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Stroke - Definition

There are two main types of stroke
* Ischemic stroke 84%

—is caused by blockage in an artery that supplies
blood to the brain, resulting in a deficiency in
blood flow (ischemia)

« Hemorrhagic stroke 16%

—Is caused by the bleeding of ruptured blood
vessels (hemorrhage) in the brain 10%
intracerebral, 6% subarachnoidal.




Stroke — “biologic” Definition

During ischemic stroke, diminished blood
flow initiates a series of events (called
ischemic cascade) that may result in
additional, delayed damage to brain cells

Early medical intervention can halt this
process and reduce the risk for
irreversible complications.

Background Information

3rd most common cause of death

— after heart attack and cancer

Higher mortality with increasing age:

— 2 60 years 2nd most common cause of death
Men and women equally frequent
Incidence: 150 - 200 / 100 000/year

— Basel: 170/ 100°'000/year (02-03)
— 45-84 years old: 400/ 100 000/year




Ischemic brain lesion: cranial computer
tomography early imaging (2 hours)

Dept. of Neuroradiology, University Hospital Basel, Switzerland

Ischemic brain lesion: delayed cranial
computer tomography (48 hours)

Dept. of Neuroradiology, University Hospital Basel, Switzerland




Hemorrhagic brain lesion: Cranial
Computer tomography

Exclude intracranial Hemorrhage !
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Dept. of Neuroradiology, University Hospital Basel, Switzerland

Penumbra:
DWI-PWI Mismatch

Diffusion / perfusion mismatch may be
a marker for territory at risk.
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Mechanism of cerebral ischemia

cardiac Emboly cerebral macroangiopathy  cerebral microangiopathy
25-35% 15-20 % 30%
© M. Mumenthaler, H. Mattle; Thieme Verlag, Stuttgart, 1997

Embolic artrial occlusion

Arterial wall

Clot: fibrin,
erythtrocytes

» Embolic clot occlusion of the middle cerebral artery
(courtesy of A.Probst, Neuropathology Basel)




Animal models

Rat: 4-Vessel occlusion (global)
MCAO (focal)

Mouse: MCAO (focal)

Gerbil CCAQO (focal, global)

Rabbit: clot model (t-PA model)

Cat: cardiac arrest models

Dog: cardiac arrest cardiac arrest
Non-human primates: behavioral models

Note: Transient vs. Permanent vessel occlusion

Lit.: Hoyte L. et al.: Exp. Neurology 2004

MCAOQ: Three-vessel occlusion using a micro-clip for the
proximal left middle cerebral artery

Lit.: Hiroji Yanamoto, Izumi Nagata, Nobuo Hashimoto and Haruhiko Kikuchi




MCA occlusion — permanent
(autoradiography)

Lit.: Belayev L, et al. Stroke. 1996

MCA occlusion -
permanent and temporary

Permanent group 30-min group  90-min group

Yasuki Onoa, Shigehiro Morikawab, Toshiro Inubushib, Hiroaki Shimizua, * and Takashi Yoshimotoa




Mouse model of transient cerebral ischemia —
temporary MCAO with coated nylon filament

viable tissue

'—b necrosis

ischemic core
(ATP depletion)

(low ATP)
apoptosis

Lit.: Rami A et al., Progress in Neurobiology 85 (2008) 273-296
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PET from patient with acute
MCA-occsion

CBF3h FMZ3h Final CT

* Regional hypoperfusion at 3 hours after
beginning of symptoms
» By reperfusion, no lesion on CT few days later

The penumbra concept

&y

Oligemia 15 min

Penumbra

The Ischemic Penumbra : A Dynamic [time + space] concept

Baron JC Cerebrovascular Diseases 1999;9:193-201.
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CBF (ml/100g/min)

,Time is Brain™

normal function Vital tissue

Singlercelll-

NECIoSIS

membrane-
dysfunctic?

90 120 min

JCBFM 2000;20:1276-93.

Perfusion Basics

CBF - Cerebral Blood Flow (ml/200ml/min)
— Gray matter 45-70 ml/100ml/min

— White Matter 20-24 ml/200ml/min

CBYV - Cerebral Blood Volume (ml/200ml)
— Gray matter 4-7 %

— white matter 2-3%

MTT - Mean Transit Time (seconds)

— Mean time to traverse vasculature (NOT pixel!)
— CBV:CBEF ratio
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What happens in stroke ?

Blood supply drops suddenly threshold values:
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CBF (mL/100 g/min)
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Cerebral blodd flow values:

- 80-60 ml/min/100g:
normal state

- 37-60 ml/min/100g:
protein syn., selective gene exp.

- 20 —36 ml/min/100g:
lactic acidosis, cytotoxic edema
- 10-20 ml/min/100g:
energy deficit, glutamate tox.

- 0-10 ml/min/100g:
anoxic depolarisation, infarction

Cerebral blood flow
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Stroke
Irreversible
symptoms

Calcium avalanche
Cell death
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Decades

Minutes
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Magnetic resonance imaging

52 y/o WF with migraines, awoke with right H/A, L hemiparesis

Diagnostic Information in Acute
Stroke: Diffusion Weighted Imaging

At 5 hours... e & ‘1‘5— i

Diffusion Weighted Images (DWI

After 5 days... § _ 4

» Diagnostic Info: Assess initial infarct by DWI
* Prognostic Info: Predict infarct growth by PWI
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Cytotoxic Edema:
Diffusion Weighted Imaging

* 2

Cat brain - MCA occlusion

e A R £
Sy ! '
A ¥ > |
- -

Hindrance Restriction Barriers
ATP-depletion an
Na*-K*+ pump < - e
Cytotoxic edema : Sii o @‘ \ :jia\ '
Increased extracellular tortuosity B Sy ;

Hindrance of water movement Moseley M.E, et al. 1990
Diffusion weighted images appear bright

Penumbra:
DWI-PWI Mismatch

MEA : 1.5h M. rCBE 1.5h

Patient with acute occlusion of A. cerebri media
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What happens in stroke ?

Consequences are disturbence :

neurons, glial cell, astrocytes —
simultaneously

vessel lesion
Interstitial space

secondary damages: edema, space
occupation, recanalisation injury, bleeding

Major pathways implicated in
ischaemic cell death

excitotoxicity

lonic imbalance

oxidative and nitrosative stresses
apoptotic-like mechanisms

Disturbance of the neurovascular unit;:
— Proteolysis
— inflammation

Lo H., et al. nature rev. 2003
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Major pathways implicated in ischemic cell death
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Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.

Major pathways implicated in ischemic cell death

o %00 00
o 2 Glutamate o o
o
Membrane
damage

E;‘ﬁ:&ﬁzr St Excitotoxicity and ionic imbalance:

°% 2 the loss of energy stores results in ionic
imbalance, neurotransmitter release and
inhibition of reuptake for e.g. glutamate,
glutamate binds to ionotropic NMDA (A-
methyl-D-aspartate) and AMPA (a-amino-3-
e Mitochondrig  hydroxy-5-methyl-4-isoxazole
RNS . % propionic acid) receptors promotes ROS
reactive = excessive calcium influx, which triggers an reactive
nitrogen | array of downstream phospholipases oxygen
species and proteases that degrade membranes

and proteins that are essential for cellular Species

@rity.

Endoplasmic

DNA and protein
damage

Nucleus

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.




Major pathways implicated in ischemic cell death

Mitochondria promotes oxygen radical
generation and the release of
death-inducing factors.
In addition, ionotropic glutamate
E;‘ﬁ:gﬁgr 000 receptors (GIuRs) promote an
oa excessive influx of sodium with
concomitant cell swelling and OEDEMA

Endoplasmic : 3 J-

RNS . reticulum Oxidative ROS
rgactlve stress reactive
nitrogen oxygen

species species

DNA and protein
damage

VANV/ANV/A\V/A\V /AN

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.

Ionic imbalance -Calcium metabolism

Ca2+
Rezeptor-

gesteuerter
Kanal

Spannungs-
abhangiger
Kanal

#

L, P/Q and N-type calcium channel
functions mediate excessive calcium
influx,

ADP + Pi Besides calcium, large amounts of

, zinc are stored in vesicles of

Ca2+ 3 Na* 3Na* 2K+ excitatory neurons and are co-
released upon depolarization

AD

%
Kalzium/Natrium Na/K

Austausch Pumpe

Ca2+ 3 Nat 3Nat 2K+
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Glutamate toxicity - glucose

Glutamatergic
Synapse Astrocyte Capillary

At glutamatergic
synapses, the action
: R : of glutamate is
ij . terminated by an
“" efficient glutamate
uptake system located
in astrocytes.

Magistretti P., Pellerin L.;News Physiol Sci. 1999 Oct;14:177-182.
Pyr, pyruvate; Lac, lactate; GIn, glutamine; G, G protein; PGK, phosphoglycerate kinase

Glutamate toxicity - glucose

Glutamatergic . Glutamate is
Synapse Astrocyte cotransported with Nat,

resulting in an increase

in the intracellular

concentration of Na+,

leading to the activation

of the Na*-K-ATPase

- (2a). Glutamate is

; GL"“"':spj j converted to glutamine

ATP GLUCO \ by glutamine synthase

Magistretti P., Pellerin L.;News Physiol Sci. 1999 Oct;14:177-182.
Pyr, pyruvate; Lac, lactate; GIn, glutamine; G, G protein; PGK, phosphoglycerate kinase
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Glutamate toxicity - glucose

Glutamatergic
Synapse Astrocyte

Activation of the Na*-

K*-ATPase triggers
aerobic glycolysis.

- GLUTAMINE
ADP
ATP

Magistretti P., Pellerin L.;News Physiol Sci. 1999 Oct;14:177-182.
Pyr, pyruvate; Lac, lactate; GIn, glutamine; G, G protein; PGK, phosphoglycerate kinase

Glutamate toxicity - glucose

Glutamatergic Lactate produced by the

Synapse Astrocyte glutamate-stimulated

glycolysis is released

from astrocytes. A4,
synaptic activation; 5,
direct glucose uptake
into neurons under
basal conditions.

- : GLUTAMINE j /
ADP L
ATP GLUCOSE

Magistretti P., Pellerin L.;News Physiol Sci. 1999 Oct;14:177-182.
Pyr, pyruvate; Lac, lactate; GIn, glutamine; G, G protein; PGK, phosphoglycerate kinase
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Summary of glutamate-calcium
release

K* efflux
Excesive glutamate release and over excitation of
glutamate receptors

Ca?* release from organelles
Ca?* influx and sequestration in the cell
Intracellular accumulation of Ca?* and Zn?*

» ends in activation of calmodulin dependent
intracellular enzymes (phospholipases,
endonucleases and protein kianses)

Major pathways implicated in ischemic cell death
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Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.
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Generation of oxygen and nitrogen

radicals

Combination of superoxide

(02—¢) and nitric oxide (NO) generates
the potent radical peroxynitrite anion
(ONOO-e). Metal (Cu+ and Fe2+)
catalysed pathways can also produce
the hydroxyl radical (OHe) from

Oidclative
and
nitrosative
stress

hydrogen peroxide (H202).

COX - cyclooxygenase

GPX - glutathione peroxidase
NOS - nitric oxide synthase
SOD - superoxide dismutase
XO - xanthine oxidase

apoptotic-like mechanisms Cell death pathways that are
relevant to an apoptotic-like mechanism in cerebral ischaemia

el (o)
inhibitors

of
apoptosis Mltochondn‘a

poly-
ribose)
polymerase PARP —| _—

Caspases
@——

AIF
Apoptosis

IndUClng DNA endonuclease
factor

Smac
Secondary
mitochondria
derived
activator

of caspase

Protein degradation
® Homeostatic

® Cytoskeletal

® DNA repair

* Metabolic

® Cell signalling

CAD
caspase-
activated
deoxyribo
nuclease

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.
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apoptotic-like mechanisms Cell death pathways that are

relevant to an apoptotic-like mechanism in cerebral ischaemia

1. Cytochrome c release from the
mitochondria is modulated by pro as
well as anti-apoptotic Bcl2 family
members.

Cytochrome c release activates
downstream caspases through

apoptosome formation and caspase @
activation can be l
modulated by secondary -

mitochondria-derived activator of BRI

—_—

caspase (Smac/Diablo) indirectly

Protein degradation
* Homeostatic

® Cytoskeletal

® DNA repair

* Metabolic

® Cell signalling

through suppressing protein inhibitors
of apoptosis (IAP).
AIF
Apoptosis

IndUClng DNA endonuclease
factor

Smac
Secondary
mitochondria
derived
activator

of caspase

CAD
caspase-
activated
deoxyribo
nuclease

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.

apoptotic-like mechanisms Cell death pathways that are

relevant to an apoptotic-like mechanism in cerebral ischaemia

2. Effector caspases (caspases

3 and 7) target several
substrat)es, 8vhich dismantle the I'_
cell by cleaving homeostatic,

cytoskeletal, repair, metabolic Mitochondiia
and cell signalling proteins.

Caspases also activate \
caspase-activated

deoxyribonuclease (CAD) by N\ @
cleavage of an inhibitor protein l

(ICAD).. @_,

AIF
Apoptosis

IndUClng DNA endonuclease
factor

Protein degradation
* Homeostatic

® Cytoskeletal

® DNA repair

* Metabolic

® Cell signalling

Smac
Secondary
mitochondria
derived
activator

of caspase

CAD
caspase-
activated
desoxyrib
onuclease

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.
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apoptotic-like mechanisms Cell death pathways that are
relevant to an apoptotic-like mechanism in cerebral ischaemia

IAP
inhibitors
of
apoptosis

3. Caspase-independent cell

death might also be important.
One mechanism proposes that
poly-(ADP ribose) polymerase

/ (PARP) activation promotes the
release of apoptosis-inducing

P(I)'\IR_FZ ADP @ factor (AIF), which translocates

Eibgse) J_ to the nucleus, binds to DNA
PARP

and promotes cell death through
olymerase .. —y ; -
poly @ a mechanism that awaits

cIarification
t actlvatéd

Bad/Bax/Bid

deoxyribo
nuclease

AIF
Apoptosis

IndUClng DNA endonuclease
factor

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.

Apoptosis

Trophic factor withdrawal
PR P
|

Y |’Iy"»" ;
8000

P,

Non-nuclear i Caspase-9

i
un kinase
&= — N
f Mitochondria "= \
¥ Caspase-9
P

Cell death
genes

S B o> Caspase-3 /
e"ﬁipoptcss
Cellular fragmentation

Phagocytosis

Yuang & Yankner, Nature 2000
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Apoptosis

Transcription
of CDasL

Transcription of target genes for survival

Yuang & Yankner, Nature 2000

Central role of mitochondria in neuronal
apoptosis

CEREBRAL - ISCHEMIA

Extrinsic Pathways Intrinsic Pathways
(receptor-madiated) {mitoehendrial)

pro-caspase 8
P/ membrane depolarisation(?)

actve pro-apoptotic anti-apaptotic
caspase B 7 Bol-2 proteins Bcl-2 proteins

IAP: [ release of killer proteins |

inhibitor of & 4 L ™
a po pto S i S Hir A2 Smac/DIABOLO Cytochrome ¢ Endo G AIF
proteins 1AP's

Apaf-1
e pro-caspase
5 v
e

APOPTOSOME

'/— activation of caspase-3 —\'

DNA-fragmentation

makdown of
caspasa substrates

\—' APOPTOSIS '—/

it.: Rami A et al., Progress in Neurobiology 85 (2008) 273-296




protease cascade involving members
of the matrixmetalloproteinase

Plasminogen activation

uPA, tPA

Pro-collagenase 'l Collagenase

MMP1, 8, 13 I MMP1, 8, 13

Pro-stromelysin Stromelysin

MMP3, 10, 11 MMP3, 10, 11
Pro-gelatinase B l Gelatinase B
MMP9 1 MMP9

Pro-gelatinase A Gelatinase A

MMP2 T MMP2

Membrane metalloproteinase
MMP14, 15, 16, 17

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.

Metalloproteinases

Brain

P> | Disrupt myelin ) s ( Demyelination

Produces encephalogens
from myelin proteins

Perpetuation
of

Conversion of pro-forms inflammation
=3 of inflammatory molecules
into mature forms

= Direct cytotoxicity ) =

Leukocyte - | Alters cel-ECM interaction | |
(anoikis)

Neurotoxicity

molecules, e.g. FaslL

Basement - [Processing of other death] »

membrane

Yong et al. Nature Reviews 2001



Schematic view of the neurovascular unit or
module, and some of its components

Pericyte
YT%:\ Neuronal process

Blood cell

Infiltration of

signalling activated

to activated inflammatory Oxidative and
Endothelial cell endothelium blood cells nitrosative stress
|

Astrocyte end-foot!

Disruption in
endothelial
tight junctions

Protease activation
including MMP, tPA
and others

Matrix degradation
triggering anoikis

Glutamate efflux and

Abnormal calcium
ionic imbalance

and sodium influx

Lo, E.H., T. Dalkara, and M.A. Moskowitz, Nat Rev Neurosci, 2003. 4(5): p. 399-415.

Cause: Perfusion deficit, CBF <20ml/100g/min, complete,
partial, time-dependent

Stop of metabolism, depletion of ATP, accumulation of lactate

Breakdown of the ATP-dependent Na-K-pump, loss of electric

gradient, missing re-uptake and loss of glutamate, excitotoxicity,

Increase of intracellular Ca%*-due to inflow of Ca?* from
extracellular space and release of Ca?* from endoplasmatic
reticulum and mitochondria

Activation of proteases, early gene expression,
phospholipidase A2 triggers production of arachidonic acid >
cell mediators: leucotriens, adhesion molecules, platelet
aggregation factor

Generation of free radicals, arachidonic acid -> prostaglandin,
oxidation of lipids, release of iron

Cellular edema, irreversible cellular destruction, apoptosis via
programmed metabolism due to proteases and endonucleases



Overview of the ischemic cascade

Cause: Perfusion deficit, CBF
<20ml/100g/min, complete,
partial, time-dependent

Overview of the ischemic cascade

Stop of metabolism, depletion
of ATP, accumulation of
lactate
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Overview of the ischemic cascade

Apoptotis sell death

Breakdown of the ATP-
dependent Na-K-pump, loss of
electric gradient, missing re-
uptake and loss of glutamate,
excitotoxicit

Overview of the ischemic cascade

Apoptotis sell death

Increase of intracellular Ca%*-
due to inflow of CaZ* from
extracellular space and release
of Ca?* from endoplasmatic
reticulum and mitochondria
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Overview of the ischemic cascade

T iissue ph, 1 extraceliular K
and | snrecellular Na jons

Activation of proteases, early
gene expression,
phospholipidase A2 triggers
production of arachidonic acid >
cell mediators: leucotriens,
adhesion molecules, platelet

Ll aggregation factor

Overview of the ischemic cascade

Generation of free radicals,
arachidonic acid -> prostaglandin,
oxidation of lipids, release of iron

Apoptolic sell death
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Overview of the ischemic cascade

P e
Ischacimia Hypag

Failure of Ne-K-ATPase pump

T iissue ph, 1 extraceliular K
and | inrecellular Na” ons

Adhesion

expression

\-

Release of excitatory Ca ol

anvino acid (Glutamate)

L

[ stoA receptor | [ Metabutrophic receptor ‘

Cellular edema,
irreversible cellular
destruction, apoptosis
via programmed
metabolism due to
proteases and
endonucleases

ellular Ca™

D d erepra > d €Mad ove > O
e d > ONnd > ell ded
DYNAMICS |minutes to hours 8l minutes, hours to days hours to days days, weeks to months
N Apoptosis —
systemic/ Inflammation
cellular
events
Repair
Remodeling
Plasticity
caspase % microglia 3 angiogenesis axonal sprouting
AlF-accumulation cytokines MMP-13 4 glial scar formation
IAPs-breakdown  (IL-1B, TNFo)4 aggregan 4
molecular i ia- i ECM:
events collapse (ICAM, selectin)t cell-cycle proteins
£ cytoskeleton- (cyclines)
IEGs * breakdown
p-calpain %

" acute therapies anti-necrotic agents anti-apoptotic agents growth factors
systemic. thrombolysis anti-inflammatory agents combined therapy stem cell therapy
intervention recanalisation (anti-apoptotic agents gene therapy

+thrombolysis
rTPA DP-b99 (calcium chelator) caspase-inhibitors GNDF
DSPA NXY-059 (antioxidant) HtrA2-inhibitors CNTF
molecular YM-872 (AMPA antagonist)  Smac-inhibitors NGF
intervention u-calpain-inhibitors IAP-inducers BDNF
calpain-inhibitors
Bcl-2-inducers
Ra A et al., Progre eurobiology 8 008 06
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The concept of so-called
neuroprotection

Neuroprotective treatment
* Glutamat-Antagonist

- NMDA-Receptor-Antagonist (e.g. Magnesium, Lubeluzole)
- AMPA-Receptor-Antagonist (e.g. ZK200775)
- Glycin-Antagonist (e.g. GV-150526A)

GABA-Agonist (e.g. Clomethiazol)

GABA-Analoga (e.g. Pirazetam)

Calcium antagonist (e.g. Nimodipin)

calcium channel blockers (e.g. BMS-204352)

Adenosin agonist (e.g. Acadesin, Propentofyllin, Pentoxifyllin)
5-HT, 5 -Agonist (e.g. Ipsapiron, BAY X 3702)

growth factors (e.g. Trafermin)

Membrane-stabilizer (e.g. Citicholin, Tirilazad)

Anti-inflammatory treatment
e Cytokin inhibitors (e.g. IL-1-Rezeptor-Antagonisten)
e Immune modulation (e.g. Tacrolimus, Cyclosporin)
free radical scavengers
barbiturates

Hoyte, L., J. Kaur, and A.M. Buchan, Lost in translation: taking neuroprotection from animal models to clinical trials. Exp Neurol, 2004. 188(2): p. 200-4.

Treatment with thrombolysis
and its therapeutic effect

OR/NNT combined endpoints (mRS1, NIHSS 1, BI95)
0-90 min: OR 2,8; NNT»4 91-180 min: OR 1,5; NNT»9
181-270 min: OR 1,4; NNT»21 271-360 min: OR 1,2; NNT»45

OR=0dds ratio

(odd = ratio of number
with/without event)

From RCT:
NINDS
ECASS | + 1l
ATLANTIS

Adjusted Odds ratio

60 90 120 150 180 210 240 270 300 330 360

(onset to treatment time, OTT) (min)

Brott et al., 2003
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The concept of so-called
neuroprotection

Ischaemia

Lubsiuzole
B3- 204352
c-antagonists
Carvend

5-HT , AONIst].-
Repinotan

Antagonists
Aptiganel
Sefiotel
Glycing
aniagonisis.
Gy 150526
Pobyamine
aite

Eliprodi

'
i
i
B

&
Increasad
Intracellular Ca®*
‘ Y
ANOE

increased

v

Fras radicalse- -~

|

Increased
Intraceliular Na®

4

Pro-oxidant
enzymes

n
f

Enzyme
mhibitors
F-MI
AR-RAT4TT
Lubealunle

Mitochondrial
injury

Excitotoxicity

‘N-\\-‘

Brain infarction

A. Richard Green, Tim Ashwood,

« " Depolarization .

R

GABAmImetics
Clorrethiazola
Diaza pan

Prouroknzse
Ancrod

NaiCa* channel
blockers
Sipatriging

ST S
Trapping agents
PEM

MEES
Edaravong

’ -

Fras radicas

TN D~

SUPMIESENS.
Gyl o=porn &
Fr-508
Aritlbodbes:
Enlimormab

mas Odergren, David M. Jackson; Pharmacology & Therapeutics 100 (2003) 195- 214

NXY-050 (CP122)

GABAagniss

Glutamate antagonists
AMPA antagonists

Competitive NMDA antagonists

Nan-competitive NMDA

Total of 71 identified
Mostly RCT

Compounds are
safe to harmful

Phosphatidylch)
Sodium channel block

Polasium channel opener
Mechanism unknown or uj

Adenosine transport i

Mechanism of action Drugs MNuniber of clinical trials Result
Calcium channel blockers Nimodipine (voltage-cependent
Cal* channgls) 15 Mo benefit

Plunarizine 2 (1 pilet) o bensfit

Ismdipine 2 (1 pitbt, 1 discontinuad) o benefit

Nicardipine 1 phase IT) o benefit

PY 108463 1 o benelii
Calcium chelator DP-bo0 1 phasa 11 completed | Safe
Fres radical scavengers Ersckn 2 completed, 1 1 o benefit on primary endpoint
{anticzidants) Tirilazad 1 completed, 1 o bensfit

Result: no benefit at all

Weymn

trials

No benelT-emther is considared
Mo banefit on primary endpoint

\stopped

Tend but non-significant

Orher iomic channa)

Jcompleted. 1 phasa I angoing

Benaficial outcome in phasa 1T
Mo benefit

Opioid antagonists

Ztriak) | phase I1, 1 phase1ITy

No benefit

€ oxide inhibN/,
| blockers, presynaptic
(easa inhibitor, unknown

4RCTs

Multipie action sites

gt
mecl

Lit..Wahlgren NG;

Mo benefit

Cerebrovasc Dis
2004

RCT = randomized controlied trial: CNS = cantral ICH = intracranial

EGASIS = Euly OABAergks Adivatidh Sudy in Stroks; AMPA = Damino-3-hydroxyk-S-elhyb-Hisosazole propionate; NMDA = N-methy-D-wpertate;




Neuroprotective clininal trials in
UHBS

\ Trial; years Drug Result
patients

3 TESS; 94-95 Tirilazad Negative -
harmful

TEAST; 97-98 Trafermin harmful
(fibroblast
growth
factor)
POST 010; BMS Negative
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| Gompmmem men gm e I.v. therapy starts within
6 hours of stroke onset

- Fortfahren mit FULL DOSE (960 ma/h, 64 mi/h) bis Kreatinin-Clearance bekannt ist
- Anpassen der ERHALTUNGS-DOSIS innerhalb 4 h nach Beginn der Behanglung
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What is wrong with neuroprotection ?

»,IS It not erroneous to lump together
Infarcts of all shapes, sizes, times,
severities, and locations due to various

occlusions (or no occlusions or site of

occlusion unknown) and trust the
statisticians to make sense of it all through
randomization into underpowered trials?*

Furlan AJ, Stroke 2002;33:1450-501.

Reasons for neuroprotectants failure

® Pharmacologic reasons
— pharmacologic target not relevant to humans
wrong dose
wrong treatment duration
unsuitable pahrmacokinetics

Unsuitable study design
— Use of wrong measurements (outcomes)
— delayed treatment

Statistical Power?!
— overestimation of therapeutic effect (>10%)
— underestimation of clinical relevant effects

Pathophysiological heterogeneity? of the disease
— no biological substrate to salvage

— no penumbra

— lack of reperfusion

1Stroke 2001;32:669-74; 2Stroke 2002;33:1545-50.
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Future design for neuroprotective trials

More standardized stroke syndromes for
inclusion in trials

Animal models should be standardized
Short time window

Salvageable tissue in the DWI/PWI MRI
Molecule that passes BBB

Co-administration of thrombolytic therapy

Leucoaraiosis

g
JJ160139, m 61 yrs REO030736, m 66-years,
Hypertension no hypertension
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Subcortical hypertensive arteriosclerotic
enzephalopathy
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JJ160139, m 61 yrs, hypertension

Pathology — miccroscopic appearence of
affected vessels (arterioles)

. — < . 3 z R Virchow-
Lipo- e i w§ RSEE Robin-
hyalinosis PR . RN . S Space

Thrombosis IR S\ PR ) VCEARNIRES -+ Fibrinoid
VAL ; Va necrosis

from A. Probst, Neuropathology, Basel
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FM, 020136, f

Vascular Dementia - Epidemiology

» Prevalence (%) in Europe/USA:

1989 Boston AD 8.7 VaD 0.9

1990 London 3.1
1991 Stockholm 6.0
1995 Rotterdam 4.5
1997 Odense 4.7

» Ratio AD/VaD: <0.1-0.5!

Review, Acta Psych Scand 2001;104:4-11

0.1
3.0
1.0
1.3
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Blood pressure and risk of stroke
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Relative risk of stroke

1
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Usual diastolic blood Usual systolic blood
pressure (mmHg) pressure (mmHg)

per 5-6mmHg diastolic or 10-12 systolic BP-

elevation: 38% relative Risk increase
(Lit.: Journal of Neurology, Neurosurgery and Psychiatry. 1991; 54: 1044-1054)

Animal models: Genetically predisposed rats

Spontaneously Hypertensive rats (SHR)

Origine:

Okamoto at the Kyoto School of Medicine in 1963 from an outbred Wistar Kyoto

male with marked elevation of blood pressure mated to female with slightly
elevated blood pressure

Characteristics:

Hypertension, insulin resistance, hyperinsulinemia, hypertriglyceridemia,
hypercholesterolemia.

Spontaneously Hypertensive Stroke Prone rats (SHR-SP)

Characteristics:
82 % of males will develop cerebrovascular lesions (cerebral hemorrhage or
infarction) over 100 days of age.
Hypertension,nephropahy, insulin resistance, hyperinsulinemia,
hypertriglyceridemia, hypercholesterolemia.
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Animal models: Genetically predisposed rats

Anatomical abnormalities:

Variable branching pattern of the distal MCA

Morphological arrangement of vascular smooth muscle cells are disorganized in the basilar
artery of the SHR-SP: influence collateral circulation, rheological changes of blood flow, or
vulnerability of the arterial wall to high blood pressure,

Abnormalities in the BBB: plasma components leakage through arteriols: induce fibrinoid
necrosis of small arteries, severe brain edema and lacunar infarction.

No atheromatous lesions.

Vascular physiology:

* Response of the cerebral artery to substances causing endothel-dependent vasodilatation
impaired in SHR-SP.

Genetic loci involved:
» Chromosomes 1 and 18: genes involved in blood pressure

* Chromosome 5: blood pressure independent, co-localized with genes encoding atrial and
brain natriuretic factor

Blood pressure according to different
strains

| O wr sHr ] sHRse

(mmHg)
250

Systemic arterial pressure

Lin J.-X. et al., Neuroreport 2001;12:1835-1839
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Hypothetical hypertension genes
of SHR and SHR-SP

SHR SHR-SP

Hypertension genes Hypertension genes

+

“extra” Hypertensmn genes

:

Hypertensive More hypertensive
Stroke resistant Stroke-prone

Nabika T. et al., Cellular and Molecular Neurobiology 2004;24:639-646

Vascular permeability in WKY, SHR and SHR-SP

Normotensive
Stroke-resistant WKY

Horse-
radish
peroxidase

7 ) . @ % : . Hypertensive
accumu- Ve &Y i 8 Stroke-resistant SHR
lation

Hypertensive
Stroke-prone SHR-SP

Ueno M. et al. Acta Neuropathol 2004;107:532-538




Differences between SHR and SHR-SP strains

Collagen staining reveals significant differences in the distribution of collagen in MCA from
SHR-SP compared with SHR:
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Izzard A.S. et al., Am J Physiol Heart Circl Physiol 2003;285 H1489-1494

Differences between Wistar and stroke prone SHR

Smooth muscle actin staining, increased in SHR-SP
with hypertrophic arteries (Anterior cerebral artery)

Lin J.-X. et al., Neuroreport 2001;12:1835-1839

41



Klaver-Barrera staining of white matter in corpus callosum

Disturbed structure of the white matter im CC from SHR-SP: disarrangement
of nerve fiber, marked vacuoles und disappearence of myelinated fibers

Lin J.-X. et al., Neuroreport 2001;12:1835-1839

Appearance of white matter lesions in the brain of SHR, SHR-SP

Normal
(grade 0)

disarrangement
of the nerve
fibers

(grade 1)

formation of
marked vacuoles
(grade 2)

disappearance
of myelinated
fibers

(grade 3)

Lin J.-X. et al., Neuroreport 2001;12:1835-1839

Grading score for whice matter lesions
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Col4 and GFAP in normotensive and
hypertensive rats

Fraction GFAP-pos Density of Collagen 4-positive '

fraction GFAP-positive (in %)

Fraction Collagen 4-positive

fraction cold-positive (in %)
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