-type (black) and Cavβ3−/− (red) brain microvascular endothelial cell (BMEC) monolayers, monitored 

for 7 days from the initial seeding of 20 000 cells per well (n=45 wells for wild-type [black] and 34 wells for Cavβ3−/− [red] BMECs from 3 

independent BMEC preparations and cultures). F, Metabolic activity and proliferation of wild-type (black) and Cavβ3−/− (red) BMECs monitored 

by conversion of the added tetrazolium into colored formazan, determined as optical density at 490 nm (Abs. n=12 wells from 4 independent 

BMEC preparations and cultures). G, In vitro permeability of BMEC monolayers (wild-type, black; Cavβ3−/−, red) for fluorescein isothiocyanate 

(FITC)–albumin (66 kDa, left) and tetramethylrhodamine isothiocyanate (TRITC)–dextran (75 kDa, right) measured as permeability coefficients 

(coeff., n=12 wells from 4 independent BMEC preparations). H, Schematic representation of experimental procedure followed to induce 

experimental autoimmune encephalomyelitis (EAE). I, Disease course following induction of EAE in wild-type (black) and (Continued )
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resistance of wild-type and Cavβ3−/− BMEC monolayers 
(Figure 3A and 3B). Application of thrombin resulted in a 
transient decrease in transendothelial resistance of wild-
type BMEC monolayers and returning to basic values 
within 2 hours after thrombin exposure (Figure 3A and 
3B). In contrast, exposure of Cavβ3−/− BMEC monolayers 
to thrombin resulted in a significantly greater decrease, 
which did not return to baseline within 2 hours of throm-
bin exposure (Figure 3A and 3B). Moreover, expression 
of Cacnb3 cDNA in Cavβ3−/− BMEC monolayers (Fig-
ure 3C and 3D) rescued the wild-type barrier function 
phenotype, leading to a significantly smaller effect in 
thrombin-mediated transient decrease in transendothe-
lial resistance and improved recovery to baseline. Simi-
larly, overexpression of the Cacnb3 cDNA in bEnd.3 cells 
(Figure S3A and S3B) reduced thrombin-mediated tran-
sient decrease in transendothelial resistance compared 
with mock-transfected cells (Figure S3C and S3D). In 
both Cavβ3−/− and wild-type, the permeability of BMEC 
monolayers to albumin and dextran was significantly 
increased in the presence of thrombin (Figure 3E). How-
ever, thrombin-induced increase in dextran permeability 
was significantly more pronounced in Cavβ3−/− mono-
layers compared with wild-type monolayers (wild-type, 
0.080±0.003; Cavβ3−/−, 0.097±0.005; P=0.0303).

To investigate potential changes in cell morphology 
and tight and adherens junctions of the endothelium, the 
organization of the junctional protein ZO-1 in wild-type 
and Cavβ3−/− BMECs in the presence or absence of 
thrombin was examined by immunofluorescence staining 
(Figure 3F). The size of endothelial cells (Figure 3G) and 
the amounts of ZO-1 per µg of endothelial protein (Fig-
ure 3H and 3I) were significantly reduced in Cavβ3−/− 
cells, as was the length of continuous ZO-1 staining 
between adjacent cells (Figure 3J). In contrast, the num-
ber of disrupted tight junctions per cell was only slightly 
higher in the absence of Cavβ3 (Figure 3K).

In the presence of thrombin, ZO-1 staining was less 
well organized along cell borders and the number of cells 
with disrupted tight junctions was increased (Figure 3F, 
3J, and 3K). At the same time, thrombin-induced disrup-
tion of ZO-1 junction protein was more pronounced in 
the absence of Cavβ3 protein. However, protein levels of 
vascular endothelial cadherin, JAM-A, and occludin were 
apparently the same in both genotypes (Figure S5C). 

Thus, in the absence of Cavβ3, the length of continuous 
ZO-1 staining between adjacent cells was decreased 
and the size of endothelial cells was reduced while the 
thrombin-mediated permeability of BMEC monolayers 
was increased.

Removal of Cavβ3 Enhances Thrombin-

Mediated Ca2+ Release Without Affecting 

Intracellular Ca2+ Stores and IP3 Formation

Thrombin increases endothelial permeability through 
activation of G-protein–coupled PAR-1, followed by 
IP3 formation and IP3-induced Ca2+ release from intra-
cellular stores (Figure 4A). The resting cytoplasmic 
Ca2+ concentration before thrombin application and 
the thrombin-induced Ca2+ increase (peak amplitude 
and area under the curve) were significantly enhanced 
in Cavβ3−/− BMECs compared with wild-type control 
BMECs (Figure 4A and 4B). Moreover, the expression 
of Cacnb3 cDNA in Cavβ3−/− BMECs efficiently res-
cued wild-type Ca2+ signaling, leading to a significant 
decrease in thrombin-induced Ca2+ release compared 
with mock-transfected Cavβ3−/− BMECs (Figure 4C 
and 4D). The accumulation of inositol monophosphate, 
a stable downstream metabolite of IP3, was then mea-
sured in response to thrombin stimulation in the absence 
or presence of the Gα

q/11
-specific inhibitor YM-254890 

or the phospholipase C inhibitor U-73122 (Figure 4E). 
Thrombin increased IP3 formation in a concentration-
dependent manner and this effect was inhibited by 
YM-254890 or U-73122. The IP3 formation before and 
after the addition of thrombin was not significantly differ-
ent in BMECs of both genotypes (Figure 4E).

Thrombin-induced Ca2+ release after receptor stimu-
lation is increased in Cavβ3−/− BMECs compared with 
wild-type BMECs (Figure 4A through 4D), and store-
operated Ca2+ entry may be altered in these cells. 
Therefore, stores were depleted by thapsigargin in the 
absence of extracellular Ca2+. Again, in this experi-
ment, resting Ca2+ levels were significantly increased in 
Cavβ3−/− BMECs before thapsigargin application (Fig-
ure S4A and S4B). The thapsigargin-induced increase 
in cytoplasmic Ca2+ in the absence of extracellular Ca2+ 
was not different in cells of both genotypes (Figure S4A 
and S4B), indicating that the Ca2+ content of intracellular 

Figure 2 Continued. Cavβ3−/− (red) mice (wild-type, n=13; Cavβ3−/−, n=10). J and K, Cumulative clinical disability score (J) and day of disease 

onset of clinical symptoms following induction of EAE (K; wild-type, n=13; Cavβ3−/−, n=10). L, Amount of Evans blue extravasation into the 

brain of wild-type (black) and Cavβ3−/− (red) mice measured during the acute stage of EAE (5 days following symptom onset) and shown as µg 

Evans blue per g tissue weight (µg/g; n=4 mice). M, Representative histopathologic staining and quantifications of CD3 (cluster of differentiation 

3)-positive T cells in cervical spinal cord sections during the acute (left) and chronic (right, 21 days following symptom onset) phases of EAE. 

The number of CD3-positive T cells are normalized to the spinal cord area, and each data point represents an individual mouse. Scale bar=100 

µm. N, Representative histopathologic staining of Luxol fast blue (LFB) in cervical spinal cords and quantifications of demyelination (LFB-

positive area) during the acute (left) and chronic (right) phases of EAE. Each data point represents an individual mouse. Scale bar=100 µm. 

Data are shown as mean±SD (C, D, F, G, J, L, M, and N), mean±SEM (E and I), or Tukey box and whiskers (K), and P values were determined 

by unpaired 2-tailed Student t test (C–G, J, L, M, and N), Mann-Whitney U test of the area under the curve (AUC) of each animal (I), or Mann-

Whitney U test (K). CFA indicates complete Freund’s adjuvant; MOG, myelin oligodendrocyte glycoprotein; and PTX, pertussis toxin.
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Figure 3. Deletion of Cavβ3 enhances thrombin (Thr.)-induced endothelial barrier disruption.

A and C, Mean normalized (norm.) resistance (from 1 independent experiment, repeated 2×) measured in confluent brain microvascular 

endothelial cell (BMEC) monolayers from wild-type (black) and Cavβ3−/− (voltage-gated Ca2+ channel β3-deficient; red; A) or from Cavβ3−/− 

transfected with Cavβ3 cDNA (blue) or IRES-GFP (green fluorescent protein) cDNA (red; C) and monitored over time in the absence and 

presence of Thr. (10 U/mL) or vehicle (gray) as indicated. B and D, Percentage (%) of maximal (max.) decrease in norm. resistance (left) 

and recovery of norm. resistance over time (right) in response to the application of Thr. measured in confluent BMEC monolayers from 

wild-type (black) and Cavβ3−/− (red) mice (B, n=7 wells for wild-type and 9 wells for Cavβ3−/− from 2 independent preparations and cultures) 

or from Cavβ3−/− transfected with Cavβ3 (blue) or IRES-GFP (red; D, n=10 wells for cells transfected with Cavβ3 and 11 for IRES-GFP). 

E, Permeability coefficient of FITC-albumin (left) and tetramethylrhodamine isothiocyanate (TRITC)–dextran (right) of wild-type (black) and 

Cavβ3−/− (red) BMEC monolayers in the absence (-) or presence (+) of Thr. (10 U/mL) or vehicle (n=9 wells from 5 independent preparations 

and cultures). F, Representative immunofluorescence images from wild-type and Cavβ3−/− BMECs stained with anti-ZO-1 (zona occludens-1) 

antibody for tight junctional protein ZO-1 (green) and DAPI (4ʹ,6-diamidino-2-phenylindole) for nuclei (blue). The images show tight junction 

morphology in confluent BMECs treated for 3 hours with Thr. (10 U/mL) or vehicle as control. Examples of disrupted tight junctions are labeled 

by white arrowheads (scale bar=40 µm). G, Cell area (in µm2) measured from ZO-1 immunofluorescence images (as in F) of wild-type (black) 

and Cavβ3−/− (red) BMECs (n=215 cells from 5 independent preparations). H, Western blot of protein extracts from wild-type and Cavβ3−/− 

BMECs using anti-ZO-1 antibody and as a loading control, anti-CD31 (cluster of differentiation 31; bottom). I, Intensity of the ZO-1 antibody 

stain normalized to the CD31 antibody stain obtained from 3 independent Western blots. J, Continuous tight junction length normalized to the 

cell area measured from ZO-1 immunofluorescence images (as in F) of wild-type (black) and Cavβ3−/− (red) BMECs in the presence of Thr. (10 

U/mL) or vehicle, as indicated (n=21–61 cells from 4 independent preparations). K, Numbers of ZO-1 junctional disruptions per cell counted 

from ZO-1 immunofluorescence images (as in F) of wild-type (black) and Cavβ3−/− (red) BMECs in the presence of Thr. (10 U/mL) or vehicle 

as indicated (n=50 cells from 4 independent preparations). Data are shown as mean±SD (B, D, E, I, and J) or Tukey box and whiskers (G and 

K) and P values were determined by unpaired 2-tailed Student t test (B, D, and I), Mann-Whitney U test (G), 1-way ANOVA followed by Tukey 

multiple comparison test (E and J) or Kruskal-Wallis test (K). IRES indicates internal ribosomal entry site.
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Figure 4. Cavβ3 protein impairs thrombin (Thr.)-induced Ca2+ release.

A and C, Changes in cytoplasmic Ca2+ concentration, shown as mean Fura-2 (F340/F380) ratiometric traces before and after the application 

of Thr. (10 U/mL) in the absence of extracellular Ca2+ measured in wild-type (black) and Cavβ3−/− (voltage-gated Ca2+ channel β3-deficient; 

red) brain microvascular endothelial cells (BMECs; A) and Cavβ3−/− BMECs transfected with Cavβ3 (blue) or IRES-GFP (green fluorescent 

protein) cDNAs (red; C). The number of measured cells (x) per experiment (y) is indicated as (x/y). B and D, Resting Ca2+ levels before Thr. 

application (left), peak amplitudes (middle), and area under the curve (right) of the Thr.-induced Ca2+ release from experiments in A and C. E, 

Inositol monophosphate (IP1) accumulation (nmol/L) in wild-type (black) and Cavβ3−/− (red) BMECs before and after application (Continued )
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stores was not affected in the absence of Cavβ3. After 
the cytoplasmic Ca2+ level decreased to baseline, extra-
cellular Ca2+ was readded, resulting in Ca2+ entry through 
plasma membrane channels. Ca2+ entry, calculated as 
peak amplitude and area under the curve, was not differ-
ent in BMECs of both genotypes (Figure S4A and S4C).

Previously, we showed29,31 that Cavβ3 interacts with 
the inositol 1,4,5-trisphosphate receptors (IP3Rs) and 
reduces binding of [3H]IP3 to the IP3R and modulates 
IP3-dependent Ca2+ signals by applying coimmuno-
precipitation and in vitro binding experiments. Here, 
we verified the interaction of Cavβ3 with the IP3Rs 
by 2 approaches in the whole mouse brain, in primary 
microvascular endothelial cells (BMECs) isolated from 
mouse brain, and in bEnd.3 cells. In the first approach, 
we prepared and solubilized brain microsomal proteins 
from wild-type and Cavβ3−/− mice to enrich the Cavβ3 
protein-containing complex using the anti-Cavβ3 anti-
body. Bound proteins were eluted, were separated by 
SDS-PAGE, and Cavβ3 peptides covering 83% of the 
primary sequence were identified by mass spectrom-
etry (nano-LC-ESI-MS/MS; Figure 4F; Figure S5A). In 
addition, 147 proteins were specifically associated with 
Cavβ3 (Figure 4G; Table S1). As negative controls, we 
used (1) microsomal protein lysate from Cavβ3−/− brain 
and (2) target-unrelated antibodies (Figure 4F, rabbit 
IgG). Among those 147 proteins, ion channel proteins 
including IP3R1 were identified (Figure 4G; Figure S5B). 
In the second approach, we verified Cavβ3-IP3R interac-
tion in wild-type BMECs (where both proteins are pres-
ent) and in bEnd.3 cells after overexpressing the Cacnb3 
cDNA with either Itpr1 or Itpr3 cDNAs. In wild-type 
mouse BMECs, Cavβ3 was associated with IP3R3 in the 
coimmunoprecipitation using the anti-IP3R3 antibody 
(Figure 4H). Moreover, in bEnd.3 cells, Cavβ3 was coim-
munoprecipitated with IP3R3 and IP3R1 and vice versa 
using anti-Cavβ3, anti-IP3R3, and anti-IP3R1 antibodies 
(Figure 4I and 4J). These results support an interaction 
between Cavβ3 and IP3R in BMECs and demonstrate 
that Cavβ3 in endothelial cells tightly controls resting 
cytoplasmic Ca2+ levels and thrombin-mediated Ca2+ 
release from the intracellular IP3-sensitive Ca2+ stores 

without affecting the IP3 generation pathway, intracel-
lular Ca2+ stores, or store-operated Ca2+ entry.

Cavβ3 Contributes to Endothelial Barrier 

Integrity by Controlling Ca2+-Dependent MLC 

Phosphorylation

Thrombin induces Ca2+-dependent activation of MLCK 
and RhoA/Rho kinase–dependent inhibition of myo-
sin phosphatase.55 Both signaling pathways promote 
MLC phosphorylation, leading to impaired endothe-
lial barrier function. Thus, in the presence of thrombin, 
MLC phosphorylation in BMECs increases in a time- 
dependent manner (Figure 5A and 5B), with the amount 
of phosphorylated MLC significantly increased in 
Cavβ3−/− BMECs compared with wild-type BMECs at 5 
and 15 minutes (Figure 5A and 5B). The MLCK inhibitor 
ML-7 decreased thrombin-mediated phosphorylation of 
MLC (Figure 5C), while abolishing the disorganization of 
ZO-1 (Figure 5D and 5E). In the presence of ML-7 or 
the Gα

q/11
 inhibitor YM-254890, the decrease in tran-

sendothelial resistance in BMECs of both genotypes is 
significantly less than in the absence of either inhibi-
tor (Figure 5F, 5G, and 5H). The significantly greater 
decrease in resistance in Cavβ3−/− BMECs in the 
absence of inhibitors (Figure 5F, 5G, and 5H; Figure 3A 
and 3B) is no longer detectable in the presence of either 
inhibitor (Figure 5F, 5G, and 5H). Similarly, the decrease 
in transendothelial resistance is reduced in the presence 
of U-73122 but is no longer different in both genotypes 
(Figure 5I, 5J, and 5K). In contrast, the magnitude of 
the decrease in thrombin-induced transendothelial 
resistance in Cavβ3−/− BMECs and wild-type BMECs 
is little changed in the absence and presence of the 
Rho kinase inhibitor Y-27632. Notably, the significant 
difference between the 2 genotypes remains (Figure 5I, 
5J, and 5K). In conclusion, the results show that Cavβ3 
contributes to the control of Ca2+-dependent MLC phos-
phorylation and thus to the integrity of the endothelial 
barrier. In contrast, Cavβ3 has only a minor effect on the 
Rho kinase pathway, which is simultaneously activated 
by thrombin.

Figure 4 Continued. of Thr. (10 and 60 U/mL) in the presence of YM-254890 (100 nmol/L) or U-73122 (10 µmol/L) as indicated 

(n=5–8 wells). Thr. application induced a significant (P<0.05) increase of IP1 accumulation in both genotypes. Data are shown as Tukey 

box and whiskers (B and D) or mean±SD (E) and P values were determined by Mann-Whitney U test (B and D) or 1-way ANOVA followed 

by Tukey multiple comparison test (E). F, Workflow of antibody-based Cavβ3 protein enrichment from mouse brain lysates combined with 

mass spectrometry. G, Identification of the Cavβ3 protein (sequence coverage, 83%) from wild-type mouse brain after antibody-based 

enrichment followed by mass spectrometry. Table shows ion channel proteins associated with the Cavβ3 protein detected in purifications 

from 2 independent wild-type brain preparations using specific anti-Cavβ3 antibody and were absent in negative controls: anti-Cavβ3–based 

enrichment from Cavβ3−/− brain lysates and enrichment from wild-type brain lysates using a target-unrelated antibody (rabbit immunoglobulin 

[rIgG]). H through J, Coimmunoprecipitations with anti-Cavβ3, anti-IP3R1, and anti-IP3R3 from solubilized wild-type BMECs (H), b.End3 

transfected with Cacnb3+Itpr3 cDNAs (I), or b.End3 transfected with Cacnb3+Itpr1 cDNAs (J). Input and proteins eluted from the 

precipitating antibodies were subjected to Western blot (WB) and probed with anti-Cavβ3 (left blots), anti-IP3R3 (right blot in H and I), or anti-

IP3R1 (right blot in J). Empty indicates that nothing was applied into the SDS-PAGE; arrowhead, target protein. Acc. No. indicates accession 

number UniProtKB; Cov. [%], percentage of sequence coverage; IP3R, inositol 1,4,5-trisphosphate (IP3) recetor; IRES, internal ribosomal 

entry site; M.W., molecular weight; and SDS, sodium dodecyl sulfate.
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Figure 5. Cavβ3 controls the activity of MLCK (myosin light chain kinase) and the phosphorylation of MLC (myosin light chain).

A and C, Western blot of protein extracts (30 µg of protein per lane) from wild-type and Cavβ3−/− (voltage-gated Ca2+ channel β3-deficient) 

brain microvascular endothelial cells (BMECs) using anti-phospho-myosin light chain 2 (p-MLC2) and anti-β-actin as a loading control. Cells 

were incubated in the absence and in the presence of thrombin (Thr.; 10 U/mL) for 1, 5, and 15 minutes in the absence (A) or presence of 

ML-7 (C). B, Intensity of the p-MLC2 antibody stain normalized to the β-actin antibody stain obtained from 3 independent Western blots as 

shown in A. D, Representative immunofluorescence images from wild-type BMECs stained with anti-ZO-1 (zona occludens-1) antibody for 

tight junctional protein ZO-1 (green) and DAPI (4ʹ,6-diamidino-2-phenylindole) for nuclei (blue). The images show tight junction morphology 

in confluent BMECs treated for 3 hours with vehicle (control), Thr., or Thr.+ML-7. Examples of disrupted tight junctions are labeled by white 

arrowheads (scale bar=40 µm). E, Continuous tight junction length normalized to the cell area measured from ZO-1 immunofluorescence 

images (as in D) of wild-type BMECs in the absence (−) or presence (+) of Thr. (10 U/mL) or of Thr.+ML-7 (10 µmol/L) as indicated (n=21 

cells from 4 independent preparations). F and I, Mean normalized (norm.) resistance (representative for 1 independent experiment, repeated 

4×) measured in wild-type (black) and Cavβ3−/− (red) confluent BMEC monolayers (n=13–20 wells for wild-type and 14–21 wells (Continued )
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Transcriptome Profiling of Primary Wild-Type 

and Cavβ3−/− BMECs

To evaluate the role of Cavβ3 in the regulation of gene 
expression in BMECs, which may be related to the 
increased permeability of the blood-brain barrier in 
Cavβ3−/− mice, we prepared 4 independent BMEC cul-
tures from wild-type and Cavβ3−/− mice, isolated RNA, 
and performed bulk RNA sequencing for transcriptome 
profiling. In Cavβ3−/− BMECs, 463 genes were down-
regulated and 549 genes were upregulated (Figure 6A 
and 6B; Table S2). The differentially downregulated 
genes in Cavβ3−/− BMECs included genes involved in 
Ca2+ signaling (Itpr1), solute carrier–mediated transport 
(Slc5a3, Slc1a1, and Slc44a1), tight and adherens junc-
tions (Ocln, Jam1, Pecam1, and Nectin2), cell surface 
and cytoskeleton (Alcam and Tns1), as well as genes 
of basement membrane proteins and integrins (Lama4 
and Itga1), and matrix metalloproteinases (Adam15 and 
Adam17; Figure 6C; Table S2). Gene ontology (molecu-
lar function, biological process, and cellular components) 
analysis of differentially expressed transcripts revealed 
that cell adhesion and cell-cell junction were among the 
enriched terms (Figure 6D; Figure S6A and S6B). Col-
lectively, these results indicate that deletion of the Cavβ3 
encoding gene Cacnb3 affects pathways associated with 
endothelial cell function, which may additionally impact 
the endothelial barrier permeability.

DISCUSSION

By crossing the Cacnb3-specific Cre recombinase 
knock-in mouse strain (Cacnb3-IC; Figure S1) with 
eROSA26-τGFP reporter mice,48 Cacnb3-positive 
cells were visualized by constitutive τGFP expression  
(Figure S1F). Cacnb3-positive cells in the brain included 
CD31-positive BMECs (Figure 1A). We isolated CD31-
positive BMECs from mouse brain and by RNA sequenc-
ing, and RT-PCR detected Cavβ3 (Cacnb3) transcripts 
(Figure 1D and 1E). By Western blotting (Figure 1F), the 
Cavβ3 protein was recognized by anti-Cavβ3 antibodies 
in BMECs from wild-type mice but not in the BMECs 
isolated from Cavβ3−/− mice.

Endothelial cells are considered nonexcitable, and it 
is difficult to relate the slow and often small changes in 
membrane potential in these cells to the activation of 
Cav channels. We detected transcripts of Cacna1a and 
Cacna1e (Figure 1D) and recorded small, Bay K8644–
independent voltage-gated currents (Figure 1G), which 

may represent P-type (Cav2.1) and R-type (Cav2.3) Cav 
currents. The R-type Ca2+ channel was thought to be 
important for activation of endothelial cells by platelet-
activating factor.56 However, the recorded currents were 
not dependent on the presence of Cavβ3. In addition, 
potassium depolarization of the cells did not increase the 
cytoplasmic Ca2+ concentration (Figure 1H), suggest-
ing a function of Cavβ3 independent of its role as a Cav 
channel subunit.

BMECs are part of the blood-brain barrier. By inject-
ing Evans blue into wild-type and Cavβ3−/− animals, we 
investigated the integrity of the blood-brain barrier in vivo. 
In parallel, we determined the permeability to dextran 
and albumin in monolayers of wild-type and Cavβ3−/− 
BMECs in vitro. Both in vivo and in vitro, permeability was 
increased in the absence of Cavβ3 (Figure 2), suggest-
ing that the Cavβ3 subunit contributes to the integrity of 
the permeability barriers.

Blood-brain barrier permeability is increased in 
patients with multiple sclerosis57 and has a significant 
impact on the course of EAE in mice.58,59 Cavβ3−/− mice 
with compromised blood-brain barrier exhibited greater 
T-cell infiltration during EAE, developed more severe 
clinical disability, and had significantly earlier onset of dis-
ease symptoms than wild-type mice (Figure 2H through 
2N). The impaired blood-brain barrier in Cavβ3−/− mice 
may explain the enhanced infiltration of T cells and the 
increased disease symptoms. In the brain, Cavβ3 pref-
erentially, but not exclusively, associates with the Cav2.2 
α1B pore-forming subunit of N-type Cav channels60–64 
and deletion of Cavβ3 reduces Cav2.2 α1B expression in 
dorsal root ganglion62 and sympathetic neurons.63 How-
ever, in contrast to our observations in Cavβ3−/− mice, 
deletion of the Cacna1b gene in Cav2.2 knockout mice 
significantly ameliorated the disease course of EAE,65 
suggesting that Cavβ3 plays a role independent of its 
function as a subunit of Cav channels.

In previous studies, we have shown that Cavβ3 
reduces IP3-dependent Ca2+ release from intracellu-
lar stores by reducing the sensitivity of the cell to low 
IP3 concentrations through binding to the IP3 recep-
tor.29,31,33 In the present study, we confirm the interac-
tion of Cavβ3 with the IP3R by coimmunoprecipitation 
in primary BMECs and bEnd.3 cells and by antibody-
based enrichments of the Cavβ3 protein and associ-
ated proteins followed by nano-LC-MS/MS analysis in 
whole brain lysate (Figure 4F through 4J). Consistent 
with previous reports, the pore-forming α1 subunits 
of Cav2.1, Cav2.2, and Cav2.3 were also effectively 

Figure 5 Continued. for Cavβ3−/− from 2 independent preparations) and monitored over time after application of Thr. (10 U/mL, arrowhead). 

The monolayers were pretreated for 3 hours with ML-7 (10 µmol/L), YM-254890 (100 nmol/L), or dimethyl sulfoxide (DMSO; vehicle; F) or 

U-73122 (10 µmol/L), Y-27632 (10 µmol/L), or DMSO (vehicle; I). G, H, J, and K, Percentage of maximal (max.) decrease in norm. resistance 

(G and J) and of recovery of norm. resistance (H and K) in response to Thr. application as shown in F and I. Data are shown as mean±SD (B, 

E, G, H, J, and K), and P values were determined by 2-way ANOVA followed by Sidak multiple comparison tests (B), 1-way ANOVA followed 

by Tukey multiple comparison tests (E), and unpaired 2-tailed Student t test (G, H, J, and K).
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associated with the Cavβ3 protein.61,64 Among the 
Cavβ3-associated proteins were the large-conductance  
Ca2+ and voltage-activated K+ channel (KCa1.1) pro-
tein,66 syntaxin, and SNAP-2567 that have been also 
shown to interact directly with Cav channel subunits 
(Figure 4G; Table S1). N-cadherin, which is present in 
endothelial cells and supports their interaction with sur-
rounding pericytes,68,69 was among the proteins associ-
ated with Cavβ3 in the brain (Table S1). Deletion of the 
N-cadherin gene cdh2 in endothelial cells significantly 

increased vascular permeability and resulted in severe 
vascularization defects leading to embryonic lethality.70,71  
The N-cadherin–Cavβ3 interaction may also contribute 
to the stabilization of microvascular barrier function in 
the brain.

Cytoplasmic Ca2+ has been shown to affect the perme-
ability of endothelial monolayers since pretreatment with 
the Ca2+ chelator BAPTA-AM decreases the basal perme-
ability of endothelial monolayers,8 whereas in the absence 
of Cavβ3, the basal cytoplasmic Ca2+ concentration of 

Figure 6. Transcriptome profiling of wild-type and Cavβ3−/− primary brain microvascular endothelial cells (BMECs).

A, Volcano plots illustrating genes differentially expressed between wild-type and Cavβ3−/− BMECs identified by RNA-seq. Unchanged 

(black), upregulated (upreg.; orange), and downregulated (downreg.; blue) genes are shown. B, Heatmap of expression values illustrating 

differentially expressed genes (shown in A) from 4 independent primary BMEC preparations. C, Heatmaps illustrating genes involved in active 

efflux, receptor-mediated transport, intracellular ion channels, solute carrier–mediated transport, tight junctions, adherens and gap junctions, 

cell surface molecules, cytoskeleton, basal membrane molecules, MMP (matrix metalloproteinase), and integrins. In B and C, the scale bar 

indicates row Z scores of gene expression (fragments per kilobase of transcript per million mapped reads) values. Highly expressed genes are 

shown in red, and genes with low expression are shown in blue. D, Gene ontology (GO) terms for molecular processes of genes modulated 

in Cavβ3−/− BMECs, with the enrichment score (−log
10

[P]). *Genes significantly (P<0.05) changed between both genotypes. BMP indicates 

bone morphogenetic protein; and HMG, high mobility group.
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unstimulated BMECs is slightly but significantly increased 
(Figure 4A and 4B; Figure S4A and S4B). At the same 
time, Cavβ3−/− BMECs reveal reduced cell area and nor-
malized tight junction length (Figure 3G and 3J). In the 
presence of the proinflammatory mediator thrombin,2,72 the 
cytoplasmic Ca2+ concentration is increased in Cavβ3−/− 
BMECs (Figure 4A and 4B) and the transendothelial 
resistance of BMEC monolayers is reduced to a greater 
extent in the absence of Cavβ3 (Figure 3A and 3B). These 
effects on Ca2+ signaling and permeability of the endothe-
lial barrier were rescued by overexpressing the Cacnb3 
cDNA in Cavβ3−/− BMECs and bEnd.3 cells (Figure 3C, 
3D, 4C, and 4D; Figure S3A through S3D).

Thrombin increases the permeability of the endothe-
lial barrier by acting on PAR-1 receptors coupled to the 
G proteins Gα

q/11
 and Gα

12/13
, thereby increasing IP3 

generation and RhoA activity in endothelial cells.72,73 In 
Cavβ3−/− BMECs, thrombin-induced Ca2+ release and 
MLC phosphorylation were significantly increased com-
pared with wild-type cells (Figures 4A, 4B, 5A, and 5B), 
whereas basal and thrombin-induced IP3 formation (Fig-
ure 4E), Ca2+ content of intracellular stores, and store-
activated Ca2+ entry were not different in BMECs of both 
genotypes (Figure S4A through S4C).

The thrombin-induced decrease in transendothe-
lial resistance was more pronounced in the absence of 
Cavβ3 than in the presence of Cavβ3 (Figure 3A and 
3B). Pretreatment of the cells with the MLCK inhibitor 
ML-7 abolished this difference, as did preincubation 
with the PLC inhibitor U-73122 or the Gα

q/11
 inhibi-

tor YM-254890 (Figure 5F through 5K). In contrast, 
after preincubation of BMECs in the presence of the 
Rho kinase inhibitor Y-27632, the thrombin-induced 
decrease in transendothelial resistance remained more 
pronounced in the absence of Cavβ3 than in the pres-
ence of Cavβ3 (Figure 5I through 5K). These data indi-
cate that Cavβ3 modulates the activity of the MLCK 
indirectly by fine tuning the cytoplasmic Ca2+ in endothe-
lial cells. In the absence of Cavβ3, IP3-dependent Ca2+ 
release from intracellular stores is increased, leading to 
enhanced Ca2+-dependent phosphorylation of MLCs by 
MLCK, followed by their interaction with the actin cyto-
skeleton, endothelial cell contraction, disrupted tight 
junctions, and reduced cell area.7,8 Genetic ablation of 
the PAR-1 receptor significantly attenuated thrombin-
mediated endothelial hyperpermeability and phosphory-
lation of MLCs.3 Endothelial permeability was shown to 
require Gα

q/11
-mediated signaling in endothelial cells but 

not Gα
12/13

. Vascular permeability under basal conditions 
and in response to the activation of PAR-1 receptor was 
severely reduced in mice lacking Gα

q/11
 in endothelial 

cells but not in mice lacking Gα
12/13

 in endothelial cells.74

To gain further insight into the role of Cavβ3 in the 
regulation of Ca2+ signaling and endothelial barrier func-
tion, we compared the transcriptome profile of wild-
type and Cavβ3−/− BMECs and identified changes in 

the expression of genes involved in endothelial barrier 
function (Figure 6). In Pecam-1 (CD31) knockout mice, 
the onset of clinical symptoms after induction of EAE 
was significantly earlier than in control mice, and tran-
sendothelial migration of T cells was also increased, 
indicating a compromised blood-brain barrier.59 Down-
regulation of ZO-1, encoded by the Tjp1 gene, affected 
the organization of tight junction proteins and increased 
endothelial cell permeability, suggesting a critical role in 
maintaining the integrity of endothelial barrier function.75 
We identified reduced levels of Pecam-1 (wild-type, 
358.05±27.44; Cavβ3−/−, 290.20±10.55; P=0.0036) 
and a slight but not significant reduction of Tjp1 (wild-
type, 54.07±5.88; Cavβ3−/−, 43.94±6.28; P=0.0566) 
transcripts in Cavβ3−/− BMECs, which may have an addi-
tional impact on blood-brain barrier permeability. Deletion 
of Alcam in mice resulted in increased blood-brain barrier 
permeability and more pronounced clinical disability after 
induction of EAE.58 In Cavβ3−/− BMECs, Alcam transcript 
levels were increased (Figure 6C; Table S2), possibly to 
counteract the increased permeability of the endothe-
lial barrier. Taken together, these results demonstrate 
that Cavβ3 protein contributes to the integrity of BMEC 
monolayers in vitro and to the integrity of the blood-brain 
barrier in vivo, with a significant impact on the severity of 
clinical EAE disease.
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