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NEUROTRAUMA
Brain injury and spinal cord injury
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Traumatic brain injury is the leading cause of mortality and morbidity worldwide under the age of 45
Present trends indicate an increasing impact on the older population
Significant risk of developing neurodegeneration



TIMELINE OF THE CARE PATHWAY AFTER AN INJURY

Minutes Weeks to

to hours Hours

to weeks months

NEUROPROTECTION NEUROREPAIR

Advanced Trauma Management Neurorehabilitation



Example ot cervical C5 sensorimotor complete tetraplegia

Spinal motor nerve roots

Intact Degenerating Intact
Pt y

A Roots

~~~~~
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‘ Degenerating glia/macrophages Demyelinated axons
DO Myelin

......

Sprouting axons

=== Degenerating axons
Intact axons
% % Columns of motor neurons
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Primary and secondary lesion cavity

Degenerating motor neurons

Dietz and Curt, 2006)




Spinal cord injury lesion evolution

Fast expansion of the injury zone due to secondary injury

Intramedullary lesion expansion on magnetic resonance imaging
in patients with motor complete cervical spinal cord injury

‘ Expansion injury zone: 69.2 to 102.8 mm in 37 hours
Expansion rate: 0.91 mm/hour

(Aarabi et al, 2012)

17-year old boy, cervical spine injury during
motor vehicle collision; tetraplegia



CONSEQUENCES OF SPINAL CORD INJURY

Pathophysiology timeline

Seconds
to minutes

Vascular alterations

« Hemorrhage

e Thrombosis

« | Blood flow

e |schemic necresis
e Edema

Metabolic disturbances
o T [Na*], [CI;, [KY)e
oT [C82+]i

o T Glucese utilization
o] ATP

e Acidosis

Minutes

to hours

Biochemical alterations

Lipid peroxidation

« T Free radicals and fatty acid production

« T Arachidonic acid release
« T Eicosanoid synthesis

Neurotransmitter accumulation

« T Excitotoxic amino acids, catecholamines

« T Endogeneous opiods

Hours

to weeks

Cellular reactions

Inflammation
« T Macrophages

o T Neutrophils and T cells

« T Reactive astroglia

Apoptosis

Weeks to
months

Fiber tract disturbances

* Demyelination

« Wallerian degeneration

* Apoptosis of oligodendrocytes
e Scar formaticn

Bareyre & Schwab 2003



Important questions for successful clinical translation in
traumatic brain and spinal cord injury

® Multiple models of injury, injury levels and injury
severity

® Several species

® Dose range and regime of administration

® Stable preparation and formulation for human use
® Therapeutic window

® |[mpact on all the key processes linked to secondary
injury




Docosahexaenoic acid (DHA)
for neuroprotection in traumatic
spinal cord injury




Docosahexaenoic acid — an omega-3 fatty acid with multiple cellular

targets and active metabolites

e Targets: ion channels (dual pore mechano-activated
background potassium channels - TREK-1), voltage-gated
sodium channels, retinoid receptors (RXR), peroxisome
proliferator-activated receptors (PPAR), GPCRs...

* Active metabolites (resolvins, protectins...)
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HOW IT ALL BEGAN...

Linolenic acid prevents neuronal cell death and
paraplegia after transient spinal cord ischemia in

rats

Loic Lang-Lazdunski, MD, PhD,*® Nicolas Blondeau, PhD,? Gis¢le Jarretou, BS,? Michel Lazdunski,
PhD, DSc, and Catherine Heurteaux, PhD,® Clamart and Valbonne, France
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Cross-clamping of aortic arch and
left subclavian artery — 14 min

Linolenic acid 250 nmol/kg, i.v.
At onset of reperfusion

Linolenic acid is a ligand for the
TREK-1 channel



DHA targets the TREK-1 potassium channel — a key modulator of
the depolarization threshold

Openers of TREKI:

» Anaesthetics

* Polyunsaturated
fatty acids

e Lysophospholipids

4/ R
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Cav channels
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Neuroprotection and
general anaesthesia

(Hervieu et al., 2001)

(Honore 2007)



DHA induces improved neurological
outcome and tissue protection 1n hemisection SCI

Rat - Hemisection injury - Thoracic

Beam Walk Score
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(King et al, ] Neurosci, 2006)




7 days

DHA induced improved neurological
outcome and tissue protection in compression SCI

Rat - Compression injury - Thoracic
Naive Saline injection DHA injection DHA injection+DHA diet

»

Saline injection DHA injection DHA injection+DHA diet

Corticospinal tract area

Laminectomy - Saline injection —] DHA injection . DHA injection+ DHA diet

E  Oligodendrocyte survival at 7 days F Oligodendrocyte survival at 6 weeks
g & 100 £ 100% * A\ *
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Corticospinal tract area Lateral white matter Ventral white matter
ED1 (microglia/macrophages)

DHA 250 nmol/kg i.v. 30 min post-SCI
(Huang et al, Brain, 2007) with or without an DHA-enviched diet (approx. 300-400 mg/kg/day) for 6 weeks



DHA EFFECT ON AXONAL INTEGRITY
B-amyloid precursor protein accumulation

Saline-treated animal DHA-treated animal

MBP / NF staining

(Ward et al 2010)



Mo. of food pellet

DHA in rat cervical hemisection injury

Staircase test Staircase test
(food pellet displacement) F ona (food pellet eaten)
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Liu et al, ] Neurosci, 2015
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DHA in rat cervical hemisection injury
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BBB score
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DHA in thoracic contusion injury
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(Yip et al., Hum Mol Gen, 2019)



Epicentre (0 mm)

Rostral (4 mm)

DHA effect of myelin phagocytosis by
microglia/macrophages

Localisation of MBP expression
within Iba1+ cells (A.U.)
N

Rostral Caudal
Distance from injury epicentre (mm)

-O— Vehicle —e— DHA

(Yip et al., Hum Mol Gen, 2019)



Impact of DHA on spinal cord injury complications

PAIN



DHA and neuropathic pain after contusion injury in the rat
Delayed administration still has efficacy

A Acute DHA treatment regimen in vivo B Delayed DHA treatment regimen in vivo
DHA DHA DHA administration DHA administration
scl 1 2 repeated every 3 days — scl |e—— repeated every 3 days —
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D0 30 D3 W1 w2 W3 w4 w5 W6 DO w1 w2 W3 w4 W5 W6 w7
min I Below/at-level hyper- I Iq— Below/at-level hyper- —I
sensitivity and burrowing sensitivity and burrowing
ines: Baselines:
E:jﬁ::.ﬁ:a Evoked = below/at-level hypersensitivity B;:f,,;?_iim Evoked = below/at-level hypersensitivity
hypersensitivity Spontaneous .~ burrowing, PEAP, PEAPand | |hypersensitivity Spontaneous = burrowing, PEAP, PEAP and
and burrowing and/or natural and thigmotaxis _| thigmotaxis | |and burrowing and/or natural and thigmotaxis thigmotaxis
—4—Naive —®Vehicle ®¢-Sham —*¢DHA —4-Naive —®Vehicle ¢-Sham —*¢DHA
C 80 7 Below-level spinal reflex response D 80 71 Below-level spinal reflex response
70 - 70 A
G HG
S5 S35
g E 60 - 'F: E 60 -
; ] *% *kk ; n
22 g ek Kekk *k 39
S s Kk
Kk *kk
40 40
30 T T T T T Y 30
E 10 At-l i F 10 - :
-level brainstem response At-level brainstem response
& ;_'\’_i 81 4%7§
%5 G
C — C ~
og 61 0o 61
79 a9
Fedkede &
(] 4 ke i [ i
x e T * 2 3 7 *dk
£
2 : 2 ]
2 2 4
0 T T T T T \ 0 ]

(Georgieva et al., Pain, 2019)



DHA and neuropathic pain
Treatment changes the altered exploration behaviour post-injury

Acute DHA treatment Delayed DHA treatment
regimen in vivo regimen in vivo

D Acute DHA treatment regimen in vivo
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DHA and neuropathic pain

Reduction in the microglia/macrophage response

Delayed DHA treatment regimen in vivo
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(Georgieva et al., Pain, 2019)



DHA and neuropathic pain
Reduction in expression of pro-inflammatory cytokines

iINOS TNF-a IL-1p IL-6
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DHA and neuropathic pain

Comparison with anti-neuropathic pain medication

Behavioural outcome measures comparing pregabalin-treated animals with other experimental groups: Part A—at-level
mechanical hypersensitivity, below-level mechanical hypersensitivity, and burrowing oulcome measures,

Behavioural outcome Treatment Behavioural assessment time points
MESSUreS regimen Week 3 after surgery (mean + SE) Week 6 after surgery (mean + SB)
Naive DHA Vehicle Pregabalin  Naive DHA Vehicle Pregabalin
At-level mechanical Acute 7802 25202 13=x01F 32401 1505 39=06 11=x01Ft 51=x=05
hypersensitivity Delayed nfa 19+01 2203 1.0=x0X4 42=04
Below-level mechanical Acute 63513 555231 482=18f S80=x21 668=15 57213 11 =161 H66=25
hyperse nsitivity Delayed nfa B9 =19 4789=16 334=14 HIO0=30
Burrowing behaviour Acute 1980.7 = 18247 = \T979 = 13795+ AH73.0= 18168 = 8763 = 1548.2 =
199.5¢ 7.2 35.4t 1388 128.2 855 78.41 61.3
Delayed nia 1888.2 = 13713 8974 = 16005 =
4315 933 114.9¢ 66.8

Units am 50% mapons Sreshald (g, pew withdrawal ihreshald i), and gravel displaced §g) for al-leval mechanicyl hypersarsiiily, Dalow-leval machanical fypersanatidly, and burowing bafendour mapaciivaly. One-way
AMOVE folowad by Tukey—K=mar posl hoo mubcomparson adustmen was usad for shisical analyss

* P QU05 s DHA, wbicke, and praga bakn,

T #0005 vs naive, DHA, and prgabaiin,

1 A= 0005 s pragabalin,

& A= 0005 vs DHA and pregabaiin. Sham dats are nolincluded, a5 Ty are simiar o nave.

AMONR, analyss ol varanos; DHA, docos hecen o acd.

Note efficacy vs. pregabalin

(Georgieva et al., Pain, 2019)



DHA synergises with rehabilitation

Rehabilitation
Pre-injury test stant
Staircase training 't ¢ Behavioral assessment
> ’
Rat cervical injury | | | | |
L:z:n CST tracing perfusion
treatment
C 7

Food pellet eaten

Food pellet displaced ©)
B

20

0 2 3 4 5 6 7 8 9 10 12 14 16 18 20
Post-lesion period (days) Post-lesion period (days)
—— Veh  —-0-— Veh +Reh

-—@-- DHA  ---0---- DHA + Reh

—— Veh —-0-— Veh + Reh
--@=-- DHA  :---0---- DHA + Reh
(Liu et al., ] Neurotrauma, 2017)



Docosahexaenoic acid (DHA)
for acute neuroprotection in
traumatic brain injury
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Abundance

DHA and pro-resolving mediators after brain injury

/ Docosahexaenoic Acid-derived Resolvins
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DHA in the controlled cortical impact model (CCI) model in rats
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DHA 500 nmol/kg, i.v. 30 min post-injury



OMEGA-3 FATTY ACIDS IN NEUROLOGICAL INJURY

doi:10.1093/brainfawm223 Brain (2007), 130, 3004-301¢

A combination of intravenous and dietary
docosahexaenoic acid significantly improves
outcome after spinal cord injury

W. L. Huang,* V. R. King,* O.E. Curran, S. C. Dyall, R. E.Ward, N. Lal, J. V. Priestley and A.T. Michael-Titu:

Neuroscience Centre, Institute of Cell & Molecular Science, Queen Mary University of London, UK
*These authors contributed equally to this work.

Correspondence to: Dr:W. L. Huang, Neuroscience Centre, Institute of Cell and Molecular Science, Queen Mary University
of London, 4 Newark Street, EI 2AT, London, UK
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Omega-3 polyunsaturated fatty acid supplementation improves
neurologic recovery and attenuates white matter injury after
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DHA-derived lipid mediators in SCI

The omega-3 metabolome and the resolution of inflammation

Qutcome
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Maresin 1 — improvement in functional outcome and
tissue protection
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Mouse T10 contusion SCI 1 pg Marl i.v. ; one hour after SCI and then once a day until day 7 (Francos-Quijorna et al., 2017)



DHA synergises with rehabilitation

Serotonin fibers and synaptic markers

(Liu et al., ] Neurotrauma, 2017)
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Maresin 1 — anti-inflammatory effect in SCI
Accelerated resolution of the inflammatory response
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DHA IN NEUROLOGICAL INJURY

Processes targeted successfully

* Neuronal loss

* Oligodendrocyte loss

* Demyelination

* Astrogliosis

* Microglia and macrophage reaction to injury
* Vascular damage

* Protein and lipid oxidation

e Axonal sprouting



DHA 1n the fluid percussion injury (FPI) model in rats
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DHA oral gavage: 555 mg/kg/day- starting 30 min after the injury

(Zhu et al., Inflammation, 2018)



Omega-3 fatty acids in TBI - acute injection and
oral supplementation

NeuN C Sham Vehicle N3

B Brdu/NeuN

o . &
.
»
< .
-
s
S e
®

(Pu etal., 2017)

D CTX STR E CTX STR

“g 2500, Ng 2000, b L 5 - Sham

. * | Venicle
3 8 1000 5 0| Eis
+~ 1000+ + ST 2 D 2
< 5001 < 500 2 ° 14 2 O 4l

m m

2 ol 2 o olamB@d olacdéa

7 mg EPA and 3 mg DHA /kg, i.p. 2h after TBI and repeated for 14 days
DHA and EPA oil; up to 4% in diet, started 1 dat after TBI and continued for 35 days



Fat-1 Transgenic Mice with
Constitutive High Levels of Omega-3 FA

 Express the Caenorhabditis elegans fat-1

gene encoding a n-3 fatty acid desaturase

n-6FA:  CH,-CH,-CH,-CH,-CH, -CH =CH

l n-3 desaturase

n-3FA:  CH ,-CH,-CH =CH-CH, -CH =CH-

3 groups:

1) WT normal diet

2) WT omega-6 diet

3) Fat-1 omega-6 diet

- ...-COOH

... -COOH

Collaboration with Dr. |. Kang
(Harvard Medical School)

Table 1 Fatty-acid ratios in WT and fat-1 mice

n-6/-3" AA/EPA+DPA+DHA)

Y Wi ™
Muscle 490 07 T Y
Milkt 327 57 157 25
Enthrocyte 466 29 CE ) e

Kidney 165 1.7 119 1.2

Lung 323 22 198 1.2
Spleen 238 24 173 15




3 groups:

1
2)
3)

WT normal diet
WT omega-6 diet
Fat-1 omega-6 diet

Outcome of compression SCI in Fat-1 Transgenic Mice
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Note the much improved outcome of the fat-1 mice



DHA-DERIVED LIPID MEDIATORS
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DHA in mouse thoracic contusion

Injury
Efficacy of different esterified forms of DHA

30 min post-SCI Ethyl Ester and Triglyceride 1000 nmol/kg
10
9{ »
#
" ## .
UM

74 | *

.| ## | |
6 1 l|| it r & }

|

=g v
yd

\ - T/

|} =V @N-30
1 l| = Ester-1000

'l | f a—Tri-1000
1 - i
0 t if/ 1 T T L2 T T T T T T T T T T T |

T - T - T

0 1 2 3 4 5 6 7 9 1 13 15 17 19 21 23 25 27
Days post injury

BMS score
oh
e
——t % It
b - *
¥*
— .

P. Yip, unpublished



WHY ARE WE INTERESTED IN CLINICAL

Level One Trauma Centré

Royal London Hospital - >2,000 trauma patients/year
Neurotrauma in a context of polytrauma

Intervention in the “colden hour”
g



The Edwin Smith papyrus
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Egyptian physician Imhotep, 3d dynasty

Examination If you should examine a man having a crushed vertebra in the
back of neck and you find him with one vertebra fallen into its counterpart,
and now he is stuporous and he does not speak. It is his fall head downward
which caused a vertebra to crush into its counterpart and you find he is
unaware of both his arms and his legs because of it.

Diagnosis Then you are to say about him: “One who has a crushed vertebra in
the back of his neck, and he is unaware of both his arms and legs, and is
stuporous (this is) a medical condition that cannot be healed”.

“(This is) a medical condition that cannot be healed.”



BMS

Confirmation of DHA effect in a second species
DHA in mouse compression SCI

B Oligodendrocyte survival
O Laminectomy W Saline injection DHA injection @ DHA diet E DHA injection + DHA diet
100%
1 1 #
g —
BMS B BMS subscore 28 %
9 1 11 1 ]
~~DHA injection + DHA diet ~-DHA injection + DHA diet Se
8 { | *-DHA njection 107 | -=DHA njection § g o0
| gl-:Adlet - 91| ~DHAdet )
- - ®
Ll 8 1| -*Saline control 2% b
6 1 g ES
o 71 =T
5 26 g = 20%
a S
< m 1
4 g 2 0%
31 A
3 4
21 2 I A Non-phosphorylated neurofilament
1] " 3 J’H_W m Saline injection §§ DHA injection = DHA diet = DHA injection + DHA diet
0+ T - T T g g T 0 ; , - 100% !
1234567 0 13 16 19 2 25 28 1234567 0 13 16 19 2 25 8 0 p—
Days post-injury Days post-injury

™
=1
2
S

*

o
(=]
2

a percentage of the naive
H
<

n
o
<

§
\
)

The number of SMI-32+ axons as

N%

Dorsal Column Lateral white matter Ventral white matter

<
X

DHA 500 nmol/kg, i.v. 30 min after injury ; dietary DHA 400 mg/kg/day for 28 days
(Lim et al , Exp Neurol, 2013))



DHA induces improved neurological

outcome and tissue protection in compression SCI

Rat - Compression injury - Thoracic i bl i

Naive Saline injection DHA injection DHA injection+DHA diet
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DHA 250 nmol/kg i.v. 30 min post-SCI
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DHA effect on M1 versus M2 macro
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(Yip et al., Hum Mol Gen, 2019)



miR-124 Iba1

Iba1/miR-124/DAPI
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MiR124 expression
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DHA and myelin phagocytosis in microglia
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Maresin 1 and SCI —

kinetics formation lipid mediators
Mouse T10 contusion SCI Spinal cord lysate
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Omega-3 fatty acids, neuroplasticity and brain connectivity
The restoration of connectivity post-neurotrauma

Behavioral/Cognitive + Human Brain Mapping 37:2195-2209 (2016) +

Dietary Omega-3 Fatty Acids Modulate Large-Scale Systems

Organization in the Rhesus Macaque Brain
& 1 Motor Recovery at 6 Months After Admission Is
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With Spinal Cord Injury

DHA>deficient

Jingming Hou,' Zimin Xiang,>* Rubing Yan,' Ming Zhao,* Yongtao Wu,'
Jianfeng thmg,.2 Lei Guo,? Haitao Li,* Jian ‘Wang,4 Jixiang Wu,'
Tiansheng Sun,”* and Hongliang Liu'*

£12
C., 7 Dé
[,U goa
’ ‘SMA‘.L ShaR P:.PAC.R % ,
MiR I M,.L M1R e
% )Y ‘.
W PLy |
N 1 . 4

. Seed ROI . Connected Region === Increased FC  wmmmm Decreased FC

0.
SMAR-MIR SMAR-MIL



Eur J Nucl Med Mol Imaging
DOI10.1007/500259-0163391-8

Imaging of DHA effect in rat contusion injury o
Reduction in vivo of a marker of microglia activation - Translocator Protein (TSPQ) In vivo PET imaging of the neuroinflammatory response

in rat spinal cord injury using the TSPO tracer ['8F|(;E-180
and effect of docosahexaenoic acid

a
Contusion SCI-T10 7 days post surgery
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Effect of DHA treatment in D7 SCI ( T10 injury site )
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The marker for TSPO concentrates at the injury site, and DHA reduces the signal



Translational challenges in nervous system injury

* Repeated clinical translation disappointments

e Concern over limited predictive value of experimental data obtained
in lower species

* Need for patient stratification
* Understand how to decrease the long-term consequences

* Cognitive Function (attention, memory)
* Motor function (extremity weakness, impaired coordination and balance, paralysis)

» Sensation (hearing, vision, impaired perception and touch)

» Behaviour (emotional regulation, depression, anxiety, aggression, impairment in behavioral control, personality changes).



DHA reduces phagoptosis of stressed neurones
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Rat data
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Mouse data
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