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Leukocyte entry into the central nervous system (CNS) is essential for immune surveillance but is also the basis for the development of
pathologic inflammatory conditions within the CNS, such as multiple sclerosis and its animal model, experimental autoimmune enceph-
alomyelitis (EAE). The actin-binding protein, cortactin, in endothelial cells is an important player in regulating the interaction of immune
cells with the vascular endothelium. Cortactin has been shown to control the integrity of the endothelial barrier and to support neutrophil
transendothelial migration in vitro and in vivo in the skin. Here we use cortactin gene-inactivated male and female mice to study the role
of this protein in EAE. Inducing EAE by immunization with a myelin oligodendrocyte glycoprotein peptide (MOG35–55) revealed an
ameliorated disease course in cortactin gene-deficient female mice compared with WT mice. However, proliferation capacity and expres-
sion of IL-17A and IFN� by cortactin-deficient and WT splenocytes did not differ, suggesting that the lack of cortactin does not affect
induction of the immune response. Rather, cortactin deficiency caused decreased vascular permeability and reduced leukocyte infiltra-
tion into the brains and spinal cords of EAE mice. Accordingly, cortactin gene-deficient mice had smaller numbers of proinflammatory
cuffs, less extensive demyelination, and reduced expression levels of proinflammatory cytokines within the neural tissue compared with
WT littermates. Thus, cortactin contributes to the development of neural inflammation by supporting leukocyte transmigration through
the blood– brain barrier and, therefore, represents a potential candidate for targeting CNS autoimmunity.
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Introduction
Multiple sclerosis is an autoimmune neuroinflammatory disor-
der of the CNS, characterized by leukocyte-based demyelination

and neurodegeneration. The entry of CD4� T cells and mono-
cytes into the CNS are essential steps in the course of this disease
and require diapedesis through the specialized endothelium of
the blood– brain barrier (BBB). The barrier characteristics of this
endothelium protect the CNS from changes in the milieu of the
blood and require a higher level of contact integrity between
endothelial junctions (Fenstermacher et al., 1988; Sedlakova et
al., 1999). In addition, the endothelium of the BBB limits im-
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Significance Statement

Multiple sclerosis is an autoimmune neuroinflammatory disorder, based on the entry of inflammatory leukocytes into the CNS
where these cells cause demyelination and neurodegeneration. Here, we use a mouse model for multiple sclerosis, experimental
autoimmune encephalomyelitis, and show that gene inactivation of cortactin, an actin binding protein that modulates actin
dynamics and branching, protects against neuroinflammation in experimental autoimmune encephalomyelitis. Leukocyte infil-
tration into the CNS was inhibited in cortactin-deficient mice, and lack of cortactin in cultured primary brain endothelial cells
inhibited leukocyte transmigration. Expression levels of proinflammatory cytokines in the CNS and induction of vascular perme-
ability were reduced. We conclude that cortactin represents a novel potential target for the treatment of multiple sclerosis.
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mune cell entry into the CNS and renders leukocyte diapedesis
through this barrier a more demanding task (Sorokin, 2010; Ran-
sohoff and Engelhardt, 2012).

Leukocyte extravasation is mediated by multiple adhesion
molecules expressed by endothelial and immune cells and re-
quires the support and dynamic reorganization of the actin cyto-
skeleton of both cell types (Nourshargh and Alon, 2014;
Vestweber, 2015). Current knowledge about the role of endothe-
lial actin-binding proteins in leukocyte adhesion and transendo-
thelial migration is limited (Alon and van Buul, 2017), and only
few studies have addressed their contribution to leukocyte ex-
travasation at the BBB (Durieu-Trautmann et al., 1994; Li-
ChunHsieh et al., 2015).

In this study, we focus on cortactin, an actin-binding protein,
which is involved in various cellular processes involving regula-

tion of membrane dynamics and cell motility, such as cell adhe-
sion, migration, tumor invasion, and endocytosis (Cosen-Binker
and Kapus, 2006; Schnoor et al., 2018). Cortactin is expressed in
most cell types, except leukocytes, which express the related pro-
tein Hematopoietic cell-specific lyn substrate 1 (van Rossum et
al., 2005). One of the major molecular functions of cortactin is to
bind and activate the actin-filament nucleation complex Arp2/3
(Uruno et al., 2001), which facilitates the branching of F-actin
(Mullins et al., 1998).

The role of cortactin in the regulation of the endothelial bar-
rier properties, actomyosin contractility, and leukocyte transen-
dothelial migration (diapedesis) was shown in vitro (Dudek et al.,
2004; Jacobson et al., 2006; Yang et al., 2006b; García Ponce et al.,
2016) and in a cytokine-induced inflammation model in the cre-
master muscle (Schnoor et al., 2011). Cortactin-deficient animals

Figure 1. Cortactin deficiency reduces the severity of MOG35–55-induced EAE. A, Clinical score of WT mice compared with Cttn �/� mice over time after MOG35–55 immunization. Data are
representative of three independent experiments with n � 5, n � 7, and n � 7 (total n � 19/group) WT and Cttn �/� mice (*p � 0.05; **p � 0.01). B, Maximal clinical score, **p � 0.0069. C,
Area under the curve (AUC) for each group (**p � 0.0065) and (D) day of disease onset averaged over all 19 mice (not significant (ns): p � 0.5658). E, Numbers and percentages of mice with no,
mild, or severe clinical scores in each group. Error bars indicate SEM. Statistics were analyzed with unpaired two-tailed Student’s t test.
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Figure 2. Cttn �/� and WT mice show comparable peripheral immune responses. WT and Cttn �/� mice were killed before EAE onset (A) or at peak disease (day 16) (B), and the number of
CD45 �CD4 � T cells and CD45 �CD11b � myeloid cells was measured in blood, lymph nodes, and spleen by flow cytometry. Graphs represent results from two independent experiments with n �
4 and n � 6 (total n � 10/group) WT mice and Cttn �/� mice (A); and from three independent experiments with n � 6, n � 3, and n � 5 (total n � 14/group) WT mice and Cttn �/� mice (B).
C, Healthy or EAE WT and Cttn �/� mice were killed on day 12 p.i., splenocytes were isolated and restimulated with different concentrations of MOG35–55 peptide for 72 h; cell proliferation was
determined by colorimetric BrdU proliferation assay. Graphs represent mean� SEM of three independent experiments with n � 2/experiment (total n � 6) healthy WT and Cttn �/� mice and n �
3, n � 4, and n � 4 (total n � 11/group) WT or n � 4/experiment (total n � 12/group) Cttn �/� EAE-subjected mice. D, Total RNA from CD45 � cells in the blood, lymph nodes, and spleens was
isolated, and IFN� and IL-17A expression profiles were determined by qRT-PCR; data were normalized to the expression of GAPDH. Expression levels in WT (Figure legend continues.)
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have increased basal vascular permeability in the skin and show
enhanced sensitivity to permeability-inducing inflammatory me-
diators, such as histamine; however, neutrophil transmigration is
reduced (Schnoor et al., 2011). In accordance with these data, in
vitro cortactin, together with F-actin and ICAM-1, surrounds
transmigrating polymorphonuclear leukocytes and facilitates
their adhesion and subsequent extravasation through human
umbilical vascular endothelial cell monolayers (Yang et al.,
2006b).

Here, we have analyzed the potential relevance of cortactin in
the endothelial barrier function of the BBB and for the develop-
ment of the clinical symptoms of experimental autoimmune
encephalomyelitis (EAE). We found that cortactin gene inactiva-
tion reduced entry of CD4� T cells and myeloid cells into the
brain and spinal cord parenchyma; and at the same time, vascular
permeability induction in the inflamed CNS was reduced. These
protective effects decreased inflammation and demyelination
within the CNS and significantly lowered EAE clinical symptoms.
This implicates cortactin as an important player in leukocyte re-
cruitment to the CNS and suggests that it may represent a poten-
tial target in the treatment of autoimmune neuroinflammatory
diseases, such as multiple sclerosis.

Materials and Methods
Mice. Cortactin-deficient mice (hereafter referred to as Cttn �/�) were
generated as previously described (Schnoor et al., 2011). For controls,
age- and gender-matched littermates or C57BL/6 mice were used. Exper-
iments for Figure 1 were performed only with female mice, whereas other
experiments were done with mice of both sexes. All experiments were
conducted according to German animal welfare guidelines and were ap-
proved by the Landesamt fuer Natur, Umwelt, und Verbraucherschutz
Nordrhein-Westfalen.

Antibodies. The following primary antibodies were used: anti-
cortactin (clone 4F11, Millipore), anti-claudin-5-AlexaFluor-488 (clone
4C3C2, Invitrogen), anti-occludin (ab31721, Abcam), anti-VE-cadherin
(VE42) (Broermann et al., 2011), anti-ZO-1 (40 –2200, Invitrogen), rab-
bit serum against pan-laminin (Sixt et al., 2001), rat anti-CD45, FITC-
conjugated rat anti-CD4, anti-CD4-BV421 (#100544), FITC-conjugated
rat anti-CD8, FITC-conjugated rat anti-Ly6G, FITC-conjugated rat anti-
CD11b, APC-conjugated rat anti-CD45, anti-T-bet (#644804), anti-
ROR�t (#12-6988-82, Invitrogen), anti-IL-17A (#506910), IFN-�
(#505826), and anti-ICAM1 (YNI-1.1). FITC-conjugated rat anti-IgG2a
and -rat anti-IgG2b, APC-conjugated rat anti-IgG2, and rabbit anti-
Fc�RII�III (2.4G2, hybridoma provided by Prof. Alf Hamann). All pri-
mary antibodies, if not stated otherwise, were purchased from BD
Pharmingen. The following secondary antibodies were used: AlexaFluor-
488 donkey anti-rabbit, AlexaFluor-488 donkey anti-mouse, and
AlexaFluor-647 donkey anti-rat. All secondary antibodies were pur-
chased from Invitrogen.

Induction of active EAE. For induction of active EAE, 8- to 11-week-old
mice were used. For controls, age- and gender-matched littermates or
C57BL/6 mice were used. On day 0, mice were immunized subcutaneously
with 20 �g myelin oligodendrocyte glycoprotein peptide (MOG35–55)
(Sigma Millipore) per mouse emulsified in complete Freund’s adjuvant
containing Mycobacterium tuberculosis H37RA (Difco). Pertussis toxin
(200 ng) (Sigma Millipore) was injected intraperitoneally on day 0 and
day 2. Mice were observed daily for up to 30 d after immunization. The

clinical scores were assigned based on the following criteria: 0, no signs of
disease; 0.5, loss of the tail tone or abnormal gate; 1, flaccid tail and
absence of curling at the tip when picked up; 1.5, completely flaccid tail
and mild hindlimb weakness; 2, hindlimbs are severely weak, mouse is
able to move in a waddling gait; 2.5, hindlimbs are partially paralyzed
with some movement observed; 3, hindlimbs and lower back are com-
pletely paralyzed; 3.5, hindlimbs and lower back are completely para-
lyzed, weakness in the forelimbs; 4, forelimbs are additionally paralyzed,
mouse cannot move; and 5, death. Dead mice were not included in
clinical score measurements. Mice were supplied with Diet Gel Recovery
(Clear H2O), serving as both a food and liquid source. To reduce suffer-
ing, mice reaching Stage 4 were killed.

FACS. Cells from lymph nodes and spleens were isolated by sieving
through 70 �m cell strainers, and the single-cell suspensions were kept
on ice-cold PBS. Peripheral blood was collected by cardiocentesis. Eryth-
rocytes were lysed with ACK lysis buffer (Thermo Fisher Scientific) for 3
min at room temperature. For a collection of immune cells from the
brain and the spinal cord, mice were perfused with ice-cold PBS before
tissue removal; cells were collected by sieving through 100 �m cell strain-
ers, followed by separation into neuronal and leukocyte populations by
discontinuous density gradient centrifugation using isotonic Percoll (GE
Healthcare). The leukocyte total number was counted (CASY, Schärfe
System). For relative quantification of leukocyte subtypes, mouse Fc-
receptors were blocked with anti-Fc�RII�III, and cells were stained with
the cell-specific antibodies. To distinguish between CD11b � infiltrated
cells and microglia from the brain, we gated on the CD45 high and
CD45 low populations, respectively. Flow cytometry was performed with
the FACSCanto II (Becton Dickinson) and data evaluated with FlowJo
7.2.5. For flow cytometric analysis of T-cell cytokine expression, spleno-
cytes and leukocytes from brain and spinal cord were isolated from mice
at the peak of EAE. Cells were stimulated for 4 h at 37°C with 500 ng/ml
phorbol 12-myristate 13-acetate and 1 �g/ml ionomycin in the presence
of 5 �g/ml protein transport blocker brefeldin A. After stimulation, cells
were stained with anti-CD4-BV421 followed by fixation and permeabi-
lization (Foxp3/Transcription Factor Staining Buffer Set, eBioscience)
according to the manufacturer’s instructions. Transcription factors
T-bet and ROR�t, and intracellular cytokines IL-17A and IFN-� were
stained. Cells were acquired using FACS CytoFlex S (Beckman Coulter),
and data were analyzed with FlowJo 7.2.5.

In vitro cell proliferation assay. For assessment of cell proliferation, WT
and Cttn �/� mice were immunized with MOG35–55 as described above.
At day 10 post immunization (p.i.), mice were killed and spleens were
removed. Single-cell suspensions were obtained by sieving the spleens
through the 40 �m strainer. Cells were cultured in 96-well plates at 1 �
10 5 cells/well in RPMI 1640 medium, supplemented with 10% heat-
inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin,
1% nonessential amino acids, 1 mM sodium pyruvate, and 0.5 mM

�-mercaptoethanol. Splenocytes were incubated for 72 h after isolation
in the absence or presence of MOG35–55 (0.5, 1, and 5 �g/ml). Cell
proliferation assays were performed using a BrdU cell proliferation kit
(Merck) according to the manufacturer’s instructions. BrdU reagent was
added for the final 24 h. Incorporation of BrdU reagent was measured on
a Synergy2 microplate reader (BioTek) at a wavelength of 450 nm. All
experiments were performed in triplicate.

Determination of mRNA expression levels using quantitative real-time
RT-PCR. Mice were killed at peak EAE and perfused with ice-cold PBS.
Total RNA from the brains and the spinal cords was extracted using
Trizol (Invitrogen). RT-PCR was performed using SuperScript II Reverse
Transcriptase kit (Invitrogen) according to the manufacturer’s instruc-
tions in a reaction volume of 20 �l. cDNA samples were subjected to
qRT-PCR using iTaq Universal SYBR Green Supermix (Bio-Rad) and
amplification was performed using 7300 Real Time PCR System (Applied
Biosystems). For qRT-PCR amplification of cDNA, the following prim-
ers (Sigma Millipore) were used: CCR2 forward: ATTCTCCACACCCT-
GTTTCG and CCR2 reverse: CTGCATGGCCTGGTCTAAGT; CXCL1
forward: GTTCCAGCACTCCAGACTCC and CXCL1 reverse: TGGGG
ACACCTTTTAGCATC; GAPDH forward: GCCACCCAGAAGACT-
GTGGAT and GAPDH reverse: GGGATGACCTTGCCCACAG; IFN�
forward: CTGGAGGAACTGGCAAAAGG and IFN� reverse: CTGGAC-

4

(Figure legend continued.) mice were set as 100%. Graphs represent results from three inde-
pendent experiments with n � 5/experiment (total n � 15/group) WT mice and Cttn �/�

mice. C, Statistics were analyzed with two-way ANOVA (MOG concentration, F(3,123) � 10.80,
p � 0.001; EAE status and genotype, F(3,123) � 31.06, p � 0.001; interaction, F(9,123) � 2.266,
p � 0.022) followed by Tukey test (all comparisons of 5 �g/ml MOG vs other concentrations,
****p � 0.0001). Statistics for the rest of the graphs was analyzed with unpaired two-tailed
Student’s t test. ns � not significant.
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Figure 3. Leukocyte infiltration and numbers of inflammatory cuffs are reduced during EAE in the absence of cortactin. WT or Cttn �/� mice were killed when WT mice reached peak EAE; brains
were isolated and cell numbers were determined. The total number of CD45 high infiltrated leukocytes in WT brains was gated by flow cytometry and set as 100% (A). Subsequently, the proportions
of CD45 �CD4 � T cells (B), CD45 �CD8 � T cells (C), CD45 highCD11b � macrophages (D), CD45 �Ly6G � neutrophils (E), and CD45 lowCD11b � microglia (F) were determined. Graphs represent
proportions of total CD45 � leukocytes, CD45 �CD4 � T cells, and CD45 highCD11b � macrophages and are mean � SEM of three independent experiments with n � 2, n � 2, and n � 4 (total n �
8/group) healthy WT and Cttn �/� mice; n � 3, n � 4, and n � 5 (total n � 12) EAE WT mice; and n � 3, n � 4, and n � 4 (total n � 11) EAE Cttn �/� mice. Graphs shown for CD45 �CD8 �

T cells and CD45 �Ly6G � neutrophils are mean � SEM of two independent experiments with n � 3 healthy WT and Cttn �/� mice; n � 4/experiment (Figure legend continues.)
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CTGTGGGTTGTTGA; IL-1� forward: ATCCCAAGCAATACCCA
AAG and IL-1� reverse: GTGCTGATGTACCAGTTGGG; IL-6 forward:
CCTTCCTACCCCAATTTCCAAT and IL-6 reverse: AACGCACTAG-
GTTTGCCGAGTA; IL-17A forward: CGCAAAAGTGAGCTCCAGA
and IL-17A reverse: TGAGCTTCCCAGATCACAGA; MCP-1 forward:
GCATCTGCCCTAAGGTCTTC and MCP-1 reverse AAGTGCTTGAG-
GTGGTTGTG; RANTES forward: TCTTGCAGTCGTGTTTGTCA and
RANTES reverse: CAGGGAAGCGTATACAGGGT; TNF� forward:
AGCCCCCAGTCTGTATCCTTCT and TNF� reverse: AAGCCCATTT
GAGTCCTTGATG; VE-cadherin forward: TCCTCTGCATCCTCAC
TATCACA and VE-cadherin reverse: GTAAGTGACCAACTGCTCGT
GAAT; claudin-5 forward: GTGGAACGCTCAGATTTCAT and claudin-5
reverse: TGGACATTAAGGCAGCATCT; occludin forward: AGACCC
AAGAGCAGCCAAAG and occludin reverse: GGAAGCGATGAAGCA-
GAAGG; ZO-1 forward: CCACCTCTGTCCAGCTCTTC and ZO-1 re-
verse: CACCGGAGTGATGGTTTTCT. The cycling conditions were as
recommended by the manufacturer: enzyme activation at 50°C for 2 min,
initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation
at 95°C for 15 s and annealing/elongation at 60°C for 1 min. Gene expression
was normalized to GAPDH and analyzed using the ��Ct method. Results
were expressed relative to those obtained with WT samples.

In vitro static transmigration assay. A total of 4 � 10 4 mouse brain
microvascular endothelial cells (MBMECs)/well of 3 �m transwells
(Corning Life Sciences), coated with 40% gelatin and 0.1 mg/ml fi-
bronectin (Sigma Millipore) were grown for 4 –5 d and stimulated 16 h
before the assay with 5 nM TNF� (Peprotech). OTII-OVA T cells were
stimulated for 2 d with 1.5% IL-2 and added 3 � 10 4 cells/transwell on

top of MBMECs. The lower compartments of the transwell chambers
were filled with transmigration media, containing SDF-1 (100 ng/ml) as
a chemoattractant. After 1 and 3.5 h, cells from the lower compartment of
the transwell chamber were harvested and counted using CASY.

In vitro static adhesion assay. A total of 4 � 10 4 MBMECs/well of
gelatin-fibronectin coated 96-well plate were grown for 4 –5 d and stim-
ulated 16 h before the assay with 5 nM TNF�. OTII-OVA T cells were
stimulated for 2 d with 1.5% IL-2, labeled with 2 �M Cell Tracker Green
CMFDA (Invitrogen), and added 1 � 10 5 cells/well on top of MBMECs
for 30 min. Next, wells were washed 5 times with PBS containing 1 mM

each of CaCl2 and MgCl2, fixed with 4% PFA, and analyzed under an
inverted epifluorescent microscope (Carl Zeiss Axiovert 200 m). The
results were quantified with ImageJ 1.48v.

In vitro adhesion assay under flow. A total of 8 � 10 4 MBMECs/chan-
nel, of the six-channel �-Slide VI 0.4 (ibidi) coated with gelatin and fi-
bronectin (as above), were grown for 3– 4 d and stimulated 16 h before
the assay with 5 nM TNF�. OTII-OVA T cells were stimulated for 2 d with
1.5% IL-2 and labeled with 2 �M Cell Tracker Green CMFDA. Labeled T
cells were resuspended at 2.5 � 10 5/ml (20 ml per flow) in HBSS with 1
mM each of CaCl2/MgCl2 1.2% BSA and 25 mM HEPES, mixed with SDF1
(50 ng/ml) and added to the MBMEC monolayer at 0 to 2 dyne/cm 2 in 20
min. Videos were recorded under a 10� objective and analyzed with
TrackMate 20.

Immunohistochemistry. The brains were isolated at peak EAE (p.i. day
17–20), embedded in O.C.T. Compound (Tissue-Tek), snap-frozen, and
sectioned on a cryotome from dorsal to ventral. For staining, 6 �m
sections from 4 different regions were taken. Sections were air-dried for
30 min, fixed for 15 min with cold methanol at �20°C, washed twice with
PBS, and blocked with 1% BSA/10% goat serum in PBS for 1 h. Incuba-
tion with primary anti-pan-laminin and anti-CD45 antibodies was per-
formed overnight at 4°C. Bound antibodies were visualized using
AlexaFluor-488-conjugated donkey anti-rabbit and AlexaFluor-568-
conjugated donkey anti-rat secondary antibodies, which were applied for
1 h. Sections were mounted with Dako Fluorescence Mounting Medium,
and the number of inflammatory cuffs/section was counted using a Carl
Zeiss Axioscope 2.

For brain vessel staining, the brains were isolated, fixed for 4 h with 4%
PFA at 4°C, embedded in 4% low melting agarose, and stored at 4°C.
Thick sections of 100 �m were cut on a vibratome, permeabilized with
0.3% Triton X-100/0.1% Tween20 in PBS for 1 h at 4°C, and blocked
with 4% BSA/0.3% Triton X-100 in PBS for 1 h at 4°C. Subsequent
incubation with primary and secondary antibodies (AlexaFluor-488-
conjugated donkey anti-rabbit) was performed overnight at 4°C. Slides
were mounted with Dako Fluorescence Mounting Medium and exam-
ined with a confocal microscope (Carl Zeiss LSM 880), and analyzed
using ImageJ 1.48v.

Spinal cord histological analysis. For evaluation of immune-mediated
inflammation in the spinal cord, spinal cords were fixed in 4% PFA for
2 d at 4°C, rehydrated in 15% and 30% glucose for 3 d each, snap-frozen
in OCT compound, and sectioned on a cryotome. Ten-micrometer sec-
tions from the lower lumbar part of the spinal cord were stained for
Hematoxylin and Eosin (H&E) and Luxol Fast Blue (LFB) (Solvent blue
38, Sigma Millipore) to evaluate the number of inflammatory foci and
the degree of demyelination, respectively. Sections were analyzed with an
inverted epifluorescent microscope (Carl Zeiss Axiovert 200) and data
quantified with ImageJ 1.48v.

BBB permeability in vivo. For analysis of BBB permeability during EAE
development, 100 �l of 2% Evans blue in PBS was injected intravenously
into the tail vein; mice were perfused with PBS 1 or 24 h after injection,
and brains and spinal cords were removed. Tissues were placed in for-
mamide for 5 d, and the concentration of Evans blue was measured at 620
nm (Shimadzu). Kidney tissue from naive mice treated in the same man-
ner served as positive controls. The amount of tracer in the tissues was
determined from the formula A620/wet weight (g).

Isolation of MBMECs. MBMECs were obtained as described previously
(Ruck et al., 2014). Briefly, brains from 4 or 5 mice (10- to14-week-old)
were isolated. The forebrains, without meninges, were transferred to a
tube with 13.5 ml DMEM. The tissue was minced first with a plastic 25 ml
pipette and then using a 10 ml pipette. The suspension was further di-

4

(Figure legend continued.) (total n � 8/group) EAE WT and EAE Cttn �/� mice. G–I, Same as
for A–F, except that spinal cords instead of brains were analyzed. G, Results are from three
independent experiments with n � 4, n � 5, and n � 6 (total n � 15) EAE WT mice and n �
4, n � 4, and n � 6 (total n � 14) EAE Cttn �/� mice. H, I, Results are from three independent
experiments with n � 2 mice/experiment (total n � 6/group) healthy WT and Cttn �/� mice;
n � 4, n � 5, and n � 6 (total n � 15) EAE WT mice and n � 4, n � 4, and n � 6 (total n �
14) EAE Cttn �/� mice. J–L, Leukocytes were isolated from (J) brains, (K) spinal cords, and (L)
spleens of WT or Cttn �/� mice at the peak of EAE and assessed for CD4 � T-bet � IFN-� � Th1
and CD4 � ROR�t � IL-17A � Th17 cells populations. Cell numbers were counted by FACS.
Results shown for brain and spinal cord are from two independent experiments with n�4, n�
5 (total n � 9/group) WT and Cttn �/� mice; results shown for spleen are from 2 independent
experiments with n � 4, n � 5 (total n � 9) WT and n � 4 each (total n � 8) Cttn �/� mice.
M, Cryosections of brains isolated from mice treated as above (isolated at peak stage of EAE in
WT mice) were stained with anti-CD45 for leukocytes (magenta) and with pan-laminin anti-
bodies (green) for identification of perivascular cuffs. Scale bar, 100 �m. N, The number of
perivascular cuffs in four distinct sections per mouse was counted in three independent exper-
iments with n � 5, n � 5, and n � 6 WT mice and Cttn �/� mice (total n � 16/group). O,
Average size of inflammatory cuffs was measured in 10 WT (71 cuffs in total) and 5 Cttn �/�

mice (41 cuffs in total). Statistics: Unpaired two-tailed Student’s t test was used for (A)
*p � 0.0174, (G) *p � 0.0273, (K) **p � 0.012, (O) p � 0.44). N, Mann–Whitney U test,
*p � 0.0158. B, Two-way ANOVA (healthy/EAE, F(1,34) � 33.71, p � 0.0001; genotype,
F(1,34) �4.126, p�0.0501; interaction F(1,34) �3.398, p�0.074) followed by Tukey test: EAE
WT vs EAE KO, *p � 0.0114; healthy WT vs EAE WT, ****p � 0.0001. C, Two-way ANOVA
(healthy/EAE, F(1,17) �6.729, p �0.0189; genotype, F(1,17) �2.378, p �0.14415; interaction
F(1,17) � 1.862, p � 0.1902) followed by Tukey test: healthy WT vs EAE WT, *p � 0.03; EAE WT
vs EAE KO, *p � 0.04. D, Two-way ANOVA (health/EAE, F(1,35) � 41.39, p � 0.0001; genotype,
F(1,35) � 2.936, p � 0.0955; interaction F(1,35) � 1.912, p � 0.1755) followed by Tukey test:
healthy KO vs EAE KO, **p � 0.0061; healthy WT vs EAE WT, ****p � 0.0001. E, Two-way
ANOVA (interaction F(1,17) � 3.898, p � 0.0648; healthy/EAE, F(1,17) � 15.07, p � 0.0012;
genotype, F(1,17) � 0.9879, p � 0.3342) followed by Tukey post hoc test: EAE WT vs EAE KO,
*p �0.0306; healthy WT vs EAE WT, **p �0.0016. F, Two-way ANOVA (healthy/EAE, F(1,35) �
0.1962, p � 0.6605; genotype, F(1,35) � 0.9648, p � 0.3327; interaction F(1,35) � 0.3970,
p � 0.5327) followed by Tukey test: healthy WT vs EAE WT, p � 0.4490; EAE WT vs EAE KO, p �
0.2167. H, Two-way ANOVA (health/EAE, F(1,37) � 15.18, p � 0.0004; genotype, F(1,37) �
2.613, p � 0.1145; interaction F(1,37) � 2.666, p � 0.1110) followed by Tukey test: EAE WT vs
EAE KO, *p � 0.0237; healthy WT vs EAE WT, **p � 0.002. I, Two-way ANOVA (health/EAE,
F(1,37) � 9.911, p � 0.0032; genotype, F(1,37) � 2.244, p � 0.1426; interaction F(1,37) �
1.210, p � 0.2783) followed by Tukey test: EAE WT vs EAE KO, *p � 0.0267, healthy WT vs EAE
WT, *p � 0.0227. Graphs represent mean � SEM.
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gested with 0.6 ml 10 mg/ml collagenase and 20 �l 10 mg/ml DNase in
DMEM for 1 h at 37°C. Then 10 ml DMEM was added and cells were
centrifuged at 1400 rpm for 20 min at 4°C. To remove the myelin, the pellet
was resuspended in 25 ml 20% BSA-DMEM and centrifuged at 1500 rpm for
30 min at 4°C. The pellet was resuspended in 10 ml DMEM and further
digested with 0.3 ml collagenase (10 mg/ml in DMEM), 0.3 ml dispase (10
U/ml), and 10 �l DNase for 1 h at 37°C; 10 ml DMEM was then added, and
the cells were centrifuged at 1400 rpm for 20 min at 4°C. The cells were
resuspended in 2 ml endothelial cell media and seeded onto 12-well plates,
coated with 40% gelatin and 0.1 mg/ml fibronectin (Sigma Millipore).

Immunocytochemistry. For staining, a total of 5 � 10 4 MBMECs/well
of gelatin-fibronectin coated (as above), 8-well chamber slides (ibidi)
were grown for 4 –5 d. Cells were washed twice with PBS, permeabilized
with 0.5% Tween 20 for 10 min, and fixed with 4% PFA for 5 min at room
temperature. Nonspecific binding was blocked with 3%BSA/PBS, pH
7.4, for 1 h at room temperature. Subsequently, cells were incubated for
overnight at 4°C with anti-cortactin, anti-occludin, anti-VE-cadherin,
anti-ZO-1, or anti-ICAM-1 primary antibodies diluted in PBS contain-
ing 2% BSA, followed by incubation with fluorescently conjugated sec-
ondary antibodies (Invitrogen). The cells were washed twice with PBS,
stained with 2 �g/ml Hoechst 33342 (Invitrogen) for 5 min, and kept in
0.01% NaN3/PBS. Staining was analyzed a confocal microscope (Carl
Zeiss LSM 880) and data analyzed with ImageJ 1.48v processing software.

Experimental design and statistical analysis. Mice were male or female,
and the experimental groups were gender- and age-matched. For all

experiments, the number of mice used and the number of independent
experiments are stated in the figure legends. All data values are presented as
the mean � SEM. Statistical analysis was performed using GraphPad Prism
6. Distribution of data was evaluated for normality using D’Agostino and
Pearson omnibus test. The significance between two groups was evaluated
using the unpaired Student’s t test or by Mann–Whitney Rank Sum Test.
Comparison between more than two groups was analyzed using one-way or
two-way ANOVA followed by Tukey post hoc test. ANOVA was presented as
F(x, y), where x is degree of freedom from between the sample groups and y is
degree of freedom from within the samples.

Results
Cortactin deficiency results in reduced EAE severity
To examine the role of cortactin in neuroinflammation and leu-
kocyte extravasation across the BBB, we analyzed the develop-
ment of active EAE in cortactin gene-inactivated (Cttn�/�) mice.
To this end, we induced active EAE in Cttn�/� and WT litter-
mates by immunization with the MOG35–55 peptide. EAE clinical
symptoms developed in the form of gradual paralysis, peaking
between day 16 and 20 p.i. (Fig. 1A). Evaluation of the clinical
symptoms showed that the overall severity of disease in Cttn�/�

mice was significantly lower than in WT mice (Fig. 1A–C), with
no difference in the day of disease onset (Fig. 1D). The percentage
of mice with severe clinical scores was 3 times higher among WT

Figure 4. Leukocyte infiltration and demyelination in the spinal cord is reduced in Cttn �/� mice during EAE. WT or Cttn �/� mice were killed when WT mice reached peak EAE. The lumbar parts
of the spinal cords were isolated, sectioned, and examined for inflammatory foci and for axonal demyelination by H&E and LFB staining, respectively. A, Representative staining of inflammatory foci
(insets, higher magnifications of marked areas) and demyelination (arrowheads indicate areas of demyelination). B, Quantification of the number of inflammatory foci (with WT mice at peak EAE
set as 100%) in 4 random sections per mouse. Graph represents mean � SEM of three independent experiments with n � 4, n � 5, and n � 6 WT mice (total n � 15) and n � 4/experiment (total
n � 12) Cttn �/� mice (***p � 0.0002). C, The area of demyelination in 3 random sections/mouse. Graph represents mean � SEM of four independent experiments with n � 4, n � 4, n � 6,
and n � 6 (total n � 20) WT mice and n � 4, n � 4, n � 5, and n � 6 (total n � 19) Cttn �/� mice (***p � 0.0001). Scale bar, 150 �m. Statistics were analyzed with unpaired two-tailed
Student’s t test.
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mice (84.2%) compared with Cttn�/� animals (26.3%), and the
majority of the KO mice (57.9%) developed mild clinical symp-
toms, compared with 15.8% of WT mice (Fig. 1E). Together,
these data demonstrate that the absence of cortactin results in
reduced EAE severity.

Immune response to MOG35–55 peptide is not affected by lack
of cortactin
When bred under pathogen-free conditions, healthy Cttn�/�

mice developed normal without any visual defects and had nor-
mal peripheral leukocyte, platelet, and erythrocyte counts similar
to control animals (Schnoor et al., 2011). Since EAE commences
with induction of a peripheral immune response, we tested
whether cortactin gene inactivation could affect this process. To
this end, we analyzed the proportions and numbers of CD4� T
cells and CD11b� macrophages in the blood, lymph nodes, and
spleens of Cttn�/� and WT animals before EAE onset (day
10 p.i.) (Fig. 2A) and at the peak disease (Fig. 2B), revealing no
differences between Cttn�/� and WT animals.

As another approach to test a potential role of cortactin in
peripheral immune responses, we performed in vitro BrdU col-

orimetric proliferation assays to compare the proliferation of WT
and Cttn�/� splenocytes, isolated on day 10 p.i. and restimulated
in vitro with different concentrations of MOG35–55 peptide. A
larger proportion of splenocytes in both WT and Cttn�/� EAE
mice showed active proliferation compared with healthy animals
(non-EAE), indicating the efficiency of in vivo splenocyte prim-
ing toward the myelin antigen. In vitro restimulation with
MOG35–55 peptide further increased the proportion of prolifer-
ating splenocytes in EAE animals. In all conditions, we could not
detect differences in splenocyte proliferation of WT and Cttn�/�

mice (Fig. 2C), consistent with our in vivo data. Last, we detected
no differences in IL-17A and IFN� expression by MOG-
reactivated splenocytes (Fig. 2D). Together, the absence of cor-
tactin does not interfere with the induction of the immune
response.

Cortactin deficiency restricts leukocyte infiltration and
inflammation in the CNS
To test whether a decrease in EAE scores in the absence of cortac-
tin was caused by reduced leukocyte recruitment into the brain
parenchyma, we isolated immune cells from the brain of WT and

Figure 5. Lack of cortactin leads to lower levels of proinflammatory cytokines in the inflamed CNS. WT or Cttn �/� mice were killed at peak EAE, and total RNA from brains and spinal cords were
isolated. Cytokine expression in brain (top) and spinal cord (bottom) was measured by qRT-PCR. mRNA expression was normalized to GAPDH, and gene expression in WT mice was set as 100%.
Graphs represent mean � SEM of three independent experiments with n � 3, n � 5, and n � 6 (total n � 14) for EAE WT mice and EAE Cttn �/� mice. Statistics were analyzed with unpaired
two-tailed Student’s t test (brain: IFN�, TNF-�, IL-6, MCP-1, CCR2; spinal cord: TNF-�, IL-6, MCP-1, RANTES, IL-17), or with Mann–Whitney U test (brain: IL-1�, RANTES, IL-17, CXCL1; spinal cord:
IFN�, IL-1�, CCR2, CXCL1). Brain: *p � 0.0251 (CCR2), *p � 0.0165 (TNF-�), ***p � 0.0003 (RANTES). Spinal cord: *p � 0.0138 (CXCL1), **p � 0.002 (IL-1�), **p � 0.005 (IL-6, MCP-1),
***p � 0.0006 (IFN�), ***p � 0.0002 (CCR2), ****p � 0.0001 (TNF-�, RANTES).
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Cttn�/� mice at a time point when WT mice reached the peak
clinical score of EAE. The total number of isolated leukocytes was
determined by a cell counter and subsequently quantified by flow
cytometry for the presence of CD45 high leukocytes, CD4� T cells,
CD8� T cells, CD11b� macrophages, and Ly6G neutrophils.
Our results showed that cortactin deficiency resulted in a signif-
icant 45% decrease in the proportion of CD45 high immune cells

(Fig. 3A) and in the different leukocyte populations that had
infiltrated into the inflamed brains: CD4� T cells (49% reduced),
CD8� T cells (50% reduced), CD11b� macrophages (33% re-
duced), and Ly6G neutrophils (44% reduced) (Fig. 3B–E). At the
same time, there was no difference in the numbers of
CD11b�CD45 low microglia in KO and WT brains (Fig. 3F). Sim-
ilar results were obtained for the spinal cord, with a decrease in

Figure 6. Lack of cortactin results in reduced vascular permeability in the inflamed CNS. Healthy and EAE-subjected WT or Cttn �/� mice were injected intravenously with Evans blue on day 10 p.i.
and killed 24 h later. Animals were perfused with PBS, and brains (A), spinal cords (B), and kidneys (C) were isolated. The dye was extracted from tissue and measured at 620 nm; data are expressed
relative to organ weight. Graphs represent mean � SEM of three independent experiments with n � 3, n � 5 (total n � 8/group) for healthy WT or Cttn �/� mice; n � 5, n � 6, and n � 6 (total
n � 17) for EAE-subjected WT mice and with n � 4, n � 6, and n � 6 (total n � 16) for EAE-subjected Cttn �/� mice. D, E, Similar to A, B, except that brain and spinal cord permeability was
measured on the peak of EAE (day 17 p.i.), and animals were killed 1 h after Evans blue injections. Graphs represent mean � SEM of experiment with n � 4/group for WT or Cttn �/� mice. F,
Representative cryosections of brains from WT mice and Cttn �/� mice on the peak of EAE, stained with anti-pan-laminin antibodies. Scale bar, 100 �m. G, Average vessel density was measured
in 5 different areas/animal with n � 5 mice/group for WT and Cttn �/�. Statistics were analyzed as follows: A, two-way ANOVA (healthy/EAE, F(1,44) � 8.324, p � 0.006; genotype, F(1,44) � 3.704,
p�0.0608; interaction F(1,44) �7.274, p�0.0099) followed by Tukey test: EAE WT vs EAE KO, **p�0.0014; healthy WT vs EAE wt; **p�0.002. B, Two-way ANOVA (healthy/EAE, F(1,44) �15.60,
p � 0.0003; genotype, F(1,44) � 4.006, p � 0.0515; interaction F(1,44) � 7.648, p � 0.0083) followed by Tukey test: healthy WT vs healthy KO, **p � 0.002; healthy WT vs EAE WT, ***p � 0.0001;
EAE WT vs EAE KO, ***p � 0.0009. C, Two-way ANOVA (healthy/EAE, F(1,44) � 19.14, p � 0.0001; genotype, F(1,44) � 0.1582, p � 0.6927; interaction F(1,44) � 0.4692, p � 0.4969) followed by
Tukey test: healthy WT vs EAE WT, *p � 0.00382; healthy KO vs EAE KO, **p � 0.0074. D, E, G, Statistics were analyzed with unpaired two-tailed Student’s t test: D, p � 0.3244; E, p � 0.097; G,
not significant (ns) p � 0.12. Graph represents mean � SEM
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CD45 high cells (46% reduced), CD4� T
cells (50% reduced), and CD11b� macro-
phages (40% reduced) in Cttn�/� com-
pared with WT mice (Fig. 3G–I). A more
detailed analysis of CD4 T-cell subsets re-
vealed that, at peak of disease, cortactin
deficiency caused a strong reduction of
Th17 cells, but not Th1 cells, in spinal
cord (Fig. 3K), whereas no changes were
found for both T-cell subtypes in brain
(Fig. 3J) and spleen (Fig. 3L).

As an additional criterion for the effi-
ciency of leukocyte infiltration into the
CNS, we used immunohistochemistry to
analyze the presence of inflammatory
cuffs in the brains of Cttn�/� and WT
mice. Inflammatory cuffs are typical
structures that are observed in EAE,
formed due to the accumulation of im-
mune cells between endothelial and pa-
renchymal basement membranes of the
BBB (Sixt et al., 2001). These structures
were visualized at the peak of EAE by staining for the two base-
ment membranes using pan-laminin antibody and with anti-
CD45 to mark leukocytes (Fig. 3M). The number of cuffs were
counted in four different brain sections (cutting intervals 240
�m) per animal and the average number of cuffs per section was
calculated. Quantification showed a significant 48% decrease in
the number of proinflammatory cuffs in Cttn�/� mice compared
with their WT counterparts (Fig. 3N). The average size of cuffs
was unaffected by cortactin gene deficiency (Fig. 3O).

To evaluate the degree of inflammation in the spinal cord at
peak EAE, we performed H&E and LFB staining of frozen, trans-
verse sections taken from the spinal cord lumbar region to
visualize leukocyte infiltration and neurodegeneration (demyeli-
nation), respectively. The severity of leukocyte infiltration was
quantified by determining the average number of inflammatory
foci per section, using 4 sections per mouse. As shown in Figure
4A, B, Cttn�/� animals had a significant reduction in the number
of inflammatory foci compared with WT mice. Neurodegenera-
tion in the spinal cord was assessed by LFB staining; absence of
staining defines sites of demyelination and quantified as average
demyelinated area per section from 3 different sections per ani-
mal; data were expressed relative to the demyelination observed
in WT mice. This revealed that Cttn�/� mice exhibited 51% less
myelin loss than WT animals (Fig. 4A,C). These data collectively
suggest that cortactin is important for the process of immune cell
diapedesis into the CNS, thereby supporting the progression of
pathological changes and the development of neuroinflamma-
tion during EAE.

Cortactin-deficient mice showed reduced expression of
proinflammatory cytokines
We next tested whether the absence of cortactin affected expres-
sion of proinflammatory mediators in the inflamed CNS. To this
end, we isolated RNA from the brains and spinal cords of WT and
Cttn�/� mice at peak EAE and performed qRT-PCR. Several
proinflammatory cytokines, chemokines, and chemokine recep-
tors were analyzed, revealing generally lower levels of production
of proinflammatory mediators in the brains of Cttn�/� mice
compared with WT mice (Fig. 5). The most profound difference
was observed for RANTES, a chemokine for T cells and mono-
cytes. A significant decrease in TNF� and CCR2, but not IFN�,

IL-1�, IL-6, IL-17A, MCP-1, and CXCL1, expression was mea-
sured in Cttn�/� compared with WT brains. In the inflamed
spinal cord, most analyzed cytokines and chemokine receptors
analyzed were expressed at significantly lower levels in Cttn�/�

mice compared with WT mice, including TNF�, IFN�, IL-1�,
IL-6, CCR2, RANTES, MCP-1, and CXCL1 (Fig. 5). IL-17A was
also reduced, but not at a statistically significant level. The re-
duced levels of proinflammatory cytokines in the absence of cor-
tactin is consistent with the decreased leukocyte infiltration
observed in these mice and probably contributes to the lower
EAE scores in Cttn�/� animals.

Cortactin-deficient mice have reduced vascular permeability
in the CNS
We previously showed that cortactin gene inactivation causes a
significant increase in the basal and histamine-induced vascular
permeability in the skin (Schnoor et al., 2011). We therefore
tested whether the absence of cortactin has similar effects on
vascular permeability in the CNS during EAE. EAE-subjected
WT and Cttn�/� mice were injected at day 10 i.p. with Evans blue
and leakage into tissues was measured 24 h later; nonimmunized,
healthy WT and Cttn�/� mice served as controls. In general,
increased vascular permeability was measured in the brain and
spinal cords of WT EAE mice compared with healthy WT and
Cttn�/� controls (Fig. 6A,B). However, as shown in Figure 6B,
healthy Cttn�/� mice showed an increase in the basal permeabil-
ity of blood vessels in the spinal cord, consistent with our previ-
ous data from the skin, and little or no increase in permeability
during EAE. Comparison of the MOG-injected animals revealed
significant 30% and 58% reductions in Evans blue leakage into
the brain (Fig. 6A) and the spinal cord (Fig. 6B) of KO mice
compared with WT. Vascular permeability in the kidney of the
same mice, which served as control, was not affected by cortactin
gene inactivation (Fig. 6C). Similar experiments were performed
at peak of clinical score, with Evans blue being injected for only
1 h before measuring leakage. We detected a significant reduction
in permeability in the spinal cord of Cttn�/� mice (Fig. 6E),
whereas different from the onset of EAE, brain permeability at the
peak of disease was similar in WT and Cttn�/� mice (Fig. 6D).
Vessel density in the brain was similar in WT and Cttn�/� mice
(Fig. 6F,G). Collectively, our results suggest that cortactin gene

Figure 7. Cortactin expression in primary MBMECs. Immunofluorescence staining of cultured MBMECs, isolated from the brains
of 5 WT and Cttn �/� mice. Staining was performed with antibodies against cortactin and VE-cadherin and with Hoechst to detect
cell nuclei. Primary antibodies were detected with Alexa-488- and Alexa-647-conjugated secondary antibodies and visualized by
fluorescence microscopy. Scale bar, 50 �m.
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Figure 8. Protein expression of adhesion and tight junction proteins in the brain vasculature of Cttn �/� and WT mice. A, Immunofluorescence staining of MBMECs, isolated from the brains of
5 WT and Cttn �/� mice, for occludin, VE-cadherin, and ZO-1. B, Whole-mount staining of blood vessels in vibratome sections from healthy WT and Cttn �/� brains for claudin-5, VE-cadherin, and
ZO-1 (insets, higher magnification). Scale bar, 50 �m. Images are representative for at least three independent preparations each. Mean fluorescence intensity of the staining for junctional proteins
in brain sections was quantified for claudin-5 (C), VE-cadherin (D), and ZO-1 (E). Graphs represent mean � SEM with n � 8 WT and n � 10 Cttn �/� mice (C); n � 6 WT and n � 8 Cttn �/� mice
(D); and n � 8 WT and n � 6 Cttn �/� mice (E). Statistics were analyzed with (C) Mann–Whitney U test, p � 0.3599; unpaired two-tailed Student’s t test: (D) p � 0.4893, (E) p � 0.9694.
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inactivation protects from an increase in vascular permeability in
EAE, most likely due to reduced entry of inflammatory cells.

Cortactin supports diapedesis of T cells through mouse
primary brain endothelial cells
Due to the special barrier function of the BBB endothelium, we
analyzed the migration of CD4� T cells across monolayers of
primary MBMECs in in vitro transmigration assays. First, we con-
firmed expression of cortactin in WT MBMECs, which was ab-
sent in the MBMECs from Cttn�/� mice (Fig. 7). Cortactin was
found close to junctions but also throughout the cell. It has been
previously reported that silencing of cortactin by shRNA in hu-
man brain microvascular endothelial cells leads to fragmented
staining of claudin-5, occluding, and ZO-1 (Stamatovic et al.,
2015). However, comparison of occludin, VE-cadherin, and
ZO-1 staining patterns in of WT and Cttn�/� primary MBMECs
revealed no differences. Likewise, whole-mount staining of blood
vessels in vibratome sections of mouse brains from WT and
Cttn�/� mice showed no differences in the junctional expression
patterns of claudin-5, VE-cadherin, and ZO-1 (Fig. 8). Analyzing
gene expression of claudin-5, VE-cadherin, and ZO-1 by qRT-
PCR in brain and spinal cord of mice with EAE at the peak of
disease and of WT mice revealed no gross changes between the
two genotypes either, with the exception of a slight reduction of
VE-cadherin levels in the brain of healthy (but not diseased)
Cttn�/� mice and a slight increase of occludin expression in the
spinal cord of diseased (but not healthy) Cttn�/� mice (Fig. 9).

We next tested whether the absence of cortactin affects the
diapedesis of T cells through primary MBMEC monolayers. We
found that transmigration through Cttn�/� brain endothelial
cells was indeed reduced compared with WT endothelial cells
(Fig. 10A). Interestingly, adhesion of T cells to MBMEC under

static conditions was similar for both genotypes (Fig. 10B). How-
ever, under flow conditions T cell adhesion to MBMEC was re-
duced in the absence of cortactin (Fig. 10C). We conclude that
cortactin in mouse brain endothelial cells supports the docking
and transmigration of CD4� T cells. Quantifying the expression
level of ICAM-1 on primary MBMECs from Cttn�/� and WT
mice showed very weak expression in the absence of cytokines,
which was strongly upregulated by TNF-� to similar levels for
both genotypes (Fig. 11). Thus, the expression level of ICAM-1 is
not affected by cortactin.

Discussion
Leukocyte extravasation through the BBB is a crucial step in the
development of autoimmune demyelinating conditions of the
CNS, such as multiple sclerosis and the respective animal model
EAE. Yet, in contrast to the endothelium of other organs, the
endothelium of the BBB represents a special barrier that is less
easily overcome by solutes and leukocytes. Mechanistic details
about the transmigration of leukocytes through the BBB are
less well understood than for the endothelium in other tissues.
Here, we show that the actin-binding protein cortactin is re-
quired for immune cell infiltration into the CNS in the context
of EAE. EAE severity was clearly reduced in cortactin gene
inactivated mice. Accordingly, proinflammatory cytokine lev-
els in the CNS were reduced and inflammation-induced vas-
cular permeability was attenuated. Since we could rule out a
negative effect of the lack of cortactin on the induction of the
immune response, we conclude that interference with endo-
thelial cortactin inhibits the entry of inflammatory cells into
the CNS, which was further substantiated by less efficient mi-
gration of CD4 � T cells through primary brain endothelial
cells isolated from Cttn �/� mice.

Figure 9. RNA expression of junctional molecules in healthy and inflamed CNS of Cttn �/� and WT mice. Total mRNA was isolated from Cttn �/� and WT mice at the peak of EAE (A, B) and
without EAE (C, D), and gene expression was measured by means of qRT-PCR (normalized to GAPDH expression) with expression levels in WT mice set as 100%. Graphs represent mean � SEM of
three independent experiments with n � 3, n � 5, and n � 6 (total n � 14) for EAE-subjected WT mice and Cttn �/� mice; and two independent experiments n � 2 and n � 2 (total n � 4/group)
for healthy WT and Cttn �/� mice. Statistics were analyzed with unpaired two-tailed Student’s t test: **p � 0.002 (occludin); **p � 0.005 (VE-cadherin).
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The reduced leukocyte transmigration efficiency across the
BBB of Cttn�/� mice is reminiscent of our findings with Cttn�/�

primary lung endothelial cells (Schnoor et al., 2011) and shows
that, despite the special character of brain endothelial cells, the
contribution of cortactin to the transmigration process is of basic
importance and relevant in both endothelial cell subtypes. In our
previous study, we found that cortactin was required for the clus-
tering of endothelial ICAM-1 around adhering/transmigrating
neutrophils at the diapedesis pore, which was dependent on
ICAM-1-triggered RhoG activation (Schnoor et al., 2011). Cor-
tactin acted upstream of the activation of RhoG in this process.
This is in accordance with other studies demonstrating tyrosine
phosphorylation of cortactin upon crosslinking of ICAM-1
(Durieu-Trautmann et al., 1994) and resulting coprecipitation of
cortactin with ICAM-1 (Tilghman and Hoover, 2002). In line

with this, silencing of cortactin in cultured endothelial cells in-
hibits accumulation of ICAM-1 at sites of neutrophil attachment
and inhibits transmigration (Yang et al., 2006a,b). The latter
study suggested that silencing of cortactin does not impair adhe-
sion of neutrophils to EC in assays under static conditions. How-
ever, in vivo, we have shown that neutrophil adhesion and
extravasation are reduced in postcapillary venules of the cremas-
ter in the absence of cortactin, arguing that cortactin-dependent
ICAM-1 clustering might be needed for neutrophil arrest as well
as for the transmigration process under physiological flow con-
ditions (Schnoor et al., 2011). Since ICAM-1 is also an important
player for the entry of leukocytes into the CNS (Lyck and Engel-
hardt, 2012), it may be that cortactin-dependent clustering of
ICAM-1 is also needed in postcapillary venules of the brain for
leukocyte extravasation.

Figure 10. Lack of cortactin impairs T-cell transmigration through primary brain endothelial cells. Assays were performed with MBMECs isolated from WT and Cttn �/� mice. A, Transmigration
of murine OTII-OVA CD4 � T cells across a TNF-�-activated monolayer of MBMECs on transwell filters (3 �m pore size) in the presence of 100 ng/ml SDF-1 for 1 and 3.5 h (as indicated). The number
of transmigrated cells is displayed as percentage of total applied cells. Graphs represent mean � SEM of three independent experiments with n � 6, n � 6, and n � 7 (total n � 19) filters for WT;
n � 6, n � 6, and n � 8 (total of n � 20) filters for Cttn �/� cells. B, T cells (as above) were allowed to bind to EC (as above) in a 96-well plate for 30 min. The number of adherent cells to WT EC
was set as 100%. Graph represents mean � SEM of two independent experiments with n � 8, n � 10 (total n � 18) for WT and Cttn �/� cells. C, T cells (as above) were passed over EC (as above)
under flow conditions increasing from 0 to 2 dyne/cm 2 for 30 min in a 6-channel �-Slide VI 0.4 (ibidi) in the presence of 50 ng/ml SDF-1. Graph represents mean � SEM of 20 channels for WT and
Cttn �/� EC. Statistics were analyzed with unpaired two-tailed Student’s t test: A, **p � 0.0015, ***p � 0.0003; B, p � 0.9293; C, p � 0.2324.
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In vivo evidence for the relevance of
cortactin for leukocyte extravasation was
so far limited to neutrophils. Our flow
cytometry analyses in the present study
revealed a decrease in all measured leuko-
cyte types that had infiltrated into the
brain of Cttn�/� mice, including CD4�

and CD8� T cells, macrophages, and neu-
trophils. We conclude therefore that cor-
tactin contributes to basic mechanisms of
the transmigration process, which are
common to a large repertoire of leukocyte
types.

Of interest, we detected in Cttn�/�

mice a selective inhibition of Th17
lymphocyte recruitment to spinal cord,
whereas Th1 cell recruitment was as in
WT mice. Considering that caveolar
transcytosis was reported to be required
for Th1, but not Th17, cell entry into the
CNS (Lutz et al., 2017), our results may
suggest that cortactin is needed for a
junction-related extravasation route, which
may be more relevant for Th17 cells. This
may warrant future studies to elucidate a
possible role of cortactin in the paracellular
diapedesis of leukocytes.

We have previously shown that cortac-
tin contributes to vascular integrity be-
cause cortactin deficiency led to increased
basal vascular permeability in the skin and
the permeability-enhancing effect of his-
tamine was substantially increased in cor-
tactin gene inactivated mice compared
with WT mice (Schnoor et al., 2011). In
agreement with these results, we show
here that the absence of cortactin caused
increased basal vascular permeability in
the spinal cord blood vessels. By contrast,
we found no such effect in the brain or in
the kidney, highlighting the fact that reg-
ulatory elements determining baseline
junctional integrity varies between vascu-
lar beds of different organs. Despite the
junction stabilizing function of cortactin,
the lack of cortactin protected from vas-
cular leak formation in brain and spinal
cord during EAE. This is probably because
cerebral permeability tightly follows
leukocyte extravasation (Leibowitz and
Kennedy, 1972; Butter et al., 1991). Trans-
migration of immune cells through the
BBB contributes to an increase in vascular
permeability in a number of ways: by
upregulation of the production and
secretion of proinflammatory cytokines,
changes in factors, such as matrix metal-
loproteinase activity, reactive oxygen spe-
cies, histamine, and neurotrophins. These
factors contribute to the disruption of the
molecular organization of the BBB and in-
crease in the expression of adhesion mol-
ecules and chemoattractants by the brain

Figure 11. ICAM-1 expression in primary brain endothelial cells after TNF� is not affected by cortactin deficiency. A, A repre-
sentative immunofluorescence staining of MBMECs of indicated genotypes stimulated or unstimulated for 8 h with TNF�. Staining
was performed with antibodies against ICAM-1 and VE-cadherin (VE-Cad). Scale bar, 50 �m. B, Quantification of ICAM-1 expres-
sion per unit area was performed with ImageJ. Data are mean � SEM of 16 (unstimulated) or 32 (stimulated) measurement areas
(0.01 mm 2) per genotype. ****p � 0.001, ns � not significant, Kruskal–Wallis one-way ANOVA on Ranks was performed (H �
60.061, df � 3) followed by Dunn’s test.
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microvascular endothelial cells, thereby perpetuating the in-
filtration of immune cells into the CNS (Larochelle et al.,
2011). In accordance with this hypothesis, we found reduced
levels of proinflammatory cytokines in brains and spinal cords
of Cttn �/� mice. Therefore, we suggest that the decrease in
vascular permeability observed in Cttn �/� mice during EAE is
due to the reduced infiltration of immune cells into the CNS
and the resulting lower levels of BBB disrupting proinflamma-
tory mediators. This positive correlation between the transmi-
gration of leukocytes and the induction of permeability on the
tissue level should not be mistaken with a direct effect of the
diapedesis process on junctional leakiness. It is now well doc-
umented that the diapedesis process does not per se cause
enhanced leakiness (Cutler et al., 1967; Leibowitz and Ken-
nedy, 1972; Baluk et al., 1998; Schnoor et al., 2011; Wessel et
al., 2014; Heemskerk et al., 2016). The supportive effect of
cortactin inactivation on permeability induction in EAE is
most likely based on the reduced levels of proinflammatory
cytokines, which is caused by the reduced numbers of inflam-
matory leukocytes in the CNS.

An earlier study reported on the role of cortactin in the ar-
rangement of molecular components of endothelial junctions.
Silencing of cortactin in human brain microvascular endothelial
cell cultures by shRNA caused fragmented staining of claudin-5,
occluding, and ZO-1 (Stamatovic et al., 2015). Contrary to this
study, we did not observe differences in the stainings for occlu-
din, ZO-1, or VE-cadherin between primary brain endothelial
cells isolated from Cttn�/� and WT mice. Also, whole-mount
stainings of vibratome sections of the brain of Cttn�/� and WT
mice for claudin-5, VE-cadherin, and ZO-1 showed no differ-
ences. Whether this is due to species differences or other reasons
is presently unknown.

In conclusion, we have shown that interference with the ex-
pression of cortactin protects from the induction of clinical
symptoms of EAE by attenuating the entry of inflammatory leu-
kocytes into the CNS of EAE mice. These results establish cortac-
tin as a potential target for reagents interfering with EAE, a model
for multiple sclerosis.
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