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Summary

To date  this lab has carried out novel w ork in the  area o f low -m olecu lar w eight (<1 kDa) 

drug delivery to  the  retina (Cam pbell, Nguyen et al. 2009; Tam , Kiang et al. 2010). This 

w ork was carried by suppression o f claudin-5 (CL5), a tigh t junction  protein  expressed on 

endothelial cells o f th e  inner b lood-retina  barrier, by delivery o f small in terfering  RNA 

m olecules. Recently this w ork  has been extended to  include a lim ited study on 

suppression o f c laudin-5 at th e  blood-brain barrier (BBB), and this resulted in successful 

delivery o f a low -m olecu lar w eight com pound to  the  brain (Cam pbell, Hum phries et al. 

2011). The prim ary goal o f th e  study presented here is to  extend this BBB m odulation  to  a 

com prehensive exploration  o f the  benefits of barrier m odulation to  conditions affecting  

the  brain.

This study is divided in to  fou r separate results chapters, which separate d iffe ren t areas of 

focus as w ell as representing  a roughly chronological record o f projects th a t w ere  

undertaken. The first o f these chapters focuses on establishing protocols dem onstrating  

the  effective suppression o f CL5 using CL5 siRNA. Successful suppression was observed  

both in vitro and in vivo in m ice, and this was m atched by observed BBB m odulation , 

which peaked 48hrs a fte r siRNA injection. Furtherm ore, in this chapter it is dem onstrated  

th a t CL5 siRNA adm in istration  fails to  provoke an in terferon-response in vitro or in vivo.

In the  next chapter barrier m odulation is em ployed in a m odel o f glioblastom as  

inoculated into im m un e-d efic ien t mice. To develop a m odel o f g lioblastom a in th e  lab a



num ber of brain tu m o u r  cell lines w ere  first characterised for the ir  ability to  grow in vitro  

and to reconstitute a tu m o u r in vivo. Following this a num ber of experiments w ere  

carried out to  m odulate  the  BBB in mice with  inoculated glioblastomas. This was done in 

order to  observe an increased range of delivery of a low-m olecular w eight compound to  

the  tu m o u r  regions, and following this to deliver a num ber of chemotherapeutics in 

animals in the  presence or absence of CL5 suppression.

The third results chapter focussed on a d ifferent hypothesised benefit of BBB modulation. 

Here instead of delivery a com pound to  the  brain, traum atic  brain injury (TBI) was  

em ployed in order to  explore if CL5 suppression could release the  w a te r  build-up tha t  is 

characteristic of TBI-associated oedem a. To this end a model o f  cold-induced TBI was 

established and characterised. Following this the  effect o f  CL5 siRNA on oedem a volume  

and brain w a te r  content was analysed, as w ere  cognitive outcomes following injury and 

siRNA administration. A num ber of MRI analyses w ere  also carried in order to  elucidate  

the  effect tha t  CL5 siRNA was having on the  BBB in the  proximity of a TBI. Furtherm ore  

alterations w ere  m ade to  the  siRNA dose and t im e  of delivery, in order to  a ttem p t to  

ascertain the  clinical param eters tha t  would need to be specified would this work succeed 

in progressing from the  lab.

The final results chapter studied inflam mation following TBI. The expression level of a 

n u m b er o f  cytokines and growth factors w ere  measured following TBI w ith  or w ithout CL5 

siRNA delivery. W h en  som e factors w ere  found to be differentially  regulated in the  tw o  

groups this analysis was extended to  include 40  d ifferent in f lam m atory  markers.

Following these analyses TBIs w ere  administered in a num ber of murine knockouts of



core elements of sterile inflammation, with lesion volume and cognitive outcome being 

recorded for each.
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Chapter 1: General Introduction

The brain and retina are energy-demanding tissues that are suffused with capillaries, 

no neuron in fact, being more than a 40̂ '̂  of a m illimetre away from a supplying blood 

vessel (Pardridge 2005). The endothelial cells lining the brain and inner retinal 

vasculatures are sealed by so-called 'tight junctions' (TJs) comprising over 40 proteins -  

these representing the blood-brain and inner blood retina barriers (Anderson and Van 

Itallie 2009), and they have evolved for the very important purpose o f preventing harmful 

blood-borne agents such as antibodies, anaphylatoxins, small enzymes, pathogens etc 

from entering the highly delicate cerebral and retinal environments. Notwithstanding this 

critically important protective function, these same barriers have prevented an 

estimated 98% of systemically administrable low molecular weight potentially therapeutic 

drugs from entering the brain (Pardridge 2005), and in cases of cerebral oedema, they 

prevent fluid moving from the cerebral compartment into the peripheral circulation. For 

this reason, it has proven to be extremely difficult to systemically treat brain malignancies 

w ith low molecular weight cytotoxic drugs that are normally in widespread use for 

treatm ent of other forms of malignancy, and for the same reason, methods for alleviation 

o f cerebral oedema induced by traumatic brain injury (TBI) are inadequate and have 

hardly changed in the last eighty years. In the studies reported in this thesis the 

hypothesis was addressed that it is possible, by RNAi-mediated down-regulation of 

selected TJ transcripts, to marginally increase permeability at the BBB such as to allow 

entry from the bloodstream into the brain of potentially therapeutic low molecular 

weight compounds, or to allow fluid out in a safe and controllable manner in murine 

models of brain malignancy and TBI. In this introductory chapter I provide a detailed
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account o f our knowledge o f the  BBB, of the  clinical features o f glioblastom a and TBI, of 

the  inadequacies o f current trea tm en ts , and o f th e  R N Ai-m ediated strategy th a t has been  

developed to  address such deficiencies.

1.1 The Blood-Brain Barrier

The delicate tissue o f the  brain requires a highly regulated env ironm ent, w ith  fluctuations  

in th e  concentrations o f particular ions, such as N a \  and C a^\ being d e trim en ta l to  

neuronal function (Hawkins and Davis 2005). The CNS is also an organ th a t is slow to  

repair, if repair is possible at all, and governs all th e  m ajor functions o f th e  body th a t keep  

us functioning and alive. As such, conditions th a t m ight be m ildly dam aging to  peripheral 

organs, such as bacterial or viral infection, in flam m ation  or com plem ent activation , could 

be hugely d etrim en ta l if they  occurred in the  CNS. In this regard, the  necessity for a 

distinct separation o f the  CNS from  the  circulating bloodstream  is o f fun d am en ta l 

im portance, and it is this separation th a t underlies th e  key function and presence o f the  

BBB, ensuring strict homeostasis of th e  brain env ironm ent to  keep neurons in good 

functional state.

The first evidence o f the  BBB was described by Paul Ehrlich and his s tudent Edwin 

G oldm ann (M o tt 1913). Ehrlich found th a t injection o f w ater-so lub le  dyes in to  the  

circulatory system stained all organs except fo r th e  brain and spinal cord. He a ttribu ted  

this to  nervous tissue having low  affin ity  fo r th e  dye, how ever in 1913  G oldm ann
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discovered that injection of trypan blue directly into the cerebrospinal fluid (CSF) stained 

the CNS but not the bloodstream. Golmann's findings are illustrated in Figure 1.1.

A  n

PERMEABLE
^BARRIER

DTE DYE
IMPERMEABLE

BARRIER

Figure 1.1: The results and conclusions of Goldmann's experiments on the BBB. (A)

Goldmann firs t injected trypan blue into the bloodstream, resulting in colouration o f the 

blood but not the brain and CSF; (B) the reverse experiment was carried out whereby dye 

was injected into the CSF resulting in a blue CNS but normally coloured blood; (C) 

Goldmann concluded that a barrier permeable to trypan blue existed between the CSF and 

the brain, while an impermeable one existed between the blood and the CNS. (Zlokovic

2008)

In subsequent years Goldmann's experiments received much criticism, with many 

researchers concluding that the different compositions of blood and CSF influenced the 

speed at which diffusion from one to the other took place. The field reached a turning 

point however in experiments by Hugh Davson which measured the rates of diffusion of 

Ringer solution into brain and skeletal muscle excised from bodies. Equilibration occurred 

at a comparable rate in both tissues, indicating that a barrier existed between the two in
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the living body, rather than a fundamental difference in the makeup of the tissues 

(Davson and Spaziani 1959).

The cause for this barrier to delivery to the CNS is that blood capillaries in the brain are 

50-100 times more resistant to transport across them than microvessels in other major 

organs (Abbott 2002). This resistance develops over time during development, w ith the 

blood-brain barrier (BBB) in 17-20 day foetal rats having a trans endothelial electrical 

resistance (TER) o f 310 Qcm^ -  still somewhat leaky; from 21 days gestation, the 

resistance was measured at 1128 Qcm^ indicating a tight BBB and low ion permeability. 

Following birth this had increased slightly more to 1462 Qcm^ in 28-33 day old rats, and 

this was found to be higher in arterial vessels than in veins (Butt, Jones et al. 1990). This 

latter observation concurs with another study that found that arterial endothelial cells 

express 18-fold protein and 9-fold mRNA of some tight junction (TJ) constituents as their 

venous counterparts (Kevil, Okayama et al. 1998), which may be a requirement in the face 

of higher pressure present in the arteries.

Endothelial cells of the brain and of peripheral blood vessels, such as the aorta, are 

morphologically similar (Antonov, Lukashev et al. 1986), although aorta endothelial cells 

appear to more regularly demonstrate large multinuclear cells, w ith increasing frequency 

in adult aortas and in aortas affected by atherosclerosis (Antonov, Lukashev et al. 1986; 

Antonov, Nikolaeva et al. 1986). TER values, in contrast, differ greatly w ith peripheral 

endothelial cells demonstrating resistance of only 10-50 Qcm^ and are permeable to  both 

small and large molecules. This difference in barrier properties between endothelial cells 

o f different origins coincides w ith the microscopy observation that tight barrier-forming
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endothelial cells have filamentous actin structures associated with  junctional complexes  

laid out in tight belt-like structures, whereas in peripheral endothelial cells these actin 

structures are diffusely spread (Rubin, Hall et al. 1991). The similarity in morphology and 

non-barrier characteristics between endothelial cells in the  CNS and in the  rest of the  

body suggest tha t  it is the  m icroenvironm ent in which they reside tha t  dictates their  

differing characteristics. Indeed it has been dem onstrated in a nu m b er of studies that  

w hen  cultured with factors tha t  would be present in the  brain, peripheral endothelial 

cells obtain many of the  characteristics specific to those that form  the BBB, including 

increased barrier strength (Hurst and Fritz 1996; Kuchler-Bopp, Delaunoy et al. 1999).

1.1.1 Cellular Composition of the Blood-Brain Barrier

Despite the  importance o f  endothelial cells to  the  BBB, m any o ther cell types and 

structures in and surrounding the  blood vessels of the  brain have been found to  

contribute  to  its function. In blood vessels themselves the  basem ent m em brane  on the  

ablum enal side of endothelial cells must be crossed following crossing o f  the  endothelial 

cell layer. In veins and arteries smooth muscle cells and pericytes surround the vessels 

and must also be breached by cells or substances to  gain access to the  brain, while in 

capillaries the  form er cell type is not present. Final to  the blood vessel com ponent o f  the  

BBB th e re  is the  outer vascular basem ent m em brane, another m em brane  consisting of  

connective tissue proteins such as collagen and integrins. Surrounding the  veins and 

arteries of the  brain is the  perivascular com partm ent, consisting of perivascular fluid and 

cells occupying the  perivascular space -  usually leptomeningeal cells and macrophages. 

Finally, before entering the  brain parenchyma proper, the  last barrier to cellular or
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molecular entry to or exit from the brain is the glia limitans. This is formed by a further 

basement membrane as well as astrocytic and microglial endfeet (Bechmann, Galea et al. 

2007) (Figure 1.2).

Astrocyte
Perkiyte

Endothelial 
\ cell

Neuron

A  ̂  Basement 
Microglia membrane

Figure 1.2: Cellular composition of the BBB. Endothelial cells, joined by tight junctions, 

are surrounded by pericytes within a basement membrane. Outside o f this astrocyte end

fe e t surround the entire BBB unit. (Obermeier, Daneman et al. 2013)

Endfeet of astrocytic glial cells are observed to surround the endothelial cells of the BBB 

(Kacem, Lacombe et al. 1998) (Figure 1.2), and the proximity of these cells appears to be 

crucial for BBB integrity. This is observed to be true as brain vessels grown amidst 

peripheral tissue become more leaky to tracer molecules, whereas the initially leaky 

blood vessels of other tissues increase their tightness when grown amidst brain tissue 

(Bauer and Bauer 2000). Also, brain endothelial cells isolated and grown in culture
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generally have some loss of barrier characteristics, and some of these properties can be 

restored by co-culture with glial cells (Abbott 2002). This effect of astrocytes on barrier 

strength is not dependent on contact between endothelial cells and astrocytes, but 

instead appears to be a result of factor released by the latter. Neither is their effect solely 

to strengthen the barrier -  ATP, endothelin-1, glutamate, nitric oxide and cytokines such 

as IL-1(3 are all substances released by astrocytes under certain conditions which 

temporarily increase BBB permeability (Abbott 2002).

Interestingly some parts o f the brain do not have a BBB at all, or have a diminished 

barrier. Chemokine expression in response to systemic injection of LPS, IL-ip, and TNF-a 

is confined in the brain to the circumventricular organs, choroid plexus, leptomeninges, 

and cerebral blood vessels (Thibeault, Laflamme et al. 2001). Together these structures 

form the interface between systemic circulating molecules and the brain. The 

circumventricular organs have secretory and sensory functions, such as the area 

postrema which initiates vomiting in response to toxins in the bloodstream (Maolood and 

Meister 2009), and in these cases this tissue must be exposed to all the substances 

present in the blood in order to carry out their functions. Otherwise however, the BBB is 

an essential barrier required to maintain a stable and controlled microenvironment for 

sensitive neural tissue to function.

1.1.2 Development and Maintenance of the Blood-Brain Barrier

Central to  the development o f the BBB is the Wnt-P-catenin signalling pathway. This 

pathway is active in endothelial cells of the CNS, but not in peripheral regions of the
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developing embryo (Daneman, Agalliu et al. 2009). W ithin the CNS different elements of 

the W nt-3-catenin signalling pathway play roles in distinct regions, with W nt 1, 3 and 3b 

being expressed in the dorsal spinal cord and hindbrain, and W nt7a and 7b expression in 

the forebrain and ventral neural tube. Interference with W nt signalling during 

development results in death of the developing embryo due to brain haemorrhages, with 

abnormal vessel growth being observed in the CNS but not elsewhere (Daneman, Agalliu 

et al. 2009).

W nt-p-catenin signalling functions initially by the binding of W nt to Fzd receptors located 

on the cell m embrane of endothelial cells, and this binding results in the accumulation of 

(3-catenin due to inhibition of its degradation. B-catenin then translocates to the nucleus 

w here it induces the transcription of genes involved in BBB function (Logan and Nusse 

2004; Reis, Czupalla et al. 2012). This signalling pathway results in the expression of the  

distinct transcriptome specific to  the BBB (Daneman, Zhou et al. 2010), with BBB-specific 

genes such as Slc2al (which encodes Glut-1) (Stenman, Rajagopal et al. 2008), Stra6 

(Szeto, Jiang et al. 2001), Pvlap, and Claudin-3 (Liebner, Corada et al. 2008).

Sonic Hedgehog (Shh) is another major signalling factor which initiates BBB development 

in the developing embryo. This protein is produced and secreted by astrocytes, and its 

absence also results in embryonic death associated with deficits in the formation of blood 

vessels in the brain (Alvarez, Dodelet-Devillers et al. 2011). Shh appears to play a role not 

only in the development of the BBB, but also in its maintenance, with endothelial cells 

exposed to this form of astrocytic signalling demonstrating increased expression of TJ 

proteins and a consequent increase in barrier strength (Alvarez, Dodelet-Devillers et al.
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2011). The im portance of Shh and other astrocyte-produced factors in the  maintenance  

o f BBB characteristics is backed up by findings tha t  the  characteristics are lost by 

endothelial cells when astrocytes are depleted from  the  brain, and that this change is 

reversible (Willis, Leach et al. 2004; Willis 2012). Barrier properties are also increased in 

cells grown in vitro by the ir  co-culture with  astrocytes (Hayashi, Nom ura et al. 1997). 

Similarly pericytes have been found to be essential for BBB integrity, w ith  observations of  

negative correlations betw een  pericyte coverage o f  blood vessels and barrier 

perm eability  (Armulik, Genove et al. 2010).

1.1.3 Traversing the Blood-Brain Barrier

Transport across the BBB is, to a great extent, confined to transcellular pathways. Some  

substances can cross the  barrier paracellularly but these are usually extrem ely  small or 

em ploy  specific mechanisms in order to  move betw een  endothelial and o ther cell types, 

such as T-cell migration across the BBB by means o f a process initiated by leucocyte  

binding to ICAM-1 and -2 expressed on endothelial cell surfaces (Steiner, Coisne et al. 

2010).

Transcellular transport pathways make use o f receptors tha t  recognise and transport  

specific molecules tha t  are required for neuronal function. For instance the  brain's energy  

needs are m et by proteins such as G LU Tl which transports glucose across the  endothelial 

cell layer (Pardridge and O ldendorf 1975). Peptides tha t  are required, such as hormones, 

are recognised by specific receptors, for example PST-1 which recognises vasopressin 

(Banks 2006). Ion concentrations are kept constant by proteins such as N a \  K \  ATPase
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which exchanges sodium and potassium ions (Betz 1983). Organic anions, meanwhile,  are 

t ranspor ted by OAT-family proteins,  such as OATl which is found in the  brush border  of 

t he  choroid plexus (Sugiyama, Kusuhara et  al. 1999), which functions to make the  

cerebrospinal  fluid tha t  occupies the  ventricular space in the  brain and surrounds the  

spinal cord.

As well as needing to  enable  the  t ransport  of  substances required by the  brain, the  BBB 

actively effluxes compounds  which might be dangerous to the  delicate neuronal  

microenvironment.  P-glycoprotein was the  first protein observed to  t ransport  

chemotherapeu t i c  agents  out  of cancerous  cells (Ling 1995) and is expressed at the  BBB 

(Schinkel, Smit e t  al. 1994) w here  it plays an active role in preventing access of many 

drugs to  the  brain. Other  t ransport e rs  part icipate in this process  too, particularly the  

multi-drug-resis tance-related protein (MRP) family. MRP-4, for instance, is expressed in 

endothel ial  cells of the  BBB and prevents  accumulation of  the  anti -cancer  drug topo tecan  

(Leggas, Adachi e t  al. 2004) or oseltamivir, a drug targeting the  influenza virus (Ose, Ito e t  

al. 2009). More detai led analysis of  t r ansport  and efflux across the  BBB is reviewed in 

Ueno, Nakagawa et al. 2010.

1.1.4 Tight junctions

Tight junct ions (TJs), also known as occluding junct ions or zonula occludens, are contact 

points be tw een  the  plasma m em brane s  of  adjacent  cells, observed unde r  electron 

microscopy such as in Figure 1.3 (a).
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Figure 1.3: Electron micrographs of paracellular junctions in vertebrates and 

invertebrates, (a) Vertebrate tight junctions; (b) invertebrate septate junctions. (Furuse

and Tsul<ita 2006)

TJs are positioned at the apical end o f the plasma membrane, and as observed in Figure 

1.3 (a) each TJ is paired to and associates with another TJ on the membrane of the 

adjacent cell. TJs function as sites for vesicle targeting, proliferation and transcription 

signals, defining cell polarity, and most crucially it is these structures which lim it 

paracellular transport across the BBB, as well as the BRB and to a lesser extent other 

endothelial barriers (Anderson and Van Itallie 2008).

All metazoans have some form of paracellular barrier, however TJs are specific to 

vertebrates. Figure 1.3 (b) shows an image from an electron microscope of the related 

invertebrate septate junction. These two structures appear to share similar functions in 

reducing permeability between cells o f the BBB, although septate junctions have been
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r e p o r t e d  to  be  readily p e r m e a b l e  t o  cer ta in  small  mo lecu le s  such as s uc rose  (Skaer,  

Maddrell  e t  al. 1987),  which c a n n o t  t ravel  across  v e r t e b r a t e  TJs (Johansson,  

Dziegielewska e t  al. 2006).

Each TJ actual ly consis ts  o f  at  leas t  t h r e e  d i f ferent  ty p es  o f  pro te in  -  occludin,  m e m b e r s  

of  t h e  junct ion adhes io n  molecule  (JAM) family of  prote ins ,  and claudin p ro te in s  (Ben- 

Yosef, Belyantseva e t  al. 2003) -  b u t  can consis t  of  over  40  individual p ro te ins  b e t w e e n  

s u p p o r t  prote ins ,  s t ructura l  prote ins ,  t r a n s p o r t  prote ins ,  an d  o t h e r  m o r e  u n iq u e  p ro te in s  

such as tricellulin, a h o m o lo g u e  of  occludin t h a t  c o n c e n t r a t e s  w h e n  t h r e e  cells c o m e  

t o g e t h e r  (Anderson and  Van Itallie 2008).  The actin cy toske le ton  of  t h e  cell a p p e a r s  to  be  

key to  TJ fo rma t ion ,  as o n t o  this f r a m e w o r k  of  actin s t r a n d s  bind t h e  PDZ-domain 

conta in ing s u p p o r t  p ro te ins  including ZO-1, ZO-2, ZO-3, MAGI-1, PatJ, PALSl and M UPPl .  

It is o n t o  t h e s e  p ro te ins  t h a t  t h e  t r a n s m e m b r a n e  p ro te in s  t h a t  fo rm  t h e  TJ p o r e  bind -  

t h e s e  ar e  occludin,  JAM prote ins ,  and primarily t h e  claudin prote in  family (Ande rson an d 

Van Itallie 2008).  The cu r r e n t  m ode l  of  TJ s t ru c tu re  is i l lust ra ted in Figure 1.4.
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Figure 1.4: Model of a tight junction at the BBB.

TJsform a t the apical end o f adjacent endothelial cells. Claudin tails bind PDZ-domains o f 

scaffolding proteins which bind actin filaments, possibly resulting in regulation o f the

The TJ is also strongly linked in function to  th e  m ore basolateral-positioned cadherin- 

based adherens junction. At adherens junctions, th e  protein  VE-cadherin can act as a 

m ediato r o f intracellur signalling via its interaction w ith  phosphatidylinosito l-3-O H kinase 

or indeed various grow th factor receptors. VE-cadherin has also been shown to  in teract 

directly w ith  the  known transcription factor 3-caten in , which can then  regulate cellular 

homeostasis or responses to  cellular stress (Taddei, G iam pietro  et al. 2008).

Paracellular transport o f molecules is exclusively passive, driven by electro-osm otic or 

concentration gradients (Van Itallie and Anderson 2004). The resistance o f the  BBB to  

paracellular transport o f all but a very few  molecules is m atched by the  observation th a t

barrier by the cytoskeleton. (Image sourced from :

http://w w w .brainfrontier.or.kr/new sletter/vo l.29/Vol_07.htm l)
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endo thel ia l  cells of  t h e  ba r r i er  conta in  2-4 t im es  t h e  n u m b e r  of m i to chondr i a  c o m p a r e d  

with  t he i r  per iphera l  c o u n t e r p a r t s  (Oldendorf ,  Cornford e t  al. 1977).  This fuels t h e  

increased  t ranscel lu lar  t r a n s p o r t  across specific t r a n s p o r t e r s  in o rd e r  t o  bypass  t h e  

paracel lu lar  TJs. Also, whi le  infect ions of  t h e  CNS are  an im p o r t a n t  cau se  o f  illness and 

d e a th  world wide ,  t h e  major i ty  of  t h e  infect ious ag e n t s  in t h e s e  d i sease s  have m e t h o d s  to  

bypass  TJs. For ins tance  t ranscel lu la r  t rave rsa l  of  t h e  BBB is t h e  m a jo r  r o u t e  for  m an y  o f  

t h e  meningi t i s-causing bacte r ia ,  such as E. coli, which a t t ach  to  and invade h u m a n  bra in 

microvascular  endothel ia l  cells, and t r a v e r s e  t h e m  in en c losed vac uoles  (Kim 2008).  In 

fac t  o n e  o f  t h e  only s tud ied  cases  of  paracellu lar t rave rsa l  of  t h e  BBB by p a t h o g e n s  is t h a t  

of  t h e  T ry p a n so m a  family o f  p ro to zo a  -  t h e  cau se  of  s l eep ing s ickness  e n d e m i c  in s o m e  

par ts  of  Africa -  and  this  is d u e  t o  t h e  p a t h o g e n s  exploi t ing  IFN-y signalling by T-cells, a 

m e c h a n i s m  t h a t  results  in TJ-loosening to  al low leukocyte  t raversa l  o f  t h e  BBB (M asocha,  

R o t t e n b e r g  e t  al. 2007).

S o m e  n o n -p a th o g e n ic  d i sea ses  o f  t h e  brain also ar e  bel ieved to  occu r  d u e  t o  dysfunct ion 

in t h e  BBB. For ins t ance  n e w  ang iogenic  b lood vesse ls  in t h e  h i p p o c a m p u s  have b e e n  

r e p o r t e d  to  be  linked to  epi lepsy,  as vesse ls  s t imu la ted  by VEGF d o  n o t  form a p ro p e r  BBB 

and  e n a b le  access  to  t h e  CNS to  s u b s t a n c e s  which ar e  dam ag in g  t o  n e u r o n s  (Rigau, Morin 

e t  al. 2007).  Thes e  s u b s t a n c e s  include a lbumin,  which has  b e e n  s h o w n  to  c a u s e  epi lepsy 

in animal  m o d e l s  w h e n  appl ied  to  n e u r ona l  t i s sue  (Seiffert,  Dreier  e t  al. 2004; Ivens, 

Kaufer e t  al. 2007).  Also, in mul tip le  sclerosis BBB dysfunc t ion o r  d a m a g e  a p p e a r s  to  

e n a b le  g r e a t e r  leucocyte  p a s s a g e  into t h e  CNS which can t h e n  lead to  inf l ammat ion  and  

progress ive  dem yel inat ion  (Alvarez, Cayrol e t  al. 2011).  A similar  s i tua t ion exists in t h e  

re t ina  w h e r e  m an y  in f l am m ato ry  eye  di sea ses  result  in BRB dysfunct ion,  permeabi l i ty  and
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m o n o c y t e  infil tration into t h e  re t ina  which in tu rn  leads  to  significant oxidat ion and t i ssue  

d a m a g e  (Rajesh,  Sulochana  e t  al. 2004).  It is c lear  t h a t  t h e  BBB and  BRB r e p r e s e n t  a 

fo rm idab le  an d  essent ia l  bar r ie r  t o  u n w a n t e d  organisms,  cells and subs tances .

1.1 .5  Claudins

The pe rm eab i l i ty  of  TJs var ies  cons iderably  a m o n g  di f ferent  t i s sue  types ,  wi th s o m e  

t i s sues  varying in electrical  co n d u c ta n ce ,  cha rg e  selectivity,  n o n -cha rg e d  solute  

permeabi l i ty ,  and size discr iminat ion.  This var ia t ion  is ref lec ted  in TJ composi t iona l  

h e t e r o g e n e i ty ,  par ticularly t h e  claudin p ro te ins  t h a t  ar e  found  to  b e  p re sen t .

Despi t e  t h e  s t ructura l  d i f fe rences  b e t w e e n  TJs and  in v e r t e b ra t e  s e p t a t e  junct ions ,  re cen t  

s t u d i e s  have ident i fied  Drosophi la claudin h o m ologues ,  such as Sinuous  and  

M e g a t r a c h e a .  S e p t a t e  junc t ions  in null m u t a n t s  for t h e s e  g e n e s  w e r e  found  n o t  t o  

exclude a 10 kDa f luo re scen t  t racer ,  in co n t ra s t  t o  wi ld-type Drosophila which exc luded 

t h e  m olecul e  (Behr, Riedel e t  al. 2003;  Wu,  Schul te  e t  al. 2004).  Similarly in 

C aenorhabd i t i s  e l egans  a g e n e  show ing  s e q u e n c e  similarity t o  claudins ,  CLC-1, w as  s h o w n  

to  b e  fo und  a t  s e p t a t e  junct ions ,  and to  also allow pe rm eab i l i ty  t o  a 10 kDa t r a c e r  w h e n  

knock ed  d o w n  (Asano, Asano e t  al. 2003).  It has  b e e n  s u g g es ted  h o w e v e r  t h a t  in con t ra s t  

t o  TJs in v e r t e b r a t e s ,  t h e  i n v e r t e b ra t e  s e p t a t e  gap of  20 n m  is t o o  wide  t o  be  crossed by 

claudin  hom o lo g u es ,  and t h a t  t h e y  might  funct ion in t h e s e  animals  only in a signalling 

func t ion  (Stork, Engelen e t  al. 2008).  V e r t e b r a t e  TJs, wi th a r e p o r t e d  wid th  of  less t h a n  1 

nm (Karakotchian an d  Fraser  2007),  a r e  certainly s p a n n e d  by claudin  family proteins.
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Com pared w ith  th e  six reported  claudin hom ologues in Drosophila (Van Itallie and 

Anderson 2004), and th e  5 claudin-like proteins in C. elegans (Asano, Asano et al. 2003), 

vertebrates  have m any m ore claudin proteins w ith  56 being reported  in the  puffer fish 

Fugu rubripes (Loh, Christoffels et al. 2004). Both hum ans and mice have 24 m em bers of 

th e  claudin fam ily, a lthough proteins exist in the  'p fam 00 82 2 ' protein  fam ily th a t share  

m any o f claudin fam ily  signature features (Van Itallie and Anderson 2004). Structurally  

claudins are integral m em brane  proteins w ith  four transm em brane  dom ains and tw o  

extracellu lar and one in tracellu lar loops. In th e  first extracellu lar loop claudins have a 

com m on WGLWCC m otif, and they  also possess a C -term inus PDZ dom ain. This m o tif  

binds to  the  PDZ dom ains o f th e  TJ support proteins, such as ZO-1, ZO-2, ZO-3 (Itoh, 

Furuse e t al. 1999) and M U P P-1  (Ham azaki, Itoh e t al. 2002). The C -term inus tail, but not 

th e  PDZ dom ain, is th e  region which confers stability to  claudins, and swapping th e  C- 

term inus tails has been found to  coincide w ith  a reversal o f protein  half-lives (Van Itallie, 

Colegio et al. 2004). The structure o f claudins is illustrated in Figure 1.5.
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Figure 1.5: Generalised structure of claudin proteins. Observable are the 4 

transmembrane domains, the 2 extracellu lar and 1 in trace llu lar loops. The C-terminus PDZ 

m o tif  is h ighlighted in black, as is the conserved WGLWCC m o tif in the f irs t  extracellu lar 

loop. It is likely tha t the tw o cysteine residues fo rm  a disulphide bond. Two residues 

believed to be involved in charge selectivity o f  the claudin pore are h ighlighted in red. (Van

Ita llie  and Anderson 2004)

Various post-translational modifications have also been implicated in claudin function. 

For instance phosphorylation has been shown to increase claudin-1-4 permeability to 

chloride ions (Yamauchi, Rai et al. 2004), and loss of palmitoylation sites on claudin-14 

results in reduced localisation of the protein to the m embrane (Van Itallie, Gambling et al.
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2005).  It is poss ib le  t h a t  this  o b se rva t io n  w a s  d u e  to  a l tera t ion of  t h e  p ro te in ' s  shape,  

h o w e v e r  a role for palmi toyla t ion in t h e  as se mbly  of  integral  m e m b r a n e  prote in  

s t ru c tu re s  has  b e e n  previously  de sc r i bed  (Berditchevski,  Odintsova e t  al. 2002).

S o m e  claudins,  such as claudin-1,  a r e  widely exp res sed  (Van Itallie and  A n d e r so n  2004),  

w h e r e a s  o t h e r  claudin p ro te ins  a r e  ex p r es sed  only in cer tain  cell t y p e s  or  pe r io ds  of 

d e v e lo p m e n t  (Turksen and  Troy 2001).  This, t o g e t h e r  wi th t h e  large n u m b e r  of  d i f fe ren t  

c laudins  in m a m m a ls ,  sug ges t s  t h a t  t h e y  po sses s  var ied  func t ions  in TJs. Indeed  t h e  

permeabi l i t y  o f  TJs vary considerab ly  a m o n g  di f ferent  t i ssue  types ,  wi th d i f f e rent  t i ssues  

varying in electrical  co n d u c ta n c e ,  ch a rg e  selectivity, non ch a rg ed  so lu te  permeab i l i ty ,  and 

size d iscr iminat ion (Van Itallie an d  Ande rs on 2004),  and  this  is re f le c t ed  in the i r  

com pos i t iona l  h e t e r o g en e i ty .  This var ia t ion  in claudin com pos i t io n  a n d  perme ab i l i t y  is 

ref lec ted  in t h e  n ep h r o n ,  as Table 1.1 i l lustrates:
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Claudin-1 X

Claudin-2 X X ~

Claudin-3 X ~ ~

Claudin-4 X X

Claudin-7 ~ X X

Claudin-8 ~ X X

Claudin-10 X X

Claudin-11 X X

Claudin-16 X

Table 1.1: Expression of claudins in different regions of the nephron. 'X' indicates that the 

claudin in question was detected in that region of the nephron; indicates that the 

claudin was detected in part of the region. (Furuse and Tsukita 2006)

In fact each claudin studied thus far has dem onstrated  a characteristic influence on TJ

function. A n u m b er o f studies expressing d iffe ren t com bination o f claudins in M ad in -

Darby canine kidney (MDCK) cells found th a t overexpression o f claudin-7 increased

paracellular perm eab ility  to  cations, w hile  reducing it to  anions. C laudin-4, -8 and -14

overexpression reduced perm eability  to  cations but not anions, w hile  overexpression of

claudin-2 actually decreased barrier strength w ith o u t reducing th e  num ber o f TJ strands,

as w ell as resulting in higher perm eability  to  cations (Ben-Yosef, Belyantseva et al. 2003;

Furuse and Tsukita 2006 ). Site-d irected m utagenesis dem onstrated  th a t charge selectivity

was determ in ed  by a small num ber of residues in the  first extracellu lar loop o f the  protein
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{Figure 1.6, red), and one study even found that swapping negative residues in this loop 

for positive ones in claudin-15 reversed its permeability from Na^ to Cl in these cells 

(Colegio, Van Itallie et al. 2002).

The finding that claudin-14 reduces permeability to cations fits w/ith its abundant in vivo 

expression in the outer hair cells of the cochlea in the ear. Here TJs function to separate 

the K^-rich endolymph and Na -rich perilymph, a separation essential for hearing. The 

importance of claudin-14 for this role is seen in the deafness observed in mice and 

humans with claudin-14 mutations (Ben-Yosef, Belyantseva et al. 2003). C laud in -ll-nu ll 

mice also exhibit deafness, and this is due to a similar role of claudin-11 in maintaining 

the endocochlear potential in the ear (Kitajiri, M iyam oto et al. 2004). Interestingly 

c lau d in -ll-n u ll Sertoli cells in these mice also leads to a lack of spermatozoa and 

consequent sterility, likely due to failure to establish or maintain a microenvironment 

suitable for spermatocyte maturation (Gow, Southwood et al. 1999). Mutations in 

claudin-16, expressed in the thick ascending limb of the nephron (Table 1.1), cause a 

series o f hereditary defects in Mg^^ reabsorption in humans and cattle, resulting in 

deficiency of the ion. Similar to claudin-15, claudin-16 contains a number of negatively 

charged residues in its first extracellular loop, which appear to electrostatically interact 

with soluble ions, enabling or barring their passage (Simon, Lu et al. 1999).

As well as discriminating on the basis of charge, claudins also play a central role in 

determining the maximum size of molecules that can cross an endothelial or epithelial 

cell layer via the paracellular pathway. For instance, claudin-1 knockout mice die within 

one day of birth due to excessive w ater loss across the skin. In the study on claudin-1
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knockout mice a small, 600 Da tracer was found to passively diffuse across the epithelium 

of these animals (Furuse, Hata et al. 2002). Interestingly, mutations in claudin-1 are 

associated in humans with ichthyosis -  a condition manifested by skin dehydration (Hadj- 

Rabia, Baala et al. 2004). These observed phenotypes in humans and other animals 

lacking, or w ith mutations in claudin proteins demonstrate their indispensible nature in 

proper TJ function in preventing paracellular transport o f molecules as small as water.

1.2 Glioblastomas

1.2.1 Epidemiology and Classification of Glioblastomas

Glioblastomas are a type of glioma, a tumour subtype which arise from glial cells, and 

include oligodendrogliomas, ependymomas, astrocytomas, and glioblastomas. Tumours 

of glial origin account for 32% of all tumours of the CNS, as well as 80% of malignant 

tumours that arise in central nervous tissue. Of these glioblastomas make up 15.8% of all 

primary brain tumours, w ith incidence highest among older patients; this frequency was 

second only to  meningiomas, however these tumours are largely not malignant. When 

incidence of malignant brain tumours alone was analysed glioblastomas occurred at a 

rate o f 3.19 per 100,000 in the US, with astrocytomas second at 0.58 per 100,000 

(Dolecek, Propp et al. 2012).
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Figure 1.6: Relative incidence of glioblastomas in comparison with other CNS tumour 

types. Data presented is the relative frequency o f reported tumour types in the US 

between 2005 and 2009. (Dolecek, Propp et al. 2012)

One way o f classifying CNS tumours is by their grade, as assigned by the World Health 

Organisation, and where gliomas are concerned there are four grades o f increasing 

severity. Pilocytic astrocytomas constitute grade I tumours, and these growths are benign 

and rarely require more than periodic monitoring. Grade II diffuse astrocytomas 

demonstrate a moderately proliferative and invasive phenotype, whereas grade III 

anaplastic astrocytomas display atypical nuclei and increased mitosis and infiltration in 

comparison. Finally glioblastoma multiforme constitute grade IV gliomas. These highly 

proliferative and invasive tumours are histologically similar to grade III anaplastic 

astrocytomas, but can be identified by the presence of increased necrosis and 

angiogenesis (Kleihues, Burger et al. 1993). Identification o f tumour grade has huge
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im plications for patient prognosis, w ith  grade I pilocytic astrocytom as displaying a five- 

year survival rate o f 94% , in com parison w ith  less than 5% in the  case o f grade IV 

glioblastom as (Dolecek, Propp et al. 2012).

1.2.2 Genetic Mutations in Glioblastomas

A lm ost every type o f tu m o u r occurs as a result o f genetic changes introduced by exposure  

to  m utagens such as UV radiation, toxic m etabolites or viral insertions into host DNA. 

Glioblastom as are no exception, w ith dysregulation o f tu m o u r suppressors such as RB and 

p53 being reported  in the  vast m ajority  o f glioblastom as (Ueki, Ono et al. 1996; 

M cLendon, Friedm an et al. 2008). Proteins such as these are key to  th e  m anifestation  and 

progression o f glioblastom as as they control entry  to  th e  cell cycle (Das, Hashim oto et al. 

2 005), as w ell as blocking o th er processes such as angiogenesis (Van M e ir, Polverini e t al. 

1994).

As w ell as tu m o u r suppressors such as these, which are alm ost obligatorily  m utated  in 

o rd er for a glioblastom a to  form , there  are also genes whose m u tatio n  alters a specific 

characteristic o f a tum our. Invasion o f surrounding neural tissue by a g lioblastom a, for 

instance, is m ediated  by a num ber o f processes. Firstly th e  adhesion o f tu m o u r cells to  

th e  extracellu lar m atrix and o th er cells m ust be a ltered, in o rd er to  allow  th e  cancerous  

cells to  m ove from  th e ir point o f origin. Secondly, m o tility  requires significant 

m odification of the  actin cytoskeleton. Finally, extracellu lar m atrix  proteins must be 

broken down by proteases produced by th e  new ly m otile  cells to  enable th e ir progression 

through the brain (Lefranc, Brotchi et al. 2005). Each of these requirem ents  must be m et
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by upregulation and downregulation of various genes. One example of this is Ilp45, an 

inhibitor of tum our invasion whose expression is decreased or absent in many 

glioblastomas (Song, Fuller et al. 2003; Wu, Song et al. 2010). In contrast IGFBP2 is often  

upregulated in glioblastomas, and functions to enhance the expression of matrix 

metalloproteinases that break dow/n proteins of the extracellular matrix (Wang, Shen et 

al. 2003). A further example of a glioblastoma characteristic that can majorly influence 

prognosis is the resistance of the tum our to chemotherapeutics, with absent prom oter 

methylation of M G M T resulting in a lack of effectiveness of chemotherapeutics (Hegi, 

Diserens et al. 2005). This occurs because the M G M T protein functions in DNA repair, and 

demethylation of its prom oter results in its increased expression with consequent 

protection from the DNA-mutating effects of chemotherapeutics such as temozolomide.

1.2.3 The Blood-Tumour Barrier

The introduction of tem ozolom ide as a chemotherapeutic for the treatm ent of 

glioblastomas has resulted in an increase in median survival from 12.1 months to 14.6 

months, and two year survival on temozolomide in conjunction with radiotherapy is 

significantly higher than radiotherapy alone, at 26.5% compared to 10.4% (Stupp, Mason 

et al. 2005). However the fact remains that despite some measure of progress in median 

survival lengths, glioblastoma m ultiform e still remains one of the most difficult cancer 

types to combat. There are a number of factors contributing to  this observed difference, 

such as glioblastomas being situated in an organ that is highly sensitive to damage, 

making increases in tum our volume, surgical resection, and cytotoxic treatm ents  

considerably more hazardous than in many other sites in the body. However possibly the
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g r e a t e s t  r e a s o n  w hy  gl ioblas tomas ar e  so difficult t o  t r e a t  is t h e  p r e s e n c e  of  t h e  b lood-

t u m o u r  ba r r i er  (BTB).

The BTB exhibi ts  a n u m b e r  of  significant deficits in BBB character is t ics .  TJ p ro te in s  

d e m o n s t r a t e  a l t e r ed  express ion,  wi th r e p o r t e d  d e c re a s e s  in t h e  levels of  p ro te in s  such as 

occludin,  claudin-1 and claudin-5 in endothel ia l  cells o f  anapla s t ic  t u m o u r s  (Liebner,  

F ischmann e t  al. 2000;  Ishihara,  Kubota e t  al. 2008).  The re  is var ia t ion  b e t w e e n  t h e s e  

s tudies ,  h o w e v e r ,  with o n e  re po r t ing  t h a t  claudin-3  express ion a lo ne w as  lost in 

g l iob las toma,  wi th express ion of o t h e r  TJ prote ins  rema in ing u n c h a n g e d  (Wolburg,  

Wolburg -Buchholz  e t  al. 2003).  Despi te t h e  d i f ferences  b e t w e e n  t h e s e  obse rva t io ns  it is 

cer t a in  t h a t  significant loss of  bar r ier  character is t ics  occurs,  a n d  this is n o t  only 

m an i fe s t e d  by def ic iencies  in TJ prote in  express ion.  Plakoglobin,  a p ro te in  i m p o r t a n t  for  

VE-cadherin adhes io n  in endo thel ia l  cells (N o t t e b a u m ,  Cagna e t  al. 2008),  w as  foun d to  

be  a b s e n t  in t h e  majori ty of  g l ioblas toma microvessels  (Liebner,  F ischmann e t  al. 2000).  

A bsen t  also w e r e  fac tors  such as t h e  basal  lamina p ro te in  agrin (Rascher,  F ischmann e t  al. 

2002),  and correc t ly  m a t u r e d  per icytes (Liebner,  F ischmann e t  al. 2000).  The s ou rc e  of  

t h e s e  o b s e r v e d  losses of  bar r ie r  character is t ics  or ig inate  f rom signals re leas ed  by t h e  

growing gl iobla s toma cells. Endothel ial  cells coc ul tu red  wi th g l ioblas toma cells d isplayed 

do w n re g u la t io n  of  TJ prote ins ,  as well as increased  paracel lu lar  permeabi l i ty .  Interes tingly  

neutra l i s ing t h e  g l iob las toma cel l - re leased fac to r  TGF-P2 has  b e e n  o b s e r v e d  to  partially 

a b r o g a t e  th is  ef fec t  (Ishihara, Kubota e t  al. 2008).

These  large-scale def ic iencies  in barr ier  p rope r t ie s  o f  t h e  BTB s e e m  at  odds  wi th t h e  

ex t r em e ly  p o o r  results  in t r e a t in g  gl iobla s tomas  wi th c h e m o t h e r a p e u t i c  agents .  It has
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even been found that fluorescein, with a molecular weight of 376 Da and normally 

excluded from the brain, leaked into brain tumours (Zhang, Price et al. 1992), as does the 

MR! contrasting agent gadolinium-DTPA (742 Da) (Larsson, Stubgaard et al. 1990). The 

photodynamic therapeutic agent hypericin (504 Da) is also observed to successfully 

perm eate glioblastomas (Noell, M ayer et al. 2011). Part of the impact of the BTB on 

increased tum our resistance to chemotherapeutics is that the blood vessels of small 

tumours and the tum our periphery often display barrier strength equivalent to healthy 

brain tissue (Zhang, Price et al. 1992). This is especially im portant considering that tum our 

cells have been isolated and grown from samples of brain tissue that had been deemed to 

be entirely tum our free by histological analysis (Silbergeld and Chicoine 1997). This is due 

to the previously mentioned ability of glioblastoma cells to invade surrounding tissue, 

where they are protected against systemically delivered chemotherapeutics by a fully 

intact BBB. This is a large factor in the high recurrence rate of glioblastomas after surgery. 

In larger brain tumours it has been observed that systemically delivered 

chemotherapeutics such as paclitaxel and doxorubicin reaches tumorous tissue at a 

higher rate than the healthy brain, but that this level reaches less than 15% of the level 

delivered to tumours in peripheral organs. Furthermore the level of chemotherapeutic 

only reached cytotoxic levels in approximately 10% of the brain tumours studied 

(Lockman, M ittapalli et al. 2010). In particular regions at the periphery of the tum our 

experience deficits in delivery (Agarwal, Manchan Da et al. 2013).
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1.3 Traumatic Brain Injury

Traum atic  brain injury (TBI) is the  leading cause o f death am ong young people and the  

elderly  in th e  developed w orld , and results m ainly from  falls, v iolence and road accidents. 

Data collected in Ireland indicates tw o  distinct main patien t groups, th e  e lderly  and 16-24  

year old m en -  men are overall th ree  tim es m ore likely than w o m en  to  acquire a TBI. TBIs 

affecting  the  elderly are largely due to  falls, w hile  in young m en TBIs are heavily  

associated w ith  alcohol consum ption (Society o f British Neurological Surgeons, 2010). The  

re lative prevalence o f cause varies country to  country, w ith  countries in Southern Europe  

reporting  a m ajority  o f TBI cases from  road accidents, w hile  in N orthern  Europe alcohol- 

re lated  falls cause the  m ajority  o f TBIs (Hukkelhoven, Steyerberg e t al. 2002).

Across Europe the  incidence o f TBI is approxim ate ly  2 3 5 /1 0 0 ,0 0 0  (Tagliaferri, 

C om pagnone et al. 2006). W h ile  m any people recover fully from  TBI, m any others are left 

w ith  significant m ental, behavioural and m otor deficits, and an estim ated  figure for  

people living w ith  ongoing effects from  a TBI in Europe is over 7 m illion (Tagliaferri, 

Com pagnone et al. 2006). In the  US approxim ate ly  1.7 m illion people suffer a TBI each 

year, w ith  275 ,00 0  being hospitalised and 5 2 ,000  cases resulting in death  (Centers for  

Disease Control and Prevention, 2006).

1.3.1 Traumatic Brain Injury Pathology

Clinically, TBIs are classified as being m ild, m oderate  or severe. These classifications are  

com m only arrived at by m eans of the  Glasgow Coma Scale (GCS), which measures eye
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response (1-4 points), verbal response (1-5 points), and m otor response (1-6 points). A 

combined GCS of greater than 12 indicates a mild TBI, GCS of 9-12 indicates a moderate  

TBI, and a GCS of less than 9 indicates a severe TBI. Other scales are occasionally used 

however, including the Abbreviated Injury Scale, Injury Severity Score, and the length of 

Post-Traumatic Amnesia (Tagliaferri, Compagnone et al. 2006). In Ireland 69% of all TBIs 

were registered as mild, 10% as m oderate, and 20% as severe (Society of British 

Neurological Surgeons, 2010).

The types of damage acquired in TBI can be separated into primary and secondary effects. 

Primary effects are acquired nearly instantly in a TBI as a direct result o f damage due to 

contact or acceleration/deceleration, and they can include leaky ion channels, m embrane  

microporation, conformational changes in proteins, and shearing of blood vessels causing 

haemorrhage (Maas, Stocchetti et al. 2008). These primary effects of TBI are preventable, 

for example by use of crash helmets in road-accident scenarios, but are largely 

untreatable. Secondary effects, meanwhile, lie downstream of these primary effects and 

begin within minutes or hours or the primary insult, and these effects are all targets for 

potential treatm ents for TBI. They include mitochondrial and subsequent energy 

production impairment, immune cell infiltration and activation, cytokine release, oedema 

formation and resultant increase in intracranial pressure, and apoptosis (Maas, Stocchetti 

et al. 2008; Clausen, Hanell et al. 2011).
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1.3.2 Diffuse Axonal Injury

The most common primary insult sustained across all severities of TBI is diffuse axonal 

injury (DAI). This type o f nerve damage may occur even in the absence of a direct focal, 

contact impact, but instead is caused by the inertial forces that occur particularly in road- 

traffic accidents. These inertial forces cause the soft, pliable brain tissue to rotate and 

twist, which puts a strain on the white matter causing diffuse damage across large regions 

of the brain. The direction of head acceleration in animal models of impact-free TBI was 

found to greatly influence the degree o f impairment following the application o f force. 

Sagittal head motion resulted in the mildest coma length and level of disability, followed 

by oblique head movement. Animals subjected to lateral head movement were the most 

severely affected. In all cases the amount of observable DAI was directly proportional to 

the duration o f coma and the degree o f recovery (Gennarelli, Thibault et al. 1982), 

indicating that DAI was the primary cause of damage. In the case of coma in particular, 

evidence indicates that this is caused by axonal damage to the brainstem in particular 

(Smith, Nonaka et al. 2000).

One of the main outcomes of inertial forces on axons is the disruption o f axonal 

transport, which results in the accumulation of organelles and other transport materials 

at points where axonal transport has been interrupted (Christman, Grady et al. 1994). 

This occurs w ith in hours of injury, and can been seen under the microscope as periodic 

swellings along an axon, referred to as axonal varicosities; if this swelling becomes 

pronounced it can result in complete disconnection o f the axon and its withdrawal into a 

'retraction ball'. This later disconnection of axons following DAI is known as secondary
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axotomy.  W h e n  t ransm iss ion e lec t ron  microscopy w as  recent ly  em ployed  in an  in vitro 

m ode l  of  DAI, it w as  fo u n d  t h a t  per iodic mechan ica l  b reaks  in mic ro tubu le s  w ou ld  lead to  

swel lings a long t h e  axons  a t  t h e  wi thin h ours  d u e  t o  accu m ulat io n  of  t r a n s p o r t  m ater ia ls  

a t  t h e  si tes of  t h e  breakages .  This axonal  pa tho logy  occ u rr ed  desp i t e  only o n e  th i rd of 

mic ro tubu les  being broken,  wi th t r a n s p o r t  cont inuing,  a t  least  a t  first, on t h e  un b ro k en  

s t r an d s  (Tang-Schomer ,  Joh n so n  e t  al. 2012).  Axonal d i sconn ec t ion  and dis rup t ion of  

axonal  t r a n s p o r t  even tua l ly  led to  Wallerian  d eg e n e r a t i o n  of  t h e  axon distal t o  t h e  

s ep a ra t i o n  f rom t h e  neu rona l  cell body,  likely d u e  t o  failure t o  t r a n s p o r t  sufficient  

NMNAT2, an essent ia l  axonal  prote in  (Gilley and Coleman  2010).

As well as h igher  d e g r e e s  of  d a m a g e  occurr ing in t h e  w h i t e  m a t t e r  t h a n  in grey m a t t e r  

(Shaw,  MacKinnon e t  al. 2001) ,  d i f ferent  cell pop u la t ions  in t h e  brain a p p e a r  t o  be 

af fec ted  by DAI to  d i f fe ren t  deg rees .  For ins t ance  o n e  w e e k  af te r  fluid pe rcuss ion  injury in 

rats,  m ye l ina ted  axons  had r e tu r n e d  to  control  levels of  c o m p o u n d  action po ten t i a l  -  a 

m e a s u r e  o f  t h e  d e g r e e  of  neu rona l  activity -  whi le u n m y e l in a ted  axons  w e r e  still 

significantly d e p r e s s e d  (Reeves,  Phillips e t  al. 2005).

DAI is t radi t ionally  d iagnosed  his topathologically by obs erving re t r ac t ion balls by m e a n s  

o f  silver staining.  H ow ever  t h e  p ro c e d u re  is s low and  d o es  n o t  e n a b le  recogni t ion  of  DAI 

pr ior  t o  axonal  re t rac t ion .  As such m a n y  groups  have b e gun  to  use  be ta -am ylo id  

p re c u r s o r  prote in  as a m ark e r  for  axonal  injury, wi th posi tive s taining being o b s e r v e d  in 

h u m a n  brain sam p le s  t h a t  survived for 3 h up to  a t  leas t 99 days  (Blumbergs ,  Scott  e t  al. 

1994;  Sherriff,  Bridges e t  al. 1994).  In living p a t i en t s  m eanw hi le ,  diffusion t e n s o r  imaging
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has been reported  to  be successful in detecting axonal swelling in cases o f m ild TBI 

(Bazarian, Zhong et al. 2007).

1.3.3 Cardiovascular Dysfunction

B lood-flow  problem s are another m ajor early fea tu re  o f TBI pathology. These can result in 

ischemia in th e  injured region or in o th er regions o f th e  brain, which leads to  loss of 

m etabolism , lactic acidosis, and necrosis. Cerebral blood flow  (CBF) in patients is usually 

m easured through ^^^Xe clearance, and in hum ans this type o f m easurem ent indicated  

th a t CBF was low est on the  day o f injury, and then  rose in th e  days a fterw ard . Patients  

w ith  CBF values g reater than 33 m l/1 0 0  g /m in u te  on th e  day o f injury (13 patients) w ere  

observed to  have a favourable neurological outcom e at 6 m onths post-in jury o f 58.8% , 

w hereas 0%  o f those w ith  CBF values less than this (7 patients) had a favourab le  outcom e  

at 6 m onths (Kelly, M artin  et al. 1997). Q uantification o f CBF in patients at least 3 m onths  

a fter a TBI indicated tha t blood flo w  could still be depressed in regions o f the  brain, and 

these regions o f hypofusion w ere  associated w ith  observations o f diffuse injury (m ost 

com m only in th e  posterior cingulated cortices and th e  tha lam i) or focal lesions (frontal 

cortices) (Kim, W h yte  et al. 2010). This clinical data indicates how  im p o rtan t CBF is in 

predicting ou tcom e in cases o f TBI, and how  central it is to  TBI pathology even m onths  

la te r w ell into th e  chronic stage.

Vasospasm -  th e  spasming o f a blood vessel, which leads to  vasoconstriction and 

ischemia -  is one event which can cause drops in CBF fo llow ing TBI. It has been estim ated  

to  occur in approxim ate ly  40%  o f cases o f severe TBI in studies using both angiography  

(M acpherson and Graham  1978) and Doppler u ltrasonography (W eber, Grolim und et al.

31



1990). In the  la tte r study evidence o f vasospasm began as early as 2 days post-injury and 

lasted for approxim ately  2 w eeks, reaching a peak betw een  days 5-7. No relationship was 

found betw een vasospasm alone and GCS, intracranial pressure (ICP), or functional 

outcom e at 6 m onths (W eber, Grolim und et al. 1990); how ever if it was found  

subsequently th a t only a subset o f vasospasmodic incidents have a depressive e ffec t on 

CBF, and w hen these w ere  considered th e y  w ere  found to be an im p o rtan t predictor of 

poor outcom e (Lee, M artin  e t al. 1997).

A nother b lood-flow  problem  th a t is a significant indicator o f negative outcom e in TBI 

pathology is intracranial haem orrhage. One type, subarachnoid haem orrhage, occurs in 

approxim ately  60%  o f TBI cases, and its occurrence doubles th e  risk o f death  (Eisenberg, 

Gary et al. 1990). Together or alone these deficits in th e  delivery o f blood to  the  brain can 

result in regions o f hypoxia, w ith  m u ltip le  studies finding O2 levels below  14 m m H g to  

result in ischemia and cell death (Johnston, S teiner et al. 2005; Rose, Neill e t al. 2006).

1.3.4 Metabolic Dysfunction

Dysregulation o f neuro transm itter, e lec tro lyte  and m etabolic  levels are events which  

straddle the  transition from  prim ary to  secondary TBI pathology. In this w ay they  are 

effects th a t likely occur to  some degree in every type  and severity o f TBI, but m ay be 

am enable to  tre a tm e n t to  reverse or am elio ra te  th e ir effects.

M etabo lic  changes in brain regions fo llow ing TBI appear to  be biphasic in nature, w ith  

hyperm etabolism  being observed in th e  hem isphere ipsilateral to  th e  site o f injury
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im m ed ia te ly  a fter and up to  at least 30  mins post-injury, particularly in the  cortex and 

hippocam pus (the m etabolism  in th e  la tte r region being up to  90%  higher than in 

controls). Around 6 h post-in jury, how ever, these regions w e n t into a depressed  

m etabolic  state, lasting up to  5 days (Yoshino, Hov Da e t al. 1991). This finding was 

repeated  in models o f single and repeated  blast exposures, w ith  significant decreases in 

neuronal ATP levels at 6 h fo llow ing th e  blast (Arun, A bu-Taleb et al. 2013). This m etabolic  

depression can continue into th e  chronic phase o f TBI, w ith  glucose m etabolism  having 

been found to be decreased in the brains o f TBI patients up to  one m onth post-in jury  

(Bergsneider, Hov Da et al. 2001). A study o f a large num ber o f patients found th a t 6 

m onth outcom e was most strongly associated w ith  m etabolic  prognostic m arkers, such as 

cerebral m etabolic  rate  o f oxygen, lactate levels and glucose levels shortly a fte r injury, 

w ith  o th er factors such as CBF, BBB integrity, GCS and papillary status being less 

significant (Glenn, Kelly et al. 2003).

As m entioned , n eu ro transm itter dysregulation is ano ther p rom inent fea tu re  com m on to  

TBI pathology, in particular greatly  increased levels of extracellu lar g lu tam ate  which can 

lead to  excitotoxic cell death o f over-stim ulated  neurons. U nder norm al circumstances  

g lu tam ate  is cleared from  th e  synapse and o th e r extracellu lar regions by excitatory  

am ino-acid transporters, w ith  one such glial-expressed tran sp orte r -  GLT-1 -  being  

responsible for the  m ajority  o f g lu tam ate  transport. The increased levels o f g lu tam ate  

observed a fter TBI coincide w ith  an observed decrease in the  expression levels of 

g lu tam ate  transporters, such as GLT-1, in th e  brain region ipsilateral to  th e  injury, and an 

induced reversal o f this dip in tran sp orte r expression decreased GFAP expression level -  a 

m arker o f intracranial lesions (Diaz-Arrastia, W ang et al. 2013) -  and post-traum atic  

seizure duration (Goodrich, Kabakov et al. 2013).
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In contrast to glutamate, electrolytes such as Ca^  ̂ rapidly increase the ir uptake into cells 

following TBI. This has been elucidated clearly in in vitro models of axonal stretching, 

where Ca^  ̂ increases over the course o f about 1 h post-injury. This increase does not 

appear to occur as a result of microporation o f the cell membrane, and it can be 

prevented by blockage of sodium channels, voltage-gated calcium channels, or to a lesser 

degree Na^-Ca^^ exchangers. This points to a situation where early increases in Na^ 

concentrations w ithin the cell -  likely a result of mechanical strain on the cell -  leads to 

Câ '̂  being influxed into the cell in exchange for Na^ ions (Wolf, Stys et al. 2001; Iwata, 

Stys et al. 2004). The net effect of this abnormally-raised intracellular Ca^  ̂ level is the 

activation o f enzymes such as phospholipases and calpains as early as 15 mins post-injury; 

these then act to cleave lipids and structural proteins, resulting in significant neuronal cell 

death (Castillo and Babson 1998; Buki, Siman et al. 1999). Ca^  ̂ influx has also been linked 

to damage to mitochondrial integrity, leading to cytochome c release, subsequent 

caspase-3 activation and further cellular damage (Buki, Okonkwo et al. 2000). These 

negative effects o f increased intracellular Ca^  ̂ levels are further backed up by findings 

that inhibitors of Ca^^-activated enzymes, such as calpain (Bartus, Hayward et al. 1994) 

and calcineurin (Marmarou and Povlishock 2006; Reeves, Phillips et al. 2007) can protect 

against ischemic brain damage in models of TBI.

1.3.5 Oedema

One of the key features o f many TBIs is an increase in ICR, putting pressure on brain 

regions surrounding the injured region and worsening blood-flow in the injured brain. The
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largest contributing factor towards elevated ICP is intracranial oedema -  swelling of the 

brain that, limited by the skull, has limited space into which to expand before pathological 

increases in pressure occur. Swelling following a controlled cortical impact (CCI) model of 

TBI was measured to be 14.3%, with brain water content increasing to 82.5% in the 

injured region, compared with 79.9% in the controlateral hemisphere (Unterberg, Stroop 

et al. 1997). Previously it had been believed that observed brain swelling was due to 

engorgement of intracranial blood vessels, but studies measuring the degree of swelling 

due to water taken on by oedema and blood demonstrated that the contribution by 

water was far in excess o f that by blood (Marmarou, Fatouros et al. 2000).
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Figure 1.7: Analysis of human cerebral oedema progression, (a) Serial axial CT scans are 

shown o f a 12 year old boy who suffered a severe TBI while riding an all terrain vehicle. 

Initial CT shows bilateral injury with a le ft fron ta l open depressed skull fracture and 

underlying haematoma (arrow) and right-sided subarachnoid haemorrhage (panel 1). The 

fo llow-up scan 24 h la ter (panel 2) shows progressive cerebral oedema due to the in itia l 

hypoxia and subsequent malignant ICPs resulting in increased right to le ft brain shift. The 

patient underwent a left-sided decompressive craniectomy (panel 3) due to refractory ICPs 

and the fo llow-up scan 3 weeks later (panel 4) shows persistent oedema despite maximal 

medical therapy, (b) Three images o f a female patient aged 18 years admitted post

cardiac arrest. Left hand Panel: CT scan o f the brain less than 24 h after arrest: brain 

parenchyma appears normal. Middle panel: CT scan day 5, showing massive generalized 

cerebral oedema as a result o f hypoxic ischemic injury. Right hand panel: MRI o f the brain 

at Day 8 showing residual bilateral white m atter oedema. (Campbell, Hanrahan et al.

2012)
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Post-TBI oedema can be separated into two main types, vasogenic and cytotoxic oedema. 

Vasogenic oedema occurs early following TBI primarily at the central core of the injury, 

where significant numbers of blood vessels are broken and red blood cells and plasma 

proteins can be observed leaking into the site of injury. This central region can also be 

enhanced by Gd-DTPA in MRI, indicating opening of the BBB (Katayama and Kawamata 

2003). Osmotic brain oedema is similar to vasogenic oedema in that fluid enters the brain 

from the blood vessels, but rather than large-scale, region-specific breakdown of the BBB 

oedema is driven by high osmolality within the contused, necrotic core of the TBI. Here 

osmolality was observed to increase from. 311.4 mOsm to  402.8 mOsm at 12 h post

injury, matched by a significant increase in water content. Findings in this study that brain 

cooling decreased osmolality increases in injured tissue while decapitation did not, 

indicate that the observed increase in osmotic gradient and water movement was due to 

metabolism and not blood flow (Kawamata, Mori et al. 2007).

1.3.6 Long-Term Recovery

The pathology discussed up this point involves features of TBI seen in the first few days 

and weeks following injury. However, TBI is a condition which can affect people for many 

years afterwards, and two such features of this long term pathology are increased risk of 

epileptic seizures and neurodegenerative conditions such as Alzheimer's disease. Seizures 

occur in animal models o f TBI in the weeks following injury, and these are used to study 

effects o f anti-convulsive compounds in their amelioration (Guo, Zeng et al. 2013), but TBI 

patients have been reported to have increased risk o f epileptic episodes for at least 10 

years following their injury. This risk increases with severity of injury, as well as being
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higher in women than in men in the case of mild injuries (Christensen, Pedersen et al. 

2009), although this latter finding could potentially be due to gender differences in the  

type of injuries acquired or under-reporting of mild injuries among men. These chronic 

stage seizures are the result of alterations in neural circuit organisation due to the loss of 

many neural and glial cells during the primary and secondary effects of the injury, and 

regions such as the hippocampus and dentate gyrus have been shown to be particularly 

involved in the development of post-traumatic epilepsy (Golarai, Greenwood et al. 2001).

Neurodegenerative, dementia-like effects are associated with long-term survival after TBI. 

This is particularly noticeable in professional sportspeople such as American football 

players (Guskiewicz, Marshall et al. 2005), and is associated with disturbances of memory, 

personality, gait, and the onset of Parkinson's-like shaking. These symptoms coincide with  

shrinkage of brain regions, and upon post-mortem tau-tangles and other cellular 

abnormalities are found (McKee, Cantu et al. 2009). Family studies have found increased 

risk o f Alzheimer's disease in the years following TBI, with the risk being proportional to 

severity of injury (Guo, Cupples et al. 2000) and appearing to be higher among males 

(Fleminger, Oliver et al. 2003). In a pig model of DAI amyloid beta accumulation was 

observed in all animals (n = 15) between 3 and 10 days after injury (Smith, Chen et al. 

1999). This has been seen in the brains of TBI patients also, up to 3 years post-injury, as 

well as observations of axonal swelling and loss of myelin even at these late timepoints  

(Chen, Johnson et al. 2009). In both animal and human models this amyloid beta 

accumulation appears to be a result o f the close association of amyloid precursor protein 

w ith its processing enzymes presenelin-1 and beta secretase-1 at the sites of transport 

breakdown and axonal swelling following TBI (Chen, Siman et al. 2004; Uryu, Chen et al.
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2007). This dem onstrates a clear example of the  knock-on effect of TBI pathology, w h e re  

a primary effect of injury -  in this case mechanical breakage of microtubules at th e  

m o m en t o f  injury -  leads in turn to the  later effects of TBI, even many years later, and 

affirms the  im portance of early intervention in TBI.

1.3.7 Immune Privilege

The im m une  privileged status o f the  brain -  which shares its status with  the eye, the  

testes and th e  pregnant uterus -  was initially elucidated by studies on tissue transplants  

to  the  anterior cham ber in the  eye. Here the transplanted skin grafts persisted, w h ere  in 

non-im m une privileged tissue they w ere  swiftly rejected (M e d a w a r  1948). It has since 

been found th a t  transplanted tissue grafts in the  brain are in fact rejected, but the  

process takes considerably longer than in the  periphery (Finsen, Sorensen et al. 1991).  

Response to  LPS also takes longer, w ith  m onocyte recru itm ent being delayed to  3 days 

after intracerebral injection of LPS. As well as this a 100-fold quantity of LPS is required  

for monocytes in the  brain to reach the same density as those in the  skin following  

injection the re  (Andersson, Perry et al. 1992).

These studies indicate that there  is a significant barrier to im m une activity in the  brain, 

and this is in part a result of the  many different layers o f  m em branes and cell types  

m entioned earlier that must be breached in order to access the  brain. This is a complex  

and multistep process, the  first of which is the  a ttachm ent o f  leukocytes to  the  

endothelial cells of cerebral blood vessels by means of proteins such as ICAM-1 and -2. A 

lack of these adhesion molecules results in failure of T cells to transmigrate across
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endothelial layers in vitro (Lyck, Reiss et al. 2003). The processes involved in crossing 

many o f the other layers of the BBB have not been fully elucidated, however the matrix 

metalloproteinase (MMP) enzymes appear to be crucial for penetration of the 

parenchymal basement membrane by means of dystroglycan cleavage (Agrawal, 

Anderson et al. 2006). To illustrate the importance o f breaching not only the endothelial 

layer o f the BBB -  often the only layer considered significant -  mice that overexpress the 

chemotactic factor MCP-1 in the brain accumulate immune cells in the perivascular 

spaces on the brain side of blood vessels. However, these cells do no damage unless they 

pass into the parenchyma of the brain, and inhibition o f MMP enzyme expression here 

prevents them from progressing further through the BBB (Toft-Hansen, Buist et al. 2006).

1.3.8 More Than a Barrier

When first discovered immune privilege was believed to be a result of physical separation 

o f the CNS from the systemic immune system by means o f the BBB and a lack of 

lymphatics in the brain preventing systemic immune cell monitoring, and the believed 

docile phenotype o f microglia -  macrophages resident in the brain. However, despite the 

challenges present in crossing the BBB mentioned earlier, the immune system does 

appear to have access to the brain in certain circumstances. Circulating, inactivated 

lynnphocytes are observed migrating into the CSF at similar concentrations to lymph in 

the periphery (Seabrook, Johnston et al. 1998), and it has also been found that transgenic 

T cells that are specific for the myelin protein MBP are found in the brain, completely 

unresponsive to stimulation, even by antigen in vitro following removal from the brain 

(Brabb, von Dassow et al. 2000). This means that rather than relying on preventing
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immune cells from reaching the CNS alone, other methods must be used to  evade or 

suppress the immune system.

A clue in the evasion o f the immune system by the CNS is the fact that viruses often 

persist long term in neurons, w ithout these cells being discovered and lysed by T cells. In 

an in vivo study on this cytotoxic T cells injected directly into the brain did not lyse any 

neurons infected with a virus or cause any damage to the brain. The likely cause o f this is 

the lack of significant MHC expression observed in neuronal cell lines (Joly, Mucke et al. 

1991). As MHCs are the proteins that present antigens found w ithin the cell to the 

immune system, and mark some cells for death due to infection, this would result in 

cytotoxic T cells being blind, in effect, to neurons. This is particularly important for 

neurons, as the loss even a small number o f neurons can result in the loss o f a huge 

number of axonal connections in the brain, or a patch of blindness in the retina. Due to 

the lack of regenerative ability in these organs losses such as this are devastating. In 

contrast to neurons, when the virus had infected leptomeningeal and choroid plexus cells 

even a greatly reduced number o f cytotoxic T cells caused major cell death and tissue 

damage (Joly, Mucke et al. 1991).

1.3.9 Suppression of Immune Response

To suppress the immune system in the brain a number of different, parallel mechanisms 

appear to be employed. One such mechanism is the expression o f HLA-G in the brain. 

HLA-G suppresses the activity and cell cycle progression o f T-lymphocytes (Ketroussi, 

Giuliani et al. 2011) and its expression in tumours (Agaugue, Carosella et al. 2011) or skin
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grafts (Lazana, Zoudiari e t al. 2012) appears to  be a m ethod w hereby  these tissues can 

escape detection by the  im m une system via HLA-G -m ediated im m une suppression. This is 

sim ilar to  the case o f the neuropeptide  a -M S H , which has been found to  greatly  reduce 

th e  severity o f experim enta l au to im m u n e encephalom yelitis  (EAE) -  a m odel o f m ultip le  

sclerosis which is defined by high levels o f neuro in flam m ation  (Taylor and Kitaichi 2008). 

a-M S H  also increases th e  population o f regulatory T cells, and these cells have an 

im m unosuppressive role by producing IL-9, leading to  m ast cell activation which results in 

regional im m une dam pening (Lu, Lind et al. 2006). The activity o f regulatory T cells and 

m ast cells in decreasing th e  im m une response in the  brain illustrates how  not all im m une  

cell a ttraction  or activation in th e  brain is necessarily a bad thing, despite th e  w ell-stud ied  

exam ples such as EAE w h ere  th e  im m une system is th e  cause o f CNA dam age. G alectin -1  

is ano th er exam ple o f a CNS-expressed peptide th a t is actively upregulated in th e  case o f 

neuronal dam age and which suppresses auto im m u n ity  by increasing th e  

im m unosuppressive functioning o f regulatory T cells (Toscano, C om m odaro et al. 2006; 

Ishibashi, Kuroiwa et al. 2007). As w ell as suppressing im m une cells d irectly w ith  

neuropeptides, or indirectly via regulatory im m une cells, studies indicate th a t apoptosis  

m ay be induced in activated im m une cells entering the  brain. This is indicated by th e  

presence o f th e  Fas ligand on astrocytes and neurons in rat and hum an brains. The  

astrocytes expressing this apoptosis-inducing factor w ere  found in close proxim ity  to  

blood-vessels (Bechm ann, M o r et al. 1999). A fu rth e r exam ple o f astrocyte-induced  

im m unosuppression is th e ir induction o f CTLA-4, an inhibitory factor fo r T-cells (Egen, 

Kuhns et al. 2002; Gimsa, A e t al. 2004). W ith  astrocyte e n d -fee t being th e  last e lem en t o f 

th e  BBB fo r in filtrating  im m une cells to  pass, it is appropria te  th a t they  are the  site o f 

num erous hurdles to  im m une cell activity in the  parenchym a. W ith  all these m yriad
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m echanism s of blocking, suppressing, or even killing im m une cells, the brain is 

significantly resistant to  in flam m atory  events com pared w ith  peripheral organs.

1.4 Clinical Trials in Traumatic Brain injury 

1.4.1 Setbacks

Developing novel, e ffective trea tm en ts  fo r TBI has been fraught w ith  difficulty, w ith  a 

significant num ber of clinical failures in recent years. Citicoline, an organic com pound  

hypothesised to  im prove cognitive outcom e, failed a phase III tria l in 2012  

(N C T00545662). Prostacyclin, a vasodilator and inh ib itor o f leukocyte adhesion resulted in 

no significant e ffect on any m easure o f outcom e at 3 m onths (O livecrona, Rodling- 

W ahlstrom  et al. 2009). Sim ilarly, prospective trea tm en ts  have failed hum an clinical trials  

such as dexanabinol, an inh ib itor o f neuro in flam m ation  (M aas, M u rray  et al. 2006); 

darbepoetin  alfa, a s tim ulator o f erythropoiesis (N C T01471015); pre-hospital 

resuscitation w ith  hypertonic saline (Cooper, M yles et al. 2004), and Premarin®, used in 

horm one rep lacem ent therapy  (N C T00973674). M any o f these had dem onstrated  quite  

conclusive results. Premarin® tre a tm e n t o f rats th a t had received a TBI, fo r exam ple, 

resulted in significantly reduced serum g lu tam ate  levels, as w ell as nearly halving the  

neurological severity score at 24 h (Zlotnik, Leibowitz et al. 2012). As w ell as this m any o f 

these failed studies, which at best produced no positive results, involved hundreds o f 

patients, reflecting a large investm ent o f tim e  and m oney on top  o f th e  years o f academ ic  

research th a t had brought the  tre a tm e n t to  clinical trial.
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Even existing TBI treatm ents haven't been immune to setbacks. Corticosteroids, for 

instance, were used for many years to combat TBI, until a series of trials shook the  

foundations of TBI treatm ent by calling their use into question. One trial involving 10,008  

TBI patients found that the use of corticosteroids actually increased the relative risk of 

death by nearly 20% (21.1% vs 17.9%) (Roberts, Yates et al. 2004). A m eta-review of a 

series of clinical trials the next year concluded that corticosteroids should no longer be 

used for TBI (Alderson and Roberts 2005).

The number of different animal models for TBI could be a point of criticism with regard to 

the difficulty that treatm ents have encountered at the clinical stage. The majority of 

studies demonstrate their in vivo results in only one model, and with each model 

demonstrating marked differences in pathology this is a cause for concern. As well as this 

the most commonly used animal models -  mouse and rat -  differ markedly in their brain 

volumes from humans. Large changes in brain size could fundamentally alter the  

progression of brain injuries due to  the way in which brain tissue compresses, swells, 

effects of skull thickness and other factors. Other differences between animal and human 

TBIs could have a serious impact on the results of studies. For instance it has been found 

that anaesthetics given to animals prior to their receiving a TBI alter TJ protein levels and 

so modulate BBB permeability (Thai, Luh et al. 2012). This could have a significant effect 

on drug delivery, immune cell translocation, or oedema formation, all of which would not 

be present in the case of human TBIs which are received conscious.

Even within a single species significant difference have been observed between  

background strains in respect to memory and m otor functional outcomes following TBI. In
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some background strains even sham -operated animals w e re  unable to learn certain tasks 

(Fox, LeVasseur et al. 1999). In essence a large problem is the  hom ogeneity  of current in 

vivo testing w here  injuries inflicted are as identical as possible, while in humans TBI is a 

highly heterogeneous condition. Significant im provem ents  can be made in pre-clinical 

assessment of prospective therapeutics by widening the  range of TBIs tha t  the t re a tm e n t  

is assessed with -  d ifferent injury types, d ifferent background strains, and different sized 

animal models. An approach similar to this was taken in stroke research at a t im e  w hen  

the  field had experienced a num ber o f  setbacks in clinical trials, and a num ber of  

recommendations w ere  drawn up in 1999. These recom m endations focused on the  use of  

models, as well as assessment of therapeutic  index and generation of dosage curves 

(Loane and Faden 2010).

1.4.2 Ongoing Trials

Despite the  setbacks there  are a num ber of potentially  highly efficacious trea tm en ts  

being currently trialled for TBI. M an y  o f these deal w ith  specific e lem ents of pathology, as 

a result of the  highly complex, heterogeneous nature o f TBI. One phase IV trial which is 

expected to conclude in Decem ber 2013, replaces hum an growth horm one, which is 

deficient for many patients following TBI (NCT00957671). O ther examples include: a 

feasibility study for levetiracetam to com bat post-TBI epilepsy (Klein, Herr et al. 2012);  

arginine vasopressin to improve cerebral perfusion pressure in patients (NCT00795366);  

intravenous delivery of Cerebrolysin, a neurotrophic factor that aids neuronal tissue 

protection and repair (Masliah and Diez-Tejedor 2012); sodium lactate infusion 

(NCT01573507) as the brain switches largely from glucose to  lactate metabolism
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following TBI (Timofeev, Nortje et al. 2013), and using sildenafil (Viagra®) to treat 

persistent cardiovascular dysfunction following TBI (NCT01762475). A number of studies 

have already resulted in promising results in humans, such as amantadine hydrochloride, 

an organic compound already used to treat Parkinson's disease, which improved 

Disability Rating Scale results significantly among 184 patients (Giacino, W hyte et al. 

2012).

Studies such as these are advantageous as due to their focus on a single or small number 

of specific outcome measures they can be easier to obtain clear evidence of beneficial 

effect in, rather than multiple outcome measures, or measures which are more difficult to 

measure objectively and consistently. Despite this, a novel treatm ent which would treat a 

large range of post-TBI dysfunctions, by targeting an early or core damage pathway in TBI 

pathology, would be an exciting development in the field. Oral or intravenous 

progesterone is a candidate for a drug that could do this, with promising results being 

reported in animal experiments (Cekic, Johnson et al. 2012). Treatm ent with this 

hormone is currently in a number of parallel clinical trials, including a phase IV for mild 

TBI in athletes (NCT01809639), and a phase III in severe TBI patients due to finish at the  

end of 2013 (NCT01143064). Results o f a number of these trials have already been 

published, with favourable outcome being reported in patients with DAI at 3 months 

(Shakeri, Boustani et al. 2013), and a further study reporting that progesterone together 

with vitamin D is even better than progesterone alone (Aminmansour, Nikbakht et al. 

2012). Hypothermia is another treatm ent for TBI that is showing a lot of promise at 

treating many outcomes of TBI. Trials on 80 and 136 patients resulted in improvements in 

ICP, antioxidant enzyme levels, neurological outcome, and mortality (Polderman, Tjong
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Tjin Joe et al. 2002; Qiu, Zhang et al. 2007). However there has been some variation in 

clinical results in respect to hypothermia, with another trial, this time in 392 patients, 

concluded that no change in outcome or mortality had occurred (Clifton, M iller et al. 

2001). Despite this hypothermia still holds much promise for TBI and other neurological 

conditions, and further trials are underway such as a phase III trial to assess the efficacy 

o f longer term, milder hypothermia of 34-35°C (NCT01886222). Similar to the application 

o f hypothermia to TBI some other strategies also do not consist of the delivery o f a 

standard drug. Hyperbaric oxygen therapy, for instance, has shown promising pre-clinical 

in vivo results (Lim, Wang et al. 2013) and is currently in a number of human trials 

(NCT01611194, NCT01847755). The use of autologous bone marrow-derived

mononuclear cells is another atypical treatment type, w ith positive results reducing BBB 

permeability and improvements in special memory demonstrated in a rat CCI model 

(Bedi, Walker et al. 2013), and trials for safety and efficacy in humans are ongoing 

(NCT01575470).

With these in mind it is a very interesting time in the field of TBI research and therapeutic 

development, but many of the factors involved in this heterogeneous, highly complex 

injury remain to be elucidated. This is particularly true in the area of neuroinflammation, 

where evidence points to both beneficial and deleterious effects o f immune cell 

activation following TBI. Until this and other features o f TBI are understood more fully 

problems at the clinical level will likely continue to confound and disappoint.
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1.5 Thesis Aims

BRB modulation as described by this lab has been used in the delivery of active 

compounds to the retina for the treatm ent of conditions affecting vision. This same RNAi 

technology has also been used to succesfully to demonstrate a similarly modulated BBB, 

permeable to low-molecular weight markers, with no evidence to  date of deleterious 

effects (Campbell, Kiang et al. 2008; Campbell, Nguyen et al. 2009; Tam, Kiang et al. 2010; 

Campbell, Humphries et al. 2013). This work included uninjected, PBS-injected and NT 

siRNA-injected controls, as well as microarrays looking for o ff-target effects of the siRNAs 

in brain tissue. The microarray found 32 genes to be differentially regulated between CL5 

siRNA-administered and control brains tissue 48 h after siRNA delivery. None of these 

genes w ere reported to be know inflam m atory markers, and the very low number of 

genes compared to the huge number tested indicates that the siRNA has very minimal 

off-target effects (Campbell, Nguyen et al. 2009).

The core hypothesis of this thesis was that this lab's previously described method for 

modulating the BBB could be employed in the brain as it had been in the retina, to enable 

low-molecular weight compounds to pass into the brain. Secondly it was hypothesised 

that barrier permeability could used in order to move material out of the brain. In order 

to attem pt to test these hypotheses the aim was to firstly demonstrate proficiency with  

RNAi using CL5 siRNA, and to use this to technology to show that the BBB could be made 

permeable to low-molecular weight compounds. Following this it was aimed to establish 

a model of glioblastoma m ultiform e and to use this to show that active compounds, in 

this case chemotherapeutic drugs, could gain increased access to the brain and have a 

larger effect on inhibiting tum our growth. To test the second hypothesis, that material
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could be moved out of th e  brain, it was aimed to  establish a model of traum atic  brain 

injury which would dem onstrate  significant and clearly quantifiable oedem a. CL5 

suppression would then be used in order to test w h e th e r  m odulation o f  the  BBB could be 

employed to reduce some of this fluid build-up, and the  animals would be assayed for  

improved cognitive outcom e. The final chapter o f  this thesis takes the  form  o f  a small 

investigation that goes beyond the  original tw o  hypotheses. The aim o f  this investigation 

was to  assay w h e th e r  t re a tm e n t  o f  brain injury with  CL5 siRNA coincides w ith  alteration  

in the  expression levels o f  inflam m atory  cytokines at the  site o f  injury, and following on 

from  this w h e th e r  inflam m ation was playing a significant role in e ither protection or 

exacerbating damage following TBI.

The investigation of these hypotheses will enable fur ther  deve lopm ent o f  barrier  

modulation in order to deliver active drugs to  th e  brain, as well as for the  first t im e  

providing a proof of principal tha t  damaging materia l can be moved out of the  brain.
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Chapter 2: Materials and Methods

2.1 Tissue Culture Methods

2.1.1 Maintenance of Cell Stock

Brain Endothelial Cells

bEND cells, sourced from  th e  European Collection o f Cell Cultures (ECACC), w ere  grown in 

T75 filte r capped flasks (Sarstedt) in 20 ml G lutam ax D M E M  (B ioW hittaker) supplem ented  

w ith  50  ml fe ta l calf serum  (PAA Laboratories), and 100 ml sodium pyruvate (2m M , 

B ioW hittaker) per 500  ml bo ttle . Flasks w ere  stored in a Hepa Class 100 incubator 

(Therm o Scientific) at 37°C w ith  5% CO2. To passage cells th e  m edia was p ipetted  o ff and 

cells w ere  washed gently w ith  5 ml phosphate bu ffered  saline pH 7.2 (PBS) 

(B ioW hittaker). The PBS was then  rem oved and 2 ml o f 0 .25%  Trypsin-EDTA (Gibco) was 

added to  de-adhere  cells from  th e  flask. The flask was incubated at 37°C fo r 5 min w ith  

th e  trypsin, or until th e  cells w e re  no longer adhered to  th e  flask -  som e knocking o f the  

flask is usually necessary to  dislodge th e  cells. 10 ml o f m edia was then  added to  the  

plate , and the  cell suspension was transferred  to  a universal tube . This was centrifuged at 

1 ,000  rpm for 5 m in. The liquid was p ipetted  out o f th e  tub e , being careful to  avoid the  

pellet o f cells, and th e  pellet was resuspended in 1.5 ml D M E M . 500  1̂ o f this cell 

suspension was added to  each o f th ree  T75 flasks containing 20 ml o f D M E M .
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IPSB18

IPSB18 cells (Rooprai, Kyriazis et al. 2007) were maintained and passaged as described for 

bEND cells with the exception that they were cultured in T175 flasks (Sarstedt) and their 

medium was Glutamax DMEM supplemented with 10% fetal calf serum, 5 ml MEM NEAA 

(Gibco) and 5 ml pen/strep per 500 ml bottle.

bGBM

bGBM cells were obtained from a biopsy of a grade 4 glioblastoma multiforme in 

Beaumont Hospital, Dublin. Culture in the lab was started at p=12. 

bGMB cells were maintained and passaged as described for IPSB-18 cells.

GBM270

GBM270 cells were obtained from a grade 4 glioblastoma multiforme from a patient in 

Duke University Hospital, Durham, North Carolina. In Duke University cells were passed 

exclusively in mouse flank. On site in Trinity College, GMB270 cells were maintained and 

passaged as described for IPSB-18 cells, with the exception that media used was 

Improved MEM Zinc Option containing HEPES buffer at 2.383 g/L, insulin at 5 mg/L, L- 

glutamine at 584 mg/L, selenium at 5 mg/L, and sodium bicarbonate at 2.2 g/L (Gibco).

2.1.2 Haemocytometer Cell Counting

Cells were trypsinised and spun down at 1,000 rpm for 5 mins (SL16, 

Thermoscientific).The pellet was resuspended in 5ml of the appropriate medium. 20 |il of 

the cell suspension was pipetted along the edge of a glass coverslip placed on top o f the
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h aem o cytom eter (M arien fe ld ). Cells present w ith in  th e  four corner areas o f the  m arked  

grid w ere  counted. If too  m any cells are present to  count a fu rth e r d ilution o f th e  spun 

dow n cells is m ade. Each corner is 1 m m  x 1 m m  x 0.1 m m  = 0 .1 m m  there fo re  

m ultiplying th e  average num ber o f cells in one o f th e  four corners by 10^ gives the  

num ber o f cells per ml (cm^).

2.1.3 Growth Curve

8 0 ,0 0 0  cells w e re  seeded onto each o f 8 T25 flasks (Sarstedt) w ith  5 ml grow th m edium  

and left to  grow  in an incubator at 37°C and 5% CO2. Every 24 h one o f th e  T25s was taken  

and the  cells w ere  counted using a haem ocytom eter.

2.1.4 Transfection of siRNA into bEND Cells

6-W ell Plate

bEND cells from  a T75 flask w ere  counted and 5.5x10^ cells w ere  p ipetted  into 2m l 

m edium  in each w ell o f a 6 w ell p late. The fo llow ing day th e  cells w e re  observed to  

approx im ate ly  80%  confluent. For each w ell, 5 |il L ipofectam ine 2000  (Invitrogen) was 

m ixed w ith  245 |il O p ti-M E M  (G ibco-lnvitrogen) in a 1.5 ml ep p en d o rf tub e . In a separate  

tube  fo r each w ell 100 pmol siRNA (targeting  or non-targeting) was added to  250  1̂ O pti- 

M E M . Each o f these siRNA m ixtures was added to  one o f th e  Lipofectam ine, and this was 

mixed w ell and incubated at room  tem p e ra tu re  for 20 m in. A fte r this tim e th e  contents of 

each tube was added gently down the  sides o f one o f the  wells. The plate was then  

swirled gently and incubated at 37°C fo r the  required  tim e.
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24-Well Plate

5 X 10^ bEnd.3  cells w e r e  p la ted  w ith  5 0 0  nl fe ta l ca lf  s e ru m -s u p p le m e n te d  D M E M  in each  

w ell  o f  a 2 4 -w e l l  p la te . T h e  fo l lo w in g  day  cells w e r e  observed  u n d e r  light m icroscope  to  

ensure  co n f irm  co nf lu en cy  o f  a p p ro x im a te ly  80% . For each w ell ,  1 nl L ip o fec tam in e  2 0 0 0  

( Inv itrog en ) w as m ixed  w ith  4 9  1̂ O p t i -M E M  (G ib co - ln v itro g en ) . In a s e p a ra te  tu b e  fo r  

each w e ll  2 0  p m ol siRNA w as a d ded  to  5 0  |il O p t i - M E M  I + G lu ta M A X  I (G ibco). T he  siRNA  

m ix tu re  is a d d ed  to  th e  L ip o fec tam in e  m ix tu re  and  th is  w as v o rte x e d  briefly , spun d o w n ,  

and in cu b a ted  a t ro o m  te m p e r a tu r e  fo r  20  m in. A f te r  this t im e  th e  resulting tran s fe c t io n  

m ix w as  a d d e d  gent ly  d o w n  th e  sides o f  each th e  w ells . Th e  p la te  w as th e n  sw irled  gent ly  

and in cu b a ted  a t 37°C  fo r  th e  req u ired  t im e .

D ue to  th e  small q uan tit ies  and n u m b e r  o f  wells  invo lved  it is advisable  th a t  ra th e r  th a n  

have s e p a ra te  tu b es  fo r  each w e l l  a m a s te r  mix is m a d e  fo r  each siRNA, unless d i f fe re n t  

c o ncen tra t io n s  o f  siRNA are  be ing  used.

All ep p e n d o rfs ,  p ip e tte - t ip s  and reag en ts  used in RNA w o r k  w e r e  n u c lease -free  (NF). 

P ipettes  w e r e  exposed to  U V  light fo r  5 m ins p rio r to  use.

2.1.5 Immunocytochemistry

A poly-L-lysine (PLL)-coated coverslip  w a s  ad ded  to  each w e l l  p r io r  to  seed ing  cells in a 

2 4 -w e l l  p la te . To p re p a re  PLL-coated coverslips, 13 m m  coverslips (SLS) w e r e  p laced in 

1 00%  e th a n o l (M e r k )  and le ft  o vern ig h t  w i th  g e n t le  shaking. In th e  m o rn in g  th e  coverslips  

w e r e  given fo u r  10  min w ash es  w i th  ster ile  H 2 O. 2 ml poly-L-lysine so lution  (S igm a-  

Aldrich) w as a d d ed  to  1 0 0  ml sterile  H 2 O and m ixed  w e l l ,  and  th e  coverslips w e r e  a d ded
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to this. The coverslips were left in this solution overnight with gentle shaking. The 

following morning the coverslips were allowed to air-dry on a tissue culture plate in the 

tissue culture cabinet. To ensure the sterility o f the PLL-coated coverslips, one day prior 

to the addition o f cells the coverslips were added to wells o f a 24-well plate together with 

500 (j I DMEM. The coverslips were then left overnight and checked in the morning for 

bacterial growth.

Once the desired tim epoint was reached cells were washed in the wells w ith ice-cold PBS. 

PBS was then replaced with ice-cold methanol for 20 mins to fix and this was followed by 

2 PBS washes. Wells were then emptied and refilled w ith 0.05% Triton X-100 and 5% 

neural goat serum (NGS) (Sigma-Aldrich) in PBS and left for 30 mins. The coverslips were 

then covered by a 1:100 dilution o f rabbit anti-Claudin-5 (Zymed) in 0.05% Triton X-100 

and 1% NGS in PBS and were left overnight on a shaker at 4°C.

In the morning the coverslips were given an ice-cold PBS wash for 10 mins w ith gentle 

shaking, followed by blocking w ith 0.05% Triton X-100 and 5% NGS in PBS for 30 mins. A 

1:400 dilution of secondary rabbit lgG-Cy3 (Jackson-lmmuno-research, Europe) in 0.05% 

Triton X-100 and 1% NGS in PBS was then added and left at room temperature for 2 h. 

The coverslips were then given 3 PBS washes followed by a drop of 1:5,000 DAPI for 30 s. 

Following this the coverslips were carefully picked up using tweezers and transferred onto 

separate microscope slides, cell side down onto a drop of AquaPoly/Mount mounting 

medium (Polysciences).
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2.1.6 Harvesting Mouse Bone Marrow-Derived Macrophages

The femurs and tib iae were removed from  mice and the fa t and muscles were cut away to  

leave clean bones. Both ends o f each bone were then cut w ith  a scissors. A 20 ml syringe 

was filled w ith  DMEM Glutamax (Gibco) medium supplemented w ith  10% FCS and 1% Pen 

Strep (Gibco); a 27-guage needle attached, and the bone m arrow  was flushed through the 

bones in to a sterile petri dish. Bone m arrow  aggregates were broken up by repeated 

passage through a 20 ml syringe w ith  a 19-guage needle attached. The cells were then 

transferred to  a 50 ml tube and centrifuged at 1,200 rpm fo r 5 mins. Cells were re

suspended in media containing 25 ng/m l macrophage colony stim ula ting-factor and 

plated in to 6 dishes per mouse, w ith  10 ml o f media per mouse. Plates were in an 

incubator at 37°C w ith  5% CO2.

72 h later the cells were fed by adding 10 ml o f m edium  contain ing 25 ng/m l macrophage 

colony stim ula ting-factor per dish. 48 -  72 h la ter cells were trypsinised, counted and 

seeded fo r RT-PCR.

2.1.7 Isolation of Primary Mouse Peripheral Blood Mononuclear Cells

500 pi o f blood was taken by term inal bleed from  w ild -type  C57 mice and transferred into 

EDTA-coated 1.3 ml micro tube (Sarstedt) to  prevent blood clotting. The blood was then 

d iluted w ith  an equal volume o f PBS. 500 pi o f Ficoll Paque Plus (GE Healthcare) was 

added to  tw o  1.3 ml micro tubes and 500 pi o f the blood-PBS m ixture was added slowly 

to  each tube. The tubes were centrifuged at 2,000 rpm fo r 30 mins, w ith  the acceleration 

and deceleration set to  5 G. A fte r centrifugation, three d istinct layers were visible -  the
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bottom red blood cell layer, the clear Ficoll layer, and the yellow plasma layer. A ring of 

white blood cells is seen between the plasma and Ficoll layer. This layer was transferred 

into a new 1.3 ml micro tube by pipette and the volume was adjusted to 1 ml with PBS. 

This tube was centrifuged at 2,000 rpm for 10 mins, and following this the supernatant 

was removed and the volume was adjusted to 1 ml once again with PBS. The 10 min 

centrifugation was repeated, the supernatant was removed and the cell pellet was re

suspended in 1 ml of RPMI 1640 growth medium (Lonza) supplemented with 10% PCS and 

1% Pen Strep.

2.1.8 RNA Extraction from Cells

RNA was isolated using reagents and protocol supplied in the RNeasy Mini Kit (Qiagen). 

Cells were trypsinised and spun down at 1,000 rpm for 5 mins. 350 |il Buffer RLT, to which 

1% 2-mercaptoethanol (Sigma Aldrich) had been added, was added to the cell pellet, and 

cells were homogenised in this buffer by pippetting 50 times. 350 |il of 70% RNase-free 

ethanol was then added and the mixture was transferred to an RNeasy spin column 

placed in a 2ml collection tube. This column was centrifuged at 10,000 rpm for 15 s, after 

which flow-through was discarded. 350 |il Buffer R W l was then added, and the column 

was centrifuged at 10,000 rpm for 15 s, with the flow-through being discarded again after 

centrifugation. 10 fil of DNase I (30U) was added to  70 fil of Buffer RDD, and the mixture 

was added directly to the column and incubated at 37°C for 1 h. After the incubation 350 

)al Buffer R W l was added and the column was centrifuged at 10,000 rpm for 15 s. Flow

through was once again discarded, and 500 |il Buffer RPE was added to the column and 

centrifuged at 10,000 rpm for 15 s. This step was then repeated with centrifugation was
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extended to 2 mins. After removal of the flow-through, the column was centrifuged again 

at 13,000 rpm for 1 min. The RNeasy spin column was then placed in a new 1.5 ml 

collection tube, ensuring that no ethanol is carried over, and 30-50 1̂ of RNase-free water 

was added to the spin column membrane. The column was centrifuged at 10,000 rpm for 

1 min to elute the RNA. The concentrations of RNA in the samples were measured using a 

NanoDrop Spectrophotometer ND-1000 (Labtech) and samples were stored at -80°C.

2.2 !n Vivo Methods

2.2.1 Animal and Experimental Groups

All studies carried out in the Ocular Genetics Unit in TCD adhere to the ARVO statem ent 

for the use of Animals in Ophthalmic and Vision Research. W ild-type C57 (C57BL/6J), 

Caspase 1^ (B6N.129S2-Caspl‘""^ '̂VJ), IL-IR^' (B6;129Sl-lllrl^^^'’°"’Vj), IL-18^ (B6.129P2- 

lllSt'^iAki/j), NLRP3  ̂ (B6N.129-Nlrp3‘"^^^^Vj)/ mice were originally sourced from Jackson 

Laboratories, and Balb/c (BALB/cOlaHsd) mice were sourced from Harlan Laboratories. 

ASC mice were developed by the laboratory of Vishva Dixit, Departm ent of Physiological 

Chemistry, Genentech, San Francisco, USA. All mice w ere bred on-site at the Bioresources 

Unit in TCD.
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2.2.2 Injectable Anaesthetics and Analgesics

0.5 ml o f 1 mg/ml medetomidine (Janssen) was added to 0.375 ml o f 100 mg/kg ketamine 

hydrochloride (Pfizer). This was then made up to 4.125 ml w ith 0.9% NaCI for injection 

(Braun). The resulting solution was mixed thoroughly and injected, using a 30G needle 

(BD Microlance) into the peritoneum at a dose of 100 nl/lOg. Animals were then placed 

into a separate cage for 5-10 mins until they were observed to be unconscious. An 

unconscious state was ensured by firm ly pressing a hind paw to test for flinching.

A 1 ml ampule o f 0.3 mg/ml buprenorphine (Animalcare) was made up to 6ml w ith 0.9% 

NaCI for injection. 100 pi of this solution was injected subcutaneously into the scruff prior 

to surgical procedures being carried out.

2.2.3 JetPEI Complexing of siRNA

Into two RNAse-free tubes fo r each animal was added 100 |il 10% glucose solution and 

100 nl RNAse-free H20. 20 |ig siRNA was added to one of the tubes, while 6.4 pi in vivo- 

JetPET” (Polyplus Transfection) was added to  the other. Both tubes were mixed by 

inversion and spun down at 1,000 rpm for 5 s, and the contents o f the in vivo-JetPEI tube 

were added to the other tube. This was then once again mixed by inversion and spun 

down at 1,000 rpm for 5 s, and then left at room temperature fo r 15 mins and kept on ice 

afterwards until injection.
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2.2.4 Tail Vein Injection of Mice

A mouse was restrained within a plastic tube and a rubber bung with a groove was 

inserted so the animal's tail remains outside the tube while the rest of the animal is 

restrained within. If the animal is anaesthetised this restraining is unnecessary.

The solution to be injected is loaded into a 1 ml syringe (Terumo) using an 18 G needle if 

solution is in a 1.5 ml eppendorf. The 18 G needle is detached and replaced with a 30 G 

needle. The syringe is held needle-up and tapped until all air bubbles have travelled to 

the top and the air is excluded prior to injection. In the meantime the animal's tail is 

warmed using a heat lamp to make veins more visible and swollen. This can be enhanced 

further by occluding the lateral tail veins with your fingers to  stop blood flow  out o f them. 

Taking great care the tip of the needle is inserted into one o f the lateral tail veins and the 

plunger is slowly depressed. If the needle is correctly inserted into the vein the plunger 

w ill depress easily, if not resistance will be fe lt and the needle must be removed and 

insertion must be tried again.

2.2.5 Controlled Cortical Impact Brain Injury

Equipment and protocol provided by Oliviero L. Gobbo (Colgan, Cronin et al. 2010).

Prior to beginning animals were anaesthetised and injected w ith an anti-analgesic. They 

were then placed into a stereotactic head-frame (Kopf) w ith a heat-pad under them to 

maintain body temperature. A burr-hole was drilled in the skull at coordinates 2 mm 

caudal and 2 mm right of bregma. The tip of a pneumatically-driven impactor o f diameter

3.5 mm was zeroed to the top of the brain through the craniectomy. The piston was
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positioned to  a depth o f 1 m m  and a strike o f force 128 N was delivered directly to  the  

brain. The anim al was then  rem oved from  th e  stereotactic  fram e, sutured, and an ti

anaesthetics.

2.2.6 Cold-Induced Traumatic Brain Injury

C57 mice o f at least 3 m onths o f age w ere  injected in traperitoneally  (IP) w ith  ketam ine  

and do m ito r using a 30 G needle and 1 ml syringe. Once th e  anim al barely responded to  

pressure applied to  th e  paw  it was placed into a stereotactic  fram e, ensuring its head was 

rigidly in the  fram e. The skull was exposed using a scalpel and a point 2 m m  posterior and

2 m m  right o f bregm a was m easured out and m arked w ith  a black dot. The end o f a m etal 

rod was placed into liquid N 2 for 1 min and then  held against the  m arked point on the  

skull fo r 30 s. The scalp was sutured closed and th e  anim al was brought back around w ith  

antisedan and kept on a heat pad at body tem p e ra tu re  until it recovered.

2.2.7 Dissection of Traumatic Brain Injury Region

Following sacrifice o f anim al th e  brain was carefully  excised from  the  skull and placed in a 

sterile, em p ty  petri dish. The brain was then  cut into separate hem ispheres using a 

scalpel. The right side hem isphere th a t contained th e  TBI was laid on its side and the  front

3 m m  o f tissue, cut in a straight line, was rem oved. This was then  repeated  fo r th e  back 2 

m m  o f the  brain, and 1 m m  o f th e  ventral side was also rem oved. The rem aining piece o f  

tissue was flipped 90° so th a t 1 m m  o f th e  right side o f the  brain could be rem oved. W hat 

rem ains at this point is a cube o f brain tissue approxim ate ly  1.5 mm^ containing the  TBI,
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and with only one remaining brain surface -  the dorsal surface where the TBI was

inflicted.

2.2.9 Terminal Perfusion of Mice

0.5 ml of 1 mg/ml medetomidine (Janssen) was added to 0.375 ml o f 100 mg/kg ketamine 

hydrochloride (Pfizer). This was then made up to 4.125 ml w ith 0.9% NaCI for injection 

(Braun). The resulting solution was mixed thoroughly and injected, using a 30 G needle 

(BD Microlance) into the peritoneum at a dose of 300 1̂ /  10 g. Once the animal no longer 

responded to  pressure stimulus on the foot it was pinned in each paw on its back. 

Working quickly the rib-cage was opened and pinned back to expose the heart. A large 

needle was inserted into the left ventricle and the substance to be perfused was injected 

at a steady rate.

Figure 2.1: A successfully perfused brain, absent o f visible blood vessels and noticeably

lighter in colour.
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On occasion Evans blue (Sigma) was injected intraperitoneally 4 h prior to  terminal 

perfusion at a concentration o f 45 mg/kg.

2.2.10 Brain Water Content Quantification

When the desired timepoint was reached the animals are sacrificed and the ir brains 

excised. The TBI region and the equivalent controlateral brain region are dissected out of 

the rest of the brain and placed into separate 1.5 ml eppendorfs which were pre-weighed 

on a fine balance. The tubes plus brain regions were then weighed using the same fine- 

balance. The brain regions were speed-vacuumed overnight at 50°C and again weighed on 

the same fine balance. Water content in the regions can then be calculated.

2.2.11 Brain Tumour Inoculation

0.5 ml o f 1 mg/ml medetomidine (Janssen) was added to 0.375 ml o f 100 mg/kg ketamine 

hydrochloride (Pfizer). This was then made up to 4.125 ml w ith 0.9% NaCI for injection 

(Braun). The resulting solution was mixed thoroughly and injected, using a 30G needle 

(BD Microlance) into the peritoneum at a dose of 100 pi /  10 g. Once unresponsive the 

animal's head was placed into the stereotactic frame as in the case of TBI administration. 

The skull was exposed and a point 0.5 mm rostral and 2.5 mm right o f bregma was 

measured out and marked with a black dot. A small hole was drilled in the skull at this 

point, making sure not to damage the brain beneath, and a Hamilton syringe filled with 

the desired number of tumour cells was slowly lowered to a depth of 3 mm straight 

downward through the hole. 6 jal o f the cell suspension was then injected at a rate o f 1
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|il/m in  over a 6 min period using an infusion pump (NANOmite, Harvard Apparatus). The 

needle was then slowly withdrawn and the scalp sutured closed. Finally the animal was 

brought back around with antisedan and kept on a heat pad at body temperature until it 

recovered.

2.2.12 Delivery of Chemotherapeutics

Selected dose of doxorubicin "Ebewe" 2 mg/ml (Ebewe Pharma) was made up for each 

animal by diluting w ith PBS up to final a volume of 200 îl per animal. Doxorubicin was 

delivered by intraperitoneal injection.

One capsule of Temodal 100 mg (MSD) was carefully opened and the powder inside was 

diluted to the desired dosage using PBS up to final a volume of 200 fil per animal. 

Temozolomide was delivered by intraperitoneal injection.

Care was used at all times to wear protective clothing, gloves and eyewear when working 

w ith chemotherapeutic agents.

2.2.13 Serum Isolation

Directly after sacrificing it a mouse as much blood as possible was removed from the 

heart and chest cavity using a pipette. This blood was added to a 15 ml red cap tube 

(Sarstedt) which had previously been swirled w ith 200 ul EDTA disodium salt solution 

(Sigma-Aldrich) to prevent coagulation. This was then spun at 1,000 rpm for 10 mins to 

spin down the blood cells, and then the serum above was pipetted into a 1.5 ml 

eppendorf.

63



2.2.14 Capillary Fractionation

During this protocol samples should be kept on ice as much as possible.

Tissue to be fractionated was homogenised in 5 ml DMEM using a dounce homogeniser 

and homogenate was poured into a 50 ml tube. This was spun at 3,000 rpm for 5 mins. 

The resulting pellet was transferred to a petri-dish containing 0.005% dispase (Sigma- 

Aldrich) in DMEM and this was incubated at 37°C for 2 h. The contents of the dish were  

then spun at 3,000 rpm for 5 mins in a 50 ml tube. The pellet was then resuspended in 

12% dextran from Leuconostoc spp. (~70,000Da, Sigma-Aldrich) in PBS with a short 

amount of vortexing. This was then spun at 3,000 rpm for 10 mins. At this stage a small, 

mostly red, ring-shaped pellet should be visible at the bottom of the tube. The majority of 

the tissue should be floating on top o f the dense dextran solution. If this is not the case 

the dextran concentration can be increased and the sample spun down again. The red 

pellet alone is resuspended in PBS and centrifuged at 2,000 rpm for 5 mins to wash the  

capillary fraction. Following this the pellet was re-suspended in protein lysis buffer (62.5 

m M  Tris, 2% SDS, 10 m M  Dithiothreitol, 10 îl protease inhibitor cocktail /  100 ml (Sigma 

Aldrich), centrifuged at 12,000 rpm for 20 min at 4°C and supernatant removed for 

western blot analysis.

2.2.15 RNA Extraction from Tissue

RNA was isolated using reagents and protocol supplied in the RNeasy Mini Kit (Qiagen). 

Each brain region was placed in 350 |il Buffer RLT, to which 1% 2-mercaptoethanol (Sigma 

Aldrich) had been added, and tissue was homogenised in this buffer by dounce

64



hom ogeniser. 350  nl of 70%  RNase-free ethanol was then  added and the  m ixture was  

transferred  to  an RNeasy spin colum n placed in a 2 ml collection tube. This colum n was 

centrifuged at 10 ,000  rpm for 15 s, a fter which flow -through was discarded. 350  | l̂ Buffer 

R W l was then added, and th e  colum n was centrifuged at 10 ,000  rpm fo r 15 s, w ith  the  

flow -through being discarded again a fter centrifugation . 10 )̂ l o f DNase I (30U ) was added  

to  70 |il o f Buffer RDD, and th e  m ixture was added directly to  the  colum n and incubated  

at 37°C for 1 h. A fte r the  incubation 350  |j.l Buffer R W l was added and th e  colum n was  

centrifuged at 10 ,000  rpm fo r 15 s. Flow -through was once again discarded, and 500  |il 

Buffer RPE was added to  th e  colum n and centrifuged at 10 ,000  rpm fo r 15 s. This step was 

then  repeated w ith  centrifugation was extended to  2 m inutes. A fte r rem oval o f the  flo w 

through, th e  colum n was centrifuged again at 1 3 ,000  rpm for 1 min. The RNeasy spin 

colum n was then  placed in a new  1.5 ml collection tub e , ensuring th a t no ethanol is 

carried over, and 3 0 -50  )il o f RNase-free w a te r was added to  the  spin colum n m em brane. 

The colum n was centrifuged at 10 ,000  rpm fo r 1 min to  e lu te  th e  RNA. The 

concentrations o f RNA in th e  samples w ere  m easured using a NanoDrop.

2.2.16 Protein Extraction from Tissue

Lysis buffer was m ade by adding 0 .75  g 62 m M  Tris, 2 g 2% SDS and 0 .15 4  g 10 m M  

d ith io th re ito l to  100 ml deionised H2O. A Protease Com plete M in i protein  inhibitor tab le t  

(Roche) was added to  10 ml o f this solution. Tissue sam ple was hom ogenised using a 

dounce hom ogeniser, and 1 ml o f the  lysis bu ffer w ith  protease inhibitor was added. This 

was p ipetted  up and down until hom ogenous and was then  transferred  to  a 1.5 ml 

epp en do rf tube.
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2.2.17 Cryosectioning of Tissue Samples

200  ml 4% paraform aldehyde (PFA) was m ade by first adding 20 ml 10 X PBS to  a conical 

flask. 8 g PFA pow der was added to  this along w ith  a small volum e o f deionised H 2 0  

(d H 2 0 ). Very concentrated NaOH was added dropw ise w ith  constant swirling until th e  

PFA p o w d er is fully dissolved in th e  PBS. pH was then  reduced to  7 .4 using HCI and the  

volum e was increased to  200  ml w ith  d H 2 0 .

Rem oved tissues w ere  placed in 4% PFA overnight at 4°C. The next day the  PFA was  

replaced w ith  10% sucrose in PBS, and this was left at room  tem p era tu re  until the  tissues 

had sunk to  th e  bo ttom . This was repeated  w ith  20%  and finally 30%  sucrose. The tissues 

w ere  then  subm erged in optim al cutting te m p e ra tu re  (OCT) com pound (Tissue-Tek) in 

plastic m oulds. These moulds w ere  then  frozen using liquid N 2, using isopropanol to  slow  

the  cooling, and 12 pm  sections w ere  m ade using a Leica C M 1900  cryosectioner.

2.2.18 Immunohistochemistry of Cryosectioned Tissue

Cryosectioned tissue samples on slides w ere  draw n around w ith  a liquid blocker pen 

(EBSciences) to  create  an area w h ere  the  solutions w ould  sit and stay covering the  

sections.

Sections w ere  first perm eabilised by covering w ith  0 .5%  Triton X -100  (Sigma) in PBS fo r 20  

mins and then  blocked in 0.5%  Triton X -100  and 5% NGS (Sigma) in PBS fo r 20  mins. This 

was then  replaced w ith  1 :100 prim ary antibody (Invitrogen) in 0.5%  Triton X -100  and 1% 

NGS in PBS, and th e  slides w ere  left overnight at 4°C in a hum idity  cham ber.
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In the m orning the  slides w ere  given th ree  10 min PBS washes and w ere  blocked again in 

0.5%  Triton X -100 and 5% NGS in PBS fo r 20 mins. Secondary Cy3 antibody (Abcann), at 

1:300 dilution in 0.5%  Triton X -100 and 1% NGS in PBS, was left on th e  sections fo r 3hrs at 

room  tem p era tu re . Following this th e  slides w ere  give 4 PBS washes. The sections w ere  

then  checked under an Axioplan 2 fluorescent microscope w ith  HBO 100 W  u ltrav io le t 

bulb, HAL 100 visible spectrum  bulb and MC 200 CHIP cam era (Zeiss) using analysis^'B 

(Soft Im aging System) imaging softw are. If background staining was still too  high m ore  

PBS washes w ere  done. Once the  background was low enough 1 :5 ,000  DAP! (Sigma) in 

PBS was added for 30 s, and then  a coverslip was added to  each slide w ith  m ounting  

m edium .

2.2.19 TUNEL Staining

12 (im  cryosections on polylysine slides w ere  washed 3 tim es w ith  PBS fo r 5m ins each and 

then  the  sections w ere  draw n around w ith  a liquid blocker pen. Sections w ere  incubated  

in 20 n g /m l proteinase K (Sigma A ldrich) in NF H20 at 37°C for 5 mins. Slides w e re  then  

given 2 PBS washes and then  left in 70%  ethanol and 30%  acetic acid fo r 5 mins at 4°C. 

Following another 2 PBS washes sections w ere  given an o th er incubation in 20  ^g /m l 

proteinase K in NF H20 at 37°C fo r 5 mins. Slides w ere  then  given 2 PBS washes and 

covered w ith  4% PFA for 5mins at 4°C. A fte r giving all slide 3 fu rth e r PBS washes the  

positive control sections alone w ere  covered w ith  30  U DNase I in 50 m M  Tris HCL (pH  

7.5) for 10 mins at room tem p e ra tu re  and then washed once in PBS. Labelling mix (Roche) 

(50 |il per slide) was added onto  negative control slides and onto  all o th e r slides a 1:10  

dilution o f enzym e mix (Roche) in labelling mix and this was le ft at 37°C fo r 1 h. A fte r this
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incubation time 1:5,000 DAP! was added for 30 s and mounting medium and coverslips 

were placed onto the slides.

2.2.20 High Resolution T2-Weighted MRI

Mice were anaesthetized in a sealed chamber w ith 5% isofluorane (Baxter) in oxygen and 

placed on an MRI-compatible support cradle, which has a built-in system for maintaining 

the animal's body temperature at 37°C. Anaesthesia was maintained using 2% isofluorane 

delivered via a mask, and a probe was placed under the animal to monitor 

electrocardiogram and respiration. The cradle was then positioned w ithin the MRI 

scanner. Accurate positioning was ensured by acquiring an initial rapid pilot image, which 

was then used to ensure correct positioning for all subsequent scans. l 2-weighted images 

were then acquired (resolution, 0.141 X 0.141 X 5 mm^; matrix, 128 X 128 X 36; TR/TE, 

4,179.3/36 ms; flip angle, 90°; acquisition time, 1 min 6 s).

MRI used was a 7 Tesla BioSpin Animal Scanner (Bruker).

Images produced were analysed using ImageJ or MIPAV software.

2.2.21 Contrast Enhanced Ti-Weighted MRI

Mice were anesthetized w ith 5% isofluorane in oxygen and placed on an MRI-compatible 

support cradle, which has a built-in system for maintaining the animal's body 

temperature at 37 °C. A probe was placed under the animal to monitor electrocardiogram 

and respiration. The cradle was then positioned within the MRI scanner. Accurate 

positioning was ensured by acquiring an initial rapid pilot image, which was then used to

68



ensure correct positioning for all subsequent scans. Extravasation across the BRB or BBB 

was then visualized in Ti-weighted MRI images (resolution, 0.156 X 0.156 X 5 mm^; field 

o f view = 20 X 20 X 17.9 mm^; matrix, 128 X 128 X 30; TR/TE, 500/2.7 ms; flip angle, 30°; 

number of averages, 3; acquisition time, 2 min 24 s; repetitions, 10). The contrasting 

agent gadopentetate dimeglumine (Gd-DTPA) (Bayer) was administered at 0.1 mM/L per 

kg via the tail vein during the scan, directly following the first of the 10 repetitions.

MRI used was a 7 Tesla BioSpin Animal Scanner (Bruker).

Images produced were analysed using ImageJ or MIPAV software.

2.2.22 Arterial Spin Labelling

The ASL MRI sequence consisted of the preparation interval that contained the inversion 

pulse to magnetically label inflowing arterial blood water in the neck, followed by a 

variable post-labelling delay and then snapshot fast low angle shot acquisition in the 

brain. Parameters used were as follows: slice thickness, 2 mm; fast low angle shot TR, 

6.938 ms; echo time TE, 2.63 ms; RF flip angle, 30°; FOV, 3.0 x 3.0 cm; image matrix, 128 x 

64; receiver bandwidth, 100 kHz. Values for MTT, CTT and rCBV were quantified using a 

non-compartmental model o f cerebral perfusion.

2.2.23 Neurological Severity Score Assessment

A measure of neurological severity was obtained using ten tests for markers of m otor and 

cognitive function, as previously reported (Flierl, Stahel et al. 2009). The tests were as 

follows:
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1. Exit a circle with a diameter o f 30 cm w ithin 3 min;

2. Ability to use all four limbs;

3. Initiative and ability to walk straight;

4. Startle reflex;

5. Inquisitive behaviour;

6. Ability to balance on a beam 7 mm wide for 10 s;

7. Cross a 30 cm beam of width 3 cm at a height of 10 cm in 3 min;

8. Cross a 30 cm beam of width 2 cm at a height of 10 cm in 3 min;

9. Cross a 30 cm beam of width 1 cm at a height of 10 cm in 3 min;

10. Ability to perch on a round beam of w idth 5 mm.

All tests were performed by an individual blinded to the experimental treatm ent groups. 

2.2.24 T-Maze Test

The protocol for spontaneous T-maze alternation was followed as previously established 

(Deacon and Rawlins 2006).

The animal being tested was first placed at the start position (Figure 2.2, Start) and 

allowed to  choose an arm of the T-maze to enter (Figure 2.2, A or B). Once in one of the 

arms that arm of the maze was isolated using a sliding partition, confining the animal 

inside for 30 s. After this time the animal was removed and the partition raised again. The 

animal was then placed at the start position again facing away from the arms and given 2 

mins to choose an arm. If the animal chooses the arm it did not choose the first time this
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is considered a positive result for alternation; if it chooses the same arm this is a negative 

result.

Figure 2.2: T-maze structure.

Mice begin the T-maze where 'Start' (green) is indicated, and they travel up the maze until 

they reach point 'A' or 'B' (red). Here they are confined fo r  30 s before being returned to

the 'Start' position fo r  their second trial.

All tests were performed by an individual blinded to  the experimental treatm ent groups.
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2.3 Analytical Techniques

2.3.1 siRNA Sequences

Sequences of the claudin-5 siRNA used in this study were from Dharmacon and were as 

follows:

Sense sequence: 5'-CGUUGGAAAUUCUGGGUCUUUdTdT-3'

Antisense sequence: 5'-AGACCCAGAAUUUCCAACGUUdTdT-3'

Non-targeting control siRNA-targeting luciferase was used as a non-targeting control.

Sense sequence: 5'-CUUACGCUGAGUACGUCGAdTdT-3'

Antisense sequence: 5'-UCGAAGUACUCAGCGUAAGdTdT-3'

2'OM e-m odified claudin-5 siRNA was synthesized by Dharmacon and were as follows, 

w h e re 'm ' prefixing a nucleotide indicates 2 'O M e modification at this residue.

Sense sequence: 5'-CGUmUGGAAAUUCUGmGGUCUUUdTdT-3'

Antisense sequence: S'-AGACCCAGAAUUUCCAACGUUdTdT-3'

2.3.2 RT-PCR

15 nl of the following master mix was added to each well of a 96-well RT-PCR plate (Nunc) 

as per Table 2.1.
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Component Volume

2 x Q uantiTect SYBR Green 510 \ i \

Q uantiTet RT M ix 7.5 \ i \

Target or (3-actin Prim er M ix  

(lO pm oles/nO

51 [i\

NF H 2 O 200 \ i \

Table 2.1: Master mix for 96-well RT-PCR.

Added to  this was 5 |il o f sam ple RNA (0 .4  n g /|il), or H 2 O for negative control wells. 

Samples w ere  plated in trip licate , H 2 O controls w ere  plated in duplicates. The 96 -w ell 

plate  was covered w ith  an acetate  sheet, briefly spun down and then placed into a 7300  

Real Tim e PCR System (Applied Biosystems). RT-PCR reaction conditions w ere  as follows;

50°C X 20 min 

95°C X 15 min 

[95°C X 15 s, 60°C X 1 min] X 37 tim es

A dissociation stage was added consisting of:

9 5 “C X 15 s 

6 0 “C X 30 s 

9 5°C x  15 s
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Results w ere analysed using 7300 System Software (Applied Biosystems), and the AACT 

method of analysis was employed in Microsoft Excel using the Applied Biosystems 

protocol.

(http://www3.appliedbiosystem s.com /cm s/groups/m cb_support/docum ents/generaldoc  

um ents/cm s_042380.pdf, pg.52)

Primers were supplied by Sigma-Aldrich and sequences are as follows:

Claudin-5 left: 5'-CTGGACCACAACATCGTGA-3' and right: 5'-CACCGAGTCGTACACTTTGC-3' 

3-actin left: 5'-GGGAAATCGTGCGTGACAT-3' and right: 5'-GTGATGACCTGGCCGTCAG-3' 

NGF left: 5'-CCGCAGTGAGGTGCATAG-3' and right: 5'-GCTTCAGGGACAGAGTCTCC-3'

IL-1-left: 5'-TCAGGCAGGCAGTATCACTC-3' and right: 5'-AGGATGGGCTCTTCTTCAAA-3' 

ICAM-1 left: 5'-CCATCACCGTGTATTCGTTT-3' and right: 5'-GAGGTCCTTGCCTACTTGCT-3' 

CINC-1 left: 5'-CCGAAGTCATAGCCACACTC-3' and right: 5'-GTGCCATCAGAGCAGTCTGT-3' 

RANTES left: 5'-TCTTGCAGTCGTGTTTGTCA-3' and right: 5'-GGGTCAGAATCAAGAAACCC-3'

2.3.3 BCA Assay

Reagents supplied by the ThermoScientific BCA Protein Assay Kit.

Standards w ere prepared as follows:
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Tube Deionised HpO (ul) Stock BSA (ul) BSA Cone. (uR /m l)

A 0 40 2,000

B 10 30 1,500

C 20 20 1,000

D 25 15 750

E 30 10 500

F 35 5 250

G 40 0 0

Table 2.2: Bovine serum albumin standards prepared for BSA assay.

W orking reagent was prepared by mixing Reagents A and B in a 50:1 ratio.

10 n! o f each standard or o f a 1:5 dilution o f each sam ple was each added to  th ree  wells 

of a 96-w ell p late (Nunc). 200  |jl w orking reagent was then  added quickly to  each w ell to  

begin the reaction. The p late was left in a 37°C incubator fo r 30  m in. Following incubation  

th e  plate was placed into a spectrom eter (BioRad Sm artPec 3000) at 595  nm and a 

standard curve was calculated which a llow ed for th e  estim ation o f protein  concentration  

in the  samples.

2.3.4 Western Blot

A 12% resolving gel was m ade using 6 .6  ml deionised H 2 O, 5 ml 1.5 M  Tris HCI (pH 8 .8), 8 

ml 30%  acryl (Sigma-Aldrich), 0 .2 ml 10% SDS (pH 7 .2), 0 .2 ml 10% APS (Sigm a-Aldrich), 

and 20 pil TEMED (Sigma-Aldrich), and this was poured b etw een  tw o  glass plates. 

Occasionally for larger proteins a 10% resolving gel was used, in which case deionised H 2 O
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was changed to  7 .93  ml and 30%  acryl to  6 .67  ml, w hile  all o th er reagent quantities  

rem ained the same. On top  o f this was poured a 4% stacking gel containing: 6.8%  

deionised H2 O, 1.67 ml 0 .5 M  Tris HCI (pH 6 .8), 1 .33 30%  acryl, 0 .1 ml 10% SDS (pH 7 .2), 

0.1 ml 10% APS and 10 |il TEM ED. The stacking gel was poured so th a t it would extend 1 

cm below  the  com b, which was placed into th e  stacking gel.

SDS loading b u ffer was m ade containing 250  m M  Tris HCI, 500  m M  dTT, 50%  glycerol, 

10% SDS, and 0.5%  brom ophenol blue. 8 (il o f this and 2 pil ^-m ercaptoethano l w ere  

added to  30  |il aliquots o f each protein  sam ple. These m ixtures, as w ell as 10 1̂ o f a 

prestained protein  ladder (N ew  England BioLabs) w ere  boiled at 100°C for 10 m in and 

w ere  then  loaded into th e  wells in am ounts determ in ed  by BCA assay so th a t equal 

quantities o f protein  w ere  being loaded. 10 X running bu ffer was m ade w ith  30.3  g Tris, 

144 .2  g glycine and 10 g SDS m ade up to  1 L w ith  deionised H 2 O and a pH o f 8 .6  was 

checked. The gel was run at 60  m A fo r 2 h in IX  running buffer.

SDS-PAGE transfer buffer was m ade containing 2 .9 g glycine, 5 .8 g Tris, 0 .037  g SDS, and 

200  ml m ethanol m ade up to  1 L w ith  deionised H 2 O. A fte r running the  gel was rem oved  

fo r sem i-dry tran sfer and placed over 4 layers o f filte r and a PVDF m em brane (M illip o re ) 

which had been dipped in m ethanol fo r 30  s. 4 fu rth e r layer o f filte r paper w ere  placed on 

top  and all layers w ere  w e t w ith  transfer buffer. An electric current o f 80  mA was applied  

for 2 h.

A fte r this tim e  th e  PVDF m em b ran e  was placed into 10 ml Ponceau S Solution (Sigma- 

Aldrich) to  ensure transfer had occurred correctly. lOXTBS was m ade w ith  60.5  g Tris and 

87 .7 6  g NaCI in 1 L deionised H2 O and a pH o f 7.5 was checked. Once protein  bands w ere  

view ed the  m em brane was w ashed in IX  TBS every 10 min fo r 1 h w ith  gentle agitation. 

The m em brane  was then blocked in 5% skim m ed milk pow der (M arve l) in IX  TBS for 30
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mins w ith  g e n t le  ag ita t ion . This was pou red  o f f  and th e  m e m b r a n e  w as w a s h e d  overn ig h t  

w ith  a 1 :2 ,0 0 0  d ilu t ion  o f  polyclonal rab b it  p r im a ry  a n t ib o d y  in 5%  s k im m ed  m ilk  p o w d e r  

in I X  TBS at 4 “C, covered  and w i th  gent le  ag ita t ion . In th e  m o rn in g  th e  a n t ib o d y  solution  

w as p o u red  o f f  and th e  m e m b r a n e  w as w ash ed  w i th  I X  TBS ev e ry  10  min fo r  1 h. A 

1 :2 ,0 0 0  d ilut ion  o f  horse-rad ish  pero x id ase -co n ju g ated  a n t i- ra b b it  secondary  a n t ib o d y  in 

5%  s k im m e d  m ilk  p o w d e r  w as  le ft  on th e  m e m b r a n e  w ith  g e n t le  ag ita t ion  fo r  3 h. The  

m e m b r a n e  w as  th e n  w ash ed  w ith  I X  TBS ev e ry  1 0  min fo r  1 h. P r im ary  a n t ib o d y  

c o n cen tra t io n s  w e r e  occasionally  increased to  resolve fa in t  bands or d ecreased  to  red uce  

b ackground .

To d eve lo p  im ages o f  th e  p ro te in  bands th e  m e m b r a n e  w as p laced in to  a 1:1 m ix tu re  o f  

ECL W e s te rn  B lotting  D e tec t io n  Reagents  (GE H e a lth c a re )  fo r  Im in .  Excess liquid was  

d ra in e d  o f f  th e  m e m b r a n e  w hich  w as th e n  p laced b e tw e e n  t w o  a c e ta te  sheets. This w as  

th e n  p laced in a cassette  in a dark  ro o m  and a piece o f  x -ray  f i lm  (Fuji) w as  placed o v e r  

th e  m e m b r a n e  in a c e ta te .  T h e  cassette  w as closed fo r  5m in  o r  longer if req u ired , and  

a f te r  this t im e  th e  x -ray  f i lm  w as p laced in to  d e v e lo p e r  so lu tion  until an im age  b e c a m e  

visible, th e n  w as  t ra n s fe rre d  to  H 2O to  stop th e  d e v e lo p m e n t  and th e n  to  fixing solution.  

T he  fixing so lution  w as th e n  w a s h e d  o f f  in w a t e r  and  th e  f i lm  w as  a l lo w e d  to  dry. 

A ntib od ies  used w e r e :  polyclonal rabb it  a n t i -m o u s e  c laud in -5  p r im a ry  (Z ym ed), polyclonal  

rab b it  a n t i -m o u s e  P-actin p r im ary  (A beam ), and goat an t i -R ab b it  pero x id ase  secondary  

a n t ib o d y  (Sigma).
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2.3.5 Taqman Assay

Reagents and protocol supplied by Applied Biosystems.

Firstly RNA samples w ere  d ilu ted  so they  each had th e  same concentration o f R N A/|il. 

R everse-transcription to  cDNA was then  carried out by adding 1 -100 ng RNA, diluted to  10 

Hl w ith  NF H2 O, to  2 |il 10 X Reverse Transcriptase Buffer, 0 .8  pi 25 X dNTPs, 2 pi 10 X 

Random  Prim ers, 1 pi M ultiscribe  Reverse Transcriptase, and 4.2  pi NF H 2 O. Reverse 

transcriptase reaction was then  carried out at the  fo llow ing  conditions:

25°C X 10 mins 

3 7 “C X 120 mins 

85°C X 5 mins 

4°C hold

4 pi cDNA was then added to  5 pi Fast Taqm an M ix, 0 .5  pi target prim er, and 0 .5  pi (3- 

actin prim er. Transcriptional changes w e re  m easured in a StepOne Plus m achine, using 

Taqm an G ene w ith  reaction conditions as follows:

5 0 “C X 2 mins 

9 5 ° C x 2 0 s  

[95°C X 1 s, 60°C X 20 s] X 40
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Target gene used a FAM reporter. Transcript levels were standardized using 3-actin with a 

VIC reporter in the same well, and analysed using StepOne Software v2.2.2 using the  

AACT method.

Target gene used was IP-10 (M m 00445235_m l).

2.3.6 Proteome Profiler Array

Reagents and protocol supplied by RnD Systems, Catalogue # ARY006.

Cytokine array membranes were blocked in 2 ml Array Buffer 7 for 1 h at room  

tem perature. Tissue protein samples were prepared by adding up to  1ml o f each sample 

to 0.5 ml of Array Buffer 4. 15 fil Detection Antibody Cocktail was added to  each sample 

and left to incubate at room tem perature for 1 h. Array Buffer 7 was then removed from  

the membranes and the sample/antibody mixtures w ere added to the membranes. The 

membranes were incubated overnight at 4°C on a rocking platform shaker. The following 

day, membranes were washed 3 X 10 mins with 20 ml of Wash Buffer. Diluted 

Streptavidin-HRP was then added to the membranes and incubated for 30 mins at room  

tem perature. The 3 X 10 min washes w ere repeated. Mem branes were then covered with  

Chemi Reagent Mix for 1 min and placed between 2 acetate sheets with excess reagent 

drained off. The membranes were covered with X-ray film in a film cassette and exposed 

for approximately 5 mins. The X-ray film was subsequently developed until the signal was 

observed. The film was then rinsed with w ater and fixed.

The data was anaylsed using ImageJ. The average pixel density of the pair of duplicate 

spots for positive signals and reference spots were determ ined. An average background
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signal was subtracted from each spot. The positive signal pixel densities were then 

divided by the corresponding reference spot pixel densities. Corresponding signals on the 

different membranes were then compared to determine relative change in 

angiogenesis/cytokine-related proteins between samples.

2.3.7 Data Analysis

Statistical analysis was performed using Student's f-test, w ith significance represented by 

a P-value of <0.05. For multiple comparisons, ANOVA was used with a Tukey-Kramer post 

test and significance represented by a P-value o f <0.05. For arterial spin labelling 

analyses, ANOVA followed by a Bonferroni post test for multiple comparisons was used 

with P<0.05 representing significance. All analyses were carried out using GraphPad 

Prism® version 5.02.
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Chapter 3: Claudin-5 siRNA Efficacy

3.1 Abstract

T re a tm en t of m any conditions o f the  eye and brain are m ade very d ifficult by the  

presence o f the  BRB and BBB, which prevent the transport o f molecules from  th e  blood 

into these organs. Due to  these physiological barriers a drug th a t is developed fo r use in 

the  eye or brain m ust be directly injected intraocularly or stereotactically , o r use another 

route to  bypass the  BRB or BBB. This lab has in the  past dem onstrated  th a t low -m olecular 

w eight com pounds can cross from  the  blood via the  paracellular route  follow ing the  

suppression o f a TJ protein , CL5, by m eans if RNAi. This technology has been used to  

deliver com pounds to  tre a t conditions o f the  retina, and has also shown perm eability  of 

the  brain to  m olecular m arkers and active com pounds. This chapter dem onstrates my 

ability to  use this technology to  suppress CL5 in the brain, w ith  resulting perm eability  o f 

th e  BBB, w ith  siRNA being delivered to  cells by means o f a PEI carrier agent. Following this 

a small investigation is supplied dem onstrating  tha t delivery o f CL5 siRNA com plexed w ith  

PEI does not stim ulate  an IFN -a  response in vitro or in vivo. This chapter establishes the  

techniques and evidence th a t provide th e  basis for much o f th e  w ork  carried out in later 

chapters.
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3.2 Introduction

The severe constriction of the paracellular spaces between endothelial cells of the BBB is 

a major barrier to drug delivery to the brain (Pardridge 2005). As discussed previously, 

this is due to structures called tight junctions (TJs), which are positioned on the apical end 

of the plasma membrane and pair with a TJ on the neighbouring endothelial cell to  

constrict the paracellular pore. Suppression of these tight junction proteins, in particular 

the claudin protein claudin-5 (CL5), has been shown to increase permeability of the BBB, 

enabling low-molecular weight compounds to pass into the brain (Campbell, Humphries 

e ta l. 2011).

3.2.1 Targeting Claudin-5 by RNAi

CL5 is highly enriched in endothelial cells o f CNS vasculature (M orita, Sasaki et al. 1999), 

and is required for facilitating BBB size-selectivity (Ohtsuki, Sato et al. 2007). Much of the  

focus on CL5 as being key to BBB integrity comes from the generation of CL5 knockout 

mice (Nitta, Hata et al. 2003). These mice are born alive, but similar to claudin-l-deficient 

mice (Furuse, Hata et al. 2002) they die within 1 day of birth. No morphological 

abnormalities were reported, however injection of a 443 Da molecular weight tracer into 

the bloodstream of the mice demonstrated im pairm ent of the BBB. Interestingly, when 

molecules of sizes of 1.9 kDa (microperoxidase) or greater were perfused, no observation 

of diffusion across the BBB of CLS-deficient mice. M oreover, the BBB of these mice was 

also shown to exclude other large molecules, such as serum albumin (-68 kDa) and 

tetram ethylrhodam ine-conjugated dextran (~10k Da), while Hoechst stain H 33258 (562
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Da) was found to be the largest molecule tha t  successfully diffused across the  BBB of CL5 

 ̂ mice (Nitta, Hata et al. 2003). The observation o f  the  size selectivity of the  BBB when  

CL5 was deleted led to  the  possibility that targeting  CL5 could be a means to selectively 

m odulate  the  BBB, while potentially still excluding anaphylatoxins, bacteria, viruses or 

other dangerous material access to the  CNS. W hile  the  mice in this study died in the ir  first 

day after birth, no evidence of bleeding or cerebral oedem a w e re  observed (Nitta, Hata et 

al. 2003). It was thus hypothesized th a t  short-term  and reversible m odulation o f  the  BBB 

would not compromise the  long-term health of th e  animal, similar to  how a tem porary  

down regulation of TJ transcripts, for instance upon exposure to  alcohol (Simet, W y a tt  et  

al. 2012), should not affect the  CNS once the  dow n-regulation  is not p erm anent. The  

observation of size-selective BBB opening gave th e  idea th a t  RNA interference (RNAi) 

could be used to  dow nregulate  CL5 levels in a w ild -type  mouse and potentially  a patient  

w ith  similar results, w ith  the  BBB returning to  normal perm eability  again following  

t rea tm en t.

RNAi works by delivering small, double-stranded, ~ 21  nucleotide (nt) RNA molecules into 

cells. These double-stranded RNAs w ere  first discovered in 2001  and w e re  found to  

effectively and tem porarily  decrease gene expression initially in m am m alian  cell lines 

(Elbashir, Harborth et al. 2001), and Drosophila m eJanogaster embryonic lysates (Elbashir, 

M artinez et al. 2001). This interference was found  to be highly sequence specific -  the  

sequence of the  small interfering RNA (siRNA) needing to  be com plem entary  to  the  mRNA  

of the  target gene, and alterations of this sequence abolishing or greatly mitigating its 

suppressive effect Elbashir, M artinez et al. 2001) .  RNAi interference works by taking  

advantage of an endogenous system o f in terference  by small RNAs, predom inantly  micro
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RNAs (miRNA). This was first discovered in Caenorhabditis elegans where the gene Iin l4  

was found to be post-transcriptionally downregulated by the miRNA Iin4 (Lee, Feinbaum  

et aL 1993; W ightman, Ha et al. 1993). This endogenous RNAi process was discovered to 

be mediated a series of large proteins and protein complexes. Following transcription the 

first of these, Drosha, processes the transcribed RNA into a ~70 nt pre-miRNA duplexed 

with itself and containing a stem-loop structure (Lee, Ahn et al. 2003). This pre-miRNA is 

then transported into the cytoplasm and here it is processed by the enzyme Dicer into a 

double-stranded miRNA duplex containing 2 nt 3' overhang (Hutvagner, McLachlan et al. 

2001). Following this final processing step the mature miRNA duplex unwinds and is 

bound by RISC, a m ulti-protein complex that prevents translation of the target sequence 

of the miRNA (Caudy, Myers et al. 2002; Hutvagner and Zamore 2002) (Figure 3.1).
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Figure 3.1: Process of post-transcriptional suppression mediated by endogenous miRNA 

and introduced siRNA. Pre-miRNA (left) is transcribed from  DMA, processed into its 

hairpin structure by Drosha, and then exported from  the nucleus by Exportin 5. In the 

cytoplasm pre-miRNAs or introduced dsRNAs are processed by the protein Dicer into 

miRNA or siRNA duplexes respectively. From here the two strands unwind and are bound 

by the multi-protein complex RISC. This complex then binds the target mRNA and prevents

translation. (He and Hannon 2004)
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Exogenously introduced dsRNAs are also processed by Dicer to  produce a m atu re  siRNA 

duplex (Ketting, Fischer et al. 2001). Also as in the  case of miRNAs this siRNA duplex then  

unwinds and is bound by th e  RISC com plex which then prevents translation o f the  

sequence in a target-specific m anner. In contrast to  miRNAs, how ever, R ISC-m ediated  

silencing using siRNAs involves cleavage o f th e  target mRNA, ra th er than inhibition o f 

translation (M artin ez, Patkaniowska et al. 2002) (Figure 3.1).

RNAi m ediated by introduced siRNA is a pow erfu l tool, and is m ost com m only developed  

to  suppress th e  translation o f harm ful m u tan t proteins, for instance m u tan t IM PD H  which  

causes the  RPIO form  o f retinitis  pigm entosa (Tam , Kiang et al. 2008). H ow ever th e re  are  

also applications for using RNAi in o rd er to  dow nregulate  norm al, functioning genes for 

instance in th e  RNAi targeting  o f the  antiapopto tic  Bcl-2 gene in studies on th e  tre a tm e n t  

o f cancer (Klasa, Gillum et al. 2002). RNAi has been successfully used to  reduce th e  levels 

o f claudins in the  septate  junctions o f C. elegans, and this was shown to  have the  e ffect o f 

tem porarily  opening septate  junctions (Asano, Asano et al. 2003). This finding was 

repeated in this lab in m ice, w ith  suppression o f CL5 expression occurring at th e  BBB after  

24 and 48 h a fter siRNA adm inistration , and w ith  levels o f expression returning to  norm al 

a fte r 72 h and rem aining norm al 1 w eek  la ter (Cam pbell, Kiang e t al. 2008).

3.2.2 Demonstration of Barrier Modulation by MRI and Other Methods

In order to  show th a t th e  BBB, suppressed fo r CL5, was am enable to  increased transport 

o f low -m olecular w eight m ateria l, MRI In a M RI study the  individual or m ateria l being 

studied is exposed to  a strong m agnetic field, in the case o f th e  purpose-built anim al
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scanner used during the course o f this thesis -  7 Tesla (Bruker). This magnetic fie ld is then 

oscillated at particular intensities and frequencies, and inside the fie ld hydrogen atoms 

are excited and release a radio frequency signal th a t is detected. Molecules containing 

the highest proportion o f excited hydrogen atoms w ill generate the greatest am ount o f 

signal, and in tissue these molecules are water, and to  a lesser extent fat. Regions o f high 

concentration o f water (or fat) w ill show up in an MRI scan as an area o f high in tensity -  

w h ite  -  signal. (McRobbie 2007). As well as this exogenous MRI contrasting agents tha t 

generate large am ount o f signal can be introduced. One such agent is gadolinium - 

diethylene triam ine pentaacetic acid (Gd-DTPA), which has a m olecular weight o f 742 Da. 

This molecular weight puts it in the same size-range as many low-m olecular weight drugs 

o f interest fo r delivery to  the brain, and fo r this reason Gd-DTPA is used regularly during 

this project to  dem onstrate successful BBB m odulation. The perm eation o f Gd-DTPA 

across the BBB w ith  or w ithou t CL5 suppression is shown in Figure 3.2.
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Figure 3.2: MRI images of the brains and eyes of mice injected with CL5 siRNA or PBS 

before and after Gd-DTPA. (A, Left) The f irs t column shows a posterior-anterior sequence 

o f images from  a PBS-injected negative control mouse before injection with Gd-DTPA; the 

second column shows this same animal after injection with Gd-DTPA. (B, Right) The next 

column shows a CL5 siRNA-injected mouse before and injection with Gd-DTPA; the fina l
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column shows this same animal after injection with Gd-DTPA. Gd-DTPA diffusion into the 

brain (green arrow) and the eye (red arrow) is clearly observable as patches o f black under

MRI. (Campbell, Kiang eta l. 2008)

In this Figure Gd-DTPA can be seen w ithin the brains and eyes of mice w ith CL5 

suppression (Figure 3.2, B, Post-Gd-DTPA), whereas no change is observed in control mice 

injected with PBS pre- and post-Gd-DTPA injection (Figure 3.2, A). Once again size- 

selectivity was demonstrated, with a molecule o f 4.4 kDa still being excluded from the 

brain and eyes of CL5 sIRNA-injected mice (Campbell, Kiang et al. 2008). Interestingly, this 

size selectivity was found to return gradually w ith time, w ith EZ-link TM sulfo-NHS-biotin 

extravasation from the vasculature still occurring at 72 h after CL5 siRNA injection while 

Hoechst H33342 was excluded at this time point, meaning that barrier integrity could now 

exclude a molecule of 562 Da but not 443 Da (Campbell, Kiang et al. 2008). One week 

post siRNA injection, none of the molecules used could passively diffuse across the 

barrier.

This technique was first used to modulate the inner BRB and deliver drugs in two animal 

models of retinopathies, and in so doing demonstrate the great potential of this 

approach. In one treatment scenario, it was shown that guanosine triphosphate (GTP) 

could be delivered to the retinas of IMPDHl"^' mice (Campbell, Nguyen et al. 2009). 

IMPDH is the rate-lim iting enzyme in the de novo production o f GTP, which is central to 

visual phototransduction. Mice lacking the IMPDHl enzyme exhibit gradual and age 

dependent degeneration of their retinal outer segments concomitant w ith diminished 

electroretinography (ERG) readouts. Following CL5 suppression and subsequent systemic
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injection o f GTP -  a m olecule w ith  a m olecular w eight o f 523 Da and which norm ally is 

prevented from  crossing th e  inner BRB -  ERG results showed an increase in rod-isolated  

b-w ave activity com pared w ith  non-targeting  siRNA injected or un -treated  control mice. 

M odulation  o f the  inner BRB in th e  absence o f GTP was dem onstrated  to  have no e ffec t 

on ERG, indicating th a t m odulation  o f th e  barrier itself had no effect on ERG results  

(Cam pbell, Nguyen et al. 2009).

In th e  second anim al m odel delivery o f the  calpain inhibitor ALLM (402 Da) to  th e  retina  

was enhanced in albino BalB/c mice exposed to  high intensity light. This exposure to  

strong light in BalB/c m ice results in massive photoreceptor apoptosis, and this process is 

m ediated  by activation o f calpains. ALLM was adm inistered system ically 48  h a fte r  

systemic injection o f CL5 or non-targeting  siRNA, and this was shown to  significantly  

decrease the num ber o f apopto tic  cells in th e  ONL retinas 12 and 24 h a fte r light ablation  

in th e  CL5 suppressed anim als (Cam pbell, Nguyen et al. 2009).

The BRB is sim ilar in characteristics and TJ protein  m ake up to  th e  BBB, and this technique  

was then  extended to  include delivery o f therapeutic  com pounds across th e  CL5- 

suppressed BBB. H ere a low  m olecu lar-w eight neuroprotective agent, th y ro tro p in -  

releasing horm one (360  Da), was delivered to  th e  brains o f m ice. A significant increase in 

th e  behavioural readout o f anim als was observed w hen the  BBB was m odulated  prior to  

systemic injection o f th e  horm one (Cam pbell, Kiang et al. 2008), indicating th a t enhanced  

delivery had been achieved.
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3.2.3 siRNA Delivery Methods

In the  study on thyrotropin -re leasing  horm one, delivery o f siRNA to  endothelial cells o f  

the  BBB was enabled by m eans o f hydrodynam ic in jection. According to  this m ethod  

siRNA was rapidly injected in a bolus o f a volum e o f PBS equal to  10%  o f the  anim al's  

body w eight (Cam pbell, Kiang et al. 2008). This in jection protocol w ould pose a significant 

hurdle to  translation into hum an application, w ith  10% o f an adult patien t's  body-w eight 

being in the  litres. Delivery o f a shRNA vector th a t suppresses CL5 by m eans o f AAV has 

also been dem onstrated  (Cam pbell, Hum phries e t al. 2011). This approach has the  benefit 

o f resulting in a stable, inducible source o f BBB m odulation  which w ould  be highly 

beneficial to longer te rm , chronic conditions. H o w ever pan-brain  delivery o f AAV w ould  

be extrem ely  difficult, and use o f viral vectors is still a significant barrier to  clinical 

progression.

Due to  these issues in th e  current study it was decided to  use a polyethylen im ine (PEI) 

delivery m ethod. Initially used to  aid in the  transfection  o f cells w ith  DNA, this com pound  

acts by com plexing w ith  nucleic acids an cancelling out th e ir  net anionic charge by the  

presence of m ultip le  cationic am ino groups (Tang and Szoka 1997). These reduced charge  

com plexes are taken up into cells by caveolae- and c lathrin -coated  pits, w ith  only the  

la tte r route leading to  transfection o f the  cell, at least in th e  case o f DNA (Rejm an, 

Bragonzi et al. 2005). Since its discovery PEI has been used to  e ffective ly  deliver RNA to  in 

vitro neuronal cells (Sridharan, Patel et al. 2013), breast tum ours  (N avarro , Sawant et al. 

2012; Shen, Sun et al. 2013), liver tissue (Kang, Tachibana e t al. 2010; Park, Hong et al. 

2011) and m any o th er cell types. O f particular relevance to  this study PEI has been
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reported also to enable transfection of endothelial cells in vivo following systemic 

delivery (Kim, Yockman et al. 2006; Li, Yang et al. 2012).

These findings demonstrate effective transfection of cells using low-volume, systemic 

delivery of nucleic acid/PEI complexes. Further support comes in the form of several 

ongoing clinical trials in which PEI is used, such as NCT00595088 in which DNA is non- 

virally delivered to bladder cancer. Together these reports led to its use in the current 

study, in order to move beyond the short-comings of hydrodynamic and AAV-based 

delivery.

One final concern is the possibility that exogenously introduced siRNA could result in an 

interferon (IFN) response in animals. This would be extremely damaging for the study as 

the consequent inflammation would interfere greatly with measuring of outcomes, and 

would make impossible any later transition to clinically relevant studies. There is 

published data also that IFN responses can occur in response to siRNAs, which result from  

dsRNA or single-stranded siRNA detection by TLR7 or TLR3 (Kariko, Bhuyan et al. 2004; 

Hornung, Guenthner-Biller et al. 2005; Judge, Sood et al. 2005; Sioud 2005). These reports 

have observed that these responses occur in a sequence-specific manner and appears to  

occur in response to RNA molecules that are longer than those used in the present study 

(Reynolds, Anderson et al. 2006). As well as this however it has been reported that 

siRNAs, of the length used in the course of this thesis, can have a profound effect on 

angiogenesis (Kleinman, Yamada et al. 2008; Cho, Albuquerque et al. 2009), and even 

lead to  degeneration of healthy tissue in the retina (Yang, Stratton et al. 2008; Kleinman, 

Kaneko et al. 2012) regardless of sequence.
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To answ er som e o f these concerns, extensive w ork  has been carried out previously by this 

lab in o rder to  dem onstrate  th a t the  siRNAs used in this thesis, both targeting  and non

targeting , do not exhibit un intended effects such as in flam m atory  responses. This w ork  

has also concentrated  on dem onstrating  th a t NT siRNA is an effective control for CL5 

siRNA. The previous w ork by this lab studying the  effects o f CL5 siRNA on the  BBB and 

iBRB used uninjected controls, PBS-injected controls, as w ell as NT siRNA-injected  

controls. A t no point in any o f the  findings was th e re  any observed d ifference betw een  

any o f th e  controls in term s o f CL5 expression level, CL5 continuity at th e  BBB, or the  

extravasation o f any com pounds into the  brain (Cam pbell, Kiang et a!. 2008; Cam pbell, 

Nguyen e t al. 2009). N eith er was there  any observed dam age to  tissue in a 

histopathological screen o f CL5 siRNA th a t was carried out (Cam pbell, Hanrahan et al. 

2 012), or in toxicology testing in African green monkeys carried out fo r both CL5 and NT 

siRNA by this lab (as o f yet unpublished). Further to  this, the  2009  PNAS paper published  

by this lab included m icroarray data com paring gene expression data in brain samples of 

mice th a t had been systemically injected w ith  CL5, NT, or no siRNA. The data from  

A ffym etrix  GeneChips, which contain > 2 8 ,000  coding transcripts and > 7 ,000  non-coding  

transcripts and was generated  by 5 replicates, looked for o ff-ta rg e t effects o f th e  siRNAs 

in brain tissue. The m icroarray found 32 genes to  be d iffe rentia lly  regulated betw een CL5 

siRNA and control brains, and 22 genes to  be d ifferentia lly  regulated betw een  CL5 and NT 

siRNA-adm inistered mouse brain tissue 48 h a fte r siRNA delivery. None o f these genes 

w e re  reported  to  be know  in flam m atory  m arkers, and the  very low num ber o f genes 

com pared to  th e  huge num ber tested indicates th a t these siRNAs have very m inim al o ff- 

ta rg e t effects (Cam pbell, Nguyen et al. 2009). Finally, the  particular NT siRNA used during  

th e  course o f this project, targeting  th e  luciferase gene and w ith  the  targ e t sequence 5'-
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CTTACGCTGAGTACTTCGA-3', has been used effectively as a non-targeting siRNA in a 

num ber o f previous studies (Tam, Kiang et al. 2008; Valli, Oliveros et al. 2011; Cho, Chang 

e ta l.  2012).

The com prehensive past testing o f CL5 siRNA in com parison to  various controls by this 

lab, as w ell as the  m icroarray data, have all indicated th a t NT siRNA in isolation is an 

effective control for CL5 siRNA in continuing to  study its effects on BBB m odulation . 

Ideally it w ould be desirable to  use unin jected, PBS-injected, as w ell as NT siRNA-injected  

controls fo r all experim ents. H ow ever in consideration o f the  high am ount o f anim al 

experim ents in this thesis, and the  evidence presented previously fo r the  effectiveness o f 

NT siRNA as a control fo r CL5 siRNA, it was decided to  lim it controls to  th e  NT siRNA 

group only. The addition o f extra control cohorts can m ean considerable increases in 

num bers o f anim als sacrificed as w ell as tim e  taken to  carry out certain experim ents. In 

M RI experim ents, for instance, each anim al m ay take up to  an hour each to  prepare  and  

scan; here the  addition o f even one m ore control group can m ake it impossible to  carry  

out an experim ent in one day, resulting in th e  necessity to  split experim enta l groups 

b etw een  tw o  d iffe ren t days -  a step which risks increasing variation as experim enta l 

protocols are carried out seperately  to  one another. It is for these reasons th a t NT siNA  

was o ften  used in isolation as a control for CL5 siRNA during the  course o f this thesis.

3.2.4 Chapter Aims

In this course o f this chapter I a im ed to  becom e proficient in the  siRNA technologies of 

this lab, and to  dem onstrate  succesful suppression o f CL5 at the transcript and protein  

level. This suppression w ould be th e  first in this lab using the  jetPEI siRNA delivery system,
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and I a imed to use this delivery m ethod to replicate the  detailed observations reported  

previously by this lab w here  CL5 was succesfully suppressed in the  brain and the  retina  

following hydrodynamic injection (Campbell, Kiang et al. 2008; Campbell, Nguyen et al. 

2009). Following this I a imed to  use this jetPEI-delivered CL5 suppression to enable an 

MRI contrasting agent, Gd-DTPA, to extravasate into the  brain w here  it will not normally  

reach. This also is a replication of work carried out previously by this lab in both th e  brain  

and the  retina (Campbell, Kiang et al. 2008; Campbell, Nguyen et al. 2009). Finally, a small 

scale investigation of CL5 siRNA in comparison to a 2' O M e  modified siRNA targeting CL5 

was carried out to  investigate if IFN-a  levels are elevated following NT siRNA delivery. This 

was in response to  a reviewer's com ments during the  course o f  our publishing a paper  

using CL5 siRNA (Campbell, Hanrahan et al. 2012), and it provides a small am ount o f data  

to indicate that CL5 siRNA does not result in an IFN-a  response in vitro or in vivo.
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3.3 Results

3.3.1 In Vitro Suppression

CL5 siRNA was assessed for its effectiveness at dow n-regulating  CL5 mRNA transcript in 

vitro  using bEnd.3 cells. This line o f mouse brain m icrovascular endothelial cells is the  

closest in vitro m odel o f th e  mouse BBB, are used extensively in its study, and express CL5 

protein  at high levels (Thai, Luh e t al. 2012). 5 x 10^ bEnd.3 cells w ere  plated w ith  SOOul 

fe ta l calf serum -supplem ented D M E M  in each w ell o f a 24-w ell p late. The fo llow ing day 

these cells w ere  transfected  w ith  20 pm ol CL5 or NT siRNA was com plexed w ith  

Lipofectam ine 2000. Transcript dow n-regu lation  was m easured by RT-PCR from  24 h a fter  

transfection  up until 1 w eek  post-transfection (Figure 3.3).

96



□  CL5
150n

co
■55
(/)
0)
L_a
X

LU
in

100-

50-
O

Figure 3.3: RT-PCR of CL5 mRNA following CL5 or NT siRNA transfection of mouse 

bEnd.3 cells. CL5 transcrip t levels were s ignificantly decreased as early as 24 h a fte r 

transfection and un til a t least 1 week post-transfection in vitro. For each tim epoin t CL5 

levels in NTsiRNA-treated samples were set a t 100%. (***P<0.001, ANOVA w ith Tukey's 

post test. NT siRNA, n=3, CL5 siRNA, n=3. Data are means and s.e.m.)

Data reproduced w ith  permission o f James Keaney, Trinity College Dublin.

The RT-PCR data illustrated in Figure 3.3 shows tha t endothelia l cells treated in v itro  w ith  

20 pmol CL5 siRNA have the ir CL5 mRNA level decreased by approxim ately 80% compared 

to  NT siRNA-transfected cells at 24 h. This degree o f effect persists fo r at least four days. 

One week fo llow ing transfection the CL5 mRNA level had risen to  approxim ately 50% o f 

the post NT siRNA-transfected level.
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Next the prote in expression level was observed in bEnd.3 cells transfected w/ith CL5 or NT 

siRNA, th is tim e scaling up to  6-well plate form at (Figure 3.4). Protein was isolated from  

cells 48 h fo llow ing  transfection w ith  siRNA as th is has previously been shown to  be the 

peak o f CL5 protein suppression fo llow ing CL5 siRNA.

23 kDa

43 kDa

c f/ .<#■ /  /
Claudin-5

p-actin

Figure 3.4: Western blot for CL5 protein following CL5 or NT siRNA transfection in vitro.

Western b lo t fo r  CL5 (23 kDa) and 6-actin (43 kDa) on bEnd.3 cells was carried ou t 48 h 

a fte r transfection w ith NT or CL5 siRNA. Image representative o f 3 separate repetitions.

The level o f CL5 protein, appearing at approxim ately 23 kDa, appeared to  be

approxim ately equal in cells transfected w ith  NT siRNA as in cells tha t were un-
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transfected. CL5 siRNA-transfected cells, on the other hand, showed a markedly 

decreased level of CL5 protein. B-actin levels were equivalent across the three treatment 

groups (Figure 3.4). This blot is representative o f equivalent finding that have been 

consistently found by M atthew Campbell, James Keaney, Ema Ozaki and others, as well as 

myself, in the lab. One such blot is shown in Figure 3.5.

23 kDa

43 kDa

Claudin-5

p-actin

Figure 3.5: Western blot for CL5 protein.

Western blot fo r  CL5 (23 kDa) and 6-actin (43 kDa) on bEnd.3 cells was carried out by 

James Keaney after transfection with NT or CL5 (n-3) siRNA.

As can be seen the suppression observed by James Keaney in vitro in bEnd.3 cells (Figure 

3.5) was comparable to that observed in Figure 3.3.
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3.3.2 In Vivo Suppression

The effectiveness of the siRNA at decreasing CL5 levels was next tested in vivo. To do this 

20 ng NT or CL5 siRNA was diluted in 200 ul of a 5% glucose solution, as was 6.4 |il in vivo- 

jetPEI^'^. After being briefly mixed, the in vivo-jetPEI™ solution was added to the siRNA 

solution, and the resulting solution was vortexed and briefly centrifuged. Following room  

tem perature incubation for 15 mins, to allow complexes to form, the mixture was 

injected into the tail veins of 3 month old C57/BI6 mice. After 48 h the animals were 

sacrificed, and their brains removed. One hemisphere from each brain was homogenised 

using a dounce homogeniser, and then capillary fractionated using high molecular weight 

dextrans (>70,000 Da). These sugar molecules bind to endothelial cells, but not to neural 

tissue, in the brain homogenates and this characteristic is used to  spin down and separate 

the brain microvascular com partm ent. Protein was isolated from the resulting red pellet 

of vascular cells, and a western blot for CL5 performed (Figure 3.6).
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Figure 3.6: Western blot for CL5 protein in brain microvasculature 48 h CL5 or NT siRNA 

administration in mice. Top: Western b lot fo r  CL5 (23 kDa) and 6-actin (43 kDa) on brain 

capillary fractionations 48 h after ta il vein administration o f NT or CL5 siRNA. Bottom: 

graph o f the relative pixel intensity o f the CL5 bands in NT and CL5 siRNA-administered 

animals, controlled fo r  6-actin levels. Levels o f CL5 were significantly decreased in 

capillary fractions o f mouse brains 48 h post-injection. (***P<0.001, Students t-test. NT 

siRNA, n=3; CL5 siRNA, n=3. Data are means and s.e.m.)
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Here CL5 protein  levels can clearly be observed, in the  raw w estern blot im age, to  have  

dropped significantly 48  h a fter systemic CL5 siRNA delivery com pared to  NT siRNA 

(Figure 3.6).  W hen  quantified  it observed th a t over 75%  o f the  expression level o f CL5 has 

been abolished, as m easured by re lative pixel intensity o f the  bands in th e  raw  im age. 

Figure 3 .6  uses NT siRNA as a control fo r CL5 siRNA in the  absence o f o th er controls. As 

m entioned  in th e  introduction to  this chapter experim ents showing CL5 suppression th a t  

em ployed m ultip le  controls have been published previously by this lab. These controls  

w ere  uninjected, PBS-injected, and NT siRNA injected animals, and none o f the  

suppression studies found any d ifference betw een  any o f these controls (Cam pbell, Kiang 

et al. 2008; Cam pbell, Nguyen et al. 2009).

The o th er brain hem isphere was taken  for im m unohistochem ical staining in o rder to  

visualise CL5 levels in situ fo llow ing siRNA adm inistration . The tissue was sliced into 12 

|im  sections in a cryostat, which w ere  then stained overnight using a rabbit anti-CL5  

antibody at 4°C, and fo r 2 h using a secondary rabbit lgG-Cy3 antibody at 37°C. Sections 

w ere  then  stained w ith  a 1 :5 ,000  solution o f DAPI in PBS fo r 30  s and m ounted  (Figure 

3.7).
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Figure 3.7: Immunohistochemical staining of CL5 protein in brain sections following 

siRNA delivery. At le ft is a brain section from  a NT siRNA animal 48 h after siRNA delivery; 

at right a CL5 animal at the same timepoint. The lumen o f a blood vessel can be seen in 

each image (orange arrow). Surrounding the blood vessel in the NT animal can be seen 

strong, continuous CL5 staining (yellow arrow). In the CL5 siRNA-administered animal the 

nucleus o f an endothelial cell can clearly be seen (green arrow), but the CL5 staining here 

is fragmented and reduced in intensity compared with the NT animal. (Red = CL5 staining;

blue = DAPI. Scale bar = 100 p.m.)

The staining observed in brain sections (Figure 3.7) backs up in situ the result in western 

blot (Figure 3.4) that a high level of suppression o f CL5 at the protein level is achieved in 

vivo 48 h following tail vein delivery o f siRNA targeting the transcript. In the right panel of 

Figure 3.7 the blood vessel is identified by the characteristically flattened nuclei of 

endothelial cells as well as patchy CL5 staining. The presence of a complementary stain 

for another endothelial cell marker, such as the TJ protein ZO-1, would however provide 

greater confidence that the image in the right panel is a blood vessel. This imaging of
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blood vessels for CL5 suppression have been carried out extensively by this lab in both th e  

brain (Cam pbell, Kiang et al. 2008) and the  retina (Cam pbell, Nguyen et al. 2009). In the  

brain these stains w ere  carried out using PBS-injected and uninjected controls, as w ell as 

NT siRNA animals. In these experim ents com parable CL5 staining was observed in all 

th ree  controls, w ith  only CL5 siRNA-adm inistered animals showing reduced, patchy CL5 

staining as in Figure 3 .7  (Cam pbell, Kiang et al. 2008).

3.3.3 Blood-Brain Barrier Modulation

The next step was to  analyse w h e th e r th e  CL5 suppression achieved in vivo a t this 

tim ep o in t w ould  result in m odulation  o f the  BBB. This can be tested by a ttem p tin g  to  

deliver a com pound across th e  barrier into th e  brain, w h ere  said com pound w ould  

norm ally not be capable o f reaching. For this purpose gadolinium  (III) - 

d ie thy ltriam inepentaacetic  acid (Gd-DTPA) was used.

48  h a fter systemic injection o f 20 ng siRNA via th e  tail vein C57 animals w ere  transported  

to  a dedicated anim al M RI. A fte r a high resolution, Ta-weighted scan to  ensure th a t no 

abnorm alities w ere  present, anim als w ere  cannulated by th e ir tail veins and a T r  

w eighted set o f 12 scans, lasting 20 mins in to ta l, was started. D irectly a fte r th e  first of 

the  12 scans was finished 100 1̂ o f a 1:3 Gd-DTPA solution was injected via th e  ta il vein 

cannula, and th e  resulting enhancem ent in th e  brain was observed (Figure 3.8).
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Figure 3.8: Enhanced Gd-DTPA delivery to the brain following CL5 siRNA. Left: Ti- 

weighted contrast enhanced MRI image o f mouse brain a t 24, 48 and 72 h after systemic 

injection o f 20 ng NTsiRNA. Gd-DTPA enhancement (dark areas) is restricted to blood 

vessels in the brain follow ing systemic injection o f the contrast agent during the scan.

Right: Brain o f a CL5 siRNA-injected mouse at 24, 48 and 72 h. Enhanced Gd-DTPA 

concentration surrounding blood vessels in the brain, as well as increased contrasting 

throughout the brain, is present at 48 h. Prominent regions Gd-DTPA extravasation are
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highlighted with red arrows. This extravasation appears to be present to a lesser extent at

24 and 72 h than a t 48 h.

The difference between the Gd-DTPA contrasting in NT and CL5 animals was subtle at 24 

and 72 h, but was readily observable at 48 h as lower pixel intensity surrounding blood 

vessels and an increased 'm ottled' appearance of the cortex in CL5 animals {Figure 3.8). 

Experiments showing Gd-DTPA extravasation into the brain after CL5 suppression that 

employed multiple controls have been published previously by this lab. These controls 

were uninjected, PBS-injected, and NT siRNA injected animals, and none of the 

suppression studies found any difference between any of these controls, with no 

observed increase in contrasting agent entering the brain (Campbell, Kiang et al. 2008).

The contrast-enhanced Ti-weighted MRI scan used here is made up of 12 repetitions, 

with Gd-DTPA being injected after the first of these. As such the effect of this systemic 

Gd-DTPA can be quantified by selecting a number of 9 voxel (0.178 mm^) areas in 

different areas of the brain, away from visibly contrasted blood vessels, and measuring 

the average pixel intensity within the area for each scan. W ith these values the kinetics of 

Gd-DTPA as it passed through the brain can be quantified, and compared between NT and 

CL5 siRNA animals (Figure 3.9).
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Figure 3.9: Quantification of Gd-DTPA contrasting in mouse brain cortex after CL5 and 

NT siRNA. 48 h after ta il vein injection o f Gd-DTPA, bolus chase analysis o f the contrast 

agent in Ti-weighted MRI o f a cortical region o f the mouse brain showed a slower 

clearance rate o f Gd-DTPA in the CL5 siRNA group compared with the NT siRNA group. 

Quantification was obtained by measuring pixel intensity in the same area o f brain tissue 

in each animal, in the scan before and each o f the 11 scans after systemic Gd-DTPA 

injection. (P>0.05; Student's t-test. NT 48 h, n=6; CL5 48 h, n=8.)

In this figure scan 0 represents the baseline signal intensity of the brain before Gd-DTPA 

injection, w ith scan 1 representing the large alteration in signal intensity as the 

contrasting agent enters the brain parenchyma. Over the following 20 min, during which 

the next 10 scans were carried out, Gd-DTPA saturated the available tissue into which it
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could enter, and was subsequently cleared from  the  brain. The significantly altered pixel 

intensity in mice given CL5 siRNA 48 h previously indicates th a t higher quantities o f Gd- 

DTPA w ere  detectab le  w ith in  th e  brains o f these animals, and th a t this higher quantity  of 

Gd-DTPA took longer to  clear com pared w ith  NT control m ice (Figure 3.9).  This data  

shows th a t 48 h follow ing systemic injection o f CL5 siRNA w ith  jetPEI the BBB has been  

m odulated  to  th e  exten t th a t a m olecule o f at least 742 Da will extravasate across into  

the  neuronal space. Gd-DTPA contrasting in th e  brain has been previously shown by this 

lab, w h ere  g reater quantities o f Gd-DTPA w ere  m easured crossing the  BBB into the  

parenchym a in anim als th a t had been given CL5 siRNA. In those experim ents uninjected, 

PBS-injected and NT siRNA-injected controls w e re  used, none o f which showed any 

significant change in Gd-DTPA extravasation (Cam pbell, Kiang et al. 2008).

3.3.4 Inflammatory Response to siRNA

Given the  data available th a t siRNAs can induce TLR-m ediated in flam m atory  responses in 

vitro  and in vivo (Kanasty, W h iteh ead  et al. 2012), it was decided to  test th e  CL5 siRNA, 

w ith  an w ith o u t in vivo-jetPEI, fo r these responses.

An siRNA w ith  2 m odifications in th e  sense strand was designed as follows: 5'- 

CGUm UGG AAAUUCUGm G G UCUUUdTdT-3'. 20  pg o f this m odified  siRNA was com plexed  

w ith  in vivo-jetPEI and injected into th e  tail veins o f C 57/B I6  mice. Effective suppression 

of CL5 was observed in th e  capillary isolations prepared from  th e  brain samples 48  h post

injection (Figure 3.10).
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Figure 3.10: Suppression efficacy of 2'OMe-modified CL5 siRNA. Top: \Nestern b lot fo r  

CL5 (23 kDa) and 6-actin (43 kDa) on brain capillary fractionations 48 h after ta il vein 

administration o f 20 ng NT or 2'OMe CL5 siRNA.

Bottom: Graph o f the relative pixel intensity o f the CL5 bands in NT and CL5 siRNA- 

administered animals, controlled fo r  6-actin levels. Levels o f CL5 were significantly 

decreased in capillary fractions o f mouse brains 48 h post-injection. (***P<0.001, Students 

t-test. NT siRNA, n=5; 2 ' OMe CL5 siRNA, n=7. Data are means and s.e.m.)
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As can be seen, the suppression observed using the 2'OMe-modified CL5 siRNA (Figure 

3.10) is comparable to that observed w ith the normal CL5 siRNA (Figure 3.4). With 

suppression demonstrated the two siRNAs were assessed on their inflammatory profile.

Bone-marrow derived macrophages (BMDMs) from WT C57/BI6 mice were isolated and 

grown. These cells were treated w ith 20 pmole NT, CL5 or 2'OMe CL5 siRNA, w ith or 

w ithout in vivo-jetPE^'^, for 24 h, and transcript levels of IFN-a were subsequently 

analysed (Figure 3.11).
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Figure 3.11: RT-PCR analysis of IFN-a in BMDMs following exposure to siRNAs. In

BMDMs treated with NT siRNA, a significant up-regulation o f IFN-a was observed 

compared with untreated, glucose-treated or in vivo-jetPEI™ treated cells. Levels were 

also significantly increased in NT siRNA treated cells when compared with CL5 siRNA. 

2'OMe-modified CL5 siRNA-treated cells expressed significantly higher IFN- when 

compared with un-modified CL5 siRNA. siRNAs complexed with in vivo-jetPEI™ produced 

an overall decreased level o f IFN- expression, but this was significantly higher with 2'OMe-

modified CL5 siRNA and in vivo-jetPEI™. All compounds being studied were applied to

BMDM cells fo r  a period o f 24 h. (*P<0.05, ***P<0.001, ANOVA with Tukey's post test. 

Untreated, n=3; Glucose+H20, n=3; jetPEI, n=3; NTsiRNA, n=3; CL5 siRNA, n=2; 2'OMe CL5
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siRNA, n=3; CL5 siRNA, n=2; 2 'O M e  CL5 siRNA + JetPEI, n=3; N T  siRNA + jetPEI, n=3; CL5

siRNA + jetPEI, n=3)

The level o f IFN -a  transcript in B M D M 's  exposed to  a 5% glucose in H2O dilution mix, or in 

vivo-jetPEI in 5% glucose, was not significantly above th a t o f th e  baseline, untreated  level. 

IFN -a  production was significantly increased in NT siRNA-treated cells com pared w ith  

u n treated  cells. This level was significantly decreased in the  2 'O M e-m o d ified  siRNA- 

trea ted  cells, affirm ing previous findings th a t 2 'O M e-m o d ified  siRNAs elicit a w eaker  

in flam m atory  response (Robbins, Judge et al. 2007). H ow ever application of CL5 siRNA to  

B M D M s did not result in a sim ilar increase as was observed fo r NT siRNA, and instead the  

level o f IFN -a  transcript a fte r exposure to  CL5 siRNA was unchanged from  th a t o f  

untreated  cells (Figure 3 .11 ).

Furtherm ore w e also isolated peripheral leukocytes from  the  blood o f m ice 24 h post

injection o f th e  th ree  siRNAs (NT, CL5 and 2 'O M e-m o d ified  CL5) and found no detectable  

IFN -a  expression (Figure 3 .12 ).
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Figure 3.12: RT-PCR analysis of in vivo IFN-a production in response to siRNA or positive 

controls. Peripheral blood mononuclear cells were isolated from  terminally-bled C57 mice 

24 h after systemic, ta il vein injection o f 20 ng siRNA complexed with 6.4 ^1 in vivo-jetPEI. 

RNA was isolated from  these cells, as well as cells exposed in vitro to positive controls fo r  

TLR activation fo r  2 h, and RT-PCR was carried out. IFN-a could not be detected in the 

blood o f any o f the animals exposed to siRNA and in vivo-jetPEI. (P=n/a. NT, n=4; CL5, n=4; 

2'OMe, n=4; R848, n=3; Poly i.C, n=3; LPS, n=3)

Tail vein adm inistration o f NT siRNA, CL5 siRNA or 2 'O M e-m odified CL5 siRNA showed no 

significant increases in IFN-a expression when compared w ith  positive controls (poly l:C- 

TLR3, R848-TLR7 and LPS-TLR4) (Figure 3.12).
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W h e n  t ak en  t o g e t h e r  t h e s e  d a t a  indicate t h a t  2 'OMe-nnodified CL5 siRNA proves  highly 

ef fec tive a t  su ppre ss ing  CL5 a t  t h e  p ro te i n  level, b u t  it d o e s  no t  resul t  in any 

i m p r o v e m e n t  in t h e  o b se rv ed  safe ty  profile c o m p a r e d  wi th t h e  un mod if i ed  CL5 siRNA, 

which d o es  n o t  a p p e a r  t o  result  in an IFN-a r e s p o n s e  a t  leas t  a t  t h e  t ransc r ip t  level. It is 

still possible t h a t  by post - t r anscr ip t iona l  modif icat ion IFN-a levels ar e  increased  in 

re s p o n s e  t o  unmod if i ed  CIS siRNA, t h o u g h  assaying for a l t er a t ions  in IFN-a levels in 

re s p o n s e  to  in f l am m ato ry  signals a t  t h e  t rans c r ip t  level a l one  has  b e e n  s h o w n  previously 

t o  b e  an ef fec tive m e t h o d  (Pau, C heun g e t  al. 2012).

3.4 Discussion

Despi te  t h e  a f o r e m e n t i o n e d  previous  use  o f  t h e  CL5 siRNA by th is  lab t h e  a s s e s s m e n t  of  

t h e  in vitro and  in vivo efficacy o f  this a p p r o ac h  w as  of  crucial im por t ance .  The first 

r e a so n  for th is  is t h a t  previously  t h e  major i ty  o f  bar r ier  m o d u la t io n  w ork  using t h e  CL5 

siRNA has  b e e n  carried o u t  in t h e  re tina,  n o t  t h e  bra in (Campbel l,  Nguyen e t  al. 

2009)(Tam,  Kiang e t  al. 2010;  Campbell ,  H um phri e s  e t  al. 2013).  Despi te t h e  close 

similarity of  t h e  inne r  BRB and  t h e  BBB, a c h a n g e  as large as d i sease  mode l  o r  t a rg e t  

organ -  or  b o th  as in th is  case  -  a r e  large e n o u g h  to  w a r r a n t  a revaluat ion  of  protocols .  

M any  u n k n o w n  factor s  could be  d i f f erent  moving f rom  t h e  re t ina  t o  t h e  brain,  and 

ch a n g e s  in dosing,  del ivery m ech a n i s m  or  s train of m o u s e  could be required .  A fu r th e r  

con s ider a t ion  h e r e  is t h a t  this s tudy  w as  led by an individual n o t  previously ver sed  in t h e  

use  o f  siRNA. Discovery of pot en t i a l  e r ro rs  a t  t h e  s t ar t  could  p r e v e n t  g rea t  difficulty in 

t racking do w n  t h e  so u rc e  of  p r o b le m s  a t  a la ter  s t age  of  this s tudy.
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Secondly, the  w ork that was previously carried out targeting low molecular weight  

compounds to  the  brain carried out by this laboratory thus far carried out delivery by 

means o f  hydrodynamic injection or by AAV-m ediated  delivery of a shRNA-expressing 

vector (Campbell, Kiang et al. 2008; Campbell, Humphries et al. 2011). Changing from  this 

m ethod to the  use of PEI necessitate changes in protocol which require appropriate  

testing, as well as carrying the  chance of failing to  dem onstrate  efficacy in suppressing 

CL5 and modulating BBB strength at all.

Finally, in this study it was decided to  delve further and to  elucidate w h e th e r  the  PEI- 

siRNA complexes w ere  causing detectable in flam m atory  responses in healthy animals or 

isolated im m une cells. If responses of this type w ere  observed it could represent a major  

barrier to  progression o f  the  study as the  chances for translation into hum an studies 

would  be greatly damaged. In the  least alterations to  complexing reagent or siRNA 

sequence would have to be made.

In vitro suppression at the  transcript level was observed to  strongly occur following  

transfection of bEnd.3 cells (Figure 3.3).  These levels had begun to  return at 1 w eek  

following transfection, but w ere  still significantly depressed com pared to  NT siRNA- 

transfected cells. This suppression was also found at the  protein level 48  h following  

transfection (Figure 3.4).

This 48  h t im epoin t was used in vitro as well as for quantitative dem onstration o f  CL5 

suppression in vivo (Figure 3 .6  and Figure 3.8).  The reason for this was because while it 

has previously been shown tha t  protein levels decrease rapidly after siRNA 

administration, and take a num ber o f days to  return to  baseline levels, maximal 

suppression is observed at 48 -  72 h (You, Lee et al. 2010). This agrees with  numerous
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previous  o bse rva t io ns  by this lab t h a t  CL5 is m o s t  efficiently s u p p r e s s e d  a t  48  h in vivo 

enabl ing del ivery of  low-molecu lar  we ig h t  c o m p o u n d s  (Campbel l,  Kiang e t  al. 2008;  

Campbel l ,  Nguyen e t  al. 2009).

In this s tudy  brain capillary f r ac t iona t ion s  w e r e  carr ied o u t  on bra ins  f rom animals  t h a t  

h ad  received siRNA pr ior  t o  w e s t e r n  blots being begun.  The r eason for this is t h a t  

endo thel ia l  cells m ak e  up only a small  p e r c e n t a g e  of  cells in t h e  brain,  an d  so it is 

des i ra ble  t o  enrich for  this cell f ract ion b e f o re  assaying for CL5 levels.

T o g e th e r  t h e s e  d a ta  f rom RT-PCR an d  w e s t e r n  blot  in vitro, and w e s t e r n  blot  and  

im m u n o h i s to ch e m is t ry  in vivo, d e m o n s t r a t e  t h a t  t h e  CL5 prote in  is ef fectively and 

marked ly  s u p p r e s s e d  fol lowing CL5 siRNA.

MRI is u sed  t h r o u g h o u t  t h e  cou r se  of  th is  s tu d y  as a m e a n s  t o  as sess  t h e  pe rmeab i l i ty  of 

t h e  BBB and BTB to  low molecu lar  we ig h t  co m p o u n d s .  The a d v a n ta g e  o f  using MRI in this 

case  r a th e r  t h a n  s tain ing c o m p o u n d s  such as biotin,  is t h a t  this ap p r o ach  o b s e r v e s  t h e  

m o v e m e n t  of  a c o m p o u n d  across  t h e  BBB over  t i m e  in situ. This m e a n s  t h a t  o n e  d o e s  no t  

n e e d  to  t ak e  a n u m b e r  o f  s e p a r a t e  animals  for  s e p a r a t e  t im e p o in t s  fol lowing inject ion of 

t h e  c o m p o u n d ,  all of  which could  potent ia l ly  d e m o n s t r a t e  differing p e n e t r a t i o n  of  t h e  

BBB. Ins tead o n e  can o b s e r v e  all des i re d  t im e p o in t s  post - in jec t ion of  t h e  con t ra s t i ng  

ag e n t  wi thin t h e  s a m e  animal .  This has  t h e  ef fec t  of  reducing  er ro r  as well as  animal 

n um bers .

Also, as t h e  animal  d o e s  n o t  n e e d  to  be  sacri ficed in o rd e r  t o  o b s e r v e  t h e  results,  t h e  

s a m e  animal  can be  used  for beha v ioura l  or  o t h e r  tes t ing .  This fu r th e r  r e d u ce s  t h e  

n u m b e r  of  anima ls  requ ired ,  which is a lways s o m e th in g  to  strive for. F u r th e rm o re  

carrying o u t  mul t ip le s tudi es  on a single c o h o r t  o f  animals  m e a n s  t h a t  t h e  re sul ts  you
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observe la ter in this study in, for example NSS testing, are generated from  the same  

animals in which lesion volumes are measured. In m ore  traditional methods o f  measuring  

BBB strength that involve sacrifice, greater variation is introduced by use of different  

animals for different experiments.

Throughout the  course of this study Gd-DTPA is used as MRI contrast agent. Gd-DTPA has 

the  advantage over many o ther contrast agents by achieving m axim um  extra-vascular 

enhancem ent 5 - 6  mins after systemic injection, w ith  relatively rapid return to baseline 

(Ross, Delam arter et al. 1989). This means that a num ber of animals can be scanned 

within  one session, as well as reducing the risk that the  animal will die due to reduction in 

body heat while under longer-term anaesthesia. Finally, with  a molecular weight of 742  

Da, extravasation into the  brain parenchyma by Gd-DTPA (Figure 3 .8  and Figure 3.9)  

dem onstrate  a proof of principal for the  enhanced delivery of m any low molecular weight  

com pounds to  the  brain, for instance the  chem otherapeutic  compounds doxorubicin (544  

Da) and tem ozolom ide  (194 Da).

It has been reported tha t  2 'O M e  backbone modifications in even 2 residues of a siRNA 

reduce in flam m atory  responses (Robbins, Judge et al. 2007). The exact mechanism  

w h ereb y  this occurs has not been established, but it has been suggested tha t  due to a 

difference in the  num ber o f  modified nucleotides in m am m als  and in bacteria. 

M am m a lia n  RNA contains a high level of nucleotide modifications and these sequences  

do not activate TLRs, whereas bacterial and mitochondrial RNA is largely unmodified and 

do activate TLRs (Kariko, Buckstein et al. 2005). Interestingly though, 2 'O M e-m o d if ied  

RNA has been reported to  block the  activity of TLR7 even w hen  not incorporated into a
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siRNA. Instead simply the presence of 2'OMe-modified RNA abrogated the TLR7 response 

not just against siRNAs, but also against a small-molecule TLR7 agonist, loxoribine 

(Robbins, Judge et al. 2007). This result suggests that rather than altering the recognition 

o f the siRNA by TLR7, 2'OMe modifications are antagonistic to the activity of the receptor. 

2'OMe CL5 siRNA was shown in this study to also effectively suppress CL5 at the protein 

level (Figure 3.10). The suppression observed here appears to be similar to that observed 

for unmodified CL5 siRNA mentioned earlier (Figure 3.6), although with the tw o 

transfections and western blots being carried out on different days they cannot be 

directly compared by relative pixel densitometry. There are issues in making historical 

comparisons such as this, as experimental protocols carried out on different days may 

vary greatly due to either error or else fluctuations in experimental conditions. This has 

the effect o f increasing variation between experiments carried out on different days, w ith 

samples assayed on the same day being the most desirable for comparative purposes. 

With respect to gauging the inflammatory responses to NT, unmodified CL5 and 2'OMe 

CL5 siRNA these were separately added to BMDMs for 24 h before IFN-a expression was 

quantified. These nucleic acids were added to BMDMs w ith or w ithout having been 

complexed w ith PEI. The reason for observing responses w ith and w ithout PEI was that 

while PEI was used in all animal delivery o f siRNA during the course of this study, it cannot 

be guaranteed that none of the siRNA remains uncomplexed.

PEI-based delivery polymers have previously been reported in a number of in vivo studies 

to be safe to use. PEI-coated nanoparticles, for instance, have been reported not to  cause 

inflammation when used in the cornea, even for 7 concurrent days (Sharma, Tandon et al. 

2011), w ith an equal lack o f immune activity reported following cochlear delivery o f PEI- 

complexed nucleic acids (Tan, Foong et al. 2008). In one comprehensive study the levels
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of  liver en z y m e s  as well as n u m e r o u s  cytokines  including TNF-a, IFN-y, IL-6, and  IL-ip 

w e r e  a s s e s s e d  in m o u s e  s e r u m  fol lowing inject ion of  PEI-complexed siRNA. None  o f  t h e  

fac tors  inves t igated  displayed increased  express ion (Bonnet,  E r b a c h e r e t  al. 2008).

In cont ra s t ,  h ow ever ,  it has  also b e e n  r e p o r t e d  t h a t  a g r e a t e r  level o f  i m m u n e  s t imula t ion  

occurs  w h e n  siRNAs are  e n c ap s u la t ed  in siRNA del ivery agen ts ,  t h a n  siRNA or  delivery 

ag e n t  a l one  (Judge,  Sood e t  al. 2005).  This m ay  occur  d u e  t o  an increase  in t h e  a m o u n t  of  

siRNA reach ing t h e  e n d o s o m a l  c o m p a r t m e n t  inside cells, which is requ ir ed  for  i m m u n e  

activation by siRNA and w h e r e  TLR7 and  TLR8 ar e  located  (Sioud 2005).  One  of  t h e  

del ivery ag e n t s  u sed  in t h e  Judg e e t  al. s t udy  w a s  PEI, t h e  s a m e  as w as  used  dur ing t h e  

c o u r s e  o f  this s tu d y  to  aid del ivery of  siRNA in vivo. Due to  t h e  m ark e d  di f ference  in 

findings b e t w e e n  t h e s e  t w o  s tudi es  n e i th e r  o n e  could  b e  relied upon .  As such it w as  

i m p o r t a n t  t o  t e s t  t h e  IFN-a r e s p o n s e  t o  in v ivo- je tPEr '^ -complexed siRNA dur ing t h e  

c ou r se  of  this work,  wi th IFN-a being c h o se n  as it has  b e e n  r e p o r t e d  t o  b e  t h e  major  

i n f l am m ato ry  r e s p o n s e  fac to r  t o  TLR7-activation, t h e  m a jo r  TLR t h a t  re s p o n d s  t o  t h e  

p r e s e n c e  of  siRNAs (Kim, Longo e t  al. 2004; Hornung,  Guenthner-Bi l ler  e t  al. 2005; Kim, 

Choung  e t  al. 2007; Yan, Regalado-Magdo s  e t  al. 2010).

It w a s  fo u n d  t h a t  t h e  t ransc r ip t ion o f  IFN-a in r e s p o n se  t o  NT siRNA d e c r e a s e d  

significantly w h e n  co m p lex ed  wi th in vivo-jetPEI™, and CL5 siRNA r e m a in e d  a t  its basal  

level. The level o f  IFN-a p ro d u c e d  by BMDMs in r e s p o n s e  t o  2 'O M e  siRNA w as  still 

significantly h igher  th an  CL5 siRNA w h e n  th e y  w e r e  bo th  co m p lex e d  wi th in vivo-jetPEI 

(Figure 3.11).

siRNA recogni t ion by TLR7 is s e q u e n c e - d e p e n d e n t ,  and so t h e  specific s e q u e n c e  o f  t h e  

CL5 siRNA could be  responsible  for t h e  d i f fe rence  in re sponse .  It has  b e e n  r e p o r t e d  t h a t  

uridine (U) and g u an o s in e  (G)-rich s eq u e n ces ,  par ticularly UG dinucleot ides ,  co rre l a t e
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w ith  increased TLR7 activation (Heil, H em m i et al. 2004), how ever the  com bined num ber 

o f UG dinucleotides on the  tw o  strands o f each siRNA is equal. O th er team s have found  

th e  num ber o f U residues to  be th e  significant d ete rm in an t fo r im m une-activation  -  w ith  

m ore U's increasing TLR7 recognition (Goodchild, N opper et al. 2009) -  how ever the  CL5 

siRNA in fact contains m ore U residues than th e  NT siRNA (14  vs 8 respectively). In fact 

this sam e study determ ined  th a t 'CG clam ps' -  CG dinucleotides w ith  a corresponding CG 

on the  o th er strand w ith  which to  bind -  are correlate  w ith  low er TLR7 activation, 

how ever th e  NT siRNA contains tw o  CG clamps w hile th e  CL5 siRNA contains none  

(Goodchild, N opper et al. 2009). H ow ever o th er groups have found th e  re lative  

positioning o f significant nucleotides along an RNA strand to  be im p o rtan t (G antier, Tong 

et al. 2008), so it is likely th a t the  particular com bination o f nucleotides on th e  strands o f 

th e  unm odified CL5 siRNA, or a fea tu re  o f its te rtia ry  structure, allows it to  evade TLR7 

recognition.

Finally, as th e  previously described exp erim ent had been carried out in vitro using 

isolated B M D M s a fu rth e r assay was carried out, this tim e  in vivo. Here peripheral blood  

m ononuclear cells w ere  isolated and RNA extracted 24 h a fte r injection w ith  NT, 

unm odified CL5 or 2 'O M e  CL5 siRNA com plexed w ith  PEI. Positive controls w ere  supplied  

by exposing peripheral blood m ononuclear cells to  po ten t activators o f TLRs (R848 for 

TLR7, poly l:C fo r TLR3, and LPS fo r TLR4) fo r 2 h. Statistical analysis could not be carried  

out for these samples due to  a fa ilure  to  d etect any m easurable IFN -a in any o f the  

samples from  anim als given siRNA and PEI (Figure 3.12),  h ow ever it is clear from  these  

com bined findings (Figure 3.11  and Figure 3 .12)  tha t no in flam m atory  risk due to  

induction o f IFN -a  could be detected  fo r CL5 siRNA. This finding does not exclude the  

chance th a t o th er interferons or cytokines m ay be upregulated in response to  CL5 or
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other siRNAs, how ever the previously m entioned microarray data reported by this lab 

dem onstrates that the re  is no alteration in regulation of in flam m atory  genes, at least at 

the  transcript level (Campbell, Nguyen et al. 2009), as well as no findings to indicate  

in flam m ation in histopathological screening of organs (Campbell, Hanrahan et al. 2012) or 

toxicological analysis o f African green monkeys.

Together the  results in this chapter dem onstrate  that CL5 siRNA, when complexed with  

PEI, is effective at suppressing CL5 in vitro and in vivo, tha t  this suppression leads to  BBB 

perm eability  up to at least 742 Da. Furtherm ore it has been dem onstrated, once again in 

vitro and in vivo, that CL5 siRNA complexed with PEI does not lead to an in flam m atory  

IFN-a  response.

3.5 Future Directions

The majority of the  w ork  in this chapter functioned to  repeat the  findings tha t  have been  

repeatedly  found and reported by this lab concerning the  ability o f CL5 siRNA to suppress 

CL5 in vitro and in vivo, and tha t  this suppression results in permeability  o f the  BBB to  

low-m olecular w eight compounds (Campbell, Kiang et al. 2008; Campbell, Nguyen et al. 

2009; Tam, Kiang et al. 2010; Campbell, Humphries et al. 2013). This w ork was im portant  

to repeat, however, in order to dem onstrate  that another individual could carry out these  

techniques accurately, and in this should be continued when n ew  researchers use barrier  

m odulation techniques in order to reduce the  chance o f  error.
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The in vitro and in vivo a s s e s s m e n t  of  siRNAs should  be  ex t e n d e d  to  inc lude m o r e  fac tors  

t h a n  IFN-a a lone.  This would  be  par ticularly in tere s t ing as s o m e  of  t h e  siRNAs as sayed  in 

this s tudy  did a p p e a r  t o  elicit an IFN-a r e s p o n s e  in vitro. No such r e s p o n s e  is o b s e r v e d  in 

r e s p o n se  to  CL5 siRNA, and as previously  m e n t i o n e d  mic roa rray  d a ta  available for CL5 

and NT siRNA in t h e  brain s h o w e d  no of f - target  express ion  of  in f l am m ato ry  g en e s  

(Campbel l,  Nguyen e t  al. 2009),  as well as h istopathological  d a t a  in m o u s e  (Campbel l,  

H anra han  e t  al. 2012) an d  African g re en  m o n k ey  toxicology trials (as of  yet  unpub l i shed)  

d e m o n s t r a t e d  no ad v e r se  ef fects .  N one the le ss ,  even  if conf ined to  NT siRNA findings  of  

an in f lammatory  r e s p o n s e  would  be  qui te  ser ious  an d  so fu r th e r  explo ra t ion into this 

should  be  carried  out.
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Chapter 4: Chemotherapeutic Delivery in a Model of Glioblastoma

multiforme 

4.1 Abstract

Glioblastoma m ultiform e has a survival rate low er than the  majority o f o ther tumours. 

This is in part due to  the  difficulty in treating  tum ours within the brain with  

chem otherapeutics, leading to  a reliance on resection and radiotherapy which proves 

insufficient in the majority o f cases. Previous w ork  by this lab has focused on delivery of 

low -m olecular w eight compounds to  t rea t  condtions of the  retina. This chapter aimed to  

extend this w ork to  the  brain, using barrier-m odulation  by means of CL5 siRNA to enable  

g reater access for chemotherapeutics to  a model of glioblastoma. In order to accomplish 

this protocols w ere  developed to  inoculate nude mice w ith  tw o  different glioblastoma cell 

lines, which developed into tum ours tha t  grew until animals had to be put down. The  

jetPEI-delivered CL5 siRNA m ethod described in Chapter 3 was then applied to  this model, 

which resulted in increased permeability  of the  tu m o u r periphery to  a low-m olecular  

w eight MR! contrasting agent similar in size to  currently used chemotherapeutics. 

Following this a small scale survival study was carried out using tw o  chem otherapeutics in 

conjunction with  CL5 suppression. Results obtained here trended tow ards increased 

m edian survival of animals given chem otherapy  following BBB m odulation, but fell short 

of providing convincing evidence for efficacious trea tm en t.
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4.2 Introduction

4.2.1 Crossing the Blood-Tumour Barrier

It has been previously found th a t AAV vectors in jected into the  m iddle carotid artery  o f a 

dog w ith  benign intracranial m eningiom a w ere  able to  transduce a high percentage o f 

tu m o u r cells a fter only one injection (Chauvet, Kesava e t al. 1998). W ith  the  viral size 

being m easured in kilodaltons, and m any chem otherapeutic  com pounds being less than  

Ik D a , one w ould expect th a t delivery to  brain tum ours w ould be equivalent to  delivery to  

peripheral tum ours. H ow ever th e  re lative ease o f delivery in this case is due to  excessive 

fenestration  and leakiness o f m eningiom a tu m o u r capillaries, which facilitate  

perm eability  to  viral vectors, or o th er large m olecules.

W ith in  m ost form s o f p rim ary brain tu m o u r delivery patterns such as th a t observed in 

m eningiom a are not possible. As m entioned  previously th e re  is evidence o f a loss o f BBB 

characteristics in blood vessels w ith in  tum ours, but norm al BBB expression patterns  

persist in peri-tum oural areas at the  expanding edges o f th e  tu m o u r (Zhang and Olsson 

1997) (Figure 4.1).
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Figure 4.1: Human glioblastoma showing characteristic BTB. This image shows a contrast 

enhanced m agnetic resonance image o f a glioblastom a m ultiform e. Visible are area o f the 

tum our which are highly permeable (red arrow ) to Gd-DTPA (here under the trade-name  

M agnevist), and regions o f the tum our in which Gd-DTPA extravasation cannot occur 

(orange arrow). Image is credited to the NIH and is in the public domain.

Regions o f altered expression of BBB markers coincide w ith changes in access to the brain 

parenchyma, with tum our blood vessels being permeable to, for instance, methotrexate 

(454 Da), while peri-tumoural and normal brain regions are not (Kroll, Pagel et al. 1994). 

This altered barrier present in tumours is referred to as the BTB. While the relative
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permeabi l i ty  a t  t h e  co re  of  t u m o u r s  (Figure 4.1)  m e a n s  t h a t  increased  co n c en t ra t i o n s  of  

c h e m o t h e r a p e u t i c s  a t  t h e s e  si tes  ar e  ob se rved ,  t h e  relat ive s t r en g th  of  t h e  BTB at  peri-  

t u m o u r a l  regions  r e n d e r s  c h e m o t h e r a p y  ineffect ive in t h e  t r e a t m e n t  of  bra in  t u m o u r s  

bey o n d  small increases  in survival length.

Bypassing t h e  BRB to  en a b le  del ivery of  s o m e  drugs  t o  t h e  re t ina  or  o t h e r  pa r ts  o f  t h e  eye  

is a l r ead y possible.  In t raocular  inject ions ar e  u sed  to  deliver drugs  such as b evac izum ab  

(Avastin) and  ran ib iz umab  (Lucentis) for  choroidal  neovascu lar isa t ion (Fine, Zhi tomirsky 

e t  al. 2009),  t h e  an t i s en s e  nuc leo t ide  formivirsen for cytomeg a lov iru s  (Perry an d  Balfour 

1999),  an d  ca rbacho l  for p o s to p e r a t i v e  in t raocu lar  p re s su r e  (Stuhr,  Miller e t  al. 1998).  

However ,  d e sp i t e  t h e s e  t r e a t m e n t s  being impress ive  b r e a k th r o u g h s  an d  del iver ing relief 

t o  p a t i en t s  f rom  previously u n t r e a t a b l e  condi t ions ,  and  t h e  fact  t h a t  t h e  re tina l  bar r ier  

and  BBB ar e  highly s imilar in fo rm  and function,  t h e  brain is far  less access ible  t h a n  t h e  

re t ina  to  injection.

N o n e th e le s s  bypass ing of  t h e  BBB and BTB by inject ion has  b e e n  a t t e m p t e d  in t h e  fo rm  of 

s t e re o ta c t i c  inject ions  u n d e r  surgical cond i t ions  t h r o u g h  a small  bo re -h o le  a n d  into t h e  

brain,  and a n u m b e r  of  clinical trials have b e e n  carried  o u t  employing this  del ivery 

m e t h o d  (Colombo,  Zanusso  e t  al. 1997;  Wakab ay ash i ,  Yoshi Da e t  al. 2001; Takahashi ,  

Yamaguchi  e t  al. 2005).  Delivery of  c h e m o t h e r a p e u t i c s  or  oncolyt ic vec to r s  t h r o u g h o u t  a 

t u m o u r  is a p ro b lem  for a single injection,  an d  it is likely t h e  r eason  w hy  m a n y  g ro ups  

r e p o r t e d  very promis ing resul ts  in r o d e n t s  which have n o t  b ee n  equ a l l ed  in h u m a n  

pa t i en t s  is d u e  to  t h e  larger size of  h u m a n  bra in  t u m o u r s  (Rainov and  Kramm 2001).  To 

c o u n t e r  this s o m e  gr oups  have e m p lo y e d  mul tip le  n eed le  p l a c e m e n t  t o  access  t h e  w hol e
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of  t h e  t u m o u r  mass  (Qureshi ,  Bankiewicz e t  al. 2000) whi le s o m e  em p lo y  so lvent  

faci li tated perfus ion,  w h e r e b y  t h e  drug -  for  ins tance  a c h e m o t h e r a p e u t i c  such as BCNU -  

is s tereotact ica l ly  in jec ted in a wate r-miscib le  organic  solvent,  such as e t hanol .  This 

solvent  can easily t ravel  t h r o u g h  a q u e o u s  en v i ro n m e n ts  inside and b e t w e e n  cells and also 

t h r o u g h  t h e  hyd ropho b ic  cell m e m b r a n e s ,  and so t ravel  f u r th e r  t h ro u g h  t h e  t u m o u r  

(Hamstra ,  Moffa t  e t  al. 2005).

A major  l imitation of  this del ivery m e t h o d  is t h e  fac t  t h a t  it is a surgical p ro c ed u re ,  and  as 

such w ould  likely exclude o r  a t  least  great ly limit its use  for  chronic  cond i t ions  and longer  

t e r m  can ce r  t r e a t m e n t s  t h a t  require  r e p e a t e d  d o s e s  of  a drug.  This is a p ro b lem  s ha red  

by in t raocu lar  inject ions into t h e  eye.  Avastin an d  Lucentis a r e  in jec ted every  2-4 w e ek s  

(Rosenfeld,  Heier e t  al. 2006) and formivirsen every  w e e k  (Perry and  Balfour 1999).  Each 

injection carries  a risk of  infection and o t h e r  compl ica t ions  including d a m a g e  to  n eu rona l  

t i s sue  (Ness, Fel tgen e t  al. 2010),  and whi le t h e  ch a n ces  m ay  be  low for  ea ch  dose ,  

r e p e a t e d  inject ions m e a n  t h a t  occu r ren ces  of t h e s e  ad v e r s e  ef fec ts  will t a k e  t he i r  toll on 

t h e  p a t i en t  popula t ion.  A dded  to  this is t h e  dra in  on hospi tal  facilities and  t h e  

cons ider ab le  d i scomfor t  t o  pa t i en ts ,  m an y  of  w h o m  ar e  very elderly,  to  u n d e r g o  r e p e a t e d  

surgical procedure s .  Also, as m e n t i o n e d  a m a jo r  d ra w b ack  of  s t e re o ta c t i c  inject ion of 

drugs  into t h e  brain is t h a t  diffusion of  t h e  in jec ted  s u b s t a n c e  is l imited t o  only a few 

mill imetres  f rom t h e  site o f  injection (Rainov an d  Kramm 2001).  This w ou ld  n eces s i ta t e  

t o o  m a n y  s e p a r a t e  inject ions  t o  m ake  pan-b ra in  del ivery practical .  As such,  for  t r e a t m e n t  

of  t h e  vas t  majori ty of condi t ions  of t h e  CNS to  be  poss ible t h e  b lo o d -n eu ro n a l  barr iers 

m u s t  b e  a l t er ed  or  bypassed.
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4.1.2 Methods of Traversing the Blood-Brain and Blood-Tumour Barriers

A large number of methods of modulating the BBB and BTB have been attem pted, with  

varying levels of success and clinical potentials. These have included exposure to 

electromagnetic fields (Nittby, Grafstrom et al. 2008), substances such as Freund's 

adjuvant (Huber, W itt et al. 2001), histamine, free radicals (Ballabh, Braun et al. 2004), 

VEGF-A (Argaw, Gurfein et al. 2009) and IFN-y (Masocha, Rottenberg et al. 2007). 

However, many of these are damaging, such as free radicals, or exhibit unwanted side 

effects, for instance uncontrolled barrier leakage. Ca2+ deficiency (Klingler, Kniesel et al. 

2000), loss of astrocytes (Willis, Leach et al. 2004), and hypoxia (Koto, Takubo et al. 2007) 

are among other barrier-weakening factors unlikely to have clinical applications, but 

which alter the barrier strength in a range of CNS disorders.

Hyperosmotic mannitol involves the infusion into ceratoid artery in the neck of a 

concentrated solution of the sugar mannitol. This hyperosmotic solution causes shrinkage 

of the endothelial cells of the BBB or BTB (Balint, Krizbai et al. 2007) and causes 3-catenin 

-  a constituent of cadherin which forms adherens junctions -  to become phosphorylated 

and dissociate away from the adherens junction (Farkas, Szatmari et al. 2005). One or 

both of these events results in a decrease in TER to 100-300 Qcm^ within 5mins (Butt, 

Jones et al. 1990) and paracellular pore-opening of 200nm compared with a normal poor 

size of 6-7nm (Rapoport 2000), although larger pores must be present also as herpes virus 

(600 nm) and adenovirus (350 nm) have been reported to be delivered to the brain 

following hyperosmotic mannitol treatm ent (Muldoon, Nilaver et al. 1995). This 

technique has been used clinically to aid the delivery of chemotherapeutics to brain
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tu m o u rs  fo r  o v e r  2 0  years, w i th  significant increases in p a t ie n t  survival t im e s  observed  

(N e u w e lt ,  G o ldm an  e t  al. 1991 ; G u m e r lo c k , Belshe et al. 1 9 9 2 ) ,  and has also b een  used in 

an im a l m o de ls  to  d e l ive r  drugs such as an ti-se izure  drugs (M a rc h i ,  B e tto  et al. 2 0 0 9 )  and  

novel an t ican cer  n eu tro n  c a p tu re  th e ra p e u t ic s  (Barth , Yang e t  al. 2 0 0 2 ;  Hsieh, Chen e t  al. 

2 0 0 5 ) .

Bradykin in , o r  ra th e r  its m o re  s tab le  artif ic ia l c o u n te rp a r t  R M P -7 ,  is a 9 a m in o  acid 

p e p t id e  th a t  binds th e  b radykin in  B2 re c e p to r  on e n d o th e l ia l  cells and  leads to  rapid  

(w ith in  15 mins) BBB p e rm e a b i l i ty  as w e l l  as its just as rap id  reversal, w i th  th e  b arr ie r  

re tu rn in g  to  n orm a l by 3 0 -6 0 m in s  a f te r  R M P -7  ad m in is tra t io n  (B orlongan  and Emerich  

2 0 0 3 ) .  R M P -7  has b een  used in a n u m b e r  o f  studies w h e r e  it has b een  e ffec t ive  in a iding  

th e  de livery  o f  drugs to  th e  brain, fo r  instance th e  d e livery  o f  th e  4 7 7  Da analgesic  

lo p e ra m id e  (E m erich , Snodgrass e t  al. 1 9 9 8 ) .  A n o th e r  d rug  successfully de live red  to  brain  

tissue using R M P -7  w as  cyclosporin -A  (1 ,2 0 2  Da) w h ich  on its o w n  can be used in th e  

t r e a t m e n t  o f  an im al m o d e ls  o f  Parkinson's disease and s troke , b u t  only  at a high dose  

w h ich  has n eph ro to x ic  and  h e p a to to x ic  side effects . In th e  s tudy  lo w  doses (1 /10*^  th e  

n o rm a l dose) o f  cyc losporine-A  w as de live red  to  th e  brains o f  rats w i th  a m o d e l  o f  

Parkinson's disease using R M P -7 -m e d ia te d  BBB m o d u la t io n ,  and th is  e x e r te d  a 

n e u ro p ro te c t iv e  e f fec t  e q u iv a le n t  to  th e  regu lar  dose (B orlongan , Em erich e t  al. 2 0 0 2 ) .  

This m e th o d  w as  also used to  increase de livery  o f  th e  c h e m o th e ra p e u t ic  ca rbo p la t in  to  

rat g liom as and th e  tissue su rro u n d ing  th e m  (Elliott, H a y w a rd  e t  al. 1 9 9 6 ) ,  h o w e v e r  in 

h u m a n  phase II tr ia ls this ap pro ach , w h i le  having a positive  t re n d ,  did not result in 

signif icant increases in p a t ie n t  survival (Prados, Schold e t  al. 2 0 0 3 ) .
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One final strategy, em ployed by van Helden et al., is the  inhibition o f the  P-glycoprotein  

efflux pum p using a drug called tariqu idar. This enables drugs such as oximes -  which are  

antidotes to  nerve agents but are substrates fo r th e  P-glycoprotein tra n s p o rte r- to  persist 

in brain tissue and have an effect w ith o u t being effluxed back across th e  BBB. In this 

study tariqu idar and oximes protected  rats from  seizures and convulsions caused by th e  

nerve agent som an (Joosen, van der Schans et al. 2011). Inhibition o f efflux pum ps is an 

in teresting approach, and appears to  be quite e ffective, how ever it is lim ited  to  transport 

o f a specific and narrow  pool o f drugs. Despite these lim itations th e re  is po ten tia l fo r a 

com binatorial approach betw een  efflux pum p inhibitors to g eth er w ith  im proved m ethods  

o f delivery across th e  BTB.

W hile  m any o f these approaches have exhibited som e success, an a lternative  approach  

being pursued here is th e  suppression o f th e  BBB and BTB TJ protein  CL5 in o rd er to  

m ediate  increase paracellular transport o f molecules into, or out of, healthy and 

tum ourous brain tissue brain. In this section I present the  w ork  to  date in a pro ject to  

deliver chem otherapeutic  agents to  a m urine m odel o f glioblastom a m u ltifo rm e  (G BM ).

4.2.3 Chapter Aims

In this course o f this chapter I a im ed to  choose a cell line and succesfully establish a 

m ouse m odel o f glioblastom a m ultifo rm e by direct stereotactical inoculation into the  

brain. Following this I aim ed to  use th e  jetPE I-delivered  CL5 siRNA m ethod  described in 

C hapter 3 to  m odulate  th e  BTB and surrounding intact BBB to  enable a low -m olecu lar 

w eight com pound, o f a sim ilar size to  currently  used chem otherapeutics, increased access
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t o  t h e  t u m o u r  and  s u r ro und ing  t u m o u r  per iphe ry .  Lastly, t h e  c h e m o t h e r a p e u t i c s  

doxorub ic ine  an d  t e m o z o l o m i d e  wou ld  be  sys temical ly del ivered fol lowing BTB and  BBB 

m odu la t io n  wi th  CL5 siRNA. This w ou ld  funct ion as a small pilot s tudy  to  inves t igate  

w h e t h e r  t h e  im pro ved  access  to  low-molecula r  w e ig h t  c o m p o u n d s  increase  survival 

t imes .
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4.3 Results

4.3.1 Growth Curves of IPSB18 and bGBM Cells

To com pare th e  tu m o u r form ation  potentia l o f tw o  available brain tu m o u r cell types, 

IPSB18 and bGBM  cells, grow th curves w ere  set up. This was carried out by seeding eight 

T-25 cell culture flasks w ith  8 0 ,0 00  cells (3 ,200  cells/cm^) in 5ml o f m edia each on day 0 

and left to  grow  at 37°C and 5% CO2. Cell num bers w ere  then  counted each day for eight 

days {Figure 4.2).

132



2 .0 x 1 0
bGBM
IPSB18

=  1.5x10(Do
H -

Z  1 .0 x 1 0 ^  
0  n
E
^  5.0x10®

8 100 2 64
Days

Figure 4.2: Growth curves of bGBM and IPSB18 cells. Graph illustrates the growth o f 

bGBM (blue) and IPSB18 (red) cells over 8 days fo llow ing seeding at a density o f 3,200 

cells/cm^. The cell density fo r IPSB18 cells rapidly reached a peak o f 696,000 cells/cm^ on 

day 5 and then rapidly fe ll back to a plateau o f approximately 140,000 cells/cm^. bGBM 

cells on the other hand in itia lly dipped in number, fa lling  to 1,160 cells/cm^ on day 2, 

before climbing steadily to reach a peak o f 9,800 cells/cm^ on day 8. (bGBM and IPSB cells 

were seeded a t p=16 and p=17 respectively; no media change was undertaken.)

bGBM cells, after a slow start, increased by 50-100% each day -  a rate which would be an 

impressive growth rate under normal circumstances but which paled in comparison to the 

IPSB cells. The latter grew at an extremely aggressive rate, more than tripling each day at 

peak growth, before cell numbers decreased again after day five (Figure 4.2).
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4.3.2 Imaging of IPSB and bGBM Brain Tumours

The far more aggressive growth of IPSB18 cells in vitro did not necessarily mean that they  

were the better candidate for the generation of tumours in vivo, as their impressive 

growth rate might not have been reflective of their ability to grow in the brain. 

Alternatively, it was possible that IPSB18 cells would grow too fast in vivo, and would 

necessitate the ending of animals' lives before useful data could be acquired. As such, 

following growth assessment a small number of nude (Foxnl) mice were inoculated with  

IPSB18 or bGBM cells.

Tumours w ere inoculated in the brains of nude mice by stereotactic injection of 60,000  

IPSB18 cells at a point 2.5 mm right and 0.5 mm rostral from bregma, and 2 mm deep. 

Tumours were clearly visible in MRI as soon as day 5 following injection. Tumours then  

grew to a considerable size over the following eleven days, taking up much of the  

hemisphere into which they were implanted (Figure 4.3). The condition of the animal 

necessitated euthanasia at day 21.
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Figure 4.3: T^-weighted image of an IPSB18 tumour in comparison with a control brain.

The tumour (outlined in red) is positioned in the right hemisphere o f a nude mouse brain 

(right panel). The tumour is identifiable by the site o f injection (black), with m ottled high 

and low intensity signal expanding out from  this point o f tumour inoculation. Also visible is 

the disruption o f the line form ed by the lateral ventricle (green arrow) when compared to 

the contralateral hemisphere. In comparison the control brain (left panel) demonstrates 

symmetrical hemispheres w ithout the mottled pattern o f contrasting. Image was taken 16 

days follow ing inoculation with 60,000 IPSB cells. Image representative o f 12 tumours

scanned originating from  this cell type.

In this T2-weighted, high resolution imagine observed in Figure 4.3 the tum our appears as 

a mottled area o f increased and decreased signal, with a large area o f decreased 

contrasting at the site of injection of the cells. Markedly decreased signalling such as this 

is often indicative o f either pooled blood as a result of the injection, or o f cell death at the 

centre of the tumour. At this point both options were possible, and neither was expected 

to impact the study.
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Next a Ti-weighted contrast-enhance MRI scan was carried out on each animal, during 

which the contrast agent Gd-DTPA was injected via canulation of the tail vein (Figure 4.4).

Figure 4.4: Ti-weighted contrast-enhanced MRI image of an IPSB18 tumour. Caudal 

brain slice o f a control mouse (left panel), and a brain 16 days follow ing inoculation with 

60,000 IPSB cells (right panel). Gd-DTPA is observed in the right hemisphere o f a nude 

mouse. This contrasting appears as high intensity, white colouring (within red shape). 

Image on right representative o f 12 tumours scanned originating from  this cell-type.

The contrasting observed here under MRI (Figure 4.4) is due to the relative permeability 

of the BTB in areas of reduced CL5 expression. This indicates the presence o f a tumour of 

considerable size following IPSB18 cell inoculation.

Having observed the lower growth rate in bGBM cells compared w ith IPSB18 cells in vitro 

(Figure 4.1), it was hypothesised that they would likely develop slower in vivo also. As in 

the case of IPSBlS-injected mice, bGBM animals were scanned by MRI 16 days following 

stereotactic tum our cell injection (Figure 4.5).
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Figure 4.5: Ti-weighted contrast-enhanced MRI image of a bGBM tumour. Shown is a 

caudal brain section o f a control mouse brain (left panel), and a brain into which 60,000 

bGBM tumour cells were injected into the right hemisphere 16 days previously (right 

panel). No Gd-DTPA contrasting is observed, all that remains is the site o f injection, 

appearing as black hypocontrasting (green arrow). Image on right representative o f 6 

tumours scanned originating from  this cell-type.

As can be seen in the Ti-weighted scan above [Figure 4.5) there is a marked difference 

from the IPSB18 tum our scan at the same tim epoint (Figure 4.4). There is no Gd-DTPA 

contrasting visible in the bGBM scan, indicating impermeability o f the BBB to the 

molecule and therefore the lack of a BTB. This is a strong sign that bGBM cell inoculation 

failed to result in tum our grow/th, or at least o f a tum our of sufficient size to be clearly 

visible under MRI. One alternative is that a tum our of bGBM cell-origin did grow but 

which had a BTB of sufficient strength to exclude GD-DTPA. If this were the case the lack 

of permeability to Gd-DTPA would be a sign of a lack o f glioblastoma characteristics.



4.3.3 Cell Death in IPSB18 Tumours

Next sectioning was carried out in order to determ ine the origin of the area of extreme  

hypocontrasting at the centre of the IPSB18 tumours (Figures 4.2 and 4.3). As mentioned, 

necrotic cell death and bleeding were hypothesised as being two possible origins for this 

signal. Sections were made of brains that had been stereotactically injected with 60,000  

IPSB cells 8 and 16 days previously. No obvious haemorrhaging was visible in sections 

through the tumours, and necrosis has been reported previously in many brain tumours 

and does appear as a dark area in MRI (Seidel, Dorner et al. 2011), so sections were  

TUNEL stained to assay for cell death (Figure 4.6).
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Figure 4.6: TUNEL staining of day 8 tumour, DAP! (blue) and TUNEL (red) staining o f 

tumorous growth 8 days after inoculation with IPSB cells.

As seen in Figure 4.6 clear TUNEL-positive staining occurs at the centre o f this tumour, 

indicating significant central, and to a lesser extent scattered, cell death.
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Figure 4.7: TUNEL staining of day 16 tumour. DAP! (blue) and TUNEL (red) staining o f 

tumorous growth 16 days after inoculation with IPSB cells.

By 16 days post-tumour inoculation cell death at the centre of the tumour mass is once 

again clearly visible by TUNEL staining, only this time to a far greater degree (Figure 4.7). 

These findings support the hypothesis that cell death was responsible for the significant 

areas of decreased signalling in MR imaging o f IPSB18 tumours (Figures 4.2 and 4.3), 

although TUNEL staining shown in Figure 4.6 and Figure 4.7 \n ere only carried out in single 

animals at the timepoints shown, in order to obtain qualitative images.
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4.3.4 Improved Permeability of Brain Tumour Region

Once the IPSB brain tum our model was established with confidence, experiments were 

undertaken to test the hypothesis that CL5 siRNA would improve tum our permeability to 

Gd-DTPA. This would provide the first step in a proof-of-principal exercise to demonstrate 

that pre-treatm ent with CL5 siRNA could improve low-molecular weight compound, 

particularly chemotherapeutic, delivery to a greater portion of the tum our mass, 

including the leading edge where growth occurs and where the BTB is still quite 

impermeable.

The tum our mass was observed to be permeable to the Gd-DTPA tracer prior to CL5 

siRNA delivery (Figure 4.8, centre left, bottom left pseudocolour). 48 h after CL5 siRNA- 

injection scans were repeated and this tim e Gd-DTPA was observed to perm eate a far 

larger area surrounding the central mass of the tum our into the peri-tumoural border 

region (Figure 4.8, centre right, bottom right pseudocolour).
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Pre- Claudin-5 siRNA Post-Claudin-5 siRNA

Figure 4.8: Improved delivery of Gd-DTPA to tumour region. Top: high-res T-2 weighted 

images w ithout tracer molecule with the tumour visible in the right hemisphere (red 

outline). Images on right are take 48 h after CL5 siRNA systemic delivery via the tail vein. 

Central: T-1 weighted scan fo llow ing Gd-DTPA administration. Arrows point to the 

necrotic tumour core. Bottom: Pseudocolour image o f post-Gd-DTPA scan.
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W hile  2 days had passed since the  previous scan n ew  tu m o u r growth is highly unlikely to  

account for the  scale of the  increase in extravasation, particularly as the  size of the  

tu m o u r  on the  high-res scan is not noticeably larger a fter the  48 h (Figure 4.8,  top right vs 

left).

Following the  dem onstration o f enhanced low-m olecular w eight com pound delivery to  

brain tum ours by means o f  CL5 suppression, it was decided to  carry out a pilot study on 

the  administration of the  chem otherapeutic  doxorubicin in conjunction with CL5 siRNA. 

For this study 11 nude mice w ere  inoculated w ith  100 ,000  IPSBIS cells, and w ere  then  

adm inistered CL5 siRNA on day 5 and 100 m g/kg doxorubicin on each o f  days 5-8. 

Tumours w e re  then visualised on day 11 by means of l 2-weighted MRI, and volumes were  

measured blind to  t rea tm en t  group (Figure 4.9).
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Figure 4.9: Volume of IPSB18 tumours following siRNA and doxorubicin. CL5 or NTsiRNA 

was delivered systemically via the tail-vein on day 5, with doxorubicin (lOOmg/kg) being 

administered via intraperitoneal injection on days 5, 6, 7, and 8. Volumes o f tumours were 

measured by visible extent in T2-weighted MRI on day 11. (NT + Dox, n=6; CL5 + Dox, n=5)

As can be observed in Figure 4.9 there was no significant difference in the volumes of 

IPSB18 tumours following an intensive course o f chemotherapy with BBB modulation.

As mentioned in the introduction to Chapter 3, experiments demonstrating the 

effectiveness o f NT siRNA as a control for CL5 siRNA have been previously published by 

this lab. These include no observed differences between uninjected, PBS-injected, and NT 

siRNA injected animals in terms of CL5 expression, or in movement o f low-molecular 

weight compounds into the brain (Campbell, Kiang et al. 2008; Campbell, Nguyen et al.
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2009). This data also included microarray data showing tha t  gene expression effects of NT 

siRNA on the  mouse brain are minimal, if present at all (Campbell, Nguyen et al. 2009). 

Together it was believed that this data provided enough justification to  reduce the  use of  

animals and tim e, and to use only NT siRNA as a control for CL5 siRNA in these  

experiments.

4.3.5 Treatment of GBM270 Tumours

At this stage in the  project a collaboration was established with  a research team  in Duke 

University, North Carolina headed by Dr. Gerald Grant, to w ork on th e  enhanced delivery  

o f chem otherapeutics to brain tum ours by means o f  CL5 suppression. This group had an 

established model of hum an 270  glioblastoma cells derived from  an adult patient at Duke 

University Hospital and passaged in the  mouse flank only. These cells grew consistently in 

the  brain, and resulted in animal death after about 21 days when untreated. Similar to  

the  improved Gd-DTPA delivery observed in IPSB18 cells (Figure 4.8),  Gd-DTPA perm eated  

a far w ider area of the  tu m o u r  when  adm inistered systemically 48  h following CL5 siRNA 

injection {Figure 4.10).
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Figure 4.10: Improved delivery profile in a GBM270 tumour using CL5 siRNA. Left: 

Pseudocolour MR! o f Gd-DTPA permeation in a tumour generated using GBM270 cells in 

the brain o f a mouse in the absence o f CL5 siRNA. Right: Gd-DTPA permeating into a fa r  

greater extent o f the tumour 48 h fo llow ing systemic CL5 siRNA administration. 

Reproduced with permission o f Dr. Gerald Grant, Duke University.

With these GBM270 cells having been consistently used w ith confidence by our 

collaborators in Duke University fo r some time, it was decided to begin using this cell line 

also.

Glioblastoma were inoculated stereotactically w ith 600,000 GBM270 cells -  a higher cell 

number being used to  better ensure tum our establishment. Animals were administered 

with 20 jig NT or CL5 siRNA on day 3, 7, 11, 15 and 19 via the tail vein, and 48 h after each 

of these siRNA injections 6 mg/kg doxorubicin diluted in PBS was intraperitoneally 

injected. A fter the last doxorubicin injection on day 21 the mice were left until they died 

due to the tum our or euthanasia was necessary due to signs o f discomfort (arching of



back, lack of movement, weight loss, low body temperature). Illustrated in Figure 4.11 is 

the comparative size o f a GBM270 tum our removed from an animal that died due to its 

growth.

Figure 4.11: GBM270-derived tumour size at death. Tumour was excised from  the brain 

upon animal death due to the tumour. Normal Foxnl brain is positioned above fo r  scale.

As can be seen, the size of these end stage tumours is significant (Figure 4.11), taking up 

nearly a quarter of the volume of the entire mouse brain.

The weights o f tumours were found to be rather uniform at the point o f death, regardless 

of when the animal passed away (Figure 4.12).
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Figure 4.12: Weight of GBM270 tumours upon animal death. Tumours fro m  animals 

treated w ith  NT or CL5 siRNA and doxorubicin were excised and weighed as soon as 

anim al was discovered to have died o r was euthanized. (NT + Dox, n=5; CL5 + Dox, n=6)

This indicates tha t the mice tend to  die when the ir tum ours reach a particu lar size -  

approxim ately just under 0.1 g (Figure 4.12) -  pointing to  tum our size being the likely 

prim ary cause o f death. This is to  be expected as the growing glioblastoma exert pressure 

on surrounding healthy brain tissue in p roportion  to  the ir size, causing haemorrhages and 

in terfe ring  w ith  normal brain function.

The length o f survival o f each animal given doxorubicin and CL5 or NT siRNA was recorded 

(Figure 4.13).

148



NT siRNA + Dox 
CL5 siRNA + Dox

150n

>  100 
E
3
(/)

50-

o
Q.

0 10 20 30
Days After Inoculation

Figure 4.13: Survival of GBM270-inoculated mice following siRNA and doxorubicin.

Median survival: NT, 22 days; CL5, 23 days. Statistical analysis o f survival curve fe ll short 

o f significance by a very slight margin, with the Log-rank (Mantel-Cox) Test resulting in a

p-value o f 0.0509. (NT n=5, CL5 n=6)

While the median survival increased by only one day, it can be seen in Figure 4.13 that 

this was not due to a single animal holding out for a day longer, but instead both the 

onset of animal deaths as w/ell as the end of the survival course w/ere later in the BBB- 

modulated animals. The observed p-value of 0.0509 is a strong indication that the 

addition of CL5 siRNA to a doxorubicin treatment regimen increased survival length of 

animals with glioblastoma.

Survival experiments were repeated once more using GBM270 cells, w ith tumours being 

inoculated using 60,000 cells. As well as supplying a different number of cells to inoculate
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the tumour, two different chemotherapeutics were used -  doxorubicin and 

temozolomide (195 Da), both o f which are used in the clinic to treat glioblastoma. Both 

drugs were used at a dose o f 6 mg/kg. The dosing regimen was altered to a single dose of 

NT or CL5 siRNA on day 5 after tumour inoculation and chemotherapeutic for 5 days 

running from day 5-9. The survival course of this experiment is shown in Figure 4.14.
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Figure 4.14: Survival of GBM270-inoculated Foxnl mice with siRNA and single-dose 

chemotherapy. Median survival: Un-injected + Dox, 23 days; NT siRNA + Dox, 25 days; CL5 

siRNA + Dox, 28 days; NT siRNA + Temo, 29 days; CL5 + Temo, 31 days. (Un-injected + Dox, 

n=3; NT siRNA + Dox, n=5; CL5 siRNA + Dox, n=7; NT siRNA + Temo, n=4; CL5 + Temo, n=4)

As can be seen in Figure 4.14, medium survival is extended from the baseline set by 

untreated control animals in all combinations o f chemotherapeutic and siRNA. NT siRNA 

with doxorubicine provides the least benefit, while NT siRNA in conjunction with
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t e m o z o l o m i d e  is t h e  s econ d leas t ef fec tive t r e a t m e n t  in t e r m s  of  l a te s t  survival a m o n g  

t h e  coho r ts .  CL5 siRNA with doxorubic ine  w a s  o b s e rv ed  to  increase  m ed ian  survival over  

NT siRNA with doxorubicine.  Finally, CL5 siRNA t o g e t h e r  wi th t e m o z o l o m i d e  prov ided t h e  

longes t  m ed ian  survival in this limited,  low animal  n u m b e r  s tudy.

4.3 Discussion

Initially a n u m b e r  of  cell l ines w e r e  a s s e s s e d  for  th e i r  suitabili ty t o  g e n e r a t e  a GBM. Two 

cells t y p e s  w e r e  c o m p a r e d .  The first w a s  a pr imary  isolation of  cells f rom a GBM in a 

p a t i e n t  a t  B e a u m o n t  Hospital,  Dublin. This cell line shall b e  re fe r red  t o  as B e a u m o n t  

GBM, or  bGBM. The s ec o n d  cell t y p e  w as  t h e  anaplas t ic  h u m a n  a s t ro c y to m a  cell line 

IPSB18.

IPSB18 cells w e r e  first i solated in King's College Hospital,  London,  f rom  a p a t i en t  wi th  a 

g rad e  III m al ign an t  a s t ro c y to m a  (Knott,  Edwards  e t  al. 1990).  Despi te  being o f  glioma,  

r a t h e r  t h a n  gl ioblas toma,  origin, IPSB18 cells have  b e e n  r e p o r t e d  t o  have a very  high 

g r o w th  r a te  (Knott, Edwards  e t  al. 1990),  and have b e e n  used  in a n u m b e r  of  in vitro 

s tud ies  in re cen t  years  on t u m o u r  signalling (Van M ete r ,  Broaddu s  e t  al. 2004) and 

c h e m o t h e r a p e u t i c  efficacy (Rooprai,  Kyriazis e t  al. 2007;  Higgins and Pilkington 2010;  

Kinsella, Clynes e t  al. 2011).

Th ese  t w o  brain t u m o u r  cell types  -  bGBM and IPSB18 -  w e r e  a sse ssed  in vitro and  in 

vivo fo r  t he i r  t u m o u r g e n i c  potent ia l ,  an d  in o rd e r  to  co n d u c t  a proof-of-principal  s tu d y  on 

t h e  efficacy of  c h e m o t h e r a p e u t i c  del ivery in conjunct ion wi th BBB m odu la t io n  m e d i a t e d  

by suppre ss ion  of  CL5 using siRNA.
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IPSB18 far outstripped bGBM cells in their performance in the in vitro growth curve 

(Figure 4.2). IPSB18 cells did however undergo a crash in cell numbers following day 5 of 

the 8 day-long growth curve, losing over half their viable cell density between day 5 and 

6. This fall was most likely due to depletion of the media's nutrients, or a build up of toxic 

by-products of metabolism, a hypothesis which was supported by the observation of large 

amounts of cell debris in IPSB18 flasks towards the end of the growth curve experiment.

Nude mice, used in this study as the mouse strain into which tumours were inoculated, 

are so called due to a mutation in the transcription factor Foxnl(nu), which results in hair 

follicles that are structurally weak and often break off at the surface (Mecklenburg, Paus 

et al. 2004). This results in largely hairless, thus nude, animals. Another effect of the lack 

of functioning Foxnl transcription factor, however, is a failure to differentiate and grow  

thymic epithelial cells, which in turn results in a failure to develop and select T-cells (M a, 

Wang et al. 2012). As far back as the 1970s it was recognised that nude mice -  due to 

their lack of T-cells -  would not reject foreign, transplanted tissue, such as skin grafts 

(Krueger, Manning et al. 1975). This has resulted in the animal's use as a model for the 

growth of tumours of human origin. Human tum our cells, such as from biopsy or 

established cell line, can be taken and transplanted into a nude mouse, resulting in a 

growing human tumour.

Due to  its leaky barrier Gd-DTPA permeates the majority of the tum our, which is clearly 

visible in the right hemisphere under MRI (Figure 4.4). It is likely, however, that there are 

areas on the peripheral, leading edge of the tum our which are not visible in Figure 4.4. 

Here leaky angiogenic vessels may not yet have grown and barrier strength could be 

maintained. These areas of the tum our could effectively be invisible to MRI scanning and
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this is one reason w hy brain tum ours can be so challenging to  surgically resect 

completely.

In this image (Figure 4.4)  Gd-DTPA extravasation into the  brain is indicated by increased 

pixel intensity, however it is w orth  noting that in the  experim ental dem onstration of  

increased permeability  to  Gd-DTPA following CL5 siRNA in the  previous chapter it was  

m arked by decreased pixel intensity. This can be explained by the  unintuitive relationship  

betw een  Gd-DTPA concentration and signal intensity tha t  has been reported previously. It 

was observed that Gd-DTPA dem onstrated  a positive relationship betw een  concentration  

and signal intensity at low er concentrations, how ever once the  concentration of the  

contrasting agent passed a certain point signal intensity would then decrease with  

increase concentration (Shahbazi-Gahrouei, Williams et al. 2001).

There was a noticeable region of bleeding or necrosis at the  point of the  stereotactic  

injection (Figure 4.3, Figure 4 .4  and Figure 4.5),  how ever this is likely to  be caused by the  

injection itself. One alternative to this is that initial growth o f  a tu m o u r o f bGBM origin 

te rm inated  after a num ber o f  days followed by necrosis or apoptosis of the  tum our. This 

would  likely leave an area o f  low signal intensity such as was observed in these day 16 

scans. One further possibility tha t  should be recognised is tha t  bGBM tum ours did form,  

perhaps slowly, but that the  BTB o f these cell masses was sufficiently strong to  prevent  

Gd-DTPA traversal. In this case bGBM tum ours could potentially  not be clearly visible on 

MRI, particularly if small.

A num ber of weeks later these bGBM animals w e re  still alive and appeared healthy while  

the  IPSB animals had all died or w ere  euthanized by 4 weeks following stereotactic  

injection of cells. This m eant that the  growth o f IPSB tum ours could be qualitatively  

assessed by visible mass volum e in MRI, and by survival t im e  o f  the  animals. N either of
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these criteria could be met by bGBM cell-injected animals. For these reasons IPSB cells 

were selected to develop the human GBM model in nude mice.

TUNEL staining, used to assess the central region of IPSB18 cell-derived tumours, is 

normally used to label cells specifically undergoing apoptosis, where DNA is cut in many 

places to expose 3' term ini. These termini are the element detected and labelled by the 

terminal deoxynucleotidyl transferase active in the TUNEL assay. Large scale DNA damage 

of the kind that occurs during necrosis may also be detectable by TUNEL stain (Grasl- 

Kraupp, Ruttkay-Nedecky et al. 1995), and both necrosis and apoptosis have been 

reported to occur in tumours. One group describes a 300-400 |im zone of central cell 

death, w ith apoptosis mainly occurring following necrosis, and being situated on the 

outskirts of the central necrotic region (Bell, W hittle et al. 2001). Necrosis in glioblastoma 

has been hypothesised to  be caused by the observed accumulation of extracellular 

glutamate which leads to AKT pathway activation resulting in nutrient overconsumption 

(Noch and Khalili 2009).

Whichever form of cell death that these central tumour cells underwent they were readily 

detected by TUNEL staining in large numbers at the core o f the IPSB18 tumours at day 8 

and day 16 following tum our inoculation (Figure 4.6 and Figure 4.7). This provided 

support to cell death at the centre of the tum our as being the cause o f the observed low 

MRI signal intensity in this region (Figure 4.3 and Figure 4.4). This cell death could be due 

to this being the site o f injection, with the force applied while injecting causing cells to 

die. Alternatively the observed cell death could be a result o f increased pressure at the 

centre of the tum our due to unchecked cell proliferation, a lack of adequate blood supply
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to  the  tum ou r core, toxic cell product accumulation, nutrient depletion, or by a 

com bination of these factors.

W ith  doxorubicin having a similar molecular weight to Gd-DTPA (544 Da vs 742  Da 

respectively) it was hoped tha t  improved peri-tum oural perm eation to  the  contrasting 

agent would reflect a g reater access for the  chem otherapeutic  to the  tum our. The 

observed increase in the  area of Gd-DTPA contrasting in the  tum ou r (Figure 4.8)  

represents a qualitative dem onstration of the  potential of CL5 siRNA to aid in 

chem otherapeutic  delivery in the  expanding tu m o u r periphery. In this region the  BTB is 

m ore intact and various agents including doxorubicin have been reported to  be excluded, 

despite their perm eation into the  central tum ou r mass (Lockman, M ittapalli et al. 2010). 

There was a relatively short duration of IPSB18 tum ou r growth, o f  approxim ately  3 weeks, 

before  animals' conditions becam e terminal. Because o f  this the  mice in this study w ere  

receiving a very high dose of doxorubicin, at 100 mg/kg, w ith  the  hypothesis being that  

this provided the  best chance to  obtain an indication of successful retardation of growth. 

H ow ever the  mice in this experim ent rapidly lost weight and grew weak. In fact shortly  

following the  MRI scans the  experim ent had to be abandoned and the  animals euthanized  

due to  concerns about the ir  condition. No significant difference in tu m o u r volum e was  

observed by T2-weighted MRI (Figure 4.9),  and due to  doxorubicin toxicity the  survival 

length of these trea ted  animals could not be measured.

Despite the lack of results dem onstrating effective t re a tm e n t  of IPSB tum ours the  

experim ent had been successful in establishing a protocol for inoculating a glioblastoma

like tum our, as well as providing data supporting the  hypothesis of an increased region of
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chem otherapeutic  delivery by suppression o f CL5 in the  leading edge o f th e  tu m o u r

(Figure 4.8).

Following th e  successful establishm ent o f protocols and proof o f principal, th e  cell type  

being used was changed to  G B M 270  cells acquired from  our collaborators in Duke 

University, N orth  Carolina. These cells had the  advantage over IPSB18 cells o f not having 

being passed in v itro  fo r large am ounts o f tim e , w ith  passage having been carried out in 

the  mouse flank only. IPSB18 cells, despite th e ir aggressive grow th (Figure 4.2)  and 

successful recapitu lation o f a brain tu m o u r w ith  the  leaky vessels o f a characteristic BTB 

(Figure 4.4),  these cells w ere  originally isolated from  a grade III m alignant astrocytom a  

(Knott, Edwards e t al. 1990), ra th er than a grade IV glioblastom a as was th e  aim o f this 

study. For these reasons, as w ell as th e ir m ore recent isolation from  a patien t, G B M 270  

cells would likely result in an im proved tu m o u r phenotype, closer to  th a t o f endogenous  

glioblastom as.

Data from  th e  team  in Duke University illustrated an im proved zone o f Gd-DTPA  

extravasation in G B M 270-cell tum ours (Figure 4.10),  sim ilar to  th a t observed in the  

experim ents using IPSB18 cells (Figure 4.4).  G B M 270  cells w ere  inoculated into nude mice 

and tum ours grew  successfully. These anim als w e re  given repeated  doses o f NT or CL5 

siRNA every 4 days, and 48 h a fte r each ta il vein siRNA injection 6 m g/kg doxorubicin was 

injected in traperitoneally . This reduced dose o f doxorubicin was chosen to  enable animals  

to  reach end stage o f tu m o u r progression so th a t it could be evaluated w h e th e r  

tre a tm e n t was increasing survival length. This dose has also been used a n um ber o f tim es  

in th e  past (Rahm an, Carm ichael et al. 1986; Hong, Huang et al. 1999; Anders, Adam o et 

al. 2013).
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As can be seen in Figure 4.11 the tumours formed by GBM270 cells grew to occupy a 

large portion of the mouse brain. The tumour mass is simple to identify w ithin the brain 

o f the deceased animal, recognisable by its solid, dense texture, its slightly different 

colour, and by the presence of multiple haemorrhages on its surface. These 

haemorrhages are likely due to leaky, angiogenic vessel growth, or by pressure exerted by 

the tum our on surrounding tissue. The compact, dense character of these tumours is such 

that they can be lifted out from the rest o f the brain w ith a pair o f tweezers w ithout any 

cutting.

In the subsequent survival plot of these animals there was a small increase in survival 

times o f mice given CL5 siRNA in conjunction w ith 6 mg/kg doxorubicin, in comparison 

with those given NT siRNA (Figure 4.13). The observed median survival increase o f 1 day 

in mice, where the entire time course is three weeks, could have the potential to increase 

survival in humans by weeks at least. Another interesting point is that w ith the average 

tumour weight being nearly identical in the two groups o f animals (Figure 4.12), despite 

the slightly extended survival, would indicate that the enhanced doxorubicin delivery was 

retarding the growth of the tumour, rather than extending survival by a different 

mechanism. However, as mentioned this survival course failed to attain significance, 

despite being close (p=0.0509). Therefore further demonstration of increased survival 

would certainly be necessary before there could be confidence that CL5 siRNA was 

resulting in improved chemotherapeutic delivery and increased survival lengths in this 

model.

The team that was collaborated with on this project from Duke University reported to us 

success in establishing tumours using as few as 10,000 GBM270 cells. It was hypothesised
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that using a lower number of cells in further survival studies might enable more tim e for 

the tum our to end the animal's life, and that this extension of baseline survival could 

enable CL5 treatm ent to have a greater effect. Therefore when the survival timecourse 

was repeated using GBM270 cells 60,000 cells were used, rather than 600,000 for the  

previous survival experiment.

A single, early delivery of doxorubicin or temozolomide was used in order to strongly 

target tumours when they are smaller in size and likely to have a stronger BTB. A stronger 

barrier should improve the observed difference between NT and CL5 treatm ents, and 

effective delivery of chemotherapy at an early stage of tum our development is likely to  

have a greater effect on delaying its growth. As well as this, restricting chemotherapy to  

early after inoculation will limit the amount of interference with animals at later stages 

when they are becoming weak, and will reduce chemotherapy toxicity effects at these 

later, more vulnerable timepoints.

Chemotherapy was given for 5 days starting on the day of siRNA injection, and the reason 

for this -  rather than a single dose at the 48 h tim epoint -  was that as demonstrated  

previously in Figure 3.2, CL5 suppression is not isolated to a single dip 2 days after 

injection, but instead involves a number of days of suppressed mRNA levels. This was 

supported by MRI data indicating Gd-DTPA extravasation into the brain parenchyma at 24 

and 72 h post CL5 siRNA injection, although to a lesser extent than that observed at 48 h 

(Figure 3.8). Maintaining a constant level of chemotherapeutic in the body during this 

period would have the effect of maximising the total quantity of chemotherapeutic 

available to cross the modulated BTB and BBB. It is also the case, even with CL5 

suppression, that the periphery of the body acts as a major sink for systemically delivered 

drugs targeting the CNS. So it was hypothesised that already having chemotherapeutic in
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non-CNS portions of the body at the time of maximal CL5 suppression would lessen this 

drug-sink effect.

Treatment o f this mouse model of glioblastoma with doxorubicine in combination with 

barrier modulation gave indications of an increase in median survival in two separate 

experiments, however neither of these survival courses reached statistical significance 

(Figure 4.13 and Figure 4.14). Temozolomide also gave indications of increased median 

survival, and to a greater extent than that observed for doxorubicine (Figure 4.14), 

although the lack o f statistical significance and low animal numbers, as well as the lack of 

a temozolomide control lacking any siRNA at all means that this finding is less dependable 

again.

4.4 Future Directions

The experiments presented in this chapter provide a small pilot study on 

chemotherapeutic delivery in glioblastoma. Glioblastomas were successfully 

reconstituted and imaged using two different cell types, and their permeability to low 

molecular weight compounds appeared to be increased following suppression of 

CLSsiRNA. The slight improvement in median survival times of animals given 

chemotherapy combined with BBB modulation is promising, but falls short o f convincing 

evidence for the application of CL5 siRNA to enable improved chemotherapeutic delivery 

to glioblastomas.

Moving on from here focus should be on demonstrating that increased levels of 

chemotherapeutic drugs reach reconstituted glioblastomas. This could be done by using
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t e ch n iq u e s  such as m ass  s p e c t r o m e t r y  or HPLC to  quant i fy  increases  in t h e  conc e n t r a t i o n  

of drugs  such as doxorub ic ine  or  t e m o z o lo m id e ,  as in (Rousselle,  Clair e t  al. 2000).  

Al ternatively,  do xo rub ic ine  is a u t o f lu o r e s c e n t  (M oha n  and  R ap o p o r t  2010),  so 

al ternat ively  this could b e  u sed  to  m e a s u r e  increas ed  del ivery to  t h e  t u m o u r  site. These  

ex p e r im en t s  w/ould have  t h e  a d v a n ta g e  of  di rect ly d e m o n s t r a t i n g  c h e m o t h e r a p e u t i c  

del ivery t o  g l ioblas toma  fol lowing CL5 suppr ess ion,  r a th e r  t h a n  relying on indirec t 

ev iden ce  of  Gd-DTPA ex t ra vasat ion  into t u m o u r s .  While Gd-DTPA is of  a similar size t o  

doxorubic ine  t h e r e  ar e  m e c h a n i s m s  o t h e r  t h a n  BBB s t r en g th  t h a t  could  m e a n  t h a t  

doxorubic ine  might  still be  exc luded,  such as d ru g  efflux t r a n s p o r t e r s  (Schinkel and Jonker  

2003).

A n o th e r  a p p r o a ch  t h a t  could be  t a k en  would  be  to  es tabl ish  a s t ably-express ing 

gl iobla s toma cell line t h a t  wou ld  ex p re s s  a GFP ve c to r  u n d e r  t h e  con trol  o f  a doxycycline- 

inducible p r o m o te r .  These  vec to r s  a r e  available in t h e  H um phr ies  lab. With  t h e s e  cells a 

g l ioblas toma m ode l  could be  e s tab l i sh ed  t h a t  w ould  b e  GFP-positive w h e r e  r e ac h e d  by 

doxycycline,  which is a s imilar m o lecu la r  w e ig h t  t o  Gd-DTPA an d  doxorubic ine .  This m ode l  

w ou ld  e n a b le  d i rec t  visual isat ion o f  t h e  a m o u n t  of  t u m o u r  r e a c h e d  by low -molecular  

c o m p o u n d s  fol lowing NT or  CL5 s iRNA-adminis t ra t ion and sys tem ic  doxycycline delivery. 

The n u m b e r  of  t u m o u r  cells r e a c h e d  could also be  quant i f ied  by FACS-sorting. Systemic 

del ivery of  doxycycline in conjunc t ion  wi th a c h e m o t h e r a p e u t i c  a g e n t  wou ld  m a k e  it 

possible t o  quant i fy  by FACS t h e  n u m b e r  o f  surviving t u m o u r  cells fol lowing sacrifice at  

p r e -d e t e r m i n e d  t im e-po in ts .

Exper iments  such as t h e s e  s u g g e s t e d  w ould  provide  an increas ed  bo dy  of  ev iden c e  t h a t  

t h e  g l ioblas tomas  ar e  being r e a c h e d  by t h e  sys temical ly del ivered c h e m o t h e r a p e u t i c s .  

This would  m e a n  t h a t  if animals  a r e  n o t  showing  inc reased survival t h e n  it is an i ssue of
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t iming and d o s ag e  of c h e m o t h e r a p e u t i c s ,  or  of  over-aggressivi ty of t h e  t u m o u r s  not  

giving t i m e  for amel io ra t ion,  or  of  a n o t h e r  m ech a n i s m  w h e r e b y  im pro ved  del ivery is not  

d irec tly resul t ing in increas ed  survival.
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Chapter 5: Relief of Oedema in a Model of TBI

5.1 Abstract

W a te r build-up in the  brain fo llow ing cases o f TBI result in swelling o f th e  affected  region 

and a consequent increase in ICP. This rise in pressure is one o f the  m ajor causes of 

disability and m orb id ity  follow ing TBI, and trea tm en ts  are generally  lim ited  to  

hyperosm otic m annito l infusion and craniectom y. M odu la tion  o f th e  BBB has thus far 

been used by this lab to  enable com pounds to  en ter th e  brain w h ere  they  otherw ise  

w o u ld n 't. The aim o f this chapter was to  apply the  technique o f BBB m odulation  by 

m eans o f CL5 suppression to  instead enable flu id to  m ove out o f the  brain in a m odal of 

oedem a, and by this to  a tte m p t to  im prove outcom e fo llow ing TBI. To do this a m odel of 

cold-induced TBI was established in which brain w a te r content was readily observed and 

quantified . CL5 siRNA was system ically delivered follow ing adm in istration  o f these TBIs, 

and changes in w a te r con ten t in th e  injured region was observed to  decrease. This 

decrease in oedem a coincided w ith  an increase in opening o f the  BBB to  low -m olecu lar 

w eight com pounds at the  periphery o f the  site o f injury, and im proved b lood-flow . Finally, 

m o tor and behavioural outcom e -  as m easured by neurological severity score and T-m aze  

- w ere  observed to  significantly im prove in m ice trea te d  w ith  CL5 siRNA fo llow ing  TBI.
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5.2 Introduction

5.2.1 Pathology of Traumatic Brain Injury

Early effects of TBI that occur as a direct result of the  im pact/force  include leaky ion 

channels, m em brane  microporation, conformational changes in proteins and shearing of  

blood vessels causing haem orrhage (Maas, Stocchetti et al. 2008). Secondary effects  

begin within minutes or hours and include mitochondrial and subsequent energy  

production im pairm ent, im m une cell infiltration and activation, cytokine release, 

apoptosis, and oedem a form ation  (Maas, Stocchetti e t al. 2008; Clausen, Hanell et al. 

2 011) .  As discussed earlier one of these secondary effects, oedem a form ation , results in 

swelling of the  brain which increases pressure throughout the  cranium, particularly at 

sites proximal to the  injury.

Despite BBB opening appearing to  be an im portant cause of vasogenic oedem a in early 

and central oedem a following TBI, later oedem a and oedem a in the  periphery o f  the  

injury are caused by another form of oedem a (Kawamata, Katayama et al. 2000). These 

findings are largely based on MRI m easurem ents of the  apparent diffusion coefficient  

(ADC) of brain tissue, which when raised indicates the  occurrence o f  vasogenic oedem a. 

This was observed to increase in animal models in the  first 60  mins after injury together  

with  brain w a te r  content, how ever at this point ADC values began to fall once more  

w hereas  brain w a te r  content continued to rise during the  first 24 h (Barzo, M arm arou  et 

al. 1997), indicating that another form of oedem a had taken over. A similar result is seen

163



in h u m a n  pat ient s ,  w h e r e  low ADC values  ar e  r e p o r t e d  in regions  of  high w a t e r  c o n t e n t  

(M arm aro u ,  Signoret t i  e t  al. 2006).

Vasogenic o e d e m a  occurs  early fol lowing TBI primari ly a t  t h e  centra l  co re  of  t h e  injury, 

w h e r e  significant n u m b e r s  of  b lood vesse ls  ar e  b roken  and  red  blood cells and plasma 

p ro te in s  can be  o b s e r v ed  leaking into t h e  si te o f  injury. This cent ra l  region can also be 

e n h a n c e d  by Gd-DTPA in MR!, indicat ing o p e n in g  o f  t h e  BBB (Katayama an d  Ka wam ata  

2003).  A n o th e r  fo rm  of  bra in  o e d e m a ,  o sm ot ic  o e d e m a  is similar t o  vasogen ic  o e d e m a  in 

t h a t  fluid e n t e r s  t h e  brain f rom  t h e  b lood vesse ls ,  bu t  r a th e r  t h a n  large-scale,  region- 

specific b r e a k d o w n  of  t h e  BBB o e d e m a  is driven by high osmolali ty  wi thin t h e  c o n tu sed ,  

necrot ic  co re  o f  t h e  TBI. Here  osmolali ty  w a s  o b s e r v e d  to  increase  f rom 311 .4  m O s m  to  

402.8  m O s m  a t  12 h post -injury,  m a t c h e d  by a significant increase  in w a t e r  c o n ten t .  

Findings in this s tu d y  t h a t  bra in cool ing d e c r e a s e d  osmolal i ty increases  in injured t i s sue  

whi le dec ap i t a t io n  did not ,  indicate t h a t  t h e  o b s e r v e d  increase  in o sm ot ic  g ra d ie n t  and 

w a t e r  m o v e m e n t  w a s  d u e  t o  m e tab o l i sm  an d  n o t  b lood-flow (Kawamata ,  Mori e t  al. 

2007).

The ty p e  of  o e d e m a  t h a t  p r e d o m i n a t e s  a f te r  t h e  early s tage  is cytotoxic o e d e m a ,  and is 

mark ed  by int racel lular  fluid accu m ulat io n  an d  cell swelling. This cellular w a t e r  u p t ak e  is 

driven by ion dysfunct ion,  resul t ing in h y p e r o s m o t i c  cy top lasm and an osm ot ic  g rad ie n t  

across  t h e  cell m e m b r a n e ,  and which co r re la t e s  wi th  increased  ICP (Stiefel, Tomita  e t  al. 

2005).  O ne  of  t h e  po ten t i a l  ca uses  of  this  ionic dysfunct ion is g l u t a m a t e  up take .  As 

m e n t i o n e d  previously,  early s t age  TBI pa tho logy  is m a rk e d  by high ext racel lular  g l u t a m a t e  

c oncen t ra t ions ,  an d  d e sp i t e  d e c r e a s e d  g l u t a m a t e  t r a n s p o r t e r  express ion (Goodrich,  

Kabakov e t  al. 2013) g l u t a m a t e  up t ak e  into cells in t h e  injured region still co n t in u es  and
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this uptake requires the co-transport of three Na^ ions for each molecule of glutamate. 

This transport can occur despite strong ionic gradients, resulting in water being drawn 

into the cell by osmosis (Zerangue and Kavanaugh 1996). To illustrate this glutamate- 

mediated cell swelling, a cell size increase of 10% was reported 2 h after addition of 

glutamate addition to glial cells in vitro (Staub, Peters et al. 1997). This swelling by 

osmosis is likely compounded by the previously mentioned increases in Na^ and Ca^  ̂ ion 

uptake early after TBI (Wolf, Stys et al. 2001; Iwata, Stys et al. 2004). Finally, cellular 

swelling o f brain cells could be caused by lactic acidosis as a result of a decrease in 

glucose utilisation and a switch to anaerobic lactate utilisation (Timofeev, Nortje et al. 

2013). Lactic acidosis producing a pH of 5.0 in vitro led to a cell volume increase o f nearly 

40% in glial cells (Staub, Peters et al. 1997). A table outlining the main characteristics and 

differences between the different forms of cerebral oedema observed following TBI is 

provided (Table 5.1).

Type of Oedema Initiating Factor Characteristic Features

Vasogenic Broken blood vessels /  
damage to BBB

Serum proteins in brain 
(Matsumoto, Lo et al. 1995; 

Murakami, Kawase et al. 
1998)

Osmotic Necrotic cell debris Water movement regardless 
o f blood-flow (Kawamata, 

Mori et al. 2007)

Cytotoxic Ion dysfunction; 
hyperosmotic cytoplasm

Cell swelling (Staub, Peters 
et al. 1997)

Table 5.1: Origin and distinguishing characteristics of the different forms of oedema

observed in TBI.
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It is o f t en  a s s u m e d  t h a t  t h e  o e d e m a  o b s e r v e d  fol lowing TBI is a resul t  of  BBB open ing,  

h o w e v e r  a n u m b e r  of  s tudies  indicate t h a t  this is n o t  necessar i ly t h e  case.  In o n e  s tud y 

for ins tance ,  o e d e m a  w a s  m e a s u r e d  in high n u m b e r s  of ra ts  given differing ty p e s  of  TBI 

and  BBB integri ty w a s  e s t im a te s  us ing t h e  t r a c e r s  Evans b lue  and gadol inium-DTPA.  In 

o n e  o f  t h e  TBI m o d e l s  BBB op en in g  w a s  o b s e r v e d  in bo th  hem isp h e re s ,  h o w e v e r  whi le an 

increase  in w a t e r  c o n t e n t  of  1.5% w a s  o b s e r v e d  in t h e  injured h em is p h e re ,  t h e  w a t e r  

c o n t e n t  o f  t h e  uninjured h e m i s p h e re  r e m a i n e d  c o n s t a n t  a t  78.25%. In a n o t h e r  TBI mod el  

BBB pe rm eab i l i ty  w a s  re ver sed  4 h a f te r  injury w h e r e a s  o e d e m a  increas ed  o v e r  24 h 

(B ea umont ,  M a r m a r o u  e t  al. 2000;  B e a u m o n t ,  Fatouros  e t  al. 2006).  This d e m o n s t r a t e s  

t h a t  BBB pe rmeabi l i ty  is n o t  sufficient  t o  c a u s e  o e d e m a ,  and th is  is f u r th e r  backed  up by 

t h e  lack of any o b se r v ab le  o e d e m a  fo r m a t io n  in s tudi es  by this lab utilising su p p re ss io n  of  

TJ p ro te ins  in t h e  BBB (Campbel l,  Kiang e t  al. 2008),  an d also by s tud ies  on  t h e  b iphas ic 

n a t u r e  of BBB permeabi l i ty  fol lowing TBI. Here  it w as  o b s e r v ed  t h a t  t h e  first o p en in g  of  

t h e  BBB d o e s  c o r re la t e  wi th t h e  f o r m a t io n  o f  o e d e m a ,  h o w e v e r  t h e  s ec o n d  o p en in g  of  

t h e  BBB in fac t  coincides wi th t h e  d e c r e a s e  in o e d e m a  re co rd e d  b e t w e e n  48  a n d  72 h 

(Baskaya,  Rao e t  al. 1997).  It is feas ib le  h e r e  in fac t  t h a t  t h e  s econd  o p e n in g  of  t h e  BBB 

could  facilitative t o  relieving excess  w a t e r  build up in t h e  injured t i ssue .  Also, o p en in g  of 

t h e  BBB by manni to l  infusion has  b e e n  s h o w n  to  diminish o e d e m a  a f te r  TBI in rats 

(Bareyre,  Wahl  e t  al. 1997).

A po tent ia l  f u r th e r  cau se  of  o e d e m a  t h a t  has  e m e r g e d  in r e c e n t  years  is a q u a p o r in - 4  (AQ- 

4). AQ-4 is ex p r es sed  on as t rocyt ic  e n d - f e e t  p r e s e n t  a t  t h e  BBB and this p ro te in  plays a 

m a jo r  par t  in w a t e r  t r a n s p o r t  into an d  o u t  of  t h e  brain and has  b e e n  impl ica ted  in forms
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of  o e d e m a  o t h e r  t h a n  TBI. In brain t u m o u r s  for in s tance  increased AQ-4 express ion w as  

f o u n d  to  co r re la t e  wi th increas ed  per i - tu m oural  o e d e m a  (Dua, Devi e t  al. 2010).  Recent ly 

a n u m b e r  of s tud ies  w e r e  carried o u t  on AQ-4 in m o d e l s  of  cereb ra l  i schemia,  which 

resul ts  in ce reb ra l  o e d e m a .  It was  fo und  in o n e  s tudy  t h a t  successful t r e a t m e n t  of  animals  

t o  r e d u c e  o e d e m a  coincided wi th a redu ct ion in AQ-4 express ion (Hoshi, Y a m a m o to  e t  al. 

2011),  and m o r e  directly it has  b ee n  s h o w n  t h a t  inhibit ion of  AQ-4 significantly re duces  

o e d e m a  as a result  of  i schemia  (Igarashi, Huber  e t  al. 2011).  Also, mice lacking t h e  prote in  

a l t o g e t h e r  expe r i enced  a 35% d e c r e a s e  in brain swel ling in an a c u te  w a t e r  intoxicat ion 

m o d e l  of  ce rebra l  o e d e m a ,  as well as show ing markedly  d e c r e a s e d  swel ling o f  fo ot  

p ro c es s e s  on a s t roc y te s  s u r ro und ing  capillaries (Manley,  Fujimura e t  al. 2000)).  The 

o e d e m a  c au sed  by ce reb ra l  i schemia,  ho w e ver ,  is largely cytotoxic o e d e m a ,  and  t h e  

o p p o s i t e  resul t  w as  o b s e rv ed  wi th AQ-4 express ion and  va sogenic  o e d e m a ,  wi th AQ-4 

de le t ion  aggravat ing  t h e  o e d e m a  ( P apadopou lo s  a n d  V e rk m an  2007).  With  cytotoxic 

o e d e m a  playing t h e  major  role in brain swel ling in TBI a f te r  t h e  early phase ,  a role for AQ- 

4 w a t e r  t r a n s p o r t  is feas ible in TBI. This hyp othes is  is s u p p o r t e d  by t h e  f inding t h a t  in t h e  

first 35 mins  o e d e m a  fo rm s  equally in mice wi th mislocal ised AQ-4 and control  animals,  

b u t  la t er  w as  significantly r e d u c ed  (Vajda, P ed e r sen  e t  al. 2002).  It has  also b e e n  r e p o r t e d  

t h a t  adm ini s t r a t ion  of ant i-AQ-4 an t ibody  af te r  TBI in ra ts  significantly d e c re a s e d  o e d e m a  

d es p i t e  no ch a n g e  in BBB permeab i l i sa t ion (Higashida,  Kreipke e t  al. 2011),  as well as 

s imilar findings for t h e  role o f  a n o t h e r  aq u a p o r in  in TBI o e d e m a ,  aq uapor i n -1  (Tran, Kim 

e t a l .  2010).

A f u r th e r  fac tor  t h a t  could explain t h e  large inc rease  in w a t e r  u p t ak e  in t h e  brain is t h e  

obs e rva t io n  of  increases  in nitric oxide c o n c en t ra t i o n  in ce rebr a l  i schemia  (Malinski,
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Bailey e t  al. 1993).  In mice lacking nNOS, t h e  en z y m e  responsib le  for pro du c ing  th is  

p o t e n t  vasod i l a tor  in n e rvous  t issue ,  regions  of  o e d e m a  w e r e  fo und  to  be  smal l er  in a 

m ode l  of  i schemia  t h a n  in wi ld- type  mice (Huang, Huang e t  al. 1994;  Hara, Huang e t  al. 

1996).  Similar t o  t h e  ca se  of  AQ-4, t h e  ef fec t  of  nitric oxide on o e d e m a  is n o t  s t ra ight  

forward,  wi th findings show ing  an o p p o s i t e  ef fec t  t o  t h a t  o f  nNOS remova l  for  eNOS. 

W h e n  this en do the l i a l -e xpre s sed  nitric oxide produc ing en z y m e  is missing infarct  v o lum es  

ar e  over  20% larger  in t h e  s a m e  m o u s e  m o d e l  of  i schemia  (Huang,  Huang e t  al. 1996),  

indicat ing t h a t  en d o th e l i a l -p r o d u ced  nitric oxide is pro tec t ive  here .

Th ese  findings a r e  likely ca u s ed  by t h e  ability of  nitric oxide to  a l t er  TJ express ion in 

g lom eru la r  endo thel ia l  cells in vitro (Bevan, Sla ter  e t  al. 2011),  an ef fec t  which is 

revers ible using t h e  NOS inhibi tors  L-NMMA and  L-NAME, an d  its ef fec t  is d e p e n d e n t  on 

VEGF activation and t h e  PI3-kinase/Akt  p a th w a y  (M ayh an  1999; Handa,  S t e p h e n  e t  al. 

2008).  VEGF activation leads  t o  nitric oxide  p ro duc t ion  by eNOS th r o u g h  phosphory la t ion  

on S e r l 7 7  of  t h e  en z y m e  (Feliers, Chen e t  al. 2005),  h o w e v e r  p h o sphory la t ion  of  s o m e  

o t h e r  si tes on eNOS result  in inhibit ion of  en z y m e  activity. Thr497 is o n e  o f  t h e s e  sites,  

and  in terest ingly p h o sp h o ry l a t ed  of  this  re s idue  is sufficient  t o  p re v en t  endo thel ia l  

pe rmeabi l i ty  (O ubaha and G ra t to n  2009).  T hese  findings, including t h e  previously  

m e n t i o n e d  d a t a  on  larger regions  o f  o e d e m a  in eNOS knockouts ,  sugges t  t h a t  increas ing 

endothel ia l  pe rm eab i l i ty  in ca ses  o f  ce rebra l  o e d e m a  could r e d u ce  lesion volumes.  

Consider ing finally t h a t  inhaled  nitric oxide  has  b e e n  fo und  to  be  p ro tec t iv e  in TBI 

(Terpolilli, Kim e t  al. 2013),  it w as  d ec id ed  to  es tabl ish a m ode l  of  TBI o e d e m a  an d  to  t e s t  

t h e  ability of  CL5 to  im pro ve  o e d e m a  v o lum e  and  o t h e r  o u t c o m e  m easu re s .
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5.2.2 Preclinical Models

For studies on TBI selection of an appropriate  model greatly effects the  successful 

acquisition of results, as well as for the  clinical relevance of findings. These issues are of  

critical importance, particularly in the  light of the  failure of a significant num ber of clinical 

trials in the  field. One issue is that TBIs themselves are highly heterogeneous, and can be 

likened to  a collection o f  d ifferent conditions all occurring in parallel, w ith  m any affecting  

each o th e r  as they progress. This diversity o f effects, as well as the  many different ways in 

which a hum an TBI can be acquired, is reflected in the  w ide array of d ifferent TBI animal 

models.

Diffuse Axonal Injury

DAI can be modelled on its own in an im pact-free model, which involves acceleration of 

the  head in one o f th ree  directions -  sagittal, oblique or lateral, or a com bination of  

these. In this way the  m odel simulates the  dam age sustained in non-ejection vehicle  

accidents w here  rapid deceleration shakes and rotates the  head, or in some assault cases 

such as shaken baby syndrome. Animals subjected to this model com m only  suffer comas, 

with coma length being proportional to  the  force o f head m ovem ent. Lateral head  

m o vem en t was also observed to  result in the  most severe pathology, indicating th a t  the  

brain is less pliable under rotational forces along this axis (Gennarelli, Thibault et al. 

1982). Factors such as th e  degree of rotation, rotation speed, and acceleration can all be 

varied to  deliver a broad spectrum of DAI severities. Axonal dam age occurs mostly in the  

absence of vascular disruption (Smith, Chen et al. 1997), resulting in a model w h ere  DAI
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can be studied in isolation from the wide range of pathological characteristics present in 

impact models of TBI.

Weight-drop

This model of TBI is performed by allowing an object to fall freely through a guide-tube 

onto the skull of the anaesthetised animal. The weight of the object and height from  

which it falls can both be altered to give injuries of different grades, and if desired the 

incidence of skull fracture can be reduced by gluing a steel disc onto the skull (M arm arou, 

Fo Da et al. 1994). This latter precaution can be useful as skull fractures can reduce ICP, 

which is an im portant aspect of post-TBI pathology. The pathology of this model is broad 

as one would expect from a non-specific injury such as this, with features such as DAI, 

brain stem haemorrhage, oedema, limb deficits, respiratory problems, convulsion and 

death being reported during the development of the technique (Fo Da and Marm arou  

1994; Marm arou, Fo Da et al. 1994). This model has enabled the discovery of other 

pathological features of TBI, such as angiogenesis of permeable blood vessels in the 

vicinity of the injury, mediated by VEGF production by astrocytes and immune cells 

(Skold, von Gertten et al. 2005).

Controlled Cortical Impact

CCI produces a similar type of injury to that acquired in weight-drop TBI, but with the CCI 

insult being administered by striking the dura of the exposed brain using a pneumatic 

cylinder (Dixon, Clifton et al. 1991). Different regions of the brain can be impacted in this 

way, producing differing injury pathologies due to  the brain regions in the direct vicinity 

of the impact being the most severely affected. CCI is the most commonly used TBI
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model, due in large part to  the  m any pathological features which arise including DAI, BBB 

disruption, neuro inflam m ation, and subdural and intraperenchymal hem atomas. At later 

t im epoints  later pathological features of TBI arise, such as oedem a, alterations in CBF, as 

well as chronic phase inflam m ation. One of the main advantages of this model of TBI is 

the  m ultitude of aspects tha t  arise in human TBIs, which are almost by nature extrem ely  

heterogeneous, complex injuries.

Fluid-Percussion Injury

In this model rather than impacting the brain or skull being impacted with  a solid object, 

the  force is a rapid increase in pressure delivered by means o f  w a te r  or saline. The fluid is 

injected onto the dura, exposed by craniectomy, in a fully enclosed system by striking the  

injector with a h am m er on a pendulum , which enables alterations of h am m er weight, 

drop height and angle for variable injury strengths. Due to  the  injection o f  fluid into the  

enclosed system ICP rises rapidly, displacing and deform ing brain tissue. Because the  

injury is administered by means of an increase in pressure the  brain region which comes 

in contact with  the  fluid is not necessarily the most injured region, in fact studies have 

shown that the  brainstem is most vulnerable to  the  rapid increase in ICP (Thibault, 

M e a n e y  et al. 1992). Damage does occur e lsewhere however, and the  fluid injection site 

does have a significant effect on the  level of cell death in various brain regions. For 

instance rostral application o f fluid pressure results in higher cortical than hippocampal 

cell death, while caudal, medial or lateral fluid injection resulted in the  opposite damage  

profile as well as higher levels of reactive astrocytes (Floyd, Golden et al. 2002). O ther
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f e a tu re s  of f lu id-percussion pa tho logy include h ae m o r r h a g e s ,  o e d e m a ,  brain a t ro p h y  an d  

cavitation,  a n d  m e m o r y  deficits (Dixon, Lighthall e t  al. 1988; Iwam oto ,  Yamaki e t  al. 1997;  

Floyd, Golden e t  al. 2002).

Blast Injury

Blast injuries have  risen to  p r o m i n e n c e  in re ce n t  yea rs  d u e  t o  conflicts a r o u n d  t h e  world ,  

as has  t h e  field of  r e sea rc h  into t r a u m a t i c  brain injuries c au sed  by blasts.  As well as t h e  

risk of  sh ra pne l  caus ing significant d a m a g e  to  t h e  brain,  o v e r p re s s u r e  w a v es  e m a n a t i n g  

f rom an explos ion t ravel  t h ro u g h  t h e  bod ies  of  individuals n ea rb y  applying s t ro n g  kinetic 

fo rces  which di s tor t  and place high s train o n t o  t h e i r  brains.  Soldiers an d  civilians w h o  ar e  

ca u g h t  in t h e  vicinity o f  o n e  o r  a n u m b e r  of  blas ts  can a p p e a r  whol ly u n h a r m e d  

external ly,  b u t  can suffer  f rom h e a d a c h e s ,  concuss ion,  bra in  swelling,  p o s t - t r au m a t i c  

s t res s  d isorder ,  chronic  pain an d  an increas ed  risk of  Alzheimer ' s  d i sea se  (Rosenfeld,  

McFar lane  e t  al. 2013; Veitch,  FriedI e t  al. 2013).  In fac t  in o n e  s tu d y  i l lustrating t h e  

p re va lence  an d long - t erm m e n ta l  hea l th  im pac t  o f  TBI in w a r  zones ,  nearly a th i rd of 

v e t e r a n s  of  t h e  r e cen t  Iraq and  Afghanistan conflicts su rveyed  r e p o r t e d  suffer ing m o r e  

t h a n  o n e  t y p e  of  h ea d  injury, and  in t h a t  g ro u p  individuals w e r e  six-fold as likely t o  have 

su ffe red  f r om  - t r a u m a t ic  s t re ss  d isorder ,  four-fold as likely to  have depres s ion,  an d  twice  

as likely to  e x p e r i en ce  a lcohol ism (Ma gu en ,  M a d d e n  e t  al. 2012).

To m ode l  t h e s e  injuries in animals  by m e a n s  of  a reproducib le ,  r e p e a t a b l e  t e c h n i q u e  t h e  

m o s t  c o m m o n  m e t h o d  is t o  use  a shock t u b e  -  a long, cylindrical t u b e  con ta in ing t w o  

c h a m b e r s  s e p a r a t e d  by a m e m b r a n e .  C o m p re s s ed  air or  hel ium is p u m p e d  into t h e  first 

c h a m b e r ,  t h e  co m p re s s io n  c h a m b e r ,  until t h e  m e m b r a n e  burs ts  or  until t h e  des i red
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pressure is m et in which case the  m em brane  is burst by a blade w ith in  th e  shock tube . 

The anim al, restrained at th e  end of th e  second cham ber, the  expansion cham ber, 

receives th e  blast overpressure waves, w ith  the  restra int preventing te rtia ry  blast injuries  

caused by being throw n against objects by the  blast w ave (Reneer, Hisel et al. 2011). In 

this m odel animals can e ith er be exposed to  a single blast, or m ultip le  m inor blasts, w ith  

th e  intensity o f each blast being variable by a lteration  o f th e  pressure in the  compression  

cham ber or distance o f the  anim al from  th e  m em brane. Animals exposed to  these blasts 

exhib it neuronal swelling, oxidative stress, im m une cell in filtration , caspase-3 cleavage 

and apoptosis, am yloid precursor protein  accum ulation, losses o f consciousness, 

haem orrhages on the  surface o f the  brain and w ith in  th e  cortex, and cognitive deficits  

(Cernak, W ang et al. 2001; Cernak, W ang et al. 2001; Ahlers, Vasserm an-Stokes et al. 

2012; Tom pkins, Tesiram  et al. 2013).

Cold-Induced Injury

This is ano ther m odel o f im pact-free  brain injury, and sim ilar to  the  m odel o f DAI is 

designed to  m ore closely study a low er num ber o f pathological factors o f TBI. Cold- 

induced injuries are carried out by holding a liquid n itrogen-cooled m etal probe o f 3m m  

d ia m eter against the  exposed skull o f anaesthetised m ice, or o th er anim al, fo r 30  

seconds. This produces a highly reproducible m odel o f vasogenic oedem a w hen blood  

vessels at the  injury site necrose and spill th e ir contents. This region o f oedem a has low  

hetero gen eity  and is clearly dem arcated  allowing clear quantification  by M RI or o ther 

m ethods (Houkin, Abe et al. 1996; Cam pbell, Hanrahan et al. 2012), which is w hy it is 

chosen in m any studies a im ed at understanding or a ttem p tin g  to  reduce cerebral oedem a  

follow ing TBI (Oury, Piantadosi et al. 1993; M urakam i, Kondo et al. 1999; Kawai,
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Kawanishi et al. 2003; Cam pbell, Hanrahan et al. 2012). The m odel does dem onstrate  

o th er features o f TBI how ever, w ith  w idespread cell death in the  injured region, 

significant changes in CBF, m arked release o f in flam m atory  cytokines, and m o to r and 

m em ory deficits (Cam pbell, Hanrahan et al. 2012). One disadvantage o f this m odel is th a t  

it does not recapitu late  all the  features o f TBI th a t occur in humans; how ever fo r specific 

studies such as the  one presented here it is highly advantageous.

5.2.3 Claudin-5 Suppression to Relieve Cerebral Oedema

It was decided to  apply th e  BBB-m odulating e ffect o f CL5 siRNA observed in C hapter 3 

(Figure 3.8)  and Chapter 4 (Figure 4 .8)  to  this selected m odel o f vascular oedem a in TBI. 

R ather than transiently  enabling drugs to  pass into the brain, it was hypothesised tha t  

increased perm eab ility  inside and surrounding th e  TBI w ould enable increased flo w  of 

w a te r out o f the  brain and back into the  blood, as is illustrated in Figure 5.1.

174



a

Claudin-5 siRNA//n vivo jetPEI* 
injected into peripheral vein

Endothelia l
cells

T ight
Junctions

Basement
m embrane

Astrocyte

Neuron

SiRNA
absorbed by 
Endothelia l 

cells
AAstrocyte

Fluid
pressure

between

Partial 
opening 
of t ig h t 

junctions
Neuron

Figure 5.1: Schematic of barrier modulation in cerebral oedema, a) CL5 siRNA, w ith PEI 

delivery agent, reaches the vasculature o f the brain fo llow ing  systemic injection, b) Fluid 

pressure and w a ter build-up associated w ith vasogenic oedema exerts immense pressure 

on the surrounding neural environment, c) Suppression o f CL5 by means o f the CL5 siRNA 

allows fo r  enhanced m ovem ent o f w ater fro m  the extra-neural environm ent to the

vasculature.
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Transient opening of the BBB by mannitol infusion has been shown to diminish oedema 

after TBI in rats (Bareyre, W ahl et al. 1997), and this treatm ent is commonly used in 

humans currently. It was hypothesised that BBB modulation by means of CL5 suppression 

could be similarly beneficial in cases of TBI by enabling oedema to be relieved via the  

otherwise blocked paracellular pathway (Figure 5.1). It is this approach that we 

endeavoured to investigate in this chapter.

5.2.4 Chapter Aims

The aim of this chapter was to use the effect of jetPEI-delivered CL5 siRNA to modulate 

the BBB, as described in Chapter 3, to relieve fluid build up in a model of brain oedema. 

This is the first tim e that this lab has used CL5 siRNA to enable the m ovement of material 

out of the brain or retina, rather than into it. To do this it was aimed to first establish a 

model TBI in which oedema could be readily observed, and to establish protocols to 

measure brain fluid content. Following this it was aimed to use CL5 suppression to enable 

fluid to move out of the brain by means of MRI and direct brain w ater content 

quantification. MRI would also be used to observe changes in BBB integrity around the 

injured region, in order to show if CL5 suppression was enabling improved access for 

material to  flux across the BBB. be used to To demonstrate improvement by measures 

other than the extent of TBI oedema it was aimed to use MRI water-labelling to detect 

blood-flow changes at the site of injury, which would provide evidence of an 

improvement in access to the injured region. Finally it was investigated if changes in 

oedema volume coincide with an im provem ent in m otor and behavioural outcome.
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5.3 Results

5.3.1 Establishment of a Model of Vasogenic Oedema

In this chapter an im pact-free  model of TBI was used - cold-induced vasogenic oedem a.  

This approach involves holding a liquid N 2-cooled metal rod against a stereotactically  

measured point on the  skull 2 m m  right and 2 m m  caudal to bregma for 30  s. This causes 

rapid accumulation o f w a te r  at the  site o f  the  injury, easily visible on MRI (Figure 5.2).
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Figure 5.2: MRI image of a cold-induced vasogenic oedema compared with uninjured 

brain. High w ater concentration (blue arrow) manifests in the rig h t hemisphere w ith in  the 

cortex as high in tensity signalling on T2-weighted MRI. The resulting increase in brain  

volume has sh ifted the m idline o f the brain towards the le ft (orange line). This can be 

compared w ith the orig inal m idline shown above in an uninjured brain (green line).
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The 'lesion' in these images (Figure 5.2) is an area o f hyper-intense MRI signal which 

results from high water content, and therefore shows the area of oedema that coincides 

w ith and surrounds the cold-induced injury. This region is clearly observable when 

compared with the same brain region in an uninjured brain. The oedematous region 

swells to such an extent that the midline o f the brain is shifted away from the injury into 

the left half of the brain (Figure 5.2, orange line) when compared to the midline in an 

uninjured brain (Figure 5.2, green line).

This is not the case in many other models of TBI, and as can been seen in Figure 5.3 

impact models such as CCI produce complex, heterogeneous injuries.

Lateral Ventricle

Cortex

Site of Injury

Figure 5.3: T?-weighted MRI image of an oedema caused by CCI. High water 

concentration (high intensity, white) is visible amidst significant tissue disruption in the

right hennisphere within the cortex.
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The injury, and particularly the extend and severity o f oedema, observed here (Figure 5.3) 

was more difficult to measure and to reproduce w ith confidence.

The onset o f oedema observed in Figure 5.2 is rapid, within hours of the injury, and the 

swelling from this vasogenic oedema is accompanied by a midline shift away from the 

injured hemisphere. The initial injury, as well as secondary damage caused by swelling, 

results in a region of cell death visible around and beneath the injury site {Figure 5.4).

Hippocampus Site of Injury

Cortex

Figure 5.4: Cell death following TBI. Overlaid TUNEL (red) and DAP! (blue) staining o f a 

cold-induced TBI 24 h after injury. A region o f TUNEC cells is clearly visible directly 

beneath the site o f injury where the cooled probe was held against the skull. This region 

extends downward to the outer extent o f the hippocampus.
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It can clearly be seen th a t 1 day follow ing cold-induced TBI a large region o f cell death , as 

detected  by TUNEL staining, has form ed  directly under th e  site o f injury (Figure 5.4).  The 

exten t of this zone o f cell death  extends to  the  edge o f the  hippocam pus.

Accom panying this cell death  is a loss o f tissue integrity, w ith  m any blood vessels in the  

region rupturing, spilling th e ir  contents and no longer providing circulation through the  

in jured region. This is observable in Figure 5 .5  w h ere  TB I-affected anim als have been  

in jected in traperitonea lly  w ith  45 m g/kg Evans blue. A fte r 3hrs anim als w ere  perfused  

w ith  20m l PBS, resulting in clearance o f Evans blue from  all areas w ith  functioning  

circulation.
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Figure 5.5: Mouse brain following successful perfusion of an Evans blue-injected animal 

with a TBI. Evans blue is observed a t the site o f ir)jury on the right cortex (blue arrow), as 

well as some surface haemorrhaging. The rest o f the brain is clear, free from  observable 

blood vessels or Evans blue. This figure is representative o f 5 animals that were

systemically injected with Evans blue fo llow ing TBI.

Figure 5.5 illustrates that blood vessels in the injured region have burst and term inate 

here following TBI. This allows Evans blue to accumulate at the injury site but fail to be 

cleared by circulating PBS.

Much of the central injured area in Figure 5.4 is ablated when the TBI is first acquired, 

and this loss is unlikely to be preventable. However the area that can hypothetically be 

saved is the penumbral region just under the initially ablated region, around the top of
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th e  hippocampus. This region is lost later, around 4 8 -7 2  h following injury and is believed  

to  be lost due to  secondary dam age caused largely by oedem a. The hypothesis was that  

m odulation of th e  BBB by means of CL5-suppression could enable the  fluid tha t  builds up 

due to  vasogenic oedem a to  be relieved back into the  circulatory system, thus relieving 

pressure on surrounding tissue and potentially reducing this secondary tissue loss.

5.3.2 Measurement of TBI Oedema Reduction

To measure this hypothesised reduction in w a te r  build-up in TBI high-resolution T2- 

w eighted scans w ere  carried out over a range o f t im epoints on wild-type, gender  

m atched, three  m onth old C57 mice that had been adm inistered TBIs. Representative  

pseudocolour scans of a NT and a CL5-siRNA adm inistered animal are shown in Figure 5.6.
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Figure 5.6: Shrinkage of TBI oedema following CL5 siRNA. Pseudocolour T2-weighted 

images o f TBI oedematous regions 24 and 72 h. The extent o f oedema in the animal given 

NTsiRNA (left column) does not reduce to the same extent as those give CL5 siRNA. siRNA 

was injected systemically via ta il vein injection within 2 h o f TBI administration.

The CL5 siRNA-administered animal in Figure 5.6 does appear to show a noticeably 

reduced oedematous lesion, particularly at the 48 and 72 h tim epoint. However choosing
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representative images such as these is problem atic as there are questions such as which 

horizontal brain sections to  choose. As such the three-dim ensional volumes o f these 

lesions across 24, 48 and 72 h were measured using MIPAV software and the 

quantification  o f these in 20 animals is shown in Figure 5.7.
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Figure 5.7: Quantification of TBI lesion shrinkage between 24 and 72 h. Volumetric 

analyses o f oedematous regions were carried ou t fro m  T2-weighted MRI images using an 

autom atic  MIPAV tool, while being b lind to the trea tm ent groups. Volumes a t 24 h were 

set to 100%, w ith  la te r tim epoints being compared to this f irs t  tim epoint. (*P<0.05, 

Student's t-test. CL5, n=12; NT, n=8. Data are mean ± s.e.m.)
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As is observed in Figure 5.7, a significant decrease in TBI lesion volum e is observed  

betw een  24 and 72 h in mice given CL5 siRNA a fte r the injury but not in those given NT 

siRNA. There was no significant d ifference observed in the  raw  volum e figures at 24 h so it 

is not the  case th a t CL5 siR NA -treated anim als w ere  worse at the  24 h tim ep o in t and 

simply im proved from  there .

For this and o th er figures m easuring TBI oedem a volum e baseline volum es w ere  set for 

each anim al at 24 h, and in this form  o f analysis th e  m easure o f success is a reduction in 

oedem a volum e, using each anim al as its own control. TBI is a progressive condition w ith  

a high am ount o f hete ro gen eity  b etw een  anim als, as there  are betw een  patients. Because 

o f this the  approach was taken  to  tre a t each anim al as its own control in o rder to  address 

som e o f these problem s associated w ith  TBIs. For each o f the  experim ents analysed in 

this w ay the  starting volum e o f lesions at 24 h was analysed to  ensure th a t these values 

w e re  not d iffe ren t betw een  groups at this tim epo in t. The raw  24 h volum es o f animals 

from  Figure 5 .7  are laid out in Table 5.2.
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CL5 NI
9.3142 10.476

11.8751 38.389

9.6108 8.798

6.3578 11.8158

12.4783 22.9246

7.7964 6.5407

10.5897 6.1501

17.259 8.192

5.987

6.1798

10.3326

27.824

Average = 11.30 Average = 14.12

Table 5.2: TBI oedema volumes at 24 h after TBI and siRNA. As can be seen there is 

significant variation between animals in terms o f starting TBI lesion volume. No significant 

difference is present between the two groups. (P>0.05, Student's t-test. CL5, n=12; NT,

n-8.)

If baseline TBI volumes were different between groups at 24 h this would have a knock-on 

effect, skewing results obtained at later timepoints. However no significant difference 

was observed at the 24 h timepoint between groups in any TBI volume analysis 

experiment.
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5.3.3 Direct Quantification TBI Water Content

In order to assess oedema reduction directly, injured brain regions from animals given TBI 

and 20 |ig NT or CL5 siRNA were dissected out from recently sacrificed animals and 

weighed before and after drying out the tissue using vacuum and heat. Quantification of 

this is displayed in Figure 5.8.
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Figure 5.8: TBI region water content. Water content o f the dissected brain region was 

measured by weighing the tissue before and after tissue desiccation by vacuum drying at 

50°C. The TBI regions from  animals given 20 ^g CL5 siRNA follow ing injury demonstrated 

significantly lower water content than those given NT 20 [ig siRNA. Assessment was 

carried out 24 h after TBI and siRNA. (*P<0.05, Student's t-test. NT, n=7; CL5, n=8. Data

are mean ± s.e.m.)
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N orm al brain w a te r content in rodents changes w ith  age, w ith  levels decreasing a fter  

birth. In all these in vivo experim ents animals w ere  age m atched to  as close to  th ree  

m onths o f age as possible, and healthy brain w a te r content at this age is reported  as 

being approxim ate ly  78%  (B eaum ont, M arm aro u  et al. 2000; Beaum ont, Fatouros et al. 

2006; Li, Gao et al. 2013). As can be seen in Figure 5 .8  no animals in e ith e r th e  NT or CL5 

siRNA tre a tm e n t groups are at or below  this level. H ow ever the  average w a te r content or 

80.013%  in th e  CL5 group was found to  be significantly low er than th a t in the  NT group, 

which averages at 82 .248% . This data support previously discussed findings in MRI 

scanning showing a reduced w ater-enriched  region (Figure 5.6),  and to g eth er these  

results m ake a strong case fo r th e  oedem a-re lieving  potentia l o f CL5 siRNA fo llow ing TBI.

5.3.4 Alterations in siRNA Delivery Dosage and Timing

The tim e p o in t for siRNA adm inistration  o f 2 h fo llow ing TBI adm in istration  was chosen as 

a reasonable tim ecourse in an em ergency clinical setting. Along these lines it was 

desirable also to  establish an effective m in im um  effective  dose fo r CL5 siRNA, and so the  

am ount o f CL5 siRNA adm inistered was halved in th e  next experim ent to  10 pg and TBI 

volum e change was once again m easured (Figure 5.9).
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Figure 5.9: Quantification of TBI lesion shrinkage with half dose of CL5 siRNA. 20 ng NT

siRNA was administered as normal, whereas the dose o f CL5 siRNA given fo llow ing injury 

was halved to 10 ng. Volumetric analyses o f oedematous regions were carried out from  

T2-weighted MRI images using an automatic MIPAV tool, while being blind to the 

treatment groups. Volumes a t 24 h were set to 100%, with later timepoints being 

compared to this f irs t timepoint. (P>0.05, Student's t-test. CL5, n=12; NT, n=8. Data are

mean ± s.e.m.)
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No significant difference was observed betw een TBI volumes in animals receiving 10|ig  

CL5 siRNA and those receiving 20 ng NT siRNA (Figure 5.9).  This indicates that the  

m inim um  dose for CL5 siRNA to effectively reduce oedem atous volum e betw een  24 and 

27hrs post-injury lies betw een  10 and 20 |ig. It was decided in this experim ent to  

maintain the  quantity  of NT siRNA at 20 (ig, rather than halve this also to 10 ng. This was  

done in order to  maintain this control cohort as close as possible to the  parameters used 

in controls for each other experim ent in this study, which enables better comparison of  

results betw een experiments.

The next step undertaken in evaluating the  conditions for CL5 effectiveness was to  delay  

siRNA delivery in order to evaluate the  w in d o w  o f  t im e  in which tre a tm e n t  could 

theoretically  be administered in a clinical setting (Figure 5.10).
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Figure 5.10: Effectiveness of delayed CL5 siRNA in reducing TBI oedema volume. 20 ^g

NT siRNA was administered to animals within 2 h o f injury as in other experiments; 

however administration o f 20 p.g CL5 siRNA was delayed until 6 h in one cohort o f animals, 

and 24 h in another cohort. Volumetric analyses o f oedematous regions were carried out 

from  T2-weighted MRI images using an automatic MIPAV tool, while being blind to the 

treatment groups. Volumes at 24 h were set to 100%, with later timepoints being 

compared to this f irs t timepoint. (**P<0.01 and *P<0.05for 6 h and 24 h injections, 

respectively; ANOVA with Tukey's post test. NT siRNA at 24 and 48 h, n=8; NT siRNA at 72 

h, n=6; CL5 siRNA 6 h a t 24 and 48 h, n=9; CL5 siRNA at 72 h, n=7; CL5 siRNA 24 h at all

timepoints, n=5. Data are mean ± s.e.m.)
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Somewhat surprisingly CL5 siRNA remained effective when adm inistered both 6 h and 24 

h a fter TBI (Figure 5.10). The average reduction in lesion volume was greater when siRNA 

was delivered 6 h fo llow ing TBI instead o f 24 h later, at 79.863% and 82.811% respectively 

48 h a fte r TBI and 65.520% and 67.473% at 72 h. However there was no significant 

d ifference between the tw o  delivery tim epoints. Once again in this experim ent the 

protocol fo r adm inistering NT siRNA remained unchanged in order to  have a constant 

contro l cohort between d iffe ren t experiments.

5.3.5 Effect of Claudin-5 siRNA on Barrier Strength Following Traumatic Brain Injury

In order to  assess where in the TBI and surrounding region the CL5 siRNA was acting, a 

series o f T i-weighted MRI scans were carried out to  assess the extravasation o f Gd-DTPA 

w ith  and w ith o u t BBB m odulation. Seen in Figure 5.11 is the pattern o f Gd-DTPA 

perm eation in to the brain in three animals given NT siRNA.
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Figure 5.11: Pattern of Gd-DTPA extravasation around a TBI in NT and CL5 animals. A

coronal brain slice through the centre o f the injured region is shown a t three timepoints in 

each o f 6 different animals. The 6 C57 mice were given a TBI fo llowed by 20 p.g NT siRNA 

(animals 1, 2 and 3) or 20 p.g CL5 siRNA (animals 4, 5 and 6). 24 h (left), 48 h (middle) and 

72 h (right) Ti-weighted MRI scans were performed during which Gd-DTPA was 

systemically infused. A t 24 h Gd-DTPA is seen extravasating (high contrast, white) at the 

penumbra o f the injured region in all 6 animals (yellow arrows). A t 4 8 h  this extravasation 

is observed to be greatly reduced in NT mice (1, 2 and 3; blue arrows) but is maintained in 

CL5 animals (4, 5 and 6; red arrows). The 3 animals shown here fo r  each group are 

representative o f n=6for both CL5 and NTsiRNA-administered animals.
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Figure 5 .11  illustrates a biphasic pattern  o f Gd-DTPA extravasation in mice given NT siRNA 

(anim als 1, 2 and 3), w h ere  the  contrasting agent perm eates into the  brain in th e  regions 

surrounding the  injury at 24 h and 72 h, w hile  contrasting in th e  penum bra beneath  the  

TBI disappears at 48  h. In anim als given CL5 siRNA (animals 4, 5 and 6) on the  o th er hand 

the  patterns o f extravasation is m arkedly a ltered. Here at 48 h a fter injury and CL5 siRNA 

delivery, a strong ring o f p erm eab ility  to  Gd-DTPA is m aintained as in the  o ther 

tim epoin ts  (Figure 5.11).

5.2.6 Arterial Spin Labelling Following Traumatic Brain Injury

In one experim ent, a significant d ifference in th e  relative cerebral blood volum e (rCBV) 

was detected  b etw een  NT and CL5 anim als (Figure 5 .12);  CBV is a m easure o f th e  am ount 

o f blood passing through a region o f interest.
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Figure 5.12: rCBV recovery in CL5 animals. rCBV measurements from  the TBI region are 

greatly reduced in both NT and CL5 animals compared with corresponding control, 

uninjured brain regions. However a significant increase is observed in CL5 animals 

compared with NT animals. (**p<0.01, One-way ANOVA, Bonferroni post test fo r  

multiple comparisons. Uninjured, n=6; NT, n = l l ;  CL5, n = ll .  Data are mean ± s.e.m.

Parameters used were as follows: slice thickness = 2 mm, fas t low angle shot TR = 6.938 

ms, echo time TE = 2.63 ms, RFflip angle = 30° FOV = 3.0x3.0 cm, image m atrix = 128x64,

receiver bandwidth = 100 kHz.)

Reproduced with permission o f Dr. Michael Kelly, FMRIB Centre, Nuffield Department o f 

Clinical Neurosciences, University o f Oxford.
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M ice injected w ith  CL5 siRNA had a significant increase in rCBV th a t tren d ed  tow ards a 

control, uninjured brain region rCBV (Figure 5.12).  This finding suggests a partia l recovery  

o f blood flo w  through th e  TBI o f m ice receiving CL5 siRNA.

To assess th e  rates o f exchange o f w a te r in the  tissue, capillary transit tim e  was also 

assessed. This is a m easure o f the  tim e  taken fo r labelled  a rteria l w a te r to  cross the  TBI 

region. CTT was observed to  be significantly higher in th e  injured region o f m ice receiving  

CL5 siRNA than in NT or control m ice (Figure 5.13).
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Figure 5.13: Increase in CTT in CL5 animals. CTT measurements fro m  the TBI region are 

sign ificantly  increased in animals given CL5 siRNA compared w ith NT animals and 

corresponding control, uninjured brain regions. (*p<0.05. One-way ANOVA, Bonferroni 

post test fo r  m ultip le  comparisons. Uninjured, n=6; NT, n = l l ;  CL5, n = l l .  Data are mean ± 

s.e.m. Parameters used were as fo llow s: slice thickness = 2 mm, fa s t low  angle shot TR = 

6.938 ms, echo tim e TE = 2.63 ms, RF f lip  angle = 30° FOV = 3.0x3.0 cm, image m atrix  =

128x64, receiver bandw idth = 100 kHz.)

Reproduced w ith permission o f Dr. M ichael Kelly, FMRIB Centre, N uffie ld Departm ent o f 

Clinical Neurosciences, University o f Oxford.
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Longer transit tim e  for b lood-borne w a te r crossing the  TBI region in CL5 animals than in 

NT or control brain regions (Figure 5 .13)  is indicative o f increased paracellular flux o f 

w ater. This increased exchange w ould result in labelled w a te r rem aining in the  injured  

region for longer as the  TBI region is traversed, increasing CTT.

No significant d ifferences in rCBV or CTT in brain regions contro lateral to  TBI regions w ere  

observed betw een  tre a tm e n t groups, indicating th a t CL5 siRNA had no e ffect on these  

characteristics o f blood flo w  in the  healthy brain.

5.3.7 Motor and Cognitive Outcome

A fter observing a decrease in lesion size (Figure 5.7),  and an im provem ent in blood flo w  in 

th e  injured region (Figures 5 .14  and 5.15),  our next step was to  see if this w ould have any 

effect on behaviour or functional ability.

The first m ethod em ployed to  test this was th e  neurological severity score (NSS). NSS 

consists o f ten  tests on a range o f behaviour and m o tor function o f animals. Tests include  

crossing beam s o f varying w id th  in a lim ited am ount o f tim e , ability to  perch w ith  all four 

legs and the  presence o f seeking behaviour. NSS is used in a range o f m odels o f brain  

dam age to  assess neurological dam age, and it has been used previously to  m easure the  

difference in dam age caused by d iffe ren t severities o f TBI (Flierl, Stahel et al. 2009).

Norm al, w ild -type  C57 m ice received a perfect score o f 0 fails. The NSS score fo r an 

anim al given anaesthetic and sham surgery but no TBI was found to  be 8 at 1 h a fter
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surgery, w ith  this returning to  0 by 8 h post-surgery (Figure 5.14). This result gives an 

estimate o f when the effects o f the anaesthetic can be discounted from  contribu ting  to  

NSS results.

10n
* * NT

CL5
Sham

CO
COz

Figure 5.14: NSS results for animals given TBI and NT or CLS siRNA. Significantly  

im proved NSS perform ance was observed in CL5 compared w ith  NT animals fro m  8 h up to 

1 week post-in jury and siRNA delivery. NSS tests were carried ou t b lind to trea tm en t group 

throughout the tim epoints to prevent bias. (***P<0.001 a t 24 and 48 h, **P<0.01 a t 8 and  

72 h, *P<0.05 a t 1 week; Student's t-test. NT siRNA, n=8; CLS siRNA, n=8; Sham, n = l. Data

are mean ± s.e.m.)

As illustrated in Figure 5.14 from  8 h a fte r in jury animals treated w ith  CLS siRNA scored 

significantly low er on the NSS scale at every tim epo in t up to  1 week when the experim ent
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was ended. It is noted that the scores of NT animals actually get worse between 4 and 8 

h; this is likely due to the wearing off of analgesic effects of the sedatives. A similar 

deterioration at this same tim epoint was previously reported in a model of severe TBI, 

whereas a less severe model did not demonstrate this increase in score (Flierl, Stahel et 

al. 2009).

A breakdown of the tests passed and failed in animals at the 1 week tim epoint is shown in 

Table 5.3. These tests are:

A. Exit a circle with a diam eter of 30 cm within 3 min;

B. Ability to use all four limbs;

C. Initiative and ability to walk straight;

D. Startle reflex;

E. Inquisitive behaviour;

F. Ability to balance on a beam 7 mm wide for 10 s;

G. Cross a 30 cm beam of width 3 cm at a height of 10 cm in 3 min;

H. Cross a 30 cm beam of width 2 cm at a height of 10 cm in 3 min;

I. Cross a 30 cm beam of width 1 cm at a height of 10 cm in 3 min;

J. Ability to perch on a round beam of width 5 mm.
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A B c D E F G H 1 J
CL5-1 0 0 0 0 0 0 0 X 0 0
CL5-2 0 0 0 0 0 0 0 0 0 0
CL5-3 0 0 0 0 0 0 0 X X 0
CL5-4 0 0 X 0 0 0 0 0 X 0
CL5-5 0 0 0 0 0 0 0 0 0 0
CL5-6 0 0 X 0 0 0 0 0 X 0
CL5-7 0 0 0 0 0 0 0 0 0 0
CL5-8 0 0 0 0 0 0 0 0 X 0
NT-1 0 0 X 0 0 0 0 0 X 0
NT-2 0 0 X 0 0 0 0 0 0 0
NT-3 0 0 0 0 0 0 0 X X 0
NT-4 0 0 X 0 0 0 X X X 0
NT-5 0 0 0 0 0 0 0 X X 0
NT-6 0 0 X 0 0 0 0 X X 0
NT-7 0 0 X 0 0 0 0 X X 0
Sham 0 0 0 0 0 0 0 0 0 0

Table 5.3: Breakdown of results by individual tests in all animals at end-point of NSS.

Animals tested were 8 mice given CL5 siRNA fo llow ing TBI, 7 given NTsiRNA, and one

shame operated animal.

As can be seen in Table 5.3 the sham operated mouse as well as 3 CL5 animals recorded 

perfect score results at this end-point o f the experiment, while none of the NT siRNA- 

administrated animals succeeded in passing every test. The only tests failed by any 

animals at this tim epoint were the ability to walk straight, as well as crossing beams of 

varying widths.

Figure 5.14 uses NT siRNA as a control for CL5 siRNA in the absence of other controls for 

animals that were administered TBIs. As mentioned in the introduction to this chapter 

experiments showing CL5 suppression that employed multiple controls have been
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published previously by this lab. These controls w ere  unin jected, PBS-injected, and NT 

siRNA injected anim als, and none o f the  suppression studies found any d ifference  

betw een  any o f these controls in term s o f suppression efficiency or detected  any 

deleterious effects o f siRNAs used in this study (Cam pbell, Kiang et al. 2008; Cam pbell, 

Nguyen et al. 2009; Cam pbell, Hanrahan et al. 2012). This includes findings by this lab is 

safety assessment in African green m onkeys o f no negative histopathological or 

toxicological im pact o f siRNAs used in this study (as yet unpublished).

In addition to  NSS tests, T -m aze tests w ere  carried out. This tes t o f hippocam pal m em ory  

involves the  anim al being tested  exploring a T-shaped m aze and choosing b etw een  tw o  

identical paths. The anim al is then  replaced back at the  start o f the  m aze to  choose again 

(T-m aze set-up shown in Figure 2.2. M em o ry  o f having been down one path com bined  

w ith  natural inquisitiveness should lead th e  mouse to  choose the  path it did not initially  

choose. As observed in Figure 5 .1 5  the  rate  o f a lte rnation , i.e. choosing a d iffe ren t path  

the  second tim e , in control anim als given sham surgery but not TBI was approxim ate ly  

75%  - the  spontaneous a lternation  rate  previously reported  for w ild -typ e  mice (Deacon  

and Rawlins 2006). For anim als given NT siRNA follow ing TBI the  a lternation  rate  had 

dropped to  below  50% , w hereas in anim als given TBI and CL5 siRNA th e  rate  was partia lly  

rescued to  just over 60%.

204



co
■ ■ M

c
0)

<

100n

80-

60-

5  40-

20 -

•k -k

O '

Figure 5.15: T-maze results following TBI and siRNA. T-maze test was administered over 

the course o f one week, three weeks follow ing TBI and siRNA administration. (**P<0.01,

Student's t-test. NT siRNA, n=8; CL5 siRNA, n=8; Sham, n=4. Data are mean ± s.e.m.)

This result, w ith significant animal numbers, is another major piece of evidence 

supporting the beneficial effect o f transient CL5-suppression in the treatm ent of TBI, with 

improvement in the T-maze test (Figure 5.15) indicating preservation of tissue in the 

hippocampus - th e  main brain region involved in spontaneous alternation.
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5.4 Discussion

The aim o f this project was to  apply a tre a tm e n t to  animals follow ing TBI th a t w ould have  

th e  effect o f reducing cerebral oedem a and the re fo re  m itigate the  dow nstream  

deleterious effects o f brain swelling. As such it was believed th a t starting w ith  a m odel 

which excluded certain o th er features o f a com plex, im pact-induced TBI such as DAI and 

im pact haem orrhages w ould be advantageous. A m odel o f cold-induced TBI was selected  

a fte r a brie f com parison w ith  CCI (Figure 5 .2  versus Figure 5.3). This choice was prim arily  

due to  th e  uniform  shape o f th e  oedem atous region (Figure 5.2), w ith  clearly defined  

borders. TBI lesions such as this are straight forw ard  to  quantify  using im aging softw are  

such as ImageJ or M IPAV. In addition to  th e  clearly defined borders as v iew ed by M RI, 

imaging softw are  packages such as these have tools th a t can be em ployed to  

autom atically  select and m easure regions o f high signal intensity. These tools easily pick 

out the  TBI region from  the  surrounding tissue, reducing error, variation and bias.

As can be seen in Figure 5 .4  a t 24 h th e  m ost heavily injured region closest to  th e  surface  

no longer stains positive for DAPI, indicating th a t cells here have becom e so heavily  

dam aged th a t th e ir DNA has lost in tegrity  to  such an exten t th a t staining o f the  AT-rich 

regions norm ally bound by DAPI is no longer possible. TUNEL staining is visible in a w id er  

region of th e  site o f injury, but also is not present directly at the  surface o f th e  cortex. 

This appears to  indicate th a t in this area cells are most heavily dam aged or have been  

necrotic fo r th e  longest period, resulting in e ith er degradation to  th e  extent th a t the  

term in al deoxynucleotidyl transferase enzym e active in th e  TUNEL stain encounters  

insufficient contiguous DNA or clearance o f fragm ented  DNA by e lem ents o f th e  im m une
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system. Below this region there  is an area of cell death detectable  by TUNEL staining that  

is still w ithin the  area unstained by DAPI, and then below this is a fur ther  region stained 

by both DAPI and TUNEL w h ere  cell death is m ore recent or less severe. Together this 

indicates tha t  loss of DAPI staining is a m arker of cell death following cold-induced TBI, 

how ever TUNEL staining reveals a larger region of dying cells.

Next animals given cold-induced TBI w ere  injected systemically w ith  Evans blue and 

term inally  perfused with PBS in order to flush the  dye from systemic circulation. Evans 

blue dye has a high affinity for serum albumin, and due to  the  large size of this protein it 

is excluded from the  brain under normal circumstances by the  BBB (Hawkins and Egleton 

2006). Following TBI, however, Evans blue was observed to have extravasated into the  

brain (Figure 5.5).  This is an indication of significant dam age to  blood vessels in the  

injured region, w ith  broken vessels dead-ending and releasing the ir  contents into the  core 

injured region. This means th a t  besides Evans blue all o ther blood constituents, such as 

erythrocytes and serum proteins, are also being spilled from  blood vessels which have 

lost the ir  integrity. This materia l accumulates and contributes to vasogenic oedem a.

At this stage o f  experiments in this chapter a ttem pts  w ere  m ade to  measure a decrease in 

CL5 levels following TBI and siRNA delivery. This was a ttem p ted  by means o f  RT-PCR, 

W estern  blot, and immunohistochemistry, how ever this proved more difficult to carry out  

than expected. RT-PCRs tha t  w ere  carried out in TBI regions suffered from low quality  

RNA, likely due to  the  presence of large amounts of cells in various states of death and 

molecular disintegration in the  region, and for CL5 this m eant a failure to  acquire data fit 

for analysis. W estern  blots carried out for CL5 w ere  also unsuccessful, likely due to the
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sam e reason, and a fter a num ber o f failed a ttem pts  it was decided th a t th e  large am ount 

o f indirect evidence fo r CL5 suppression was sufficient. These data include increased Gd- 

DTPA extravasation (Figure 5.6), reduced oedem a volum e (Figure 5.7),  and direct 

quantification  o f decreased TBI w a te r content (Figure 5.8). As w ell as this th e re  are m any  

exam ples o f decreased CL5 expression in the  brain follow ing CL5 siRNA or shRNA th a t  

have been reported  by this lab (Cam pbell, Kiang e t al. 2008; Cam pbell, Hum phries et al. 

2011). Dam age to  cerebral blood vessels in th e  TBI region is unlikely to  in terfe re  w ith  CL5 

siRNA access or activity in TBI blood vessels due to  the  observation th a t Evans blue dye is 

successfully delivered to  the  TBI (Figure 5 .5 ). H ow ever if CL5 siRNA efficiency was 

im paired in the  central injured region this w ould  potentially  not be a barrier to  e ffective  

reduction in oedem a. The reason fo r this is th a t th e  tissue hypothesised as being th e  most 

likely to  be saved by decreases in oedem a is the  penum bral edge o f th e  injury, 

particularly w h ere  the  TBI borders the  hippocam pus. Here tissue perfusion is expected to  

still be largely intact and so CL5 siRNA w ould be expected not to  encounter significant 

barriers to  delivery. It was fe lt th a t in th e  face o f significant am ounts o f data indicating  

th a t CL5 was suppressed, as w ell as previously published results o f CL5 siRNA in th e  brain 

(Cam pbell, Kiang et al. 2008; Cam pbell, Hum phries et al. 2011), the  use o f fu rth e r anim al 

num bers in o rd er to  re a tte m p t direct quantification  o f CL5 levels could not be justified .

As is qualita tive ly  illustrated in Figure 5.6, and quantified  in Figure 5.7, CL5 was effective  

at reducing oedem a follow ing cold-induced TBI. In both figures animals given NT siRNA in 

the  first 2 h a fte r injury w ere  observed to  show lim ited  shrinkage o f oedem a volum e by 

72 h. CL5 siRNA, by contrast, induced m arked decreases in the  flu id -enriched region. The 

speed at which this effect is observed is apparen t by the quantification o f w a te r  content
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in TBI regions at only 24 h fo llow ing TBI and siRNA adm inistration  (Figure 5.8).  This is the  

m ost direct m easure o f oedem a, and the  significant reduction observed here  

dem onstrates  the  speed at which the  CL5 siRNA acts in the  TBI region to  release w a te r  

build up or p revent it accum ulating in the  first place. Com pounding this is th e  fact tha t  

even w ith  th e  significantly low er starting w a te r percentage at 24 h shown here, lesion 

volum es still shrink at a faster rate  in CL5 siR NA -treated animals [Figure 5.7).

The finding th a t oedem a-reduction  follow ing CL5 siRNA occurs w ith in  the  first 24 h 

fo llow ing injury was an im p o rtan t result w ith  respect to  th e  clinical potentia l o f this 

tre a tm e n t. This is because due to  the  secondary injuries acquired as a result o f oedem a  

rapid reduction in ICP is key to  positive p atien t outcom e (Taylor, Butt et al. 2001). If 

significant oedem a reduction had not been observed until a much la te r tim epo in t, 

perhaps fo llow ing repeated  injections o f CL5 siRNA, expectations o f im provem ents  in 

cognitive outcom e would have been lower.

W ith  highly encouraging results having been found using th e  initially a ttem p ted  CL5 

siRNA doses and tim epo in ts  o f delivery, it was decided to  a lte r these in o rder to  observe  

which e lem ents o f th e  protocol w ere  crucial fo r this effect. Firstly the  quantity  o f CL5 

siRNA systemically delivered in injured anim als was halved from  20 to  10 ng per anim al. 

This reduction was found to  com pletely  abolish th e  significant e ffect o f CL5 siRNA in 

reducing cerebral oedem a fo llow ing TBI (Figure 5.9).  Throughout th e  course o f this study 

on th e  effect o f CL5 siRNA follow ing TBI this was the  only tim e  th a t no positive e ffect o f  

the  siRNA was observed. It was decided in this exp erim ent to  m aintain  the  quantity  o f NT 

siRNA at 20 |ig, ra th er than halve this also to  10 (ig. This was done in o rder to  m aintain  

this control cohort as close as possible to  the  param eters  used in controls fo r each o ther
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experiment in this study, which enables better comparison of results between  

experiments.

Increasing the delay between TBI and siRNA delivery (from 2 h post-injury to 6 and 24 h 

post-injury), by contrast, did not negate the reduction in oedema found in animals given 

CL5 siRNA (Figure 5.10). This is even the case for the 48 h MRI scan which takes place only 

24 h after the delayed 24 h CL5 siRNA injection. Figure 3.2 indicates that at the transcript 

level CL5 is suppressed after only 24 h following CL5 siRNA, however the half-life of the 

CL5 protein will mean that protein levels are still likely to not yet be optimally suppressed. 

Figure 3.8, however, does appear to show modulation of the BBB in vivo at the 24 h 

tim epoint, visualised by hypocontrasted regions where Gd-DTPA has perm eated out of 

blood vessels and into the brain.

Next the strength of the BBB in the brains of animals given TBI and NT or CL5 siRNA was 

assayed by contrast-enhanced Ti-weighted MRI using Gd-DTPA. It has been previously 

been reported that the BBB following TBI undergoes two separate periods o f opening, 

which coincide with alterations in oedem a (Baskaya, Rao et al. 1997). This coincides with  

observations made in the current study that NT animals undergo a biphasic opening of 

the BBB following TBI. The first opening of the barrier is noted at 24 h, with significant Gd- 

DTPA extravasation being visible surrounding the site of injury, with the second similarly 

patterned opening being seen at 72 h {Figure 5. J i).T h e  second opening of the BBB in fact 

coincides with the decrease in oedema recorded between 48 and 72 h (Baskaya, Rao et al. 

1997). It is feasible here in fact that the second opening of the BBB could facilitative to  

relieving excess w ater build up in the injured tissue in response to high pressure inside 

the cranium. Between these tim epoints at 48 h, however, Gd-DTPA is observed not to
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extravasate around the TBI to  the  same extent, in particular in the  lower penum bra of the  

injury, above w here  the  hippocampus is situated. A nother possible explanation observed  

for the  lack o f  Gd-DTPA extravasation at this 48  h t im epo in t  is that a tem p o ra ry  loss of  

blood flow to the  penum bra prevents delivery o f  the  contrast-agent. How ever particularly  

in the  light o f  previous studies on biphasic BBB opening following TBI this is the  more  

likely explanation.

In the  CL5 siRNA-treated animals this biphasic pattern  o f  barrier opening is replaced by 

consistent opening of the  BBB to Gd-DTPA extravasation surrounding the  TBI at all 

timepoints (Figure 5.11).  This indicates that the  penum bra is accessible to  systemic  

circulation throughout the  first 72 h, which would enable fluid build up -  and consequent  

increases in pressure -  to  be released in CL5 animals. In NT animals on the  other hand, 

fluid could not be released via the  paracellular pathw ay at this t im epoint, leading to  

increased lesion volum e and increased ICP in the  penum bra.

In order to  further explore the  effect o f  CL5 siRNA in the  TBI region arterial spin labelling 

(ASL) was employed with the aid of a collaborator. Dr. M ichael Kelly o f  the  FMRIB Centre, 

University of Oxford. T i and T2 MRI scans em ployed thus far use magnetic gradients to  

cause protons -  in particular hydrogen atoms -  to  align themselves in the  magnetic field. 

This results in the  detection o f w a te r  in particular, and to  a lesser extent fat. ASL on the  

other hand magnetically labels the  w a te r  in blood upstream of the  region of interest, 

which then flows through the  region being detected as it does so. This allows for a 

num ber of blood f low  analyses.

The increase in the  quantity o f  blood in th e  TBI region (rCBV) in CL5 animals (Figure 5 .12)  

points to an im provem ent in the  function of blood vessels in the  TBI region. This could
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hypothetically  represent increased vascular integrity; decreased pressure in this region 

could result in less resistance to  blood flow , or a com bination o f effects. The rCBV value is 

observe to  m ore closely approach th a t o f th e  same brain region in uninjured control 

animals, which is a positive finding for CL5 animals.

The tim e  taken fo r blood to  cross the  TBI region (CTT) in injured mice given CL5 siRNA has 

in contrast m oved significantly aw ay from  CTT results observed in uninjured brain regions 

(Figure 5.13).  This increased CTT is indicative o f labelled b lood-borne w a te r rem aining in 

the  injured region fo r a longer period o f tim e  as it traverses it. The key hypothesis here is 

th a t if labelled w a te r can e n te r tissue then oedem atous w a te r w ith in  tissue can also enter 

the  blood, and in regions o f w a te r build-up and high pressure this w ill result in net loss of 

w a te r from  brain tissue. Consequently it is believed th a t this result is a fu rth e r indication  

o f increased w a te r flux w ith in  the  TBI fo llow ing  CL5 siRNA delivery, resulting in a 

reduction in oedem a.

Results observed in NSS (Figure 5 .14)  and T-m aze (Figure 5 .15)  point to  th e  ability  o f CL5- 

suppression to  have an e ffec t not only on the  visible lesion characteristics such as volum e  

and blood flow , but on functional ability, indicating the  preservation o f neurological tissue 

th a t is lost in NT anim als. One curious finding is how  early the  benefit in NSS becomes  

apparent -  8 h (Figure 5.14).  In the  absence o f deta iled  staining experim ents being carried  

out to  observe th e  kinetics o f CL5 at th e  TJ directly fo llow ing TBI in th e  presence or 

absence o f CL5 siRNA, th e  strongest hypothesis is th a t early dow nregulation  o f CL5 

transcript leading to  a lack o f CL5 rep lacem ent at th e  TJ results in slight changes in protein  

levels at early tim epoin ts. This e ffect could be com pounded by cycling o f TJ proteins to  

and from  the  paracellular cleft d irectly fo llow ing TBI, and th e  TJ protein  phosphorylation
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tha t  accompanies this shuttling. W ith  w a te r  being such a miniscule molecule, 18 Da in 

size, com pared to the  potential BBB modulation of approxim ately  l,OOODa, even a very  

slight decrease in CL5 levels would likely have an effect on w a te r  flux in and around the  

injured region. This hypothesis is supported by the previous finding tha t  the  w a te r  

content within CL5 TBIs had already fallen significantly low er than those observed in NT 

TBIs at 24 h after injury and siRNA delivery (Figure 5.8).

Regions central to  the  site o f  injury are likely to be rapidly ablated and irrecoverable, 

while brain regions more distal to  the  site of injury are unlikely to  have enough dam age as 

to  be a good measure for im provem ent following trea tm en t .  The hippocampus on the  

other hand, lies within the  m axim um  extent of cell death following TBI {Figure 5.4),  as 

well as bordering the  region in which BBB opening was previously shown to  be 

m ainta ined by CL5 siRNA (Figure 5.13).  This hypothesis appears to  have been correct, as 

animals tha t  received CL5 siRNA dem onstrate  markedly improved perform ance in T-m aze  

3 weeks after TBI (Figure 5.15).

5.5 Future Directions

The findings presented in this chapter include the succesful establishment of a model of  

oedem a in the form  of a cold-induced TBI mouse model, in which the  hypothesis that  

w a te r  m o vem ent out of the  brain would be aided by CL5 suppression was tested. Results 

presented indicate tha t  this hypothesis was correct, w ith  significant shrinkage of  

oedem atous TBI lesions together with  im provem ents  in m otor and behavioural
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performance. From here however a number o f experiments could be carried out in order 

to expand and improve on this work.

Firstly suppression o f CL5 in animals that had been given TBIs was not succesfully 

demonstrated. These attempts failed most likely due to interference from the highly 

necrotic mass o f tissue at the core of the tissue, however further attempts should be 

made this time concentrating on the penumbra o f the injured region where prospective 

staining or other analyses may be more succesful. Although there is data presented here 

which is indicative of CL5 being suppressed in the brains of these animals, such as 

permeability of the penumbra region to Gd-DTPA only in CL5 siRNA-administered animals, 

a conclusive demonstration of CL5 suppression would be important when moving on with 

this project.

Next it would be a positive step to show in an in vitro model of the BBB that CL5 

suppression increases water flux across the barrier. This would be possible using cell 

culture vessel that are seperated in two by a monolayer o f bEnd.3 cells. These cells would 

be transfected w ith CL5 siRNA, NT siRNA, or would be untransfected, and after 48 h 

tritia ted water would be introduced into one side of the cell culture vessel. At various 

timepoints after this an aliquot of media would be removed from the opposite side o f the 

vessel, on the other side of the endothelial monolayer, and presence of the tritiated 

water in these samples would be measured by liquid scintillation. As in the case o f CL5 

suppression there are a number o f strong indications presented here that water build up 

is being relieved by means o f CL5 siRNA delivery, such as the increase in MTT of blood as 

it crosses the injured region, but a direct observation o f the ability for CL5 suppression to 

increase water movoment across a barrier would a strong addition to this.
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T o g e th e r  t h e s e  e x p e r im e n t s  w ould  help t o  a n s w e r  s o m e  re ma ining  ques t ions ,  as well  as 

t h e  possibility t h a t  a m e c h a n i s m  o t h e r  t h a n  CL5 su ppre ss ion  and bar r ie r  m odu la t io n  are  

t h e  pr imary ef fec tors  of  i m p r o v e m e n t  in this ex p e r im en ta l  model .  Finally, t h e  work 

p r e s e n t e d  in this c h a p t e r  t o  relieve fluid build up in t h e  brain could  be ex t e n d e d  to  a 

f u r th e r  m od el  of  TBI, such as CCI or  fluid percuss ion injury, as well as a d i f ferent  m ode l  of 

incr eas ed  ICP such as s t roke.
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Chapter 6: Inflammation in TBI Regions

6.1 Abstract

Inflammation is a significant feature of TBI, and provides a large hurdle to positive 

outcome when it extends into the chronic phase of post-TBI recovery. Meanwhile other 

studies have found that inflammation can be beneficial in cases of TBI, and some 

treatm ents aimed at reducing neuroinflammation can worsen outcome. W ith  

inflammation being a major feature of TBI pathology, it was decided as part of our 

investigation into the amelioration of TBI oedema by means of CL5 suppression to carry 

out a small investigation into the expression levels of inflammatory markers in treated  

and untreated mice. W hen these experiments returned increased levels of a number of 

factors in mice given TBIs in conjunction with barrier modulation it was decided to  

explore w hether the this increase in inflammation at the acute timepoints observed was 

likely to be a positive or negative feature of treatm ent with CL5 siRNA. To this end a 

number of murine knockouts for key inflammatory components were chosen, and these 

animals were given TBIs and assayed for TBI volume over 72 h as well as m otor and 

behavioural outcome at 3 weeks. The findings were that the key inflammatory scaffolding 

protein ASC, but not the NLRP3 inflammasome that it is a part of, plays a significant 

protective role following TBI, with its absence resulting in reduced TBI oedema shrinkage 

and impaired cognitive recovery. These results provide an interesting and potentially  

novel role for ASC in neuroinflammation, independent of the NLRP3 inflammasome.
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6.2 Introduction

6.2.1 Neuroinflammation

Despite the  dem anding requirem ents  of im m une cell translocation to  and activation in 

the  brain, neuro inflam m ation is still a highly significant fea ture  of m any diseases and 

injuries o f  the  brain, with im m une cells playing im portan t roles in both short and long

te rm  TBI pathology. Wallerian axonal degeneration, seen in DAI for instance, has been  

shown to  induce m onocyte infiltration into the  ipsilateral hem isphere 24 h post-injury  

(Bechmann, Goldmann et al. 2005). A possible reason for this post-lesion influx of  

im m une  cells might be due to  the  chemokine SDF-1. This protein is a chemotactic agent 

for T cells and monocytes, and is constitutively expressed at low levels in the  brain. As 

such any traum a to the  brain would expose SDF-1 to  the  circulating im m une system, 

w hereas under normal conditions it is sequestered away behind the  BBB. In fact not only 

is it exposed after brain injury, but its expression is actively altered which attracts  

im m une  cells to  the  injured region specifically, w ith  SDF-1 levels increasing in the  

penum bra  o f  lesioned brain regions following focal ischemia, and decreasing in uninjured  

regions. This change in expression coincided with  th e  influx o f  im m une  cells that  

expressed the  SDF-1 receptor (Stumm, Rummel et al. 2002). A nother mechanism which 

encourages im m une cell infiltration into the  brain is the  response of endothelial cells to 

pro -in flam m atory  cytokines. W h en  exposed to  factors such as TNF and IFN-y, endothelial 

cells show actin-cytoskeleton restructuring coinciding w ith  fragm entation  o f  ZO-1 staining 

at the  cell periphery. This restructuring of TJs led to  a concom itant decrease in
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transep ithelia l resistance by 50%  (Blum, Toninelli e t al. 1997). Similarly, application o f 

activated leukocytes onto  endothelial cell m onolayers led to  aberran t adherens junction  

localisation, associated w ith  actin cytoskeleton restructuring and phosphorylation o f 

adherens junction proteins. These changes led to  intercellu lar gap form ation  and album in  

diffusion across the  m onolayer (Tinsley, W u  et al. 1999). It is clear th a t in o rder to  counter 

the  im m une privilege conferred by th e  BBB, th e  im m une system, as w ell as resident cells, 

em ploy counter-m echanism s in o rder to  fac ilita te  leukocyte penetration  in cases o f 

neuro in flam m ation .

6.2.2 Dendritic Cells

As w ell as m onocytes and various T cells m entioned  previously, a w ide  range o f im m une  

cells play active roles in the  brain. One o f these is dendritic  cells, an antigen-presenting  

cell th a t plays an early  role in m any injuries and infections. This cell-type is norm ally  

d etected  only in the  choroid plexus and th e  m eninges in th e  uninjured brain (M atyszak  

and Perry 1996), but follow ing TBI, dendritic  cells, which likely d iffe ren tia te  from  

activated m onocytes crossing the  barrier, are found in increasing quantities in filtrating  

in jured regions o f th e  brain (Israelsson, Bengtsson et al. 2008). N eutrophils also have 

been observed to  e n te r th e  CSF in significant num bers fo llow ing injection into the  

subarachnoid space o f IL-1(3 (Q uagliarello, W ispelw ey et al. 1991), a p ro -in flam m atory  

cytokine th a t plays an im portan t role in post-TBI in flam m ation . Once in the  brain, or 

during th e ir transm igration into it, neutrophils m ay play a role in w eakening the  BBB and 

thus enabling fu rth e r im m une cell invasion (Tinsley, W u et al. 1999), and certainly IL -ip -  

m ediated  recru itm ent o f neutrophils is o ften  associated w ith  negative consequences,

218



such  as increased  w a t e r  c o n t e n t  in i schemic  brain d a m a g e  (Yamasaki,  M a t s u u r a  e t  al.

1995).

6 .2 .3  As t rocytes

While  n o t  normally  being cons ide red  i m m u n e  cells, a s t roc ytes  play a large role in 

d e t e c t in g  and -  as has  previously  b ee n  i llus tra ted -  m odu la t in g  r e s p o n s e s  to  d a m a g e  or  

infect ion in t h e  brain.  Ast rocytes  express  high levels of  TLRS, as well as lower  levels of 

TLRs 1, 4, 5 an d 9, and p ro d u c e  cytokines  such as IL-6, IP-10 and  IFN-3 in r e s p o n s e  t o  the i r  

l igation (Jack, Arbou r  e t  al. 2005).  TLRs w e r e  first re cogn ised for  the i r  ability t o  d e t e c t  

p a t h o g e n - a s s o c i a t e d  molecular  p a t t e r n s  (PAMPs), an d  t h e s e  a s t ro c y te -ex p re s sed  TLRs 

a r e  capab le  of de t ec t in g  a w ide  r ange  of  p a th o g en ic  m ark e r s  such as dsDNA, LPS and 

flagellin. H owever  TLRs, including TLR3 and  4, ar e  also ca pab le  of  de t ec t in g  dan g e r -  

as soc ia te d  molecu la r  p a t t e r n s  (DAMPS), e n d o g e n o u s  m olecu le s  which a r e  normal ly 

s e q u e s t e r e d  wi thin t h e  cell m e m b r a n e  of a cell, an d  w h o s e  p r e s en t a t io n  t o  TLRs indicates  

cell d e a t h  such as t h a t  which occurs  fol lowing TBI. Compl ica t ing t h e  role o f  a s t ro c y te s  and 

t h e s e  TLRs in in f lammatory  scenar ios ,  TLR3 act ivation can resul t  in pro tec t ive  cytokine  

re le a s e  such as IL-9, -10 an d  -11, and  t o g e t h e r  TLR3-induced fac tors  w e r e  fo u n d  to  

im p ro v e  neu rona l  survival in ex-vivo h u m a n  brain slice cu l tures  (Bsibsi, P e r so o n -D een  e t  

al. 2006).
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6.2.4 Microglia

The final cell type to be discussed, and probably the most significant post-TBI immune 

cell, are microglia. This monocytic cell lineage are the brain's resident macrophage, 

although under normal circumstances they express low or undetectable levels of 

macrophage phenotypic markers such as MHC I and II, CR3, FcR, CD68, LCA and CD4, 

which are then upregulated upon activation (Galea, Bechmann et al. 2007). It is significant 

to note that as the only immune cell type that is always observed in the brain under 

normal, non-inflammatory conditions, microglia can be activated by pathogens or tissue 

damage w ithout any alteration in the BBB or other factors compromising the immune 

privilege of the brain. Microglia survey the brain microenvironment by means o f highly 

motile filopodia, which, following BBB disruption or TBI, rapidly extend and converge 

upon the site of injury w ithout movement of the cell body. This chemotaxis appears to be 

directly in response to extracellular ATP, such as that which would be spilled from cells 

upon TBI, and in fact this chemotaxis can be stimulated by the injection of ATP into the 

brain parenchyma. Once at the site o f injury the microglial protrusions appear to shield 

healthy tissue from damaged tissue, and activate microglia and other immune cells 

(Davalos, Grutzendler et al. 2005; Nimmerjahn, Kirchhoff et al. 2005). Similar to 

astrocytes, microglia express TLRs, and induction of TLR signalling by sensing PAMPs or 

DAMPS in the brain microenvironment results in microglial activation and subsequent 

release of proinflammatory cytokines (Jack, Arbour et al. 2005), as seen in the activation 

o f microglia via their filopodia.
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Through t h e s e  sensory  m e c h a n i s m s  microglia funct ion as t h e  bra in ' s  w a tc h d o g s ,  a ler t  for  

signs of d a m a g e  and ju m pin g  into ac t ion sect ioning off injured a r e a s  an d recrui t ing 

fu r th e r  i m m u n e  cells up o n  activation.  As par t  of  this role microglia also convey 

in f lammatory  signals received f rom t h e  per iphe ry  t h r o u g h o u t  t h e  bra in  pr iming it for  

re sponse .  Systemic LPS induces  TNF-a wi thin t h e  ex p o se d  c i rcumvent r icular  organs ,  and 

this TNF-a express ion increase  s p re ad s  across  microglia of  t h e  brain p a r en c h y m a ,  even  

t h o u g h  t h e s e  a r ea s  have no t  b e e n  e x p o s e d  to  LPS directly.  Interes tingly this LPS-induced 

microglial ac tivation is n o t  on its o w n  d am ag ing  to  t h e  CNS, bu t  if t h e  inhibitory activity of 

glucocor t icoids  wi thin t h e  brain is b locked (Nadeau  an d  Rivest 2003).  This indicates t h a t  

upon  receiving external  d a n g e r  signals microglia actively p ro d u c e  p ro in f l am m ato ry  

cytokines ,  b u t  do  no t  e n t e r  a fully n e u ro in f l a m m a to r y  p h e n o t y p e  d u e  to  inhibitory signals 

in t h e  brain.  This is significant b ec a u s e  in m o d e l s  such as EAE, un ch e ck ed  inf lam mat ion  in 

t h e  brain,  even  in t h e  a b s e n c e  of o t h e r  n o n - a u t o n o m o u s  m e d ia to r s  o f  d a m a g e ,  can be  

hugely dam ag in g  to  t h e  brain.  As m e n t i o n e d  in t h e  previous  sect ion sys temic  im m u n e  

cells e n c o u n t e r  m an y  barr iers  t o  ent ry ,  ac tivation and  even  survival in t h e  brain.  H oweve r  

microglia have a l r eady o v e r c o m e  m an y  significant hurd le s  by being a l r eady  p r e s e n t  and 

viable in t h e  brain,  and  can ac t ivate  via t he i r  s enso ry  ex tens ions  and  TLRs. Accordingly 

m an y  inhibitory in t erac t ions  exist  b e t w e e n  microglia and  e n d o g e n o u s  bra in  cells. 

Astrocytes ,  for  ins tance ,  inhibit LPS-stimulated microglial produc t ion  o f  IL-12 and  o t h e r  

cytokines w h e n  in co-cul tu re  (Aloisi, P enna  e t  al. 1997).  N e urons  also play an i m p o r t a n t  

role in microglial supp re ss ion,  t h ro u g h  m e c h a n i s m s  such as a x o n - te rm in u s  re le as e  of  

CD22 which e n g a g e  microglial CD45 inhibit ing TNF-a p ro duc t ion  (Mot t ,  Ait-Ghezala e t  al. 

2004).  In an animal  m ode l  i l lustrating n eu r ona l  inhibit ion,  mice lacking CD200 on n e u r o n s  

d e m o n s t r a t e  an increased  microglial r e s p o n s e  to  d a m a g e  an d a m o re  s ev e re  o n s e t  of  EAE
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(Hoek, Ruuls e t  al. 2000).  These  e n d o g e n o u s  m ech a n i s m s  of  microglial su ppre ss ion  ar e  

vital for  brain integrity,  b u t  t h e  s a fegua rd s  can and do b reak dow n.  After  TBI t h e  d a n g e r  

of  n e u r o in f l a m m a to r y  d a m a g e  is m o s t  significant w h e n  inf l ammat ion  s t r e t c h e s  into t h e  

chronic  ph ase ,  an d  ac tive microglia a n d  m a c r o p h a g e s  can be  d e t e c t e d  in bra in t i s sue  

yea rs  a f te r  injury (Chen, Joh n so n  e t  al. 2009).

As well as p ro in f l am m a to ry  activity of  microglia,  which can resul t  in ex ace r b a t io n  of  

neu r o n a l  d a m a g e ,  t h e s e  cells have i m p o r t a n t  roles in m ed ia t ing i m m u n e  suppre ss ion  and 

t i s sue  repai r  t h em se lv es .  In t h e  ca se  o f  t h e  fo r m e r  microglia have b e e n  found  to  express  

HLA-G, t h e  previously m e n t i o n e d  T-cell-inhibitory factor,  par ticularly in a reas  a f fec ted  by 

n eu ro in f la m m at io n ,  possibly in an a t t e m p t  t o  d ec re a s e  T-cel l -media ted  inf lam mat ion  

(Wiendl,  Feger  e t  al. 2005).  Microglia have even  b e e n  o b s e r v ed  fully engulfing infiltrating 

neut ro ph i l s  in t h e  brain,  a n d  blockage o f  this p ro ces s  results  in h igher  levels o f  n eu rona l  

d a m a g e  (N e u m an n ,  Sauerzwe ig  e t  al. 2008).

Microglial m ed ia t ion  of  t i s sue  p ro tec t io n  and  repa i r  o t h e r  t h a n  by suppre ss ing  i m m u n e  

r e s p o n s e s  t ak e s  a n u m b e r  o f  forms.  Neurona l  synapses  can be  actively m o v e d  and  

p r o t e c t e d  f rom d a m a g e  (Trapp, Wujek  e t  al. 2007),  p ro tec t ing  t h e  del ica te  n e t w o r k  of 

neura l  of  connect ions .  It w a s  m e n t i o n e d  ear l ier  t h a t  g l u t a m a t e  excitotoxici ty is a 

significant d a n g e r  t o  n e u r o n s  in t h e  early s t ages  post-TBI. In teres t ing microglia u p re g u la t e  

g l u t a m a t e  t r a n s p o r t e r s  wi thin 4 h a f te r  t r a u m a ,  wi th t he i r  express ion being m o s t  

p r o n o u n c e d  c loses t  t o  t h e  si te o f  injury (van Landeghem,  Stover  e t  al. 2001).  This 

corre la t ion  of g l u t a m a t e  t r a n s p o r t e r  express ion levels wi th levels o f  g l u t a m a t e  

accu m ulat io n  indicates  t h a t  this up re gu la t io n  is a pro tec t ive  r e s p o n se  by microglia t o  t h e
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danger posed by build-up of the  neurotransm itter a fter TBI. As well as these, more typical 

im m une activity by microglia, such as antigen presentation and pro-in flam m atory  

cytokine production, for example IL -ip , has been found in models to have 

neuroprotective results, w ith  abrogation o f these responses having deleterious outcomes  

(Mason, Suzuki et al. 2001; Byram, Carson et al. 2004).

The significant active contribution of neuronal, glial and CNS-resident microglial cells in 

im m une responses and regulation shakes apart the  previously held view that damaging  

im m une activity in the  brain was a product of BBB breakdow n and exposure o f  the  

delicate CNS to  the systemic im m une system. Instead a dynamic system is being revealed, 

w here  all the  d ifferent cell types of the  brain play a role in e ither excluding and 

suppressing systemic im m une cells in some circumstance, or attracting and activating  

th e m  in others. This raises the  notion tha t  inappropriate im m une activation in the  brain 

could be as much a product o f  a dysfunction of the  brain itself, than of the  im m une  

system.

6.2.5 Adaptive or Maladaptive?

This is a prime example of the  o ft-m entioned  'double-edged sword' of  

neuroinflam m ation, w hereby  in many situations and models, large amounts of dam age  

are caused by activation o f  the  im m une system following CNS insult, while at different  

tim epoints or in d ifferent models inflam m ation can be protective and its inhibition  

harmful. In further examples o f this latter protective com ponent to  neuro inflam m ation,  

mice lacking IL-1(3 that undergo dem yelination following loss o f oligodendrocytes fail to
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rem yelinate  or repopulate  o ligodendrocyte populations to  the  same extent as w ild -type  

mice (M ason, Suzuki et al. 2001). A nother p ro -in flam m atory  cytokine th a t sees p rom inent 

expression fo llow ing TBI is TN F-a , and this to o  is found to  p rom ote the  expansion of 

oligodendrocyte precursor cells as w ell as rem yelination  (A rnett, M ason et al. 2001).

Clearly the  com plexity involved in neu ro in flam m ato ry  processes rem ains to  be fully  

w orked out, w h e th e r in TBI or o th er conditions w ith  an in flam m atory  com ponent, but 

w h at is certain is th a t it is a m istake to  dismiss neuro in flam m ation  as a solely negative, 

dam aging process. Instead th e re  is a delicate balancing act in the  CNS b etw een  the need  

to  have im m une cells th a t can fight infections th a t breach the  CNS, as w ell as phagocytose  

dead and dying cells before they  dam age o th er cells around them , and th e  need for 

in flam m ation  to  be as low  as possible in the  delicate, non-regenerative  neural tissue. 

Allow ing these cells to  be inappropriate ly  activated has w ell docum ented disastrous 

results such as m ultip le  sclerosis, but preventing  im m une cells from  activating in cases o f  

infection, cell death  or toxin accum ulation can be equally deleterious.

6.2.6 Chapter Aims

The aim o f this chapter was firstly to  investigate w h e th e r th e re  was any d ifference in the  

expression levels o f several key in flam m atory  cytokines in animals given NT or CL5 siRNA 

fo llow ing TBI. Once this had resulted in th e  discovery o f a num ber o f prospective a ltered  

in flam m atory  m arkers it w e  had th e  aim to  d e te rm in e  w h e th e r in flam m ation  was playing 

a significant role in e ith er protection  or exacerbating dam age fo llow ing TBI. To 

accomplish this a num ber o f in flam m ato ry  knockout mouse lines w ere  chosen and these
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w e r e  s t u d i e d  as t o  t h e i r  r e c o v e r y  fo l lo wi ng  TBI. It w a s  h y p o t h e s i s e d  t h a t  in t h e  c a s e  t h a t  

a p p l i c a t i o n  o f  CL5 siRNA in th i s  m o d e l  o f  TBI w a s  r e s u l t i n g  in h i g h e r  n e u r o i n f l a m m a t i o n  

th i s  w o u l d  u n c o v e r  t h e  r e s u l t  o f  t h a t  th i s  i n c r e a s e  w a s  having .
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6.3 Results

6.3.1 Inflammatory Cytokine Regulation Following Treatment with siRNA

During the course of evaluating CL5 siRNA as a potential treatment for TBI, a series of RT- 

PCRs were carried out on NT and CL5 siRNA-treated TBI regions measuring the expression 

levels o f 5 inflammatory markers and growth factors. These were: CINC-1 (Figure 6.1), 

ICAM-1 (Figure 6.2), RANTES (Figure 6.3), IL-1-3 (Figure 6.4) and NGF (Figure 6.5). The aim 

of these analyses was to elucidate if there was any significant difference between 

treatm ent groups, and so begin to discover if any of these factors might contribute to the 

observed improvement or if they cause negative effects in the barrier modulated animals. 

The choice was made to carry out these investigations at the transcript level, despite the 

possibility that increases at the mRNA level would not reflect increases at the protein 

level, as RT-PCR enabled us greater throughput in order to generate more data to arrive 

at an understanding of some of the broad inflammatory changes involved in these 

cohorts of animals. In each o f these cases mRNA levels in animals given an injury and 

siRNA were compared w ith those levels in control brain regions that had not been injured 

or given siRNA.
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Figure 6.1: RT-PCR of CINC-1 transcript levels after TBI. CINC-1 mRNA increases 24 h 

fo llow ing TBI administration in both CL5 and NT animals. This level then falls significantly 

at 48 h in both groups, and observes no fu rther significant change between 48 and 72 h. 

No significant difference is observed between CL5 and NT animals a t any timepoint. All 

data is expressed as fo ld  expression compared to equivalent control brain regions from  

two uninjured, uninjected C57 mice. (*P<0.05, ***P<0.001, ANOVA with Tukey's post test. 

NTsiRNA, 24 and 48 h, n=7; NTsiRNA, 72 h, n=5; CL5 siRNA, 24 h, n=6; CL5 siRNA, 48 and

72 h, n=7. Data are means and s.e.m.)

CINC-1 transcript expression was similar in pattern between NT and CL5 siRNA-treated TBI 

regions, w ith strong increases at 24 h followed by rapid decreases at 48 h back to baseline 

levels observed in control animals (Figure 6.1). In CL5 animals the increase at 24 h was 

significantly greater than those in NT animals.
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6.2: RT-PCR of ICAM-1 transcript levels after TBI. No significant changes are

observed between timepoints or between CL5 and NT groups. All data is expressed as fo ld  

expression compared to equivalent control brain regions from  two uninjured, uninjected 

C57 mice. (P>0.05, ANOVA with Tukey's post test. NT siRNA, 24 h, n=6; NT siRNA, 48 h, 

n=7; NTsiRNA, 72 h, n=5; CL5 siRNA, 24 and 72 h, n=7; CL5 siRNA, 48 h, n=8. Data are

means and s.e.m.)

ICAM-1 mRNA levels, in contrast to CINC-1, did not exhibit any differences between any 

timepoints or treatments (Figure 6.2). One potentially notable result was that when 72 h 

CL5 measurements are compared directly to those of the uninjured, uninjected control 

brain tissue the 1.668-fold increase in expression is significant (*P<0.05, Student's t-test) 

Therefore there may be a trending increase in ICAM-1 levels.
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Figure 6.3: RT-PCR of RANTES transcript levels after TBI. No sign ificant increases occur 

between the three tim epoints in CL5 animals, whereas in NT animals a sign ificant increase 

is observed between 24 and 72 h. A ll data is expressed as fo ld  expression compared to 

equivalent contro l brain regions fro m  tw o uninjured, uninjected C57 mice. (**P<0.001, 

ANOVA w ith Tukey's post test. NT siRNA, 24 h, n=8; NT siRNA, 48 h, n=7; NT siRNA, 72 h, 

n=4; CL5 siRNA, 24 h, n=7; CL5 siRNA, 48 h, n=8; CL5 siRNA, 72 h, n=6. Data are means and

s.e.m.)

RANTES expression does not significantly d iffe r between NT and CL5 groups, however NT

animals experience a significant increase in mRNA levels between 24 and 72 h. W ith  levels

at 72 h being sim ilar -  2.163-fold in the NT group, 2.460-fold in the CL5 group -  w ith  no

significant difference between them  (Figure 6.3). Thus it appears tha t the CL5 animals

reach this higher level sooner, while  the NT animals reach this level more gradually from  a

229



lower base at 24 h. In fact over this timecourse CL5 animals experience a 2.063-fold 

increase over controls, versus a 0.8097-fold increase in NT animals.
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Figure 6.4: RT-PCR of IL-ip transcript levels after TBI. IL-1-6 mRNA levels are increased 

a fte r 24 h, fo llow ed  by a s ign ificant drop a t 48 h in both  CL5 and NT groups. The transcript 

level then remains sim ila rly low  a t 72 h. The increase in the CL5 group a t 24 h is 

sign ificantly h igher than tha t o f the NT group, b u t a fte r the reduction in expression 

observed a t 48 and 72 h there is no longer any sign ificant difference between them. A ll 

data is expressed as fo ld  expression compared to equivalent contro l brain regions fro m  

tw o uninjured, uninjected C57 mice. (*P<0.05, **P<0.001, ANOVA w ith  Tukey's post test. 

NT SiRNA, 24 h, n=8; NT siRNA, 48 h, n=7; NT si RN A, 72 h, n=5; CL5 siRNA, 24 h, n=6; CL5

siRNA, 48 h, n=8; CL5 siRNA, 72 h, n=7. Data are means and s.e.m.)
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IL -ip  shares a sim ilar expression pattern fo llow ing TBI to  CINC-1, w ith  marked increases in 

transcript levels at 24 h in both CL5 and NT groups, which then significantly fall back at 48 

-  72 h (Figure 6.4). In the case o f IL -ip  the relative increase is very large, w ith  the average 

52.991-fold expression level rise in CL5 animals far outstripp ing the 14.920-fold increase 

in NT animals.
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Figure 6.5: RT-PCR of NGF transcript levels after TBI. In NT animals a s ignificant increase

in NGF mRNA level was observed fro m  24 -  72 h, while increases between 24 and 48 h and

48 and 72 h ind ividually were no t significant. In the CL5 group a sign ificant increase was

observed fro m  2 4 - 4 8  h and fro m  48 -  72 h, as well as a sign ificant overall increase

between 24 and 72 h. No sign ificant increase is observed between NT and CL5 cohorts. A ll

data is expressed as fo ld  expression compared to equivalent contro l brain regions fro m

two uninjured, uninjected C57 mice. (*P<0.05, **P<0.01, * * *  P<0.001, ANOVA w ith

Tukey's post test. NT siRNA, 24 h, n -8 ; NT siRNA, 48 h, n=7; NT siRNA, 72 h, n=5; CL5

siRNA, 24 h, n=6; CL5 siRNA, 48 h, n=8; CL5 siRNA, 72 h, n=7. Data are means and s.e.m.)
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NGF stands out from  the  o th er factors assayed in this series o f experim ents as it is a 

protective grow th fac to r and lies dow nstream  o f in flam m atory  events, ra ther than being  

directly involved in in flam m atory  event by attracting, translocating or activating im m une  

cells. NGF was observed to  uniform ly increase at each tim ep o in t in both NT and CL5 

groups, w ith  both o f these to ta l increases being significant. There w ere  subtle differences  

in th e  p attern  o f these increases how ever, w ith  CL5 experiencing significant increases at 

both 24 -  48  h, and 48  -  72 h. This was due to  NGF undergoing a g reater overall increase 

in CL5 anim als equal to  1 .035-fo ld  the  level in control anim als' brains, versus an increase 

of 0 .6489 -fo ld  in the  NT group {Figure 6.5). H ow ever no significant d ifference was 

observed b etw een  NT and CL5 cohorts.

6.3.2 Cytokine Proteome Array

The prelim inary study using RT-PCR to  elucidate the  expression levels o f certain cytokines  

had revealed significant differences betw een  anim als given NT and CL5 siRNA follow ing  

TBI. This was then  extended to  assay a much w id er group o f cytokines by m eans o f  

cytokine p ro teom e arrays. In this experim ent a small piece o f m em brane, in which  

antibodies against 40  d iffe ren t cytokines are em bedded, was exposed to  whole-tissue  

protein  from  a series o f TBI tim epo in ts  and siRNA trea tm en ts . A tab le  outlin ing the  

position o f each duplicate o f antibodies targeting  cytokines is provided in Table 6.1.
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1 2  3 4  5 6 7 8  9 10 11 12

A 
B 
C 
D 
E 
F

Location Target Location Target
A1 Positive Control C8 IL-12p70
A2 Blank C9 IL-16
A3 Blank CIO IL-17
A4 Blank C l l IL-23
A5 Blank C12 IL-27
A6 Blank D1 IP-IO/CXCLIO
A7 Blank D2 l-TAC/CXCLll
A8 Blank D3 KC
A9 Blank D4 M-CSF
AlO Blank D5 JE/MCP-1/CCL2
A l l Blank D6 MCP-5/CCL12
A12 Positive Control D7 MIG/CXCL9
B1 8LC/8CA-1/CXCL13 D8 MIP-1 a/CCL3
82 C5a D9 MIP-1 3/CCL4
83 G-CSF DIO MIP-2
84 GM-CSF D l l RANTES/CCL5
85 l-309/CCLl D12 SDF-1/CXCL12
86 Eotaxin/CCLll E l TARC/CCL17
87 ICAM-1 E2 TIMP-1
88 IFN-v E3 TNF-a
89 IL -la E4 TREM-1
810 IL-ip E5 Blank
811 IL-lra E6 Blank
812 IL-2 E7 Blank
C l IL-3 E8 Blank
C2 IL-4 E9 Blank
C3 IL-5 ElO Blank
C4 IL-6 E l l Blank
C5 IL-7 E12 Blank
C6 IL-10 F I Positive Control
C7 IL-13

Table 6.1: Position and target of each pair of antibodies. Each antibody targeting a

cytoking is present as a duplicate of two dots. Staining shown is purely an example.
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The comparison o f cytokine protein expression in the TBI region o f a C57 mouse 24 h 

a fte r injury, and the same brain region in an uninjured C57 is shown in Figure 6.6.

Uninjured

24 hrs post TBI

•  •

•  • •  •
•  •

•  •
•  •

Uninjured
Injured

Figure 6.6: Cytokine proteome array of uninjured and injured brain tissue. Cytokine 

proteom e array was generated fro m  the in jured region o f a C57 mouse 24 h a fte r TBI, and 

fro m  the equivalent brain region fro m  an uninjured animal. Profiling identified  the 

fo llo w in g  proteins upregulated a t the in ju ry  site, 1: C5a; 2: Timp-1; 3: KC; 4: G-CSF; 5: 

Trem-1; 6: JE; 7: MCP-5; 8: M ip l-a ; 9: IL-16; 10: M ip-2 (cytokine proteom e array image a t 

top). Q uantification o f the expression levels was perform ed by measuring pixel intensity  

(graph above; A.U = a rb itra ry  units o f relative pixel intensity.)
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As can be seen in Figure 6 .6  (top) there  w ere  at least 10 cytokines on the  p ro teom e array 

that appear noticeably d ifferent. Because these arrays w ere  carried out on protein 

extracted from single mice no statistical analysis could be perform ed, how ever pixel 

intensity from these 10 noticeably altered cytokines are also shown in Figure 6.6  

(bottom ).

Following this a series of cytokine p ro teom e arrays w ere  carried out at a range of 

t im epoints  following TBI and NT or CL5 siRNA delivery. Findings from  the  24 h t im epoint  

are illustrated in Figure 6.7.
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Figure 6.7: Cytokine proteome array of NT and CL5 brain tissue 24 h after TBI. IP-10 

(arrow) was increased approximately 60% in the region 24 h post-CL5 siRNA compared 

with NT siRNA. Levels o f MCP-5 and slCAM-1 were also increased by approximately 30% 

(cytokine proteome array image at top). Quantification o f the expression levels was 

performed by measuring pixel intensity (graph above; A.U = arbitrary units o f relative pixel

intensity.)

In the first tim epoint comparing CL5 and NT siRNA-treated TBI regions we see fewer 

differences than between injured and uninjured animals, but nonetheless a number of
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factors tha t  w ere  identified in Figure 6 .6  appear to be differentially regulated in Figure 

6.7. M ost notably o f  these MCP-5 is upregulated by approxim ately  30% in the CL5 sample, 

as well as slight increases of T im p-1 and JE, and marginal decreases in M ip -2 , TREM-1 and 

G-CSF. These latter, lesser observed differences in pixel intensity are too close betw een  

CL5 and NT animals to  be able to hypothesise tha t  a real difference would exist if animal 

numbers w ere  higher. Two new  factors, that did not dem onstrate  expression level 

differences betw een  injured and uninjured animals, are markedly different in Figure 6.7. 

One o f  these, slCAM-1 is a soluble version o f  ICAM-1, assayed by RT-PCR in Figure 6.2, 

which did not show clear differences betw een  groups. Finally, the  strongest observed  

difference betw een  the  CL5 and NT TBI in this experim ent was the  greatly increased 

expression level of IP-10 (CXCL-10).

This increased IP-10 expression persisted at 48 h, although the  relative increase in the  CL5 

sample over NT decreased at this t im epoin t (Figure 6.8) com pared to  24 h (Figure 6.7).
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Figure 6.8: Cytokine proteome array of NT and CL5 brain tissue 48 h after TBI. IP-10 

(a rrow  in cytokine proteom e array image a t top), JE, MCP-5, and slCAM-1 were a ll h igher 

in CL5 siRNA-injected mice a t 48 h. Timp-1, C5a, and M-CSF were also increased to a lesser 

degree. Q uantification o f the expression levels was perform ed by measuring p ixe l intensity

(graph above; A.U = a rb itra ry  units o f relative pixel intensity.)

At this timepoint the marginal increases in levels of Mip-2, Trem-1, and G-CSF observed in 

the NT animal at 24 h (Figure 6.7) had disappeared. All other differences in cytokine levels 

at 24 h persisted to 48 h however, with those of JE becoming greater in relative terms in
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the CL5 sample and Timp-1, MCP-5, and slCAM-1 remaining approximately equal in 

comparative terms to levels observed in the CL5 and NT mice at 24 h. Differences in two 

new factors appeared at this timepoint. C5a had been found to be expressed at a higher 

level in the injured brain compared to an uninjured one (Figure 6.6), and at 48 h post

injury the level of this factor was measured to be higher in the CL5 siRNA-treated TBI than 

the NT TBI (Figure 6.8), although to a lesser degree than in injured versus uninjured. The 

other differentially regulated cytokine was M-CSF, a macrophage- and microglia- 

proliferating factor (Smith, Gibbons et al. 2013), which had not been reported to vary in 

any o f the previously mentioned cytokine proteome arrays. M-CSF was slightly increased 

in the CL5 sample relative to NT (Figure 6.8).

At 72 h many of the observed differences in expression had disappeared (Figure 6.9).
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Figure 6.9: Cytokine proteome array of NT and CL5 brain tissue 72 h after TBI. C5a and

KC levels are observed to be m arg inally h igher in the CL5 anim al a t 72 h, while the 

difference in JE expression is noticeably greater, w ith  the CL5 anim al also showing  

increased expression relative to NT. No difference in IP-10 expression level is observable a t 

this tim epoin t (a rrow  cytokine proteom e array image a t top). Q uantification o f the 

expression levels was perform ed by measuring pixel in tensity (graph above; A.U = 

arb itra ry  units o f  re lative pixel intensity.)

NT SiRNA 

CL5 SiRNA

At this timepoint the difference observed at 48 h in C5a expression (Figure 6.8)) persisted, 

with CL5 siRNA resulting in higher expression than NT siRNA, as did the increase in JE 

protein levels, although to a lesser extent (Figure 6.9). The cytokine KC appeared to be at
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a higher expression level in the CL5 mouse at 72 h, which had not been observed at 24 or 

48 h (Figure 6.7, Figure 6.8). This difference is marginal however, and as in the case of 

M ip-2, Trem-1 and G-CSF at 24 h (Figure 6.7) may likely fall within the margin of error or 

sample to sample variation. Notably, the marked increase of IP-10 that was strikingly 

observed at 24 h, and to a slightly reduced degree at 48 h, is completely absent at 72 h 

(Figure 6.9).

6.3.3 Taqman Assay for IP-10 Expression

In the cytokine proteome arrays there were a series of cytokines that were observed to 

be differentially regulated in the mouse given CL5 siRNA following TBI versus NT siRNA. 

Out of these IP-10 stood out as being the most markedly increased factor (Figure 6.7), 

arrow). Together with the failure to observe any difference in the expression in IP-10 

between uninjured and injured brains (Figure 6.6), it was decided to look further into the 

expression pattern of IP-10 by carrying out Taqman reverse transcription assay on the 24 

and 48 h timepoints (Figure 6.10).
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Figure 6.10: Taqman assay of IP-10 transcript levels in TBI regions. IP-10 mRNA is 

sign ificantly upregulated in CL5 animals compared to NT animals. This m arkedly h igher IP- 

10 levels fe l l s ign ificantly to match tha t those in NT mice a t 48 h. A ll data is expressed as 

fo ld  expression compared to equivalent contro l brain regions fro m  tw o uninjured, 

uninjected C57 mice. (*P<0.05, **P<0.01, ANOVA w ith Tukey's post test. NT siRNA, 24 h, 

n=8; NT siRNA, 48 h, n=7; CL5 siRNA, 24 and 48 h, n=8. Data are means and s.e.m.)

These tim epoin ts were chosen to  match the tim epoin ts at which IP-10 protein levels 

appeared to  be increased (Figure 6.7, Figure 6.8). IP*10 transcrip t levels were found to  be 

significantly higher in CL5 animals compared to  NT animals at 24 h [Figure 6.10), which 

corresponds to  the increased protein levels previously observed. At 48 h the transcrip t 

level had fallen back in CL5 animals to  closely match tha t o f NT animals, in contrast to
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protein levels, which w ere  still observed to  be higher in the  CL5 TBI (Figure 6.8). H ow ever 

a delay betw een  decreased mRNA levels and corresponding changes in protein  levels is a 

com m on occurrence, due to  the  inherent lag b e tw een  protein  production and its 

degradation. Therefore  these data provide statistical significance to  th e re  being increased 

IP-10 expression in the  TBI region at early tim epoin ts  -  up to  24 h at the  transcript level 

and 48 h at the protein  level -  fo llow ing tre a tm e n t w ith  CL5 siRNA, and hypothetically  

support the  o th er findings o f th e  cytokine p ro teom e arrays.

6.3.4 Traumatic Brain Injury in Caspase-1 Knockout

A fter a num ber o f significant findings o f d iffe rentia lly  regulated cytokine and growth  

factor regulation follow ing TBI and CL5 siRNA, m ost o f which w ere  increases in 

expression, it was still not known how these changes im pact on TBI tre a tm e n t w ith  CL5 

siRNA. N euro in flam m ation  could result in CNS dam age a fte r TBI, in which case the  

increases observed are deleterious but insufficient to  counteract the  net positive effect o f 

CL5 siRNA. A lternative ly  they  m ay have a positive benefit in th e  context o f this m odel and 

they contribute to  the  observed im provem ent in anim als fo llow ing tre a tm e n t. A final 

possibility is th a t neuro in flam m ato ry  events have a com plex role to  play fo llow ing the  TBI 

model em ployed here, w ith  som e factors causing dam age w hile  others are protective and 

prom ote repair, w ith o u t a significant overall e ffec t on th e  particu lar outcom e measures  

em ployed in the  study on TBI oedem a reduction (lesion volum e: Figure 5.7; cognitive  

im provem ent: Figure 5 .14  and Figure 5 .15).
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In order to  understand the  broad effects o f in flam m atory  activation follow ing TBI m urine  

knockouts o f key in flam m atory  com ponents w e re  used. These knockout animals w ould be 

unable to  activate certain in flam m atory  pathways, which w ould result in large scale 

dow nstream  effects, such as failure to  produce im m une m atu ra tio n , pro liferation  and 

activation factors, and failure to  a ttrac t im m une cells to  the  injured region. Thus if these  

animals dem onstrated  im proved or im paired recovery follow ing TBI, m easured by the  

sam e outcom e measures o f lesion volum e and perform ance used fo r CL5 suppression, 

then it could be concluded th a t neuro in flam m ation  is deleterious or beneficial in the  

context o f this m odel o f TBI.

The first knockout m odel chosen was the  Caspase-1  ̂ mouse. Because Caspase-1 is a core  

com ponent o f all in flam m asom es and is involved in the  activation o f m any in flam m ato ry  

responses, anim als lacking the  enzym e should exhibit large scale in flam m atory  

deficiencies. M atch ing  the  hypothesis th a t this w ould have an e ffec t a fte r TBI, the  

knockouts exhibited very large differences in th e ir lesion sizes com pared w ith  Balb/c  

control mice (Figure 6.11).  Despite not being the  background strain for Caspase-1 

knockout anim als, Balb/c controls w ere  chosen fo r this study in o rd er to  enab le  blind 

assessment o f th e ir  recovery, particularly in physiological and m em o ry  assays, as Caspase- 

1' '̂ m ice are w h ite  in colour.
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Figure 6.11: Quantification of total TBI lesion size in Caspase-1'^' mice and Balb/c

controls. Volumetric analyses o f oedematous regions were carried out from  T2-weighted 

MRI images using an automatic MIPAV tool, while being blind to the treatment groups. 

Significant differences were found between lesion absolute lesion sizes in the two groups 

at 24 and 48 h. (*P<0.05, Student's t-test. Balb/c controls, 24, 48 and 72 h, n=5; Caspase-

T^', 24 and 48 h, n=7; Caspase-1'^', 72 h, n=6. Data are mean ± s.e.m.)

The volume of TBIs in Caspase-1 animals were so great (Figure 6.11) that remaining 

blind to  treatm ent groups when measuring their extent was nearly impossible. This 

increased size was significant at 24 and 48 h, although at 72 h no significance was 

observed. This change at 72 h was due to an increased rate of lesion shrinkage in 

Caspase-1^ mice.
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In this chapter, in contrast to  C hapter 5 (eg. Figure 5.7),  these studies on TBI lesion 

volum e do not use each anim al's volum e as its own control. This is because w e are no 

longer purely assessing TBI outcom e, but instead the absolute values fo r lesion volum e  

are o f in terest as they  m ay d iffer b etw een  m ice o f d iffe rent genetics backgrounds from  

th e  offset. This was hypothesised to  be unlikely in the  case o f s iR NA -treated anim als used 

previously due to  th e ir identical genetic background and evidence th a t th e  barrier- 

m odulating  e ffect o f CL5 siRNA is strongest at tim epo in ts  la ter than 24 h (Cam pbell, Kiang 

e t al. 2008; Cam pbell, Nguyen e t al. 2009).

Because o f the  disappearance o f this significant size d ifference it was not clear if longer 

te rm  outcom e measures w ould dem onstrate  sustained deleterious effects o f Caspase-1 

absence. It was possible th a t acutely increased oedem a volum e could hypothetically  be 

replaced by im proved recovery in the  m edium  and long te rm , and so assays fo r later 

physiological recovery w ere  undertaken, starting w ith  NSS (Figure 6.12).
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Figure 6.12: NSS results for Caspase-1'^' mice and Balb/c controls after TBI. Significaritly  

im paired NSS perform ance was observed in Caspase-T''' animals compared w ith  Balb/c 

controls fro m  24 h up to 1 week post-injury. NSS tests were carried out b lind to trea tm ent 

group throughout the tim epoints to prevent bias. (*P<0.05 a t 24 h, **P<0.01 a t 48 h -  1 

week; Student's t-test. Balb/c controls, n=5; Caspase-T''', 4 - 4 8  h , n=7; Caspase-T''', 72 h

and 1 week, n=6. Data are mean ± s.e.m.)

NSS results shown above (Figure 6.12) support the previous finding o f worse outcom e 

fo llow ing TBI in Caspase-1^ animals (Figure 6.11). In this test o f m otor and behavioural 

responses Caspase-1'^' mice dem onstrated impaired perform ance from  24 h up to  the  end 

o f the assay at 1 week post-injury. This appeared to  indicate tha t the in itia lly  far worse 

oedema volumes in knockout animals were sufficient to  cause sustained im pairm ents up 

to  at least 1 week fo llow ing TBI, despite an increased rate o f recovery o f this TBI
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characteristic in comparison w ith Balb/c controls. This was further backed up by deaths in 

the Caspase-1  ̂ group, which lost 3 out of 7 animals during the course o f the 23 days in 

which they were studied, during which no Balb/c control mice died.

A further test of recovery following TBI that was used on these cohorts of animals was the 

T-maze test of short-term memory (Figure 5.15). In this test uninjured animals were used 

in order to ensure that there were no significant differences in the performances of 

healthy Caspase-1  ̂ and wild-type Balb/c mice (Figure 6.13).
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Figure 6.13: T-maze results for Caspase-l'^' mice and Balb/c controls after TBI. T-maze 

test was administered over the course o f one week, three weeks fo llow ing TBI 

administration. (***P<0.001, Student's t-test. Uninjured Balb/c, n=3; Uninjured Caspase-1 

n=3; Injured Balb/c, n=5; Injured Caspase-T^', n=5. Data are mean ± s.e.m.)
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As can be seen in Figure 6 .13 , Caspase-1'^' mice th ree  weeks a fte r TBI perform  

significantly worse on T-m aze than Balb/c mice w ith  TBI. In fact, w ith  an a lternation  rate  

o f 52.588% , mice lacking Caspase-1 are barely above the  random  a lternation  rate  o f 50%  

th a t would indicate com plete lack o f short te rm  special m em ory. H ow ever, the  uninjured  

control and knockout mice perform ed noticeably and significantly d ifferently , w ith  control 

Balb/c anim als a lternating  at a rate  16.333%  higher than th e  C aspase-l’*̂ group, which  

was alm ost identical to  the  d ifference observed b etw een  injured cohorts o f 17.412% .

This result means th a t th e  Balb/c control was the  incorrect strain to  use as a control for 

Caspase-1 animals. This invalidates the  findings gathered in these experim ents (Figure 

6 .11 , Figure 6 .12, Figure 6 .13), and th e  coat colour d ifference betw een  Caspase-1 

knockout animals and th e ir original C57 background strain makes th e  strain as a whole  

unreliable fo r this analysis.

6.3.5 Traumatic Brain Injury in IL-IR Knocl<out

From here on th e  only strains selected fo r use in these assays in in flam m atory  

involvem ent in TBI recovery w ere  knockout models on C57 background strains, w ith  the  

characteristic dark brown coat colour o f w ild -type  C57 mice. This ensured th a t controls  

betw een all groups w ere  from  th e  sam e strain, m aking com parisons b etw een  the  

perform ance o f d iffe rent knockouts o f in flam m atory  com ponents in re lation to  w ild -type  

C57 animals possible.

The first o f these to  be investigated was IL -IR , the  receptor fo r IL - la  and IL-1(3 (Figure 

6.14).
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Figure 6.14: Quantification of total TBI lesion size in IL-1R‘ '̂ mice and C57 controls.

Volumetric analyses o f oedematous regions were carried out from  T2-weighted MRI 

images using an automatic MIPAV tool, while being blind to the treatment groups. No 

significant differences in lesion size were observed a t any timepoint. (P>0.05, Student's t- 

test. C57 controls, 24, 48 and 72 h, n=7; IL-IR'^', 24 and 48 h, n=5; IL-IR ̂ , 72 h, n=4. Data

are mean ± s.e.m.)

In this investigation o f TBI volume in T2-weighted MRI, there was no significant difference 

between IL-IR  ̂ and wild-type C57 mice between 24 and 72 h (Figure 6.14). A slight trend 

towards a slower decrease in lesion volume in knockout animals was noticeable at 72 h, 

but when they were calculated, the relative sizes compared w ith volume at 24 h (84.147% 

in wild-type versus 89.852% in IL-IR '̂ ) were not significant, w ith a p value of 0.33.
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In NSS tests a significant difference in performance did emerge between the two cohorts 

o f animals (Figure 6.15).
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IL-1R

p=0.0663
CO 4 -

Figure 6.15: NSS results for IL-1R' ‘̂ mice and C57 controls after TBI. Significantly impaired 

NSS performance was observed in IL-IR'^ animals compared with C57 controls 72 h after 

TBI. Worse performance in IL-IR'^' mice a t 1 week after injury closely approached 

significance, at p=0.0663. NSS tests were carried out blind to treatm ent group throughout 

the timepoints to prevent bias. (*P<0.05; Student's t-test. C57 controls, n=7; IL-IR'^', 24 h, 

n=5; IL-IR'^', 48 h - 1  week, n=4. Data are mean ± s.e.m.)

Despite not having observed significant variations IL-IR'^ in oedema volume (Figure 6.14), 

these animals failed an average of 1.5 o f the 10 NSS tests at 72 h (Figure 6.15). This 

difference narrowed slightly at 1 week after injury, w ith the result being on the border of 

statistical significance at p=0.0663.
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6.3.6 Traumatic Brain Injury in IL-18 Knockout

IL-18 knockout animals were also assayed fo r the same outcome measures as fo r IL -IR ' 

mice; firs tly  fo r differences in oedema volume fo llow ing TBI (Figure 6.16).
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Figure 6.16: Quantification of total TBI lesion size in IL-18' '̂ mice and C57 controls.

Volum etric analyses o f oedematous regions were carried out fro m  T2-weighted MRI 

images using an autom atic  MIPAV tool, while being b lind to the trea tm ent groups. Data 

illustra ted  here is pooled fro m  two separate cohorts oflL-18'^' and w ild-type C57 animals.

No s ign ificant differences in lesion size were observed a t any tim epoint. Lower TBI 

volumes in IL-18 ''' a t 24 h closely approached significance, however, a t p=0.0636. (P>0.05, 

Student's t-test. C57 controls, 24, 48 and 72 h, n = l l ;  IL-18'^\ 24 and 72 h, n = l l ;  IL-18'^, 48

h, n=10. Data are mean ± s.e.m.)
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To generate the  data shown in Figure 6 .16  tw o  separate volum etric analyses w ere  carried 

out. This was done in order to increase animal numbers after the  first MRI study on this 

knockout, provided a tentative  indication tha t  lesion sizes w e re  reduced in the  absence of 

IL-18. As can be seen in Figure 6 .16  this remained the  case after the  addition of the  

second cohort of animals, w ith  borderline significance occurring at 24 h (P=0.0636) but a 

lack of firm statistical clarity at any t im epo in t  due to  high TBI volum e variation in both 

groups. The initially smaller TBIs in IL-18'^ animals did appear to shrink slower than those  

in wild-type C57 mice, reaching 78 .276%  and 83 .277%  respectively at 72 h com pared to 

the ir  24 h volumes. This effect was also not statistically significant however, w ith  a p- 

value of 0 .1383.

NSS was carried out on one of the  tw o  cohorts of IL-18 knockout and w ild-type animals, 

with results being shown in Figure 6.17.
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Figure 6.17: NSS results for IL-18'^' mice and C57 controls a fter TBI. No significant 

differences in the number o f NSS tests fa iled  were observed a t any timepoint. NSS tests 

were carried out blind to treatm ent group throughout the timepoints to prevent bias. 

(P>0.05; Student's t-test. C57 controls, n=5; IL-IS^', n=5. Data ore mean ±  s.e.m.)

As can be seen, during the NSS tests carried out IL-18  ̂ animals consistently recorded a 

greater num ber of failures (Figure 6.17), however these higher NSS scores were well 

within the margin of error and no significant differences were observed at any of the 

timepoints assayed.
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6.3.7 Traumatic Brain Injury in NLRP3 Knocl<out

NLRP3 is a core component o f the NLRP3 inflammasome, a major function of which is to 

detect and respond to DAMPs such as ATP, uric acid crystals, (3-amyloid plaques and islet 

amyloid polypeptide (lAPP). As such the absence of this protein would be expected to 

have a noticeable effect on TBI recovery if the inflammasome were to play a role in this 

process. The results of the first assay for this potential effect are shown in Figure 6.18.
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Figure 6.18: Quantification of total TBI lesion size in NLRP3‘̂ ‘ mice and C57 controls.

Volumetric analyses o f oedematous regions were carried out from  T2-weighted MR! 

images using an automatic MIPAV tool, while being blind to the treatment groups. Data 

illustrated here is pooled from  two separate cohorts o f iL-lS^' and wild-type C57 animals. 

No significant differences in lesion size were observed a t any timepoint. (P>0.05, Student's 

t-test. C57 controls, 24 h, n=12; C57 controls, 48 and 72 h, n=15; NLRP3'^', 24 h, n=18; 

NLRP3'^', 48 and 72 h, n=17. Data are mean ± s.e.m.)
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Volumetric analysis of these two experimental cohorts o f animals, however, 

demonstrated no significant differences between NLRP3  ̂ and wild-type animals, and 

despite high n-numbers, average lesion sizes were very close between the strains (Figure 

6.18).

Further tests were undertaken on one o f the cohorts of NLRP3  ̂ and wild-type mice, w ith 

NSS results being displayed in Figure 6.19.
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Figure 6.19: NSS results for NLRP3' '̂ mice and CS7 controls after TBI. Significantly 

impaired NSS performance was observed in NLRP3 ~̂ animals compared with C57 controls 

8 h post-injury. NSS tests were carried out blind to treatment group throughout the 

timepoints to prevent bias. (**P<0.01; Student's t-test. C57controls, n=5; NLRP3'^\ 1 - 8  h, 

n=8; NLRP3'^', 24 -  72 h, n=7. Data are mean ± s.e.m.)

As in the case o f IL-18'^ [Figure 6.17), NLRP3  ̂ animals recorded higher numbers o f failed 

NSS tests, however in this case there was one timepoint, 8 h post-injury, at which a
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marked and significant difference from wild-type animals was observed (Figure 6.19). 

Interestingly, this is highly reminiscent of the improved NSS scores o f animals given CL5 

siRNA at 8 h compared with NT animals (Figure 5.14).

It was decided to extend the testing of this cohort of animals to include a T-maze test 

three weeks after injury (Figure 6.20).
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Figure 6.20: T-maze results for NLRP3' '̂ mice and C57 controls after TBI. T-maze test was 

administered over the course o f one week, three weeks fo llow ing TBI administration. No 

significant difference in alternation rates was observed. (P>0.05, Student's t-test. C57 

controls, n=2; NLRP3'^~, n=6. Data are mean ± s.e.m.)

There was a cluster of three NLRP3  ̂ animals that demonstrated alternation rates o f close 

to 50% over the week's testing, however, w ith the other three individuals performing at
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or higher than the level observed in wild-type controls there was no significant 

impairment present in the group as a whole.

Overall results in NLRP3^ animals are tentative, and do not appear to demonstrate a 

strong role for the NLRP3 inflammasome -  the primary inflammasome believed to be 

involved in sterile inflammatory events -  in TBI recovery.

6.3.8 Traumatic Brain Injury in ASC Knockout

The final inflammatory factor assayed was the inflammasome scaffolding protein ASC. 

This protein is similar to NLRP3 in so far as w ithout it the inflammasome cannot assemble 

into the large, multi-protein complex which can then cleave caspase-1. The difference, 

however, is that ASC performs this function for a number of inflammasomes. To date the 

inflammasomes that are reported to be reliant on ASC are: NLRPl, NLRP3, A IM 2, and 

possibly IPAF.

As in the case of the other inflammatory proteins studied in this way, the first step was to 

measure volumetric changes in TBI oedema by T2-weighted MRI (Figure 6.21).
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Figure 6.21: Quantification of total TBI lesion size in ASC' '̂ mice and C57 controls.

Volum etric analyses o f  oedem atous regions w ere carried  out fro m  T2 -w e igh ted  M R I 

im ages using on au to m atic  M IP A V  tool, while being blind to the tre a tm e n t groups. No 

s ignificant differences in lesion size w ere observed a t  any tim epoint. (P>0.05, Student's t- 

test. C57 controls, n=10; ASC^, n=9. D a ta  are m ean ±  s.e.m .)

As is reported in Figure 6 .1 8  for NLRP3 animals the re  w ere  no statistically significant 

differences reported betw een  ASC^ and wild-type mice in respect to  total TBI lesion 

volum e (Figure 6 .21).

W h en  the  change in lesion volum e over t im e, i.e. com pared with  the 24 h volume, is 

isolated and analysed independently  then you do observe a significantly impaired rate of  

recovery in the  ASC knockout animals (Figure 6 .22).
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Figure 6.22: Traumatic brain injury volume over time in wild-type (C57) and ASC' '̂ mice.

Lesions in wild-type mice shrunl< significantly faster a t both 48 and 72 h, compared with 

their size a t 24 h. (**P<0.01, Student's t-test. C57 controls, n=10; ASC', n=9. Data are

mean ± s.e.m.)

As can be seen in Figure 6.22 the marked difference between knockout and wild-type 

animals emerged when the data was reanalysed to focus on change in volume over time, 

rather than absolute lesion size.

In order to discover if this or another effect o f ASC absence effected an impact on the 

physiological and behavioural recovery of mice, NSS testing was carried out from the 24 h 

tim epoint up to 1 week (Figure 6.23).
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Figure 6.23: NSS results for ASC' '̂ mice and C57 controls after TBI. Significantly im paired  

NSS perform ance was observed in ASC^ animals compared w ith C57 controls a t 72 h post

in ju ry and remained present a t 1 week. NSS tests were carried ou t b lind to treatm ent 

group throughout the tim epoints to prevent bias. (*P<0.05; Student's t-test. C57 controls, 

24 -  72 h, n -10 ; C57 controls, 1 week, n=5; ASC^, 24 -  72 h, n=10; ASC^, 1 week, n=6.

Data are mean ± s.e.m.)

NSS showed deficient recovery in ASC  ̂ animals, particularly a fter 48 h post-TBI. In fact 

from  48 h onward average NSS scores in the ASC'^' group only improved from  5.1 to  4.6, 

while during the same period w ild-type mice had progressed from  failing an average o f 

3.9 tests at 48 h to  only 1.4 at 1 week fo llow ing in jury (Figure 6.23).

None o f the o ther in flam m atory factors assayed in the  course o f these experiments had

dem onstrated an effect on the rate o f TBI shrinkage, and o the r effects were lim ited to
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borderline  significant or single tim ep o in t differences in NSS. There fore  the  clear, 

unam biguous results illustrated here provide a com pelling case for a role fo r ASC in 

recovery from  TBI.

6.4 Discussion

In th e  previous chapter, Chapter 5, the  successful im provem ent in outcom e in mice w ith  

cold-induced TBIs was dem onstrated . Following on from  this a small set o f experim ents  

was planned to  ascertain w h e th e r the  expression levels o f a num ber o f p rom inent 

cytokines w ere  a ltered  fo llow ing delivery o f CL5 or NT siRNA to  TBIs in w ild -typ e  C57 

mice.

The m ost notable differences betw een  these tre a tm e n t groups occur in IL -ip  (Figure 6.4)  

and NGF (Figure 6.5)  expression. IL-1[3 was th e  only cytokine to  be expressed at a 

significantly higher level in one group com pared w ith  the  o ther, w ith  this occurring at 24  

h in CLS-suppressed animals. IL -ip  is produced in microglia and astrocytes follow ing  

dam age to  the  brain (Pearson, Rothwell et al. 1999), and th e  pro te in  is an excellent 

exam ple o f an in flam m atory  m olecule th a t dem onstrates th e  o ften  confusing duality  o f  

in flam m ation  in TBI. This is observed in in vivo studies th a t have found im provem ents in 

the  outcom e o f anim als w ith  TBI fo llow ing IL -ip  neutralisation (Clausen, Hanell et al. 

2011) and also by its overexpression (Lu, W u e t al. 2007).

One interesting w ay in which IL-1|3 could have a beneficial e ffec t in the  cold-induced  

m odel o f TBI in this study, if it does, is through AQP-4. AQP-4 is a w a te r transport
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expressed on glial cell membranes, particularly where they come into direct contact with 

blood vessels or brain meninges (Nielsen, Nagelhus et al. 1997). The highly polarized 

expression pattern of this transport protein means that it is positioned to regulate water 

flow between the brain and the blood and CSF. IL-ip leads to increased AQ-4 expression 

(Laird, Sukumari-Ramesh et al. 2010), and AQ-4 expression has been reported to be 

beneficial in cases o f vasogenic oedema (Papadopoulos and Verkman 2007) -  the 

predominant form of oedema in the cold-induced model o f TBI. Another study reported 

that when sulforaphane was given to animals that had been administered TBI, the 

compound led to  an increase in AQ-4 expression and a subsequent reduction in water 

content at the site of injury (Zhao, Moore et al. 2005). If IL-ip had a similar effect to the 

sulforaphane this could be highly relevant to the reduction in lesion volume and the 

improvement in neurological function observed, especially as IL-ip is expressed 

extremely early and highly following TBI.

The observation o f higher IL-ip in TBI regions at 24 h in CL5 animals (Figure 6.4), is 

evidence of a further early effect o f CL5 siRNA, before it is expected to have modulated 

the BBB for a significant period of time. This data is in addition to the previously 

illustrated finding that CL5 siRNA-treated mice exhibited improved NSS performance as 

little as 8 h after TBI and siRNA (Figure 5.14). These early effects could be independent of 

barrier modulation and instead could be due simply to  the presence of the siRNA, and 

that the CL5 siRNA simply had a larger effect than NT siRNA in the case of certain factors. 

One issue with respect to this is that control animals that were given neither injuries nor 

siRNA were used to measure baseline expression levels o f these factors in the brain. 

Animals given CL5 siRNA or NT siRNA in the absence of TBI would arguably have
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controlled b e tte r for th e  effect on cytokine levels o f CL5 siRNA in conjunction w ith  TBI. 

How ever, it was fe lt th a t as it was th e  use o f CL5 siRNA as a tre a tm e n t fo r TBI th a t was 

being investigated, and a fte r observing a to ta l lack o f IFN -a  expression or TLR activation in 

response to  the  siRNA (Figure 3.11  and Figure 3.12),  it was fe lt th a t animals given NT 

siRNA and TBI, as w ell as animals lacking any trea tm en t, w ere  appropriate  controls. As 

was discussed in the  previous chapter, perm eab ility  to  low m olecular w eight com pounds  

was already observed at 24 h (Figure 3.8).  For a m olecule as small as w a te r (18 Da) even  

m arginal decreases in CL5 protein  concentration at very early tim epoin ts  are likely to  

have a large e ffec t, and this hypothesis is supported by the  observed decreased in TBI 

region w a te r content in CL5 anim als (Figure 5.8).  There fore  a d irect relationship b e tw een  

the  BBB m odulating effects o f the  CL5 siRNA and th e  altered cytokine levels observed in 

these experim ents is possible. Also, due to  the  a fo rem entioned  m icroarray data fo r CL5 

siRNA, as w ell as histopathological screening th a t did not observe any in flam m atory  

responses, CL5 siRNA is not believed to  activate  such a response by itself (Cam pbell, 

Nguyen et al. 2009; Cam pbell, Hanrahan et al. 2012).

The increase in NGF expression in CL5 anim als is sharper than th a t observed in NT 

animals, dem onstrating  a 1 .035-fo ld  increase in th e  injured region, versus an increase o f  

0 .6489 -fo ld  b etw een  24 and 72 h, a lthough differences betw een  the  groups do not reach 

significance (Figure 6.5). IL -ip  stim ulates the  release o f NGF by astrocytes (Juric and 

Carm an-Krzan 2001), and th e re fo re  the  observed increase in the  level o f IL -ip  (Figure 6.4)  

could explain th e  g reater rate  o f increase in NGF. A presence o f higher quantities o f NGF 

w ould have positive im plications fo r neuronal survival fo llow ing TBI, w ith  th e  grow th  

fac to r having been reported  to  display positive effects in a num ber o f models o f brain
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injury (Tanaka, Tsukahara et al. 1994; Zhou, Chen e t al. 2003; Saito, Narasim han et al. 

2004). Interestingly IL -ip  and NGF have been observed to  act synergistically to  decrease  

neuronal cell death (Strijbos and Rothw ell 1995). H ow ever, as m entioned  th e  d ifference  

in th e  rate  o f change o f NGF b etw een  NT and CL5 anim als is not significant, and overall 

th e re  is no significant d ifference betw een  th e  groups w ith  respect to  NGF expression.

It is not clear w h e th e r higher IL-13 expression is positive or negative w ith  respect to  

outcom e fo llow ing TBI. It is possible th a t neurons did undergo an increased level of 

dam age due to  higher !L-1(3 expression in particu lar in mice given CL5 siRNA, but th a t  

decreases in cerebral oedem a (Figure 5 .7  and Figure 5.8)  w ere  sufficient to  outw eigh  

these effects and lead to  the  net benefits o f tre a tm e n t th a t w ere  observed (Figure 5 .14  

and Figure 5.15).  These results o f th e  NSS and T -m aze tests indicate th a t any potential 

negative e ffec t o f increased IL -ip  does not prevent CLS-suppressed animals from  

im proving over NT animals; how ever the  role o f IL-1(3 and o th er cytokines in TBI is an 

in teresting  area and rem ains to  be elucidated.

To som e surprise this lim ited set o f RT-PCRs fo r a small num ber o f in flam m atory  factors  

had turned  up at least one quite  interesting d ifference betw een  TBI anim als th a t had 

been  successfully trea ted  w ith  CL5 siRNA, and th e ir  controls given NT siRNA. It was 

decided, based on these observations, to  extend this study to  a w id er range o f cytokines. 

The e ffect o f this w ould be to  determ in e  if th e  result obtained for IL-1(3 was part o f a 

broad d ifference in in flam m atory  response in th e  trea ted  and un treated  TBIs, or if it 

represented  an isolated response, or potentia lly  even an error. For this purpose cytokine  

p ro teo m e  arrays containing antibodies against 40  d iffe ren t cytokines w ere  em ployed. The
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purpose of these was to carry out a screen in order to detect the broad inflammatory  

trends of CL5 and NT siRNA-administered TBI animals. The nature of these cytokine arrays 

means that only one animal can be assayed with each array, meaning that quantification  

and deeper analysis are not possible. This is a major limitation of this experiment, 

however it was felt that the large number of cytokines being assayed for would provide 

an interesting overview of the inflammatory profile and their change over time.

Firstly injured and injured brain tissue was compared, in the absence of siRNA, and this 

analysis returned ten cytokines which appeared to be differentially regulated following 

TBI (Figure 6.6). Of these C5a is a complement component that acts as a pro- 

inflammatory regulator (Raby, Holst et al. 2011), Timp-1 is an inhibitor of matrix 

metalloproteinases (M M Ps) (Gomez, Alonso et al. 1997), KC (CXCL-1) is a potent 

chem oattractant for dendritic cells (Lentsch, Yoshidome et al. 1998), G-CSF is a 

maturation and proliferation factor for granulocytes (Avalos 1996), Trem -1 is a receptor 

found on neutrophils and monocytes (Bouchon, Dietrich et al. 2000), JE (M CP-l/CCL-2) is 

a monocyte chemotactic factor (Carr, Roth et al. 1994) as is MCP-5 (CCL-12) (Sarafi, 

Garcia-Zepe Da et al. 1997), M ip - la  is a polymorphonuclear leukocyte attractant 

(M enten, Wuyts et al. 2002) as is M ip-2 (CXCL2) (Wolpe, Sherry et al. 1989), and IL-16 

attracts CD4^ immune cells (Cruikshank, Center et al. 1994). The cytokines with the 

greatest difference between the CL5 and NT TBI samples w ere Timp-1, KC, JE, and IL-16 -  

the latter of which was the only factor in any assays for inflammatory markers to 

demonstrate lower expression following TBI (Figure 6.6).

Timp-1 acts by inhibiting MMPs, and therefore increased expression would likely lead to 

reduced infiltration by immune cells (Gomez, Alonso et al. 1997). In contrast, however, KC 

attracts immune cells (Lei, Hossain et al. 2012) and JE induces the attraction and
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transm igration o f neutrophils and macrophages (Gregory, Morand et al. 2006; Reichel, 

Rehberg et al. 2009). The roles o f these factors induced fo llow ing TBI appear at firs t to 

contradictory, however as w ith  many in flam m atory molecules these factors have m ultip le 

effects in damaged tissue. There is evidence, fo r instance, tha t Timp-1 may also function 

as a growth factor fo r a variety o f cell types (Hayakawa, Yamashita et al. 1992; Kikuchi, 

Kadono et al. 1997); KC, meanwhile, increases vascular perm eability (Lei, Hossain et al. 

2012) and inh ib ition  o f KC has been observed to  result in decreased endothelia l cell 

recovery in models o f wound healing (Liehn, Schober et al. 2004) as well as preventing 

damage to  cells from  hypoxia and superoxide radicals (M orim oto , Hirose et al. 2008). 

Together these provide an array o f reasons why the ir upregulation could be beneficial to  

damaged tissue, as well as being potentia lly  damaging, at least in the case o f KC and JE, by 

recruiting immune cells and heightening neuroinflam m ation.

As m entioned, IL-16 is the only factor to  be downregulated fo llow ing in jury (Figure 6.6). 

This cytokine appears to  be prim arily associated w ith  in terferon responses to  microbial 

invasion, not sterile in flam m ation, as observed in its functions as a specific 

chem oattractant o f CD4^ imm une cells and as an inh ib ito r o f viral replication (Baier, 

Bannert et al. 1997). The a ttraction  o f CD4^ cells is undesirable in a sterile in flam m atory 

setting, and the ir presence can result in inappropria te in terfe ron production and 

auto inflam m ation (Harrington, Hatton et al. 2005; Hirota, Duarte et al. 2011). As such, it is 

likely tha t IL-16's dow nregulation is in response to  the absence o f PAMPs, indicating a 

sterile in flam m atory environm ent where CD4^ cells are not needed and would in fact be 

damaging.
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Betw een 24 and 72 h a fte r TBI adm inistration a num ber o f cytokines appear to  be 

differentia lly  regulated in animals trea ted  w ith  CL5 siRNA versus those given NT siRNA 

(Figure 6.7, Figure 6.8, Figure 6.9). O f these four factors stand out as exhibiting m arked  

differences in protein  expression level -  JE, slCAM -1, M CP-5 and IP-10. O f these only JE 

was previously identified  as being induced fo llow ing TBI (Figure 6.6).

The first o f th e  previously unchanged cytokines, slCAM -1, is an endothelial-produced  

factor th a t is produced in response to  in flam m atory  signals such as IL - la , and acts to  

block the  translocation-aid ing effect o f IC A M -1 (Fonsatti, A ltom onte  et al. 1997). 

Interestingly JE and M CP-5 are hom ologues o f each o th er and have sim ilar functions, 

nam ely neutrophil and m acrophage recru itm ent particularly in conditions o f hypoxia 

(M ojsilovic-Petrovic, Callaghan e t al. 2007).

IL -ip , identified in Figure 6 .4  as being increased in TBI anim als trea ted  w ith  CL5 siRNA, 

was present on th e  cytokine array (Table 6.1), but interestingly in these cytokine arrays IL- 

ip  expression was not observed in any o f the  anim als. One possibility is th a t the increase 

observed for IL -ip  only occurs at th e  transcript level, w ith  post-transcriptional 

m echanisms preventing its increase at the  protein  level. A lternative ly  it can be observed  

th a t IL -ip  mRNA levels rapidly return  to  baseline levels a fte r 24 h (Figure 6.4), so it is 

possible th a t protein  levels o f IL -ip  w ere  elevated  at earlier tim epoin ts  but th a t som e  

endogenous signal or feedback result in rapid shu t-o ff o f its production and th a t post- 

transcriptional m echanism s result in a faster re turn  to  baseline levels at th e  protein level 

than at mRNA. W ith o u t fu rth e r experim ents on tim epo in ts  earlier than 24 h it is 

impossible to  confirm  w h e th e r th e re  is or is not a rise in IL -ip  levels follow ing CL5 siRNA- 

adm inistration a fte r TBI.
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The m ajor positive finding o f these analyses o f cytokine expression in CL5 and NT animals 

was the  greatly increased level o f IP-10 protein  at 24 and 48 h a fter injury (Figure 6 .7  and 

Figure  6 .8). Particularly fo llow ing the  failure to  find IL-1(3 expression in any o f the  cytokine  

arrays, it was deem ed im p o rtan t to  confirm  this finding fo r IP -10 at th e  transcript level. 

Here a similar increase in IP-10 mRNA level was observed in a Taqm an assay (Figure 6.10). 

In the  brain IP -10 is expressed prim arily  by astrocytes (Phares, Stohlm an et al. 2013), and 

TBI-invading im m une cells (Israelsson, Bengtsson et al. 2010), most likely in response to  

TLR4 activation by endogenous DAMPs (Im aizum i, M urakam i et al. 2013). IP -10 is a 

cytokine responsible largely fo r a ttracting  cytotoxic CD8^ T-cells (Peperzak, V eraar e t al. 

2013), as w ell as prom oting the  cytolytic factors perforin  and granzym e B (M a ju m d er, 

B hattacharjee et al. 2012). It has been previously reported  th a t in disease models w here  

antibody-producing cells e n te r th e  CNS -  undesirable in a sterile in flam m atory  context -  a 

lack o f IP -10 expression blocks th e ir translocation into the  parenchym a (Phares, Stohlm an  

et al. 2013), and in rheum ato id  arthritis  IP-10 causes im m une cell attraction  to  sites of 

auto in flam m atio n , and appears to  increase tissue dam age in th e  arthritic  regions (Lee, 

Lee e t al. 2013). IP-10 even directly causes Ca^^-mediated neuronal apoptosis in v itro  in 

the  absence o f im m une cell involvem ent (Nelson and Gruol 2004; Sui, S tehno-B ittel et al. 

2006), as w ell as increasing apoptosis fo llow ing spinal cord injury in vivo (Glaser, Gonzalez 

et al. 2004; Glaser, Gonzalez et al. 2006).

W ith  all these reports o f deleterious effects o f IP -10 expression in in flam m ation , is IP-10  

inducem ent a purely negative side-effect o f TBI tre a tm e n t w ith  CL5 siRNA, which causes 

dam age but is simply overcom e by the  positive effects th a t are induced (Figure 5 .7  and 

Figure 5.8)7  One possibility to  counter this is th a t high levels o f serum  IP-10 is a strong 

identifie r o f hem ophagocytic syndrom e, w h ere  m acrophages phagocytose large num bers
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of erythrocytes (Maruoka; Inoue et al. 2013). While in the context of this disease this has 

highly damaging effects, it could represent an ability for IP-10 to increase macrophage 

phagocytosis of body cells that they perceive to be damaged. Transported to  the context 

of a TBI, with large quantities of necrotic and apoptotic cells that require clearance before 

cytokine levels and toxic cell contents rise to unmanageable levels, this could in fact 

represent an im portant mechanism to aid in damage attenuation and repair of the TBI 

region.

One characteristic of the 24 h Taqman data in Figure 6.10  is that the samples from the 8 

animals treated with CL5 siRNA appear to cluster in two sub-groups of 4 animals. One 

sub-group demonstrates greatly increased IP-10 mRNA levels, while the other matches 

the levels observed in NT animals almost exactly. This effect could simply be due to  

chance, or alternatively it could be caused by an unnoticed difference in experimental 

conditions. M any factors could hypothetically cause a significant difference in cytokine 

expression such as this, for instance different genders between sub-groups or mice being 

of significantly different ages. The two sub-groups could represent tw o cages of 4 mice 

each, meaning that lack of food or w ater, pathogenic infection, significant fighting or 

other environmental factors could have had an impact on one cage and not the other. 

Finally, errors in experimental protocol could have resulted in one cage of four animals 

failing to receive antisedan to reverse the effects of the anaesthetic, or TBIs could have 

been inflicted with too much severity due to a timing issue for instance. Despite always 

generating experimental cohorts of animals using gender and age-matched individuals, 

and maintaining good practices of protocol and animal welfare, there always remains an 

outside possibility of error that can lead to issues such as this. However due to the
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presence of statistical significance despite the  w ide variation, and with  the  result being in 

support of a previous finding (Figure 6.7),  in this case it can be safely assumed tha t  the  

result was representative o f a genuine difference in expression levels betw een  CL5 and 

NT-treated TBIs.

The experiments on TBI severity in Caspase-1 knockout mice dem onstrate  the  im portance  

of having the  correct background strain. Here, the  significantly different performance  

observed betw een  uninjured Caspase-1^ animals and the ir Balb/c controls in T-m aze  

tests (Figure 6.13)  had the  effect of invalidating the  striking results observed in N5S 

(Figure 6.12)  and in particular the  greatly larger TBI lesion sizes (Figure 6.11)  betw een  

these groups. It is possible, despite the  T-m aze findings, tha t  these tw o  earlier findings 

still represent a significant im pairm ent a fter TBI in mice lacking Casape-1, how ever the  

lack of an appropriate control means that these results cannot be confirmed.

Caspase-1 mice w ere  originally generated on a C57BL/6N background, so hypothetically  

it could have been possible to  carry out the  experiments using this strain as a control. 

There are, however, a num ber of problems with  this. First is the  difficulty in assaying 

performance-based tests when a knockout strain differs in coat colour from  its original 

background strain. Even if an observer is used w ho lacks any knowledge o f  the  

experim ental groups in relation to coat colour difference, the  fact tha t  the  tw o  separate  

groups of animals can be clearly d ifferentiated from  each o ther means th a t  bias will 

inevitably be introduced. Further to  this a 32 SNP analysis of the  knockout strain has 

discovered tha t  since the ir  original creation on a C57BL/6N background these animals  

have been crossbred, and the  Jackson Laboratory Repository Caspase-1 mice are now  

on a mixed C57BL/6J, C57BL/6N genetic background. Finally, and possibly most
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significantly, it has been recently discovered th a t Caspase-1 knockout mice are in fact 

double knockout animals, also lacking Caspase-11 (Kayagaki, W arm ing  et al. 2011 ). This 

finding has called into question the  results o f every study on this knockout m odel since its 

inception, and m any effects a ttrib u ted  to  Caspase-1 will no doubt be reassigned to  

Caspase-11 as th e  role o f this new ly discovered in flam m atory  enzym e is investigated over 

th e  next few  years.

The m ajority  o f the  o th e r in flam m atory  knockout models dem onstrated  ten ta tive  

indications o f a ltered  outcom es in th e  absence o f an intact in flam m atory  response. These  

included significantly im paired perform ance in NSS in mice lacking IL -IR  (Figure 6.15).  The 

observation o f a possible trend  tow ards slow er IL -IR   ̂ TBI lesion shrinkage in MR! analysis 

(Figure 6.14),  despite not being statistically significant, m ay have been enough to  

influence this knockout's im paired perform ance on NSS (Figure 6.15).  A nother possibility, 

how ever, is th a t n euro in flam m atory  events effect oedem a by a very d iffe ren t m echanism  

than NSS. In this la tte r case it w ould be possible to  record im provem ent in one outcom e  

m easure w ith o u t the  o th er having a ltered  significantly.

A sim ilar finding was observed fo r NSS in N L R P 3 a n im a ls , except fo r being present at 8 h 

(Figure 6.19)  instead o f at 72 h in IL -IR   ̂ mice (Figure 6.15).  The early finding in NLRP3 

knockout animals is highly rem iniscent o f the  case o f animals w ith  TBIs th e  received CL5 

siRNA im proving at this tim e p o in t (Figure 5.14).  It is possible th a t th e  NLRP3 

in flam m asom e aids in brain function in this very acute stage a fte r TBI, and hypothetically  

th e  im provem ent observed at this tim e  fo llow ing  CL5 delivery could be due to  a boosting  

o f this NLRPS-m ediated effect. This could fo r instance be a result o f im proved  

transportation  o f DAMPs or o th er im m unom odula ting  factors via BBB m odulation . 

A lternative ly  it is possible th a t th e  in flam m ato ry  m arkers th a t appear to  aid in recovery
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fo llow ing TBI and CL5 siRNA carry out th e ir positive role by the  sam e m eans -  by 

increasing BBB perm eability . In fact it has been previously reported  th a t induction o f  

in flam m ation , even in th e  periphery, leads to  decreased TJ protein  expression and 

increased paracellular perm eability  at the  BBB (Huber, W itt  et al. 2001; Ronaldson, 

D em arco et al. 2009), and in ano th er study inhibition o f CNS in flam m ation  was observed  

to  inhib it these changes in BBB perm eability  (Hooper, Scott et al. 2000).

Finally, borderline significance in lesion was also observed in IL-18  ̂ m ice in com parison  

w ith  w ild -type  C57 controls (Figure 6.16).  This finding, if it w ere  to  be a significant result 

w ith  higher anim al num bers or w ith  a change in protocol or tim epoin ts, w ould be notable  

as it w ould  represent the  only result pointing to  deleterious effects o f an in flam m atory  

fac to r in this study. This w ould be interesting also because o f the  indication o f a m inor 

pro tective  role o f NLRP3 discussed above, as IL-18 is produced by stim ulation o f the  

NLRP3 in flam m asom e (Doyle, Cam pbell et al. 2012). H ow ever, due th e  lack of 

significance, even w ith  relatively high anim al num bers (Figure 6.17),  conclusions o f a role 

fo r IL-18 in this m odel cannot be m ade.

The final in flam m atory  knockout th a t was assessed, ASC , re tu rned  no significant result 

fo r TBI lesion volum e (Figure 6.21).  H ow ever, upon closer inspection th e re  is a clear trend  

tow ards faster shrinkage in w ild -type  anim als. Average starting oedem a volum es o f 9 .022  

mm^ in ASC^ and 9 .031  mm^ in w ild -type  anim als are nearly identical, and visually this 

enables clear recognition o f th e  trend  as it em erges throughout this experim ent. At 48  h 

post-TBI volum es in th e  tw o  groups o f anim als are now 8 .32 1  mm^ and 9 .1 2 0  mm^ 

respectively, and w hile  control m ice have lost nearly 1 mm^ in volum e, those lacking ASC 

have actually gained in volum e (Figure 6.21).  W hen  this data was reanalysed to  focus on
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the  rate o f volum e change over tim e , as in Chapter 5 (eg. Figure 5.7),  ra th er than absolute  

lesion volum es, th e  resulting data appears very d ifferent (Figure 6.22).  The size o f 

oedem atous regions, as im aged by l 2-w eigh ted  M RI, in C57 control m ice shrink to  an 

average o f 92 .96%  at 48  h, and 79.46%  at 72 h from  th e ir 24 h volum es. M eanw hile , 

lesions in ASC'^' anim als are an average o f 102.8%  at 48  h, and 90.49%  at 72 h. This 

dem onstrated  a significant im pairm ent in oedem a shrinkage in the  absence o f ASC (Figure 

6.22 ) .

The original ASC TBI volum e data not being statistically significant but still providing highly 

interesting data, dem onstrates the  need to  closely analyse results in o rd er to  tease out 

subtle effects and changes. One should a tte m p t not to  slip into an over-re liance on p- 

values and statistical significance, and this is particularly tru e  for in vivo w ork  w h ere  n- 

num bers can be low. Here it can be tem p tin g  to  observe a lack o f statistical significance 

and conclude th a t the  facto r being investigated m atches th e  null hypothesis, w hereas it a 

profound effect on experim enta l outcom e m ay be occurring. This could require  a change 

in analysis m ethod or experim enta l conditions, such as tim epo in t assayed, in o rder to  

produce significant results.

The data on ASC^ TBI oedem a volum e (Figure 6.21)  and change in volum e (Figure 6.22)  

was m ade up o f tw o  separate cohorts o f anim als, which w ere  given TBIs and assayed at 

d iffe ren t tim es. Both o f these experim ents returned  significant results fo r TBI lesion 

shrinkage w hen analysed separately, or com bined as presented here. W h en  this same  

recovery rate was queried in the  o th e r in flam m atory  knockouts no significance was 

observed at any tim epo in t.
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The significant innpairment in oedem a reduction observed in Figure 6 .22  appears to  

indicate a protective role for ASC in TBI recovery. This hypothesis is strongly supported by 

results o f NSS testing on these anim als. Here ASC mice failed an average o f 4 .6  o f the  10 

tests o f behaviour and coordination, com pared to  an average o f 1.4 tests failed am ong  

w ild -type  C57 controls 1 w eek a fte r TBI (Figure 6.23). In fact rem aining blind to  tre a tm e n t  

groups was challenging due to  the  com parative severity o f phenotype am ong knockout 

animals.

So w hy then  does ASC absence result in such a m arked phenotype? As m entioned  earlier 

■ASC's established function is as a scaffolding protein  for in flam m asom e form ation , acting 

as an in term ed iary  betw een dam age-sensing proteins, such as NLRP3, and Caspase-1

One recent study on the  in flam m ato ry  response to  th e  adjuvant alum , found tha t 

stim ulation o f th e  im m une system by this m olecule was abated  in ASC  ̂ m ice, w hereas  

NLRP3 ^ 'or Caspase-1'^' mice rem ained unaffected (Ellebedy, Lupfer e t al. 2011). A nother 

report showed th a t addition o f m onosodium  urate, a DAMP norm ally believed to  be 

sensed solely by the NLRP3 in flam m asom e, to  cells was observed to  result in ASC 

dim erisation and Caspase-1 activation, independent o f the  involvem ent o f o ther  

in flam m asom e proteins (Fernandes-A lnem ri, W u e t al. 2007). This form  o f in flam m ation  is 

referred  to  as pyroptosis, and form ation  o f th e  purported  ASC pyroptosom e leads to  IL -ip  

processing, pore form ation in th e  cell m em brane, and eventual C asp ase-l-d ep end en t cell 

death.

The m echanism  w hereby this hypothesised activity o f ASC w ould exhibit its observed  

protective role follow ing TBI is unclear as o f yet. One possibility is th a t the  type o f tissue 

dam age acquired in TBI is only, or prim arily, detected by the  ASC pyroptosom e, for
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instance due to the types o f DAMPs released. This would result in a greatly reduced 

release of IL-ip, and other cytokines, from cells lacking ASC, and consequently a lower 

immune response to damaged tissue is triggered. Immune cell activation and recruitment 

to damaged brain tissue following TBI aids in the clearance o f cell debris (Neumann, 

Kotter et al. 2009), release of neuroprotective growth factors (Kossmann, Hans et al. 

1996), and weakening o f the BBB (Adelson, Whalen et al. 1998) which may enable 

increased water flux out o f the injured region.

The cause of the ASC-mediated improvement in outcome following TBI remains to be 

elucidated, as does how this might relate to the increase in inflammatory markers 

observed following CL5 siRNA delivery. There is even potential for part of the observed 

improvement following CL5 siRNA to  be dependent on increases in ASC and other 

inflammatory activity. One thing for certain, however, is that the view that 

neuroinflammation is a purely damaging feature o f brain injury, and other conditions, 

must change. This view has been strengthened by studying the many notable cases where 

it runs unchecked in models o f chronic inflammatory damage such as experimental 

autoimmune encephalomyelitis (Banati, Newcombe et al. 2000; Kutzelnigg, Lucchinetti et 

al. 2005). Rather it should be seen that inflammation serves a vital role in tissue repair 

and regeneration in situations of sterile injury, and the brain is no exception.

The scapegoating o f inflammation and immune activation following damage to the brain 

has led to the field being misdirected, and many studies single-mindedly attempt to apply 

anti-inflammatory compounds to models of brain injury. Certainly this approach does 

result in notable successes. Delivery of the anti-inflammatory agent honokiol, for 

instance, was recently reported to decrease inflammation as well as lower oedema in a
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m odel of ischemic brain dam age (Zhang, Liu et al. 2013). In contrast, how ever, reduction  

o f neuro in flam m ation  fo llow ing TBI in rats by tre a tm e n t w ith  ibuprofen was found to  

worsen recovery and consequent cognitive perform ance (Brow ne, Iw ata et al. 2006). 

Significant findings in this study indicating a strongly protective  role for at least some 

elem ents of inflam m ation fo llow ing cold-induced TBI in mice. These findings support a 

m ore open-m inded approach being taken in the  fu tu re  tow ards in flam m ation  in 

conditions o f the brain.

6.4 Future Directions

The discovery o f a num ber o f in flam m atory  cytokines being upregulated follow ing  

tre a tm e n t o f this m odel o f TBI w ith  CL5 siRNA could be investigated fu rth e r by backing up 

the  prelim inary findings presented here w ith  assays at the  RNA and protein  level. This 

w ould function to  generate  a m ore com plete picture o f the  in flam m atory  profile o f the  

injury w ith  or w ith o u t tre a tm e n t by means of CL5 suppression. The next question to  

investigate would be w h ere  this increase in cytokine expression is com ing from . For 

instance are m ore im m une cells capable o f in filtrating  the  injured region fo llow ing BBB 

m odulation? It w ould be im p o rtan t also to  fu rth e r rule out th e  possibility th a t the  

presence of CL5 siRNA is activating an im m une response in th e  TBI region. The CL5 siRNA 

used here has been investigated previously fo r its potentia l to  a lte r expression of 

transcripts and its delivery to  th e  brain was not found to  increase th e  levels o f any 

in flam m atory  m arkers (Cam pbell, Nguyen e t al. 2009), h ow ever th a t study was carried
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out in the absence o f the  tissue dam age in th e  current study, so cytokine expression from  

dam aged tissue in response to  siRNAs should be investigated.

The finding th a t ASC'^' mice dem onstrate  im paired recovery both in term s o f injury  

shrinkage and in cognitive outcom e is a significant one, suggesting th a t in flam m ation  is 

protective in th e  m odel presented in this study. This is particularly tru e  considering th a t  

NLRP3'^ anim als do not dem onstrate  a similarly im paired recovery. To elucidate this 

relationship and th e  independent role o f ASC in this in flam m atory  environm ent a num ber 

o f ELISAs should be carried out on ASC'^', NLRP3  ̂ and wt^ im m une cells which are prim ed  

and exposed to  necrotic tissue sim ulating th e  mass release o f DAMPs fo llow ing TBI. 

Furtherm ore TBI regions in ASC  ̂ m ice should be dissected and investigated for im m une  

cell in filtration , th e  types o f im m une cells present, as w ell as they  in flam m atory  cytokines  

present com pared. W hen com pared to  NLRP3  ̂ and wt^ TBI regions these investigations  

should provide a large am ount o f in form ation  as to  w h a t unique role ASC is playing in the  

post-TBI in flam m atory  environm ent.
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Chapter 7: Concluding Remarks

This thesis has dem onstrated effective modulation of the  blood-brain barrier, by means of  

targeted  siRNA suppression of the  tight junction protein CL5, delivered to  cells by the  

carrier agent PEI. This has contributed to  the  field firstly by dem onstrating an increase in 

th e  range o f  tissue reached by low-m olecular w eight compounds in a model o f  hum an-  

derived glioblastoma m ultiform e. This succeeded in dem onstrating the  first of the  

hypotheses in this thesis, tha t  CL5 suppression could be used in order to aid in the  

delivery o f compounds into the  brain as it had been shown in the  retina previously by this 

lab (Campbell, Nguyen et al. 2009; Tam, Kiang et al. 2010; Campbell, Humphries et al. 

2013). Indications w e re  presented that improved delivery of chem otherapeutic  agents to 

this model resulted in increased survival, but these fell short of statistical significance. 

Nonetheless this study represented a proof-of-principal that CL5 suppression can aid in 

the  delivery of drugs to  tum ours of the  brain. This w ork  is being actively pursued by the  

lab o f Gerald Grant w ith  w h o m  w e collaborated on during the course o f  this study on 

chem otherapeutic  delivery.

Secondly, this thesis provides the  first dem onstration tha t  CL5 siRNA can be used not only  

to  deliver compounds but also to  relieve the  brain o f damaging material. This was shown  

in a model o f cold-induced TBI w here  oedem a was reduced com pared to control animals, 

and this reduction in w a te r  in the  brain coincided with  an im provem ent in cognitive 

outcom e. This has added to the field of research into TBI, as well as o ther models of  

oedem a in the  brain, and w e successfully published our results in Nature Communications  

at th e  beginning o f  2012 (Campbell, Hanrahan et al. 2012). The dem onstration of the
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h ypo thes is  t h a t  dam a g in g  mate r ia l  can be  t r a n s p o r t e d  o u t  of  t h e  bra in by m e a n s  of BBB 

m odu la t io n  dur ing t h e  cou r se  of  this thes is  has  re su l ted  in a n u m b e r  o f  s tud ies  being 

l aun ched  by t h e  Hum ph rie s  lab. One  such p ro jec t  u n d e r w a y  current ly  is a t t e m p t i n g  to  

r e d u ce  in t raocula r  p re s su re  in a m od el  of  g lau co m a  by enab l ing w a t e r  to  m o v e  across  t h e  

iBRB fol lowing CL5 siRNA supp ress ion.  Secondly  a proj ec t  is ap p r o ach in g  publica tion 

which a t t e m p t s  t o  e n a b le  amyloid-3,  t h e  ca usat ive  a g e n t  in Alzheimer ' s  d isease ,  t o  m o v e  

o u t  of  t h e  brain by m e a n s  of  BBB mod ula t ion.

Finally t h e  a l t er ed  in f lammatory  r e s p o n s e  in mice  t r e a t e d  wi th siRNA t a rg e t in g  CL5 w a s  

inves t igated,  as w a s  t h e  cont r ib ut ion  o f  in f l am mat ion to  TBI o u t c o m e .  This s tudy fo und  

t h a t  a n u m b e r  of  in f l am m ato ry  m ark e rs  w e r e  increas ed  in CL5 s iRNA-treated  animals .  

S u b seq u en t ly  it w a s  d iscovered t h a t  t h e  in f l am m ato ry  prote in  ASC, bel ieved to  be  a 

scaffolding p ro te in  of  t h e  NLRP3 in f l am m aso m e ,  is pro tec t ive  in cases  o f  TBI. On its o w n  

this is a highly in te re s t ing  result ,  suggest ing in t h e  m ode l  u sed  in this  s tud y t h a t  

inf l ammat ion  is protec t ive ,  a t  least  up  until 3 w e e k s  af te r  injury. H ow ever  this result  

b e c a m e  m o r e  in tere s t ing  w h e n  it w as  fo u n d  t h a t  this c h a n g e  in o u t c o m e  w a s  no t  

m a t c h e d  w h e n  NLRP3 w as  ab sen t .  This sug ges t s  t h a t  ASC is carrying o u t  a significant role 

in post - in jury  in f l am m ato ry  ev en ts  t h a t  is i n d e p e n d e n t  of  its role in fo r m a t io n  of  t h e  

NLRP3 in f l am m aso m e .  The w ork  in this s tu d y  is a t  a pre liminary s t age  still, bu t  t h e  d a ta  

g a t h e r e d  th u s  far raise in t ere s t ing  q u es t i o n s  as t o  t h e  role o f  ASC an d  inf l ammat ion 

fol lowing steri le injury such as TBI.

In s u m m a r y  I feel  t h a t  I fulfilled t h e  aims, an d  successful ly d e m o n s t r a t e d  t h e  h y p o th e s e s  

se t  o u t  for this thes is .  I co n t r ib u t ed  meaningful ly  to  my field o f  re sea rc h ,  publ ishing a
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peer-reviewed paper  in the  process, influenced the  future  course of research to  be 

undertaken  by this lab, as well as represent ing my work and the  lab at conferences 

a round th e  world.
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