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The blood-brain barrier, Sept. 12, 2018

The discovery of the blood-brain
barrier

e Paul Ehrlich (1854-1915): injection of
anilin-dye into the circulation — every
organ stained except the central nervous
system

e Edwin Goldmann (1913): injection of the dye into
the spinal cord — staining of the brain, but not
other organs

= The existence of the blood-brain barrier: the
isolation of the brain from the periphery
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The blood-brain barrier, Sept. 12, 2018

Transition from arterioles to capillaries

Extrinsic nerves from:

Superior cervical ganglia Locus ceruleus
Sphenopalatine ganglia Raphe :
Trigeminal ganglia Nucleus basalis

Arteriole
Girouard et al., J Appl Physiol, 2006
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The cerebral capillary network

* Dense capillary network:
average intercapillary distance: 40um

* Large surface:
endothelial layer: 100 cm?/g

* Volume:

the mass of endothelial cells
constitutes 0.1% of the brain tissue

Petzold and Murphy, Neuron, 2011 X2
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The blood-brain barrier, Sept. 12, 2018

The fine organization of the cerebral capillary network

Astrocytic
domain

Penetrating
arteriole

+ channel

«—
Agp4 s

Pericyte Glucose

Endothelial cell : transporter
Gap junction
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The blood-brain barrier, Sept. 12, 2018

Ultrastructure of the blood-brain barrier

Wall thickness: 40% of that in other endothelial cell types (0.3-0.5 pm) —
Shortened transport time for nutr|ent trafflcmg

Farkas& LU|ten Progr Neuroblol 2001
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The blood-brain barrier, Sept. 12, 2018

The endothelium of the blood-brain barrier

Endothelium: No fenestrations no free tanscellular diffusion

Caplliary
Wall Cell #1

Part of capillary wall
Coll 83

LUMEN

Folncnr"\\ / ’bl/l / -\_-\ '\ ::I,Ig :,; caplilary wall Y4, f
R e :ﬁ{,‘:ﬁ: o \\\:-___/ 7 PERICYTE
Fenestrated Capillary Closed or Continuous
Capillary
http://www.vetmed.vt.edu/education/curriculum/vm8054/labs/Lab12b/Lab12b.htm
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The endothelium of the blood-brain barrier

Endothelium: Tight junctions — no paracellular diffusion

“ The cellular basis of the blood-brain barrier. (A} Hagram of a brain

apillary in cross section and reconstructed views, showing
endothelial tight junctions and the investment of the capillary by
nd feel. (3) Electron micrograph of boxed area in (A),
e appearance of tight junctions between neighboring
endothehal cells [arrows). (A after Goldstein, Goldstem and Betz,
1956; B from Peters et al.. 1991.)

http://www.daviddarling.info/encyclopedia/B/blood-brain_barrier.html
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The molecular structure of tight junctions

Claudins  Occludin

|
: |
Apical plasma membrane '¢ /

Cholesterol-rich
NELIERE “-g\b Tignt / -‘H{_ Cingulin

Junctlon

J‘JJJ_)J -
Claudins: skeleton (j“y _ S (._, Actin
Occludin: <=3 Ry,
regulatory Y
protein —

electrostatic ‘ i "~ Junctional
resistance adhesion molecule

Z0: zonula
Adherens
occludens junction

proteins: anchor " a@Bly) Cadherins Cadherins @a"' |
that defines the QUORVUISITEE

position of the
juction
key () zoi 7H6 Vinculin
Huber et al., TINS, 2001 Z02 ") w-actinin - €__D Catenins
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The blood-brain barrier, Sept. 12, 2018

The endothelium of the blood-brain barrier

Endothelium: Minor pinocytic transport — reduced penetration

Vesicular
channel??

Plasmalemmal
vesicles
{ \\. \\\

Basement
membrane

http://www.benbest.com/cryonics/protocol.html
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The blood-brain barrier, Sept. 12, 2018

The endothelium of the blood-brain barrier

http://en.wikipedia.org/wiki/Capillary Steegetalg "Nature ReV|ews
\C@nger 2011 '-‘,' =2 PLrlgte

Endothel: thick

Basement membrane
basement D
Endothelial layer VN [pesiaids
mem b Frane (tunica intima) \ ol *fj\ o
N OO oot
Endothelial cell
Astrocytic endfeet
Lamina rara externa
(HSPG, laminin, collagen IV)
Lamina densa Basement
(Collagen V) Membrane
Lamina rara interna
(HSPG, laminin, collagen IV)
::E_E Endothelium
Luminal surface Farkas & Luiten, Progr Neurobiol, 2001
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The endothelium of the blood-brain barrier

RENAL GLOMERULUS

Endothel: LUNG B 568 TISSUES
increased amount CARDIAC MUSCLE ZZZ) CNS NON-BBB TISSUES

: : SKELETAL MUSCLE ] TISSUES OUTSIDE CNS
of mitochondria SKIN {SCALP) —

. CHOROID PLEXUS AT D
(up to 104’ of the MEDIAN EMNENCE 2207073
endothelial ADENOHYPOPHYSIS A
RENAL PROXIMAL TUBULE [ N

VOIume)._> CAUDA EQUINA
metabolic CEREBRAL CORTEX —

: CEREBELLAR CORTEX —
capacity tOh SPINAL CORD (THORACIC) —
maintain the > I T 3 o B
barrier MITOCHONDRIAL VOLUME IN CAPLLARY ENDOTHELML CELLS

(% OF CYTOPLASM * SEM)

Oldendorf et al., Ann Neurol, 1977
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The blood-brain barrier, Sept. 12, 2018

Transport throught the BBB: blood =* brain (influx)

Diffusion Receptor-mediated Absorption-mediated
endocytosis endocytosis

Simple Facilitated

® 4 . ++_I,-|-I-

"4

Glucose (Glutl) Ferro- Plasma proteins
Aminoacids (LAT1) transferin
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The blood-brain barrier, Sept. 12, 2018

Transport throught the BBB: brain = blood (efflux)

P-glycoprotein: P-glycoprotem (MDR]-) Glutamine secretion

 ATP-dependent

e Active back- e
transport of
hydrophobic drugs

The Na*-dependent

transport systems:

e Elimination of
nonessential AAs,
toxic AAs,

 Maintainance of the
optimal
concentrations of
all other AAs.
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The blood-brain barrier, Sept. 12, 2018

The enzymatic barrier

Enzymatic barrier: degradation of neuroactive substances
(*: general BBB marker)

Enzyme Function

Alkaline-phosphatase* Purin & pirimidin metabolism

Aminopeptidase A Angiotensine metabolism

Endopeptidase Break-down of neuropeptides (pl.
bradykinin, dynorphin,
neurotensin)

v-glutamil-transpeptidase* Leukotrien conversion
C4 - D4
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The blood-brain barrier, Sept. 12, 2018

Brain areas devoid of blood brain barrier

Circumventricular organs:
— Pineal gland (3)
— Median eminence
— Neurohypophysis (5)
— Subfornical organ (1)
— Subcomissural organ (2)
— Area postrema (4)

Function: — Organum vasculosum of

— Hormon production lamina terminalis (6)

— Sensory function — Choroid plexus
— Production of CSF
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The blood-CSF barrier

~ gy Tight junctions _Lzﬁwm

® o Fo © T

Choroid
ependyma

Choroid

Fenestrated -
capillary

“endothelium

Ventricular
ependyma

http://www.daviddarling.info/images/choroid_plexus.gif
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The blood-brain barrier, Sept. 12, 2018

Summary of the barriers of the central
nervous system

Tight junctions

Nervous tissue
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The blood-brain barrier, Sept. 12, 2018

Tracers to test the integrity of the blood-brain barrier

* |n experimental animals

* |Infusion of Evans-blue: labeling the
extravasation of molecules with large
molecular weight (60-70 kDa)

 Na*-fluorescin: labeling the extravasation
of molecules with low molecular weight
(0,3-0,4 kDa)

* Macroscopic observation: the brain tissue
is stained — qualitative analysis

* Spectroscopy: quantitative analysis
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The blood-brain barrier, Sept. 12, 2018

Tracers to test the integrity of the blood-brain barrier

SODIUM FLUORESCEIN EVANS BLUE-ALBUMIN
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Farkas G. et al., Neurosci Lett, 1998
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The blood-brain barrier, Sept. 12, 2018

Artificial blood-brain barrier models

In Vivo

apical side

transwell
membrane

Wong et al., Front Neuroeng, 2013
Endothelial cell

Pericyte

Astrocyte
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The blood-brain barrier, Sept. 12, 2018

Artificial blood-brain barrier models

Mono-culture
Endothelial cells (E)

Double co-cultures £ EAO
with astrocytes (A)

out-of-contact type in-contact type

EOP

with pericytes (P) ‘

out-of-contact type in-contact type

EAP EPA

Triple co-cultures
with pericytes and astrocytes

0.4 uym pore

%endothelial cells (E) 48 pericytes(P) j-' astrocytes (A) no cell (0)

Nakagawa et al., Cell Mol Neurobiol, 2007
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The blood-brain barrier, Sept. 12, 2018

Blood-brain barrier disruption

Paracellular: Transcellular:
increased permeability pinocytic transport
of tight junctions
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The blood-brain barrier, Sept. 12, 2018

Inflammation at the BBB

e Causes: infection, trauma, necrosis (stroke)

* Inflammatory mediators activate the contractile machinery of the
endothelial cells severing the paracellular junctions.

 Permeability increases + cellular transmigration is made possible.
Inflammatory mediators
(thrombin, bradykinin,
@ histamine, PAF)

Integrins Bl i St en Integrins Thrombin

J (I matrix (ECM) A

S W, — Tight

% 2 junction
RN vz *‘A‘:‘ ﬁ

Adherens
junction

Resting
tension "\% » — junction
SN
0
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The blood-brain barrier, Sept. 12, 2018

Consequence of inflammatory BBB opening

Elimination of pathogens, necrotic tissue
But also immune-mediated damage to ,innocent bystanders”

Edema formation that can impair blood flow and transcapillary
transport

Toxic metabolites or xenobiotics can access the brain tissue

¥
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The blood-brain barrier, Sept. 12, 2018

Leukocyte transmigration through the blood-
brain barrier

Ransohoff et al., Nat. Rev. Immunol., 2003.

The central nervous system (CNS) has been
characterized as an immunologically privileged site in

the past, but it should more accurately be viewed as
immunologically specialized.
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The blood-brain barrier, Sept. 12, 2018

Leukocyte trafficking through the blood vessel wall

Selectins

Chemokines .
- Integrins

1. Tethering .
and rolling 2. Activation

3. Firm Adhesion

? o v 4. Transmigration
)

.‘
[ - S &

endothelium

/ inflammatory stimuli /v \

http://www.mpi-muenster.mpg.de/nvz/wilde.shtml

e Selectin-dependent tethering and rolling,

 Chemokine-mediated activation,

* Integrin-dependent firm adhesion and
spreading,

e Extravasation into the underlying tissue.
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The blood-brain barrier, Sept. 12, 2018

Leukocyte transmigration through the blood-brain barrier

: Farkas IG. et al., Acta Histochem. 2003.
s ; Wl A

R R
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The blood-brain barrier, Sept. 12, 2018

Extravasation of tumor cells

l Mltfscjm y MMPs

\

BM
T
Glycocalyx

ARREST ——————— > ADHESION TRANSMIGRATION

Figure 1. Extravasation of tumor cells through the BBB. Successful metastasis formation is dependent on arrest of tumor cells in the
microvessels, followed by the adhesion and transmigration step. Extravasating tumor cells survive for days in the capillary lumen before
transmigration is completed. During this process, tumor cells activate the Rac and PI3K signaling pathways and release TGF-p and
proteases. CECs may also enhance transendothelial migration of metastatic cells through activation of COX-2 and secretion of MMP-
2. Reactive astrocytes and microglia are recruited at initial steps of extravasation. Astrocytes may secrete cytokines, chemokines and
proteases to enhance transendothelial migration of tumor cells. Microglia may also enhance invasion of the brain serving as trans-

porters for malignant cells. Wilhelm et al., JCBFM, 2017
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The blood-brain barrier, Sept. 12, 2018

Bone marrow stem cell transmigration
through the blood-brain barrier

* Female patients with leukemia
 Bone marrow transplantation from a male relative

e Examination of brain tissue

e Cell clusters containing Y-chromosome in the brain
* Most of them are glia
* A small percentage is neuron (7/10 000)

| A
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The blood-brain barrier, Sept. 12, 2018

Bone marrow stem cell transmigration through
the blood braln barrler

o
»
Green: NeuN
Blue: nucleus
_ Red: Y-chrom.
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The blood-brain barrier, Sept. 12, 2018

Bone marrow stem cells: therapeutical potential
for stroke?

* Bone marrow transplantation from male mice to females,
male bone marrow cells express green fluorescent protein
(GFP)

 Middle cerebral artery occlusion — stroke

* Histological examination of the brain: labeling/visualization of
GFP and Y-chromosomes

 Labeled cells detected in the cerebral endothelial cells of
small vessels

 Labeled, neuron-like cells in the brain
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The blood-brain barrier, Sept. 12, 2018

Bone marrow stem cells:
therapeutical potential for stroke?

Hess et al., Stroke, 2002. K » @ J&'
. ’_ ¢ Neurons

{2 ot 4 —
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The blood-brain barrier, Sept. 12, 2018

Bone marrow stem cells: therapeutical potential
for stroke?

* Focused on restorative processes

* Longer time window of opportunity than neuroprotective
therapies (within the first week after stroke)

Hess, Expert Rev Neurother, 2008

Neurorestorative - early:
Intravascular-1V, 1A

Neuroprotective

Neurorestorative - late:
Intracerebral route; scaffolds

24 ACTIVE BRAIN REMODELING REMODELING COMPLETE

hrs. Multiple targets cyst; glial scar
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The blood-brain barrier, Sept. 12, 2018

Hindered blood-brain barrier function

 Amyloid angiopathy — Alzheimer’s disease

* Basal membrane thickening — aging,
neurodegenerative disease, hypertension

* (Atherosclerosis) - hypertension

[
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The blood-brain barrier, Sept. 12, 2018

Basal membrane thickening

* Aging, dementia, hypertension
* Hindered transport
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The blood-brain barrier, Sept. 12, 2018

Drugs and the BBB

o The BBB hinders drug delivery to the brain.

o It poses a problem at the treatment of central
nervous system diseases.

Potential solutions:
— Increased lipid-solubility of the drug
— Transient opening of the BBB (e.g. osmotic)
— ,Wrapping” drugs (liposomes)
— Intranasal pathway

| | ¥
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The blood-brain barrier, Sept. 12, 2018

Drugs and the BBB

Methods of Circumventing the Blood-Brain Barrier

Routes and methods of administration Tailored and carrier drugs
High dose Increased lipid solubility
Intrathecal Lipophilic carrier agents (liposomes)
Intraventricular Cationization
Intra-arterial (carotid artery) Glycosylation

Non-pharmaceutical methods Receptor-mediated transport
Surgery Mechanical Disruption
Radiation therapy BBB disruption

- Osmotic
- Pharmacological
- Biochemical

Hypertension
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The blood-brain barrier, Sept. 12, 2018

Increased lipid solubility

Nimodipine

3
Nifedipine A -
class: Dihydropyridine class: Dihydropyridine

» Dihydropyridines: Ca%* channel antagonists
* For the treatment of hypertension

 Nimodipine: increased lipid solubility: for the treatment of
stroke

. | |
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The blood-brain barrier, Sept. 12, 2018

Drugs and the BBB

Methods of Circumventing the Blood-Brain Barrier

Routes and methods of administration Tailored and carrier drugs
High dose Increased lipid solubility
Intrathecal Lipophilic carrier agents (liposomes)
Intraventricular Cationization
Intra-arterial (carotid artery) Glycosylation

Non-pharmaceutical methods Receptor-mediated transport
Surgery Mechanical Disruption

Radiation therapy BBB dismuption
- Osmotic
- Pharmacological
- Biochemical

Hypertension
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The blood-brain barrier, Sept. 12, 2018

Osmotic opening of the blood-brain barrier

* Intra-carotid infusion of hyperosmotic solutions (for example:
mannitol)

* Transient shrinkage of the endothelial cells — losening and
opening of the tight junctions

* Defining variables:
— Length of infusion
— Osmolarity of the solution
* Influencing physiological parameters:
— Concentration of blood gases
— Cardiac output
 Therapeutical target: pl. chemotherapy of brain tumors
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The blood-brain barrier, Sept. 12, 2018

Drugs and the BBB

Methods of Circumventing the Blood-Brain Barrier

Routes and methods of administration Tailored and carrier drugs
High dose Increased lipid solubility
Intrathecal Lipophilic carrier agents (liposomes)
Intraventricular Cationization
Intra-arterial (carotid artery) Glycosylation

Non-pharmaceutical methods Receptor-mediated transport
Surgery Mechanical Disruption

Radiation therapy BBB disruption
- Osmotic
- Pharmacological
- Biochemical

Hypertension
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Application of liposomes
» Known for 40 years L1iposomes
(Bangham) S e
. &t

 Small, artificial
phospholipid vesicles

* For medicines targeting
the CNS

‘0
"‘f’//(((u“‘

* In stroke treatment: e.g.
SOD

Drug crystallized fas
in aqueous fluid

-

Lipid bilayer

Dopegrd 1988 Joby) Wiksy s Sovs. . M iglls e »
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The blood-brain barrier, Sept. 12, 2018

Intranasal treatment strategies

* Sensory nerve 8 SUBUAR K S
endings:

— n. olfactorius
— n. trigeminalis
* Nonisnvasive
* NGF, IGF, FGF

Image courtesy of Robert Thorne, PhD, Alzheimer’s Research Center, Regions Hospital, St.

e Way of passage: i

e Intraneuronal: axonal transport, hours to days — for specified
brain regions

e Extraneuronal: perineuronal, minutes — brain parenchyma, CSF

fl"‘
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The blood-brain barrier, Sept. 12, 2018

“I think you should be more explicit here in step two.”
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