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COMPARTMENTS

* Blood

* Cerebrospinal
fluid (CSF)

* Interstitial fluid
(ISF = ECF)
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TOPICS

* CNS barriers, BBB, BSCB

* Neurovascular unit and BBB

* CNS barrier development

* Routes across brain endothelium
* CNS drug metabolism

* Regional and species differences
» Paraquat and CNS barriers

* Future perspectives

SITES OF CNS
BARRIERS

1. Brain parenchymal
capillary endothelium

2. Arachnoid epithelium

3. Choroid plexus
epithelium

CVO .
circumventricular organs

Segal and Zlokovic 1990,
modified by A Reichel
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CIRCUMVENTRICULAR ORGANS (CVO)

OVLT -organum vasculosum lamina
terminalis
CP-choroid plexus
ME-median sminence
NH=-neurohypophysls
SFO-saubfornieal organ
S$CO-subcommissurol organ
PG-pineal gland
AP—orea posirema

from Waindl

EC - Endothelium BL - Basal lamina

N - Neurons PVS - Perivascular space

A - Neurites and astrocytes IC - Interstitial compartment

EP - Ependymal cells P - Pituicyte

NR - Intraventricular neurons DR - Dynorphin receptor
and neurites TJ - Tight junction

AFF - Afferent neurite T - Tanycyte

NSA - Neurosecretory axon L - Leptomeningeal cell

Prescott & Brightman, 1998. In: introduction to the BBB, Ed WM Pardridge, CUP pp270-289

HRP tracer
distribution in
brain after iv
injection

..often in regions
adjacent to CVOs

Mouse
SFO: subfornical organ
(CVO)

CC: corpus callosum
HIP: hippocampus

. ....'-A'-L --.-\v s
Ueno 2007 Curr Med Chem 14: 1199

SYNG-PQ-00471888

SYNG-PQ-00471699

Compartments of the CNS . ) o
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[Receptor X, drug, toxican
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Blood

Blood | ===

CSF

BBB

——

ECF=ISF

CHOROID PLEXUS EPITHELIUM

Microvilli

Cilia

Anatomical barrier site:

* Leaky endothelium
* Moderately tight epithelium
: SR * Microvilli and basal infoldings
RBC Yo Vi increase surface area
1 j * Apical:basal specializations

Capillary

(Fenestrated)

5 2 M) ey Functions: CSF secretion, ionic
Stroma RN E regulation, xenobiotic exclusion,
‘ secretion of peptides
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Barriers and compartments
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[Arachnoid epithelium} ‘ rSubarachnoid CSF (SAS) I——»

BCSFB
Pia-glia A

Neurovascular Unit (NVU): Cell associations

l— Blaod Flow ﬂmhllu—l
/Miuwuwuw Parme.ab[uly\\k‘

Endothellum  <—Ceh Matrik ¥

Palcyies o _jarctransmittar Tumover—e- Qla

| S

Key barrier features: Tight junctions, transporters, enzymes
- Cooperation between cell types of NVU

Zlokovic 2008 Neuron 57:178-201

f
Cerebral endothelium ‘ Brain ISF | ——
BBB
Ependyma
Choroid plexus epithelium
{ pBCSFBp ]‘ |VentriCU|ar CSF I—
Bulk flow
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Blood-Brain Barrier Structure

g s
A
- TJd «

interaction | ew

s 7

A= astrocyte E = endothelial cell
P = pericyte BM = basement membrane

+ other cell types: microglia, macrophages, leukocytes
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Molecular structure of BBB tight junctions

Regulatory sites

. Apical membrane
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Abbott et al 2006 Nat Rev Neurosci 7:41

DEVELOPMENT OF
CNS BARRIERS
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Development of BBB — at the time of vessel ingrowth

Newborn
opossum

Tight

junctions

(TJ) Wht signalling :
angiogenesis +
barrier

development

3 kDa biotin “=xtran amine 30 min IP

Saunders et al. 2008. TINS 31:279

AP

Tightening of BBB
in rat pial vessels at
birth: tight junctions

17 18 21 1-5 8-10 2833
«+Fetal |

TEER: transendothelial
electrical resistance R,

Postnatal >
Age (days)

[ 1 fetalE17-20
Il postnatal E21 and older

Butt et al. 1990

EEREERE R R

A (Rcm?)

J Physiol 429:47
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Evidence for well-developed perinatal BBB

* BBB to proteins and macromolecules present in fetal and neonatal brain
(1,2,3,4,5,6,7)

* TJs develop between E11 and E17 in mouse, are barrier to proteins (6,7)

+ Efflux transporters mdria,mdr1b and mdr2 appear between E13 and E18 in
mouse (8)

« High electrical resistance present at E21 in rat (9)
* Permeability to 8Rb declines from 42.5 to 12.2 uL.g"".min"' from E21 to P2 (3)

* K, for mannitol is between 0.19 and 0.22ul.uL.g".min"! at one week in rat (same
as adult) (7)

+ Occludin and claudin-5 expressed in brain capillaries of 14 week human
fetus with same cellular distribution as adult (10)

* Work with stillborns and perinatal deaths showed BBB to trypan blue
present in human from 12 weeks gestation, comparable to adult (11)

(1) Ballabh et al. (2001); (2) Olsson et al. 1968; (3) Tauc et al. (1984; (4) Saunders 1992;
(5) Moos and Moligard 1993; (6) Keep et al. 1995; (7) Preston et al. 1995;
(8) Scheingold et al. 2001; (9) Butt et al. 1990; (10) Virgintino et al. 2004; (11) Gréntoft 1964

Perinatal CNS
barriers — BBB
effective, but some
leak from choroid
plexus or brain
surface (pial) vessels

Biotin ethylenediamine
tracer (BED, 286Da)
25 min after i.p.
injection

Opossum P5
(~=E19 rat)

Ek et al. 2006
J Comp Neurol 496:13
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FUNCTIONS OF BBB & BSCB

* 1. Control molecular traffic, keep out toxins
(precise connectivity: low cell death)
* 2. lon homeostasis - optimal neural signalling
3. Low protein environment, limit proliferation
* 4. Separate CNS:PNS neurotransmitter pools;
allow non-synaptic signalling —-
: : - Selective
5. Immune surveillance with minimal
: : advantage
inflammation, cell damage

* Functions needing tightest endothelium

Compartmental analysis: CNS Drug distribution

C: concentration Plasma
u: unbound

PS: permeability
X surface area
Cl: clearance

e
a . '
u,plasma \\ plasma

BBB .|..... b0 Sy BCSFB

PS c:Iefﬂux Cluptake

Brain \\CSF
Cbrain D cl;u.brain =1 C -

l !

Cl <
metabolism C
Ibulk

csf
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Perivascular space — flow of interstitial
fluid (ISF)
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Metabolic H,O

*brain
endothelial
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ﬁo astrocyte
53 PVS,
%, perivascuar
2 space
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3 —_— axon Source of H,O :
" ao | traet * Plasma

*_-a“@ « Metabolism
=0 [+ led CSF
+ some recycle
(7 Yaaed] Y
= | Low AQP | Abbott 2004
PVS Neurochem Int 45:545

Perivascular channels for ISF flow: human

Relation of
subarachnoid
space (SAS),
Virchow-Robin
space (V-RS),
and periarterial
space (PAS) in
human brain

A, arachnoid
PF, perforations
CAPS, capillaries

Zhang et al 1990 J Anat 170:111

Pathways across the blood-brain barrier
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CNS drugs : Molecular weight and lipophilicity

Learning from
successful
drugs :
Darwinian
approach

#  CNS stomulant

W yprossdaive

B Antrdeoressant

Bodor: Am d Drug Del 1: 2003
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BBB permeability and lipid solubility

cm/s
1e-3]

1e-4
1e-5]
1e-6]

1e-7
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-5 -3 -1 1 3 5
Log Poct

Adaptedfrom Levin 1980 J. Med. Chem. 23, 682-684

L rd

PC properties benefiting CNS penetration
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Common properties of CNS drugs

« small <400-500

* lipophilic logD,, 22

* neutral uncharged at pH7.4
* slim (x-sectional area) Ap <80A2

Deteriorating properties HBA > AR ~ HBD ~x > mw ~ logP > RotB

[ 1 2
PO]aFlty PSA>60 A HBA - hydrogen bond acceptors
* Lewis base strength AR - aromatic density
* Hydrogen-bonding esp. HBA, pH, HBD - hydrogen bond donors
* Branching x - branching index
mw - size
* # of rotatable bonds logP - lipophilicity

RotB - No of rotatable bonds (flexibility)

Improving properties

» optimimum lipophilicity and relatively high membrane diffusivity Pardridge (1998)
« presence of polarizable surface electrons, Zﬁ:y"i: ::.a(lig;?s}
e.g. conjugated or aromatic substructures or larger halogens

Norinder et al. (1998)
* aromatic density Lombardo et al. (1996)

Clark (1999)

BBB
TRANSPORT
Specific carriers

SYNG-PQ-00471719

SYNG-PQ-00471720

3 Blood-10-temin tnflux transponers

(0o st
Frsdnier 1 (BEATY)

BBB transporters

Ohtsuki 2007
Pharm Res
24:1745-58

”"@Ht

Nerairararvemy Extrmry
D N

@"

t»ﬁu
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Efflux transporters in the BBB and B-CSF-B
: Measurements to segregate drugs
Neuropil Stroma
Lipophilic Pgp
Amphiphitic —t—MRPl/ 1 ? 1 Quadrants I-IV
2/4/5 Lipophilic Pgp o 100 1 w0 1
—— Amphiphili MRP' = F e
MCA S r i, OpAfp':’ sl o B Nete oLon Quadrant llI
Ry MCTI okG =" 1—0AT1/23 x Q8T e e Enter brain,
. Ri DI 2 i
(5 —MCT2 | oc oct || £ 10 M"'.ﬁq/ {}?/’ P not Pgp
[ ] A 4
oA’ — — T (=% 4 i 2 ’ N
= g(ffﬁ — OAT3 ossy S 3 B .,: - ‘?L. —— substrate
—oatpl GSHx % | 4@y ro'® Sum® r8 SR
OA X 3 P ey | Ra
CGSH-x : COA‘{T‘) oatp2 g 1 M; o ,." r:'inf um® Fex ‘e
. >
T OALTY g’ép_[?m ! T OA "'“mtp:! T £ gl H As yet unidentified
ocY ; i T T transporters?
Biood ® 1 ocmviz| | csk Blood 1 3 10 100 1000
BBB Ependymal cp cp [plasmal] ,/ [brain] , Dobson & Kell 2008:
Eudothelium Epithelium Epithelium Endothelium ‘ ‘ ’;’%’;ev Drug Disc
Begley 2004 In Sharma & Westman volume (Spinal Cord) Kalvass et al. 2007 Drug Metab D ispos 35:660 .
SYNG-PQ-00471722 SYNG-PQ-00471723

—] : |
Comparison of ISF microdialysisy with CSF

ISF/Plasma;,

& baclofen

Drug metabolism
in BBB and choroid plexus

4

]
CSF/Plasmay,
Data : Shen et al. 2004 Adv Drug Del Rev 56: 1825

0 L] 62 o3 04 05 0.6
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Transporters and enzymes of the BBB
Blood

GLUT1  SGLTH1

Choline / {hiamine:
OCT?
MCT1 TR MRP L ALP GGT

N2 0atp2

GLUT3 NT(es) MNT(e

Braln endothellal cell

NOS AAD ACE ALD
L A ALPGGT
L}

Na/K Na/H
ATPase exchanger &

GLUT1

K+pump

Brain

Pericyte PP

Pgp L-carnitine:

Microgia ~ OAT?

Astroeylic endfeet
Pogt
TranspuanLur* | SGLT1-s0di glucose T N2, NT(as] NT(onvmﬁaosiﬂswnspuma!s:
Oatp2-rat org el 2. DATP-A-human crganic anion A:MCT1, 2 ficacid
transporters; TR-receptors for transferrin, insulln, leplin, lectins IGF's; Pgp-P- (MDR1); MRP-. i
protein; L-amino aclds L-system (LAA‘D A-amino acids A-system: Na*/H* -Sodium-proton exchanger; ALP alkafine
GGTx OCT-organic cation p OAT-organic anion transporier; Na*/K*-ATPase-sodium-

potassium ATPase: K‘ -pump - potassium pump. Agents : TNFa, IL-6 - cytokines,
Enzymes : MAO-monoamine oxidase; 281/2-CYP anzymes: 2E1-CYP enzyme; GSH-T-GSH-S-transferase; NOS-nitric oxide synthase;
AAD- ic acid yl ACE: i 1 ing enzyme; ALD- ydrogenase

From: Mertsch & Maas (2002) Curr. Med. Chem. - Centlral Nervous System Agents 2, 187

Metabolic conversion in the CNS

Phase 1 (Functionalisation)
MAO *: flavone dependant mono-oxygenases 2 : cytochromes P450 1.2.3
NADPH-cytochrome P450 reductase ' 3 : epoxide hydrolases .23

Phase 2 (Conjugation)
UDP-glucuronyltranferases 122 : glutathione S-transferases 123
sulphotransferases 22 ; catechol O-methyltransferases 123

Phase 3 (Export)
ATP-dependant transport of drugs and metabolites catalysed
by Pgp 12 and MRP 22 and also by OAT, OCT and oatp 12

1 BBB endothelium
2 Parenchyma (neurones and glia)

; i Adapted from Minn 2000
3 CP epithelium
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Drug metabolizing enzyme activity in brain, liver Summary: BBB enzymes as metabolic filter
Ratio of drug metabolism activity compared to brain cortex homogenate | drug OF toxicant l
Enzy;ne W Isoforrﬁ ."-.Bra.in Cﬁor-t;id _dlfactow N i.iver ---------
Microvessels plexus Bulb
caplfiary -
vesset  blood-brain-barrier ‘“_ ) target @rea
Y i T :
. 3; 2 — .|f‘ o e
Monoamine B 8.6 (rat) low 29 i o &
Oxidase 0.2 (human) = B, i,
Cytochrame 1Aand 3.9 20 42 >100 B - I
0l neuroma
Pas0 2B ot tgfhspors metabollt fitering ‘\; \ pge
NADPH-450 1.3 24 <0.1 = 20 -
reductase ® i ’ i
UGT 1A6 1.5 65 ~50
’ 1% Meyer et al.,
- C
Epoxide Micro- 5.4 35 0.9 34 j * e neg
Hydrolases somal o endSihEic el e v d Metab (2007),
SREEvEnCthedslce & 1 8, 297-306.
Glutathione-S- TSO 1.8 21 1.8 6.2 P
Transferase
UGT - Uridine dlphosphate glucuronosyltransferase Data from: Minn (2000, Pers.comm.) Downstream signalling: (dis)integrated brain network function?
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Gllal maintenance of BBB phenotype

Induction:
Junctions
Transporters
Enzymes
Receptors

Receptors:
* Signalling
within
Neurovascular
Unit (NVU)

* Regulating
Abbott et al 2006

» Tox context Nature Rev permeability
Neurosci. 7:41 and transport

Ve Y Ay, qs-m_l

*microglia

* Traumatic brain injury
» Hypertension

* Diabetes

* [schaemia, hypoxia

* {nflammation

« Migraine

+ Pain (inflammatory, surgical)
« Multiple sclerosis

» HIV-encephalitis

+ Cerebral malaria

» Bacterial meningitis

* Brain tumours

: Ep“epsy Eicosanoids
* Depression *de Vries 1997 Pharmacol Rev 49:148
* Schizophrenia ~ Cytokinas

» Age-related dysfunctions
« Alzheimer’s disease
* Parkinson’s disease
* Environmental toxins?

Characteristics of brain endothelium

| Inflammation, ROS implicated in many |

SYNG-PQ-00471730
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Species and regional
differences
in CNS barriers?

» f

Effect of species differences in blood flow

SYNG-PQ-00471732

A CBF
i Human~0.5ml/g/min

Ll Rat, mouse ~1.5ml/g/min

0201~

- {muman | eucine extraction

5 i)
|
T [ Slower flow,
S o & N
Ei I greater
: . rodent .
oo : extraction
P during CNS
wrioo transit
I PSSR S S T
R e Sage 1981 J Neurochem 36:1731

Cerebral blood flow (mt/100g/ min}
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Species differences

Using CSF to H Reiber / Proteins in caratrospinal fuutd and blood
estimate brain a =
tration i oo
ConcEn RS / T T2
.g s
- a@e (180}
g = QialQcen 1100180
8 200 aw {800}
L
1 80 £ 107

bumin_CSFiserum quotient  (SSE secretion

estimate with

intact barrier)

e i

Species differences

"

Cationic amino acid transporter, no CAT2 & 3 in human??

OAT1 OAT 3 (human CP)
Oat3 (rat BBB)

OCTN1 OCTN2 (human)
Octn1 octn2, octn3 (rodent)

MDR1 (human)
mdr1 mdr2 (rodent)

MRP1 4 5 6 (low3) (human)
mrp1 4 5 (low 2 & 3) (rodent)

Léscher and Potschka. Blood-Brain Barrier Active Efflux Transporters: ATP-Binding
Cassette Gene Family. NeuroRx. 2005 January; 2(1). 86-98

Kusuhara H, Sugiyama Y. Active efflux across the blood-brain barrier: role of the solute
carrier family. NeuroRx. 2005 Jan;2(1):73-85.
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Physiologically-based
pharmacokinetic
(PBPK) modelling

Low-dose, long-term exposures
of organic acid toxicant in brain.
2,4-dichlorophenoxyacetic acid

9 9

KA (2,4-D)
-t
] Hreoderma |
Brainstem
%y
o |
2 |
=
g?; _j_____.-—-'"_"'-_-I
Compartment — 2 40 fompAgiey
v [ I« Cria 2
9g 2 Restot the Body 7 ag 3 / s
~ 3 2, 4-D Img/xgday
Vimae2 3] //
e U T
H: By
cmm-a‘\:m- o
HIP: Hippocampus J
FB: Forsbeain

Kim et al. 2001 Env Toxicol Pharmacol 9:153

Ba: Brainstem
CB: Corsbellum

Good correspondence mouse in vivo
and in vitro Pgp function

(a) (1))

20. - 5 20
dape = D8I i . g c0 TR
r- 0% .3-2 b -gme
3'§A15 oo .. e —§~15. o oo )
ng ' El‘zg ' (] B
82510?‘ cet gﬁ's"‘o; ) i
iis : N :gé o ‘.. i
n..-,g 5 o §LIE S5
2%E Ex="
)~ crgt 02 o ®
B o e e 3 0 Y e
0 5 10 15 20 0 5 10 15 20

B-to-A / A-10-B at 3 hr in L-mdria

B-to-A / A-to-B st 3 hrin L-mdria ( . in vitro)

(mouse, in vitro)

Yamazaki et al. 2001

> Basis for cross-species PBPK modeling JPET 296:723
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Species differences: summary

1. Vascular: territories, CBF

2. CSF: secretion rate, leakiness of CP/subarachnoid
vessels, scaling for size

3. Plasma binding of drugs — will affect ‘free unbound’
concentration, PK

4. BBB passive permeability — well conserved

5. Regional differences — may be some variation

6. ‘Housekeeping’ transport systems — similar if not
identical (may affect rank order of uptake, efflux)

7. Metabolising enzymes — may differ in isoforms,
activity

8. PBPK helpful for modelling species and regional
differences

PARAQUAT
AND
CNS BARRIERS
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PARAQUAT PROPERTIES

* 1,1-Dimethyl-4,4'-bipyridinium dichloride
« Para-substituted quaternary bipyridyl di-cation

* Non-selective herbicide. ICl - Syngenta
(Gramoxone)

» One of most toxic herbicides (>40mg/kg)

PARAQUAT (PQ) CHEMISTRY

Similarities of PQ structure
with MPP*, neurotoxic
metabolite of MPTP

£Ha tHa CHy GHy

|
N @ NETI® @ gio

[

@

N@g&)
Does paraqu.at cause wn e et 5.‘3:;,.7.;
a Parkinson-like syndrome?

SYNG-PQ-00471740

Bartlett et al. 2009 Brain ™ ~ 1259: 74
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PEAMEABLITY AKALYES = THE: AT PLEL~KN 2000 2N
PARAQUAT Simulation using pCEL-X

woT RgPloer pCEL-X software to predict

447 logP(fitter) . .

DYPR passive permeation, Caco-2
(36 % 10-6 anis) . &)

o epithelial model

e o PERMEABILITY PROFILE

Eongne—w & 1 L : - Predicted

ey A logPoctanol -6.3

AOUTOLS BELNDARY LAYER ;{—3 A b P'CEL'X

o Q-4 . prediction,

(S R— S-5F epithelial model:

ookt TN ~6 - cell membrane

By -7 permeability <<

el 2 3456789101112 paracellular

o oo [T sttty p permeability

SR SR —

s §OET&E By permission of Dr A Avdeef

PARAQUAT PROPERTIES

* Permanently dicharged highly soluble cation

* Predicted logPoctanol -6.3

* P-CEL-X prediction — epithelial/BBB model —
cell membrane permeability << paracellular
permeability.

* PQ oral bioavailability low -~10%.

* Not subject to metabolism in body, rapidly
excreted in urine |

« If enters brain appreciably, expect this to by via
transporter(s) or leak into CSF

* What about efflux?
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Does Paraquat (PQ) get into the CNS ?

Early work

» Smith et al. 1990 Lung toxicity PQ related to polyamine
transporter (PAT), uptake into alveolar Type Il cells

» Shin et al. 1985. Detectable polyamine transport rat BBB:
BUI putrescine, spermidine, spermine 5.3-6.1% (baseline
~2%) 34% of this is carrier-mediated. But saturated at
normal blood polyamine levels.

* Corasaniti et al. 1991. HPLC. PQ able to cross rat BBB,
dose-related, entry higher in young (2 wks) and old (12,24
month) c¢f. 3 month.

vt g preadasmen

Superoxide production by brain and microvessels

i |

e -

e ——

[ “
[T

Menndiane Mitomydin b

Tk
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“
= -T=
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w i
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! .
i _
n

o Nn MICKD o LU e MIs 40 w N

I hanitrasepam Paraquat

| PQon brain
microvessels:
O, production
stimulated by

! NADH nuclectide
cofactor

Japetey de prac i %0

|
] nk
L

nMITo e R

A e} v MR N

Ghersi-Egea et al. 1991 Toxicol Appl Pharmacol 110:107
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Paraquat
distribution in
brain related to
regional blood
_ o volume (inulin
5 space, ul)

o i s H 1
o 0.2 0.4 0.8 [02.] 1

{14-Cl-Parnquet (nmol}

10—

Blood volume (uf}
o
T

B. Inulin distribution (blood volume): black, perfused PQ remaining in

o R brain at 24 hr

IEF [ | mainly associated
EL b { H H
g b with vascular
3. -- IR elements ?

:E z i | !

;f‘;" ; I yp‘j : fef N:)zl:oret?l. 1995 Hum Exp
gﬁﬁfﬁf’#}#ff Toxicol 14:587

Concentralion (nmol/g wet welght} »

Concentration (nmol/g wet weight) ®

0.5hr

Age-dependent entry
[14C] paraquat to brain

20mg/kg s.c.(median
lethal dose), rat

123 1. neonate (10 day)
2: adult (3 month)

3: elderly (24 month)

Initially in more permeable
BBB regions, then in most
of brain by 24 hr, especially -
in neonate

Widdowson et al 1996a
Hum Exp Toxicol 15:231
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PD? Multiple paraquat oral dosing in rat caused no
detectable change in behaviour or neurochemistry

Locomotor activity

= * 5mg/kg/day, 14 days: conc in brain
reached 10x higher than single dose.

« No change in behaviour, nigro-striatal
neuronal cell death

» Neurochemistry, higher DA striatum

Control

T_II

‘Number of lwge movements =
8

Time performing movements

&

. x i L
oI5 20 2 W 5 45 50

g

-

:

‘Time Performing Movements
(secV Time Pusiod
3

Number of smalll movemets ¥

L] w15 | 3 N0 N M A n
‘Iime (min)

ftmobile
C PQ

Conclude’ ™" not like MPP+
Widdowson et al. 1996b Hum Exp Toxicol 15:583

Does Paraquat (PQ) get into the CNS ?

* Ghersi-Egea et al. 1991. PQ + other xenobiotics cause generation of ROS in
brain cells and endothelium, via NADPH-cytochrome P450 reductase. Potential
toxicity on BBB, neurons, glia, microglia etc.

» Naylor et al. 1995. BBB impedes "*C PQ entry rat brain (c1/3 values HPLC
method). Max entry (0.05% dose) within 1 hr, 13% residue at 24hr, associated
with vascular elements? Especially pineal, lining of cerebral ventricles, olfactory
bulb, hypothalamus, area postrema (‘outside BBB or no BBB'). No evidence of
neuronal damage.

» Widdowson et al, 1996a. 14C PQ entry rat brain, greater and more sustained in
10 day old cf. 3 and 18 month old. Most entry in regions with more permeable
BBB (dorsal hypathal, area postrema, an olfactory bulb), though more diffusely by
24hr.

» Widdowson et al. 1996b. PQ causes no detectable change in motor behaviour,
neuronal cell death; increase in striatal dopamine concentrations due to PQ-
induced stress?

* * Poduslo et al. 1996, 1998. Polyamine modification of proteins including growth
factors improves CNS access, via polyamine transporter BBB?

SYNG-PQ-00471748
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Does Paraquat (PQ) get into the CNS ?

* *Chen et al. 2007 Paraquat transported by renal hOCT2
(basolateral), h(MATE1 (apical) (HEK-293 study). BBB
expresses luminal OCT - would favour brain penetration. No
MATE reported.

» Purisai et al. 2007. Microglial activation (LPS) priming —
exacerbates PQ neurotoxicity against dopaminergic neurons.

+ Gradinaru et al 2008. PQ upregulates choroid plexus UDP-
glucuronosyltransferase UGT1A6.

+ Bartlett et al. 2009. Rhesus macaque PET "C-PQ bolus
injection 0.1-0.4ug/kg iv. Some in CSF, little detectable in
brain.

* Prasad et al. 2009 Toxicokinetics and toxicodynamics of PQ
accumulation in brain. Plateau after multiple doses.

PARAQUAT PROPERTIES

* 1,1-Dimethyl-4,4’-bipyridinium dichloride

» Para-substituted quaternary bipyridyl di-cation

» Non-selective herbicide. ICI - Syngenta (Gramoxone)
» One of most toxic herbicides (>40mg/kg)

» Permanently dicharged highly soluble cation

* Predicted logPoctanol -6.3

* P-CEL-X prediction — epithelial/BBB model — cell membrane
permeability << paracellular permeability.

» PQ oral bioavailability low -~10%.

* Not subject to metabolism in body, rapidly excreted in urine

* If enters brain appreciably, expect this to by via transporter(s).

» Evidence for significant entry in rodents: rat, mouse. Primates?

» Candidates: L1, polyamine transporter, OCT? Problem — efflux
transport? No metabolism in brain.
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CONCLUSIONS

* PQ enters rodent brain rapidly, cleared slowly

+ BBB uptake transporters L1 (+OCT? PAT?) + leak into CSF implicated

« No metabolic breakdown in CNS

* No clear efflux transporter from CNS

« Very slow clearance suggests intracellular sequestering in CNS — potential for
long-term toxicity

» Similarities between species in CNS barrier organisation and uptake
transporters mean it is likely that similar toxicokinetics and dynamics will apply
in humans. Low dose PQ bolus PET study in primates may not be sufficiently
sensitive to show CNS distribution

« CNS barriers more leaky/vulnerable in neonate, possibly also in old age

« Entry PQ into brain can be increased by other toxicants, e.g. DTCs

« Neuronal damage by PQ exacerbated by LPS/infection — priming role of
microglial activation

* Need more studies of mechanisms for CNS uptake (BBB, CP) and
efflux/clearance of PQ, in combination with other potential compounding factors;
PBPK

» Combination of carrier-mediated uptake with very low clearance and
known toxicity: problematic profile

SYNG-PQ-00471764
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Microglial activation: priming event leading to
PQ-induced dopaminergic cell degeneration

A 12 - A
1+ it .
gﬁ i }; .
Sl AHE
,.- _; B éﬁll- z o
. g B
h n B4
HE ) s
L L
;m ¥ ) ¢ 80 gg |
5 8 * %%" z @
Es T B - Sane  « - s -
34 kK %ﬁ”' i [i LPS(Z"\W:; - - : : E
E s 1 I & Lrsgmyhg) == @ = < A
3 : oo g RS 3. LPS + PQ: neurotox
Controt 0011 dmy2 dayd dev? ng; - - H .
Pamquat

Purisai et al. 2007

1. Activated microglia 2. Protection by minocycline Neurobiol Dis 25:392

Drug and xenobiotic-induced upregulation of choroid
plexus metabolic enzymes

Table1 1-Naphthol UGT1A6 ﬂﬂd NADPF ytock P450 red y ities in rat choroid plexus isolated after an in vivo treat-
ment with either: 3-methylch P barbital N yel ine or parag

P

Treatment 1-Naphthol UGT | A6 specific
activity (nmol/h per mg protein)

NADPH-cytochrome P450 reductase
specific activity (nmol cytochrome
¢ reduced/min per mg protein)

Contro} - 115324+ 24.17 24.55 £ 827
3-Methy!lcholanthrene (50 mg/kg i.p. daily, for 2 days) 354.25 & 85.44* 2508 £7.17
Phenoburbital (80 mg/kg i.p. daily, for 3 days) 127,15 £ 40.11 26.12 £ 9.85
Dexamethasone (50 mg/kg i.p. daily, for 4 days) 110.45 & 25.08 25.58 £ 1005
Cyelosporine (30 mg/kg i.g. daily, for 6 doys) 125.87 & 34.49 23.66 +7.85

| Paruquat (25 mp/kg i.p. daily. for 2 days) 257.51 + 49.66* | 26.54 992

Results are gwen as mean = SD, n = lO n numberofammnlc

ip. peril inistration, i.g. intragastric ation
* Significanily different from control rats (P < 0,001, Student r test)

PQ: upregulation of choroid plexus UGT1A6
UDP-glucuronosyltransferase

Gradinaru et al. 2008 Arch Toxicol. Nov 21
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Paraquat toxicokinetics and toxicodynamics in mouse brain

1. Concentration in brain

o

A = DA

HYA
- Expt [ . E ﬁgc

Paraquat
toxicokinetics and
toxicodynamics in

= 5-HIAA
e NE
- mmm DOPAC+HVA/DA
. ® SwieumEwpt. | 2. Strain differences in clearance % »
@ Sukatnn Expt. | " .
) Y Forcntey f mouse brain
¢ i B Cersuolum Expt, H g .
g 15 : = 0.0 ] )
L q N
gl & 5 Wbl i, I E ﬁ h 3. Effects on striatal
o . [ el « Nobaw 0 h- s neurochemistry,
é I SHREEn B 7 days after dose
00 - .
o e 12 B B W ¥ e = Exptll = DA 10 mg/kg ip
£ “~__ Half-life 1-3 months .
i 2.0 \ . mon popAC C57BL/6J (B6J)
== 5 . £ = -
g 020 -20 =+ r T 25y - i . . N
o1 0 50 100 160 200
§ o0 I II I Days Atter Single ip Doss (10 ma/kg) g 15 i i
: l =8 =8 _ hh Prasad et al. 2009
e | Prasad et al. 2009 Exp Neurol 215:358 i L Exp Neurol 215:358
Dose
SYNG-PQ-00471760

SYNG-PQ-00471781




Paraquat crosses the rat BBB Paraquat crosses BBB by L1 (LAT1) amino acid carrier
g : ik A Sl e paraepet o] Servm parqat Rt Transport
2 i - B Povaquai: 20 mg/g (n = 8) O-1 T 1-2h =1 h 3h . .
3 ) oL et tomusigina Brai ialvsi T06 305203 ALY 3, inhibited by
_§ rain microdia yS.|S7 Pnqual 8 13220397 0712013 0062023 11742280  0.032+0.006" L-valine,
| HPLC-UV detection gr:ﬁ.l::f § 3470000 1504036 0841026 759s174 010040028 L-lysine.
+L-lysine
:
j:|
'E o1 4
T . nIpsiTatenal  Contra [ateral Locally injected PQ:
T sscanimgy PRgwT U ED s Striatal neurone
ime n t 3+6.8*
No detectable MPP* entry with Na- e Ringers so. oo NP E,Sﬂd";f,ﬁﬁdem not
lutic . 3
Bow 7 Serm Sranlexmeeeliales Tevel Rt Pn_:;gu-l (S0 uM) 3 169.1+60.5 ND blocked by putrescine
- {rmmolfiml) {mmwlfml) with putrescine (S0 uM) 2not PAT
Smaky 3 1426130 0.28::0,06 0.208+0,061 MEEZQO10D 320 NP )
Wmgkg § 88079 0.36+0.09 0.126=0.03)
};Pl;ﬁlkg &  B8.01424) 0.494£0,09 0.085+0.023** Sh’m’zu et al 2001 Shim,zu et a, 2001
Omgs 4 Geass o deted : Brain Res 906: 135 Brain Res 906: 135 » PQ crosses 3 membranes
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Paraquat entry to braln 14C PQ brain entry increased by Mn2*-ethylenebis-DTC
. reduced by competing L1
saline/ ¢ t b trat
saline ransporter substrates o i A e e
P i Bat=cth.r SNV I e DTC:
30mg/kg PQ ip. Antibody to detect PQ. ! o ; - Dithiocarbamate
L-DOPA, L-valine, L-phenylalanine pretreatment S, ass pesticide
(30 min) reduced brain entry PQ i o451 § .
P I e i L
;aolme/ ! 20 :,"b%éb S)OQ(,@\'\QG OQ o o 31 4 & 8 10 w o 3 ¢ . ® u
1 Thw (Hour) Titme (Hours)
B s -
B, :
T .
£ s },
> £
Lval £ oll.l e, {°
PQ TH-immunoreactive Nisshstained y
L-DOPA protects against PQ neurotoxicity S A — Barlow et al. 2003
ot Tine Howrs) J Neurochem
McCormack J Neurochem 2003 85:82 85:1075
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14C PQ brain entry
increased by Mn2+-
ethylenebis-DTC

Residual PQ in
brain cleared
slowly

» DTC inhibits
efflux transporter?

g

Pareyust Concontration G
U Prosmnce of Ma®* ehpienctie ITC
12 br covngmred (o | br (%)

Barlow et al. 2003
J Neurochem 85:1075

——

Does Paraquat (PQ) get into the CNS ?

» Shimizu et al. 2001. Rat brain microdialysis/HPLC-UV.
Detectable entry PQ but not MPP+; BBB intact after PQ
treatment. Uptake PQ BBB inhibited by L1 substrates: L-
valine, L-lysine. Uptake into striatal neurones Na*-
dependent, not PAT.

» McCormack & Di Monte 2003. 30mg/kg PQ. Antibody to
detect PQ. L-DOPA, L-valine, L-phenylalanine pretreatment
reduced brain entry PQ. PQ entry BBB via L1 amino acid
carrier.

« Barlow et al. 2003 '“C PQ enters brain, peak levels ~1hr,
certain dithiocarbamates increase brain uptake PQ - by
inhibiting efflux transporter?
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==

["'C] Paraquat in primate: low CNS distribution

Axial

Sagittal

PET study Rhesus macaque

30kBq/ce

Single bolus
injection PQ
0.1-0.4ug/kg iv

Rapid CNS
entry,
clearance.

50-80 min

Bartlett et al. 2009 Brain Res 1259; 74
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['C] Paraquat in primate: low CNS distribution

147 A 1448
12 A Caudate Nuclaus 12 @ Putamen Standardized
2 uptake values
5 08 (SUV)
§ 04 n=4 subjects
me(eeD sime (peck + fitted plasma
w € 1410 SUV curve
o 1 (scaled to 5%
10 10
3 o g o8 CBV)
6 2 o0s l{
E os » 1
02 i ] i t = 02 t I ] 3

o 1000 2000 3000 4000 5000 o
Tima (sec)

1000 2000 3000 4000 5000
Time (sac)

Bartlett et al. 2009 Brain F '259: 74
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CIRCUMVENTRICULAR ORGANS IN RAT

<~ cerebellum

\ 7 cale |

cp

4t ventricle

Ueno 2007 Curr Med Chem 14: 1199
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CNS interfaces and barriers

PiaVessels
TJ
‘ cvo >

Tanycytes |

Ependymal cells

CSF &

Wolburg et
al. 2009 Cell
Tissue Res
335:75

Migration of grafted Schwann cells
along perivascular spaces

b,
blood vessel

PVS —also
migration
route for
malignhant
cells

Li & Raisman
1997

Exp Neurol
149:397
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Source of ISF ? Model of ion transporters
and channels in brain endothelium

C -
L) Q m I S
--HCO, - /
| Laniliary
| Enduthelial Cel
Capillary
Endottzlint Cell |

Schielke & Betz 1992

Properties of the brain endothelial cell membrane

IAnna Seelig 2007 J Mol Neurosci 33:32

« Lipid bilayer: liquid crystalline
state, crystals perpendicular to
surface

* Aniosotropic (cf. isotropic
octanol, hexadecane).

« Average order fatty acyl chains:
high close to head group, low in
centre of membrane.

+ 1Order: high % lipids with small polar headgroups (PE, SM,
cholesterol).

« |Order: high % unsaturated fatty acyl chains, increased concentrations
amphiphilic guest molecules (e.g. drugs).

» Transmembrane proteins good match with lipid bilayer properties —
hardly influence bilayer properties.
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Properties of the brain endothelial cell membrane

Anna Seelig 2007 J Mol Neurosci 33:32

« Lateral packing density (/4,) mN/m: intestinal barrier 28,
BBB 35

* Energy required for membrane insertion AW=A.71
(cross-sectional area x packing density).

» Lipid:water partition coefficient | with 1Ay and (/7).

» Molecules spanning half membrane (long chain FA,
lipids) move by flip-flop.

» Charged molecules can insert, but only uncharged form
can cross hydrophobic core.

» For CNS entry: limiting cross-sectional area ~AD70-
80A2, ionization constant pK, = 4 (acids) — 10 (bases).

SYNG-PQ-00471772

Properties of the brain endothelial cell membrane

‘Anna Seelig 2007 J Mol Neurosci 33:32 [ 3-D calibration

diagram for
BBB
permeation

' oo : cross BBB

om ; don't cross

Cross-

sectional #

area Ay
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Shapes of Fatty Acids vs.

Verapamil

Anna Seelig 2007 J Mol Neurosci 33:32

Pyrene nonanoic
Acid (14) (high
passive influx)

Antroyloxystearic
acid (15)
(low passive influx)

Molecules in membrane-
bound amphiphilic
conformation

© «— Area Az

Verapamil
(12) (Pgp efflux)

Pephde probe seleunon

Target protein amino acid sequence MRM ana|ys|s
Hypolhelicaly trypsin digestion in-silico
Select peptide probes using defined criteria; Tisaues
synthesize sat of unlabeled and stable isolope
labaled forms for each targel prolein
Trypsin digestion

Develop 3 MRM method derived from different  peptida fibrary
fragment ions of each peplide prabe
s N
Analyze dilution series of  Quaniitative analysis of sample after

standards (o get adding stable isolope-labeled peplides
calibrotion cul " o
DATA analysis
Protein A Protein 8
Uninbeled peptide  Lubuled peplide  Uniabeled peptide uneloa peptive
A ALY MR AL - . MR R
WL! LFA-E M BT
|__ | i I
BT A Leaaan B3
L “‘ T

Time {min)

Idantify specific signal peak by agresmant of retention time
betwean 3 MRM recordings and calculata quantitative vaiua of
each MRM r:cording

Caiculate average of 3 MRM values for each peptide

Quantitive data

Multl-channel

Powerful W

method for
quantitative
proteomics

MRM:Multiple reaction monitoring

Rat brain capillary
transporters detected:
Mdr1a, Mdr1b, Mrp4,
BCRP, 4F2hc, Asct2,
Glut1, Mct1, Lat1, Oat3,
Oatp2, Oatpf, Taut

Basis for
pharmacogenomics

Kamiie et al. (Terasaki)
2008 Pharm. Res. 25:1469
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Efficacy with low brain
penetration

Triptans
« Zolmitriptan and sumatriptan

* Brain,/Plasma, = 0.02, 0.08
(Kalvass et al 2007 Drug Metab Dls 35, 660-666)

Reasons?
* Removal by CSF bulk flow
» Non-CNS target (vascular)?

Adiponectin 150kDa
* i.v. injection = weight loss in leptin-deficient obese mice
» Detected in CSF 3hrs after i.v.

* CSF/serum = 0.001
{Neumeier at al 2007 Am J Physiol Endo & Metab 203, E865-E968)

Reasons?
« Small blood-CSF barrier penetration

- Sites of action AdipoR in hypothalamus and
paraventricular nucleus close to CSF

» Rapid degradation (therefore difficult to detect)?

Triptans, rat plasma/brain

g

g o B
g
£ izo
I?.' _-‘“\N re
£
&
1 10 100 1000
[plasma} , / [brain] ,
E Adiponectin, human
10 o
E
[=.]
| =4
w
[72]
(8]

0 5 10 15 200
Serum pg/ml
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Functional drug efflux transporters, rat

Blned Brain CSF

Distribution of Brain ABC Transporters

Mexux

[T {» ag 8]

G Fricker
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ABC Transporters: efflux and metabolism

Hypothesis — Interaction of ABC Transporters

G Fricker 2007

REGULATION OF

TRANSPORTERS and
CYTOCHROME P450s
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BCRP
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Dauchy et al. 2008
J Neurochem
107:1518
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Role of BBB in cerebral sterol homeostasis

ABC Transporter expression
bovine BCEC

» Coculture with astrocytes (Coc)
+ with bovine capillary extracts BC)
« with pericytes (P)

ABCGH1: cholesterol efflux

ABCA2, 3,7 induced by cholesterol

ABCA1: ApoE- dependent cholesterol release
ABCAT: ApoA1-dependent cholesterol release

Gosselet et al. 2009 Brain Res. 1249:34
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kkegulation of transporter expression

' L:‘"-.T-'

Cloteginy JCCROR
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m":&:" Actis/Vincwiin

JUNCTIONS JUNCTIONS

Zlokovic 2008 Neuron 57:178-201

Receptors of the LDL-R family

Lipoprotein receptor expression bovine
BCEC

» Coculture with astrocytes (Coc)
« with bovine capillary extracts BC)
» with pericytes (P)

Gosselet et al. 2009 Brain Res. 1249:34
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Role of BBB in Alzheimer’s Disease : Ap transport

Modulation in hypoxia

L _
g il e
\\' MJME
VAR
P &

Zlokovic 2008 Neuron 57:178-201

Expression profiles of CYP genes in hCMEC/D3 cells

SYNG-PQ-00471764

TCDD - agonist for AhR — aryl

IS vehicte tymredt cefts hydrocarbon receptor (transcription factor)

100+ T TCDD-treated colls
-
&
£ 50-
&
-
‘.E 25-
:l B -
T 2-
2 l
1-
o- e

GYP2J2
CYP1B1
CYP2C18
CYP2DG
CYP1A1
CYP2E1
CYP288
CYP2R1
CYP251
cYyPau1

Dauchy et al. 2009 Biochem Pharmacol 77.897
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P450 in brain

Pons -
Mouse brain BBB Pia Mater

Heacorien Hippocampus

Olfactory bifb _..;7
T, 8

ianigm  Pons Rrainstem

CYP2C29, phenytoin-treated mouse CZI:;?l

Regions with strong P450 expression:

Barrier regions (Blood-brain barrier & CSF- brain barrier)
Steroidogenic & steroid-metabolising regions of the brain

RP Meyer et al., Curr Drug Metab (2007), 8(4), 297-306.

P450 & AR in human hippocampus

Androgen receptor- and CYP3A4-expression are enhanced in
hippocampal pyramidal neurons of patients with temporal lobe epilepsy (TLE)

CA2 P o7 g
pyramidal neurons i -:é_‘- Ay
i s 2
Patient with TLE, ERE a'!",,
treated with Bk :-‘( § s e
carbamazepine i AR
CYP3A4
Ty s g3
Contral patient, oS :f
(accident victim) — el gl
untreated, AR R e =
no neurological R -_:p"‘-‘.'
symptoms .:‘ e« e
SRR S5 RO

N. Killer et al. Epilepsia (2009) in press
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SUMMARY

* Wnt signalling important in angiogenesis,
development of BBB phenotype

» Significant regulation of expression (and
activity) for active efflux transporters

» Some reported regulation of other solute
transporters

* Regulation of receptor-mediated transcytosis
* Regulation of cytochrome P450s

| » Physical, transport and enzymatic barrier — all requlated |

SPECIES DIFFERENCES

SYNG-PQ-00471788
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Evolution of BBB

Gnastt {jawed ver! )

Oshkichthyes

Agnatha +
(awless vertebrates) Chondrichthyes Adtinopterygii Sarcopterygii

Adinistia Nf!url‘uplu

Mydni  C i i El hii  Hol i € Pdyp
(hagfishes) (lempreys) (sharks.sketes,reys) (chinaems} (sturgeors) Teleostei (bchim)

—_—

B

e italics: BBB studied before

*New studies : Sturgeon, Bichir, Lungfish

Bundgaard & Abbott (2008) Glia 56 (7):699-708

Shift of barrier layers during evolution

Brdu, Repliew new
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Adult Zebrafish BBB (Teleost, endothelial)

A & _2¥a e ' D ) RN R . Tight junction
PG4 cg; b e OE o proteins:
1&1' = "-_u'f-. - 3 & - .'m.-l 4 s '/_ - =3 ) ’ e _
¥ i ‘] Vi - “‘5‘ - PTIR E h Ar \5{' ZO1
g TR T el R.\L‘_ily_é- R "4 Claudin 5

HRP Sulfo-NHS-biotin Jeong et al. 2008
Brain Res Bull 75:619

S

Limited origin of inbred mice strains

a b . e d 000
§ - eDusculis = ‘
e Curnpa
5 [ .
= Northern China y
) . _« -~
s M “ i
g JIE o European
g +7 castaneus ‘fancy’'mousa
2 g V\:.Iu;gl‘ AsiAam Classical inbred
oulbenitarn -
£ o € mousa strains
§ Saullu.:\ hing anmesticus  FAISBT L)) 68%,
2 ___h‘ mofossinus (MOLF/FiY) 10%
o ! ‘nusculvs (PWID/PhJ) 6%
domesticus castnaus (CASTTY) 3%
Wealem Europs Unkrown ongin 13%
Approximate 1,000,000 -10.000 -1.000 -100 =
{imefine (Yoars)

Frazer et al. 2007 Nature 4448:1050

SYNG-PQ-00471702

SYNG-PQ-00471793




Variables in uptake

Age
1Pgp (Toornvliet et al 2004)

tBody mass index ({venous pressure)
Reduced CSF drainage, elevated CSF drug
concentration

(Seyfert et al 2002)

Pathology

‘Sticky’ lumen — binds protein, increases Vi
(Poduslo et al 2007)

BBB breach (AD etc)

Differences human and mouse Pgp drug specificity

Basal to apical vs Apical
to basal transport ratios

[33
o

-
(0]
T

Transfected LLLC-PK1
porcine renal epithelial
cell line

B-to-A/A-t0-B at 3 hr in L-MDR1 (human)
) 1)

Yamazaki et al. 2001
JPET 296:723

0 5 10 15 20
B-to-A/A-0-B at 3 bhr in L-mdria (mouse)
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Regional differences

Leucine transport (rat)

Vmax Highest in cortex (greater capillary surface area?)

No differences in Km or Kd (Smith et al J Cereb Blood Flow Metab. 1985 5:300)
Blood flow (rat)

Highest in grey matter, caudate nucleus & occipital lobe (0.030ml/g/s)

Lowest in cerebellum and white matter (0.018ml/g/s) but highest sucrose space
(Rapoport et al 1979)

Sucrose space (rat) Blood flow

Olfactory bulb 4.68% Parietal grey 0.040 ml/g/s
medulla Colliculus

cerebellum caudate nucleus

frontal lobe occipital lobe

Parietal grey frontal lobe

pons th_alamus + hypothalamus
occipital lobe hippocampus

colliculus pons

thalamus + hypothalamus medulia

hippocampus l, white matter

caudate nucleus Offactory buib

white matte 1.14% cerebellum 0.017 ml/g/s

Species differences

+ Evolution of BBB - insights into origin mammalian barrier

+ Need to document, understand species differences among mammals and
human, to build in to modelling (including PBPK) and to avoid problems in
extrapolation

« Take into account history of specific animal models, e.g. rodents, mouse
strains, KO etc

» Size differences — will lead to scaling factors, especially for CBF, fluid
compartments and dynamics

« Differences in anatomy and territory of cerebral vasculature
* PK (concentration vs time curve plasma); protein binding

+ Passive permeability BBB well conserved. Justification for in vitro and animal
models, PAMPA

« Uptake transporters — some differences, e.¢g. amino acid transporters, but
functionally similar

» Efflux transporters — most variability especially MRPs (may be linked to
metabolic differences)

* Note - some reported differences may relate to techniques used, se ity
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Species differences

* Disease models — many, few mimic closely the clinical condition — e.g.
stroke, multiple sclerosis, Alzheimer’s. Differ among themselves, and
between species

* How to choose model? Need to check against human disorder to
decide on relevance. May get mechanistic information from animal
models, but finally require validation and methods to monitor therapy in
humans (e.g. imaging, biopsies, post-mortem, blood and CSF
sampling, microdialysis in patients)

* Some treatments effective in rodent models, not in humans (e.g.
stroke therapies, AD..) Check and understand better the timeframe,
window for intervention, balance of elements in pathology

+ New therapeutic targets in early stages of disease, including BBB.
Couple with early diagnosis of BBB disorder.

* Extrapolation, toxicology etc. Warrants BBB Club Symposium on this
topic. Examples of current practice from companies?

v L] —

BBB MODULATION

SYNG-PQ-00471788

‘_TAgents that increase’ permeab.lhty

BBB Perineurium

Histamine (H,), 5HT, bradykinin
Arachidonic acid

A23187

Bile salts (DOC)

Non-ionic detergents

Reactive oxygen species (ROS)
*Nitric oxide (NO high)
*Glutamate

*ATP, ADP, AMP + ?
*ET-1, Substance P |
*Cytokines, *MIPs
*VEGF

+ + 4+ ++ + + +
N+ o+ o+ o+

*Secreted
by
astrocytes

+ +
)

+
)

L l | } ] | Lil i | ALY
PRI I S TR O O L e R !1! ‘-l'i‘l 'lzrh-!mw F 2t L RN T S e

BT 10 O ;ﬂ”z!(mww ‘Hﬂlm WUEL nr’*xm w:mumm

Agents that decrease BBB”p"é’r‘fﬁéé‘b‘ilit'y.
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TcAMP

Histamine (H, high)
Adrenomedullin
Noradrenaline
Dopamine
Adenosine A2

by endogenous

> BBB can be tightened

and exogenous agents

Nitric oxide (NO, low)
Bradykinin? (low)

Corticosteroids
Fluvastatin
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Source of modulating influences at BBB

Blood side

Brain side

Abbott et al 2006 Nature Rev Neurosci 7:41

»Physiology, pathology
> Therapeutic BBB modulation for drug delivery

Role of

Mirogindcel aStrOCyteS

< " and

= microglia in
BBB
modulation

~—— in pathology

Abbott et al 2006 Nature NS Revs

SYNG-PQ-00471802
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Signalling within
the *perivascular
>wie gpace: role in
s pathology

*especially post-
capillary venules

O  pro-inflammatory cytokine {IL) / TNF)
" pro-Infaramatory cytokine receptor

8 optincins Konsman et al. 2007
® [t Clin. Sci. 112, 1-25

@© proposad cytokine action
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In vitro Models of the Blood-Brain Barrier

- ————== =

- ECV304: Endothelial-epithelial phenotype, co-cultured with C6 glioma celis. Hurst
and Fritz. (1996) J. Cell Physiol. 167: 81-88; Easton & Abbott (2001) Brain Res. 853:157

+ Primary rat brain EC (RBEC) cultured with rat astrocytes. Abbott et al. (1992)
J. Cell. Sci. 103: 23-37. Perriére et al. (2005) J Neurochem 93:279.

S Fredriksson

WPI EVOM STX-100
TEER 50-600 ohm.cm?

BECs

Astrocytes

Use at ~4 weeks +

Endotheliz’ Hlis

Glial cells

Cross Section Brain Microvessel
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S AR

Bradyklr{in nﬁodulat;on of,.rat brain endo;chéjzal cells i

Effect of TNFa on bradykinin response ?

Inflammatory mediator
Bk Hoe 140 L sx _—
Aristolochic acid \ }31 22 ° = [ éOO M TN | CYtOkl ne
%5 1 l' 5 _fonMBk £ . |modulation
' = |2 0"!!;:!!2?.%1 ney .
‘ 2+ S qelrel e
Indometh *  NC s %g 204 - ’ T_[ i h [ 'IT\Fa+Bk TNF-a
" 1§ 1 il
cyclox,”” S TJ 2z jﬂgm augments
Eicosanoids  Leukgtrienes y ... T || EE 60- ‘” Bk-induced
LTC4 efc/‘/._:”'-‘. . & TEER
Ny - . g
: context: . . . . : ecrease
eNOS . 0 5 10 15 20 25
Lw”' a7} |[* cytokines? Tis (i) Can this be
. — . e ]
v 1 = — S Fredriksson Mean + SEM n=3 blocked ?
PGI, NO
e s In vitro BBB Functions of BBB & BSCB:
: °‘ﬁ¥ -;—m— Eggmmfk Effects of barrier breakdown?
§ gﬁiéi;iiié? " PeigenimsTF-as8k .
2 i . .
1 ﬁnmum Flavonoid 1. Control molecular traffic, keep out toxins
i . . recise connectivity: low cell death
g (flavone) Apigenin (P S ) .
’ Towm 2. lon homeostasis - optimal neural signalling

blocks augmenting

s NI effect of TNFa on

zs ' Bkresponse

£ _ Mean + SEM n=3
oM. - T 1 % S Fredriksson

3. Low protein environment, limit proliferation

4. Separate CNS:PNS neurotransmitter pools;
allow non-synaptic signalling

5. Immune surveillance with minimal
inflammation, cell damage

Disturbed CNS barriers : increased neuronal damage
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MICROGLIA (MG)

- Resident immunocompetent cells of brain

» Derived from monocytes/macrophages
Quiescent, resting morphology: dendritic
Contribute to BBB induction in endothelium
Activated in pathology - amoeboid

Healthy brain

Neusotrophic

~Z W

Mediators that knp

miczoglim in resting
slile

Vilhardt 2005 Int J Biochem Cell Biol 37:17 39

Neuron

MICROGLIAAND THE BBB

» Resident immunocompetent cells of brain

»  Derived from monocytes/macrophages

» Contain COX,

« Synthesise prostaglandins: PGH,-synthetase

» Target for NSAIDS: Indomethacin and aspirin block
PGE, release with LPS

Resting microglia

{ +—— cytokines/adenosine
Proliferation

{ +— chemokines
Migration and differentiation

|
Activated = Macrophages (phagocytic)

SYNG-PQ-00471810
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" FOCUS on ENDOTHELIAL ACTIVATION |

Triggering stress:

* Viral or bacterial infection

LPS, TNFa, IFNy, IL-1B

Anti-endothelial antibodies, immune complexes

L]

Injury, trauma, thrombin, toxins

Heat shock, exercise, ischaemia, hypoxia

Regional differences within CNS — leads to
vulnerable sites? (nerve roots, brain stem, subventricular zone)

N — s ———

[F——TTTTTTTTNT ,.......l'l w'—rv-
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Pattern of endothellal actlvatlon in MS

IR

« T Adhesion molecules including ICAM-1, E-selectin, leukocyte
traffic, access encephalitogenic T cells, attack neuronal and glial
antigens, can lead to demyelination and neuron/axon loss

« T Protein traffic, mitochondrial activity, ROS

« T Secretion IL-1B, IL-8, PGE,, SubsP

« Activation macrophages, microglia

» Opening endothelial TJ, loss of homeostasis, entry of toxins

» Mechanism(s) — may involve TNFa, IL-13, NFKB...

> If transient, mild, get BBB resealing, protection against
further stress (pre-conditioning, requires endothelial-
astrocyte interaction)

> If severe or chronic, get positive feedback cascades,
neuronal damage...

» Hypothesis : MS is a chronic BBB diseases |

SYNG-PQ-00471812

SYNG-PQ-00471813



BBB as target

Aim to maintain healthy
BBB, and to repair BBB if
damaged.

* Block reactive-oxygen
species (ROS)-mediated
damage

» Block leukocyte
attachment and migration

» Block cytokine
production

¥ EnctT

Cytokines

Characteristics of the brain endothelium

Value in MS — other CNS disorders?

* Traumatic brain injury; BK = astrocyte release |L-6, BBB opening
* Hypertension; focal BBB opening

* Ischaemia, Stroke; disturbed BBB ion transport, two phase BBB
opening, upregulation AQP4 astrocytes

* Inflammation, pain; changes in TJ, BBB permeability

* Multiple sclerosis; BBB opening, changes in laminin

* HIV-related dementia; BBB disruption

» Bacterial meningitis, encephalitis, sepsis; LPS = ROS, IL-6, IL-1B
» Brain tumours; Changes in TJs and glial endfeet

* Epilepsy; Changes in TJs and expression of MDR proteins

* Alzheimer’s disease; changed expression Glut-1, AQP4, reduced
P-gp = reduced A efflux
* Parkinson’s disease; reduced efficacy P-gp

» Target and strategies for therapy

SYNG-PQ-00471814

———— e

CONCLUSIONS

« Damage to CNS barriers may be triggering or
exacerbating event in CNS pathologies (MS,
lupus, epilepsy...)

« Chronic low-grade BBB dysfunction could
explain many features of disease progression

* Need better and earlier diagnostic tests for
barrier damage; treat at-risk individuals

+ Target prophylaxis and therapies to CNS
barriers

» Future perspectives

Tod R U T )| St
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The BBB Group KCL Collaborators

* KCL - Ken Smith, Catherine

BBB modulation, physiology Rice-Evans, Marcus Rattray

and pathology
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BBB FUNCTION and DEVELOPMENT

2 L
PR N S

Glucocorticoids 1M - Blood flow, shear stress

Transporters lO Enzymes Receptors Endo/transcytosis
Vi TJ /7
5 R P
endothelium

| T4 reguators
| Polarty |

DNAtranscriptioh { Rt/

ESTN

+ microglia, neurons,
smooth muscle...

SYNG-PQ-00471818
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The Neurovascular Unit

Artery, arteriole,
capillary

Neurons

Glial cells
Endothelial cells
+ associated cells

Role in regulation of
regional blood flow :
Neural activity
increases flow

...plus role in

regulation of
endothelium,
BBB?

Nature Reviewn | Neurencience

ladecola 2004 Nat Rev Neurosci 5:347

SYNG-PQ-D0471620

BRAIN MICROVESSELS

Cast of rat thalamus Human brain:

~1200 g
Capillary length: ~ 650 km
Endothelial volume; ~ 1 mi
Mean distance: ~40 uym
Lumen diameter: ~3 um

Surface area: ~12 m?
Rat Brain: ~249

Endothelial volume: ~ 1 pl

Scanning EM
Bar = 50um
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THE CON?EF’T oF A_BLOOD -BRAIN BARRIER GOLDMANN'S 1st and 2nd EXPERIMENTS

1st (Ehrlich) 2nd

Trypan Blue
intrathecal
injection

body unstained
CNS stained

Trypan Blue
intravenous
injection

T. cruzei  From: "die blut” Frankfurt 2001

e, ¥, o dr ol

body stained
CNS unstained

Paul Ehrlich 1914
d.20/08/1915 Trypan Blue (SGOD)
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Ciitical rle of syhapses | FUNCTIONS OF BBB
in integrated CNS function

&@_‘—‘@-‘ Molecular traffic
(&) — O

synapse .
@_——4:@— lon regulation

e N Low protein

@}"—“—"" Signalling
U Silent’ immune

surveillance

Golgi 1875: regional
specialisations

in synaptic zones :
dog olfactory bulb

» High activity

* High vascularity
==

.. Need barrier

Which came first? Which gave most advantage?
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SIGNALLING IN THE NERVOUS SYSTEM

CNS PNS
action synaptic‘\‘ " synaptic
potential potential ! potentiai
(digitar} {analogue) ".f (analogue)
all-or-none graded

neuron

Key selective
advantage :
evolution of
BBB

> Greatest need for ionic homeostasis
around CNS synapses

Barriers in CNS and PNS

dura

= -

AT

arachnoid .. T50
v.’
SAS —

pin sl

o tight vessel

() leaky vessel

~N\ id plexus
o choroid p

N epineurium

ganglion

Protect complex synapses,
sense organs

Relevance to drug delivery, pathologies
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Myth 1
The BBB in the neonate is immature and
leaky compared with that of the adult

Development of BBB

1. Evidence for leaky perinatal BBB

(1987)

Injected Tracer Species | Stage Body | Injection | Increase
Horseradish wtg | volume (% | in plasma
Peroxidase (HRP) blood vol.) | Protein
Wakai and Hirokawa Chick | E9 1.56 |5-10% 2X

(1981)

Risau et al. (1986) Mouse | E13 0.083 | 100-300% | 1%
Vorbrodt et al (1986) Mouse | Newborn | 1.4 100% 2-3x
Stewart and Hayakawa | Mouse | E15 0.26 | Not stated | 4x

From: Saunders 1992
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r Cldnd up-tegulation requites anocriptionally scive rather than junctional B-cot in MEEs in vire. (A, a-c! and B, o) MBEs wora elthor treated ¢ M or contro! CM and
' hmmmmcslwm:umumu (A B} IF stalnings for Cldn3. dnTCF4 avopaied the effect of WntdaCM on Junctianal Cldnd, tolive RT-PCR for
. Cldnd{n =3, P = 0,0085), Plvap (n=3; *, P-ﬂﬂ!b}uﬂmﬂ{n-l P=DW}mWﬂIhCMndhrmet.‘i"?hl’lmn]\m <M and dnTCF4. (A, d;
. . - - - - wnd B, b)mnmmudmumupcmlmmm-mm 1l o In IF atainings. Quank TR'{-PCRINC!G&‘AM-JI‘GP=DDDZ)
Tight junctional Claudin-3 upregulation by B-catenin o 15250 Gl 0% e S s 51 ) kTG e
Wnt3a CM control CM
control CM Wnt3a CM +dnTCF4 + LefAN-BCTA
c . .
§ Claudin-3 upregulation
a | requires
£ transcriptionally active
Q| . A
B rather than junctional
B 3 s, B-catenin in mouse
20004 brain endothelial cells
15001 in vitro
B
8
8007
# 5004
400+
300 4 - E
200 4
4004 l W s 1004 e B o et
0- P . ::" Liebneretal. J.
ef’ Y& S & & Cell Biol.
Wnt3a CM Wnt3a CM control CM 2008:183:409-417
+dnTCF4 + LefAN-BCTA
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> ; I Canonleal Wni signaling Is actve In ECs during brain s and di during vessed (A) LacZ whole-mount stamad (blua)
A 184 LocZ . E€.5 BAT-Gal embryos sectioned and counterstalned for Isolectin B4 (IB4; red), Panel b Is a higher magnification of the boxed area In panel a. Asrows palnt to nuclear LacZ

» ( = » e 7 2 B - L . reporier gene stalning. (B, a~d) Whole-mount hindbrain stalning for LacZ (reflection; red) and (B4 {green) of BAT-Gal embryos (E13.5 and 17.5) analyzed by confocal
% C - micrascopy. Arfowheads indlcate LacZ-posifive nurclei. (B, e-h) Stslning of brain cryosections from pastnalal BAT-Gal pups (P1 and P5) for LacZ immunoflucrescence [IF}, red)
- o b. 2 Q 1.\ ° 5 Wnt S Ig na"lng In a ng |Oge neS|S and IB4 (green). Amowheads indicate LacZ-positive nuclel. Positive nuclei outside the vascular system indicate active Wnt signaling in fhe braln parenchyma. (C) Quentification
s e ’ 4 \ N AN
-

of LacZ-posttive nuclei per 100-pm vesse| length shows a significant decrease from E15.5 to 17.5 (five fields per hindbreln; three breins; **. P = 0,0003), Evror bars represent
SEM

IHII.MI

o

| ..

Mouse brain
IB4 : endothelial marker
LacZ : Wnt

£133

(4153

. Canonical Wnt signaling active in
endothelial cells during brain
angiogenesis

. Becomes progressively down-
regulated during vessel maturation

. Corresponds to period of Claudin-3
upregulation in developing BBB tight
junctions

O
ositive nuciel 1 140 pmveeacl

Liebner et al. 2008 J. Cell Biol. 183:409-417
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Wnt signaling and the BBB

LRPS/6

Polakis J. Cell Biol. 2008:183:371-373

Wl signaling and the BBB. Deplction of the primary constiluents of the tight Junction (TJ) and the adherens junction (AJ) at the Interface batween endothelial cell plasma

of Wnt FZD end LRP5/6 Inhiblts GSK3 to stabliize p-catenin that In turn enters the nucleus to activate T cell factor (TCF)~dapendent
transcription, This drives Cldn3 gene activation either directly or indirectly (dashed line arrow), and the resulting Cldn pratsin reinforces the tight Junction, JAM, Junctional
adhesion molecule,
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Enzyme-Replacement Therapy from Birth Delays
the Development of Behavior and Learning
Problems in Mucopolysaccharidosis Type IIIA
Mice

BRIONY L. GLIDDON AND JOIIN J. HOPWOOD

Lysasomal Diseases Research Unlt, Women's and Children's Hospital, North Adelaide. South Ausiralia
5006, Australia

ABSTRACT

Mucopolysaccharidosis typs LIIA (MPS I[IA; Sanfilippo syn-
drome) i 8 lysssomal storage disorder characterized by acvere
CNS degeneration, resulling in bebavioral abnonmalities and loss
of lesrned abilities. Early weatment i vital 10 preveni lodg-teem
clinical pathology in lysosomal storage disorders. We have used
nawrally occurring MPS [LLA mice 10 meess the effects of
long-term enzyme-replacement therapy initiated either at birth or
a1 6 wk of age. MPS IHA and normal control mice received
weekly i.v. injections of 1 mg/kg recombinant human sulfami-
dase until 20 wk of age. Sulfami i

Sulfamidase j5 gble to enicr the braln.
unti the bood-brain !lﬁﬂ%%le% closes a1 1014 d uf!si
MPS 1A mice that were tres [rom birth normal
weight, behavioral chamseteristics, and sbility 1o lean. MPS I1IA
mice that wer 1 from birth pecformed significantly better
in the Mori: 2e than MPS [HIA mice that were trealed

from 6 wk of age or left untreated. A reduction in storage
vacuoles in cells of the CNS in MPS 1lIA mice that were treaded
from birth is with the imp observed. These
duta suggent that enzyme that eniers the bruin in the first few
wezks of life, before the blood-brain barrier matures, is able lo
delay the development of behavier and leaming difficuliies in
MPS LA mice. (Pediatr Res 86: 65-72, 2004)

Abbreviations
BB, blood-hrain barrier
ERT, onzymescplacement therapy
LSD, lysosomal storage disorder
MPS, mucopolysaccharidosis
rbNS, recombinant human sulfamidase
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