
University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  

 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk

http://eprints.soton.ac.uk/


   

   

UNIVERSITY OF SOUTHAMPTON 

 

FACULTY OF NATURAL & ENVIRONMENTAL SCIENCES 

 

School of Biological Sciences 

 

 

INVESTIGATIONS INTO THE IMMUNE MODULATORY ROLE OF 

HSPB5 

 

by 

 

Nyasha Jermaine Matinyarare 

 

Thesis for the degree of Doctor of Philosophy 

 

September 2014 

 

 



   

 

 

i 

UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 
FACULTY OF NATURAL & ENVIRONMENTAL SCIENCES 

School of Biological Sciences 

Thesis for the degree of Doctor of Philosophy 

INVESTIGATIONS INTO THE IMMUNE MODULATORY ROLE OF 

HSPB5 

Nyasha Jermaine Matinyarare 

Small heat-shock proteins are conserved molecular entities present in all mammalian 
cells. They have historically been studied in the context of being intracellular 
molecular chaperones that are constitutively expressed, with a capacity to be induced 
by cellular stress, in order to promote and remediate protein folding. More recently 
however, growing evidence suggests that the action of small heat-shock proteins is 
not limited to protein folding but also extends to a wider range of important cellular 
roles. 
 
Of the 11 small heat-shock proteins that are expressed in mammalian cells, only 4, 
HSPB1, HSPB5, HSPB6 and HSPB8, are expressed in the central nervous system 
(CNS). The role of these small heat-shock proteins in the CNS is thought to be 
protective as they show widespread upregulation during several neurological 
conditions. Confoundingly however, studies from R6/2 animal models of Huntington’s 
disease show a selective reduced expression of HSPB5 in these animals, raising 
pertinent questions as to whether this reduction is cause or effect of the condition. 
 
Here, we have investigated whether reduced expression of HSPB5 has a detrimental 
effect, focussing specifically on HSPB5’s proposed immune modulatory role. Using 
mice inoculated with S. typhimurium, we found that, in our hands, mice lacking 
HSPB5 did not appear to be phenotypically different from wild type animals and 
equally, the reduced expression of HSPB5 did not exacerbate systemic inflammation 
or potentiate disease progression. Furthermore, to investigate HSPB5’s role in the 
CNS, we inoculated animals with ME7 Prion and also found that deficiency in 
HSPB5 did not alter phenotype or behaviour and did not negatively influence disease 
progression. Lastly, we investigated whether the reduced expression of HSPB5 as 
observed in R6/2 animals was reciprocated in humans. Our findings show that in 
humans disease, there is no reduction of HSPB5. Our findings suggests that in 
C57BL/6 animals, HSPB5 does not appear to have an immune modulatory role; they 
also highlight how data obtained from animal models should be taken tentatively.  
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1. CHAPTER 1 

 

GENERAL INTRODUCTION 
 

The following chapter is a literature review. The review provides an introduction into 

protein misfolding and neurodegeneration and concludes with the role of specific 

heatshock proteins during neurodegeneration. It aims to provide the reader with the 

underlying scientific background to the project and highlights the current thinking in the 

scientific community and the basis of our investigation. 
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1.1 The global burden of neurodegenerative conditions 
 

Neurodegenerative diseases, which include conditions such as Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease and multiple sclerosis, are a diverse set of 

conditions that are characterised by selective and progressive neuronal loss in the 

nervous system (see table 1 for an example of common neurodegenerative conditions in 

the UK). Currently, neurodegenerative conditions affect 22 million individuals worldwide 

(Jack et al., 2009); and as there is a strong link between advanced age and the likelihood 

of developing a neurodegenerative disease. The World Health Organisation (WHO) 

estimates that by 2040, neurodegenerative conditions will have overtaken cancer as the 

2nd leading cause of death, after cardiovascular disease (Jack et al., 2009).  

 

Although neurodegenerative diseases have been studied since the late 19th century, the 

processes that underpin the conditions are still not fully understood. As a result, none of 

these conditions are curable: current therapeutics target the symptoms and not the 

cause. Significant progress has however been made in trying to understand the molecular 

mechanisms that underpin these conditions: for example, we now know that for many 

neurodegenerative conditions, including Alzheimer’s, Parkinson’s and Huntington’s 

disease, they are all characterised by the misfolding and aggregation of otherwise normal 

cellular proteins. Such similarity between different conditions offers hope for therapeutic 

advances that could ameliorate many diseases simultaneously. As protein misfolding is 

implicated as a cause of neurodegeneration, the concept of pharmacologically 

inducing/modulating protein (re)folding has gained significant traction in recent years 

(Clark et al., 2000; Muchowski et al., 2005; Sajjad et al., 2010). This thesis will focus on 

the role of specific protein-folding molecular chaperones, known as heatshock proteins, in 

two contexts: their role in neurodegeneration and their role in modulating inflammation. 
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Neurodegenerative 

condition 

Number of 

people with 

the condition 

(UK) 

Number of 

deaths from 

the condition 

(UK) 

Age of onset 

(years old) 

Life 

expectancy 

after diagnosis 

Alzheimer’s 

disease 

800,000 60,000 >65 7-9 years 

Huntington’s 

disease 

6,000-10,000 230 30-50 10-30 years 

Motor neuron 

disease 

5,000 1,500 40-60 3-5 years 

Multiple sclerosis 100,000 1500 20-50 25-35 years 

Multiple system 

atrophy 

3,000 200 38-75 <10 years 

Parkinson’s 

disease 

120,000 7700 >50 2-37 years 

Progressive 

supranuclear 

palsy 

4,000-10,000 300 >40 <10 years 

Table 1.1 List of major neurodegenerative conditions in the UK.  

Whilst the list is by no means exhaustive, it illustrates that large numbers of the 
population that are affected by neurodegenerative conditions. As neurodegenerative 
conditions are more prevalent mid-to-late stage of life, increased life expectancy means 
more individuals are likely to become afflicted by these conditions; as these conditions 
tend to be chronic conditions requiring significant human and economic cost from 
families and public health services, they have become a major health priority. Source: 
office for national statistics (ONS), annual mortality extracts and the national end of life 
care intelligence network (NEoLCIN) bulletin (Maxwell, 2010). 
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1.2 Proteins, protein homeostasis and disease 
 

All living cells contain encoded information in the form of ribonucleic acid (RNA) that, 

when decoded at the ribosome, provides direction for the synthesis of proteins (Dobson 

et al., 1999). Proteins are crucial to living cells because they mediate virtually all 

biological processes. As macromolecules, proteins are synthesised, firstly, from single 

amino-acids into nascent polypeptide chains, and secondarily, folded into intermediate 

structures that can adopt tertiary and quaternary 3-dimensional conformations (see 

figure 1.1) (Horwich, 2002). The 3-dimensional arrangement of a protein is important for 

function (Dobson, 2004). Adoption and maintenance of this functional 3-dimensional 

structure is influenced by intra-molecular covalent and non-covalent bonds that are 

sensitive to disruption from several physiological, chemical and environmental factors 

(Dobson, 2004). If left unchecked, such disruptions promote unravelling and, 

subsequently, misfolding of proteins (Outeiro et al., 2007). 

 

Protein misfolding is detrimental to cells because misfolded proteins tend to expose 

hydrophobic regions that have a propensity to aggregate; aggregation hinders normal 

protein function and increases the likelihood of cell malfunction and disease (Dobson et 

al., 1999). The list of conditions that are caused by protein-misfolding is extensive: for 

example, systemic conditions include sickle cell anaemia (Perutz, 1992) and cystic 

fibrosis (Johnston et al., 1998), whilst protein aggregation in neurons tends to induce one 

of several neurodegenerative conditions (Outeiro et al., 2007) (see section 1.2.2).  

 

Prokaryotic and eukaryotic cells have evolved extensive mechanisms to ensure correct 

protein folding and limit protein misfolding (Lindquist et al., 1988). Perhaps the most 

specialised mechanism used by cells to promote correct protein folding and circumvent 

protein misfolding is the heat-shock response (HSR) (Lindquist, 1986). This stress-

response is characterised by the upregulation of genes that encode a family of proteins 

known as heat-shock proteins (HSPs) (for major properties of HSPs, see table 1.2, and 

for a mechanistic illustration, see figure 1.1). 
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HSP 
Family 

Number 
of 
members 

Relative 
molecular 
weight (kDa) 

Main properties 

Small HSP 111 12-302 

-Constitutively expressed3 

-Induced during cellular stress3 

-ATP-independent4 

-Prevents aggregation of proteins3 

HSP40 415 ≈ 406 

-Constitutively expressed6 

-ATP-dependent7 

-Co-chaperone to HSP708 

HSP60 115 ≈ 606 

-Constitutively expressed6 

-ATP-dependent9 

-Folds proteins into globular structure9 

HSP70 1310 68-786 

-Constitutively expressed6 

-Some members induced during cell stress6 

-ATP-dependent11 

-Folds linear polypeptides into proteins11 

HSP90 55 84-906 

-Constitutively expressed12 

-Induced during cellular stress12 

-ATP-dependent12 

-Folds nearly-mature proteins13 

-Involved in signal transduction14 

HSP100 25 100-1106 

-Induced during cellular stress15 

-ATP-dependent15 

-Solubilises aggregated proteins16 

Table 1.2 Heatshock protein sub-families, properties and main functions.   

The HSP super-family can be sub-divided into 6 sub-families: small HSPs, HSP40, 
HSP60, HS60, HSP90 and HSP100. Each member family is classed based on structural 
and functional similarities. References: 1 (Kirbach et al., 2011); 2 (Ganea, 2001); 3 
(Jakob et al., 1993); 4 (Gusev et al., 2002); 5 (Kampinga et al., 2009); 6 (Ellis, 2011); 7 
(Ellis, 2006); 8 (Craig et al., 2006); 9 (Ranford et al., 2004); 10 (Brocchieri et al., 2008); 
11 (Mayer et al., 2005); 12 (Csermely et al., 1998); 13 (Young et al., 2001); 14 
(Echeverria et al., 2010); 15 (Doyle et al., 2009); 16 (Doyle et al., 2013). 
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Ribosome 
Complex 

Primary 
structure 

Tertiary 
structure 

Misfolded 
polypeptide 

Amyloidogenic 
fibrils 

Nascent 
polypeptide 

 

Secondary 
structure 

Fibrillation 

Genetic mutation 
or 

Cell stress 

The role of heatshock proteins in protein folding 

Degradation 

Small HSPs Larger HSPs Key: 

Figure 1.1 Role of heatshock proteins in protein folding.   
Nascent polypeptides are translated at ribosomal structures in the cytosol and/or on rough 
endoplasmic reticulum (ER). Small HSPs facilitate the process by transiently binding to nascent 
polypeptides and chaperoning them to larger HSPs. Larger HSPs, like HSP60, HSP70 and HSP90, 
are ATPase-dependant, and fold polypeptides into secondary and tertiary structures. Correctly 
folded polypeptides can successfully adopt a 3-dimensional conformation that is crucial for protein 
function (black pathway). Genetic mutations and/or cellular stress, however, can disrupt protein 
folding (red pathway). Genetic mutations can alter a polypeptide’s primary sequence, which can 
result in protein misfolding. Cellular stressors, such as excessive heat or oxidative stress, can also 
prompt protein misfolding by disrupting intra-molecular covalent and non-covalent interactions. 
Misfolded proteins are detrimental because they have the propensity to interact with other 
misfolded proteins, which promotes protein aggregation and fibrillation (see figure 1.3 for in-depth 
schematic). To circumvent aggregation and fibrillation, sHSPs have been shown to bind to 
misfolded polypeptides as well as oligomeric aggregates, thereby inhibiting fibrillation (see figure 
1.3). Small HSPs also show the capacity to off-load misfolded proteins for degradation. Protein 
misfolding can occur at several points in a protein’s life-cycle; for simplicity, only one misfolding 
pathway has been illustrated (i.e. red pathway). 



 

7 

 

1.2.1 Heat-shock proteins (HSPs) 

The HSP super-family is structurally and functionally diverse (see table 1.2). The 

physiological role of HSPs is to facilitate protein folding, and during cellular stress, some 

HSPs are induced to promote protein re-folding (table 1.2). Furthermore, if proteins are 

damaged beyond repair, HSPs can also expedite protein degradation (see figure 1.1) 

(Ellis, 2006). HSPs are therefore involved in all aspects of a protein’s life-cycle, from 

synthesis to degradation, and thus, are crucial components of protein homeostasis. This 

thesis focuses on the small heatshock protein (sHSP) family and their role in the protein 

misfolding associated with neurodegenerative diseases. 

 

1.2.1.1 Small HSPs (sHSPs) 

The sHSP sub-family comprises of 11 structurally and functionally similar protein 

members, HSPB1-HSPB11 (Kirbach et al., 2011) (summarised in figure 1.2). This sub-

family of proteins is described as “small” because all the members of the family have 

molecular weights ranging between 12kDa and 30kDa (Jakob et al., 1993), which is in 

stark contrast to the other HSP sub-families that range from 40kDa to 110kDa 

(Lindquist et al., 1988) .  

 

Small HSP are also distinguished from other HSPs by a conserved 80-100 amino-acid 

sequence known as the alpha-crystallin domain (Ganea, 2001). This domain confers 

sHSPs their chaperone capabilities, however, as the domain lacks ATPase activity, 

sHSPs are incapable of actively folding polypeptides into mature proteins (Gusev et al., 

2002); instead, sHSPs mediate protein-folding by transiently binding to unfolded 

polypeptides and chaperoning them to larger, more competent, ATPase-containing HSPs, 

such as HSP60, HSP70 and HSP90, which have refoldase machinery (see figure 1.1) 

(Horwitz, 1992; Jakob et al., 1993; Carra et al., 2008; Ellis, 2011). The functional 

capacity of sHSPs is determined by phosphorylation of key residues: phosphorylation 

promotes the formation of large oligomeric complexes of between 15 to 50 mono- or 

heteromeric subunits (Horwitz, 1992; Jakob et al., 1993) (see figure 1.3).   
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 Structural organisation of small heatshock protein (sHSP) family members 

Name Other names Organisation of sHSP 

HSPB1 HSP25/HSP27/HSP28 

HSPB2 MKBP 

HSPB3 HSP17 

HSPB4 αA-crystallin 

HSPB5 αB-crystallin 

HSPB6 HSP20 

HSPB7 cvHSP 

HSPB8 HSP22 

HSPB9 Ct51 

HSPB10 ODF1 

HSP11 PP25 

N C 205aa 

C 182aa 

C 150aa 

C 173aa 

C 175aa 

C 173aa 

N 

N 

N 

N 

N 

170aa 

C 182aa N ? ? 
80 159 

67 147 

67 149 

61 140 

65 145 

68 147 

88 168 

C N ? ? 
72 151 

159aa C N ? ? 
50 128 

143aa C N ? ? 

N C 250aa 
116 195 

? ? 

no α-crystallin domain 

WDPF domain Conserved N-terminal sequence 

!
!
!
!
!

α-crystallin domain    ? no record 

Figure 1.2 Structure and functional properties of small heatshock proteins 

(sHSPs).  

(A)#Sequence#alignment#of#all#sHSP#family#members,#illustrating#the#amino)acid#length#as#well#

as# location# of# conserved# WDPF# sequence# and# the# α)crystallin domain. Small HSPs share 
between 24-65% sequence homology. The WDPF domain is a conserved N-terminal domain 
with the primary sequence PSRLFDQXFGEXLL. The α)crystallin#domain#is#a#conserved#80)
100# amino# acid# sequence# present# in# all# sHSPs;# as# HSPB11# lacks# an# α)crystallin# domain,# it’s#

assignation# as# a# sHSP# has# been# questioned# (Kappé et al., 2010). Amino acid sequences of 
sHSPs and conserved domains were identified through a systematic search through the 
National Centre for Biotechnology Information’s (NCBI) Conserved Domains Database 
(CDD v3.11-45746PSSMs) and supported by literature (Lambert et al., 1999; Gusev et al., 
2002). 
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 Functional properties of small heatshock protein (sHSP) family members 

Homo/Hetero 
dimers 

100kDa 

Oligomerisation 
induced by stress 

700-1000kDa 

F-actin stabilisation Chaperone activity 

Phosphorylation reduces size of oligomers 

Phosphorylated state Un-phosphorylated state 

Figure 1.3 Functional properties of sHSPs.  

Functional properties of sHSPs. Cellular stress induces oligomerisation and facilitates 
chaperone activity; the WDPF domain mediates oligomerisation,# whilst# the# α)
crystallin# domain# mediates# chaperone# activity.# The# phosphorylation# state# dictates#

oligomerisation. 
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Oligomerisation of sHSPs increases their chaperone activity and is mediated by a 

conserved domain known as the WDPF domain (see figure 1.3). This domain also confers 

additional functional capacity to sHSPs by allowing sHSPs to interaction with a diverse 

range of effector proteins (including other sHSPs) (Fontaine et al., 2005; Arrigo et al., 

2007). As a result, sHSPs can mediate a plethora of functions unrelated to protein 

folding, including roles in cytoskeleton stabilisation, cell cycle regulation, apoptosis 

regulation, as well as, intracellular signalling (Arrigo et al., 2007) (see table 1.5). Small 

HSPs are therefore indispensible to cellular function.  

 

Although sHSPs share significant structural and functional characteristics, they show 

differential tissue distribution and cellular expression -perhaps suggesting specialist 

functions in different compartments. In humans and rodents, for example, HSPB1, 

HSPB5, HSPB6 and HSPB8 show ubiquitous protein expression systemically (Tallot et 

al., 2003; Verschuure et al., 2003) and also in the CNS (Quraishe, 2010; Kirbach et al., 

2011). HSPB2, HSPB3, and HSPB7 show localisation only in cardiac and skeletal muscle 

(Sugiyama et al., 2000). HSPB4 is exclusively expressed in the eye (Brady et al., 1997). 

HSPB9 and HSPB10 are expressed only in the testes (Verschuure et al., 2003). HSPB11 

has only recently been identified as a sHSP, therefore there is limited protein-expression 

data available (see summary in table 1.3).  

 

In the CNS, constitutive cellular expression of HSPB1 is observed in neuronal cells with 

some occasional non-neuronal staining in astrocytes, ependymal cells and cells of the 

choroid plexus (Plumier et al., 1997; Armstrong et al., 2001). Induced expression is 

ubiquitous (section 1.4.1). HSPB5 is constitutively expressed in white-matter-rich areas, 

with a specific oligodendrocyte localisation (Klemenz et al., 1991; Iwaki et al., 1992; 

Quraishe, 2010). Induced expression can be observed in astrocytes and neurons (section 

1.4.1). Limited literature is available on the constitutive cellular expression of HSPB6; 

anatomical characterisation however, shows high expression in cerebellum, cortex and 

hippocampus (Verschuure et al., 2003). For HSPB8, cellular localisation is observed in 

motor neurons of the ventral horn (Irobi et al., 2004; Quraishe, 2010). 
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Small HSP Protein expression Inducible 
Capacity to reduce 

aggregates 

HSPB1 Ubiquitous (incl. CNS) Yes1,2 Yes3,4 

HSPB2 Cardiac and Skeletal muscle No1,2 Yes3 

HSPB3 Cardiac and Skeletal muscle No1,2 Yes3 

HSPB4 Eye lens No1,2 Yes5 

HSPB5 Ubiquitous (incl. CNS) Yes1,2 Yes3,4,6,7,8,9 

HSPB6 Ubiquitous (incl. CNS) No1,2 Yes3 

HSPB7 Cardiac and Skeletal muscle No1,2 Yes10 

HSPB8 Ubiquitous (incl. CNS) Yes1,2 Yes3 

HSPB9 Testes No1,2 Yes12 

HSPB10 Testes No1,2 No studies 

HSPB11 Limited protein data 

(*mRNA ubiquitous) 

No1,2 No studies 

Table 1.3 Anatomical localisation and functional properties of small HSPs.   

Small HSPs are constitutively expressed; only HSPB1, HSPB5 and HSPB8 appear to be 
induced by various different stressors. In vitro, HSPB1-HSPB9 have been shown to have 
the capacity to reduce aggregation of several different proteins. References: 1 (Morimoto 
et al., 1998); 2(Zhang et al., 2002); 3 (Bruinsma et al., 2011); 4 (Yerbury et al., 2013); 5 
(Brady et al., 1997); 6 (Ghosh et al., 2008); 7 (Robertson et al., 2010); 8 (Shammas et 
al., 2011); 9 (Sun et al., 2005b); 10 (Vos et al., 2010); 11 (Vos et al., 2011). 
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Regardless of cellular localisation, sHSP are induced in several protein-misfolding 

conditions (see table 1.4) and are thought to mediate a protective role.  

 

1.2.2 Expression of Small HSPs during protein-misfolding disease 

 

1.2.2.1 Expression of sHSPs during Alzheimer’s disease 

Alzheimer’s disease (AD), like other Tauopathy conditions, is characterised by misfolding 

and intracellular aggregation of tau protein into neurofibrillary tangles (NFTs) (Selkoe et 

al., 1999). Unlike other Tauopathies# however,# AD# is# also# characterised# by# extracellular#

accumulation#of#Aβ#protein#(Mudher et al., 2002).#NFTs#and#Aβ#aggregates#are implicated 

in the death of cortical neurons (Wenk, 2003). Both in vitro and in vivo models show 

that all 4 CNS-expressed-sHSPs (see table 1.3)# colocalise# with# Aβ# aggregates# and# are#

induced#in#both#neuronal#and#glial#cells#(Lowe et al., 1990; Shinohara, 1993; Renkawek et 

al., 1994b; Wilhelmus et al., 2006a; 2006b). HSPB1 and HSPB5 show the most 

significant induction (Björkdahl et al., 2008). There are currently no studies investigating 

the effect of sHSP over-expression in AD, however, based on results from other 

conditions (see below), it is likely that induction is protective. 

 

1.2.2.2 Expression of sHSPs during Parkinson’s disease 

Parkinson’s disease (PD) is caused by misfolding and aggregation# of# α)synuclein# protein#

(Bruinsma et al., 2011). Small#HSPs#appear#to#colocalise#with#α)synuclein#aggregates#with#

HSPB1 and HSPB5 being induced in neurons and glia in cortical and hippocampal tissue 

(Renkawek et al., 1994a; 1999; Outeiro et al., 2007) (summarised table 1.3). This 

induction is mirrored in transgenic PD animal models (α)synA53T) (Wang et al., 2008). 

In vitro# studies# show# overexpression# of# HSPB1,# but# surprisingly,# not# overexpression# of#

HSP70,# to#suppress#α)synuclein#fibrillation,#suggesting#that#the# in vivo induction of sHSPs 

in PD is likely to be protective (Zourlidou et al., 2004). In vitro,#HSPB5# interacts#with#α)

synuclein# and# inhibits# aggregate formation (see section 1.4.2.1). These results would 

suggest a protective role for HSPB5 during PD.  
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Disease sHSP State of expression 

Amyotrophic 
lateral sclerosis 

HSPB1 
HSPB5 

Upregulated: Mouse (Vleminckx et al., 2002; Wang et al., 2008) 
Upregulated: Mouse (Vleminckx et al., 2002; Wang et al., 2008) 
Upregulated: Human (Iwaki et al., 1992) 

Alexander’s 
disease 

HSPB1 
HSPB5 

Upregulated: Human (Head et al., 1993; Iwaki et al., 1993) 
Upregulated: Human (Iwaki et al., 1989; 1992; Head et al., 1993; 
Iwaki et al., 1993) 

Alzheimer’s 
disease 

HSPB1 
HSPB5 
HSPB6 
HSPB8 

Upregulated: Human (Shinohara, 1993; Renkawek et al., 1994b) 
Upregulated: Human (Lowe et al., 1990; Shinohara, 1993) 
Upregulated: Human (Wilhelmus et al., 2006a; 2006b) 
Upregulated: Human (Wilhelmus et al., 2006a; 2006b) 

Epilepsy HSPB1 Upregulated: Human (Bidmon et al., 2004) 
Huntington’s 
disease 

HSPB5 Downregulated: Mouse (Zabel et al., 2002*; Quraishe, 2010**) 
*Zabel et al., 2002: Down-regulation, whole brain lysate, 12weeks 
**Quraishe, 2010: Down-regulation, Striatum, Frontal cortex, 
Cerebellum, 9weeks and 17weeks 

Multiple 
Sclerosis 

HSPB1 
HSPB5 

Upregulated: Human (Aquino et al., 1997) 
Upregulated: Human (Han et al., 2008) 

Other 
Tauopathies 

HSPB1 
HSPB5 

Upregulated: Human (Dabir et al., 2004) 
Upregulated: Human (Lowe et al., 1992b; Dabir et al., 2004) 

Parkinson’s 
disease 

HSPB1 
 
HSPB5 

Upregulated: Human (Renkawek et al., 1992; 1994a) 
Upregulated: Mouse (Wang et al., 2008) 
Upregulated: Human (Iwaki et al., 1992; Renkawek et al., 1994b) 
Upregulated: Mouse (Wang et al., 2008) 

Prions disease HSPB1 
 
HSPB5 

Upregulated: Mouse (Tortosa et al., 2008) 
Upregulated: Sheep (Vidal et al., 2008) 
Upregulated: Human (Iwaki et al., 1992; Renkawek et al., 1992) 

Spinocerebellar 
ataxia 

HSPB1 
 

Upregulated: Mouse (Chang et al., 2005) 
Upregulated: Human (Chang et al., 2005) 

Table 1.4 Expression of small heatshock proteins (sHSPs) during major 

neurological conditions.  

HSPB1 and HSPB5 appear to be induced most frequently. The majority of conditions, 
except Huntington’s disease, show increased expression of sHSPs.  
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1.2.2.3 Expression of sHSPs during Prion diseases 

 

Prion diseases are a unique set of neurodegenerative conditions that affect humans as 

well as a wide range of animals (Collinge, 2005): in humans, versions of the disease 

include Creutzfeldt-Jakob disease (CJD), new variant CJD (nvCJD) and Kuru. In 

animals, versions include bovine spongiform encephalopathy (BSE) in cattle, scrapie in 

sheep and chronic wasting disease (CWD) in elk deer.  

 

Regardless of species, prion pathogenesis is initiated by the introduction of misfolded 

prion protein (PrPSc) into a host’s proteome either by genetic, sporadic or transmissible 

means (Brown et al., 2000). Introduction of PrPSc into the proteome initiates pathogenic 

interaction of PrPSc with normal prion protein (PrPC) that then results in extra-cellular 

aggregate deposits and eventually neuronal degeneration and animal death (Prusiner, 

2001). The precise mechanisms underlying prion propagation are not understood: it has 

been proposed that prion propagation may occur through PrPSc acting as a template that 

promotes autocatalytic conversion of PrPC (Caughey, 2003), or that PrPSc acts as a seed 

that promotes accumulation of further PrPSc (Soto et al., 2006) (see figure 1.4 for an 

illustration of models of prion pathogenesis).  

 

Regardless of the model of prion propagation, aggregates of PrPSc significantly induce 

HSPB1 and HSPB5: HSPB1 is found significantly induced in sheep and mice expressing 

bovine PrPSc (Tortosa et al., 2008; Vidal et al., 2008), whilst HSPB5 shows significant 

induction in neurons and glia of diseased human and ME7-Prion mice (Kato et al., 1992; 

Renkawek et al., 1992; Quraishe, 2010). Studies in yeast suggest that over-expression of 

yeast HSP104/HSP70/HSP40 complex reduces highly ordered aggregates and thus limits 

the ability for PrPSc to interact with PrPC and initiate self-perpetuating conversion of 

normal prion protein (Moriyama et al., 2000; Romanova et al., 2009; Doyle et al., 2013). 

This data therefore suggests a protective role for HSPs during prion disease; however 

investigations on the contribution of sHSPs have not yet been done. This aspect will be 

discussed further in chapter 4.  



 

15 

 

 

Co
nv

er
sio

n 
pr

ev
en

t 
by

 e
ne

rg
y 

ba
rr

ier
 

PrPSC 

PrPC 

Heterodimer Homodimer Oligomer 

Fibrillation 

Genetic, sporadic, or 
transmissible introduction 

Fibrils 

D
el

ic
at

e 
eq

ui
lib

riu
m

 

PrPSC 
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Homodimer Oligomer 
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sporadic, or 
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Recruitment 
of monomeric 

PrPSC 

Fragmentation 
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B. Seeding model

A. Refolding model

Figure 1.4 Schematic representation of models for the conformational 
conversion of PrPC to PrPSc.   
(A) Refolding model. This model is also known as template-assisted refolding because it 
predicts that PrPSc acts as pathogenic template that promotes PrPC to misfold and refold as 
PrPSc. In this model, spontaneous conversion of PrPC to PrPSc does not occur because of a 
high-energy thermodynamic barrier. However, introduction of PrPSC into the proteome by 
genetic, sporadic or transmissible means initiates the template-based conversion of PrPC to 
PrPSc. The precise mechanisms underlying how PrPSc#converts#a#predominantly#α)helical#PrPC#

to# the# β)sheet)rich# PrPSC conformation is not known. Interaction of PrPSC with other PrPSc 

monomers prompts formation of PrPSC oligomeric structures that promote fibrillation and 
formation of amyloidogenic fibrils (for mechanism, see figure 1.5). (B) Seeding model. In this 
model, it is proposed that PrPC and PrPSc are constitutively expressed and exist in a delicate 
equilibrium. However, increased introduction of PrPSc by genetic, sporadic or transmissible 
means skews the equilibrium and results in dimerisation of PrPSc to form oligomers. 
Oligomers, with their higher association constants (see figure 1.5), recruit more PrPSc at a 
faster rate. This effect is regarded as the seeding phase and promotes fibrillation of oligomers 
into amyloidogenic fibrils. This model concludes with suggestion that fibrils fragment into 
smaller units that “seed” further autocatalytic conversion of PrPC to PrPSc.   



 

16 

 

1.2.2.4 Expression of sHSPs during Huntington’s disease 

Huntington’s disease (HD) is 1 of 9 conditions that are characterised by genetic 

mutations that promote the uninterrupted genetic addition of glutamine residues to a 

protein’s sequence (Todd et al., 2013); excessive expansion of glutamine residues past a 

critical stable threshold results in protein misfolding and aggregation. In HD, 

polyglutamine (polyQ) expansion occurs at the N-terminus of the Huntingtin (HTT) 

protein to create an extended polyQ tract: tracts beyond 36 glutamine-repeats result in 

protein misfolding, aggregation and disease (figure 1.5) (Ross et al., 2011). Longer polyQ 

tracts predict earlier onset and more severe disease (Langbehn et al., 2004).  

 

Misfolded HTT protein, referred to as mutant HTT (mHTT), pathologically aggregates 

as intra-nuclear inclusions (Ross et al., 2011).  Whilst the physiological role of HTT is 

currently unknown, the misfolding of HTT protein is thought to disrupt HTT-mediated 

processes and contribute to disease (Cattaneo et al., 2005) and to a larger extent, mHTT 

is also thought to gain toxic function and sequester other proteins, thereby further 

contributing to pathology (Tobin et al., 2000; Shao et al., 2007). The loss of normal HTT 

function and mHTT’s toxic gain of function cumulatively results in significant loss of 

striatal neurons, with as much as 95% of GABAergic medium spiny neurons being lost 

(Halliday et al., 1998; Vonsattel et al., 1998). To a lesser extent, atrophy of other brain 

regions, including the cerebral cortex, subcortical white-matter, thalamus and areas of 

the hypothalamus, is also observed (Vonsattel, 2008). 

 

Contrary to findings from other protein misfolding diseases (see comparison in table 1.4), 

induction of sHSPs is not observed during HD. Results from HD animal models (R6/2 

mice) show a reduced expression of HSPB5 during disease progression (Zabel et al., 2002; 

Quraishe, 2010) (discussed further in chapter 2 and 5). In both studies, the reduced 

expression was only observed at the protein level and not the transcript level, suggesting 

mHTT may influence HSPB5 turnover and/or that mHTT sequesters HSPB5. 

Regardless of the specific nature of the reduced expression, this raises important question 

as to whether reduced expression of HSPB5 is pathological.  
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Huntingtin Protein and polyQ expansion

N 3142aa 
16 

Q(n) 

PolyQ Count Classification Disease status Disease onset 
<26 

27-35 

36-39 

>40 

>60 

Normal Will no be affected - 

Intermediate Will no be affected - 

Reduced Penetrance Elevated Risk 35-44 

Full Penetrance Will be affected 35-44 

Juvenile Onset Will be affected <21 

A 

B 

Figure 1.5 Huntingtin protein, polyQ expansion, and disease state.  

(A) Simplified schematic of huntingtin protein highlighting the N-terminal segment 
where polyQ expansion occurs. (B) PolyQ lengths and their resulting phenotypes: less 
than 35 repeats lead to normal phenotype, however, the closer the number is to 35, 
the chance for genetic slippage and therefore the greater the likelihood to pass on 
more than 35 polyQ to offspring. 36-39 polyQs result in an elevated risk of developing 
HD with the key determinant as to whether an individual develops the condition 
being environmental factors/diet/lifestyle. If an individual develops the condition, the 
average disease onset will be 35-44 years of age. 40 or more polyQ repeats lead to 
fully penetrant disease with an average onset of 35-44 years of age. Greater than 60 
polyQ expansions lead to an accelerated form of HD that is referred to as juvenile 
onset because disease onset is often below 21 years of age. 
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Given that HSPB5 has pleiotropic roles (see table 1.5) and that in vitro studies show 

over-expression of HSPB5 to be protective against various cellular stressors including 

heat stress, protein misfolding and administration of prostaglandins and interferon-

gamma (Kamradt et al., 2001a; Arrigo et al., 2005; Kamradt et al., 2005; Hagemann et 

al., 2009), the reduced expression of HSPB5, as observed in R/2 animals (see table 1.4) 

likely contributes significantly to pathology. In addition, the observed reduced expression 

of HSPB5 in the animal model raises questions as to whether this effect is mirrored in 

human disease. This thesis will therefore aim to investigate both these questions: is the 

reduced expression of HSPB5 detrimental to disease progression and is the reduced 

expression mirrored in human disease? To understand the consequences of HSPB5’s 

reduced expression in R6/2 animals, it is necessary to firstly dissect HSPB5’s role(s) 

during health and also during disease. 

 

1.3 Cellular role of HSPB5 during neurodegeneration  
 

HSPB5 is expressed ubiquitously (see table 1.3). In the CNS, constitutive expression of 

HSPB5 is observed in oligodendrocytes (Renkawek et al., 1992; Quraishe, 2010) and 

during disease-state, HSPB5 can be induced in astrocytes (Iwaki et al., 1992; Renkawek 

et al., 1992) and neurons (Iwaki et al., 1992; Lowe et al., 1992a). Induction of HSPB5 in 

astrocytes and neurons during disease-state suggests HSPB5 mediates protective roles 

within these cell-types (discussed further in section 1.4.2.1 and 1.4.3).  

 

Phosphorylation of either 1 or a combination of serine-19, serine-45 and serine-59 

residues is crucial for HSPB5’s functionality (Kato et al., 1994) as it allows HSPB5 to 

form oligomeric structures (Simon et al., 2013). Like other sHSPs, the oligomerisation of 

HSPB5 improves its chaperone activity and also confers additional functional capacity 

for the sHSP to interact with a diverse range of protein partners  (Arrigo, 2013; Ciocca 

et al., 2013). As a result, HSPB5 is capable of overseeing several cellular roles above and 

beyond protein folding, including inhibiting protein aggregation, cytoskeleton 

stabilisation, cell-cycle regulation and inhibiting apoptosis (table 1.5). 
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1.3.1 HSPB5 inhibits protein aggregation and fibrillation  

 

In vitro evidence shows that HSPB5 interacts with and inhibits fibril formation of 

several neurodegenerative disease-causing proteins, including the proteins that are 

implicated in AD, PD, PrD and spinocerebellar ataxia 3 (SCA-3) (Sun et al., 2005a; 

Robertson et al., 2010; Bruinsma et al., 2011; Shammas et al., 2011; Yerbury et al., 

2013). In# each# case,# although# induced# by# the# misfolding# of# different# proteins,# aberrant#

proteins#aggregate#and#form#highly#ordered,#β)sheet)rich#conformations#that#are#known#as#

amyloidogenic# aggregates# (Dobson, 2004) (see figure 1.6). Formation of these# SDS)
insoluble,# β)sheet)rich# conformations# can# be# tracked# experimentally# by# fluorescent)dye#

Thioflavin#T,#and#it#appears#that#formation#of#amyloidogenic#aggregates#occurs#in#2#kinetic#

phases:#nucleating#phase#and#an#elongation#phase#(Kim et al., 2002). HSPB5 inhibits both 

nucleating and elongation phases (see figure 1.6). 

 

In vitro evidence suggests that HSPB5 can inhibit the nucleation phase of protein 

fibrillation: Robertson et al., (2010), show that with Ataxin-3, a poly-Q-addition-prone 

protein, HSPB5 binds to a conserved Josephine domain and thus inhibits nucleation. In 

most other cases, HSPB5 inhibits the elongation phase: with# Aβ42,# one# of# the# proteins#

implicated in AD, immuno-electron microscopy shows that HSPB5 associates# with# the#
entire#length#of#Aβ42#protein,#including#the#terminal#ends,#and#inhibits#the#elongation#phase#

of# fibril# formation# (Shammas et al., 2011). Similarly, surface plasmon resonance, 

highlights# that# although# there# is# a# weak# and# transient# interaction# of# HSPB5# with# α)

synuclein,#this#interaction#is#sufficient#to#inhibit#elongation#and#fibril#formation#(Bruinsma 

et al., 2011). Studies with SOD1, a protein implicated for causing amyotrophic lateral 

sclerosis (ALS), also show that HSPB5 inhibits the elongation phase of fibril formation 

(Yerbury et al., 2013). Taken together, this data highlight that HSPB5 can supress 

fibrillation at multiple stages of aggregation. It is likely therefore that reduced expression 

of HSPB5, as observed in R6/2 mice, may contribute to pathology as it allows 

fibrillation of mHTT to go unhindered (summarised figure 1.6).   
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Figure 1.6 Schematic diagram showing the aggregation characteristics of 

amyloidogenic aggregates.  

Most proteins that cause neurodegenerative diseases aggregate to form insoluble aggregates 
that are known as amyloidogenic aggregates. Amyloidogenic# aggregates# are# β)sheet)rich# and#
experimentally# measured# by# fluorescent)dye# Thioflavin# T# or# diazo)dye Congo Red. The 
kinetics of amyloidogenic aggregate formation can be seen to occur in 2 phases:  a 
nucleation/seeding phase and an elongation/growth phase (Kim et al., 2002). The nucleation 
phase is the slowest phase and is characterised by monomeric misfolded proteins binding to 
other misfolded proteins to make dimers and eventually oligomers of misfolded protein. As 
oligomers become larger, their association constant also increases, which means that it 
becomes easier for other proteins to associate with the oligomers (Ellis, 2011). This effect is 
synonymous to the colloquialism “snowball effect” and is referred to, here, as nucleation. Once 
nucleation occurs, oligomers associate with other oligomers to form protofibrils. This phase is 
known as the elongation/growth phase. Protofibrils associate together to form highly ordered 
mature fibrils. HSPB5 appears to interact and inhibit fibril formation via one of two ways: it 
can inhibit the nucleation phase (e.g. Ataxia-3), or it can# inhibit# the# elongation# phase# (e.g.#
Aβ42,# SOD1,# α)synuclein)# of# fibril# aggregation.# It# is# not# certain# if# formation# of# amyloidogenic#

aggregates#is#pathogenic#or#protective.#Some#consider#amyloidogenic#aggregates#to#be#cytotoxic#

and# a# key# pathological# hallmark of neurodegenerative conditions (Ellis et al., 2006), whilst 
others believe that misfolded oligomeric proteins are toxic to cells and thus formation of 
mature fibrils acts as a sink that sequesters and attenuates toxicity (Zhao et al., 2012). It is 
uncertain if HSPB5-mediated inhibition of amyloidogenic aggregates is protective or 
pathogenic. 
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1.3.2 HSPB5 mediates cytoskeleton stabilisation, cell adhesion and tissue 

integrity 

Cytoskeletal dysfunction is implicated in a wide range of neurodegenerative conditions 

(McMurray, 2000). HSPB5 helps the assembly of cytoskeletal elements (Gopalakrishnan 

et al., 1992; Benndorf et al., 1994) and during thermal or oxidative stress, HSPB5 

stabilises and protects the cytoskeleton from unfolding (Liang et al., 1997; Mounier et 

al., 2002). HSPB5’s cytoskeleton stabilisation role involves chaperoning and stabilising 

intermediate filaments (desmin (Ghosh et al., 2007b), vimentin, peripherin (Djabali et 

al., 1997; 1999) and GFAP (Ghosh et al., 2007b)) and microfilament F-actin (Singh et 

al., 2007) and tubulin (Ohto-Fujita et al., 2007).  

 

The importance of HSPB5 in cytoskeletal stabilisation can be illustrated by that reduced 

function of HSPB5, due to mutations, leads to the development of a number of 

congenital conditions. For example, an R120G point mutation in human HSPB5 

contributes to an inability of HSPB5 to interact with desmin, which leads to misfolding 

and aggregation of the protein, resulting in either a muscular condition known as 

desmin-related myopathy (DRM) (Wang et al., 2001) or cardiomyopathy and congenital 

cataract (Vicart et al., 1998). In terms of HSPB5’s interaction with F-actin, and tubulin, 

reduced expression of HSPB5 has been shown to result in abnormal mitotic spindle 

formation in lens epithelial cells (Nicholl et al., 1994) and to impair cytoskeletal 

organisation and MCF-7 cell growth (Mairesse et al., 1996). These data highlight the 

important role mediated by HSPB5 in cytoskeleton stabilisation and imply detrimental 

effects as due to reduced expression of HSPB5. 

 

HSPB5#also#interacts#with#β)catenin#and#cadherin)16#and#thus#appears#to#have#an#indirect#

role#in#facilitating#cell)cell#adhesion#and#maintaining#tissue#integrity#(Thedieck et al., 2008).#
It# appears# that# HSPB5# is# important# in# helping# β)catenin# and# cadherin)16# attach# to#

cytoskeletal# components.#Thedieck#et# al.,# (2008)#did#not# study# the#effect#of#β)catenin#and#

cadherin)16#dynamics#in#the#absence#of#HSPB5;#reduced expression of HSPB5 would likely 

negatively influence cell-cell adhesion dynamics. 
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 Interacting 
protein 

Functional role of HSPB5 Cellular process modified 

HSPB5: β)Catenin Cell adhesion1 

HSPB5 facilitates 
cytoskeleton 
stabilisation, cell 
adhesion and tissue 
integrity 

 Cadherin-16 Stabilisation2 

 Desmin Chaperoning3 

 F-actin Protein integrity4,5,6 

 GFAP Stabilisation7,8 

 Peripherin Chaperoning9,10 

 Tubulin Chaperoning3,11 

 Vimentin Chaperoning9,10,12 

HPB5: α)synuclein Inhibits fibrillation13,14 

HSPB5 inhibits protein 
fibrillation/aggregation 

 Aβ)amyloid Inhibits fibrillation13,15 

 Apo-lipoprotein Inhibits aggregation16 

 K-casein Inhibits aggregation17 

 PolyQ proteins Inhibits aggregation17 

 PrPC Inhibits aggregation18 

 SOD1 Inhibits aggregation19 

HSPB5: Bax Inhibits translocation to 
mitochondria20 

HSPB5 inhibits 
apoptosis pathways 

 Bcl-Xs Inhibits translocation to 
mitochondria20 

 Caspase-3 Negative regulator of 
activity21 

 p-53 Inhibits translocation to 
mitochondria22 

HSPB5: FGF-2 
 

Chaperone FGF-23 

HSPB5 facilitates growth 
factors and transduction 
pathways 

 NGF)β 
 

Chaperone#NGF)β3 

 VEGF 
 
Continued next  

Chaperone VEGF3 

 

page… 
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 Interacting 
protein 

Functional role of HSPB5 Cellular process modified 

HSPB5: C8/α7#proteasome Degradation of HSPB5 
interacting proteins23 HSPB5 helps regulation 

of protein degradation  Fbx4 Cyclin D1 
ubiquitination/degradation24 

HSPB5: Cyclin D1 Ubiquitinated by HSPB5-
fbx424  

HSPB5 helps cell cycle 
regulation 

HSPB5 IKKβ Stimulate kinase activity25 HSPB5 interacts with 
protein kinases 

Table 1.5 Proteins that are known to interact with HSPB5.   

Using its WDPF domain, HSPB5 interacts with several protein partners and thus 
facilitates several cellular processes including, cytoskeleton and tissue stabilisation, 
inhibition of protein fibrillation and aggregation, inhibition of apoptotic pathways, 
facilitation of cell-cycle regulation, survival and signal transduction, as well as, protein 
degradation. The table shows what the perceived role of HSPB5 in that interaction. 
References: 1 (Fanelli et al., 2008); 2 (Thedieck et al., 2008); 3 (Ghosh et al., 2007a); 4 
(Del Vecchio et al., 1984); 5 (Wang et al., 1996); 6 (Singh et al., 2007); 7 (Wettstein et 
al., 2012); 8 (Hagemann et al., 2009); 9 (Djabali et al., 1997); 10 (Djabali et al., 1999); 11 
(Ohto-Fujita et al., 2007); 12 (Perng et al., 1999); 13 (Ghosh et al., 2008); 14 (Bruinsma 
et al., 2011); 15 (Shammas et al., 2011); 16 (Hatters et al., 2001); 17 (Robertson et al., 
2010); 18 (Sun et al., 2005b); 19 (Yerbury et al., 2013); 20 (Mao et al., 2004); 21 (Hu et 
al., 2012); 22 (Liu et al., 2007); 23 (Boelens et al., 2001); 24 (Lin et al., 2006); 25 
(Adhikari et al., 2011). 
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1.3.3 HSPB5 mediates a role in cell growth, cell-cycle regulation and 

signal transduction pathways 

 

HSPB5 not only facilitates the afore-mentioned roles, but also interacts and modulates 

the activity of proteins involved in cell growth, cell-cycle regulation and signal 

transduction. The sHSP# has# been# shown# to# have# strong# chaperoning# interactions# with#

basic# fibroblast# growth# factor# (FGF)2),# nerve# growth# factor# beta# (NGF)β)# and vascular 

endothelial growth factor (VEGF) (Ghosh et al., 2007b). HSPB5 appears to protect 

these proteins from unfolding during cellular stress and therefore indirectly promotes cell 

growth and differentiation (Ghosh et al., 2007b).  

 

Using its WDPF domain, HSPB5 can also interact with FBX4 protein, an F-box-

containing protein that is a crucial component of the ubiquitin- ligase SCF complex 

(SKP1/CUL1/F-box) (den Engelsman et al., 2003). This complex regulates the cell cycle. 

HSPB5’s role in this complex is thought to increase substrate specificity of FBX4, which 

results in targeted ubiquitination of phosphorylated cyclin-D1 (Lin et al., 2006). 

Phosphorylation of ubiquitinated cyclin-D1 leads to proteasomal degradation of cyclin-

D1 and results in slower cell-cycle progression (Lin et al., 2006). HSPB5 expression has 

therefore been implicated as a therapeutic substrate for various cancers. Impairment of 

HSPB5’s interaction with FBX4 reduces cyclin-D1 ubiquitination and accelerates cell-

cycle progression in several tumour cell lines (Lin et al., 2006). Reduced expression of 

HSPB5 is therefore likely to increase cell-cycle progression in R6/2 animals, although it 

is unclear which cells or which organs. 

 

HSPB5 is also involved in signal transduction; HSPB5 stimulates inhibitor# of# nuclear#

factor#kappa)B,#subunit#beta#(IKK)β)#kinase#activity#(Adhikari et al., 2011).#Activated#IKK)β#
phosphorylates# and# thus# initiates# the# degradation# of# nuclear# factor# of# kappa# light#

polypeptide# gene# enhancer# in# B)cells# inhibitor,# alpha# (IκBα);# this# liberates# nuclear# factor#

kappa)B# transcription# factor# (NF)κβ),# allowing# wide modulation of cell function. These 

data highlight HSPB5’s crucial physiological roles. 
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1.3.4 HSPB5 negatively regulates apoptotic pathways 

 

Finally, HSPB5 appears to be a negative regulator of apoptosis (table 1.5). Apoptosis is 

a key feature in neurodegenerative conditions and can be induced by misfolded proteins, 

oxidative stress, and even excessive cytokine stimulation (Thompson, 1995). Misfolded 

proteins and oxidative stress induce apoptosis via the mitochondrial apoptotic pathway 

whilst extracellular insults, such as cytokines, induce apoptosis via death receptors that 

belong to the tumour necrosis factor receptor superfamily (Green, 2011). Both these 

pathways coalesce at the activation of executioner caspase-3. HSPB5 appears to be a 

potent inhibitor of apoptosis by inhibiting activation of this executioner caspase (Mao et 

al., 2004; Liu et al., 2007; Hu et al., 2012).  

 

In vitro and in vivo evidence shows HSPB5 to suppress procaspase-3, the pro-enzyme 

responsible for the synthesis of caspase-3, thereby inhibiting the downstream effects of 

caspase-3 activation and thus apoptosis (Mao et al., 2001; Kamradt et al., 2001b). More 

recent evidence further shows that HSPB5 also inhibits apoptosis further upstream to 

caspase-3 activation by binding to and inhibiting pro-apoptotic proteins Bax, Bcl-Xs 

(Mao et al., 2004; Hu et al., 2012) and p53 (Liu et al., 2007). The binding of HSPB5 to 

these proteins sequesters them in the cytoplasm and prevents their translocation to the 

mitochondria where they would normally induce the release of cytochrome c and 

DIABLO proteins that form the apoptosome and promote apoptosis.     

 

It is therefore evident that HSPB5 can facilitate several important physiological roles 

during health and also disease (summarised in table 1.5). However, it is important to 

note that many of these interactions are deduced from in vitro studies; extrapolation of 

the protective capacity of HSPB5 therefore remains theoretical. Perhaps the most direct 

in vivo evidence for the protective role of HSPB5 can be gleaned from animal and human 

experiments of multiple sclerosis and stroke; in both conditions, there is compelling 

evidence for HSPB5 mediating a robust anti-inflammatory role (Ousman et al., 2007; 

Arac et al., 2011; Rothbard et al., 2011; 2012). 
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1.3.5 HSPB5 as an inflammatory mediator 

 

1.3.5.1 HSPB5 is protective in multiple sclerosis 

The first evidence for HSPB5 being a potent immune modulator stems from studies of 

multiple sclerosis (MS) (Ousman et al., 2007; Rothbard et al., 2011; 2012). MS is an 

autoimmune condition that is characterised by T-cell-mediated inflammatory response 

against the myelin sheath that encapsulates neurons (Nataf, 2009). Although MS is not a 

protein-misfolding disease, HSPB5 is found significantly upregulated in MS lesions (van 

Noort et al., 1995; Chabas et al., 2001). Due to this induction, HSPB5 was initially 

thought to be an auto-antigen for T-cells (van Noort et al., 1995). More recently, 

however, following failed attempts to induce MS by immunising mice with HSPB5 

(Verbeek et al., 2007), it has become widely accepted that the induction of HSPB5 that 

is observed during MS in not pathological and has instead been suggested to be 

protective (Ousman et al., 2007; Rothbard et al., 2011; 2012).  

 

This conclusion is based on that during experimentally induced MS, mice deficient of 

HSPB5 showed significantly exaggerated activation of T-cells and had increased levels of 

pro-inflammatory cytokines, which led to worse disease progression (Ousman et al., 

2007). In addition, intravenous (I.V) addition of HSPB5 to the deficient animals resulted 

in reduced amount of pro-inflammatory mediators and improved the clinical progression 

of disease. Altogether, these findings suggest HSPB5 to have an immune modulatory role 

(characterised further in chapter 3 and 4).  

 

The precise mechanism by which HSPB5 modulates the immune system is uncertain, 

however, there is some evidence that HSPB5 may have the capacity to modulate the 

proliferative capacity of immune cells and modulate pro-inflammatory cytokine 

production (Arac et al., 2011); evidence from astrocytes suggests that the molecular basis 

to HSPB5’s immune-modulatory action appears to be founded on HSPB5 acting as a 

pro-inflammatory transcription repressor (Shao et al., 2013) (discussed in further detail 

in chapter 3). Whether this applies to other cell-types is uncertain. As HSPB5 does not 
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possess a secretion signal sequence, in somewhat an unorthodox manner, HSPB5 is also 

thought to mediate its immune-modulatory role by extracellularly binding to circulating 

pro-inflammatory molecules (Rothbard et al., 2012). The evidence shows elevated levels 

of HSPB5 in MS patients’ plasma; precipitation of-which shows HSPB5 bound to acute 

phase proteins, complement and coagulation proteins. There is some evidence for the 

extracellular release of other HSPs, such as HSP70, via a non-classical secretory pathway 

that does not include cell-death-mediated release (Hightower et al., 1989; Mambula et 

al., 2007; Vega et al., 2008). For HSPB5, evidence suggests exosomal release (Gangalum 

et al., 2011). This data therefore highlight an intra and extra-cellular anti-inflammatory 

role for HSPB5. 

 

1.3.5.2 HSPB5 is protective in stroke 

 

In addition, there is compelling evidence that HSPB5’s induction during stroke mediates 

an immune modulatory role. HSPB5 is found upregulated in 68% of human stroke brains 

(Minami et al., 2003). Stroke is a neurological condition that is caused by the focal 

interruption of blood-flow to the brain, either through blockage of blood vessels 

(thrombotic) or rupture of blood vessels (haemorrhagic) (Piao et al., 2005). Regardless of 

the cause, the resulting disruption of blood-flow leads to localised hypoxia that, if not 

rectified quickly, leads to hypoxic stress and the initiation of a cascade of cellular events 

that culminate in tissue death (see figure 1.7) (Piao et al., 2005). One important element 

observed during ischaemic cascade is microglial activation; microglia, the immune cells of 

the brain, are important during stroke because they phagocytose dead cells and “mop-up” 

cytotoxic compounds (Wood, 1995). However, microglia also produce copious amounts of 

pro-inflammatory cytokines that, in itself, can damage tissue, and to a larger extent, 

promote peripheral leukocyte infiltration that exacerbates inflammation and results in 

additional tissue damage (Patel et al., 2013). Balancing the protective aspects and the 

detrimental effects of microglial activation is therefore a tricky homeostatic act.  
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Ischaemic Cascade
Ischaemia 

Decreased blood flow 

Depletion of energy stores 

Energy failure 

(  O2) 

Acidosis 
(lactate accumulation) 

ATP pumps fail 
(Na+/K+) 

Ca2+ buffering 
and Ca2+ pumps fail 

 

Mitochondrial 
damage 

Glutamate release Membrane  
depolarisation 

Increased Ca2+ levels 
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Phagocytosis 
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Figure 1.7 Schematic of the molecular events that occur during ischaemic stroke.  

Ischaemic stroke is caused by the blockage of blood vessels that results in decreased blood flow to 
a focal area of the brain. Decreased blood flow results in reduced oxygen to brain tissue; brain 
tissue ceases to function adequately if deprived of oxygen for 60-90seconds. Insufficient aerobic 
respiration leads to depletion of intra-cellular energy stores and thus failure of the ATP and Ca2+-
pump as well as increased anaerobic respiration and lactate accumulation. Failure of the ATP-
pump results in dis-equilibration of the Na+ and K+ gradient and results in membrane 
depolarisation, whilst failure of the Ca2+-pump results in mitochondrial damage and release of 
Ca2+ from mitochondrial stores. Increase in cytosolic Ca2+ initiates a cascade of events, one of 
which is the induction of several enzymes that initiate apoptosis. This process leads to free-radical 
production and cell death, both of which activate microglia. Activated microglia phagocytose cell 
debris but also produce further cytokines that can promote further apoptosis and cell death. 
Microglial cytokines are thought to result in a “leaky” blood-brain-barrier that, during reperfusion, 
results in an influx of peripheral leukocytes and an exaggerated inflammatory response that is 
detrimental. HSPB5 is thought to modulate aspects of this immune response. Pathway adapted 
from (De Keyser et al., 1999)  
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Studies investigating HSPB5’s immune-modulatory role show that I.V administration of 

HSPB5 12hrs after stroke results in significantly reduced infarct/lesion sizes and better 

prognosis for affected animals (Arac et al., 2011). The reason for the reduced lesion size 

is thought to be due to HSPB5’s immune modulatory effects: Arac et al., (2011) 

illustrated how mice deficient of HSPB5 showed significantly increased infiltration of 

CD3+# and#γδ)T)cells,#and#had# larger# lesion#sizes# following#stroke.# In#addition# to# this,# they#

also#showed that exogenous addition of HSPB5 to mice deficient of HSPB5, as well wild-

type mice, results in smaller lesion sizes as due to reduced proliferative capacity of CD3+ 

CD4+, CD8+# and# γδ)T)cells# as#well# as# reduced#production# of# pro)inflammatory# cytokines#

interleukin)17# (IL)17)# and# interferon# gamma# (IFN)γ)# (Arac et al., 2011). These findings 

suggest that HSPB5 attenuates the inflammatory response and reduces aberrant immune 

activation.  

 

1.4 Concluding remarks 
 

Cumulatively, the data from MS and stroke studies provides strong in vivo evidence for 

HSPB5’s capacity to modulate the immune response. This raises questions as to the 

impact of the reduced expression of HSPB5 observed by Zabel (2002) and Quraishe 

(2010) in R6/2 mice. Given that aberrant innate and adaptive immune response have 

been implicated during HD (Ellrichmann et al., 2013), an investigation into HSPB5’s role 

as an immune modulator becomes quite interesting, not only in the context of R6/2 

animals but also in the context of HD patients.  

 

This thesis will therefore aim to provide some insight into HSPB5’s immune modulatory 

role. We will use HSPB5 transgenic mice that do not express the gene (HSPB5 knockout 

(KO) animals) to investigate the absence of HSPB5 and its effect on basal phenotype 

(chapter 2), peripheral immune system (chapter 3) and the central immune system 

(chapter 4). The thesis will conclude with a comparative study between R6/2 mice and 

human HD tissue to evaluate if the observations made in the animal model extrapolate 

to the human disease (chapter 5). 
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2. CHARACTERISATION OF HSPB5-

DEFICIENT ANIMALS 

 
This chapter provides a baseline characterisation of HSPB5 KO animals. Such 

characterisation is important to understand the phenotype (cellular, morphological and 

behavioural) of animals lacking HSPB5. This characterisation will inform subsequent 

experiments by identifying potential confounding variables that may be apparent in mice 

lacking HSPB5. 
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2.1 Introduction 
 
Small heat shock proteins (sHSPs) mediate crucial homeostatic roles in all living cells (see 

chapter 1); they not only facilitate protein folding and re-folding (Haslbeck et al., 2002) 

but they also negate apoptosis (Mao et al., 2004; Hu et al., 2012), stabilise actin and 

intermediate filaments (Hagemann et al., 2009; Wettstein et al., 2012) and promote cell 

survival, growth and differentiation (Djabali et al., 1999; Goldbaum et al., 2001). Whilst 

the majority of sHSPs show upregulation in the CNS during several neurodegenerative 

conditions (table 1.4), in the R6/2 animal model of Huntington’s disease (HD), there is a 

selective reduced expression of HSPB5 (chapter 1). Given HSPB5’s pleiotropic roles (see 

section 1.3), we hypothesise that the reduced expression observed in R6/2 animals 

impinges several cellular processes and thus may be detrimental/pathological. As HSPB5 

appears to have a potent negative regulatory capacity on inflammatory processes, which 

are implicated in many neurodegenerative conditions, its reduced expression raises 

important questions. This thesis will therefore investigate HSPB5’s immune modulatory 

role in more detail.  

 

This chapter will firstly characterise behavioural parameters, cellular profiles and 

morphological features of HSPB5 KO mice as compared to wild type animals. This 

comparison is useful as subsequent experiments (chapter 3 and chapter 4) use 

behavioural, cellular and morphological parameters to characterise the impact of reduced 

HSPB5 expression. A caveat to this investigation, however, is that HSPB5 KO mice also 

inadvertently carry a deletion for another sHSP, HSPB2, thereby creating a double 

mutant (HSPB5-/-, HSPB2-/-); as these animals are double mutants, it is necessary to 

investigate whether the erroneous deletion of HSPB2 has any confounding effects.  

 

Previous characterisation of HSPB5 KO animals under a 129Sv background suggests that 

the inadvertent deletion of HSPB2 has negative effects: results show that although the 

double mutants are viable, they suffer from muscular dystrophy, kyphosis and die 

prematurely, ca. 10-12months of age (Brady et al., 2001).  
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These effects are caused because both HSPB2 and HSPB5 are expressed in skeletal 

muscle (see table 1.2); their absence in KO animals, therefore, compromises the 

musculature. As some of our subsequent characterisations will rely on behavioural 

analyses that are influenced by muscular exertion, characterisation of behavioural aspects 

of these mice is necessary. Whilst Brady et al., (2001) studied the effect of knocking out 

HSPB2 and HSPB5 on the musculature, they did not investigate the effects of knocking 

out HSPB2 and HSPB5 on the CNS. Whilst we do not envision the lack of HSPB2 to 

have an effect in the CNS (as HSPB2 is not expressed there) this chapter will also 

characterise the effect of lack of HSPB2 and HSPB5 on cellular and morphological 

aspects of cells in the CNS. These findings will provide a baseline that will inform 

subsequent experiments and eliminate extraneous variables. To simplify, although the 

animals are double mutants (HSPB2-/-/HSPB5-/-), they will simply be referred to from 

now as HSPB5 KO mice. 
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2.2 Aims 
 

As HSPB2 and HSPB5 are expressed in muscle cells, this chapter will:  

1. Determine whether the knockout mice show any physical/behavioural differences 

to wild type animals.  

2. As subsequent work will focus on the CNS, we will characterise whether HSPB5 

KO mice show any cellular or morphological differences as compared to animals 

that express HSPB5.  

These measurements will provide a baseline for subsequent experiments and will 

eliminate confounding variables.   
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Experimental paradigm

3 months 6 months 10 months 

Behavioural 

Immunohistochemistry 

Behavioural 

Immunohistochemistry 

Behavioural 

Immunohistochemistry 

Myelin analysis 

Characterise 
cytolocalisation of 
HSPB5 in the CNS Characterise the impact 

of absence of HSPB2 
and HSPB5 on CNS 

cytoarchitecture 

Immunohistochemistry 
•  GFAP 
•  HSPB5 
•  IBA1 

Myelin analysis 
•  HSPB5 

Characterise the impact of 
absence of HSPB2 and 
HSPB5 on musculature 

and physical performance 

Behavioural 
•  Burrowing 

•  Open-field tests 
•  Inverted mesh test 
•  Static rod test 
•  Rotarod test 

A

B

Figure 2.1 Time line showing experimental set-up and experimental 
procedues.  
(A) Time-line showing the 3 time-points behavioural experiments were done and 
tissue was collected for analysis. To investigate the impact of knocking out HSPB2 
and HSPB5, behavioural analysis was done at 3, 6 and 10months of age; 
immunohistochemical analysis was also done at the same time-points. The 10-month 
time-point is a critical time-point as previous experiments suggest that HSPB5 KO 
do not survive past this point (Brady et al., 2001). (B) Experimental procedures 
utilised and the reason why they were done. Behavioural tests used to characterise 
the HSPB5 KO mice are burrowing (2.3.3.1), open-field (2.3.3.2), inverted mesh 
(2.3.3.3), static rod (2.3.3.4) and rotarod tests (2.3.3.5). These tests were done to try 
and characterise the impact of the absence of both HSPB2 and HSPB5 on 
musculature and physical performance. Immunohistochemical analysis involved 
staining for HSPB5, GFAP, the astrocyte marker and IBA1, the microglial marker 
(2.3.4.1). These investigations provide understanding of whether HSPB5 KO animals 
show different cellular composition to wild type animals. Myelin analysis of wild type 
animals was done at the 10-month time-point (2.3.5). This analysis was done to 
provide better understanding of HSPB5’s localisation in oligodendrocytes. 
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2.3 Materials and methods 
 
 
2.3.1 Generation of HSPB5-/- mice 
HSPB5 KO mice (HSPB2-/-/HSPB5-/-) were generated by the Wawrousek lab (N.I.H, 

Bethesda, Maryland) and backcrossed for several generations onto a C57Bl/6 background 

in the Muchowski lab (University of California San Francisco, California) and then 

passed on as a gift to our lab (BRF, University of Southampton). In our lab, the mice 

colony was expanded as follows: HSPB5 heterozygous (HSPB5+/-) mice were crossed with 

HSPB5 heterozygous (HSPB5+/-) mice to generate ¼ wild type, ½ heterozygous, and ¼ 

knock out littermate mice. Genotype was confirmed by polymerase chain reaction (PCR). 

The breeding cross did not generate these Mendelian ratios, which, as observed later, 

imposed a difficulty to a perfectly controlled experiment.  

 

2.3.2 Animals and animal husbandry 
Littermate animals were separated by sex and housed in groups of 5 in plastic cages with 

sawdust bedding. Mice were fed on an RM-1 Standard laboratory chow diet and had 

access to food and water ad libitum. The holding room was temperature controlled (21 – 

23oC) with a 12hr:12hr light dark cycle (lights on at 07:00). All procedures were 

performed in accordance with the UK animals (Scientific Procedures) Act 1986 under 

personal license and ethical approval obtained from the University of Southampton and 

the UK Home Office. 

 

2.3.3 Behavioural Analyses 
 
2.3.3.1 Burrowing test  
Mice were placed in individual cages that had a 20cm long opaque, plastic tube with an 

opening diameter of 6.8cm. The tubes were filled with 200g of standard laboratory chow 

pellets and positioned in a 3cm-high elevated position. Mice were left in in cage in a semi-

lit, quiet environment initially for 2 hours and then overnight (ca. 16hrs). The amount of 

pellets dug out (left in the tube) were weighed and recorded for both the 2hr and 

overnight condition. The mice were not under dietary restriction. 



36 
 

2.3.3.2 Open-field test 
Mice were placed in the centre of individual Perspex boxes of 27cm L x 27cm W x 

20.3cm H that was lined with infrared optics to measure animal movement over a period 

of 3 minutes. Distance travelled by the mice, average velocity, and time spent resting 

during the 3-minute test period were recorded. Data was processed and analysed by 

activity monitor software (Med associates Inc., USA). In-between tests, the boxes were 

cleaned with Virkon® disinfectant (Anachem, UK) and allowed to dry before 

introduction of a new animal. 

 

2.3.3.3 Inverted mesh test 
 
Mice were placed individually on a wire mesh measuring 40cm x 40cm. The mesh was 

mounted approximately 1m above the ground over soft cushioning and was inverted. 

Upon inversion, the timer was started, and the time it took for the mice to fatigue and 

fall off was recorded. A cut-off time of 2 minutes was implemented. 

 
2.3.3.4 Static rod test 
 
A wooden rod measuring 60cm L x 2.8cm D was affixed to a table at a 90O protruding 

angle off the surface of a table. The rod was positioned over soft cushioning 

approximately 1m from the ground. Mice were placed at the furthest end of the rod away 

from the table facing away from the table and the timer was started. The mice were 

expected to turn around 180O so as to face the table and then they were expected to 

navigate to “safety”. The timer was stopped upon successful completion of the task. 

 
2.3.3.5 Rotarod 
 
Mice were placed on an automated rotating cylinder and allowed to find their balance. 

The machine was turned on and speed incrementally increased. The total time it took for 

the mice to stay on the apparatus was measured and recorded.  
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2.3.3.6 Statistical analysis 
 
Values obtained from behavioural tests were compiled and statistically analysed using 

GraphPad Prism v6 (GraphPad Software, US). For group data, which was analysing the 

effect of genotype as well as age on the mice, data was statistically analysed using an 

two-way analysis of variance (2-way ANOVA); Tukey post-hoc test was done to compare 

multiple comparisons. When comparing difference between male and female mice, an 

unpaired T-test was used and as the sample sizes were very small, Welch’s correction was 

applied to the data in order to take into account differences in standard deviation.   

 

2.3.4 Tissue collection and processing 
2.3.4.1 Brains 
 
At the end of the experiment (see figure 2.1)," animals"were" terminally"anaesthetised"with"

102l/g" Sodium Pentobarbital (Sigma, UK). Death was confirmed by pedal reflex loss. 

Mice were perfused with heparinised saline and then 10% formalin. The brain was 

removed and placed in 10% formalin overnight at 4oC for immunohistochemistry 

processing  

2.3.4.1.1 Immunohistochemistry 
 
Formalin-fixed brains were de-hydrated by immersion in a series of increasing 

concentration alcohols from 70% ethanol to 80%, 90%, 100% and, lastly, immersion into 

Histoclear (Sigma Aldrich, UK) (see table 2.2); this process was automated by a Leica-

TP 1020 tissue processor (Leica Biosystems, UK). Following the Histoclear step, tissue 

was placed in plastic cassettes (Fisher Scientific, UK) and submerged in molten (40oC) 

paraffin wax (Polywax, UK) and allowed to solidify. Wax blocks were stored at room 

temperature. The wax-blocks" were" cut" into" 102m" sections" on" a" Leica" RM2255" rotary"

microtome" (Leica" Biosystems," UK)" and" tissue" was" floated" on" 40oC dH2O in a tissue 

floatation bath (LAMB, UK). The resulting sections were mounted on SuperFrost™ 

microscope slides (Fisher Scientific, UK) and dried overnight at 37oC. Slides were stored 

at room temperature. 
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2.3.4.1.1.1 Immunostaining  

Sections were heated at 60oC for 30 minutes and then de-waxed in xylene (Fisher 

Scientific, UK) before being re-hydrated by immersion in a series of decreasing alcohol 

concentrations (see table 2.3). Endogenous peroxidase activity was blocked with a 

solution of 1% hydrogen peroxide (H2O2) for 3 minutes and subsequent antigen retrieval 

was done for 5 minutes by heating in citrate buffer (10mM citric acid (pH6)) in a 700W 

microwave. Non-specific binding was prevented by incubating sections in goat serum 

(GIBCO life technologies, UK). Sections were incubated with primary antibodies (see 

table 2.4). Appropriate biotinylated secondary antibody (see table 2.4) was applied for 

1hr and then sections were incubated in ABC complex (Vector Laboratories, UK) for 45 

minutes. Immunoreactivity was determined by immersion in diaminobenzidine (DAB) 

solution (Sigma Aldrich, UK). Sections were counterstained with Harris haematoxylin 

(VWR, UK) and de-hydrated by immersing in a series of increasing concentration 

alcohols (reversal of table 2.3) and, lastly, by immersion into xylene (Fisher Scientific, 

UK). Coverslips were applied with Distrene-Plasticiser-Xylene (DPX) combined-

mountant (VWR, UK). All images were taken using a Zeiss Axio Observer Z1 inverted 

microscope (Zeiss, UK). 

 

2.3.5 In silico microarray analysis of HSPB5 expression 
 

The tissue-specific pattern of mRNA expression can indicate important clues about gene 

function. Using the GeneAtlas MOE430 gcrma (Su et al., 2004), the raw data pertaining 

to HSPB5 high-density oligonucleotide arrays was downloaded from www.biogps.com and 

plotted graphically to determine the tissue and cells that show the highest expression of 

HSPB5. The original data had been obtained from 191 mice using a vast array of high-

density Affymetrix probes and had been GCRMA summarised i.e. processed through an 

algorithm that removes background noise, normalises the probes to allow comparison 

between multiple chips and summarised in expression values that are robust and outlier 

resistant (Su et al., 2004). 
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Treatment Duration 

70% ethanol 2 hours 

70% ethanol 2 hours 

80% ethanol 1 hour 

90% ethanol 1 hour 

Absolute ethanol I 1 hour 

Absolute ethanol II 10 hours 

Histoclear I 4 hours 

Histoclear II 2 hours 

Table 2.1 Automated settings for the dehydration of tissue using the Leica-
TP 1020 tissue  
Treatment Duration 

Xylene I 10 minutes 

Xylene II 10 minutes 

100% ethanol 3 minutes 

90% ethanol 3 minutes 

80% ethanol 3 minutes 

70% ethanol 3 minutes 

Table 2.2 Tissue rehydration for immunohistochemistry.  
 
1O antibody Species Dilution Incubation Biotinylated antibody Dilution 

GFAP 

(DAKO, US) 

Mouse 

 

 
1:5000 

Over-night 

 

Goat anti mouse-HRP 

 

1:250 

 

HSPB5 

(Abcam, UK) 
1:250 
 

IBA1 

(Abcam, UK) 

 
1:500 

Table 2.3 Primary and secondary antibodies used for immunohistochemistry 
analysis. 
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2.3.6 Myelin analysis 
 
Biochemical analysis of white-matter was achieved by sub-fractionation of brain 

homogenates to enrich for myelin fraction relative to non-myelin fractions. The sub-

fractionation was done using a modified protocol from a paper by Kim and Pfeiffer (2000) 

(see figure 2.2). All steps were carried out at 40C. Two wild-type adult mice brains 

(cortex, cerebellum, brain-stem) (≈1g) were homogenised in a glass Teflon homogeniser 

in 5 ml homogenisation buffer (0.32M Sucrose, 0.1mM CaCl2, 1mM MgCl2, Protease 

inhibitor cocktail). The homogenate was brought to a final sucrose concentration of 

1.25M by adding 9.5ml 2M Sucrose and 4.11ml 0.1mM CaCl2 and then overlaid with 1M 

sucrose 0.1mM CaCl2. The 1M sucrose was overlaid with homogenisation buffer and the 

resulting sucrose gradient was carefully balanced and ultra-centrifuged at 24 000 rpm 

(SW-28, 141 000g; Beckman) for 3 hours. Floating myelin was collected at the top phase 

of the homogenisation buffer. To wash off sucrose the myelin fraction was re-suspended in 

phosphate-buffered saline (PBS) and ultra-centrifuged at 19 000 rpm (SW-28, 30 000g; 

Beckman) for 30 minutes. The pellet was collected and re-suspended in 2ml" PBS," subH

aliquoted"into"2002l portions and stored at -200C. See figure 2.2 for illustration. 

 

2.3.6.1 Detergent extraction of intra-membrane proteins 
 
2002l crude myelin from 2.3.6 was extracted in 5002l" 1% Trition-TX100 TNE buffer 

(25mM Tris HCl, 0.15M NaCl, 5mM EDTA, protease inhibitor cocktail). The mixture 

was then sub-aliquoted equally into three parts: one aliquot was retained as a 

representation “total protein” whilst the other two were incubated at either 40C or 370C 

for 30 minutes. The incubated extracts were then centrifuged at 13 000 x g (Heraeus 

#7593, Sorval) at 40C for 10 minutes to produce a detergent insoluble pellet and a 

detergent soluble fraction.  The detergent insoluble pellet was re-suspended in equal 

volume 2% SDS to that of the soluble fraction, so as to allow comparison of the relative 

protein amounts in each sample. All samples were then stored in sample buffer (62.5mM 

Tris-HCl (ph6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.000625% Bromophenol 

Blue) (see figure 2.3A). 
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Figure 2.2 Brain sub-fractionation.  
Schematic of brain sub-fractionation to enrich for myelin. 2 wild type brains (cortex, 
cerebellum, brain-stem) were pooled and homogenised in 5ml of homogenisation 
buffer. 9.5ml of 2M sucrose were added to the mixture to bring the sucrose to a final 
concentration of 1.25M sucrose. The 1.25M sucrose solution was overlaid with 1M 
sucrose solution, following which; the 1.25M sucrose solution was overlaid with 0.32M 
sucrose. The gradient was ultracentrifuged to create a pellet, synaptosomal and 
myelin fraction. Modified from Kim and Pfeiffer (2000). 
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2.3.6.2 pH partitioning of cytoskeletal proteins 
 
2002l crude myelin from 2.3.6 was thawed and sub-aliquoted equally into three parts: one 

aliquot was retained as a representation of “total protein” and was re-suspended in 1% 

Trition-TX100 TNE buffer (pH 7.2) (see illustration in figure 2.3B). The other two 

aliquots were extracted in TNE buffered either at pH6 or at pH8 and incubated at 40C 

for 1 hour. Samples were then centrifuged at 100 000 x g (TLA-55, Beckman) for 1 hour 

to produce a detergent insoluble pellet and a detergent soluble fraction.  The detergent 

insoluble pellet was re-suspended in equal volume PBS to that of the soluble fraction, and 

then all three samples were solubilised in sample buffer (see figure 2.3B). 

 

2.3.6.3 High salt protein extraction of membrane proteins 
 
2002l crude myelin was thawed and extracted by alkaline or high-salt extraction with 

either 100mM Na2CO3 ((pH11.5) (+ protease inhibitor cocktail)) or 1M NaCl ((pH7.4) + 

protease inhibitor cocktail), respectively (see illustration in figure 2.3C). Mixtures were 

sub-aliquoted equally into three parts:  one aliquot was retained as a measure of total 

protein, the other aliquot was used to extract soluble and insoluble components by 

incubating at 40C for 1 hour and centrifuging at 100 000 x g (TLA-55, Beckman) for 1 

hour to produce an insoluble pellet and a soluble fraction. The third aliquot (only present 

in NaCl treated condition) was subjected to proteinase K (2 2g/ml) treatment at 370C for 

1 hour and then was centrifuged at 100 000 x g (TLA-55, Beckman) for 1 hour to 

produce an insoluble pellet and a soluble fraction.  All samples were re-suspended in 

equal volumes of 2%SDS. Samples were stored in sample buffer. See figure 2.3C for 

illustration. 
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Figure 2.3 Schematic of myelin analysis experiments.   
(A) Detergent extraction of intra-membrane proteins (2.3.6.1), modified from Kim et 
al (2000)  (B) pH partitioning of cytoskeletal elements (2.3.6.2), modified from 
Phillips (2001). (C) High-salt extraction of membrane proteins (2.5.6.3). 
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2.3.7 SDS-PAGE and Western Blotting 
 
Total protein concentration was assessed using a Bio-Rad DC protein assay kit (Bio-Rad, 

UK), as per manufacturer’s instruction. All samples were diluted to a final" concentration"
of"4mg/ml" in"5x"sample"buffer"(250mM"TRISHHCl"(pH6.8),"10%"SDS,"30%"Glycerol,"5%"βH

mercaptoHethanol,"0.02%"bromoHphenol"blue)"and"run"on"a"polyacrylamide"gel"composed"of"

5%"stacking"gel"and"12.5%"resolving"gel"in"1x"Laemmli"buffer"(5mM"TRIS (pH8.3), 192mM 

Glycine, 0.1% SDS) using the Bio-Rad protein gel system (Bio-Rad, UK). Equivalent 

loading was checked by coomassie staining (Sigma Aldrich, UK), as per manufacturer’s 

instructions. Coomassie membranes were scanned at 700nm using the Odyssey infrared 

imaging scanner (LiCOR, UK) and quantified using Odyssey software v1.2 (LiCOR, UK). 

Proteins were transferred to nitrocellulose membrane (Amersham, UK) overnight (16-

18hrs) at 4oC in transfer buffer (1x Laemmli buffer, 20% (v/v) Methanol). Membranes 

were blocked with 4% non-fat milk (TESCO, UK) and incubated in primary antibodies 

(table 2.3). Membranes were washed in TRIS-buffered saline with 0.05% tween (TBS-T) 

(pH7.2) and incubated in secondary antibodies (table 2.5). Membranes were visualised 

using the Odyssey infrared imaging scanner (LiCOR, UK), as per manufacturer’s 

instructions.  

 

2.3.7.1 Statistical analysis 
 
Immunoreactivity was measured by quantifying pixel intensity using Odyssey software 

v1.2 (LiCOR, UK). The immunoreactivity observed on each nitrocellulose membrane was 

normalised to counterpart coomassie gels that were loaded and run concurrently. Values 

and graphs were compiled and statistically analysed using GraphPad Prism v6 

(GraphPad Software, US). Data was statistically analysed using an unpaired T-test and 

as the sample sizes were very small, Welch’s correction was applied to the data in order 

to take into account differences in standard deviation.   
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Primary antibody Originating species Dilution Secondary antibody Dilution 

CNP 

(Abcam, UK) 

Mouse 

 

1:1000 

anti-mouse IR 

(Invitrogen, UK) 
1:1000 

MBP 

(Abcam, UK) 

1:500 

HSPB5 

(Abcam, UK) 

1:500 

Table 2.4 Primary and secondary antibodies used to analyse extracted 
myelin. 
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2.4 Results 
 
2.4.1 HSPB5 expression 
 
2.4.1.1 In silico analysis of HSPB5 cellular localisation 
 
High-throughput gene expression profiling data from an mRNA microarray database 

shows the tissue-specific pattern of HSPB5 mRNA expression in mice (figure 2.4). The 

data shows that in the peripheral nervous system (PNS), the predominant anatomical 

expression of HSPB5 mRNA is in cardiac, placenta and skeletal muscle tissue (figure 

2.4A). There is also a high expression of HSPB5 in the lens of the eye, the iris and the 

eye-cup (figure 2.4B). Regions of the brain that showed high expression of HSPB5 mRNA 

were the cerebellum, hippocampus and the hypothalamus (figure 2.4B). Out of the 

immune cells measured, mRNA expression shows microglia express almost 100fold more 

HSPB5 mRNA than B-cells or CD4+ and CD8+ T-cells (figure 2.4B). The database did 

not have microarray data on astrocyte or oligodendrocyte expression of HSPB5. 

 

2.4.1.2 Biochemical analysis of HSPB5 localisation 
 
Protein expression of HSPB5 in the CNS was assessed by sub-cellular fractionation of 

brain homogenate across a sucrose gradient and western blotting. Centrifugation of brain 

homogenate led to fractionation of the homogenate into separate fractions, namely, 

myelin, synaptosomal, and pellet fractions (see figure 2.2). Western blot analysis of the 

subsequent brain fractions highlights enrichment of CNP and HSPB5 in the myelin 

fraction, whilst non-myelin proteins such as GFAP are de-enriched in the myelin fraction 

(figure 2.5A). Detergent extraction has been used to operationally define sub-

membranous proteins, membrane-bound and scaffold-bound proteins. Extraction of the 

myelin fraction at either pH6 or pH8 reveals whether HSPB5 is associated with 

cytoskeletal proteins, at pH6 cytoskeletal associated proteins are insoluble, at pH8 they 

are soluble (figure 2.5B). The results show that HSPB5 is found equally partitioned in 

both the pH6 and the pH8 fractions, suggesting two pools of HSPB5 exist- an insoluble 

faction (associated with cytoskeletal components) and a soluble fraction (cytosolic 

localisation) (figure 2.5B).  
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Washing myelin with sodium bicarbonate (Na2CO3) or sodium chloride (NaCl) disrupts 

non-covalent, electrostatic interactions that associate peripheral membrane proteins to 

the membrane: if HSPB5 is associated to such a protein, the wash will strip the protein 

off the membrane, resulting in HSPB5 immuno-reactivity in the supernatant. If HSPB5 is 

not bound to a membrane protein, the washes will not have an effect, and thus, HSPB5 

immuno-reactivity will be found in the pellet fraction. The results from the Na2CO3 wash 

support the presence of two pools of HSPB5 by showing immunoreactivity in both the 

pellet fraction and the supernatant fraction i.e. there is a pool of HSPB5 that is not 

attached to membrane proteins (pellet) and there is another pool that is stripped from 

membrane protein and ends up in the supernatant; this signature is similar to compact 

myelin protein CNP (figure 2.5C).  

 

The 1M NaCl wash, which is much “harsher” than the Na2CO3 wash, shows increased 

HSPB5 immuno-reactivity in the supernatant fraction and no change in the pellet 

fraction (figure 2.5C). Both results suggest that there is a pool of HSPB5 that is attached 

to elements of membrane-bound proteins (supernatant) and there is another pool of 

HSPB5 that is not attached to such proteins (pellet). 

 

To add further insight to these distinct pools of HSPB5, we extracted the myelin proteins 

with Triton (TX-100) at either 40C or 370C.  At 40C, lipid raft associated proteins are 

insoluble, whilst at 370C they become soluble. HSPB5 does not show the characteristic of 

lipid-raft associated proteins and shows similar characteristics to CNP (figure 2.5D) in 

that at 400C, 69% of CNP, a cytoplasmic peripheral membrane protein, is found in the 

detergent soluble fraction whilst 16% is found in the insoluble fraction. The remaining 

15% of total protein is unaccounted for and can potentially be explained by protein loss 

during experimental steps. At 37OC, the detergent soluble fraction increases by 12%; an 

insoluble fraction however, still remains, thus suggesting two pools of CNP. For HSPB5, 

at 4OC, 52% of HSPB5 was detected in the soluble fraction whilst 14% was located in the 

insoluble fraction. At 370C, there is an increased immunoreactivity of HSPB5 in the 

soluble fraction. 
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Figure 2.4 High-density oligonucleotide array, high-throughput gene 
expression of HSPB5 expression.   
Affymetrix GeneChip microarray analysis of HSPB5 expression in major tissue profiled 
from 191 mice. (A) HSPB5 mRNA expression in major tissue in the PNS. (B) HSPB5 
mRNA expression in specific compartments. For the probe-level data obtained from 
GeneChips, the perfect-match values were background-corrected and then normalized 
by the GCRMA method (see methods). Raw data was obtained from GeneAtlas 
MOE430 gcrma (Su et al., 2004).  



49 
 

 

 
 Figure 2.5 Biochemical analysis of HSPB5 localisation.  

(A)"Coomassie"gel"showing"equally"loaded"samples"(202g)"of"brain"homogenate,"pellet,"
myelin" and" synaptosomal fractions. Western blots show the enrichments of certain 
proteins in specific compartments: as compared to “brain homogenate”, PSD95 and 
Syntaxin are de-enriched in the myelin fraction and are enriched in the synaptosomal 
fraction (as expected). GFAP, CNPase and HSPB5 show enrichment in the myelin 
fraction. CNP and HSPB5 are localised in myelin and therefore should be enriched in 
this compartment; GFAP however should not be enriched in this compartment. 
GFAPs enrichment in the myelin fraction is likely due to contamination of that that 
fraction during pipetting due to close proximity of myelin fraction and synaptosomal 
fraction (see figure 2.2); similarly, the enrichment of CNPase in the synaptosomal 
fraction is also due to contamination as CNPase should not be enriched in this 
compartment. (B) pH partitioning of cytoskeletal elements/specialisation (see 2.4.1.2 
for biochemical explanation). (C) High salt wash to determine whether HSPB5 is 
attached to membrane bound proteins (see 2.4.1.2 for biochemical explanation). (D) 
Triton extraction of soluble proteins at different temperatures to determine whether 
HSPB5 is incorporated in lipid rafts. 
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2.4.2 Behavioural characterisation of HSPB5 knock out mice 
 
In the 129Sv mouse background, HSPB5 KO mice show phenotypic differences from wild 

type mice from 40 weeks of age (Brady et al., 2001). In our laboratory we use C57Bl/6 

mice; we therefore investigate whether there are any phenotypic differences of HSPB5 

KO mice in this background. Although our breeding plan was set up to generate 1:2:1 

ratio of wild type (WT), heterozygous (HET) and knock out (KO) mice, the breeding 

plan did not generate this ratio: there was a distinct shortage of WT littermates. Instead 

of using non-littermate WT animals, our comparison is done with littermate HET 

animals, which show ≈50% HSPB5 expression (figure 2.5 supplementary). As these 

animals have ≈50% the amount of HSPB5 and they do not appear to suffer from haploid 

insufficiency, we decided that they would be sufficient to discriminate any phenotypic 

change from the HSPB5 KO mice, and therefore we used the HET animals as a suitable 

internal control. 

 

2.4.2.1 Total cohort analysis 
 
Analysis of HSPB5 KO mice across a 10-month time course shows that the animals do 

not differ significantly from HET animals in key tasks examined (figure 2.6 and 2.7). 

Animal weight shows that all the animals, regardless of genotype, gain weight as they age 

(figure 2.6A). There is also no significant difference (p>0.05) between the HET and KO 

mice at all the time points observed (figure 2.6A), however at the 10 month time-point, 

there appears to be a trend towards lower weight in KO animals (p>0.05). It is 

important to be mindful that given larger n-numbers, KO animals may have exhibited 

significantly less weight at this time-point. 

 

During the open-field test, the results show that there are no significant differences 

(p>0.05) in the distance traveled by the animals across different ages and between 

genotypes (figure 2.6B). Similarly, the time spent resting during the open-field exercise 

does not show significant difference (p>0.05) across different ages and between genotypes 

(figure 2.6C).  
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Several other behavioural tests showed no significant difference in the performance of KO 

animals as compared to HET animals across different ages (data not shown). Although 

no differences were observed between genotypes, what is increasingly apparent when 

data-points are plotted individually, is that gender-linked differences may affect 

performance: focusing specifically on the oldest group of mice (as this age group 

encompasses our subsequent experimental timeline), it is evident that there is a bimodal 

distribution in how the animals perform key tests (figure 2.7). In open field tests, 

distance travelled and time spent resting, there is a trend for female mice to travel the 

least distance and to spend the most time resting (p>0.05) (figure 2.7B, C). In the 

inverted mesh test, a strength test, there is also discernible gender bias (p>0.05) with 

female animals holding on longer than male animals (figure 2.7D). These results therefore 

highlight the need to segregate animals on the basis of gender for subsequent 

experiments. 

 
 
 

WT    HET    KO 

CNPas
e 

HSPB5 

48kDa 

21kDa 

Differential expression of HSPB5 

Figure 2.5 Supplementary: Western blots of myelin from WT, HET and 
KO animals. Equal loading confirmed with CNPase blot. Robust HSPB5 
immunoreactivity in WT. HET animals show modest HSPB5 immunoreactivity. 
There is no immunoreactivity in KO animals. 
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Comparison of HSPB5 KO mice to Heterozygous mice
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Figure 2.6 Weight characterisation of heterozygous and knock out mice 
across 3 different time points.   
(A) Assessment of weight distribution between the different genotypes. (B) Open 
field test assessing the total distance travelled over 3 minutes. (C) Evaluation of the 
time spent resting as a percentage of 3 minutes. n=6 for HET animals and n=4 for 
KO animals. Abbreviations: HET, heterozygous; KO, knock out.  
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Comparison of sex-linked difference in performance
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Figure 2.7 Characterisation of gender bias in behavioural tasks.  
“F” denotes Female animals and “M” denotes Male animals. (A) 
Characterisation of weight distribution. (B) Characterisation of total distance 
travelled over 3 minutes. (C) Evaluation of the time spent resting as a 
percentage of 3 minutes. (D) Characterisation of time spent hanging upside-
down on wire mesh. (E) Time spent on rotarod machine. (F) Time spent to 
complete static rod test. n=6 for HET animals and n=4 for KO animals. 
Abbreviations: HET, heterozygous; KO, knock out.
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2.4.2.2 Immunohistochemical characterisation of HSPB5 knock out mice 
 

In silico microarray data showed high HSPB5 expression in the cerebellum, hippocampus 

and hypothalamus (figure 2.4). Immunohistochemical analysis of HSPB5 will focus only 

on the hippocampus, primarily because this region is a key region analysed in subsequent 

experiments (chapter 4). 

 

2.4.2.3 Localisation of HSPB5 in the hippocampus 
 
Following extensive titration and optimisation of the HSPB5 antibody (data not shown), 

Hippocampal sections from HSPB5 HET and KO mice at 3, 6, and 10 months of age 

were stained with HSPB5. The sections show discrete HSPB5 staining in the corpus 

callosum and the fimbria (black arrows) of HET animals but no staining in the KO mice 

(figure 2.8A). Both the corpus callosum and the fimbria are rich in white-matter i.e. 

oligodendrocytes; there is very little HSPB5 staining in areas with high neuronal counts 

such as the stratum oriens (SOr), stratum pyramidale (SPy), or the stratum radiatum 

(SRad) (figure 2.8A), suggesting little or no HSPB5 localisation in cells other than 

oligodendrocytes.  In the HET animals, a magnified view of the corpus callosum shows 

HSPB5 staining in cells that are arranged in rows/tandem (black arrows) (figure 2.8B), 

with the cytology of oligodendrocytes (Cerghet et al., 2006). There is also some staining 

of cells that are not arranged in rows/tandem which could either be isolated 

oligodendrocytes or astrocytes (figure 2.8B). 
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Figure 2.8 HSPB5 localisation in the hippocampus in 3, 6, and 10 month-old 
animals.  
Sections stained with HSPB5 (brown staining) and haematoxylin (blue staining). (A) 
HSPB5 staining highlighting the CA1, CA2 CA3 and the DG. (B) HSPB5 staining 
highlighting the CC. For staining n=3 female mice/time point we used. Representative 
images are shown. Black arrows highlight localisation of HSPB5 in presumed 
oligodendrocyte cells. Red arrow shows HSPB5 staining in non-oligodendrocyte cell type. 
Abbreviation: CA1, Cornu Ammonis area 1; CA2, Cornu Ammonis area 2; CA3, Cornu 
Ammonis area 3; CC, Corpus callosum; DG, Dentate gyrus; HET, heterozygous; KO, knock 
out." Scale" bars:" (A)" 2502m" (B)" 502m.
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2.4.2.4 Localisation of astrocytes in the hippocampus 
 

Reactive gliosis, i.e., induced expression of astrocytes and microglia, is often indicative of 

neuronal dysfunction (Maragakis et al., 2006). Gliosis can precede or respond to 

degeneration.  

 

In both HET and KO animals of all ages, the results show well organised, and non-

overlapping distribution of astrocytes within the hippocampus (figure 2.9). The intensity 

of staining is comparable across the different ages and between genotypes, suggesting 

that state of activation in these astrocytes is similar.  

 

2.4.2.5 Localisation of microglia in the hippocampus 
 

Microglia also show nondescript staining in the corpus callosum (CC), stratum oriens 

(SOr) (figure 2.9) as well as other areas of the hippocampus (data not shown). The 

microglial staining is comparable between the HET and KO animals of all ages.  
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Figure 2.9 GFAP expression in the hippocampus in 3, 6, and 10 month-old 
animals.   
Sections stained with GFAP (brown staining) and haematoxylin (blue staining). (A) GFAP 
staining highlighting the CA1, CA2 CA3 and the DG. (B) GFAP staining highlighting the CC, 
SOr, SPy and SRad. For staining n=3 female mice/time point we used. Representative images 
are shown. Abbreviation: CA1, Cornu Ammonis area 1; CA2, Cornu Ammonis area 2; CA3, 
Cornu Ammonis  area 3; CC, Corpus callosum; DG, Dentate gyrus; HET, heterozygous; KO, 
knock out; SOr, Stratum oriens; SPy, Stratum pyramidale; SRad, Stratum radiatum." " Scale"
bars:"(A)"2002m"(B)"502m. 
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2.5 Discussion 
 

Figure 2.10 IBA1 expression in the hippocampus in 3, 6, and 10 month-old 
animals.  
Sections stained with IBA1 (brown staining) and haematoxylin (blue staining). (A) IBA1 
staining highlighting the CC, SOr, and the CA2 Pyr. (B) GFAP staining highlighting the CC, 
SOr, SPy and SRad. For staining involved n=3 female mice/time point were used. 
Representative images are shown. Abbreviation: CA2 Pyr, Cornu Ammonis area 2 pyramidale 
cells; CC, Corpus callosum; SOr, Stratum oriens; HET, heterozygous; KO, knock out."Scale"bars"
(A)" 1002m" (B)" 502m.
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2.5 Discussion 
 
2.5.1 Functional characterisation of HSPB5 KO animals using biochemical 

expression and age-related phenotypes  
Previous characterisation of HSPB5 KO mice using 129Sv mice strain, found that HSPB5 

KO mice exhibited severe weakening muscles, lost significant weight, and developed 

hunched posture (kyphosis) from 40 weeks of age (10months) onwards (Brady et al., 

2001). We investigated these phenotypes in our mice and found that on a C57Bl/6 

background, HSPB5 KO mice were not phenotypically different from HSPB5 HET 

animals. The results also highlight possible gender differences in performance of 

behavioural tests. Although these differences were not significant, it is possible that such 

gender differences could skew and influence larger sets of data, as such, to eliminate 

confounding variables and reduce noise in the data, future experiments will be confined 

to one gender. Immunohistochemical analysis did not show any cellular and 

morphological difference between HET and KO animals. 

 

2.5.2 HSPB5’s potential role in oligodendrocytes 
Characterisation of HSPB5 localisation showed HSPB5 to be enriched in the myelin 

fraction (figure 2.6). Immunohistochemistry supports this by showing HSPB5 to be 

localised in white-matter rich regions of the brain (figure 2.8). Our observations are 

supported by proteomic analysis that identifies HSPB5 as a myelin protein (Jahn et al., 

2009), and immunohistochemistry further supports this by showing that HSPB5 

colocalises with the major myelin protein 2',3'-Cyclic-nucleotide 3'-phosphodiesterase 

(CNP) (Quraishe, 2010). Co-localisation with CNP suggests that HSPB5 is localised in a 

sub-compartment of myelin known as non-compact myelin. Our results highlight that 

within myelin, HSPB5 is present in two pools- a cytoskeletal/ membrane-bound pool and 

a cytosolic pool (figure 2.6). The physiological role of two pools of HSPB5 is uncertain, 

however, as HSPB5 is induced by oligodendrocytes during heat-stress, its role is thought 

to be instrumental in oligodendrocyte function and myelin formation (Goldbaum et al., 

2001). Even though our results do not support this, HSPB5’s localisation in 

oligodendrocytes may still have undetected roles because oligodendrocytes are inherently 

vulnerable to protein misfolding and oxidative stress (see following section). Our 
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experiments may just not have been sensitive enough or effects may have been 

compensated (e.g. up regulation of other HSP’s). 

 

2.5.2.1 HSPB5 may have an important protein folding role in 
oligodendrocytes 

Myelin is composed of 75% lipid and 25% protein (Jahn et al., 2009), however, 

formation of myelin is much more complicated than simple amalgamation of lipid and 

protein; the lipid portion of myelin is an intricate 2:2:1:1 balance of cholesterol, 

phospholipid, galactolipid and plasmalogen (Jahn et al., 2009). The protein portion is 

composed of at least 342 functionally distinct proteins that, together with the lipids, 

form functional domains that promote spiraling, lateral growth, and compaction of 

myelin for correct axonal insulation (Baumann et al., 2001). It is estimated that at peak 

myelination, an oligodendrocyte produces" greater" than" 10" 000" 2m2 of myelin per day 

(Pfeiffer et al., 1993), which, at maturity, equates to 100x the weight of the 

oligodendrocyte’s cell body (Connor et al., 1996). Myelination therefore requires 

extensive lipid and protein sorting, trafficking and targeting, which makes 

oligodendrocytes vulnerable to the slightest aberrations in cytoskeleton organisation or 

protein quality control. The biosynthetic pathway of creating myelin is mediated by the 

endoplasmic reticulum (ER); in oligodendrocytes, it is thought that the operational 

capacity of the ER pathway is at full capacity and thus there is a bottleneck in protein 

production (Bradl et al., 1999; Bauer et al., 2002). This bottleneck means that the 

slightest changes in protein structure can disrupt the whole system, resulting in protein 

misfolding and several down-stream effects. HSPB5, being a molecular chaperone, is 

therefore likely to be an integral part of folding the vast quantities of proteins 

synthesised by oligodendrocytes. Given the extensive cytoskeletal network in 

oligodendrocytes and given HSPB5’s cytoskeleton stabilising role, it is likely that 

HSPB5 also mediates an important cytoskeleton-stabilising role in oligodendrocytes 

(chapter 1). It is tempting to conclude that reduced expression of HSPB5 may impair 

oligodendrocytes and myelin production, however, as no studies have been carried out 

looking at the effect of reduced expression of HSPB5 on myelin ultrastructure, it is not 

possible to make such a conclusion. 
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2.5.2.2 HSPB5 may attenuate oxidative stress in oligodendrocytes 
  
In addition to operational and logistic problems oligodendrocytes face, the cell type is 

also inherently vulnerable to oxidative stress due to the biosynthetic pathway of making 

and maintaining myelin; myelin synthesis requires myelin synthesising enzymes that use 

oxidised iron (Fe2+) as a co-factor (Connor et al., 1996). Fe2+, whilst important for myelin 

formation, is inherently unstable and thus is highly reactive with stable elements, a 

process that creates free radicals (Connor et al., 1996). Myelin synthesis also requires 

consumption of large amounts of oxygen and adenosine triphosphate (ATP) (McTigue et 

al., 2008). Increased oxygen consumption creates reactive oxygen species (ROS) and 

increased ATP generation leads to the formation of hydrogen peroxide- a ROS-creating 

reagent (McTigue et al., 2008). These attributes contribute to oligodendrocytes having 

the highest ROS concentration of any cell in the brain (Thorburne et al., 1996). Elevated 

ROS is detrimental to oligodendrocytes because, not only can it induce protein 

misfolding, but it is thought to contribute to lipid peroxidation and thus modification of 

myelin structure (Braughler et al., 1986). HSPB5 may therefore be present in 

oligodendrocytes to ameliorate ROS production and reduce lipid peroxidation.  

 

This may occur through HSPB5 sequestering free-radical-producing Fe2+ ions. Direct 

interaction of HSPB5 with Fe2+ has not been shown in situ, however, HSPB5 has been 

shown to interact with other divalent metal ions, such as, oxidised Copper (Cu2+) and 

Zinc (Zn2+),"via" the"αHcrystallin"domain"(Mainz et al., 2012). Cu2+ and Zn2+, like Fe2+, are 

inherently unstable and thus highly reactive with stable elements, creating free radicals in 

the process. Interaction of HSPB5 with Cu2+ has been shown to effectively sequester the 

divalent metal ion and thus reduces ROS production and any associated oxidative stress 

(Prabhu et al., 2011). It is therefore conceivable that HSPB5 may interact with Fe2+ in a 

similar manner to reduce Fe2+-mediated ROS production, which prevents lipid 

peroxidation. HSPB5 may therefore be expressed selectively in oligodendrocytes to 

ameliorate oxidative stress and maintain myelin structure and function.  
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It is clear that HSPB5’s physiological expression in oligodendrocytes is likely to be of 

some evolutionary advantage, its reduced expression in R6/2 mice therefore raises some 

interesting questions as to the viability of oligodendrocytes and or integrity of myelin 

following this reduced expression.  

 

2.5.3 HSPB5 role in other CNS cells 
 

In silico microarray analysis of HSPB5 expression showed that microglia express almost 

100fold more HSPB5 mRNA than B-cells and CD4+ and CD8+ T-cells (figure 2.6). It 

therefore appears that HSPB5 may play crucial roles in cells other than oligodendrocytes. 

Studies show HSPB5 to be induced in neurons and astrocytes during Alzheimer’s, 

Parkinson’s and Prions disease (Iwaki et al., 1992; Shinohara, 1993; Renkawek et al., 

1994; Braak et al., 2001). During heat-stress, induction of HSPB5 is protective (Wettstein 

et al., 2012) and thus it is inferred to be protective during neurodegeneration (Clark et 

al., 2000; Sun et al., 2005c).  

 

In astrocytes, HSPB5 is thought to modulate expression of pro-inflammatory cytokines 

(Shao et al., 2013); this notion is supported by a growing body of evidence that suggests 

that, extracellular to oligodendrocytes, HSPB5 modulates inflammatory processes (section 

1.3.5). Proof of concept studies highlight that exogenous addition of HSPB5 by either 

intra peritoneal (i.p) or intra venous (i.v) methods, results in diminished production of 

pro-inflammatory mediators, decrease activation of immune cells, and improved prognosis 

in a variety of conditions from stroke to ischemia and multiple sclerosis (van Noort et al., 

2010; Arac et al., 2011; Klopstein et al., 2012); it is thought that HSPB5 has the ability 

to modulated inflammation via an uncharacterised intracellular mechanism (Shao et al., 

2013) and an extracellular mechanism comprised of actively binding onto pro-

inflammatory mediators (Rothbard et al., 2012). Whilst HSPB5’s pleiotropic nature offers 

several interesting avenues for investigation, the remainder of this thesis will investigate 

and expand on HSPB5’s role as a modulator of the inflammatory response so as to shed 

light onto the consequences of HSP5’s reduced expression in R6/2 animals. 
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2.5.4 Conclusion 
 

In conclusion, this chapter highlights a selective white-matter expression of HSPB5 with 

a distinct sub-cellular compartmentalisation that we assume to be a cytosolic pool of 

HSPB5 as well as a pool of HSPB5 that is bound to some specialisation (likely 

cytoskeletal components). We identify that the deficiency in HSPB5 and the confound in 

HSPB2 expression in knockout animals does not result in significant confounding 

variable; as such, we can use the HSPB5 KO animals as a model for investigating the 

effects of reduced HSPB5 expression on inflammatory processes. We believe that the 

reported dysfunction observed in HSPB5 KO animals under a 129Sv background may be 

less severe in the C57bl background (discussed further in section 3.5).  
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3. CHARACTERISATION OF HSPB5 AS 

AN IMMUNE REGULATOR OF 

PERIPHERAL IMMUNE RESPONSE 

 
 
 
As HSPB5 has been shown to have immune modulatory effects, this chapter is one of 
two chapters to investigate HSPB5’s immune modulatory capacity. This chapter 
specifically investigates the immune modulatory capacity of HSPB5 in the periphery. 
S. Typhimurium is used in this experiment as it induces a robust innate and adaptive 
immune response. 
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3.1 Introduction 

In the central nervous system (CNS), endogenous upregulation of HSPB5 is observed 

in both neurons and glia in several neurodegenerative conditions (Chapter 1). Studies 

investigating deficiency or overexpression of HSPB5 suggest that induction of HSPB5 

is protective (Clark et al., 2000; Sun et al., 2005; Masilamoni et al., 2006; Arrigo et 

al., 2007; Steinman, 2008). As HSPB5 has several cellular roles (Chapter 1), the 

precise mechanism(s) by which it offers protection is not clear. Current thinking is 

that, as well as its other cellular roles, HSPB5 may also mediate crucial intracellular 

(Shao et al, 2013) and extracellular (Rothbard et al., 2012) anti-inflammatory roles. 

This notion is supported by proof of concept studies, which show that during 

experimental autoimmune encephalopathy (EAE) (Ousman et al., 2007; Rothbard et 

al., 2012) and also acute inflammatory condition, stroke (Arac et al., 2011), 

exogenously administered HSPB5 leads to dampened immune activation, reduced 

inflammatory molecules and improved disease prognosis.  

 

These data highlight an increasing body of evidence that suggests HSPB5 to be a 

modulator of inflammation; however, as most of these investigations are conducted in 

models of multiple sclerosis, an autoimmune condition that is driven by T-cells, the 

autoimmune response observed here can hardly be described as the natural order of 

an immune response. Therefore, to investigate the immune modulatory capacity of 

HSPB5, studies need to be done using other disease models.  

 

Firstly, we characterise the immune modulatory capacity of HSPB5 in the periphery 

by challenging HSPB5 deficient mice with Salmonellae. Salmonellae inoculation 

induces a non-autoimmune response that, unlike EAE or the conventional 

lipopolysaccharide (LPS) inoculation, has the capacity to activate both the innate 

and adaptive arms of the immune system (Mittrücker et al., 2000). As this model 

activates both components of the immune system, it should offer a comprehensive 

characterisation of HSPB5’s capacity to modulate the immune system. 
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3.1.1 Salmonellae spp infection 

Both humans and animals are affected by Salmonella enterica species and subspecies 

(spp) (Su et al., 2007). In humans, Salmonella enterica typhi (S. typhi) inoculation 

induces Typhoid fever (Parry et al., 2002). In mice, S. typhi is avirulent, instead, the 

subspecies S. Typhimurium leads to Typhoid fever-like disease (Santos et al., 2001). 

Regardless of species, Salmonellae have the capacity to activate both innate and 

adaptive arms of the immune system (Mittrücker et al., 2000).  

3.1.2 Peripheral immune response to S. Typhimurium 

3.1.2.1 Critical pathogenic events 

In mice, the normal route of entry for S. Typhimurium is by oral ingestion. Once 

ingested, S. Typhimurium infiltrates M-cells that line the small intestine; infects 

resident macrophages and dendritic cells in gut associated lymphoid tissue (GALT); 

and terminates by infecting macrophages located in lymphoid organs, notably, the 

liver and spleen (Collins et al., 1974; Mittrücker et al., 2000; Sebastiani et al., 2002).  

 

Experimentally, when S. Typhimurium is introduced by intraperitoneal (IP) 

injection, as was done in this study, bacteria directly enter the portal circulation 

from the peritoneum, which leads to accelerated and more potent lymphoid tissue 

infection (Collins, 1969). In the liver and spleen, regardless of oral or IP route, S. 

Typhimurium infects macrophages and initiates several successive rounds of 

intracellular multiplication, after which, cultures of S. Typhimurium extrude from 

the host cell and perpetuate the bacteria’s life cycle (Mittrücker et al., 2000; Kirby et 

al., 2002). Over several days, bacterial titres in these tissue increase drastically, 

leading to an influx of immune cells that result in the physical enlargement of the 

liver (hepatomegaly) and spleen (splenomegaly) (Mastroeni et al., 2009).  
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3.1.2.2 Peripheral cytokine response 

The liver and spleen remain enlarged for up to 42 days post-infection (Jackson et al., 

2010), suggesting long-lasting prevalence of S. Typhimurium; however, if the bacterial 

load surpasses the lethal threshold of 108 bacteria in any one of the organs, animals 

become unable to overcome the infection due to sepsis and organ failure, which leads 

to animal death (Khan et al., 1998). To negate the increasing bacterial titre, tissue-

resident macrophages, dendritic cells and natural killer cells mount a pro-

inflammatory immune response characterised by significant induction of IL-12 

(Mastroeni et al., 1996), TNF-α (Nauciel et al., 1992) and IFN-γ (Muotiala et al., 

1990). These cytokines are imperative for successful elimination of S. Typhimurium 

because they activate the adaptive immune response (Mastroeni et al., 2009).  

 

Activation of the adaptive immune response is important during S. Typhimurium 

infection because, S. Typhimurium is an intracellular pathogen; as a result, innate 

immune cells are inadequate at sterile elimination of S. Typhimurium. This is 

illustrated by studies on mice with significantly reduced T-cells, known as nude mice, 

which show that after S. Typhimurium infection, the nude mice were incapable of 

complete clearance of S. Typhimurium, succumbing to infection even though they 

mounted a robust innate immune response (Dougan et al., 2011).  

 

T-cell activation is, therefore, important because it leads to activation of CD4+ T-

helper cells that over-express# IL&12,# TNF&α# and# IFN&γ, which promotes the activation 

of cytotoxic CD8+ T-cells, natural killer cells, B-cells (Mastroeni et al., 2009) and 

enhances phagocytic behaviour from innate immune cells (Ibarra et al., 2009). The 

sustained over-expression of these cytokines is evident up to 21 days post-infection in 

the spleen and blood serum of infected animals (Pie et al., 1997; Püntener et al., 

2012). Over a period of several weeks, the coordinated efforts of the innate and 

adaptive immune response reduce bacterial titre and overcome infection. See figure 

3.1 for a time-line of key peripheral sites and inflammatory events to occur during S. 

Typhimurium infection. 



Peripheral immune response to S. typhimurium 

Small intestine gut mucosa 
1. S. typhimurium infiltration of M-cells 
2. Activation of local dendritic cells,  
   macrophages and CD4+ T-cells 
3. Localised release of IL-1β, IL-6, IL-12, IL-18, TNF-α 
4. Localised recruitment of macrophages 
5. Preferential infection of macrophages by S. typhimurium 
6. Migration of infected macrophages to mesenteric lymph nodes 
7. Intracellular replication of S. typhimurium 
8. Escape of S. typhimurium from host cell and systemic dissemination of bacteria 

Liver 

Spleen 
9.  Selective infection of macrophages by  
     S. typhimurium 
10.  Further intracellular replication & infection 
11.  Increased tissue expression of IL-1β, IL-12, TNF-α 
12.  Influx of immune cells into tissue 
13. Enlargement of tissue 

•  Liver- hepatomegaly 
•  Spleen- splenomegaly 

14. Sustained release of IL-1β, IL-12, TNF-α 
15. Development of adaptive immune response 

Figure 3.1 Anatomical representation of S. Typhimurium infection and the corresponding peripheral immune 
response.!
The diagram shows the internal organs of a mouse and key anatomical sites, cells, and immune responses involved in the 
infiltration, propagation and elimination of S. Typhimurium following ingestion. Introduction of S. Typhimurium by 
intraperitoneal injection, as is often done experimentally, circumnavigates step 1-8 and instead involves the filtration of S. 
Typhimurium from the peritoneal cavity into lymphatic vessels, whereby S. Typhimurium is disseminated systemically.!
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3.1.3 CNS immune response to S. Typhimurium  

Although the brain was historically thought to be immune privileged, recent accounts show 

that the peripheral immune system can, and does, communicate with the brain (Galea et al., 

2007). It is, therefore, not surprising that following S. Typhimurium infection, an immune 

response is observed in the CNS (Püntener et al., 2012). The#immune#response#is#characterised#

by# induction#of#microglia#and#pro&inflammatory#cytokines#IL&1β#and#IL&12.#There are also acute 

behavioural changes such as piloerection, hunched posture, weight loss and burrowing deficits 

(Püntener et al., 2012), which are thought to be induced by cytokine signalling (Dantzer et al., 

2007).  

 

3.1.4 Summary 

Figure 3.2 highlights the systemic and central events to occur during S. Typhimurium infection 

and provides context to our experimental mode. In summary, Salmonellae infection, with its 

capacity to activate both compartments of the immune response and induce quantifiable 

pathophysiological changes, provides a good basis to characterise the immune modulatory role 

of HSPB5.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Inoculation 
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• Burrowing 
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24Hrs 

• Gastroenteritis 
• GALT colonisation 
• Upregulation of 
  serum IFN-γ,  
  IL-1β, IL-12  

• Upregulation of 
  ICAM1, VCAM1 

D3 
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D7 

• Hepatomegaly 
• Splenomegaly 
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  IFN-γ and IL-1β 

• Weight loss 

• Sustained expression 
  of serum IL-12 

• Weight returns 
  to normal 

• Modest induction 
  of IL-1β and IL-12 

• Significant upregulation 
  of ICAM1, VCAM1,  
  CD11b, CD68, MHCI, 
  MHCII 

D14 

• Peak of  
  serum IL-12 
• Diminishing  
  serum IFN-γ  
  and IL-1β 

D21 

• Sustained  
  expression of  
  serum IL-12 
• Serum IFN-γ  
  and IL-1β 
  back to basal 
  levels 

• ICAM1, VCAM1 
  CD11b, CD68,  
  back to basal  
  levels 

• Peak of IL-1β 
  and IL-12 

• Sustained  
  expression of 
  MHCI and MHCII 

D28 + 

• Infection 
  overcome 

? 

Anatomical, cellular and molecular features associated with S. typhimurium infection 

Central 

 Systemic 

• Burrowing returns 
  to normal 

Figure 3.2 Time-course of cellular and molecular features associated with S. typhimurium infection. !
Diagram showing the summation of key events to occur during S. typhimurium infection, highlighting in particular, 
concurrent events in the periphery (systemic) and the brain (central). Information is as referenced in the text.!
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3.2 Aims 

S. Typhimurium infection elicits a robust immune response with a well-defined cytokine and 

cellular profile in the periphery as well as the CNS. Our aim is to investigate whether HSPB5, 

or lack there-of, augments the inflammatory profile associated with S. Typhimurium infection.  

 

S. Typhimurium infection leads to a robust peripheral and central immune response. As such, 

here, we use S. Typhimurium infection as a model to investigate the purported immune 

modulatory role(s) of HSPB5. Using wild type (HSPB5+/+) and knockout (HSPB5-/-) mice, we 

investigate differences, if any, observed in the peripheral and central immune response 

following challenge with S. Typhimurium.  

 

As our work is hypothesis driven, we utilise key time-points in the S. Typhimurium infection 

timeline to investigate HSPB5’s potential immune modulatory role; to investigate the immune 

response in the periphery, we measure serum cytokines at day 7, which as described 

previously, is when peak peripheral cytokines are observed (figure 3.2). The central immune 

response is measured at 21-days post infection, as this is the time-point at which the peak 

cytokine response has been observed in the brain. It is also apparent at this time-point that 

microglia may have an activated phenotype, as such, we investigate the cellular profile 

observed in the brain. Cytokine expression and cellular profile were investigated in the 

hippocampus and substantia nigra as we have previously shown that following systemic 

inflammation, the hippocampus shows robust immune activation (Cunningham et al., 2009), 

and there is also a robust immune activation in the substantia nigra (Brydon et al., 2008). We 

also investigate the substantia nigra because it has recently been reported to be an area that 

shows aberrant immune response following reduced expression of HSPB5 (Shao et al., 2013). 
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3.3 Materials and Methods 

3.3.1 Animals and animal husbandry 

8 weeks old female wild type (HSPB5+/+), heterozygous (HSPB5+/-) and knockout (HSPB5-/-) 

C57Bl/6 littermate mice were obtained in-house (Biomedical Research Facility, University of 

Southampton). Mice were housed in groups of 5 in plastic cages with sawdust bedding for at 

least a week before testing. Mice were fed on an RM-1 Standard laboratory chow diet and had 

access to food and water ad libitum. The holding room was temperature controlled (21 – 23oC) 

with a 12hr:12hr light dark cycle (lights on at 07:00). Females were used due to lesser risk of 

aggressive outbreaks and to conform to most of the previous work done in the laboratory. All 

procedures were performed in accordance with the UK animals (Scientific Procedures) Act 

1986 under personal license and ethical approval obtained from the University of Southampton 

and the UK Home Office. 

 

3.3.2 Infection with Salmonella typhimurium 

Control animals were given an intraperitoneal injection of saline; S. Typhimurium infected 

mice were given an intraperitoneal injection of 5.5 x 105 colony forming units (cfu) of live-

attenuated S. Typhimurium strain SL3261. Mice were weighed daily over the course of the first 

week and bi-weekly thereafter to monitor gross weight loss (≥15% loss of the initial starting 

body weight results in termination of the experiment), in accordance with the Home Office 

license.  

 
 
 
 
 
 
 
 
 
 
 



Experimental,design,of,S.#Ttyphimurium,experiment 

Figure 3.3 Time-course showing the experimental design of the S. Typhimurium experiment.!
(A) Animals are either inoculated with S. Typhimurium or Saline. The weight of the mice was regularly monitored (W). (B) At day 
7, blood was collected by tail-bleed method and cytokine levels were measured. (C) Animals were culled at day 21 and brains were 
collected. Half the brain was processed for cytokine and protein expression analysis, whilst the other half of the brain was processed 
for immunohistochemistry. !
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3.3.3 Tissue collection and processing 

Tissue was collected at different time-points, as shown in figure 3.3, and processed as follows. 
 

3.3.3.1 Blood serum 

At#day#7&post# infection,#approximately#500Hl#of#blood#was#tail&bled# from the mice and collected 

in 1.5ml eppendorfs. Samples were spun down at 5000rpm and the serum (supernatant) was 

collected and kept at -20oC until further use. 

3.3.3.2 Brains 

At# the#end#of# the#experiment,# animals#were# terminally#anaesthetised#with#10Hl/g#Pentobarbital 

(Sigma, UK). Mice were perfused with heparinised saline, but not fixed. The brain was 

removed and the two cerebral hemispheres were separated using a scalpel; half the brain was 

placed in a bijous and fixed in 10% formalin overnight at 4oC for immunohistochemistry 

processing (see section 3.3.4.1), whilst the other half was snap-frozen and stored at -20oC for 

biochemical analysis (see section 3.3.4.2).  

3.3.4 Immunohistochemistry 

Formalin-fixed brains were de-hydrated by immersion in a series of increasing concentration 

alcohols from 70% ethanol to 80%, 90%, 100% and, lastly, immersion into Histoclear (Sigma 

Aldrich, UK) (see table 3.1). This process was automated by a Leica-TP 1020 tissue processor 

(Leica Biosystems, UK). After dehydration, tissue was placed in plastic cassettes (Fisher 

Scientific, UK) and submerged in molten (40oC)# paraffin# wax# (Polywax,# UK)# and# allowed# to#

solidify.# Wax# blocks# were# stored# at# room# temperature.# The# wax&blocks# were# cut# into# 10Hm#

sections#on#a#Leica#RM2255#rotary#microtome#(Leica Biosystems, UK) and tissue was floated on 

40oC dH2O in a tissue floatation bath (LAMB, UK). The resulting sections were mounted on 

SuperFrost™ microscope slides (Fisher Scientific, UK) and dried overnight at 37oC. Slides were 

stored at room temperature. 
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Treatment Duration 

70% ethanol 2 hours 

70% ethanol 2 hours 

80% ethanol 1 hour 

90% ethanol 1 hour 

Absolute ethanol I 1 hour 

Absolute ethanol II 10 hours 

Histoclear I 4 hours 

Histoclear II 2 hours 

Table 3.1 Automated settings for the dehydration of tissue using the Leica-TP 
1020 tissue.  
 

Treatment Duration 

Xylene I 10 minutes 

Xylene II 10 minutes 

100% ethanol 3 minutes 

90% ethanol 3 minutes 

80% ethanol 3 minutes 

70% ethanol 3 minutes 

Table 3.2 Tissue rehydration for immunohistochemistry.  
 

1O antibody Species Dilution Incubation Biotinylated antibody Dilution 

GFAP 

(Dako, US) 

Mouse 

 

 
1:5000 

Over-night 

 

Goat anti mouse-HRP 

 

1:250 

 

HSPB5 

(Abcam, UK) 
1:250 
 

IBA1 

(Abcam, UK) 

 
1:500 

Table 3.3 Primary and secondary antibodies used for immunohistochemistry 

analysis 
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3.3.4.1 Immunostaining and quantification 

Sections were heated at 60oC for 30 minutes and then de-waxed in xylene (Fisher Scientific, 

UK). Sections were heated at 60oC for 30 minutes and then de-waxed in xylene (Fisher 

Scientific, UK) before being re-hydrated by immersion in a series of decreasing alcohol 

concentrations (see table 3.2). Endogenous peroxidase activity was blocked with a solution of 

1% hydrogen peroxide (H2O2) and subsequent antigen retrieval was done by heating in citrate 

buffer (10mM citric acid (pH6)) in a 700W microwave for 5 minutes. Non-specific binding was 

prevented by incubating sections in goat, horse, or donkey serum (GIBCO life technologies, 

UK), depending on the host animal of the primary antibodies used. Sections were incubated 

with primary antibodies, as indicated: anti-glial fibrillary protein (mGFAP (Sigma Aldrich, 

UK) 1:1000), anti-ionised calcium-binding adapter molecule (mIBA1 (Abcam, UK) 1:500) and 

anti-alpha-B crystallin (mHSPB5 (Abcam, UK) 1:200) overnight (16-18hrs) at 4oC. 

Appropriate biotinylated secondary antibody ((Vector Laboratories, UK) 1:250) was applied 

for 1hr and then sections were incubated in ABC complex (Vector Laboratories, UK) for 45 

minutes (see table 3.3). Location of antibody binding was determined by immersion in 

diaminobenzidine (DAB) solution (Sigma Aldrich, UK) with 1% hydrogen peroxide (H2O2) 

(Sigma Aldrich, UK). Sections were counterstained with Harris haematoxylin (VWR, UK) and 

de-hydrated by immersing in a series of increasing concentration alcohols and, lastly, by 

immersion into xylene (Fisher Scientific, UK). Coverslips were applied with Distrene-

Plasticiser-Xylene (DPX) combined-mountant (VWR, UK). All images were taken using a 

Zeiss Axio Observer Z1 inverted microscope (Zeiss, UK). 

3.3.5 Biochemistry 

As the substantia nigra is in the mid-brain, the tissue between the brainstem and the 

hippocampus was collected in an eppendorf and snap-frozen. The hippocampus was micro-

dissected from the mid-brain using the protocol described by Hagihara et al., (2009) and snap-

frozen in an eppendorf. Tissue was weighed and diluted in 5 volumes (w/v) of TRIS buffer 

(150mM NaCl, 25mM Tris, 1% Triton X-100, complete protease inhibitor cocktail (Roche 

Diagnostics GmbH, Mannheim, Germany), pH7.2) and homogenised before being sub-aliquoted 
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into two portions; one for cytokine analysis using the mesoscale system and another for 

western blotting. 

3.3.5.1 Cytokine analysis 

Samples were centrifuged at 13 000 rpm for 30 minutes and supernatants were collected and 

assayed for total protein using a Bio-Rad DC protein assay kit (Bio-Rad, UK). Cytokine levels 

were assessed using MSD multiplex kit (Meso Scale Discovery, Gaithersburg, MD, USA) for 

mouse pro-inflammatory cytokines (K15012B) as per manufacturer’s instructions and read 

using a MESO™ QuickPlex SQ 120 reader and analysed with the accompanying Discovery 

Workbench® 4.0 software. 

3.3.5.2 Western blot 

For both mid-brain and hippocampal homogenates, total protein concentration was assessed 

using a Bio-Rad DC protein assay kit (Bio-Rad, UK), as per manufacturer’s instruction. All 

samples were diluted to a final concentration of 4mg/ml in 5x sample buffer#(250mM#TRIS&HCl#

(pH6.8),#10%#SDS,#30%#Glycerol,#5%#β&mercapto&ethanol,#0.02%#bromo&phenol#blue)#and#run#on#

a#polyacrylamide#gel#composed#of#5%#stacking#gel#and#12.5%#resolving#gel#in#1x#Laemmli#buffer#

(5mM#TRIS#(pH8.3),#192mM#Glycine,#0.1%#SDS)#using#the#Bio-Rad protein gel system (Bio-Rad, 

UK). Equivalent loading was checked by coomassie staining (Sigma Aldrich, UK), as per 

manufacturer’s instructions (see section 2.3.7). Coomassie membranes were scanned at 700nm 

using the Odyssey infrared imaging scanner (LiCOR, UK) and quantified using Odyssey 

software v1.2 (LiCOR, UK). Proteins were transferred to nitrocellulose membrane (Amersham, 

UK) overnight (16-18hrs) at 4oC in transfer buffer (1x Laemmli buffer, 20% (v/v) Methanol). 

Membranes were blocked with 4% non-fat milk (TESCO, UK) and incubated in primary 

antibodies: anti-glial fibrillary protein (mGFAP (Sigma Aldrich, UK) 1:5000) and anti-alpha-B 

crystallin (mHSPB5 (Abcam, UK) 1:500) overnight (16-18hrs) at 4oC (see table 3.4). 

Membranes were washed in TRIS-buffered saline with 0.05% tween (TBS-T) and secondary 

antibodies: anti-mouse or rabbit IRDye™ 680RD or IRDye™ 800CW (LiCOR, UK) were 

applied for 1hr. Membranes were visualised using the Odyssey infrared imaging scanner 

(LiCOR, UK), as per manufacturer’s instructions.  
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Primary antibody Originating species Dilution Secondary antibody Dilution 

CNP 

(Abcam, UK) 

Mouse 

 

1:1000 

anti-mouse IR 

(Invitrogen, UK) 
1:1000 

MBP 

(Abcam, UK) 

1:500 

HSPB5 

(Abcam, UK) 

1:500 

Table 3.4 Primary and secondary antibodies used for western blotting. 
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3.4 Results 

3.4.1 Systemic effect of S. Typhimurium SL3261 

3.4.1.1 Spleen size 

Following S. Typhimurium infection, splenomegaly is apparent from 7 days post-infection 

(Püntener et al., 2012). Our results show that at 21 days post-infection, splenomegaly is still 

apparent with S. Typhimurium-infected animals (WT 0.65g ±0.18, HET 0.62g ±0.12g, and 

KO 0.74g ±0.09) showing significantly larger spleen size (p<0.0001) as compared to non-

infected animals (WT 0.115g ±0.02, HET 0.12g ±0.006g, KO 0.12g ±0.01) (figure 3.4A, B). 

Genotype did not contribute significantly to any differences observed to spleen size (p>0.05).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



Figure 3.4 Spleen comparison of animals with or without S. Typhimurium 
SL3261 infection.!
(A) Representative photographs of spleen size of naïve non-infected animals, “without 
Salmonella” and S. Typhimurium-infected mice, “with Salmonella”. (B) Spleen weight 
change between animals with and without S. Typhimurium infection; significant difference 
between animals inoculated with S. Typhimurium and non-infected animals. No statistical 
difference in spleen weight between genotypes in both non-infected and infected animals. 
One-way ANOVA analysis with Tukey post-hoc analysis. Error bars represent SEM from 5 
animals per time point. P < 0.05 (*), P<(0.01 (**).!
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3.4.1.2 Weight Change 

Weight loss is often used as an indirect indicator for severity of infection as it is induced by 

pro-inflammatory cytokines (Langstein et al., 1991; Espat et al., 1994; McCarthy, 2000). Our 

results show that within the first 24hrs post-infection, infected WT mice had a net weight 

change of +2% (+0.6g ±2.5) whilst HET and KO infected mice had a net weight change of -

0.05% (-0.02g ±6.2) and +0.2% (+0.04g ±3.6), respectively (p>0.05) (Figure 3.5B, D, F, H). 

At this stage of disease, genotype did not appear to affect weight loss; in fact, during the first 

week following S. Typhimurium inoculation, WT, HET and KO S. Typhimurium-infected 

animals gained weight to a comparable level as the non-infected control animals (p>0.05) 

(figure 3.5A, B).  

 

WT S. Typhimurium-infected animals continued to gain weight at a comparable level to WT 

naïve animals for the duration of the experiment (p>0.05), however, for HET and KO S. 

Typhimurium-infected animals, from day 7 post-inoculation, they progressively lost weight at a 

rate of 0.27%/day and 0.38%/day, respectively (figure 3.5F, H). The difference in weight loss 

became significantly different from naïve controls (p<0.05) at day 15 and day 21 post-infection 

for KO and HET animals, respectively (figure 3.5F, H). Genotype appears to have significantly 

influenced weight loss in two ways: WT S. Typhimurium-infected animals did not lose weight 

whilst HET and KO S. Typhimurium animals lost significant weight. HET and KO naïve 

animals also gained weight at a slower rate than WT naïve animals (p>0.05 WT (0.88%/day 

±0.14); HET (0.46%/day ±0.04), KO (0.39%/day ±0.03)). 

 
 
 
 
 
 
 
 
 
 



Figure 3.5 Analysis of weight following S. Typhimurium infection.!
(A, C, E, G) Actual weight change in naïve non-infected mice and compared to S. 
Typhimurium-infected mice. (B, D, F, H) Percentage weight change as an expression of 
pre-inoculation weight in naïve non-infected mice and compared to S. Typhimurium-
infected mice.  (A, B) All genotypes. (C, D) WT animals. (E, F) HET animals. (G, H) 
KO animals. Two-way ANOVA analysis with Tukey post-hoc test.  Error bars represent 
SEM for 5 animals. P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****).!
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3.4.1.3 Peripheral cytokine profile 

In EAE, HSPB5 KO animals have been shown to display exaggerated peripheral cytokine 

production (Ousman et al., 2007); we measured the peripheral cytokine response of WT, HET 

and KO animals following S. Typhimurium infection. We found that following S. 

Typhimurium infection, as compared to naïve control animals, WT S. Typhimurium&infected#

animals#significantly#induced#serum#cytokines#IL&1β,#IL&6,#IL&10,#IL&12,#IFN&γ#and#TNF&α#(p<0.05)#

(figure3.6A-F). HET and WT animals showed a comparable (if not less) but never more 

cytokine response (figure3.6A&F).#Genetic#differences#were#only#apparent#for#IL&12p70#and#TNF&α#

where# WT# S. Typhimurium-infected animals produced more cytokines than HET and KO 

animals (p<0.05). 

 

For#IL&1β,#WT,#HET#and#KO#S. Typhimurium&infected#animals#show#at#least#a#2&fold#induction#of#

IL&1β# as# compared# to# naïve controls (p<0.05) (figure 3.6A). There was no difference in# the#

amount# of# IL&1β# produced# by# the# different# genotypes# (p>0.05# WT# (13.6pg/ml ±3.3); HET 

(11.2pg/ml ±1.1), KO (10.1pg/ml ±1.2)). 

 

IL-12, whose biologically active form is known as IL-12p70, was found significantly elevated in 

WT S. Typhimurium-infected animals as compared to naïve, non-infected control animals 

(p<0.05) (figure3.6B). HET and KO S. Typhimurium-infected animals did not show a 

significant induction of IL-12p70 (p>0.05). Genotype was seen to significantly influence the 

production of IL-12 (p<0.05 WT (130pg/ml ±23.6); HET (71pg/ml ±5.6), KO (59pg/ml 

±6.6)) 

 

As compared to naïve, control animals, IFN-γ#was# found# significantly#upregulated# in#WT,#HET#

and# KO# S. Typhimurium-infected animals (p<0.001) (figure3.6C). The induction was 

comparable between WT, HET, and KO S. Typhimurium-infected animals (p>0.05 WT 

(509pg/ml ±191); HET (342pg/ml ±71), KO (354pg/ml ±65)).  

 

IL-6 showed significant upregulation in WT and KO S. Typhimurium-infected animals as 

compared to naïve control animals (p<0.05). HET S. Typhimurium-infected animals did not 
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show a significant upregulation (p>0.05). Genotype was not considered to significantly alter 

the induction of IL-6 (p>0.05 WT (251pg/ml ±51); HET (135pg/ml ±56), KO (149pg/ml 

±54)). 

 

IL&10,# an# anti&inflammatory# cytokine# that# antagonises# and#modulates# IFN&γ,# showed# significant#

induction# in#WT,#HET and KO S. Typhimurium-infected animals as compared to naïve control 

animals (p<0.05) (figure 3.6E). Genotype did not significantly alter the induction of IL-10 

(p>0.05 WT (110pg/ml ±19.6); HET (64pg/ml ±6.6), KO (73pg/ml ±11)). 

 

WT S. Typhimurium-infected animals show a ≈# 23&fold# induction# of# TNF&α# as# compared# to#
naïve control mice (p<0.05) (figure 3.8F). In contrast, as compared to naïve control animals 

HET and KO S. Typhimurium&infected# animals# do# not# show# significant# induction# of# TNF&α.#

Genotype# was# considered# to# have# significantly# altered# the# induction# of# TNF&α# (p<0.05# WT#

(18.6pg/ml#±2.8);#HET#(5.14pg/ml#±2.05),#p>0.05,#KO#(6.52pg/ml#±3.38)). 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3.6 Serum cytokine levels at day 7-post S. Typhimurium SL3261 
infection.!
(A) Serum concentration of interleukin-1 beta (IL-1β). (B) Serum concentration of the 
biologically active form of  interleukin-12 (IL-12p70). (C) Serum concentration of interferon-
gamma (IFN-γ). (D) Serum concentration of interleukin-6 (IL-6). (E) Serum concentration of 
interleukin-10 (IL-10). (F) Serum concentration of tumour necrosis factor alpha (TNF-α). 
One-way ANOVA analysis with Tukey post-hoc analysis. Error bars represent SEM from 5 
animals per time point. P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****)!
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3.4.2 Central effects of S. Typhimurium SL3261 

In# the# central# nervous# system,# Ousman# et# al# (2007)# showed# that# deficiency# in# HSPB5# leads# to#

increased#astrocyte#death#and#Shao#et#al#(2013)#further#show#that#reduction#in#HSPB5#results#in#

exaggerated# release# of# IL&1β# and# marked# induction# of# microglia# in# the substantia nigra. We 

investigated both the cellular and cytokine responses in the CNS following S. Typhimurium 

infection. 

3.4.2.1 Central cytokine response 

Using micro-dissected tissue to distinguish the cytokine response in different brain regions, we 

found that# in#this#enriched#tissue,# the#concentration#of# IL&12,# IFN&γ,# IL&6,# IL&10#and#TNF&α#were#

found#to#be#below#the#necessary#threshold#for#detection#by#the#mesoscale#(data not shown).#We#

did#however#find#detectable#levels#of#IL&1β#in#the#hippocampus#and#midbrain. 

 

 In the hippocampus, as compared to naïve control animals, IL-1β# was# found# upregulated# in#

WT# S. Typhimurium-infected mice (p<0.05) (figure 3.7A). HET and KO S. Typhimurium&

infected# animals# did# not# mount# a# significant# IL&1β# response# (p>0.05).# Genotype# did# not#

significantly# alter# the# production# of# IL&1β# (p>0.05# WT# (0.35pg/ml# ±0.01);# HET# (0.14pg/ml#

±0.06),#KO#(0.23pg/ml#±0.12)).# 

 

In the midbrain, as compared to naïve control animals, IL-1β#was# also# upregulated# in#WT#S. 

Typhimurium-infected animals (p<0.01) (figure 3.7B). HET and KO animals did not mount a 

response that was different from naïve controls (p>0.05). Genetic differences contributed to 

the difference in production of IL-1β# between#WT#S. Typhimurium-infected and animals HET 

S. Typhimurium-infected animals (p<0.05 WT (0.95pg/ml ±0.09); HET (0.01pg/ml ±0.07)) 

but not KO S. Typhimurium-infected animals (p>0.05 WT (0.95pg/ml ±0.09); KO (0.44pg/ml 

±0.19).  



Analysis of the cytokine profile in the brain
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Figure 3.7 Central cytokine response to peripheral S. 
typhimurium infection at 21 days post-infection. !
(A) IL-1β response in the hippocampus. (B) IL-1β response in the midbrain. 
Two-way ANOVA analysis with Tukey post-hoc analysis. Error bars 
represent SEM from 5 animals. P<0.05 (*), P<0.01 (**).!
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3.4.2.2 CNS cellular response 

3.4.2.2.1 Astroglial response 

In the hippocampus, GFAP analysis shows that at 21-days post-infection, the basal expression 

of GFAP appears to be different in KO naïve animals, as compared to WT and HET naïve 

animals, with naïve KO animals expressing less GFAP (p<0.05 WT (35.7pg/ml ±3.5), HET 

(37.8pg/ml ±7.5); KO (18.4pg/ml ±3.0)) (figure 3.8C). The number of GFAP-positive cells 

present at basal and during infection were seen in S. Typhimurium-infected animals is 

comparable to that observed in naïve animals (p>0.05) (figure 3.8A, B). Genotype did not 

influence the number of GFAP-positive cells.  

 

In the substantia nigra, a significant upregulation of GFAP-positive cells is apparent in WT S. 

Typhimurium-infected animals (p<0.01) (figure 3.8D-E). The response mounted by HET and 

KO S. Typhimurium-infected animals was not significantly different to naïve controls 

(p>0.05). The number of GFAP-positive cells in the midbrain of WT S. Typhimurium-infected 

animals is considered significantly different from the number observed in HET and KO S. 

Typhimurium-infected animals (p<0.01). 

 

3.4.2.2.2 Microglial response 

Work by Püntener et al (2013) shows that at 21 days post S. Typhimurium-infection, the 

number of microglial in the brain is back to basal levels, althought they still exhibit an 

activated phenotype. Analysis of microglial activation at the same time-point following S. 

Typhimurium infection, shows that there is no significant increase of IBA1-postive cells in the 

hippocampus and substantia nigra of S. Typhimurium-infected animals as compared to naïve 

animals (p>0.05) (figure3.9A-D). Total IBA1 protein expression was not analysed.



Figure 3.8 GFAP expression in the hippocampus and midbrain at 21 days post S. typhimurium infection. !
(A, B, C) GFAP expression in the hippocampus, (D, E, F) GFAP expression in the substantia nigra.  (A, D) immunohistochemistry analysis. 
(B, E), quantitative analysis of immunohistochemistry. (C, F), graphical representation of quantitative western blot. Representative images 
are shown. Scale bar = 50nm. One-way ANOVA analysis with Tukey post-hoc analysis. (B, E) Error bars represent SEM for n=3, 5 visual 
fields per animals. (C, F) Error bars represent SEM from 5 animals per time-point. P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 
(****). Scale bars: (A) 50μm, (B) 150μm.!



Figure 3.9 IBA1 expression in the hippocampus and midbrain at 21 days post S. Typhimurium 
infection.!
(A and C) Immunohistochemistry image composite showing IBA1 immunoreactivity in the (A) hippocampus and 
(C) midbrain of naïve (no salmonella) and infected (with salmonella) animals. Representative images are shown. 
Scale bar = 50nm (B and D) Image analysis: number of IBA1-positive cells counted per unit area. (B) 
hippocampal and (D) midbrain cell counted IBA1-positive. One-way ANOVA analysis with Tukey post-hoc 
analysis. Error bars represent SEM for n=3, 5 visual fields per animal. Scale bars: (A) 50μm, (B) 100μm.!
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3.4.2.3 HSPB5 response to S. Typhimurium 

 

We measured the HSPB5 response to S. Typhimurium because HSPB5 has recently 

been suggested to modulate astrocyte inflammatory action (Shao et al., 2013), 

moreover, it is often found upregulated in several neuro-inflammatory conditions. 

 

3.4.2.3.1 HSPB5 expression 

 

As is expected, basal expression of HSPB5 was most abundant in WT animals, which 

show a robust basal expression of HSPB5 (figure3.10A-D); in contrast, as compared 

to WT naïve animals, basal expression of HSPB5 in naïve HET animals was 

diminished by ≤ 50% (p>0.05) and naïve KO animals show no expression of HSPB5 

in both the hippocampus and the midbrain. At 21 days post S. Typhimurium 

infection, the results show that as compared to naïve control animals, there is a 

significant induction of HSPB5 in the hippocampus of WT S. Typhimurium-infected 

animals (p<0.0001), but not in the hippocampus of HET and KO S. Typhimurium-

infected animals (p>0.05) (figure 3.10A, B). Genotype is considered to have a 

significant effect on this response (p<0.0001 WT (5.6 AU ±0.8); HET (1.47 AU 

±0.24), (KO 0AU)).  

 

In the substantia nigra, basal expression of HSPB5 is apparent in WT animals but 

very diminished in naïve HET animals (p>0.05). As compared to naive animals, 

following S. Typhimurium infection, there is a trend towards upregulation of HSPB5 

in WT and HET S. Typhimurium-infected animals, however the effect is not 

considered to be significantly different (p>0.05) (figure 3.10C, D). The response of 

WT S. Typhimurium-infected animals is considered significantly different to KO S. 

Typhimurium-infected animals (p<0.05 WT (3.34 AU ±1.1); (KO 0AU)).



Figure 3.10 HSPB5 expression in the hippocampus and midbrain at 21 days post S. Typhimurium 
infection.!
(A, B) HSPB5 expression in the hippocampus, (C, D) HSPB5 expression in the substantia nigra.  (A, C) 
Immunohistochemistry analysis (B, D) Graphical representation of quantitative western blot. Representative 
images are shown. Scale bar = 50nm. One-way ANOVA analysis with Tukey post-hoc analysis. Error bars 
represent SEM from 5 animals per time-point. P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****). Scale 
bars: (A) 50μm, (B) 150μm.!
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3.5 Discussion 

The seminal paper by Ousman et al., (2007) suggested that HSPB5 acts as a negative 

modulator of inflammation; that is to say, HSPB5 acts as a molecular brake to dampen the 

inflammatory response. This conclusion is based on results by the group that show that in 

experimental autoimmune encephalopathy (EAE), a model of multiple sclerosis, as compared to 

WT mice, HSPB5 KO mice showed worse EAE disease progression, as illustrated by higher 

EAE score, increased splenocyte and lymph-node cell proliferation, significantly hyperactive 

macrophages and T-cells that contributed to significantly elevated expression of# IL&12,# TNF&α,#

IFN&γ# and# IL&17. HSPB5 KO mice also showed increased glial apoptosis and robust CNS 

inflammation as evidenced by upregulation of astrocyte and microglia staining. The group went 

further to show that intravenous injection of recombinant HSPB5 resulted in the amelioration 

of disease, suppression of immune cell activation and decreased production of cytokines. 

Ousman et al., suggested that HSPB5 was a negative modulator of inflammation. In our study, 

instead of using an autoimmune model of inflammation to characterise HSPB5’s immune 

modulatory role, we utilised the S. Typhimurium-infection model of inflammation, which has 

been shown before to induce profound systemic and modest central immune activation 

(Püntener et al., 2012). To evaluate HSPB5’s immune modulatory role, I will discuss and 

contrast each of the major observations made by Ousman et al in turn.  

 

3.5.1 “Do HSPB5 KO mice show worse disease severity”? 

Several assays exist to measure disease severity in mice. In the Ousman et al study, disease 

severity was measured by EAE clinical-sign scoring, which showed significantly higher scores, 

meaning worse disease progression, than WT mice. We used weight# loss# as# an# indicator# of#

disease#severity.#Disease#induced#weight# loss,#referred#specifically#as#cachexia,# is,# in#part,#caused#

by# IL&1β,# IL&6,# or# IFN&γ# in# conjunction# with# TNF&α# (Langstein et al., 1991; Espat et al., 1994; 

McCarthy, 2000);# these# cytokines,# especially# TNF&α,# show# direct# catabolic# effect# on# skeletal#

muscle# and# adipose# tissue,# thereby# inducing#weight# loss# (Tracey et al., 1990; Reid & Li, 2001; 

Tisdale, 2008). Based on our results, S. Typhimurium&infected#HET# and#KO#mice# lost# the#most#



 
 

94 

weight&# a# readout# that# suggests#much#worse# severity# of# disease# in# these#mice.#This# observation#
was,# however,# not# substantiated,# as# we# did# not# observe# elevated# IL&1β,# IL&6,# IFN&γ# or# TNF&α#
cytokine levels in HET and KO animals as compared to WT mice; in fact, as compared to WT 

S. Typhimurium-infected animals, HET and KO S. Typhimurium-infected animals expressed 

comparable, if not less, but never more,# IL&1β,# IL&6,# IFN&γ# and# TNF&α.# As# cytokine# expression 

cannot explain our observation, it is therefore likely that the observed weight loss in S. 

Typhimurium-infected HET and KO animals is due to a non-disease-related issue especially 

considering that naïve HET and KO animals show much reduced weight gain with age as 

compared to naïve WT mice. It would have, therefore, been useful to utilise other behavioural 

tests in our study, however this was not implemented as conventional behavioural tests such as 

burrowing showed transient behavioural deficit that resolved by 24hrs post-infection (Püntener 

et al., 2012) and we would not have been able to characterise the disease severity across the 

whole time-course of S. Typhimurium infection. 

 

3.5.2 “Do HSPB5 KO mice show increased splenocyte and lymph node cell proliferation”? 

Ousman et al. (2007) noted that during EAE, HSPB5 KO mice showed increased splenocyte 

and lymph node cell proliferation; that is to say, they observed an increase in the immune cells 

of the spleen and lymph nodes. As described earlier, splenomegaly, a condition that arises as 

due to an increase of NK1.1+, Gr1+ neutrophils, CD4+ and CD8+ T-cells in the spleen, is a key 

feature of S. Typhimurium infection (Jackson et al., 2010). We indirectly measured the extent 

of splenocyte proliferation by assessing differences in spleen sizes between WT, HET and KO 

animals. Our results provided evidence for no significant difference in the spleen size of naïve 

animals or S. Typhimurium infected animals. This would suggest that the extent of immune 

cells proliferation in these organs was comparable, providing supporting evidence that perhaps 

HSPB5 KO mice do not have an aberrant immune activation.  
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3.5.3 “Do HSPB5 KO mice show significantly hyperactive macrophages and T-cells that 

contributed to aberrant cytokine expression”? 

As macrophages and T-cells are pivotal for the majority of systemic cytokines produced during 

S. Typhimurium-infection (Pie et al., 1997; Mittrücker & Kaufmann, 2000; Mittrücker et al., 

2002), we indirectly measured the activation status of these cells by analysing their systemic 

cytokine output. Our results provided further support for lack of aberrant immune-cell 

activation as we showed equal to, if not less,#expression#of#IL&1β,#IL&12,#IFN&γ#TNF&α,#IL&6#and#IL&

10#in#KO#as#compared#to#WT#S. Typhimurium-infected animals.  

 

3.5.4 “Do HSPB5 KO mice show increased glial apoptosis and robust CNS inflammation 

as evidenced by upregulation of astrocyte and microglia staining”? 

The peripheral immune system communicates with the central immune system via the 

inflammatory reflex arc (Dantzer & Kelley, 2007; Tracey, 2009). Previously, it has been shown 

that following systemic S. Typhimurium infection, there is a transient central immune 

activation that leads to an activated microglial phenotype that is still apparent even 21 days 

post S. Typhimurium-infection (Püntener et al., 2012). With regard to increased glial 

apoptosis, as we did not use the TUNEL assay, it is difficult make a conclusion, however, using 

immunohistochemistry and western blotting, we did not find any microglial differences between 

S. Typhimurium-infected WT and KO animals, which would suggest the lack of HSPB5 did 

not result in either loss or upregulation of microglia.  

 

Immunohistochemical analysis of GFAP expression suggests some regional differences in GFAP 

expression, however these did not translate to total protein expression by western blot. 

Western blot analysis showed no significant differences in the expression of GFAP between S. 

Typhimurium-infected WT and KO animals, which, again, suggests that lack of HSPB5 did not 

result in either significant loss or upregulation of GFAP. There was, however, a significant 

reduction in the basal expression of GFAP in KO animals, which we attribute to as being an 

effect was likely induced because HSPB5 mediates an important role in the stabilisation of 

GFAP (Nicholl & Quinlan, 1994); lack of HSPB5 might have affected basal expression of 
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HSPB5. GFAP induction was however not affected following S. Typhimurium infection, which 

suggests that in HSPB5 KO animals a compensatory mechanism is enacted. HSPB8, which has 

been shown to share several cytoskeleton-stabilisation functions with HSPB5, is likely to have 

compensated for the GFAP stabilisation role of HSPB5 (Wettstein et al., 2012). 

 

3.5.5 “Recombinant addition of HSPB5 by intravenous injection resulted in the 

amelioration of disease, suppression of immune cell activation and decreased 

production of cytokines”? 

Our internal comparison acts to validate the notion that recombinant addition of HSPB5 

results in amelioration of disease, suppression of immune-cell activation and decreased 

production of cytokines. It is thought that HSPB5 protective properties, suppression of 

immune-cell activation and decreased production of cytokines by direct serological binding to 

pro-inflammatory mediators (Rothbard et al., 2012).We showed, however, that although WT 

animals show a basal expression of HSPB5 that is ≈2fold and an induced response to S. 

Typhimurium that is ≈3fold to HET animals, they did not show significantly different 

suppression of immune-cell activation and/or decreased production of cytokines. Considering 

that KO animals have no HSPB5, the proposed benefits of HSPB5 expression did not show any 

dose response-related mechanism.  

3.5.6 Conclusion 

HSPB5 has wide ranging roles, from inhibition of apoptosis to negative regulation of gene 

transcription (see chapter 2). Whilst the evidence for HSPB5 modulating the immune response 

observed in EAE is clear, in our study, we did not observe significant immune modulation by 

HSPB5. Our model, the S. Typhimurium-infection model is a robust model to characterise 

peripheral immune activation. Although it also shows modest central immune activation, there 

are other models that can be used to characterise central immune activation; we will 

investigate the potential immune modulatory roles of HSPB5 in the CNS innate immune 

response in the next chapter. 
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4. CHARACTERISATION OF HSPB5 AS 

AN IMMUNE REGULATOR OF CNS 

INNATE IMMUNE RESPONSE 

 
This chapter is the second of two chapters to characterise HSPB5’s immune 

modulatory capacity. This chapter specifically investigates HSPB5’s immune 

modulatory capacity in the CNS. The well-characterised ME7 Prion disease model is 

used to induce robust inflammation in the CNS. 
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4.4 Introduction 

In chapter 3, we characterised the immune modulatory capacity of HSPB5 in the 

periphery. Contrary to suggestions from literature, we found that, following systemic 

infection, endogenous expression of HSPB5 did not dampen systemic inflammation or 

improve disease progression when compared to HSPB5 deficient animals. 

Furthermore, the associated immune response we observed in the CNS, suggested 

that, even here, endogenous expression of HSPB5 did not modulate inflammation.  

 

We extend our investigation by specifically characterising the associated response 

mounted by CNS innate immune cells following immunogenic insult. This will 

provide further insight to HSPB5’s capacity for immune modulation, but more 

importantly, this will clarify if the induction of HSPB5 that is observed in several 

neurodegenerative conditions has an influential immune modulatory role.  

 

Current understanding of HSPB5’s immune modulatory role stems from studies using 

animal models of multiple sclerosis (Ousman et al., 2007; Rothbard et al., 2012), 

ischemic optic neuropathy (Pangratz-Fuehrer et al., 2011), ischemia reperfusion 

(Velotta et al., 2011), and stroke (Arac et al., 2011). These models have one thing in 

common: significant neuro-inflammation. 

 

In this chapter, we instead use the ME7 model of Prion disease, which is an animal 

model characterised by prominent neuro-inflammation as well as neurodegeneration. 

By challenging HSPB5 deficient mice with ME7 prion disease, we can investigate the 

immune modulatory capacity of HSPB5 on the innate immune cells of the brain and 

subsequent effect on neurodegeneration. As inflammation has been suggested to 

mediate a role in Huntington’s disease, these findings will help elucidate the 

consequences of the selective down-regulation of HSPB5 observed in R6/2 mice 

(Zabel et al., 2002; Quraishe, 2010).  
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4.5.5 ME7 model of Prion disease 

ME7 Prion, is just one of many mouse-specific Prion strains used to induce disease in 

naïve mice (chapter 1). This strain of Prion has been extensively characterised and 

shows well-defined, tractable and replicable pathophysiological features (Betmouni et 

al., 1996; 1999; Deacon et al., 2001; Guenther et al., 2001; Cunningham et al., 2003; 

Gray et al., 2006; 2009; Hilton et al., 2013). The pathophysiological features of ME7 

Prion disease provide a sensitive assay by which researchers can dissect molecular, 

cellular and anatomical events that contribute to neurodegenerative pathology.  

 

4.4.5.1 Pathophysiological events associated with ME7 Prion disease 

Inoculation with ME7 Prion can be done by oral, intraperitoneal or intracranial 

routes; regardless of route, ME7 Prion pathology is observed in several brain regions 

(Bruce et al., 1991) but most extensively in the dorsal hippocampus (Cunningham et 

al., 2005a; Hilton et al., 2013). Hippocampal pathology correlates with disease 

progression and symptomatic behavioural changes (Deacon et al., 2001; 2002).  

 

4.4.5.1.1 Hippocampal pathology 

Pathology in the hippocampus occurs in a time-dependant fashion: it is characterised, 

firstly, by extensive extracellular deposition of abnormal Prion protein (PrPSc) and 

then followed by synaptic loss and neuronal death (Cunningham et al., 2003). These 

events are overlaid by robust innate immune cell activation (Betmouni et al., 1996; 

1999). Refer to figure 4.1 for a timeline of disease progression, which can be 

summarised as follows: deposition of Prion protein occurs in the hippocampus from 8 

weeks post-inoculation (Gray et al., 2009). Synaptic loss occurs soon after, from 12 

weeks post-infection, and coincides with deficits in behaviour (Cunningham et al., 

2003). Neuronal loss occurs from 18 weeks post-inoculation and is characterised by 

severe cognitive and motor behaviours deficits (Asuni et al., 2010). Typically, these 

symptoms culminate in animal death within 23-24 weeks post-infection. 



Figure 4.1 Summary of pathological events that occur during ME7 Prion Disease.!
Bilateral hippocampal injections with either ME7 Prion brain homogenate (ME7) or  normal naïve brain homogenate (NBH) are 
given to 8 week-old female mice. 8 weeks after inoculation with ME7 brain homogenate, extracellular deposition of proteinase K 
resistant prion (PrPSc) is apparent in the hippocampus. Microgliosis and astrogliosis are also apparent at this stage. At 12 weeks 
post prion inoculation the first evidence of synaptic degeneration is apparent. Significant changes in spontaneous behaviours become 
apparent. Neuronal loss occurs from 18 weeks post-inoculation onwards. Symptoms manifest in death between 20-24 weeks post-
inoculation.!
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4.4.5.1.2 Immune response associated with ME7 Prion 

Microglia and astrocytes, innate immune cells of the CNS (Ransohoff et al., 2012), 

show exquisite sensitivity to PrPSc deposition. Robust induction of these cells 

coincides with the earliest extracellular depositions of PrPSc (Betmouni et al., 1996; 

1999; Aucouturier et al., 2000). Glial activation increases in a time-dependant fashion 

and is highly concentrated around PrPSc aggregates (Cunningham et al., 2003), 

suggesting that glia are responding to the aberrant protein aggregates.  

 

4.4.5.1.2.1 Microglia 

Early speculation suggested that the observed induction of microglia was detrimental 

because of the! modest! induction! of! pro/inflammatory! cytokines! IL/1β,! IL/6,! TNF/α!

(Betmouni et al., 1996). Subsequently, it has been shown that, as well as the afore 

mentioned cytokines, there is also, a much larger induction of! anti/inflammatory!

cytokine! TGFβ1 (Cunningham et al., 2002). TGFβ1! is! associated with an atypical 

microglia phenotype (Perry et al., 2002) that contributes to phagocytic clearance of 

debris (Cunningham et al., 2005b; Teeling et al., 2007). Although atypical, the 

response of these microglia does not contribute to synaptic loss (Sisková et al., 2009).  

4.4.5.1.2.2 Astrocytes 

Little is known about the pathophysiological contribution of astrocytes during ME7 

Prion disease, however; astrocytes show significant induction of GFAP (Asuni et al., 

2013), a Type III intermediate filament, and selective upregulation of small heatshock 

proteins HSPB1, HSPB5, and HSPB8 (Quraishe, 2010). As GFAP is a Type III 

intermediate filament, the specific contribution of its upregulation during ME7 Prion 

disease is not clear, however, GFAP deficient astrocytes show less capacity to 

overcome acute CNS injuries (Pekny et al., 2004), therefore, induction of GFAP 

during Prion disease, as well as other conditions, is thought to be protective 

(Teismann et al., 2004).   



 
 

102 

Induction of HSPB5 in astrocytes is thought to suppress pro-inflammatory cytokine 

production and lead to reduced inflammation (Shao et al., 2013). HSPB1 and HSPB8 

induction in astrocytes has not been characterised, however based on similar 

sequence homology to HSPB5, it is likely that these sHSPs, too, mediate a protective 

function.  

 

4.4.5.2 Behavioural changes associated with ME7 prion disease 

Impairment of several spontaneous behaviours, such as burrowing behaviour, develop 

concurrently with the synaptic loss in the hippocampus (Deacon et al., 2001; 

Guenther et al., 2001). Deficits progressively get worse with time, which correlates 

with hippocampal pathology (Deacon et al., 2002; Cunningham et al., 2003). By the 

time neuronal loss occurs, ca. 18weeks post inoculation, clinical symptoms become 

apparent: mice display significant affective, cognitive and motor behaviours deficits 

(Asuni et al., 2010). Two sensitive assays often used to discriminate pathological 

progression are burrowing behaviour and an open-field test that measures exploratory 

behaviour as a function of total distance travelled. 

4.4.5.2.1 Burrowing behaviour 

Mice exhibit an innate propensity to dig pellets out of a tube. This behaviour is 

hippocampal dependant (Deacon et al., 2002) and is referred to as burrowing. As 

compared to naïve control animals, ME7-inoculated mice show deficits in burrowing 

behaviour from 12 weeks post inoculation, which correlates with the beginning of 

synaptic loss. With time, burrowing progressively becomes worse (see figure 4.1). 

4.4.5.2.2 Distance travelled 

As an adjunct to burrowing behaviour, analysis of the distance travelled by ME7-

inoculated mice shows that deficits in burrowing are not due to locomotor 

impairments (Cunningham et al., 2003); ME7-inoculated mice actually show 

increasing hyperactivity from 12 weeks post-infection. The neuro-biological basis of 

this behaviour is not fully understood, it is however, tractable and very replicable. 
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4.5 Aims 

 

The pathophysiological features observed during ME7 prion inoculation are tractable, 

replicable and well defined. These features provide a sensitive assay to characterise 

molecular, cellular and behavioural features associated with neuro-inflammation and 

neurodegeneration in the CNS. By challenging HSPB5 deficient mice with ME7 Prion 

disease, we can investigate the influence of endogenous HSPB5 on the inflammatory 

process, especially in the context of neurodegeneration.  

 

To characterise HSPB5’s immune modulatory role in the CNS, we will inoculate 

HSPB5 deficient animals with ME7-prion and compare disease progression relative to 

animals that express HSPB5. We will investigate: 

 

1. Behaviour deficits associated with ME7 inoculation. Behavioural analysis is a 

non-invasive mechanism we can use to provide a functional correlate to on-

going neuropathology. 

2. Cellular and molecular features associated with ME7-prion inoculation. We 

will characterise the extent of CNS immune-cell activation by analysing the 

upregulation of CNS immune cells and the cytokines expressed following 

ME7-inoculation.  

3. Regional differences associated with ME7-prion inoculation. As basal 

expression of HSPB5 is noted in myelin and its upregulation is noted in 

astrocytes. We will characterise if there are regional pathology as due to 

HSPB5 deficiency. 
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4.6 Materials and methods 

4.5.5 Animals and animal husbandry 

8-weeks old female inbred mice, wild type (HSPB5+/+), heterozygous (HSPB5+/-) 

and knockout (HSPB5-/-) littermates, were obtained in-house from the Biomedical 

Research Facility (University of Southampton). Mice were housed in groups of 3-5 

in plastic cages all throughout the experiment. Mice were fed on an RM-1 Standard 

laboratory chow diet and had access to food and water ad libitum. The holding 

room was temperature controlled (21 – 23oC) with a 12hr:12hr light dark cycle 

(lights on at 07:00). Females were used to lessen risk of aggressive outbreaks and to 

conform to most of the previous work done in the laboratory. All procedures were 

preformed in accordance with the UK animals (Scientific Procedures) Act 1986 

under personal license and ethical approval obtained from the University of 

Southampton and the UK Home Office. 

4.5.6 Inoculation with ME7 prion homogenate  

Mice!were!anaesthetised!with!a!2:1!combination!of!ketamine!and!xylazine!at!a!dosage!of!
100Il/10g!body!weight.!Full!unconsciousness!was!tested!for!by!pedal!withdrawal!reflex,!
following! which,! bilateral! dorsal! hippocampal injections with either ME7 prion 

homogenate (ME7) or normal brain homogenate (NBH) were given to the animals. 

The mice were mounted in a model-900 small animal stereotaxic frame (David Kopf 

Instruments, USA) and the scalp was cut open and skull exposed. Burr holes were 

drilled on either side at co-ordinates -2.0mm from Bregma, ±1.7mm bilateral, and -

1.6mm deep. 1ul of either ME7 or NBH homogenate (10% w/v in sterile PBS) was 

injected using a 10ul Hamilton syringe (Sigma Aldrich, UK). The scalp was stitched 

together with grade 0.4 sutures (Ethicon, USA) and the mice were placed in a 

recovery chamber at 370C until full recovery. When full consciousness was regained, 
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4.6.7.3 Phenotype scoring 

Phenotype scoring was used at the end-stage of disease (18 weeks) as a sensitive 

assay to try and supplement and distinguish findings from other assays. Phenotype 

scoring was adopted from the SHIRPA protocol (Rodgers 1997) and is used in several 

models of neurodegeneration specifically those with cerebellar dysfunction (Guyenet 

et al., 2010); to our knowledge, this is the first time this protocol has been used to 

characterise prion disease. All parameters were scored relative to severity of the 

phenotype to provide a quantitative comparison of phenotype.  

4.6.7.3.1 Hind limb clasping 

An assay of hind-limb clasping was used to measure muscle, lower motor neuron and 

spinocerebellar function (Rodgers 1997). Mice were suspended upside down from the 

tail for 20 seconds. If hind limbs were consistently splayed outwards, away from the 

abdomen, a normal reflex, the mice received a score of 0. If 1 limb was partially 

contracted towards the abdomen for more that 50% of the time, the animal scored 1. 

If 2 limbs were partially contracted towards the abdomen, they received a score of 2. 

If both hind limbs were completely contracted towards the abdomen, the animal 

received a score of 3. Scoring protocol can be observed in figure 4.1. 

 

4.6.7.3.2 Ledge test 

This assay was used to measure muscle, lower motor neuron and spinocerebellar 

function. Mice were individually placed on a ledge 10cm high. Mice instinctively try 

to lower themselves back onto a flat platform. Mice were scored on the following: 

successful lowering back onto platform, paws first, scored a 0; If footing was lost 

whilst on ledge, but otherwise successful lowering, mice received a score of 1; If the 

mice displayed an incapacity to balance and landed back on the platform awkwardly, 
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i.e. on their head, for example, they received a score of 2; lastly, if mice fell off the 

ledge completely, or did not move and stayed stationary, they received a score of 3. 

 

4.6.7.3.3 Kyphosis test 

Kyphosis is the dorsal curvature of the spine induced by loss of muscle tone in spinal 

muscles as secondary to neurodegeneration. Mice were placed on a flat surface and 

observed as they walked. If mice were able to walk with no persistent kyphosis, they 

received a score of 0. If mice exhibited mild kyphosis but could straighten their spine, 

they received a score of 1. If mice exhibited mild kyphosis and were unable to 

straighten their spine, they received a score of 2. Pronounced kyphosis and an 

inability to straighten their spine resulted in a score of 3. 

 

4.5.8 Tissue collection and processing 

4.6.8.1 Terminal anaesthesia, perfusions and tissue fixation 

At the end of! the! experiment,! animals! were! terminally! anaesthetised! with! 10Il/g!

Pentobarbital! (Sigma!Aldrich,!UK).!Mice!were! perfused!with! heparinised! saline! (0.9%!

saline!containing!5000U/L!heparin),!but!not!fixed.!The!brain!was!removed!and!the!two!

cerebral! hemispheres were separated using a scalpel; half the brain was placed in a 

0 1 2 3 Score: 

Figure 4.1 Hind limb phenotype scoring relative to severity of 
phenotype. 4 different mice showing the different phenotypes and how 
they are scored in the hind limb assay. 

Hind limb phenotype scoring 
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bijous and fixed in 10% formalin overnight at 4oC for immunohistochemistry 

processing (section 4.3.5), whilst the other half was snap-frozen and stored at -20oC 

for biochemical analysis (section 4.3.6).  

4.5.9 Immunohistochemistry 

 

Formalin-fixed brains were de-hydrated by immersion in a series of increasing 

concentration alcohols and, lastly, by immersion into Histoclear (Sigma Aldrich, UK) 

(see table 4.1). Dehydration was carried out using a Leica-TP 1020 tissue processor 

(Leica Biosystems, UK). After dehydration, tissue was placed in plastic cassettes 

(Fisher Scientific, UK) and submerged in molten (40oC) paraffin wax (Polywax, UK) 

and allowed to solidify. Wax blocks were stored at room temperature.!The!wax/blocks!
were! cut! into!10Im!sections!on!a!Leica!RM2255!rotary!microtome!(Leica!Biosystems,!
UK)! and! tissue! was! floated! on! 40oC dH2O in a tissue floatation bath (LAMB, UK). 

The resulting sections were mounted on SuperFrost™ microscope slides (Fisher 

Scientific, UK) and dried overnight at 37oC. Slides were stored at room temperature. 

4.6.9.1 Immunostaining  

Sections were heated at 60oC for 30 minutes and then de-waxed in xylene (Fisher 

Scientific, UK). Sections were re-hydrated by immersion in a series of decreasing 

concentration alcohols (see table 4.2). Sections to be stained for prion protein were 

autoclaved in distilled water for 15 minutes at 121oC and then microwaved for 5mins 

in 90% formic acid. Sections were subsequently rinsed in PBS. Endogenous 

peroxidase activity was blocked with a solution of 1% hydrogen peroxide (H2O2) and 

subsequent antigen retrieval was done for 5 minutes using citrate buffer (10mM citric 

acid (pH6)) in a 700W microwave. Non-specific binding was prevented by incubating 

sections in goat serum (GIBCO life technologies, UK). Sections were segregated using 

an ImmEdge™ hydrophobic barrier pen (Vector Labs, UK) and then incubated with 

primary antibodies: anti-glial fibrillary protein, mGFAP (1:1000) (Sigma Aldrich, 

UK); anti-prion protein, m6H4 (1:10000) (Prionics, Switzerland);  anti-ionised 



 
 

109 

calcium-binding adapter molecule, mIBA1 (1:500) (Abcam, UK) and anti-alpha-B 

crystallin, mHSPB5 (1:200) (Abcam, UK) overnight (16-18hrs) at 4oC see table 4.1). 

Appropriate biotinylated secondary antibody ((Vector Laboratories, UK) 1:250) was 

applied for 1hr and then sections were incubated in ABC complex (Vector 

Laboratories, UK) for 45 minutes (see table 4.3). Location of antibody was 

determined by immersion in diaminobenzidine (DAB) solution with 1% hydrogen 

peroxide (H2O2) (Sigma Aldrich, UK). Sections were counterstained with Harris 

haematoxylin (VWR, UK) and de-hydrated by immersing in a series of increasing 

concentration alcohols and, lastly, by immersion into xylene (Fisher Scientific, UK) 

(reverse of table 4.2). Coverslips were applied with combined mountant DPX 

(Distrene, Plasticiser, Xylene) (VWR, UK). All images were taken using a Zeiss Axio 

Observer Z1 inverted microscope (Zeiss, UK). 

 

4.6.9.1.1 Immunostaining quantification 

 

Immunostaining was quantified using 3 animals from each condition; blind selection 

of 3 serial slides from each animal followed by analysis of 5 different microscopic 

fields from each slide. The number of cells positive for a particular immunogen were 

normalised to the number of haematoxylin positive cells within each region. 

4.5.10 Biochemistry 

The hippocampus was micro-dissected using the protocol described by (Hagihara et 

al., 2009) and snap-frozen in an eppendorf. The tissue was weighed and diluted in a 

5x volume of TRIS buffer containing a complete protease inhibitor cocktail (Roche 

Diagnostics GmbH, Germany) and sub-aliquoted into two portions; one for cytokine 

analysis using quantitative polymerase chain reaction (qPCR) (section 4.3.6.1) and 

another for western blotting (section 4.3.6.2). 
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Treatment Duration 

70% ethanol 2 hours 

70% ethanol 2 hours 

80% ethanol 1 hour 

90% ethanol 1 hour 

Absolute ethanol I 1 hour 

Absolute ethanol II 10 hours 

Histoclear I 4 hours 

Histoclear II 2 hours 

Table 4.1 Automated settings for the dehydration of tissue  

Treatment Duration 

Xylene I 10 minutes 

Xylene II 10 minutes 

100% ethanol 3 minutes 

90% ethanol 3 minutes 

80% ethanol 3 minutes 

70% ethanol 3 minutes 

Table 4.2 Tissue rehydration for immunohistochemistry.  

1O antibody Species Dilution Incubation Biotinylated antibody Dilution 

GFAP 

(Dako, US) 

Mouse 

 

 
1:5000 

Over-night 

 

Goat anti mouse-HRP 

 

1:250 

 

6H4  

(Prionics, CH)  
1:10000 

HSPB5 

(Abcam, UK) 
1:250 
 

IBA1 

(Abcam, UK) 

 
1:500 

Table 4.3 Primary and secondary antibodies used for 
immunohistochemistry analysis. 
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4.6.10.1 Quantitative PCR 

4.6.10.1.1 RNA extraction and quantification 

Hippocampal tissue diluted in a 5x volume of TRIS buffer (pH?) was obtained from 

the -80oC freezer. RNA was extracted from brain homogenate using Qiagen RNeasy 

Minikit (Qiagen, UK), according to manufacturer’s instructions. To determine 

quality and quantity of RNA, total RNA content was analysed by NanoDrop 

spectrophotometer (Fisher Scientific, UK).  Pure RNA has an A260/A280 ratio ≥2.0, 

purity of less than 1.9 was deemed insufficient for experimentation. 

 

4.6.10.1.2 Complimentary DNA synthesis 

For samples to be used as standard curves (WT NBH) 800ng of RNA was 

transcribed into cDNA and for the rest of the samples, 200ng of total RNA was 

reversed transcribed into cDNA using the iScript Select cDNA Synthesis kit (Bio-

Rad, UK), as according to manufacturer’s protocol. The reactions were incubated in 

a GeneAmp PCR System 9700 thermocycler (Applied Biosystems, UK) for 60 

minutes at 42oC then 5 minutes at 85oC and stored at 4oC. 

 

4.6.10.1.3 Quantitative real-time PCR 

Samples to be used as standard curves were serially diluted, from neat, by a factor of 

5, 4 times. All other samples were added neat and quantitative real-time PCR (rt-

PCR) was performed by mixing cDNA with primers and iQ™ SYBR® Green (Bio-

Rad, UK), as per manufacturer’s instructions. Primers, sequences and melting 

temperatures are shown in Table 4.1. Reagents were incubated in a CHROMO 4 

DNA engine thermocycler (Bio-Rad, UK). As SYBR® Green fluoresces when it 

binds to double stranded DNA, direct detection of amplified PCR products was 

monitored using provided Opticon Monitor Software v3.1.32. The cycling conditions 

used are documented in Appendix 4.1.  
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Cytokine Primers Tm 

IL-1 (10Im) 
(Sigma Aldrich, 
UK) 

Forward: 5’ –TGTGTTTTCCTCCTTGCCTC- 3’  64.1OC 

Reverse: 5’ -CTGCCTAATGTCCCAAGA- 3’ 63.9OC 

IL-6 (10Im) 
(Sigma Aldrich, 
UK) 

Forward: 5’ -TCCAGAAACCGCTATGAAGTTC-3’ 64.1OC 

Reverse: 5’ -CACCAGCATCAGTCCCAAGA- 3’ 66.4OC 

TNF-α!(10Im) 
(Sigma Aldrich, 
UK) 

Forward: 5’ -CGAGGACAGCAAGGGCATA- 3’ 63OC 

Reverse: 5’ -GCCACAAGCAGGAATGAGA- 3’ 65.3OC 

GAPDH! (10Im)!

(Sigma!Aldrich,!UK) 
Forward: 5’ -TGAACGGGAAGCTCACTGG- 3’ 

Reverse: 5’ -TCCACCACCCTGTTGCTGTA- 3’ 

66.5OC 

66.6OC 
   

Table 4.4: qPCR primers. Table showing primers, supplier, primer 
sequence and melting temperature (Tm) used for qPCR. Amplification 
efficiency of the primers is ≥95%. 

4.6.10.1.4 GAPDH normalisation and quantification 

All data obtained from! rt/PCR! was! normalised! to! a! non/changing! reference! gene,!

GAPDH,! using! the! ΔCT Method, whereby the base10 normalisation of the gene of 

interest is divided by base10 normalisation of GAPDH.  

4.6.10.2 Western blot 

Total protein concentration was assessed using a Bio-Rad DC! protein! assay! kit! (Bio/

Rad,! UK),! as! per! manufacturer’s! instruction.! All! samples! were! diluted! to! a! final!

concentration!of!4mg/ml!in!5x!sample!buffer!(250mM!TRIS/HCl!(pH6.8),!10%!SDS,!30%!

Glycerol,! 5%! β/mercapto/ethanol,! 0.02%! bromo/phenol! blue)! and! run on a 

polyacrylamide gel composed of 5% stacking gel and 12.5% resolving gel in 1x 

Laemmli buffer (5mM TRIS (pH8.3), 192mM Glycine, 0.1% SDS) using the Bio-Rad 

protein gel system (Bio-Rad, UK). Equivalent loading was checked by coomassie 

staining (Sigma Aldrich, UK), as per manufacturer’s instructions (see section 2.3.7). 

Coomassie membranes were scanned at 700nm using the Odyssey infrared imaging 

scanner (LiCOR, UK) and quantified using Odyssey software v1.2 (LiCOR, UK). 
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Proteins were transferred to nitrocellulose membrane (Amersham, UK) overnight 

(16-18hrs) at 4oC in transfer buffer (1x Laemmli buffer, 20% (v/v) Methanol). 

Membranes were blocked with 4% non-fat milk (TESCO, UK) and incubated in 

primary antibodies: monoclonal anti-glial fibrillary protein, mGFAP (1:5000) (Sigma 

Aldrich, UK), monoclonal anti-prion protein, m6H4 (1:5000) (Prionics, Switzerland) 

and monoclonal anti-alpha-B crystallin, mHSPB5 (1:500) (Abcam, UK) overnight 

(16-18hrs) at 4oC (see table 4.5). In some laboratories, lysates to be probed with 6H4 

antibody are subjected to proteinase K digestion; this step was not done in this 

experiment. Membranes were washed in TRIS-buffered saline with 0.05% tween 

(TBS-T) (pH7.2) and secondary antibodies: anti-mouse or rabbit IRDye™ 680RD or 

IRDye™ 800CW (LiCOR, UK) were applied for 1hr. Membranes were visualised 

using the Odyssey infrared imaging scanner (LiCOR, UK), as per manufacturer’s 

instructions.  

 

Primary antibody Originating species Dilution Secondary antibody Dilution 

GFAP 

(Abcam, UK) 

Mouse 

 

1:5000 

anti-mouse IR 

(Invitrogen, UK) 
1:1000 

6H4 

(Prionics, CH) 

1:5000 

HSPB5 

(Abcam, UK) 

1:500 

Table 4.5 Primary and secondary antibodies used for western blotting. 
 

 

 



Figure 4.3 Characterisation of animal weight following ME7-prion inoculation. 
Graph showing weight measured from 8-21 weeks post inoculation.!
(A) Change in weight for all animals in the cohort. (B) Comparison of change in weight 
between ME7-inoculated WT and HET animals. (C) Comparison of changes in weight between 
ME7-inoculated WT and KO animals. (D) Comparison of changes in weight between ME7-
inoculated HET and KO animals. For each time-point, n=5 female mice. Two-way ANOVA 
analysis with Tukey post-hoc analysis was used.  Error bars represent SEM from 5 animals per 
time point. P < 0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****).!
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4.7.5.2 Burrowing behaviour 

As compared to NBH-inoculated animals, burrowing behaviour showed progressive 

impairment in ME7-inoculated animals. Reduction in burrowing behaviour begins 

from 13 weeks post-inoculation for WT, HET and KO ME7-treated animals (p>0.05) 

(figure 4.4A) and shows significant deficit in WT and HET ME7-inoculated animals 

from 16-weeks post infection (p<0.0001) (figure 4.4B-C). ME7-inoculated KO 

animals show significant deficits from NBH-inoculated controls at 18-weeks post 

inoculation. The deficits in burrowing behaviour between WT, HET and KO ME7-

inoculated animals was not statistically different (p>0.05). 

 

4.7.5.3 Distance travelled (Open field behaviour) 

The results show that whilst ME7-inoculated animals show deficits in burrowing 

behaviour (figure 4.4A-D), the deficits in burrowing are not due to shortcomings in 

ME7-inocuated animals’ locomotor activity; ME7-inoculated animals actually show 

hyperactivity, i.e. increased exploratory behaviour, during open field-testing relative 

to NBH-inoculated animals (figure 4.5A-D).  

 

As compared to naïve controls, WT and HET animals show significant hyperactivity 

from 12 weeks post-inoculation (p<0.01) (figure 4.5B-C) and KO animals show 

significant hyperactivity from 11 weeks post-inoculation (p<0.0001) (figure 4.5D). By 

18 weeks post-inoculation, HET ME7 animals cover 68% more distance than WT 

ME7-inoculated animals (p<0.0001) and 40% more distance than KO ME7-

inoculated animals (p<0.01).  
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Figure 4.4 Characterisation of burrowing behaviour following ME7-inoculation. !
(A) Change in burrowing behaviour for all animals in the cohort. (B) Comparison of 
change in burrowing behaviour between WT NBH and ME7-inoculated animals. (C) 
Comparison of changes in burrowing behaviour between HET NBH and ME7-inoculated 
animals. (D) Comparison of changes in burrowing behaviour between KO NBH and ME7-
inoculated animals. For each time-point, n=5 female mice. Two-way ANOVA analysis with 
Tukey post-hoc analysis was used.  Error bars represent SEM from 5 animals per time 
point. P < 0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****).!
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Figure 4.5 Characterisation of distance travelled during Open field Test 
following ME7 inoculation.!
(A) Distance travelled for all animals in the cohort. (B) Comparison of distance 
travelled between WT NBH and ME7-inoculated animals. (C) Comparison of distance 
travelled between HET NBH and ME7-inoculated animals. (D) Comparison of distance 
travelled between KO NBH and ME7-inoculated animals. For each time-point, n=5 
female mice. Two-way ANOVA analysis with Tukey post-hoc analysis was used.  Error 
bars represent SEM from 5 animals per time point. P < 0.05 (*) !
, P<0.01 (**), P<0.001 (***), P<0.0001 (****).!
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4.7.5.4 Behavioural analysis (cerebellum-dependant) 

ME7 pathology is most pronounced in the hippocampus, however; thalamic and 

limbic regions, brainstem, cortex and the cerebellum are also affected (Cunningham 

et al., 2005a).  To provide a more comprehensive characterisation of pathology, we 

extended our investigation to the cerebellum. Cerebellar dysfunction was investigated 

by scoring deficits in cerebellar-dependant tasks using a rapid and sensitive protocol 

for cerebellar dysfunction known as phenotype scoring (Guyenet et al., 2010). This 

protocol has been used successfully to discriminate cerebellar dysfunction in several 

conditions (Ditzler et al., 2003; Thomas et al., 2006; Chou et al., 2008).  

 

4.7.5.4.1 Phenotype scoring 

Measures include hind limb clasping, ledge test, and kyphosis (see Methods). Each 

measure is cerebellar dependent and is recorded on a scale of 0-3, with 0 resembling 

animals with no affective behaviour and 3 resembling those showing most affective 

phenotype. Measures may be analysed individually or for greater statistical power, 

combined into a composite phenotype score. As compared to NBH-inoculated 

controls, ME7-inoculated animals showed higher scores in all tests, signifying more 

cerebellar dysfunction in these animals (figure 4.6A-D).  

 

4.7.5.4.1.1 Hind limb test  

In the hind limb test, WT ME7-inoculated animals show the most impaired 

behaviour relative to NBH-control animals (p<0.01) (figure 4.6A). HET and KO 

ME7-inoculated animals show a trend towards affective scores (p>0.05). The scores 

of WT, HET and KO ME7-inoculated animals are not significantly different from 

each other (p>0.05). 
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Figure 4.6 Characterisation of cerebellar dysfunction at 18 weeks post-
inoculation. !
(A) Hind limb clasping: test distinguishes difference in how mice splay their hind 
limbs when turned upside-down from the tail. (B) Ledge test: test measures balance 
and co-ordination. (C) Kyphosis test: test distinguishes hunched-back posture, an 
affective behaviour resulting from inability to coordinate muscular tone in the spine. 
(D) For added statistical power, composite of hind limb, ledge and kyphosis tests. 
Scoring: 0 denotes animals with no affective phenotype, 3 denotes animals with the 
most affective behaviour, thus signifying the most extensive cerebellar dysfunction. 
For each time-point, n=5 female mice. Two-way ANOVA analysis with Tukey post-hoc 
analysis was used.  Error bars represent SEM from 5 animals per time point. P < 0.05 
(*), P<0.01 (**), P<0.001 (***), P<0.0001 (****).!
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4.7.5.4.1.2 Ledge test 

In the ledge test, a test of balance and coordination, WT ME7-inoculated animals 

showed severe deficits relative to NBH-inoculated control animals (p<0.0001) (figure 

4.6B). WT ME7-inoculated animals were significantly more impaired in balancing 

and coordinating movement as compared to HET and KO ME7-inoculated animals 

(p<0.01). HET and KO ME7-inoculated animals did not show significantly different 

scores relative to NBH controls (P>0.05). 

 

4.7.5.4.1.3 Kyphosis test 

Kyphosis, a test for hunched posture, showed very low scores (i.e. no/little affective 

phenotype) for HET and KO ME7-inoculated animals as compared to NBH controls 

(p>0.05) (figure 4.6C). The test showed WT ME7-inoculated animals to have 

moderate kyphosis relative to NBH-inoculated controls (p>0.05). The kyphosis in 

WT ME7-inoculated animals is not significantly different to that observed in HET 

and KO ME7-inoculated animals (p>0.05). 

 

4.7.5.4.1.4 Composite score 

A composite of all 3 tests provides greater statistical power. The composite shows 

that out of all the genotypes, WT ME7-inoculated animals show the most severe 

cerebellar dysfunction relative to NBH controls (p<0.0001) as well as HET and KO 

ME7-inoculated animals (p<0.01) (figure 4.6D).  
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4.5.6 Molecular and cellular changes associated with ME7 Prion 

disease 

ME7-inoculated animals show marked PrPSc accumulation in the limbic system, 

brainstem, cortex and cerebellum (Cunningham et al., 2005a). As some behavioural 

deficits are associated with hippocampal pathology, we characterised molecular and 

cellular changes in the hippocampus and also the overlying corpus callosum (CC). 

Here, our characterisation distinguishes two regions: the corpus callosum, for its 

richness in oligodendrocytes and the cortex, stratum oriens or stratum radiatum, for 

their abundance in astrocytes. The distinction is important as it investigates the 

effect of HSPB5 deficiency in two cells that express HSPB5. 

 

4.7.6.1 PrPSc deposition 

Immunohistochemical analysis shows ME7-inoculated animals with deposition of 

PrPSc within the dentate gyrus, with more sparse deposition apparent in the cortex, 

corpus callosum and stratum oriens of the mice; NBH-inoculated animals do not 

show deposition of PrPSc (figure 4.7A-B). Marked vacuolation (i.e. holes in the 

tissue), a key pathological hallmark of Prion disease, is also apparent in ME7-

inoculated animals but not in NBH-inoculated animals (figure 4.7A-B).  

 

Protein analysis confirms that the extent of PrPSc deposition is significantly different 

between NBH and ME7-inoculated animals (p<0.0001) (figure 4.7C), but not 

between ME7-inoculated WT, HET and KO animals (p>0.05) (figure 4.7C). 
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4.7.6.2 Microglia response 

An analysis of the microglial response shows marked gliosis in the hippocampus of 

ME7-inoculated animals (figure 4.8A-C). Immunohistochemistry using IBA1 antibody 

highlights widespread microglial activation in all layers of the hippocampus for ME7-

inoculated animals relative to NBH-inoculated animals (figure 4.8A). There are few 

microglia in the corpus callosum of NBH-inoculated animals, however, following 

ME7-inoculation, there is an activation of microglia in the corpus callosum (figure 

4.8B).  

 

Microglia count clarifies that as compared to NBH-inoculated controls, all ME7-

inoculated animals, regardless of genotypes mounted a robust response (p<0.05) 

(figure 4.8C). As compared to NBH-inoculated controls, WT and HET ME7-

inoculated animals mounted a ≥7-fold induction (p<0.0001) and KO ME7-inoculated 

animals mounted a ≥5-fold induction (p<0.05) of microglia. The capacity to activate 

microglia is not significantly different between ME7-inoculated WT, HET and KO 

animals (p>0.05). 

 

Whilst immunohistochemical analysis is useful, it is not quantitative. Western blot 

analysis would be been very useful. We did not examine the immune-reactivity of 

microglia by western blot because it was difficult to optimise the IBA1 antibody for 

western blotting.  FA11, a common microglial marker would have been a good 

alternative, but even this marker was difficult to optimise for western blott. Future 

experiments may aim to utilise CD68 or CD86 markers for western blotting. 
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Figure 4.8 Microglial analysis in the hippocampus at end-stage of 
Prion disease. !
Sections (A-B) Immunohistochemistry analysis. Sections stained with IBA1 
antibody (brown staining) and haematoxylin (blue staining). (A) Overview of 
IBA1 expression in several layers of the hippocampus. (B) IBA1 expression in 
the corpus callosum (CC). Inserts highlight microglial morphology 
Representative images are shown. Phenotype analysis (C) was done with n=3 
using 3 slides and 5 different visual fields each. Two-way ANOVA analysis 
with Tukey post-hoc analysis was used. P < 0.05 (*), P<0.01 (**), P<0.001 
(***), P<0.0001 (****). Abbreviations: IBA1, ionised calcium-binding 
adaptor molecule 1; ME7, prion injected; NBH, normal brain homogenate 
injected; WT, wild type; HET, heterozygous; KO, knock-out; CA2, Cornu 
ammonis area 2; CC, Corpus callosum; Ctx, Cortex; SOr, Stratum oriens; 
SRad, Stratum radiatum. Scale bars: (A) 250μm, (B) 100μm.!
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4.7.6.3 Astroglial response 

Astrocytes are readily detectable in all the layers of the hippocampus of NBH-

inoculated animals (figure 4.9A-B). Following ME7-inoculation, there is widespread 

upregulation of GFAP in the cortex, corpus callosum, stratum oriens and stratum 

oriens of all ME7-inoculated animals (figure 4.9A-B). Protein analysis of hippocampal 

lysate confirms that relative to NBH-inoculated control animals, there is a significant 

upregulation of GFAP in ME7-inoculated WT, HET and KO animals (p<0.01) 

(figure 4.9C). 

 

 

4.7.6.4 HSPB5 response 

It has been previously shown that HSPB5, which shows basal expression in 

oligodendrocytes, is upregulated in astrocytes during ME7-prion disease. Our findings 

show that there is little HSPB5 staining in the cortex, stratum oriens and stratum 

radiatum in NBH-inoculated WT animals (figure 4.10A-B); the most significant 

HSPB5 staining is localised in the corpus callosum. Following ME7-inoculation, WT 

animals show a marked induction of HSPB5 in all regions of the hippocampus. 

Visually, HET animals show similar basal and induced pattern of HSPB5 expression 

as WT animals; KO animals show no expression of HSPB5 (figure 4.10A-B), which is 

as expected.  

 

Protein analysis highlights that the basal expression of HSPB5 in HET and KO 

animals is significantly less than WT animals (p<0.05) (figure 4.10C). Following 

ME7-inoculation, relative to NBH-inoculated controls, WT animals mount the most 

significant response (p<0.01). HET and KO ME7-inoculated animals do not show a 

significant induction of HSPB5 following ME7-inoculation (p>0.05).  
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GFAP
Figure 4.9 Astrocyte analysis in the hippocampus at end-stage of 
Prion disease. !
Sections (A and B) stained with GFAP antibody (brown staining) and 
haematoxylin (blue staining). (A) Composite of GFAP expression localised in 
the Ctx, CC, SOr, CA2, and SRad. (B) Images showing GFAP 
immunoreactivity, focussing specifically on the CC. Representative images are 
shown. (C) Quantitative western blot showing GFAP immunoreactivity in the 
hippocampus. For western blot, n=5 female mice. Representative western 
blot is shown. 40μg protein loaded in each well; equal loading checked by 
coomassie staining (not shown).   Two-way ANOVA analysis with Tukey 
post-hoc analysis was used. Abbreviations: GFAP, glial fibrillary protein; 
ME7, prion injected; NBH, normal brain homogenate injected; WT, wild 
type; HET, heterozygous; KO, knock-out; Ctx, cortex; CC, corpus callosum; 
SOr, stratum oriens; CA2, connu ammonis 2; SRad, stratum radiatum. Scale 
bars: (A) 250μm, (B) 100μm.!
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Figure 4.10 HSPB5 analysis in the hippocampus at end-stage of 
Prion disease. !
Sections (A and B) stained with HSPB5 antibody (brown staining) and 
haematoxylin (blue staining). (A) Composite of HSPB5 expression localised 
in the Ctx, CC, SOr, CA2, and SRad. (B) Images showing HSPB5 
immunoreactivity, focussing specifically on the CC. Representative images are 
shown. (C) Quantitative western blot showing HSPB5 immunoreactivity in 
the hippocampus. For western blot, n=5 female mice. Representative western 
blot is shown. 40μg protein loaded in each well; equal loading checked by 
coomassie staining (not shown). Two-way ANOVA analysis with Tukey post-
hoc analysis was used. Abbreviations: HSPB5, small heat shock protein B5; 
ME7, prion injected; NBH, normal brain homogenate injected; WT, wild 
type; HET, heterozygous; KO, knock-out; Ctx, cortex; CC, corpus callosum; 
SOr, stratum oriens; CA2, connu ammonis 2; SRad, stratum radiatum. Scale 
bars: (A) 250μm, (B) 100μm.!
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4.7.6.5 Cytokine mRNA expression 

Transcript levels of pro-inflammatory cytokines IL-1β, IL-6 and TNF/α were 

measured. In our lab, these cytokines have previously been shown to be elevated 

during ME7 Prion inoculation (Cunningham et al., 2005). Investigation of transcript 

levels of pro-inflammatory cytokines showed that, as compared to naïve, non-

inoculated animals, ME7-inoculated animals induce cytokine transcript levels, 

regardless of genotype (figure 4.1); transcript levels of IL-1β! were! significantly!

upregulated in WT (p<0.001), HET (p<0.01) and KO ME7-inoculated animals 

(p<0.0001).  

 

Transcript levels of IL-6 were also upregulated significantly in KO ME7-inoculated 

animals, showing a 2.3-fold induction (p<0.01) but not WT ME7-inoculated animals 

that showed a 1.5-fold induction (p>0.05) or HET ME7-inoculated animals that 

showed a 1.6-fold induction (p>0.05).  

 

Transcript expression of TNF-α was significantly elevated in WT animals (p<0.001) 

and KO ME7-inoculated animals (p<0.01) but not in HET ME7-inoculated animals 

(p>0.05). Although the HET ME7-inoculated animals did not induce a significant 

amount of IL-6 and TNF-α mRNA in response to ME7 inoculation, their capacity of 

to induce cytokine was not statistically different from the WT and KO ME7 animals.  

 

To conclude this experiment, it would have been useful to characterise the cytokine 

response using a mesoscale (similar to chapter 3) as this technique measures cytokine 

protein levels and is extremely sensitive. Unfortunately, a lack of funds hindered the 

use of the mesoscale. 



Figure 4.11 Transcriptional analysis of cytokine expression in the 
hippocampus following prion inoculation. !
Transcriptional expression of (A) IL-1β, (B) IL-6, and (C) TNF-α in the 
hippocampus at 18 weeks post prion inoculation comparing inoculated animals 
to naïve animals. For all conditions, n=5 female mice. Two-way ANOVA 
analysis with Tukey post-hoc analysis was used.  Error bars represent SEM 
from 5 animals per time point. P < 0.05 (*), P<0.01 (**), P<0.001 (***), 
P<0.0001 (****).!
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Discussion 

HSPB5 is proposed to be a negative regulator of inflammation that may act as a 

molecular brake to dampen the inflammatory response (Masilamoni et al., 2006; 

Ousman et al., 2007). The study by Masilamoni et al., (2006) shows that intravenous 

administration of silver-nitrate to BALB/c mice results in GFAP upregulation, 

however, pre-treatment of the mice with recombinant HSPB5 blocked GFAP 

upregulation and resulted in lower levels of nitric oxide levels in the plasma, liver, 

neocortex and hippocampus. Ousman et al., (2007), on the other hand, using a model 

of experimental autoimmune encephalopathy (EAE) in 129/sv mice, showed that 

HSPB5 KO mice had worse progression of EAE, especially at the inductive (early) 

and progressive (late) stages. The mice also showed exaggerated activation of 

microglia with elevated levels of pro-inflammatory cytokines interleukin 2 (IL-2), 

interferon-gamma (IFN/γ),! tumour! necrosis! factor/! alpha! (TNF/α)! interleukin! 12!

(active!form)!(IL/12p40)!and!interleukin!17!(IL/17).!Ousman!et!el.,!further!showed that 

intravenous injection of recombinant HSPB5 results in suppression of inflammation 

and diminished production of!pro/inflammatory!cytokines!IL/2,!IFN/γ,!TNF/α,!IL/12p40,!

and! IL/17.! Several! other! studies! have! since! shown! immune! modulatory! roles! of!

recombinant! injection!of!HSPB5! in!various!conditions!(van Noort et al., 2010; Arac et 

al., 2011; Klopstein et al., 2012). All these studies conclude that aside from being a 

molecular chaperone, HSPB5 is also a modulator of the inflammatory response. We 

have investigated this notion using a different paradigm of chronic inflammation, the 

Prion disease model, because this model has been extensively characterised in wild-

type (WT) mice and shows distinct anatomical localisation, distinguished 

inflammatory response, synaptic changes, behavioural deficits, and lastly, neuronal 

loss and death (Betmouni et al., 1999; Deacon et al., 2001; Cunningham et al., 2003) 

-all of which can be used to elucidate if HSPB5 modulates the progression of chronic 

neurodegenerative disease.  
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Taken together, these results provide some evidence that during ME7 prion disease, 

HSPB5 does not modulate inflammatory processes and its deletion does not lead to 

exacerbated disease progression. 

These results are somewhat surprising, especially considering the pleiotropic activities 

of HSPB5 (table 1.5). It would have been expected that WT animals, which have full 

complement of HSPB5, would have fared the best whilst KO animals would have 

fared the worst. The question therefore stands, why did HSPB5 KO mice, in our 

hands, not display a heightened inflammatory response and or worsened disease 

progression? Several explanations stand to reason to explain our results. 

 

a) Genetic differences between mice strains 

As mentioned previously in chapter 3, the mice used by Masilamoni et al., are 

BALB/c, whilst those used in the EAE study by Ousman et al., are 129/sv. In our 

study, we have used C57Bl/6 mice. It is well documented that different mice strains 

have different genetic compositions and display divergent phenotypes, as reviewed by 

Yoshiki & Moriwaki (2006) and Sellers et al., (2012). These divergent phenotypes 

extend to different physiological, neurobiological and behavioural traits as 

exemplified by significantly different inflammatory profiles -even to the same 

stimulus (Mills et al., 1999; Soudi et al., 2013), different disease progression/outcome 

(Rowland et al., 1992; Swihart et al., 1995; Peng et al., 2011) as well as different 

behavioural phenotypes (Crawley et al., 1997; Crawley, 2007). Whilst studies 

involving different strains can offer foundations for identifying specific genes involved 

in disease, here, the comparison of results obtained from different strains has 

confounded the issue as to whether HSPB5 is a modulator of the inflammatory 

response. It is therefore likely that in our hands, HSPB5 KO mice did not 

recapitulate findings from other laboratories and show an exaggerated immune 

response because of underlying differences of mice strains. If the genetic background 

of the mice does not influence the result in anyway, the next point will explain why 

we likely did not observe an exaggerated immune response.  
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b) HSPB5 is a regulator of inflammation  

HSPB5 is known to mediate several pleiotropic activities. The protein partners that 

interact with HSPB5 (table 1.5) to mediate these diverse functions are known as the 

HSPB5’s interactome and their (potential) interactions have been mapped out (figure 

4.12) and are continually being updated. To date, only 2 of HSPB5’s interaction 

partners are known to be involved in inflammatory processes- β2!microglobulin and 

IKKβ, see table 1.5. The interaction of HSPB5 with β2! microglobulin is strictly ex 

vivo and has not been shown to occur physiologically and therefore is unlikely to 

contribute to HSPB5’s inflammatory in vivo role. The interaction of HSPB5 with 

IKKB as shown by Adhikari et al (2011), on the other hand, shows HSPB5 

interacting with IKKB, a key protein in the NFkB pathway. The NFkB pathway 

mediates part of the cellular response to cytokine signalling and other stimuli 

(Perkins, 2007).! The! authors! of! this! study! came! to! the! conclusion! that! in! myoblast,!
HSPB5! abrogates! TNF/α! toxicity! by! associating! with! IKKB! leading! to! downstream!
upregulation! of! pro/survival! protein Bcl-2. The inflammation modulatory role of 

HSPB5 in this situation is not directly through modulating cytokines and or immune-

cell proliferation, as has been previously suggested, but instead, HSPB5’s modulatory 

role is through increasing the anti-apoptotic capacity of cells. Using this paradigm, it 

could be postulated that lack of HSPB5 results in less ability of cells to overcome 

cytokine-mediated cytotoxicity and could potentially explain why in the Ousman 

(2007) study, HSPB5 KO mice, which had elevated cytokine levels, appeared to have 

worsened progression of disease. Adhikari’s postulate does not, however, explain why 

HSPB5 KO mice show elevated cytokine levels in the first place and or why cytokine 

levels diminished following recombinant supplementation of HSPB5 to EAE mice. 

However, an explanation for why HSPB5 KO mice appear to have fared better in our 

study is outline in the next bullet point. 
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Figure 4.2 Proposed interactome network of HSPB5.  
STRING database network (http://string-db.org/) showing experimentally and 
literature derived direct and indirect protein interaction and associations of HSPB5 
(Cryab). Lines show interactions and associations of various proteins.  Gene names 
and associated protein names: B2M, β2! microglobulin; Bax, Bax; Bcl2l1, Bcl-xs; 
Bfsp1, Filensin; Bfsp2, Phakinin; Casp3, Caspase-3; Ccnd1, Cyclin D1; Cdh16, 
Cadherin-16; Cryab, HSPB5; Crybb2, B2 crystallin; Crygc, γ/C! crystallin; Csn3, Κ!
Casein; Ctnnb1, Catenin; Cyc1, Cyclin D1; Des, Desmin; Fbxo4, FBXO4; Fgf2, 
FGF2; Gfap, GFAP; Golga2, GM130; Grifin, GRIFIN; Htt, Htt; Ikbkb, IKKB; Ins1, 
Insulin; Mtap2, MAPs; Ngf, NGF; Prnp, Prion protein; Prph, Peripherin; Snca, α/
synuclein; Sod1, SOD1; Tuba1a; Tubulin Vegfa, VEGF; Vim, Vimentin. 
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c) HSPB5 redundancy may lead to compensatory mechanisms 

As a protective mechanism, cells have mechanisms that compensate for loss of gene 

function (Zhang, 2003; 2012), however it is important to note that not all gene 

redundancies are compensated. As HSPB5 has been shown to have prenatal 

developmental roles (Christians et al., 2003; Kida et al., 2010; Chaerkady et al., 2011; 

Tian et al., 2013) the fact that the HSPB5 KO mice are viable and show very little 

phenotypic differences to WT mice (Brady et al., 2001) may infer that other proteins 

have compensated for HSPB5’s role. This concept is not altogether alien especially 

considering that small heatshock proteins routinely mediate function through 

assembly in large oligomeric structures with other small heatshock proteins through 

an evolutionarily conserved alpha-crystallin domain (Arrigo et al., 2007). The 

intimate relationship of HSPB5 with other sHSPs could mean that loss of HSPB5 

results in compensation from the other interaction partners. This notion is supported 

by studies, for example,! which! show! that! knocking! out! HSPB4,! an! sHSP,! results! in!

upregulation! of! α,! β! and! γ! crystallin! sHSPs! (Xi et al., 2003). Table 4.6 shows the 

possible interaction of each sHSP, and as is evident, it is conceivable that 

compensation occurs after gene loss. It would have been useful to investigate the 

immune-reactivity of the other sHSPs that are expressed in the CNS- HSPB1, 

HSPB6 and HSPB8. Future experiments should prioritise this. 

 

d) ME7 titre may have been too low to induce full constellation of symptoms 

Overt weight-loss is a prototypical symptom of ME7 prion disease (Betmouni et al., 

1999). As our results do not show evidence of weight loss, it has been suggested that 

perhaps the concentration of our inocula were not very high. Low ME7 titre could 

mean that inoculated animals did not mount the most robust response to ME7 and 

therefore we did not adequately test HSPB5’s immune modulatory role. Although 

this cannot be ruled out, our other observations following ME7 innoculation (PrP 

deposition, robust astrogliosis and microgliosis, hyperactivity and decreased 

burrowing activity) are suggestive that the innocula was effective and conducive to 

investigate HSPB5’s immune modulatory role. 
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4.5.3 Conclusion 

Although HSPB5 appears to have immune modulatory roles in various studies, our 

findings using HSPB5 KO mice and a well characterised model of innate immune 

inflammation in the CNS do not recapitulate these findings. It is possible that our 

results don’t support literature because of differences in methodologies. It is also 

possible that HSPB5 modulates inflammation via a mechanisms that we did not 

measure: whilst we measured immune cell upregulation and cytokine levels, it is 

possible that HSPB5 may instead prompt cells to be more resistant to cytokine-

induced cytotoxic stress. Lastly, it is also possible that prenatal knocking out of 

HSPB5 results in compensation from other small heatshock proteins, which then 

results in a superlative protective effect; however, as other studies (using 129Sv mice) 

do not appear to show this compensatory measure, this conclusion is difficult to 

justify. 
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sHSP Interaction 

partner(s) 

References 

HSPB1 HSPB5 

HSPB6  

HSPB8 

(Fu & Liang, 2003)  

(Mymrikov et al., 2012) 

(Sun et al., 2004) 

HSBP2 HSPB3  

HSPB6  

HSPB8 

(Sugiyama et al., 2000) 

(Mymrikov et al., 2012) 

(Sun et al., 2004) 

HSPB3 HSPB2  

HSPB8 

(Sugiyama et al., 2000) 

(Fontaine et al., 2005) 

HSPB4 HSPB5 (Skouri-Panet et al., 2012) 

HSPB5 HSPB1  

HSPB4  

HSPB6,  

HSPB8 

(Fu & Liang, 2003)  

(Groenen et al., 1994) 

(Mymrikov et al., 2012) 

(Mymrikov et al., 2012) 

HSPB6 HSPB1  

HSPB2  

HSPB5  

HSPB8 

(Mymrikov et al., 2012) 

(Mymrikov et al., 2012) 

(Mymrikov et al., 2012) 

(Fontaine et al., 2005) 

HSPB7 HSPB8 (Sun et al., 2004) 

HSPB8 HSPB1  

HSPB2  

HSPB3  

HSPB5  

HSPB6  

HSPB7 

(Sun et al., 2004) 

(Sun et al., 2004) 

(Fontaine et al., 2005) 

(Mymrikov et al., 2012) 

(Fontaine et al., 2005) 

(Sun et al., 2004) 

Table 4.6 Table showing the diverse range of oligomeric partners of small 
heatshock proteins.  
The diverse range of oligomeric partners than can interact with a given small 
heatshock protein may offer options to gene redundancy. 
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5. CHARACTERISATION OF HSPB5 

RESPONSE DURING HUNTINGTON’S 

DISEASE 

 
 
 
Reduced expression of HSPB5 has been observed in the R6/2 animal model of Huntington’s 
disease. This chapter investigates whether this reduced expression is also observed in human 
disease. 
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5.1 Introduction 
 
Previous work on R6/2 animals highlights a selective and progressive reduced expression of 

HSPB5 in the striatum, frontal cortex, and cerebellum of diseased animals (chapter 1). The 

reduced expression of HSPB5 is observed as early as 4weeks into disease progression, and by 

end-stage of disease, there is as much as an 80% reduction of the sHSP (Quraishe, 2010). 

Reduced expression of HSPB5 is observed within areas that show significant pathology in 

both R6/2 animals (Zhang et al., 2010; Rattray et al., 2013) as well as in HD (Vonsattel et 

al., 1985; Vonsattel, 2008); HSPB5 reduction may therefore contribute to pathology or be a 

result of pathology.  

 

Thus-far, this thesis has investigated the influence of HSPB5 on inflammatory processes and 

has shown that, in C57Bl/6 mice, reduced expression of HSPB5 does not appear to 

influence the innate inflammatory response in the periphery (chapter 3) and the CNS 

(chapter 4). It is not clear however, whether the reduced expression of HSPB5 contributes 

to pathology in the R6/2 animal model of HD; we had imagined that perhaps the reduced 

expression of HSPB5 contributes to the exaggerated immune activation that has previously 

been reported during HD (Ellrichmann et al., 2013). Some insight to this question will likely 

come from work currently underway in the Muchowski lab (Muchowski P.J., U.C.S.F) 

where they have crossed R6/2 animals with HSPB5 KO mice and are monitoring disease 

progression. This thesis will instead conclude with a comparative investigation into HSPB5 

expression during the animal model of HD and human HD post-mortem tissue.  

 

Given HSPB5’s constitutive localisation in oligodendrocytes (see chapter 2), we believe the 

comparison between R6/2 and HD findings to be important because reduced expression of 

HSPB5 may provide an explanation for the pre-symptomatic white-matter changes that are 

observed in both R6/2 animals (Park et al., 2010) and HD patients (Bartzokis et al., 2007; 

Dumas et al., 2012). It is thus of interest to probe whether the reduced expression of 

HSPB5 observed in R6/2 animals is also observed in HD. 
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This following section provides background on the distribution and extent of 

neuropathological changes occurring during HD and contrasts them to R6/2 pathology 

(summarised table 5.1).  

5.1.1 Huntington’s disease 

Huntington’s disease is characterised by significant atrophy of an area of the basal ganglia 

known as the striatum (chapter 1). Atrophy of the striatum is caused by significant death 

of medium spiny neurons of the caudate nucleus and the putamen (areas of the striatum). 

Whilst the most significant atrophy is observed in the striatum, progressive atrophy is also 

noted in the substantia nigra (Spargo et al., 1993), cerebral cortex (Vonsattel, 2008), 

hippocampus (Spargo et al., 1993), cerebellum (Jeste et al., 1984), hypothalamus and 

thalamus (Kremer, 1992; Heinsen et al., 1999). The areas in HD that are affected by 

neurodegeneration are mirrored in animal models of HD, except that in R6/2 mice, 

anatomical atrophy is not accompanied by neuronal loss (Zhang et al., 2010; Aggarwal et 

al., 2012; Rattray et al., 2013).  

 

In humans, disease progression can be classified by the extent of striatal atrophy present in 

post-mortem tissue and assigned a grade from 0-4 (summarised in table 5.1) (Vonsattel et 

al., 1985). On this scale, grade-0 tissue is described as having no overt changes in brain 

cyto-architecture, although individuals exhibit some clinical (behavioural) symptoms of 

disease. Grade 1-3 tissue shows continued atrophy of the striatum and at advanced stages, 

increasing non-striatal brain atrophy (Vonsattel et al., 1985). During these stages, tissue 

also shows progressive and extensive gliosis for both astrocytes and microglia (Myers et al., 

1991; Vonsattel et al., 1998; Ellrichmann et al., 2013). Grade-4 tissue is characterised by 

extreme atrophy of the striatum and other non-striatal regions (Vonsattel et al., 1985) 

(summarised in figure 5.1). Due to comorbidities, HD carriers can die during any one of the 

4 grades of disease, which is somewhat different from animal models that tend to live till 

end-stage.  
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  Human HD  R6/2 HD 

 

Grade0 

(<1%) 

Macroscopic: No gross change (1,6) 

                  Some WM changes (2) 

Microscopic:  30-50% loss of striatal 

                  neurons (1,6)        

                  No gliosis (1,6) 

Behaviour:   Some clinical traits (1) 

 

Early-stage 

(0-3weeks) 

Macroscopic: No gross change (3,5) 

                  WM changes (4) 

Microscopic:  No neuronal loss (5) 

                  No gliosis (5) 

Behaviour:    No changes (5) 
 

Grade1 

(4%) 

 

 

Grade2 

(16%) 

Macroscopic: Gross changes in  

                 -Striatum (1,6) 

                  Some changes in 

                 -Cortex (1,6) 

                 -Hippocampus (1,6) 

                 -Corpus callosum (1,6) 

Microscopic: Continued loss of  

                  striatal neurons (1,6) 

                  Robust gliosis (6,7) 

Behaviour:    overt clinical traits (1) 

 

 

 

 

Mid-stage 

(4-9weeks) 

Macroscopic: Gross changes in  

                 -Striatum (3,5) 

                 -Cortex (5) 

                 -Hippocampus (3,5) 

                 -Corpus callosum (5) 

Microscopic:  No neuronal loss (5) 

                  No gliosis (5) 

Behaviour:    Motor deficits (5) 

 

 

Grade3 

(52%) 

 

 

 

Grade4 

(27%) 

 
 
 
 

Macroscopic: Extensive changes in  

                  -Striatal regions (1,6) 

                  - other regions (1,6) 

Microscopic:  Extensive loss of  

                   striatal neurons (1,6) 

                   Extensive gliosis (7) 

Behaviour:     penetrant clinical  

                   trait (1,6) 

 

 

 

Late-stage 

(10weeks+) 

Macroscopic: Continued changes of  

                 -Striatum (3,5) 

                 -Cortex (5) 

                 -Hippocampus (3,5) 

                 -Corpus callosum (5) 

Microscopic:  No neuronal loss (5) 

                  No gliosis (5) 

Behaviour:    Motor deficits (5) 

Table 5.1 Comparison of pathophysiological features in humans and R6/2 mice.  
Human pathology classified from Grade 0-4, depending on severity of striatal atrophy; the animal 
correlate is shown in direct apposition to the human grade. R6/2 early-stage disease is correlated 
to Grade 0 and 1 human HD, whilst mid-stage R6/2 pathology is homologous to human grade 2 
and 3. Late-stage R6/2 pathology is correlated to Grade 4 human HD tissue. References 1 
(Vonsattel et al., 1985); 2 (Dumas et al., 2012); 3 (Zhang et al., 2010); 4 (Park et al., 2010); 5 
(Rattray et al., 2013); 6 (Vonsattel, 2008); 7 (Vonsattel et al., 1998). 
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5.1.2 R6/2 model 

Unlike human pathology, disease progression in R6/2 animals is not measured by striatal 

pathology; instead, it is measured as a function of time: the longer an animal survives post-

natally (in days/weeks), with most animals surviving till en-stage of disease. As a result, to 

measure the extent of pathology, animals have to be sacrificed at given time-points. 

Pathology can be broadly described as proceeding in 3 stages: early-stage (<3weeks), mid-

stage (4-9weeks) and late-stage (10weeks+) (Li et al., 2005). Early-stage disease is 

characterised by no overt changes in the brain cyto-architecture and no behavioural changes 

(Vonsattel, 2008). As with HD, mid-stage R6/2 pathology shows wide-spread changes in the 

striatum, cortex, hippocampus and corpus callosum (Zhang et al., 2010; Rattray et al., 

2013) and increasing deficits in motor activity (Carter et al., 1999; Aggarwal et al., 2012). 

Late stage of disease is defined by extended atrophy of striatal and non-striatal brain 

regions accompanied by increasingly worse motor deficits (Zhang et al., 2010; Rattray et al., 

2013). It is therefore evident that there are some similarities between HD and R6/2 

pathology. 

5.1.2.1 Neuropathological limitations of the R6/2 animal model 

There are however, some key differences in disease progression between humans and R6/2 

mice: key pathological hallmarks observed during HD are progressive neuronal loss 

(Vonsattel, 2008) and gliosis (Vonsattel et al., 1998); these observations are not observed in 

R6/2 mice (Mangiarini et al., 1996; Schilling et al., 1999; Turmaine et al., 2000). As gross 

neuronal loss is not observed during the progression of R6/2 animal model (Mangiarini et 

al., 1996; Turmaine et al., 2000; Rattray et al., 2013), the atrophy of several brain regions is 

thought to be caused by shrinkage of neuronal cell bodies and processes (Turmaine et al., 

2000). Wide-spread gliosis is also not observed in the R6/2 animal model (Rattray et al., 

2013). These observations constitute crucial differences between the pathophysiology of HD 

in mice and humans and highlight how animal models of disease are far from perfect. None-

the-less, for now, the pathology observed in R6/2 mice is considered robust and replicable 

and can inform on human disease (Rubinsztein, 2002; Beal et al., 2004; Vonsattel, 2008).  
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5.1.3 Heatshock protein expression in R6/2 animals 

Immuno-blotting shows high expression of HSPB5 in the striatum, frontal cortex and 

cerebellum of mice (Quraishe, 2010). Reduced expression of HSPB5 is observed in these 

regions in R6/2 animals from mid-stage of disease (4weeks+), with significant and 

progressive reduced expression as time progresses (Zabel et al., 2002; Quraishe, 2010). 

Analysis of the other sHSPs that are expressed in the CNS (table 1.2) shows no significant 

reduction of these sHSPs in the striatum, frontal cortex or cerebellum (Quraishe, 2010), 

leaving very interesting questions about why and how HSPB5 is selectively reduced.  

 

Quraishe et al., (2010) highlighted that the reduced expression of HSPB5 was only observed 

at the protein level rather than the transcript level. Although HSP40 and HSP70 have been 

shown to be sequestered in aggregates (Stenoien et al., 1999; Wyttenbach et al., 2000; Hay 

et al., 2004), dot blot analysis suggests that the reduced expression of HSPB5 is not due to 

sequestration (Quraishe, 2010). It is therefore likely that mHTT may reduce HSPB5 

expression by increasing the turn-over of HSPB5. Given the important homeostatic roles 

mediated by HSPB5, the reduced expression of HSPB5 may not only be a sign of pathology 

but may also contribute to pathology. Hence the question: how transferrable are findings 

from R6/2 animals to HD? 
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5.2 Aims 
 
Although the animal models thus-far available to study HD do not produce the full 

constellation of clinical, neuroanatomical and neuropathological changes observed in HD, for 

now, they are the best models we have and understanding their translation capacity to 

human disease is paramount. This chapter will therefore aim to evaluate the extent to 

which the reduced expression of HSPB5 in R6/2 animals is mimicked in HD post-mortem 

tissue. This analysis will be valuable for understanding whether HSPB5 is implicated in HD 

pathology. 

 

Our investigations of human tissue will be informed by findings from R6/2 animals: HSPB5 

expression in HD tissue will be investigated in the frontal cortex and the cerebellum 

(striatum was not provided by the Brain Bank), areas that showed high constitutive 

expression of HSPB5 and significant reduction in R6/2 tissue. Based on similar 

neuropathological changes at these stages of disease, grade-2 human HD tissue will loosely 

be associated with mid-stage R6/2 tissue and grade-4 human HD tissue will be associated 

with end-stage R6/2 pathology, thereby allowing somewhat of a temporal analysis of 

HSPB5 expression during HD progression.  

 

To aid our characterisation, HSP70, CNP and GFAP expression will also be investigated. 

HSP70 will be characterised because together with HSP40, it is the only other HSP known 

to show reduced expression during R6/2 disease progression (Hay et al., 2004); its 

characterisation here will therefore provide an independent measure as to whether there is a 

gross reduction of HSPs during HD. CNP, a myelin protein, will also be characterised 

because white-matter changes are widely observed during HD (Bartzokis et al., 2007). As 

HSPB5 is expressed in white-matter (see chapter 2), CNP will act to determine whether 

reduced expression of HSPB5 is linked to white-matter changes. Astrogliosis and induced 

expression of HSPB5 are often coincidental in several diseases (Iwaki et al., 1992; Renkawek 

et al., 1992; 1994), as such, we also characterise GFAP immunoreactivity to inform us on 

whether there is an overt gliosis so as to account for variables that can influence HSPB5 

immunoreactivity. 
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5.3 Materials and methods 

5.3.1 Animal tissue 

Animal tissue collection was done by Quraishe, S (University of Southampton, UK) as 

described (Quraishe, 2010). 9 week (mid-stage) and 17 week (end-stage) cerebellar and 

cortical tissue was stored in -80oC storage. For experimentation, tissue obtained from -80oC 

storage was processed as according to section 5.3.3. 

5.3.2 Human tissue 

Grade 2 and grade 4 HD cerebellar and frontal cortex post-mortem tissue (12 Huntington’s 

Disease case and 12 Controls) was obtained from the New Zealand Human Brain Bank 

courtesy of Professor RLM Faull (University of Auckland, New Zealand) and stored at -

80oC. Acquisition of the tissue was done under strict terms of the New Zealand Human 

Tissue Act (2008) and its use in the UK was only carried out after ethical approval 

(University of Southampton Human Subjects Ethics Committee). Where possible the 

cerebellar and cortical tissue at each stage were sourced from the same individual. Aside 

from the anatomical designation distinguishing Frontal cortex from Cerebellum, the Brain 

Bank did not provide us with details of sample composition (i.e. proportion of the tissue 

that was grey matter and white-matter). To overcome this, some of our data will be 

normalised to CNP immunoreactivity (see section 5.3.3.2). CAG-repeat data was not 

provided upon request and in some cases, post-mortem delay (PM delay) was also not 

provided by the Brain bank.  

5.3.2.1 Participants 

Cerebellar and frontal cortex tissue was provided from 12 post-mortem individuals. 

Individual data (i.e. age, sex, post-mortem (PM) delay and CAG repeats), for each 

participant (anonymised). A summary of group demographics is provided in table 5.2-5.5.  
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Cerebellum 

 Control group  HD group (Grade 2)       

 Mean Range Mean Range        

Age (yrs.) 65.8 ±7.8 57 - 78 63 ±9.7 47 - 74       

CAG (repeats) - - - -       

PM delay (hrs.) 12.9 ±4.9 7.5 - 19 13.5 ±9.07 4 - 29       

n number     6 Male       6 Male         

Table 5.2 Table showing age and post mortem delay (PM delay) of tissue 
collection of 6 control and 6 Stage 2 HD cases (cerebellum). No CAG repeats 
data was not provided by Brain bank.  
 
 
 
Cerebellum 

 Control group  HD group (Grade 4)       

 Mean Range Mean Range        

Age (yrs.) 52 ±13 41 - 66 54 ±8.8 44 - 65       

CAG (repeats) - - - -       

PM delay (hrs.) - - - -       

n number  3 Male: 3 Female      3 Male: 3 Female         

Table 5.3 Table showing age of 6 control and 6 Stage 4 HD cases (cerebellum). 
No CAG repeats data or PM data was not provided by Brain bank. 
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Frontal Cortex 

 Control group  HD group (Grade 2)       

 Mean Range Mean Range        

Age (yrs.) 68 ±7.1 62 - 78 64.2 ±10 47 - 74       

CAG (repeats) - - - -       

PM delay (hrs.) 13 ±5.3 7.5 - 19 10 ±5.5   4 - 16       

n number     6 Male       6 Male         

Table 5.4 Table showing age and post mortem delay (PM delay) of tissue 
collection of 6 control and 6 Stage 2 HD cases (frontal cortex). No CAG repeats 
data was not provided by Brain bank. 
 
 
Frontal Cortex 

 Control group  HD group (Grade 4)       

 Mean Range Mean Range        

Age (yrs.) 52 ±13 41 - 66 54 ±8.8 44 - 65       

CAG (repeats) - - - -       

PM delay (hrs.) - - - -       

n number  3 Male: 3 Female      3 Male: 3 Female         

Table 5.5 Table showing age of 6 control and 6 Stage 4 HD cases (frontal 
cortex). No CAG repeat data or PM delay data was provided by the Brain 
bank. 
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5.3.3 Biochemistry 

Tissue was weighed and diluted in a 1:2 volume of 2% SDS containing a complete protease 

inhibitor cocktail (Roche Diagnostics GmbH, Germany). Total protein concentration was 

assessed using a Bio-Rad DC protein assay kit (Bio-Rad, UK), as per manufacturer’s 

instruction. All samples were diluted to a final concentration of 4mg/ml in 5x sample buffer%
(250mM%TRIS0HCl% (pH6.8),% 10%% SDS,% 30%%Glycerol,% 5%% β0mercapto0ethanol,% 0.02%% bromo0

phenol% blue)% and% run% on% a% polyacrylamide% gel% composed% of% 5%% stacking% gel% and% 12.5%%

resolving%gel% in%1x%Laemmli%buffer%(5mM%TRIS%(pH8.3),%192mM%Glycine,%0.1%%SDS)%using the 

Bio-Rad protein gel system (Bio-Rad, UK). Equivalent loading was checked by coomassie 

staining (Sigma Aldrich, UK), as per manufacturer’s instructions.  

5.3.3.1 Protein transfer and immuno-blotting 

Proteins were transferred to nitrocellulose membrane (Amersham, UK) overnight (16-18hrs) 

at 4oC in transfer buffer (1x Laemmli buffer, 20% (v/v) Methanol). Nitrocellulose 

membranes were blocked with 4% non-fat milk (TESCO, UK) and incubated in primary 

antibodies overnight (16-18hrs) (table 5.6). Membranes were washed in TRIS-buffered 

saline with 0.05% tween (TBS-T) (pH7.2) and incubated in secondary antibodies for 1hr 

(table 5.6). Membranes were visualised using the Odyssey infrared imaging scanner 

(LiCOR, UK), as per manufacturer’s instructions. 
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Primary antibody Originating species Dilution Secondary antibody Dilution 

CNP 

(Abcam, UK) 

Mouse 

 

1:1000 

anti-mouse IR 

(Invitrogen, UK) 
1:1000 

GFAP 

(Dako, US) 

1:5000 

HSPB5 

(Abcam, UK) 

1:500 

HSP70 

(Abcam, UK) 

1:1000 

Table 5.6 Primary and secondary antibodies used to analyse R6/2 and human 
HD tissue. 

5.3.3.2 Normalisation, quantification and statistical analysis 

Immunoreactivity was measured by quantifying pixel intensity using Odyssey software v1.2 

(LiCOR, UK). The immunoreactivity observed on each nitrocellulose membrane was 

normalised to counterpart coomassie gels that were loaded and run concurrently (see figure 

5.1 for illustration of normalisation procedure). Values and graphs were compiled and 

statistically analysed using GraphPad Prism v6 (GraphPad Software, US). Data was 

statistically analysed using an unpaired T-test and as the sample sizes were very small, 

Welch’s correction was applied to the data in order to take into account differences in 

standard deviation.  

 

As the white/grey-matter composition of the tissue was not specified by the Brain Bank, we 

checked the composition of the tissue by normalising some of the data with major myelin 

protein, CNP. See figure 5.4. 
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C" HD" C" HD"

HSP90"

Coomassie(intensity Normalised(intensities Multiplication(factor HSP90(Immunoreactivity Normalised(intensity
Reference(Load 51 1 1 4 4
C1 55 1.078431373 0.927272727 4 3.709090909
C2 44 0.862745098 1.159090909 7 8.113636364
HD(1 66 1.294117647 0.772727273 6 4.636363636
HD2 58 1.137254902 0.879310345 7 6.155172414
HD3 68 1.333333333 0.75 6 4.5
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Figure 5.1 Western-blotting normalisation procedure.  
All samples were loaded in parallel: one gel was for coomassie staining and the other for 
immuno-blotting; on these gels, analysis was internally controlled by loading control 
samples (C) and Huntington’s disease (HD) samples on the same gel. Due to the large 
number of samples, loading had to be split to several gels. To normalise loading within 
gels%and%between%gels,%the%following%procedure%was%done:%(1)%on%each%gel,%40Tg%of%the%same%
reference%sample%was%loaded%first%and%acted%as%a%Reference%Loading%sample%for%intra0gel%and%
inter0gel% normalisation.% Subsequently,% 40Tg% of% experimental% samples% was% then% loaded (2) 
Following gel electrophoresis, equivalent protein loading of all samples was checked by 
coomassie staining: immunoreactivity of all the samples was measured (see table, 
coomassie intensity) and division of the immunoreactivity values of experimental samples 
with reference load shows whether samples are under or over-loaded (see table, normalised 
intensities). Based on under or over-loading of coomassie gels, (3) immuno-blots are 
normalised by multiplying immuno-blot immuno-reactivity by the normalisation factor 
(see table, multiplication factor, HSP90 immunoreactivity and normalised intensity). (4) 
Inter-gel normalisation was done by comparing the coomassie intensity of Reference Load 
1 with that of Reference Load 2. Once normalised, steps (5) and (6) follow the same 
procedure as the initial intra-gel normalisation (see steps 2 and 3).  
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5.4 Results 

5.4.1 Expression of HSPB5 during R6/2 HD 

To confirm the previously observed reduced expression of HSPB5 in R6/2 animals, we 

repeated the experiment and found a significant reduced expression of HSPB5 in the 

cerebellum and frontal cortex during disease progression (figure 5.2 and 5.3). In the 

cerebellum, there was a 74% reduction of HSPB5 expression at mid-stage (9 weeks) of 

disease (p<0.05) (figure 5.2A,B); the reduction proceeded further still to 89% by end-stage 

(17-weeks) of disease (p<0.05) (figure 5.2C,D).  

 

In the frontal cortex, there is no reduction in HSPB5 expression at mid-stage (9 weeks) of 

disease (figure 5.3A,B), however, by end-stage (17 weeks) of disease, HSPB5 expression is 

reduced by 82% as compared to wild type animals (p<0.05)(figure 5.3C,D). Both 

observations support previous investigations in the R6/2 mouse model (Zabel et al., 2002; 

Quraishe, 2010). 
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Quantification of HSPB5 in R6/2 cerebellum tissue
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Figure 5.2 HSPB5 immunoreactivity in R6/2 cerebellar tissue. 
Representative coomassie and western blots for HSPB5 immunoreactivity at (A) mid-
stage (9-weeks) and (C) late-stage (17-weeks) of disease. Equivalent protein loading 
was checked and normalised by coomassie staining. Graphical representation of 
HSPB5 immunoreactivity at (B) mid-stage (9-weeks) and (D) late-stage (17-weeks) 
of disease; blue bars represent wild type (WT) animals and red bars represent R6/2 
animals. Error bars represent SEM, n=5. Unpaired T-test with Welch’s correction 
used to analyse data; significant difference indicated by p<0.05.  
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Figure 5.3 HSPB5 immunoreactivity in R6/2 frontal cortex tissue.  
Representative coomassie and western blots for HSPB5 immunoreactivity at (A) mid-
stage (9-weeks) and (C) late-stage (17-weeks) of disease. Equivalent protein loading 
was checked and normalised by coomassie staining. Graphical representation of 
HSPB5 immunoreactivity at (B) mid-stage (9-weeks) and (D) late-stage (17-weeks) 
of disease; blue bars represent wild type (WT) animals and red bars represent R6/2 
animals. Error bars represent SEM, n=5. Unpaired T-test with Welch’s correction 
used to analyse data; significant difference indicated by p<0.05. 
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5.4.2 Expression of HSPB5 during human HD 

 
Firstly, analysis of human data shown considerable individual differences in 

immunoreactivity for all the markers measured. We postulated that this may be due to the 

human tissue containing different compositions of grey/white-matter, which would influence 

the results. We therefore decided to check the grey/white-matter composition of our tissue 

by normalising HSPB5 to CNP expression. AS both these proteins are expressed in myelin, 

the resulting ratio between the two shows the relative grey/white-matter composition of the 

tissue. Provided that the ratios between control subjects and HD cases are not significantly 

different, we can use subsequent data with confidence that the tissue has similar 

composition. 

 

For cerebellar tissue stage 2 HD cases showed a HSPB5:CNP ratio of 1.22±0.42:1 and 

controls had a ration of 0.78±0.24:1; these ratios were not significantly different (p>0.05) 

(figure 5.4A). The grey/white-matter comparison between the HD cases and controls is 

therefore considered to be comparable. Stage 4 cerebellar tissue and control tissue also 

showed comparable HSPB5:CNP ratios; stage 4 HD cases, 0.3±0.06:1 and controls 

0.37±0.13 (p>0.05) (figure 5.4B).As compared to controls, the HSPB5:CNP ratios of frontal 

cortex tissue from stage 2 and stage 4 HD cases was also comparable to controls 

(p>0.05)(figure 5.4C,D). These results highlight that the individual differences observed for 

different markers (see supplementary figure S5.2) are not due to tissue having significantly 

different grey/white-matter composition. As the grey/white-matter composition of the 

tissue is comparable, we can therefore use the data we obtained as is. 
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Figure 5.4 Normalisation of HSPB5 expression to CNP. Normalisation to check 
whether the tissue grey/white-matter composition in comparable.  
(A) Comparison of CNP:HSPB5 ratios in the cerebellum between controls and stage 2 HD 
tissue. (B) Comparison of CNP:HSPB5 ratios in the cerebellum between controls and stage 
4 HD tissue. (C) Comparison of CNP:HSPB5 ratios in the frontal cortex between controls 
and stage 2 HD tissue. (D) Comparison of CNP:HSPB5 ratios in the frontal cortex between 
controls and stage 4 HD tissue. Blue data-points represent controls and red data-points 
represent HD cases. Error bars represent SEM, n=6. Unpaired T-test with Welch’s 
correction used to analyse data; significant difference indicated by p<0.05. 
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In grade-2 cerebellar tissue, protein analysis of HSP70, GFAP, CNP and HSPB5 shows that 

there are no differences in the immunoreactivity of these markers between control 

individuals and HD cases (p>0.05) (figure 5.5 A-E). The expression of HSP70, GFAP and 

HSPB5 is unchanged even in grade-4 HD tissue (p>0.05); CNP however appears to be 

significantly reduced in the grade-4 cerebellar HD tissue (figure 5.5F-J). The reduced 

expression of CNP may reflect white-matter changes that are observed during HD. The 

results from the cerebellum therefore show that there is no reduction of HSP70 and HSPB5, 

which is contrary to results from R6/2 animals (Zabel et al., 2002; Hay et al., 2004; 

Quraishe, 2010). The results also show that in the cerebellum, there is no astrogliosis in 

grade 2 and grade 4 tissue. 

 

Protein analysis of grade-2 frontal cortex tissue shows that this tissue is characterised by an 

induction of HSP70 and GFAP (p<0.05) (figure 5.6A-C); the induction is still maintained 

in grade-4 HD tissue (p<0.05) (figure 5.6F-H). As compared to controls, CNP and HSPB5 

are unchanged (p>0.05) in grade-2 (figure 5.6A,C-D) and grade-4 (figure 5.6F,I-J) frontal 

cortex tissue. 
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Analysis of grade-2 and grade-4 HD cerebellum tissue
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Figure 5.5 Immuno-blotting analysis of cerebellar tissue from grade 2 and 
grade 4 HD tissue. 
A-E, Grade 2 cerebellar tissue; F-J, Grade 4 cerebellar tissue. (A,F) Representative 
coomassie and immuno-blots HSP70, GFAP, CNP and HSPB5. Graphical 
representation of immunoreactivity for HSP70 (B,G), GFAP (C,H), CNP (D,I) and 
HSPB5 (E,J). Blue data-points represent controls and red data-points represent HD 
cases. Error bars represent SEM, n=6. Unpaired T-test with Welch’s correction used 
to analyse data; significant difference indicated by p<0.05. 
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Analysis of grade-2 and grade-4 HD frontal cortex tissue
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Figure 5.6 Immuno-blotting analysis of grade 2 and grade 4 frontal cortex  
HD tissue. A-E, Grade 2 frontal cortex tissue; F-J, Grade 4 frontal cortex tissue. 
(A,F) Representative coomassie and immuno-blots HSP70, GFAP, CNP and HSPB5. 
Graphical representation of immunoreactivity for HSP70 (B,G), GFAP (C,H), CNP 
(D,I) and HSPB5 (E,J). Blue data-points represent controls and red data-points 
represent HD cases. Error bars represent SEM, n=6. Unpaired T-test with Welch’s 
correction used to analyse data; significant difference indicated by p<0.05. 
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5.5 Discussion 
 
Studies in R6/2 mice have shown a significant reduced expression of HSPB5 (Zabel et al., 

2002; Quraishe, 2010), HSP40 and HSP70 (Hay et al., 2004). This chapter provides the first 

comparative study investigating the expression of HSPB5 during HD. Our results show 

comparable expression of HSPB5 in the cerebellum of frontal cortex of HD cases with 

control cases (figure 5.5-5.6). Results from R6/2 animals predicted reduced expression of 

HSPB5 in disease cases (figure 5.2-5.3) (Zabel et al., 2002; Quraishe, 2010). Evidently, the 

finding from R6/2 animals is asynchronous with findings from human tissue. The potential 

reason(s) why this may be the case is discussed below in section 5.5.1. 

 

We also investigated HSP70 expression in HD cases and found that in the cerebellum, 

expression of HSP70 was comparable to control tissue (figure 5.5). The likely reason why no 

changes in HSP70 expression was noticed in the cerebellar tissue is discussed below in 

section 5.5.1. In the frontal cortex however, there was a significant induction of HSP70 

(figure 5.5); this observation is contrary to findings from R6/2 animals that show 

significantly reduced expression of HSP70 during disease progression (Hay et al., 2004). To 

our knowledge, this is the first characterisation of HSP70 expression in HD tissue. Several 

in vitro models show the induction of HSP70 to supress toxicity of mutant polyQ proteins 

(Warrick et al., 1999; Jana et al., 2000), however, in vivo experiments where R6/2 animals 

were bred with HSP70 over-expressing mice show that over-expression of HSP70 did not 

have an effect on disease progression in the transgenic offspring (Hansson et al., 2003). It is 

therefore uncertain whether the induction of HSP70 in HD cases confers significant 

protection. 

 

As CNP is a major constituent of myelin, analysis of CNP expression in the cerebellum and 

frontal cortex (figure 5.5C and 5.6C) suggests that there were no gross changes in myelin 

structure in HD cases. As an increasing body of evidence that show white-matter changes to 

be some of the earliest changes observed during HD (Ciarmiello et al., 2006; Bartzokis et 

al., 2007), It is apparent from our findings that characterisation of CNP expression alone 

does not accurately depict the ultrastructural changes that are observed by the advanced 
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techniques, magnetic resonance imaging (MRI) that were used by Ciarmiello et al., (2006) 

and Bartokis et al., (2007). As our characterisation of CNP does not tell us anything about 

the ultrastructure of myelin, the only conclusion we can make is that CNP expression 

appears unchanged. 

 

Analysis of GFAP expression in the cerebellum and the frontal cortex aimed to discern 

whether or not gliosis was apparent in HD cases. This was considered an important 

distinction because induction of HSPB5 is coincidental with astrogliosis in several conditions 

(Iwaki et al., 1992; Renkawek et al., 1992; 1994). We found no induction of HSPB5 in both 

grade-2 and grade-4 cerebellar tissue (figure 5.5B) (see section 5.5.1 for likely explanation). 

In the frontal cortex, grade-2 and grade-4 tissue showed a marked induction of GFAP. This 

is suggestive of a gliosis and is in keeping with wider literature that shows astroglial 

activation and proliferation in HD patients (Vonsattel, 2008). As astrogliosis is not observed 

in R6/2 animals (Rattray et al., 2013) and considering that induction of HSPB5 is often 

coincidental with astrogliosis, it is therefore apparent that the robust induction of GFAP in 

human tissue may therefore have masked reduction in HSPB5 expression as due to a 

relative increased induction of HSPB5 in astrocytes. Immunohistochemical studies to 

confirm HSPB5 localisation in HD tissue would have been useful and would have shed some 

light as to whether astrogliosis counter-acts reduced expression of HSPB5.  

 

Our results challenge the prevailing assumption that molecular results obtained from 

established animal models extrapolate and translate to human disease. The reason why 

results from R6/2 animals did not correlate with HD tissue is likely to be because the R6/2 

model is not an accurate model for HD. This statement is justified by that whilst neuronal 

loss (Vonsattel, 2008) and astrogliosis (Vonsattel et al., 1998) are observed in HD tissue, 

they are not observed in R6/2 tissue (Mangiarini et al., 1996; Schilling et al., 1999; 

Turmaine et al., 2000). In addition, the cerebellar pathology that is observed in R6/2 

animals (Zhang et al., 2010), has not been reported in HD tissue; this disparity may thus 

explain why the induction of HSP70 and GFAP that is observed in frontal cortex tissue was 

not observed in cerebellar tissue.  
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It could therefore be argued that our findings do not mimic those obtained from R6/2 

animals because the R6/2 animal model is not a good model for HD, instead; based on that 

the cerebellar pathology that is observed in R6/2 animals (Zhang et al., 2010) is also 

observed in juvenile-onset HD (Vonsattel et al., 1998), one could argue that the R6/2 

disease model is a better model for juvenile-onset HD (see below) than it does adult-onset 

HD (which is the tissue that we analysed).  

5.5.1 R6/2 mice as a model for juvenile-onset HD 

R6/2 mice have about 150 or more CAG repeats that are expressed at 75% of endogenous 

levels (Mangiarini et al., 1996). As a result of this, disease progression is rapid in terms of 

behavioural changes, brain pathology and age of death. R6/2 mice have therefore become 

an easy and relatively inexpensive model that has become extensively characterised to 

inform pathophysiology of human HD (Li et al., 2005). I would argue however that the 

mechanistic nature of R6/2 HD makes the condition akin to juvenile-onset HD rather than 

adult-onset HD. The distinction between juvenile-onset HD and adult-onset HD is 

important to note because juvenile-onset HD differs from adult-onset HD in terms of disease 

onset, duration, neurological and behavioural symptoms (Nance et al., 2001). I argue that 

the R6/2 model is akin to juvenile-inset HD because R6/2 mice express 150 polyglutamine 

repeats; this large number of polyglutamine repeats result in a condition where disease 

onset, duration and pathophysiology correlate significantly with juvenile-onset HD. 

Considering that the average life-expectancy of a mouse is ≈ 2yrs (94weeks) (Yuan et al., 

2009) and yet R6/2 mice expressing 150 polyglutamine repeats die between 15-20weeks of 

age (Li et al., 2005). This drastic reduction in life-expectancy is homologous to the drastic 

reduction in life-expectancy observed in juvenile-onset HD (average life-expectancy of 

humans is ≈ 83yrs and yet individuals with juvenile-onset HD show disease before the age 

of 20 and die soon afterwards (Nance et al., 2001)). In contrast, adult-onset HD is 

characterised by onset of disease ≈ 35-50yrs and death occurring ≈ 15-20years after onset. 

It should therefore be clear that the accelerated disease progression observed in R6/2 

animals is reminiscent of juvenile-onset HD. R6/1 mice, which have later onset and slower 

progression of disease, may provide a more faithful model for human adult-onset HD. 
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5.5.2 Use animal models expressing full length mHTT 

 
Whilst the use of R6/2 and R6/2 animals is very economical, due to accelerated 

experimental time-course, it should also be note that these model only express exon 1 of the 

mHTT gene. As they do not express the full protein, it is highly likely that any results we 

obtain from these models will always be unable to be reciprocated in humans. To better 

characterise the similarities of animals models with human disease, it would be beneficial to 

use animal models that express full length mHTT such as YAC and BAC models; it would 

be very interesting to investigate if there is a reduced expression of HSPB5 in these models. 

Given the results we obtained from humans, it is unlikely there will be a reduced expression 

of HSPB5. None-the-less, YAC and BAC models are likely to show symptoms and clinical 

manifestations that are more faithful to human disease- albeit at a more protracted time-

course and thus more expensive to the experimenter. 

5.5.3 Conclusion 

 

It is apparent from our comparative study that the results obtained from animal models, 

whilst useful, have to be extrapolated with caution to human conditions. Better animal 

models with a more faithful constellation of clinical, neuroanatomical and neuropathological 

changes to HD is needed. This is highlighted by that a recent meta-analysis of animal 

studies that are published in high-impact journals (Cell, Nature and Science) shows that 

only 1/3 of studies actually translated to humans and of these, only 1/10 show potential for 

therapeutic advantage (van der Worp et al., 2010). Cumulatively, what is becoming clearer 

is that characterisation of complex human disease using a single mechanistic animal models 

(such as R6/2 mice), is likely not going to capture and recapitulate all the necessary 

pathophysiological hallmarks of disease thus lessening therapeutic exploitability.  
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6. GENERAL DISCUSSION 
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As there is a selective reduced expression of HSPB5 during the R6/2 animal model of 

Huntington’s disease (chapter 1), this thesis aimed to characterise the influence of that 

reduction. Whilst reduced expression of HSPB5 has been shown in vitro to sensitise cells 

to oxidative stress, cytoskeletal destabilisation and apoptotic death (see chapter 1.3), a 

growing body of in vivo characterisation shows that reduced expression of HSPB5 results 

in increased immune-cell proliferation and activation of CD3+, CD4+, CD8+," γδ" T&cells"
and"microglia"as"well" as" significantly" increased"production"of"pro&inflammatory" cytokines"
(see"chapter"1.4)."In vivo, these exaggerated inflammatory properties have been shown to 

exacerbate progression of multiple sclerosis (MS), the animal models of MS as well as 

stroke (chapter 1.4). Furthermore, recombinant addition of HSPB5 to animal models of 

MS and stroke, results in better disease prognosis as due to reduce immune cell 

activation and reduced cytokine production. These findings have been taken to be 

suggestive of HSPB5 acting as a potent immune modulator. Given that exaggerated 

inflammation has been implicated as a driver of several neurodegenerative conditions 

(González-Scarano et al., 1999), including HD (Ellrichmann et al., 2013), the aim of this 

thesis was to investigate the impact of reduced HSPB5 expression on peripheral (chapter 

3) and central (chapter 4) inflammatory processes, in order to inform whether the 

reduced expression of HSPB5 observed in R6/2 animals is pathological. The thesis 

concluded by comparing whether reduced expression of HSPB5 was observed in HD. 

 

Our initial experiments highlighted that knocking out HSPB5 did not have any adverse 

effect on basal behavioural and cellular and morphological aspects of CNS innate 

immune cells of knockout mice (chapter 2). We later showed that following S. 

typhimurium infection, HSPB5 deficient animals did not show an exaggerated immune 

response or worsened disease progression (chapter 3.3); instead they showed comparable 

immune response and disease progression to wild type animals. These results were 

contrary to findings from literature, which showed HSPB5 deficient animals to have 

exaggerated peripheral immune-cell activation and exaggerated levels of peripheral 

cytokines.   
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In chapter 4, we used the prion disease model to dissect HSPB5’s influence on innate 

inflammatory processes in the CNS. Over the years, the prion disease model has been 

extensively characterised and provides a well-characterised, robust and tractable method 

to investigate neurodegenerative processes. Similar to results from chapter 3, our 

investigations into HSPB5’s influence on the central innate immune response did not 

indicate negative consequences for HSPB5-deficient animals (chapter 4.3).  

 

Our results therefore do not support findings observed in animal models of MS or stroke. 

These results were unexpected and somewhat surprising, not in the least because of 

HSPB5’s immune modulatory role but due to HSPB5’s other wide-ranging roles. As 

mentioned before, reduced expression of HSPB5 has been shown to sensitise cells to 

oxidative stress, cytoskeletal destabilisation and apoptotic death, as such, we would have 

expected HSPB5 KO animals to be significantly impaired in most of our experiments. 

The reason why our findings do not support literature are two-fold: the gene-knockout 

model we used may have resulted in redundancy and compensation, and the strain 

differences between experiments may have mediated a great role in the results we 

obtained. 

 

Redundancy and compensation 

Given that sHSPs share 22%-65% sequence homology (NCBI, basic local alignment 

search tool (BLAST) (Altschul et al., 1997)) and that the functional capacity of sHSPs is 

mediated through making large oligomeric complexes of between 15-50 subunits (chapter 

1), it is conceivable that compensation can occur if there is a redundancy. This is 

highlighted, for example, by a study that shows that whilst HSPB5 has potent immune 

modulatory roles in 129sv mice, I.V addition of any 1 of 7 other sHSPs (HSPB1, HSPB2, 

HSPB3, HSPB4, HSPB6, HSPB7 or HSPB8) also result in therapeutic effect (although 

not to the same extent as HSPB5) (Kurnellas et al., 2012). These data are indicative of 

how similar sequence homology allows sHSPs the capacity to mediate over-lapping roles 

and compensate for extreme redundancies- such as those observed in KO animals. We 

therefore argue that perhaps a better approach to investigating the effect of reduced 
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expression of HSPB5 would have been to use an inducible gene knockout model, where 

experimenters can reduce gene expression as and when needed via molecular switch. 

Such methods exist and involve a variety of techniques, including adenovirus-mediated 

targeted DNA recombination (Wang et al., 1996) and inducible gene targeting using the 

cre/lox system (Sauer, 1998). Due to the gradual and incremental nature of these 

systems on gene loss, we believe them to be more likely to produce cellular effects that 

are synonymous with physiological reduced expression of a gene.  

 

Strain differences 

We also believe that the disparity between our results and those from literature may 

have been due to genetic difference between mice strains. Genetic differences between 

mice strains influence an animal’s responses to antigen, the calibre of the immune 

response and the susceptibility of mice to autoimmune conditions (Sellers et al., 2012). 

C57Bl/6 mice, for example, the mice that were used in our experiments, demonstrate a 

Th1-type bias to pathogens, whilst other strains, such as Balb/c mice display a Th-2 

bias to pathogens (Mills et al., 2000). Data suggests that the mice that were used in both 

the MS studies (Ousman et al., 2007) and the stroke studies (Arac et al., 2011) exhibit a 

greater Th-1 phenotype than C57Bl/6 mice, as 129sv mice express the Slc11a1 gene and 

C57Bl/6 mice do not (Fortier et al., 2005; Caron et al., 2006; Stober et al., 2007). The 

Slc11a1 gene influences expression of major histocompatibility complex II (MHCII) and 

antigen presenting function of microphages and dendritic cells (Stober et al., 2007); gene 

expression profiling shows that 129sv mice have a significant up-regulation of pro-

inflammatory cytokines followed by a gradual increase in immunoglobulin transcripts as 

compared to mice that lack the Slc11a1 gene (Caron et al., 2006). These results go to 

explain why C57Bl/6 mice are more susceptible to S. Enteritidis and Mycobacterium, 

whereas 129sv mice are more resistant to these organisms (Fortier et al., 2005; Caron et 

al., 2006). These data highlight how genetic differences between mice strains can 

influence the immune response mounted by mice and could explain why we did not 

observe the expected aberrant immune response in HSPB5 KO animals. 
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The thesis concluded with a comparison of R6/2 findings with HD tissue and showed 

that although there is a reduced expression of HSPB5 in R6/2 animals, this reduced 

expression is not mirrored in human disease. It is likely that we did not replicate our 

findings from R6/2 animals in humans because the R6/2 model is not an accurate 

representation of the human disease. As mentioned in chapter 5.5, the length of CAG 

repeats that are expressed by R6/2 animals makes the condition more synonymous to 

juvenile onset HD rather than adult onset HD, as such, the molecular events 

underpinning the condition are also likely to be different.  

6.1 Future direction 

Whilst our characterisation of HSPB5’s immune modulatory role did not show deficiency 

of HSPB5 to result in pathology, for future experiments it would be useful to breed 

HSPB5 KO animals with R6/2 animals and investigate whether deficiency in HSPB5 

results in exaggerated disease progression. Given the similarities of R6/2 animals disease 

pathology and juvenile onset HD, it would also be interesting to investigate whether the 

observed reduced expression of HSPB5 observed in R6/2 animals is replicated in juvenile 

onset HD cases. Perhaps more importantly, however, it is our suggestion that future 

experiments that aim to be extrapolated to humans should be done in animals expressing 

the full length of mHTT rather than only exon 1. This approach whilst more protracted, 

and therefore expensive, is likely to have better fidelity to human disease and therefore 

more likely to offer real insights/therapeutic intervention. 
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