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Abstract 

 
The mechanisms involved in the cause and progression of chronic 

neurodegenerative diseases are still unclear. The ubiquitin 

proteasome system (UPS) plays an essential role in the 

maintenance of intracellular protein homeostasis by degrading 

unwanted proteins. The accumulation of ubiquitinated proteins is a 

hallmark of major neurodegenerative diseases, including 

Alzheimer’s and Parkinson’s diseases. In most cases, these 

diseases are also associated with changes in cytoskeletal proteins 

and microtubule stability. We previously reported decreased levels 

of microtubule destabilizing protein stathmin (STMN) following 26S 

proteasome dysfunction in mouse cortical neurons; associated with 

neurodegeneration and the formation of intraneuronal protein 

inclusions in surviving neurons. This suggested a role for the 26S 

proteasome in maintaining the neuronal cytoskeleton. 

This thesis investigates the levels and localisation of cytoskeletal 

proteins in mouse cortical neurons following 26S proteasome 

dysfunction (Psmc1fl/fl;CaMKIIα-Cre). This study provides new 

insights into the role of the UPS in maintain cytoskeletal proteins 

that may be important in neurodegenerative disease. We found an 

early increase in neurofilaments following 26S proteasome 

dysfunction; before obvious changes in microtubule stability. An 

increased free/polymerised tubulin ratio was evident at later stages 

indicative of microtubule instability in Psmc1fl/fl;CaMKIIα-Cre mice. 

In addition, we found decreased levels of microtubule proteins, 

microtubule-associated proteins and detyrosinated-tubulin; with 

increased tyrosinated-tubulin following 26S proteasome 

dysfunction. These changes are contrary to decreased STMN 

expression observed in Psmc1fl/fl;CaMKIIα-Cre mice. We suggest 

that decreasing STMN may be part of a negative feedback loop to 

stabilize MT following 26S proteasome dysfunction. STMN is known 

to be a downstream target of p53, p27 and the PI3K/Akt pathway. 

We found expression of p53 was increased in the cortex following 
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26S proteasome dysfunction, correlating with decreased 

phosphorylated-Akt expression at an early stage and may effect 

STMN expression. However, we did not observe any significant 

differences in pro- and anti-apoptotic proteins of the Bcl-2 family 

between control and Psmc1fl/fl;CaMKIIα-Cre mice, which may also 

by effected by p53 and phosphorylated-Akt. 

Immunohistochemical studies revealed changes in cortical neuron 

morphology accompanied 26S proteasome dysfunction. Cortical 

thickness was significantly decreased; associated with less neurons 

in the layers III and V. However, nuclear size of cortical neurons 

was increased, as well as the length and arborisation of their apical 

dendrites. Taken together, our novel data contributes to our 

understanding of molecular and cellular events underlying 

neurodegeneration and suggest that control of microtubule 

changes may help to slow or restore pathology of neurons.  
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1.1 Introduction 

Proteins are essential complex macromolecules that participate in 

every process within cells (Benarroch, 2009). The balance between 

protein synthesis and degradation is important for cellular 

homeostasis. Proteostasis or protein homeostasis is controlled by 

protein synthesis, subcellular location, folding and degradation 

(Benarroch, 2009, Ciechanover, 2013, Ciechanover and Kwon, 

2015). There are two major protein degradation systems in cells; 

the ubiquitin proteasome system (UPS) and autophagy-lysosome 

pathway (ALP) (Chen and Yin, 2011, Knecht et al., 2009). 

Suppression of protein degradation pathways leads to aggregation 

and accumulation of damaged, misfolded or unwanted proteins, 

which, if unresolved, leads to proteotoxicity and numerous 

physiological and pathological conditions, resulting in cellular 

dysfunction or death (Cuanalo-Contreras et al., 2013). The UPS is 

the major intracellular pathway for degradation of unwanted small 

soluble proteins (Carvalho et al., 2013, Sadowski et al., 2012).  

The connection between the UPS and neurodegenerative diseases 

began with the identification of ubiquitinated proteins in their 

hallmark protein inclusions (Bedford et al., 2008, Bedford et al., 

2009). Neurodegenerative diseases are identified as protein 

misfolding diseases or protein conformational disorders, and are 

characterized by progressive degeneration of specific neurons 

together with the formation of abnormal protein inclusions 

(Hamilton and Zito, 2013, Tutar et al., 2013). Neurofibrillary 

tangles and amyloid plaques are found in Alzheimer's disease (AD), 

Lewy bodies (LBs) in Parkinson's disease (PD), Bunina bodies in 

amyotrophic lateral sclerosis (ALS), and nuclear and cytoplasmic 

inclusions in polyglutamine expansion disorders such as 

Huntington’s disease (HD) and spinocerebellar ataxia (Layfield et 

al., 2005, Paine et al., 2011, Paine et al., 2013). The underlying 

mechanisms of protein aggregation and neurodegeneration remain 

unclear. Since these disorders share protein aggregation, it is 

possible that they also share molecular and cellular mechanisms of 
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pathogenesis leading to neurodegeneration (Ciechanover and 

Brundin, 2003, Ciechanover and Kwon, 2015). It is possible that 

dysfunction of the UPS or structural changes that prevent the 

recognition and degradation of protein substrates contributes to 

neurodegenerative disease (Huang and Figueiredo-Pereira, 2010, 

Hegde and Upadhya, 2011). Ubiquitinated proteins were first 

detected in neurofibrillary tangles (NFT) in the brain of patients 

with AD (Mori et al., 1987). Further support for a role of the UPS 

in disease pathogenesis was provided by the identification of 

mutations in Parkin, an E3 ubiquitin protein ligase, in autosomal 

recessive juvenile PD (Kitada et al., 1998, Bedford et al., 2008). 

McNaught and colleagues (2002) reported that systemic 

administration of pharmacological 20S proteasomal inhibitors lead 

to Parkinson-like neuropathological and behavioural changes in 

rodents (McNaught et al., 2002). A further significant study in 

2008, involving genetic disruption of the 26S proteasome in 

forebrain and substantia nigra neurons of mice, showed 26S 

proteasome dysfunction caused neurodegeneration and the 

formation of Lewy-like inclusions resembling dementia with Lewy 

bodies (DLB) and PD respectively (Bedford et al., 2008a). In 

addition, extensive studies have shown the importance of the UPS 

in neuronal development and morphogenesis (Hamilton and Zito, 

2013).  

1.2 The ubiquitin proteasome system 

The UPS is a complex and tightly regulated system for controlling 

ubiquitination and degradation of abnormal (misfolded or 

damaged) as well as normal unwanted proteins (Glickman and 

Ciechanover, 2002). This is the major intracellular pathway for the 

degradation of 80-90% of unwanted soluble short-lived proteins 

(Sorokin et al., 2009). The UPS proceeds in two steps: covalent 

attachment of multiple ubiquitin molecules to the unwanted protein 

substrate (ubiquitination) and then degradation of the 

ubiquitinated protein by the 26S proteasome complex with the 
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release of free recyclable ubiquitin (Glickman and Ciechanover, 

2002). 

1.2.1 Ubiquitin and ubiquitination 

Ubiquitin (Ub) is 76 amino acid residues and carries out its 

functions via covalent attachment to other cellular proteins, 

changing their stability, localization and activity in a process 

termed ‘ubiquitination’ (Pickart and Eddins, 2004, Ciechanover and 

Brundin, 2003). Ubiquitination is a post-translational modification 

forming an isopeptide bond between the C-terminal glycine of Ub 

and the ε-amino group of a lysine in the protein substrate (Chau et 

al., 1989). Proteins can be ubiquitinated on a single or several 

lysine residues (Figure 1.1), resulting in mono- or multi-

ubiquitination respectively (Petroski and Deshaies, 2005, Pickart 

and Eddins, 2004). In addition, Ub can form polyubiquitin chains 

using its seven lysine residues (Figure 1.1): K6, K11, K27, K29, 

K33, K48 and K63 (Peng et al., 2003). Different modes of 

ubiquitination lead to different substrate fates (Figure 1.1). For 

example, K48-linked polyubiquitination is associated with 26S 

proteasomal degradation. K63-linked polyubiquitination is involved 

in signal transduction, DNA repair and processing through the 

endosome-lysosome pathway (Chan and Hill, 2001, Abbott et al., 

2007, Kravtsova-Ivantsiv and Ciechanover, 2012). Mono-

ubiquitination has been shown in vitro to be sufficient for receptor 

endocytosis (Reggiori and Pelham, 2001, Sigismund et al., 2005). 

Three enzymes are involved in the process of protein 

ubiquitination: Ub-activating (E1), Ub-conjugating (E2) and Ub-

ligating (E3) (Figure 1.2) (Scheffner et al., 1995). First the Ub 

protein is activated via the E1 Ub-activating enzyme, forming a 

thioester bond between the C-terminus of Ub and the catalytic 

cysteine of E1 in an adenosine triphosphate (ATP)-dependent step. 

Activated Ub is then transferred from the E1 to the catalytic 

cysteine of an E2 Ub-conjugating enzyme. The E2-Ub conjugate 

then cooperates with an E3 Ub ligase to transfer Ub to the 

unwanted protein substrate. The E3 catalyses covalent attachment 

of Ub to the substrate protein, forming an isopeptide bond between 
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a lysine residue of the substrate and the C-terminal glycine of Ub 

(Sadowski et al., 2012, Ciechanover, 2013). Polyubiquitinated 

substrates are recognized by the 26S proteasome (Bedford et al., 

2010). Deubiquitinating enzymes (DUBs) are involved in the 

removal of ubiquitin from protein substrates and break down of 

polyubiquitin chains (Figure 1.2) (Peng et al., 2003). Ub molecules 

are recycled for further signalling (Liu and Jacobson, 2013). 

 

 

Figure 1.1 Different modes of ubiquitination lead to different substrate 
fates. 

The versatility of Ub in regulating different processes is derived from its ability to 

be linked to proteins as a monomer on one (monoubiquitination) or more 

(multiubiquitination) lysine residues of a substrate or as a polymer 

(polyubiquitination) by the sequential addition of Ub to each other (Sadowski et 

al., 2012).  

1.2.2 26S proteasome structure and assembly 

The 26S proteasome is a large protein degradation machine that 

consists of two multi-subunit complexes (Figure 1.3); the catalytic 
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20S core particle (CP) of approximately 700 kDa and the 19S 

regulatory particle (RP) of approximately 900 kDa (Saeki and 

Tanaka, 2012, Hamazaki et al., 2007). The 26S proteasome is an 

essential intracellular proteolytic system found in both the 

cytoplasm and nucleus of all eukaryotes (Sorokin et al., 2009). 

Understanding the molecular mechanisms involved in the assembly 

of the 26S proteasome is important for protein degradation as well 

as regulation of proteasome activity (Murata et al., 2009). 

 

 

Figure 1.2 The ubiquitin proteasome system. 

Free Ub is generated from the processing of Ub precursors or polyubiquitin chains 

by DUBs. An enzymatic cascade, involving E1, E2, and E3 enzymes, forms 

covalently conjugated K48-linked polyubiquitin chains on target proteins. The 

ubiquitinated protein substrate is recognized by the 26S proteasome, which 

unfolds and removes the Ub prior to hydrolysis of the protein in the 20S core 

particle.  
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1.2.2.1 The 20S core particle  

The 20S proteasome (Figure 1.3) is the proteolytic core particle of 

the 26S proteasome (Sorokin et al., 2009). This complex is a 

barrel-like or cylindrically-shaped structure containing 28 subunits 

ranging in size between 20 and 35 kDa, and has a molecular weight 

of 700-750 kDa (Voges et al., 1999, Ciechanover and Schwartz, 

1998, Dahlmann, 2005). The cylindrical core particle consists of 

four stacked heptameric rings; two outer alpha-type (α) 

surrounding two inner 

 

Figure 1.3 Structure of the 26S proteasome. 

The 26S proteasome comprises two sub-complexes; the 20S catalytic core particle 

(CP) and the 19S regulatory particle (RP). 
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beta-type (β) rings, each of which is made of seven α and β 

subunits in an α1-α7, β1-β7 arrangement (Figure 1.3) (Sorokin et 

al., 2009, Voges et al., 1999). The β-rings contain the catalytic 

activity of the 20S proteasome; namely the β1, β2 and β5 subunits. 

The β1 subunit has caspase-like activity; hydrolysing peptide bonds 

after negatively charged amino acid residues. Subunit β2 has 

trypsin-like activity, hydrolysing peptide bonds after positively 

charged amino acid residues. The β5 subunit has chymotrypsin-like 

activity that hydrolyses peptide bonds after large hydrophobic 

amino acid residues. Two pairs of the three active sites face the 

interior of the 20S CP (Saeki and Tanaka, 2012, Glickman, 2000, 

Bar-Nun and Glickman, 2012). The α-rings act as a gate for entry 

into the narrow inner 20S proteolytic chamber. The gate is formed 

from the N-terminal residues of the α-subunits; namely α2, α3 and 

α4 subunits, and opening of the gate is controlled by docking of the 

19S RP (Hegde and Upadhya, 2011, Sorokin et al., 2009).  

1.2.2.2 20S core particle assembly 

The assembly of the 20S CP starts with the formation of a ring of 

α-subunits by four chaperones; PAC (proteasome assembly 

chaperone) 1–4 in mammalian cells and Pba (proteasome 

biogenesis associated protein) 1–4 in yeast (Le Tallec et al., 2007). 

These chaperones form a pair of heterodimers; PAC1–PAC2 and 

PAC3–PAC4, which cooperate with each other to play a key role in 

the assembly of the α ring and half-proteasomes. Studies suggest 

that the PAC3–PAC4 heterodimer has important functions at the 

early stage of α ring assembly, which starts with the formation of 

a PAC3–PAC4–α5 tertiary complex, and assists in the recruitment 

and ordering of neighbouring α subunits (Le Tallec et al., 2007, 

Bedford et al., 2010). Furthermore, this tertiary complex binds to 

the surface of the α ring where the β subunits are assembled, and 

cannot bind to α rings that contain β4 because of steric hindrance 

between β4 and PAC3 (Bedford et al., 2010). The PAC1–PAC2 

heterodimer can bind the α5 and α7 subunits to promote α ring 

formation and prevents aberrant dimerization of the α rings. After 

completion of CP assembly, the PAC1–PAC2 complex is degraded 
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by the newly formed CP (Hirano et al., 2005). Following α ring 

assembly, the β subunits are incorporated onto the α ring at their 

specific positions in a defined order. β ring assembly begins with 

the incorporation of the β2 subunit to the α ring, followed by β3, 

β4, β5, β6, β1 and finally β7 (Saeki and Tanaka, 2012). The fifth 

CP-chaperone (Ump1/POMP) is encoded by the Ump1 gene and 

also called proteasome maturation protein (POMP). Ump1/POMP 

has a dual role in β ring formation and dimerization of half-CPs, but 

has no role in α ring formation. The Ump1/POMP protein prevents 

stable dimerization of two half-CPs until all seven β subunits are 

assembled on the α ring, creating the half-CP. The dimerization of 

two half-CPs depends on the incorporation of β7 into the half-mer, 

which consists of all β subunits except β7, and intercalation of the 

C-terminal tail of β7 in a surface groove between β1 and β2 

subunits of the trans β ring. The correct dimerization of two half-

20S proteasomes is followed by degradation of Ump1/POMP and 

PAC1-PAC2. In general, all five chaperones aid in the formation of 

the 20S CP (Saeki and Tanaka, 2012, Bedford et al., 2010). 

1.2.2.3 The 19S regulatory particle 

The 19S regulatory particle (RP) is essential for recognition of 

ubiquitinated substrates, removal of the polyubiquitin chain, and 

unfolding and translocation of the protein substrate into the 20S 

CP for degradation (Figure 1.3) (Sorokin et al., 2009, Nandi et al., 

2006). One or two 19S RPs attach to either end of the 20S CP 

forming RP1 CP- and RP2 CP-isoforms of the 26S proteasome 

(Murata et al., 2009, Sorokin et al., 2009). The 19S RP consists of 

at least 19 different subunits with molecular masses ranging from 

10 to 110 kDa, and can be divided into two sub-complexes; the lid 

and the base (Figure 1.3) (Bar-Nun and Glickman, 2012). The base 

consists of a ring of six AAA-ATPase subunits known as PSMC1-

PSMC6 in mammals or Rpt1-6 in yeast, together with four non-

ATPase subunits; PSMD1, PSMD2, PSMD4 and ADRM1 in mammals 

or Rpn1, Rpn2, Rpn10 and Rpn13 in yeast (Saeki and Tanaka, 

2012, Hegde and Upadhya, 2011, Husnjak et al., 2008). The base 

AAA-ATPase subunits facilitate protein unfolding and interact 
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directly with the 20S α-ring, opening the narrow 20S pore via their 

C-terminus (Sorokin et al., 2009, Husnjak et al., 2008). Rpn1 and 

Rpn2 are the largest proteasomal subunits that are stacked in the 

non-ATPase subunit ring and involved in gate opening. The Rpn10 

and Rpn13 subunits are located on the periphery of the 19S 

complex and connect the lid and base sub-complexes. These 

subunits maintain structural integrity of the 26S proteasome as 

well as recognition and processing of the ubiquitinated substrate 

(Husnjak et al., 2008). The lid is composed of nine non-ATPase 

subunits; PSMD3, PSMC3, PSMD12, PSMD6, PSMD7, PSMD13, 

PSMD14, PSMD8 and DSS1 in mammals or Rpn3, Rpn5, Rpn6, 

Rpn7, Rpn8, Rpn9, Rpn11, Rpn12, and Rpn15 in yeast (Figure 1.3) 

(Lander et al., 2012). The lid is connected to the base complex by 

interactions between Rpn12 and Rpn2, and between Rpn11 and 

Rpn1. Rpn10 may be involved in stabilizing these interactions 

(Henke et al., 1999).  

1.2.2.4 19S regulatory particle assembly 

In yeast the lid and base sub-complexes of the 19S RP appear to 

assemble independently; how these complexes are assembled in 

mammals from their individual subunits is not well understood 

(Murata et al., 2009). The base complex is made up of six AAA-

ATPase subunits and four non-ATPase subunits. The six ATPase 

subunits are thought to form a ring structure that binds to the α 

rings of the CP (Figure 1.3). The assembly of this structure is a 

highly ordered process involving four chaperone proteins; 

Nas2/p27, Nas6/gankyrin/p28, Rpn14/PAAF1 and Hsm3/S5b 

(yeast/mammals; miscellaneous nomenclature). The C-terminal 

domains of these chaperone proteins are involved in protein–

protein interactions with subunits of the AAA-ATPase ring; Nas2 

binds the C-terminal tail of Rpt5, Nas6 binds that of Rpt3, Rpn14 

of Rpt6 and Hsm3 binds that of Rpt1 (Saeki and Tanaka, 2012). 

Because the C-termini of Rpt subunits are used for docking with 

the 20S CP, these chaperones prevent premature binding of the 

Rpt subunits to the α rings of the CP. 
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The mechanisms of assembly of the lid of the 19S RP are still poorly 

understood. The lid is composed of nine non-ATPase subunits as 

described in section 1.2.2.3. The assembly of the lid complex is 

thought to be a multistep process that begins with assembly of 

Rpn5, 6, 8, 9 and 11 to form a core module; joined by a second 

module containing Rpn3, 7 and 15. Genetic studies have suggested 

that the Hsp90 chaperone plays an important role in lid complex 

assembly (Bedford et al., 2010, Murata et al., 2009, Saeki and 

Tanaka, 2012). 

26S proteasomal dysfunction in neurons has been implicated in 

neurodegenerative diseases such as Parkinson’s disease (Bedford 

et al., 2008), but a causal relationship has not been confirmed. 

Cytoskeletal changes are also thought to play a key role in 

dopaminergic neuron degeneration in PD (Cartelli et al., 2013). The 

relationship between cytoskeletal disturbances and 

neurodegeneration remains unclear and is a subject of interest to 

understand processes involved in neurodegenerative disease. 

1.3 Cytoskeleton changes in 

neurodegenerative disease 

The cytoskeleton is a complex network of protein fibres that 

controls the shape of neurons in nervous tissue. It is essential for 

structural support, movement of organelles and separating 

chromosomes during the cell division (Monteiro et al., 2011). The 

neuronal cytoskeleton is composed of three classes of protein 

polymers called microfilaments (MFs), neurofilaments (NFs), and 

microtubules (MTs) (Figure 1.4); each formed by the self-

association of protein subunits.  
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Figure 1.4 The cytoskeleton. 

The cytoskeleton consists of microtubules (A), intermediate filaments (B) and 

microfilaments (C). 

1.3.1 Microfilaments  

Actin plays an essential role in morphological development of 

neurons as well as structural changes in the mature neuron 

(Kirkpatrick et al., 1999). Actin is a globular protein and its 

monomeric form is known as globular actin (G-actin). Actin is 

polymerized in long chains intertwined in a helix, generating 

filaments known as filamentous actin (F-actin). The distribution of 

both G-actin and F-actin are controlled and regulated by a large 

number of actin-interacting proteins that modulate the assembly 

and disassembly of actin filaments in the cell (dos Remedios et al., 

2003). Development of axons and dendrites is led by a specialized 

end known as the growth cone, which is composed from finger-like 

filopodia and veil-like lamellipodia. In the neuron, actin filaments 

are concentrated as a meshwork with a large number of actin-

binding proteins near to the plasma membrane; this forms the 

basis of the filopodia and lamellipodia that are essential for cell 

migration and the growth cone (Kirkpatrick et al., 1999). Actin is 

also involved in specialized microdomains of pre- and post-synaptic 

neurons on the cell surface (Kollins and Davenport, 2000, Schevzov 

et al., 2012).  
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Accumulation of actin and actin-binding proteins is associated with 

several neurodegenerative diseases, including Alzheimer's disease 

(Bamburg and Bernstein, 2016), amylotrophic lateral sclerosis 

(Griffin et al., 2014) and parkinsonism-dementia complex (Sousa 

et al., 2009). Hirano bodies have also been associated with general 

aging (Hirano, 1994). Rod-like structures containing cofilin, actin-

binding proteins and actin have been reported in cell (Minamide et 

al., 2000) and animal (Yao et al., 2010, Zhang et al., 2012) models 

of AD. Increased cofilin levels associated with decreased miRNA-

103/107 led to cofilin rod formation in an AD mouse model (Yao et 

al., 2010). Also, neurodegeneration in Drosophila and tauopathy 

mouse models was associated with formation of actin-rich rod-like 

structures, and this neurodegeneration could be attenuated by 

reducing actin accumulation (Fulga et al., 2007). 

1.3.2 Microtubules 

Microtubules (MTs) are a component of the cytoskeleton and play 

a crucial role in organelle transport, axonal elongation and cellular 

architecture in neurons (Guzik and Goldstein, 2004). Neuronal MTs 

have a similar structure to other eukaryotic cell MTs (Kapitein and 

Hoogenraad, 2015). MTs are dynamic polymers of α/β-tubulin 

heterodimers. The α/β-tubulin dimers arrange end to end to form 

protofilaments (PFs); 13 of these PFs join laterally to form a hollow 

25 nm diameter tube (Figure 1.5). Heterodimers are oriented in 

the same direction in MT; therefore, MTs have asymmetrical ends 

(Akhmanova and Steinmetz, 2008). The β-tubulin subunit is at the 

‘plus (+)’ end; where tubulin dimers join, and the α-tubulin subunit 

at the ‘minus (-)’ end, which grows more slowly (Mitchison and 

Kirschner, 1984b). Both MT ends can grow and depolymerize; 

however, the dynamics of the ends are very different (van der 

Vaart et al., 2009). The plus end (Figure 1.5)  is a crucial site for 

regulating MT dynamics, growing faster and undergoing 

catastrophe more frequently (Akhmanova and Steinmetz, 2008). 

In contrast, microtubule minus ends are usually clustered and 
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anchored at a central microtubule-organizing center (MTOC), which 

hinder their dynamics (Goodwin and Vale, 2010).  

MTs are characterized by switching between catastrophe 

(depolymerization or shrinkage phase) and rescue (polymerization 

or growing phase) in a process named dynamic instability (Duncan 

et al., 2013, Howard and Hyman, 2003). MT dynamics is regulated 

by the intrinsic properties of tubulin dimers as described in Figure 

1.5. Free tubulin binds guanosine-5`-triphosphate (GTP), which 

(for β-tubulin) is hydrolysed to GDP shortly after incorporation into 

the MT network (Rice et al., 2008, Wang and Nogales, 2005). 

Because GDP tubulin tends to destabilize the MTs, stable growth is 

dependent on the presence of a cap of GTP-tubulin at the MT plus 

end, and loss of this cap will result in rapid disassembly (Rice et 

al., 2008). Unlike β-tubulin, α-tubulin usually contains a non-

hydrolysable GTP (Figure 1.5), which is buried at the intradimer 

interface where it plays a structural role (Quiniou et al., 2013).  
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Figure 1.5 Microtubules - structure and dynamics. 

(A) Microtubules are assembled from α/β-tubulin dimers, which associate head-

to-tail to form linear protofilaments (boxed area). 13 protofilaments associate 

laterally to form the walls of the microtubule cylinder; diameter of ∼25 nm. (B) 

Conformational change of α- and β-tubulin accompanying GTP hydrolysis. In the 

GTP state (β-tubulin; orange), α- and β-tubulin monomer interfaces result in a 

‘straight’ tubulin dimer. In the GDP state (β-tubulin; yellow) the dimer interface 

is curved, leading to a ‘bent’ tubulin dimer. (C) The binding, hydrolysis and 

exchange of GDP/GTP on the β-tubulin monomer is the driving force for transitions 

between growth and shrinkage phases. 
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1.3.2.1 Tubulin isotypes 

Both α- and β-tubulin exist as numerous isotypes, differing in their 

amino acid sequences and encoded by a family of six to seven 

functional genes (Sullivan and Cleveland, 1986). These distinct 

polypeptide isotypes differ primarily in their carboxy-terminal 

variable domain (Ludueña, 1993). The C-terminal sequence is used 

to assign the β-tubulin gene products into seven distinct classes: 

βI, βII, βIII, βIVa, βIVb, βV, and βVI (Joshi and Cleveland, 1989). 

The β isotypes differ in their amino acid sequences and patterns of 

expression in cells and tissues (Sullivan and Cleveland, 1986). 

Specific tubulin isotypes are present in nerve cells, suggesting that 

these tubulin isotypes play important roles during neuronal 

differentiation (Boucher et al., 1994, Gozes and Sweadner, 1981). 

Distribution of β-tubulin isotypes in mouse primary cultured cortical 

neurons found that neurons expressed the βI, βII and βIII isotypes 

in both embryonic and adult mouse brains, but not  express βIV or 

βV (Guo et al., 2011). βIII-tubulin is considered to be the major 

brain β-tubulin isotype, expressed in neurons in mammalian brain 

(Lee et al., 1990). A study using differentiating neuroblastoma cells 

found that βI-tubulin played a major role in cell viability, βII was 

required for neurite outgrowth, while βIII-tubulin protected 

neurons against free radicals and reactive oxygen species (Guo et 

al., 2010). The expression of neuron-specific βIII-tubulin has been 

previously linked to hypoxia, where HIF-1α was able to increase 

βIII-tubulin expression in Glioblastoma Multiforme (Katsetos et al., 

2009) and A2780 cells (Raspaglio et al., 2014). In addition, the 

anti-oxidative activity of curcumin against hypoxia decreased βIII-

tubulin in rat prefrontal cortex (PFC) neurons (Shen and Yu, 2008). 

β‐tubulin mutations have been show to induce neurological 

neuropathy symptoms by inhibiting the binding of axonal transport 

protein kinesin to microtubules, disrupting the localization of 

kinesin in hippocampal neurons (Niwa et al., 2013). 

Six functional genes encode α-tubulin isotypes in mammals 

(Ludueña, 1993). αIII-tubulin is highly expressed during 
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development then deceases at postnatal and adult stages (Gloster 

et al., 1994, Miller et al., 1987). A previous study indicated that 

the α1-tubulin gene encodes a prominent neuronal and glial α-

tubulin and that its expression has different functions in these cell 

types (Przyborski and Cambray-Deakin, 1996). Mutations in single 

tubulin isotypes have been linked to neurodevelopmental disorders 

due to imbalance in the levels of tubulins as a result of a lack of 

incorporation of mutant isoforms into the MT architecture or 

dynamics of the MT (Tischfield and Engle, 2010). Mutations in α-

tubulin can affect the migration of neurons, leading to abnormal 

lamination of brain structures and behavioural deficits in mice 

(Keays et al., 2007).  

1.3.2.2 Dynamic instability  

Microtubules are in a balance between assembly and disassembly. 

Switching between growing and shrinking phases is known as 

‘dynamic instability’ (Mitchison and Kirschner, 1984a). The 

dynamic state is highly sensitive to the concentration of free tubulin 

dimers at the MT plus end (Desai and Mitchison, 1997, Howard and 

Hyman, 2003). Low tubulin concentration promotes MT 

disassembly and shrinkage; whilst high tubulin concentration 

promotes MT assembly and rescue, or inhibits catastrophe (Howard 

and Hyman, 2009). MTs can continue to grow as long as the free 

tubulin concentration is above a critical level. The critical 

concentration of free tubulin at the minus end is higher than at the 

plus end; therefore, the minus ends tend to stop growing first (Al-

Bassam and Chang, 2011). The ends of MTs grow randomly and 

MTs change between periods of tubulin subunit addition or growth 

and subunit loss or shrinkage, and pausing (Kerssemakers et al., 

2006).  

Many factors are known to affect dynamic instability. These include 

(1) the nature of tubulin isotypes and availability of tubulin 

heterodimers, (2) interactions with microtubule-associated 

proteins (MAPs), (3) post-translational modification (PTM) of 

tubulins, and (4) PTM of MAPs (Kurepa et al., 2012).  



18 
 

Loss of the balance between MT stabilization and destabilization is 

linked to pathologic conditions. Decreased microtubule stability has 

been observed in several neurodegenerative diseases, including AD 

and PD (Zhang et al., 2012, Cartelli et al., 2013). Hyperstable MTs 

are seen in hereditary spastic paraplegia (HSP) (Salinas et al., 

2005). 

1.3.2.3 Microtubules in neurodegenerative disease  

Cytoskeletal dysfunction has been proposed as an important 

mechanism involved in the aetiology of several neurodegenerative 

diseases (D'Andrea et al., 2001). In vitro studies suggest that 

disassembly of MTs is an early event in PD pathology, followed by 

axonal transport impairment and mitochondrial damage in 

neurotoxin 1-methyl-4-phenylpiridinium (MPP+)-exposed PC12 

cells (Cartelli et al., 2010). Treatment of PS19 tauopathy 

transgenic mice with the MT-stabilizer Epothilone D restored MT 

dynamics to baseline levels, reducing axonal dystrophy and 

cognitive deficits observed in these mice (Brunden et al., 2010). 

Since dopaminergic nigral neurons have very long axons projecting 

to the striatum, a high degree of cooperation between MTs and MT-

dependent motor proteins is required to ensure transport of 

dopamine vesicles. Depolymerisation of MTs may lead to impaired 

dopamine transport and abnormal accumulation of dopamine 

vesicles in the soma of nigral neurons causing oxidative stress and 

eventually cell death (Parisiadou and Cai, 2010). Lewy bodies; the 

pathophysiological hallmark of PD, contain numerous proteins, 

including cytoskeletal proteins such as tubulin, MAPs and 

neurofilaments, as well as α-synuclein and ubiquitin (Liu et al., 

2011, D'Andrea et al., 2001). We showed that decreased stathmin 

(STMN) accompanied neurodegeneration caused by 26S 

proteasome dysfunction in a mouse model resembling dementia 

with Lewy bodies (Elkharaz et al., 2013).   

1.3.2.4 Post-translational modifications of tubulin 

Post-translational modifications (PTMs) are reversible and change 

the properties of a protein by addition or removal of a chemical 
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group or another protein (Perdiz et al., 2011, Fukushima et al., 

2009). These modifications affect the carboxy-terminal domain of 

α/β-tubulins, which is located on the outside of the microtubule and 

forms a readable code for microtubule-associated and motor 

proteins (Figure 1.6) (De Forges et al., 2012). Tubulin PTMs, 

including acetylation, tyrosination, detyrosination, Δ2 modification, 

polyglutamylation, polyglycylation, palmitoylation and 

phosphorylation have gained new interest for their role in neuronal 

differentiation and neurodegenerative disorders (Fukushima et al., 

2009, Janke and Bulinski, 2011). PTMs of tubulin reflect the 

stability of MTs (Perdiz et al., 2011, Baas et al., 1993). In 

particular, α-tubulin acetylation takes place at the ends of MT and 

is mostly associated with stable MTs. Detyrosinated α-tubulin is 

often used as an indication of how long a MT has been assembled, 

while tyrosination is associated with young neurons and the most 

dynamic MT (Poulain and Sobel, 2010, Baas et al., 1993).  

1.3.2.4.1 Tubulin acetylation 

Acetylation of the α-tubulin subunit was found on lysine 40 (K40; 

Figure 1.6) of flagellar α-tubulin in Chlamydomonas reinhardtii 

(L'Hernault and Rosenbaum, 1985). K40 acetylation is on the MT 

lumenal surface (Soppina et al., 2012) and has no effect on the 

architecture of microtubules (Howes et al., 2014). Cryo-electron 

microscopy failed to find structural differences between acetylated 

and deacetylated MTs (Howes et al., 2014). Acetylation 

preferentially occurs on tubulin in MTs, and tubulin dimers are 

rapidly deacetylated when released from MTs (Perdiz et al., 2011). 

An acetylation site on β-tubulin at the tubulin dimer interface at 

lysine 252 (K252; Figure 1.6) has also been identified and shown 

to affect the polymerization kinetics of tubulin (Chu et al., 2011). 

As a result of its localization, K40 tubulin acetylation affects the 

binding of MT inner proteins, such as ribbons and calcium-binding 

(Rib) proteins (Linck et al., 2014). MT acetylation can also effect 

other protein interactions with MTs. Binding of heat shock protein 

90 (Hsp90) to MTs was enhanced by acetylation, and recruiting 
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Hsp90 activated Akt and p53 (Giustiniani et al., 2009). In addition, 

MT acetylation can regulate intracellular transport by regulating the 

traffic of kinesin motors (Reed et al., 2006, Dompierre et al., 

2007). In vitro, the binding affinity of kinesin-1 to MTs increases 

with increasing K40-acetylated α-tubulin (Reed et al., 2006). 

Stabilization of MTs in neurons by paclitaxel increased the levels of 

α-tubulin acetylation and detyrosination, and promoted 

accumulation of kinesin-1 in neurites (Hammond et al., 2010, Witte 

et al., 2008). 

 

Figure 1.6 Molecular localization of tubulin posttranslational 
modifications. 

Microtubules are assembled from α/β-tubulin dimers. The globular parts of the 

tubulins form the microtubule walls and luminal surface, while the carboxy-

terminal tails decorate the outer surface of microtubules, where many MAPs and 

motors bind. PTMs are found on various regions of the tubulin dimer: the α-tubulin 

K40 acetylation site is found on the lumenal surface of MTs, while the K252 

acetylation site of β-tubulin is at the boundary between α- and β-tubulin dimers. 

Phosphorylation at S172 in the globular, folded part of β-tubulin may influence 

assembly rates and stability of MTs. Detyrosination/tyrosination, Δ2- and Δ3-

tubulin modulate the carboxy-terminal tails of α-tubulin. Tubulin detyrosination is 

driven by tubulin carboxypeptidase (TCP), while retyrosination requires the action 

of tubulin tyrosine ligase (TTL). The polyglutamylation and polyglycylation are 

found within the carboxy-terminal tails of both α- and β-tubulin. All modifications 

of the carboxy-terminal tails are likely to regulate interactions between 

microtubules and associated proteins.  
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Histone deacetylase family member 6 (HDAC6) and sirtuin 2 (Sirt2) 

enzymes are responsible for the removal of the K40 acetyl group 

(Hubbert et al., 2002, North et al., 2003). HDAC inhibitors were 

shown to be neuroprotective in Huntington's disease; inhibiting 

HDAC6 increased K40 acetylation of α-tubulin, leading to increased 

vesicular transport of brain-derived neurotrophic factor (BDNF) in 

effected neurons (Dompierre et al., 2007). αTAT1 is the major α-

tubulin K40 acetyltransferase (Akella et al., 2010). Knockout mice 

lacking αTAT1 were less fertile as result of altered sperm 

morphology and motility (Kalebic et al., 2013). However, in αTAT1 

knockout mice MTs were more resistant to nocodazole, suggesting 

increased MT stability (Kalebic et al., 2013). 

1.3.2.4.2 Tubulin detyrosination/tyrosination 

Most α-tubulin has a C-terminal tyrosine residue (Ludueña, 1993). 

The detyrosination–tyrosination cycle is initiated by removal of the 

C-terminal tyrosine (detyrosination; Figure 1.6) and retyrosination 

returns tubulin to its nascent state (Janke and Bulinski, 2011). 

Detyrosinated α-tubulin is mostly found on stable and long-lived 

microtubules in the neurons, suggesting this modification promotes 

microtubule stability (Robson and Burgoyne, 1989, Baas et al., 

1993, Brown et al., 1992). The proximal segments of axon shafts 

are enriched in detyrosinated tubulin (Brown et al., 1993). In 

addition, tubulin detyrosination functions as a signal for the 

recruitment of intermediate filaments (Kreitzer et al., 1999). 

Tubulin detyrosination has an important role in regulating motor 

proteins; kinesin-1 binds more strongly to MTs enriched in 

detyrosinated α-tubulin (Konishi and Setou, 2009). Tyrosinated 

tubulin is enriched at growth cones and takes part in the relative 

arrangement of actin and MT cytoskeletons (Marcos et al., 2009).  

Tubulin carboxypeptidase (TCP) is involved in detyrosination of α-

tubulin and tubulin tyrosine ligase (TTL) in tyrosination (Figure 1.6) 

(Argarana et al., 1978, Hallak et al., 1977, Raybin and Flavin, 

1975). Detyrosinated tubulin can be converted into Δ2-tubulin by 



22 
 

the irreversible removal of the penultimate glutamate residue of α-

tubulin (Figure 1.6) (Janke and Kneussel, 2010). Depletion of TTL 

in hippocampal neurons using RNAi increased the levels of 

detyrosination in dendrites, leading to increased entry of kinesin-1 

(Konishi and Setou, 2009). Another study showed that TTL can 

interact with both α- and β-tubulin (Prota et al., 2013). TTL binding 

to the tubulin dimer prevented its polymerization by capping the 

tubulin longitudinal interface, and TTL overexpression in vivo 

inhibited MT polymerization (Szyk et al., 2011). Stathmin (STMN1) 

is a MT regulatory protein that destabilizes MT by binding tubulin 

dimers, but can also regulate TTL function (Steinmetz, 2007). TTL 

and stathmin have partially overlapping binding sites and compete 

for binding on tubulin dimers (Szyk et al., 2013). TTL knockout 

mice show major developmental defects in the nervous system 

with accumulation of detyrosinated and Δ2-tubulin (Erck et al., 

2005, Marcos et al., 2009). TTL is tubulin-specific; all observed 

defects in TTL knockout mice were directly related to deregulation 

of the microtubule cytoskeleton (Prota et al., 2013). 

1.3.2.4.3 Other tubulin PTMs 

Several other PTMs have been found on tubulin. Polyglutamylation 

and polyglycylation are PTMs in which glutamate or glycine side 

chains of variable lengths are formed at specific sites (Janke, 2014, 

Magiera and Janke, 2014). A glutamate residue located within the 

carboxy-terminal tail of α-tubulin has been shown to be modified 

by the attachment of polyglutamate side chains (Edde et al., 1990). 

Polyglycylation generates side chains of glycine residues within the 

C-terminal tails of α- and β-tubulin; the modification sites of 

glycylation are considered to be principally the same as for 

glutamylation (Figure 1.6) (Rogowski et al., 2009). 

Polyglutamylation is abundant in neurons, as well as cilia and 

centrioles (Audebert et al., 1994, Abal et al., 2005). In contrast to 

polyglutamylation, polyglycylation is restricted to ciliary tubulins 

(Sloboda, 2009).  
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Tubulin polyglutamylase enzymes are members of the TTL domain 

protein family, which add amino acids to tubulins through an RNA-

independent enzymatic reaction (Janke et al., 2005). Different TTLs 

add glutamate or glycine to side chains initiated on one or more of 

the glutamates in the C-terminal domains of both α and β-tubulins 

(Janke et al., 2008, Mukai et al., 2009). Although high levels of 

polyglutamylation are evident in neuronal MTs, knockout of TTL1, 

the major polyglutamylase in brain, did not show lead to obvious 

neuronal defects in mice (Audebert et al., 1994, Janke et al., 2005, 

Ikegami et al., 2007, Ikegami and Setou, 2010). This suggests 

tolerance of neuronal MTs to variations in polyglutamylation. 

Increased polyglutamylation levels was shown affect kinesin-1–

mediated transport in cultured neurons (Konishi and Setou, 2009). 

Tubulin phosphorylation is another PTM that takes place at serine 

S172 of β-tubulin (Figure 1.6) (Gard and Kirschner, 1985, Caudron 

et al., 2010). Phosphorylation catalyzed by Cdk1 can inhibit tubulin 

polymerization and induce MT disassembly during cell division 

(Fourest-Lieuvin et al., 2006). 

1.3.3 Microtubule-associated proteins  

The polymerization, stabilization and dynamic properties of MTs are 

influenced by interactions with microtubule-associated proteins 

(MAPs) (Steinmetz, 2007). These proteins tend to have repeating 

tubulin binding domains, which allow each MAP to associate with 

more than one tubulin dimer (Maccioni and Cambiazo, 1995). The 

binding of these structural MAPs is controlled by kinases and 

phosphatases (Cassimeris and Spittle, 2001). During mitosis MAPs 

are phosphorylated and detach from tubulin; whose assembly and 

disassembly is controlled by proteins that operate more at the ends 

of MTs (Drewes et al., 1995). The best known MAPs with stabilizing 

activity are the heat-stable proteins MAP2 and tau; they are 

localized mainly in the dendritic and axonal compartments 

respectively, and share homologous repeats in the carboxy-

terminal region that contribute to MT binding (Al-Bassam et al., 
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2002, Zhang and Dong, 2012). MAP2 and tau oppose the action of 

stathmin (STMN), a common MT destabilizing protein in brain. 

The MAP2/tau family consists of the neuronal proteins MAP2 and 

tau, and the non-neuronal protein MAP3/MAP4. Both MAP2 and tau 

appear to stabilize MTs in cells and facilitate the polymerization of 

tubulin in vitro (Hirokawa et al., 1996).  

1.3.3.1 MAP2 

MAP2 is found primarily in the dendritic extensions of post-mitotic, 

terminally differentiated neurons. MAP2 plays a critical role in 

neurite outgrowth and dendrite development (Sanchez et al., 

2000) and MAP2 expression is considered a hallmark of neuronal 

differentiation (Megiorni et al., 2005). In human neurons there are 

four isoforms of MAP2 (MAP2a, MAP2b, MAP2c and MAP2d) 

resulting from alternative mRNA splicing of a single MAP2 gene 

(Shafit-Zagardo and Kalcheva, 1998). High molecular weight (280-

270 kDa) MAP2 isoforms MAP2a and MAP2b are specifically 

expressed in neurons. Low-molecular weight (70-75 kDa) MAP2c 

and MAP2d are found mostly in glial cells (Dehmelt and Halpain, 

2005). In the C-terminal region, both groups of isoforms have 

three or four repeated sequences of 18 amino acids, spaced by 13–

14 amino acids that constitute the tubulin-binding domain (TBD), 

and a proline-rich region (PRD) that regulates its function (Figure 

1.7) (Ferralli et al., 1994, Ludin et al., 1996).  

MAP2 interacts with MTs through its tubulin-binding domain (TBD) 

and has important roles in neurite outgrowth, microtubule 

dynamics and organelle transport in axons and dendrites (Sanchez 

et al., 2000). MTs become stabilized as a consequence of MAP2 

binding giving rise to longer polymers (Kowalski and Williams, 

1993). MAP2 can also bind to actin through its tubulin-binding 

domain and promote microfilament stability as observed in 

dendritic spines (Fifkova and Morales, 1992). A previous study 

showed a role for MAP2 in regulating MFs and MTs, observing a 

transition from MFs to MTs during axonal growth of cultured rat 

hippocampal neurons (Kwei et al., 1998). MAP2 can also bind and 
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reassemble neurofilaments using domain sites different from the 

tubulin-binding domain (Heimann et al., 1985). 

 

Figure 1.7 Structure of MAP2 isoforms. 

Structure of MAP2 isoforms, which can be divided into two groups: high-molecular 

weight MAP2 (HMW-MAP2), including MAP2a and MAP2b, and low-molecular 

weight MAP2 (LMW-MAP2), including MAP2c and MAP2d. LMW-MAP2 contains the 

N- and C-terminal regions of HMW-MAP2 linked together, but lacks the central 

domain (CD). Both groups of isoforms have either three or four repeated 

sequences that constitute the tubulin-binding domain. Additionally, all isoforms 

have a proline-rich region (PRD) preceding the tubulin-binding domain. Finally, a 

sequence of 31 amino acids in the N-terminal region of MAP2 constitutes the 

binding region for regulatory protein and kinase.  

MAP2 has a large number of serine and threonine phosphorylation 

sites located in the PRD and TBD (Hernandez et al., 1987, Silliman 

and Sturgill, 1989). The phosphorylation state of MAP2 has an 

important role in regulating its binding to microtubules (Yamamoto 

et al., 1988). Several kinases, including glycogen-synthase kinase 

3 (GSK3), cyclin-dependent kinases (CDKs) and microtubule-

affinity-regulating kinases (MARKs), have been identified that 

phosphorylate MAP2 at specific sites in the PRD and TBD 

(Malmendal et al., 2003, Sanchez et al., 2000). High levels of 

phosphorylation decrease the association of MAP2 with tubulin 

(Quinlan and Halpain, 1996). MAP2 isoforms are the substrates for 

the activated calpain, which can alter MAP2-tubulin association and 

inhibit microtubule assembly through MAP2 degradation (Fifre et 

al., 2006, Springer et al., 1997). MAP2 is also linked to the UPS 

and contributes to cytotoxicity following proteasome inhibition by 

increasing MT stabilization (Poruchynsky et al., 2008)  

MAP2 plays an important role in maintaining dendritic structure 

through its interaction with MTs, stabilizing and spacing mature MT 
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bundles in the dendrite (Teng et al., 2001). Loss of MAP2 

immunoreactivity across several cortical regions has been closely 

linked to dendritic spine pathology in schizophrenia brain tissue 

(Shelton et al., 2015). In addition, a reduction in dendritic length 

was observed in MAP2 deficient mice (Harada et al., 2002), and 

MAP2 depletion in primary cultured neurons prevented dendritic 

differentiation (Farah and Leclerc, 2008). A recent study in AD 

brain tissue showed that tau and MAP2 have different fates in 

inclusion formation, raising the possibility of a pathoetiological role 

of MAP2 in the generation of AD and tauopathies (Xie et al., 2014). 

Amyloid beta toxicity in AD brain tissue mainly localizes to the 

somatodendritic area where MAP2 is located (Xie et al., 2015, Xie 

and Miyasaka, 2016). 

1.3.3.2 Tau 

Tau is a MT stabilizing protein, promoting tubulin assembly into 

MTs (Drechsel et al., 1992). Tau is found primarily in neurons, 

where its phosphorylated isoforms bind to tubulin to promote 

polymerization and stabilization of axonal MTs (Billingsley and 

Kincaid, 1997). Abnormal phosphorylation of tau is associated with 

Alzheimer's disease and other neurodegenerative disorders 

(Goedert et al., 1992). In the adult human brain there are six 

isoforms of tau: 0N3R, 0N4R, 1N3R, 1N4R, 2N3R and 2N4R, 

produced by alternative mRNA splicing of the microtubule-

associated protein tau gene (Figure 1.8). The microtubule-binding 

domains (3R and 4R) are located at the carboxyl terminal of tau 

and consist of three or four 31 amino acid repeats (Mandelkow and 

Mandelkow, 2012) (Figure 1.8). 
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Figure 1.8 Structure of tau isoforms. 

Six tau isoforms are shown. Tau isoforms differ by the presence or absence of one 

or two 31 amino acid inserts encoded by exon 2 (yellow) and 3 (orange) in the N-

terminal region, in combination with either three (R1, R3 and R4) or four (R1-R4) 

repeat regions in the C-terminal region. The R2 repeat is encoded by exon 10. 

The tubulin-binding domain is indicated in blue; depending on inclusion of exon 

10 there are tau isoforms with 4 (4R) or 3 (3R) tubulin-binding regions. All 

isoforms have a proline-rich region (PRD) preceding the tubulin-binding domain.  

Human tau has more than 80 serine/threonine phosphorylation 

sites and 5 potential tyrosine phosphorylation sites (Stoothoff and 

Johnson, 2005). Phosphorylation plays an important role in 

regulating the activity of tau; balanced by kinase and phosphatase 

activity. In normal neurons low phosphorylation levels of tau are 

associated with its interaction with tubulin, promoting tubulin 

assembly and stabilizing the MT structure. Abnormal 

hyperphosphorylation of tau decreases the interaction of tau with 

MTs and inhibits their assembly, perturbing axonal transport 

(Abraha et al., 2000, Cho and Johnson, 2003, Hutton et al., 1998). 

When detached from MTs, tau can self-aggregate into insoluble 

aggregates through its hexapeptide motifs in the repeat domain 

(Iqbal et al., 2009). Tau deposition in the form of intraneuronal 

filaments is a pathological hallmark of a variety of 

neurodegenerative diseases known as tauopathies (Schraen-

Maschke et al., 2008). Tauopathies include Alzheimer’s disease 

(AD), fronto-temporal dementia with parkinsonism on 
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chromosome-17 (FTDP-17), Pick’s disease and Huntington’s 

disease (HD) (Wolfe, 2012). 

The major pathological characteristics of AD are senile plaques and 

neurofibrillary tangles (NFT) formed of amyloid beta and tau 

respectively (Arriagada et al., 1992). In human brain, senile 

plaques are detected earlier than NFT in the neocortex of patients, 

suggesting amyloid beta is an upstream causative factor in the 

pathogenesis of AD (Hardy and Selkoe, 2002, Rapoport et al., 

2002). In a mouse model of tauopathy, expression of aggregation-

prone tau causes morphological and functional deficits in neurons 

(Mocanu et al., 2008, Sydow et al., 2011a). In addition, these mice 

showed impaired learning and memory, and loss of long-term 

potentiation (Sydow et al., 2011a, Sydow et al., 2011b). These 

defects were reversible after switching off the toxic tau protein. A 

previous study showed the levels of tau in the brain cytosol from 

AD cases was altered; the levels of normal tau were significantly 

reduced in AD brain, with increased abnormally phosphorylated tau 

(Khatoon et al., 1994). 

A pathological link between tau degradation/aggregation and the 

UPS was shown by frequent co-localization and accumulation of Ub 

protein with NFTs (Lee et al., 2013, Chesser et al., 2013). A 

previous study indicated that the proteasome was responsible for 

degrading tau (David et al., 2002). Evidence of UPS-mediated tau 

degradation came from delayed tau degradation when tau was 

transiently overexpressed in the presence of the proteasome 

inhibitor lactacystin (Zhang et al., 2005). In addition, proteasome 

inhibition increased the accumulation and insolubility of tau 

independent of its phosphorylation state in rat brain (Liu et al., 

2009). Tau can be degraded in a Ub-independent manner under 

normal conditions, but under certain stress conditions, tau is 

actively ubiquitinated by CHIP and removed by the 26S proteasome 

(Wang and Mandelkow, 2012). CHIP (C-terminus of HSC70 (heat-

shock cognate 70)-interacting protein) is a tau E3 ligase and, 

together with the E2 UbcH5B, was found to ubiquitinate tau and 
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mediate its degradation (Petrucelli et al., 2004, Shimura et al., 

2004). Overexpression of CHIP in the rat hippocampus enhanced 

tau degradation and deletion of CHIP in mice caused accumulation 

of hyperphosphorylated tau (Shimura et al., 2004). Additionally, it 

has been shown that the hyperphosphorylation status of tau makes 

tau a less efficient substrate of the proteasome (Ren et al., 2007). 

1.3.3.3 Stathmin 

Stathmin (STMN) is the most prominent member of a family of MT 

destabilizing proteins that play critical roles in destabilizing 

microtubules by binding tubulin dimers (Belmont and Mitchison, 

1996). This MT destabilizer family, known also as the STMN family 

of proteins, which includes superior cervical ganglion protein 10 

(SCG10 or STMN2), SCG10-like protein (SCLIP or STMN3), and 

stathmin-like protein B3 (RB3 or STMN4) (Charbaut et al., 2001, 

Gavet et al., 2002). Each of the four STMN family proteins 

expressed from separate genes and shares a homologous tubulin-

binding domain in their C terminus (Charbaut et al., 2001) (Figure 

1.9). STMN is thought to act by two mechanisms: as a tubulin-

sequestering molecule that reduces the concentration of tubulin 

available for assembly; and as a catastrophe promoter that 

stimulates MT depolymerization (Andersen, 2000, Steinmetz et al., 

2001).  

STMN1 is a soluble cytosolic phosphoprotein preferentially 

expressed in the nervous system and a wide range of tissues (Ozon 

et al., 1997). However, SCG10, SCLIP, RB3 and its splice variants, 

RB3' and RB3" are neuron-specific homologues of STMN localized 

to membranes in developing neurons (SCG10 and SCLIP) and 

(RB3, RB3', RB3") in mature neurons (Ozon et al., 1998, Gavet et 

al., 2002). MT destabilizing activity of STMN was down-regulated 

by phosphorylation at multiple sites (Steinmetz et al., 2001). 
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Figure 1.9 Microtubule-associated protein Stathmin 

Schematic representation of domain organization of stathmin. N-terminal 

regulatory domain contains four serine residues as phosphorylation sites. The C-

terminal interaction domain has two helical structures and interacts with two α/β-

tubulin heterodimers 

STMN was phosphorylated at N-terminal four serines residues (Ser 

16, 25, 38 and 63; Figure 1.9) by both cell cycle-regulating and 

signal-transducing kinase systems (Cassimeris, 2002). All these 

four Ser phosphorylation sites of STMN1 are unchanged in SCG10 

and SCLIP but RB3 have only one of these four sites, which 

corresponds to Ser 16 of STMN (Ozon et al., 1997). 

Phosphorylation of STMN Ser-16 or Ser-63 sites was sufficient to 

reduce tubulin binding and inhibits the ability of STMN to destabilize 

MTs in vitro (Larsson et al., 1997). However, phosphorylation of 

Ser25 and Ser38 have a moderate effect on destabilization of MTs 

and usually was a prerequisite for allowing phosphorylation of 

Ser16 and Ser63 in vivo (Honnappa et al., 2006). The 

phosphorylation of all four serine residues was required importantly 

to complete inhibit STMN activity in vitro (Honnappa et al., 2006). 

Different number of protein kinases are known to target specific 

STMN phosphorylation sites in vivo (Yip et al., 2014). Such as 

STMN Ser16 can be phosphorylate by PAK1, Calmodulin-dependent 

kinase II and IV and cAMP-dependent protein kinase (PKA) 

(Larsson et al., 1997, Stehbens and Wittmann, 2012). Whereas 

mitogen-activated protein kinases and cyclin-dependent kinases 

can phosphorylated Ser25 and Ser38 residues (Brattsand et al., 

1994). The multisite phosphorylation of STMN can regulate STMN 

cell signalling mechanisms and MT stability (Yip et al., 2014). 
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STMN1 was involved in neural development, differentiation, 

plasticity, learning, degeneration and aging (Mori and Morii, 2002, 

Bohm et al., 2015). Alteration in mRNA and protein levels of STMN1 

found in the developing, maturating, adult CNS of human and 

several species included chicken, mouse, and rat (Boekhoorn et al., 

2014, Bohm et al., 2015, Chauvin and Sobel, 2015, Cheon et al., 

2001, Jin et al., 1996, Liedtke et al., 2002, Saetre et al., 2011). 

The first evidence for an essential role of STMN in nervous system 

development came from RNAi silencing of the only STMN gene in 

Drosophila. This caused abnormal chordotonal neuron organization 

and loss of commissures in the ventral cord (Ozon et al., 2002).  

STMN was also suggested to have a critical role in some of 

neurodegenerative disease pathology and in the neurofibrillary 

tangle (NFT) formation in the AD was associated with decreased 

STMN1 expression (Cheon et al., 2001, Jin et al., 1996).  Reduced 

STMN expression was previously reported in the brain of AD and 

Down syndrome patients (Cheon et al., 2001), these reduced in 

STMN levels were suggested have accompaned AD pathology 

where total STMN was significantly reduced in the patient (Jin et 

al., 1996). These provocative findings suggest that total level of 

STMN and function was critical to normal brain function and 

reduced STMN expression can lead to dysregulation in a variety of 

neuropsychiatric and neurological disorders. A significant study by 

Liedtke and colleagues 2002 showed axonopathy of the central and 

peripheral nervous systems of STMN1 knockout mice with highly 

irregular axoplasm degeneration and dysmyelination (Liedtke et 

al., 2002). STMN1 was shown to play an essential role in the 

maintenance of axonal integrity; decreased STMN1 has a direct 

effect on depolymerisation of MTs, leading to the development of 

axonopathy (Wen et al., 2010). These studies support a role for MT 

changes in neurodegeneration. Moreover, a previous study in the 

conditional neuronal 26S proteasome knockout mouse model 

showed significantly decreased STMN1 levels associated with 

neurodegeneration and Lewy-like inclusions formation(Elkharaz et 
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al., 2013). In addition, previous study the effects of bortezomib on 

multiple myeloma cells, indicated that bortezomib-induced 

phosphorylation of STMN promotes cell death and that the 

bortezomib-induced changes in the MT stabilization can be 

attributed to the bortezomib-induced phosphorylation of STMN (Ge 

et al., 2010). 

1.3.4 Stathmin regulator proteins  

Along with the important role of STMN1 protein in microtubules 

destabilization, STMN1 was involved in cell signalling, acting as an 

intracellular relay of integrating diverse regulatory pathways in 

response to extracellular signals (Sobel et al., 1989, Chauvin and 

Sobel, 2015). STMN1 candidate as a downstream target of death 

and survival pathway whose activity could be affected by p53, p27 

expression and PI3K-Akt pathway activation (Karst et al., 2011). 

These proteins p53, p27 and Akt were found to be degraded by the 

ubiquitin-proteasome pathway (Pagano et al., 1995, Shirane et al., 

1999, Asher et al., 2005, Silveira et al., 2014) 

1.3.4.1 p53 

STMN1 is a p53-target gene (Johnsen et al., 2000, Fang et al., 

2010). Previous study reported decreased STMN1 mRNA levels 

following induction of p53 by apoptotic insults such as UV 

irradiation (Murphy et al., 1999, Johnsen et al., 2000). The p53 can 

negatively regulate STMN1 expression at the level of both 

transcription and translation in a human cancer cell line (Fang et 

al., 2010). In addition to that decreased STMN expression can also 

inhibit p53 stability and its transcriptional activity as reported in a 

recent study in ovarian cancer (Sonego et al., 2013).  
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Figure 1.10 Stathmin and p53 pathway 

 

p53 is a tumor suppressor gene that encodes a nuclear 

phosphoprotein and plays a key role in cell cycle regulation, and 

cellular apoptosis (Miller et al., 2000). In response to various types 

of cellular stresses including DNA damage, hypoxia, oxidative 

stress, p53 becomes stabilized and activated which is reflected in 

elevated p53 protein levels (Dai and Gu, 2010). When p53 is 

activated (Figure 1.10) it has ability to decide between life and 

death of cells by inducing cell cycle or apoptosis (Miller et al., 

2000). Therefore, the amount of p53 in normal cells is tightly 

controlled and is kept at low levels through constant ubiquitination 

and proteasomal degradation (Yang et al., 2004). MDM2 (murine 

double minute 2) is a mediator of poly-ubiquitination that binds to 

the p53 protein and maintains p53 at low levels by increasing its 

susceptibility to proteolysis by the 26S proteasome (Haupt et al., 

1997). Active p53 is no longer targeted for proteasomal 

degradation through dissociation of p53 from its inhibitor MDM2 

and prevents MDM2-mediated degradation (Momand et al., 2000, 

Almond and Cohen, 2002). p53 accumulates and binds to specific 

sequences in DNA, initiating transcription of its target genes, such 
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as p21 or PUMA, resulting in growth arrest or apoptosis in a 

context-dependent manner (Bratton and Cohen, 2001). p53 can 

also induce apoptosis directly after rapid translocation to 

mitochondria (Mihara et al., 2003). Furthermore, a number of 

transcription factors, such as, FOXO3 genes were p53 negatively 

regulates by various mechanisms (Kruiswijk et al., 2015). 

Cellular levels of p53 a play important role in pathogenesis of 

neurodegenerative diseases and neuronal cell death associated 

with enhanced levels of p53 (Chang et al., 2012). Study in post 

mortem brain tissue from AD patients and healthy elderly control 

have reported an increase in p53 immunoreactivity in AD cortical 

neurons especially in subpopulations undergoing neurofibrillary 

degeneration in the pathological temporal cortex areas (Hooper et 

al., 2007). Increased phosphorylation of p53 prior to the 

emergence of  apoptotic features ,including mitochondrial 

membrane permeabilization, activation of caspase-3, and nuclear 

changes consistent, was demonstrated in both rat adrenal 

pheochromocytoma cells (PC12 cells) and dopaminergic neurons 

derived from embryonic stem cells following systemic 

administration of a proteasome inhibitor. This increase in p53 level 

was not associated with increases in p53 mRNA or change 

expression of PUMA or Bax mRNA and p53 co-immunoprecipitated 

with Bcl-xL and MDM2, suggesting that p53 was increased in a 

transcription-independent manner (Nair et al., 2006) (Figure 1.10).  

Furthermore, increased intracellular levels of p53 was sufficient to 

induce apoptosis in both Rat-1 and PC12 cells following proteasome 

inhibitors treatment (Lopes et al., 1997). Indeed, absence of p53 

disrupts apoptosis and facilitates tumorigenesis in p53 null mice 

(Attardi and Jacks, 1999). p53 can promote apoptosis through 

transcriptionally dependent and transcriptionally independent 

mechanisms that act in concert to ensure that the cell death 

program proceeds efficiently (Bates and Vousden, 1996, Fridman 

and Lowe, 2003).  In apoptosis p53 functions as a transcription 

factor and promotes the transcription of several genes, which can 
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induce the proapoptotic members of the Bcl-2 family (such as Bax, 

Bad, and Bid), and inhibit antiapoptotic Bcl-2 family members 

(such as Bcl-2 and Bcl-XL) Bcl-2 family (Gross et al., 1999). These 

proteins regulate the release of cytochrome c from the 

mitochondria via alteration of mitochondrial membrane 

permeability (Figure 1.10). Cytochrome c binds with apoptotic 

protease activating factor 1 (Apaf-1) Apaf-1 and procaspase 9 to 

form the apoptosome, the formation of this complex leads to the 

cleavage of procaspase 9 into the functional component caspase 9. 

Caspase 9 starts a cascade that activates caspase 3. Caspase 3 

releases caspase-activated DNase (CAD) from the inhibitor of CAD 

(ICAD), the ICAD-CAD complex of which is an inactive form. CAD 

then degrades chromosomal DNA within the nuclei and causes 

chromatin condensation. Caspase-3 also induces cytoskeletal 

reorganization and disintegration of the cell into apoptotic bodies 

(Elmore, 2007). However,  the role of the 26S proteasome in 

neuronal apoptosis is poorly understood since both anti- and pro-

apoptotic effects result from proteasome inhibition (Butts et al., 

2005). 

1.3.4.2 PI3K-Akt pathway  

STMN1 expression can be the most reliable surrogate marker of 

PI3K-Akt pathway activation in glioblastoma and prostate cancer 

(Andersen et al., 2010, Saal et al., 2007, Karst et al., 2011). 

STMN1 the most prominently inhibited phosphoproteins following 

PI3K inhibitor treatment in the breast cancer cell lines (Saal et al., 

2007). Therapy with the PI3K/Akt pathway inhibitor (LY294002) 

can decrease proliferation of pancreatic neoplasm cells through 

decreasing the expression and phosphorylation status of STMN1 

(Schimmack et al., 2015) (Figure 1.11). 
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Figure 1.11 Stathmin and PI3K/Akt pathway 

 

The kinase Akt, also called protein kinase B, is a central signaling 

molecule that links multiple signaling pathways to promote cell 

survival and prevent cell injury (Burgering and Coffer, 1995, 

Franke et al., 1995, Franke et al., 1997). Abnormal increase or 

decrease in the Akt activity has been linked to diverse diseases, 

including cancers and play a significant role in the onset and 

progression of neurodegenerative disorders (Chong et al., 2012, 

Rickle et al., 2004, Manning and Cantley, 2007). A different 

distribution of Akt and P-Akt was detected in AD temporal cortex 

neurons compared with control neurons, with increased activation 

of Akt (phosphorylated-Akt/total Akt ratio) also detected in AD 

neurons and may promote AD progression (Griffin et al., 2005). 

Akt levels and activity may regulate tau phosphorylation in the 

adult brain by affecting activities for PKA and GSK3α(Wang et al., 

2015). Depletion of P-Akt, without altered total Akt protein levels 

were reported in immunostaining of post mortem dopaminergic 

neurons from PD patients compared with non-PD patients 

(Malagelada et al., 2008). Activation of Akt protected developing 

zebrafish neuronal cells from apoptosis induced by heat shock and 

UV exposure (Chen et al., 2017). 
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In human, there are three known PKB isoforms; Akt1, Akt2, and 

Akt3 encoded by separate genes. Akt3 isoforms was generally 

expressed in the brain, whereas Akt1 and Akt2 were expressed in 

multiple tissues (Yang et al., 2003a). Akt3 was importance of in 

brain development and Akt3-deficient brains mice have 

approximate 20% decrease in brain size and weight in adult mice 

due to decreases in cell size and number (Easton et al., 2005). Akt 

was tightly regulated and have three phosphorylation sites; Thr308 

in the activation loop, Thr450 in the turn motif and Ser473 in the 

hydrophobic motif (Wu et al., 2011).  

In response to growth factors stimulation, the PI3K generated 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) that can binds to 

several signalling molecules through their pleckstrin (PH) homology 

domain (Fayard et al., 2010). One of these proteins was the 

phosphoinositide-dependent kinase 1 (PDK1), which essential 

mediator of the activation Akt by phosphorylates Akt at Thr308 

(Bozulic and Hemmings, 2009). In addition to the Thr308 

phosphorylation, Akt is phosphorylated at Ser473 in the HM 

(hydrophobic motif) by the target rapamycin complex 2 (mTORC2) 

kinase activity (Copp et al., 2009) Figure 1.11. 

Akt promotes cell survival and prevents apoptosis by induces 

phosphorylates the pro-apoptotic BAD protein, which enhance the 

association of BAD with 14-3-3 proteins. This effectively blocks the 

death-inducing function of BAD then unable to interact with and 

antagonize the anti-apoptotic protein Bcl-2 (Datta et al., 1997, del 

Peso et al., 1997). Akt also activates the IκB (nuclear factor of 

kappa light polypeptide gene enhancer in B-cells inhibitor)/NFκB 

(nuclear factor-kappa B) transcription factor complex by inducing 

the proteasomal degradation of IκB to inhibit apoptosis. Akt also 

induces phosphorylation of the FOXO/forkhead family of 

transcription factors (Burgering and Coffer, 1995) and, 

consequently, reduces cellular levels of p27 (Sun et al., 2014). Akt 

activation can directly or indirectly reduce p53-mediated 

transcriptional activity, which leads to a reduction of Bax 
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expression and neuronal apoptosis (Yamaguchi et al., 2001) Figure 

1.11. 

Akt activity and stability in the neuronal cells was regulated by the 

UPS (Yan et al., 2006). After the establishment of neuronal 

polarity, Akt was enriched in axon terminals then in the dendrites, 

and suppressing the UPS led to the symmetric distribution of Akt 

and the formation of multiple axons (Yan et al., 2006). In addition, 

proteasome inhibitor (Bortezomib) can inhibited PI3K-Akt pathway 

and decreased the P-Akt expression, which can played a significant 

role in bortezomib-induced apoptosis in the squamous cell 

carcinoma cells line (Lin et al., 2012). In vitro studies in human 

retinal pigment epithelial cells reported that, treatment the cell 

with low levels of proteasome inhibitors induced resistance to 

oxidative injury by a pathway involving inhibition of the PI3K-Akt 

pathway (Tang et al., 2014). On the other hand, treatment 

malignant pleural mesothelioma cells with proteasome inhibitor 

MG132 or Bortezomib induced a limited apoptosis in these cells 

associated with elevated the P-Akt protein expression (Yuan et al., 

2013).  

1.3.4.3 p27 

p27 is defined as a interacting partner to the STMN1, p27/STMN 

interaction plays a pivotal role in the control of cell proliferation in 

vivo (Berton et al., 2014). p27 can bind to C-terminal end of 

STMN1, and blocked its tubulin sequestering capabilities 

(Baldassarre et al., 2005). p27 (also known as p27KIP1) is an 

atypical tumour suppressor that regulates cell cycle progression by 

binding and inhibition the activity of cyclin-dependent kinases 

(CDKs)(Nigg, 1993). In the normal cell progression of the cell cycle 

was controlled and maintained by the activity of serine/threonine 

kinases known as cyclin-dependent kinases (CDKs) (Morgan, 1995, 

Bloom and Pagano, 2003), and these proteins were negatively 

controlled by cyclin-dependent kinase inhibitors (CDKIs)(Elledge 

and Harper, 1994). Two groups of CDKIs, which involved in cell 

cycle arrest through blocking the activity of cyclin/cyclin-dependent 
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kinase (CDK) complexes: the Cip/Kip group whose can affected on 

cyclin D-, E-, and A-dependent kinases activities and these 

including p21 and p27. Another group is INK4 proteins act by 

inhibiting the activity of CDK4 and CDK6 (Cunningham et al., 

2002). P27 can inhibit cell cycle transition from G1 to S phase by 

binding to and inhibition the activity of cyclin E–CDK2 complex 

(Coats et al., 1996). Decrease p27 during G1 allows cyclin E–CDK2 

and cyclin A–CDK2 to activate the transcription of genes that are 

required for the G1–S transition and to participate in the initiation 

of DNA replication (Chu et al., 2008). 

p27 expression in the cell is regulated by a proteasome-dependent 

degradation (Pagano et al., 1995) and that this mechanism plays 

a critical role in the regulation of p27 expression in several type of 

human tumors, such as in breast (Catzavelos et al., 1997) and 

colon cancer (Loda et al., 1997). To proteasome system 

degradation of p27 protein requires its phosphorylation on the 

threonine 187 (Thr187) (Grimmler et al., 2007). This 

phosphorylation is necessary for the binding of p27 to the F-Box 

protein Skp2 and for p27 (Figure 1.12) consequent ubiquitination 

and proteasome-dependent degradation (Bloom and Pagano, 

2003). In addition to Thr187, there are three additional 

phosphorylation sites to p27, including Ser10, Thr157, and Thr198, 

which are effected in its cellular localization as nucleus or 

cytoplasm. The phosphorylation at Ser10 stabilizes the p27 protein 

in G1 and p27 is released from nucleus to the cytoplasm in a 

KPC1/2-induced ubiquitin-dependent degradation manner (Rodier 

et al., 2001). Based on this mechanism, p27 is phosphorylated at 

Ser10, which promotes (chromosome region maintenance 1) 

CRM1-dependent binding and nuclear export. This pathway 

operates in G1 cells or cells stimulated to re-enter the cell cycle 

from a quiescent state (He et al., 2012, Besson et al., 2006). 

Phosphorylation at Thr157 by protein kinase B/Akt impairs the 

nuclear import of p27, but does not affect its stability in breast 

cancer and other cell types (Shin et al., 2002). Fujita et al. 2003 
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indicated that p27 phosphorylation at Thr198 by p90 ribosomal 

protein S6 kinases promotes cytoplasmic localization (Fujita et al., 

2003). These phosphorylation state of p27 is involved in signal 

transduction, apoptosis, and gene expression pathways (He et al., 

2012). These specific mechanisms was involved in the 

phosphorylation regulation of p27 expression still remain unclear. 

Expression of p27 in brain is important for cerebral cortex 

development (Lukaszewicz et al., 2005). The absence of p27 

causes a general rise in cell proliferation, reflected by an increased 

brain size in p27 knockout mice (Fero et al., 1996). Adult CNS 

neurons are typically described as post-mitotic cells, which means 

that they permanently retract from the cell cycle. Brain 

neurogenesis can only take place in the subventricular and 

subgranular zones of the hippocampus (Eriksson et al., 1998). Re-

entry of neurons into the cell cycle can induce apoptosis instead of 

promoting cell division and this may be another mechanism by 

which neurons undergo degeneration (Negis and Karabay, 2016, 

Rashidian et al., 2005). Studies suggest that dysregulation of cell 

cycle proteins may play a crucial role in the pathogenesis of 

Alzheimer's disease and AD pyramidal neurones shown a significant 

overlap of p27 with tau-positive neurofibrillary tangles (Ogawa et 

al., 2003). Moreover, increased gene expression of p27 was found 

in a cellular model of PD after acute exposure to (6-

Hydroxydopamine) 6-OHDA treatment (Ryu et al., 2005). 
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Figure 1.12 Stathmin and p27 pathway 

1.3.5 Neurofilaments 

Neurofilaments (NFs) are members of the intermediate filament 

(IF) family that are specifically expressed in neuronal cells (Friede 

and Samorajski, 1970). IFs are divided into five types, four found 

in the cytoplasm and one found in the nucleus called nuclear lamins 

(Liu et al., 2004). IFs are so called because their diameter (10–12 

nm) is intermediate between that of microtubules (MTs) and 

microfilaments (MFs), with each of these make up the cytoskeleton 

of eukaryotic cells (Perrot and Eyer, 2009). 

NFs form the backbone of axonal structure and was crucial to 

expand the axonal calibre in myelinated neurons and consequently 

increased their conduction velocity (Zhu et al., 1997).  NFs have 

also act as a scaffold to maintain axonal mitochondrial translocation 

and distribution, active mitochondria for example have been shown 

to interact with the side-arms of phosphorylated NFs (Hirokawa, 

1982, Perrot et al., 2008).  

NFs also contribute to dynamic properties of the axonal during 

neuronal differentiation, radial axonal growth, regeneration and 

guidance (Zhu et al., 1997, Perrot et al., 2008, Liu et al., 2011, 

Dale and Garcia, 2012). In addition its play a key role in the growth 
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of complex dendritic trees in motor neurons (Kaufmann et al., 

2000).  

Abnormal accumulation of NFs in neurons is a general hallmark of 

neuronal dysfunction, particularly associated with axonal 

degeneration seen in many neurodegenerative diseases such as 

amyotrophic lateral sclerosis ALS, AD and PD (Liu et al., 2004, Liu 

et al., 2013) . 

1.3.5.1 Structure and assembly of neurofilaments 

NFs are composed of heteropolymers of three protein subunits; 

heavy (NFH, 180-200kDa), medium (NFM, 130-170kDa) and light 

(NFL, 60-70kDa) (Hoffman and Lasek, 1975, Griffin et al., 1978). 

Each subunit contains a central α-helical rod domain, edged by an 

N-terminal head domain and a non-α-helical C-terminal domain 

(Figure 1.13A). NFs produce according to a 4:2:1 ratio of NFL: 

NFM: NFH subunits and this ratio is continuously altered during 

neuronal formation (Carter et al., 1998). 

The assembly of NFs occurs in many stages as seen in (Figure 

1.13B); NFL subunits constitute the core of the filament on which 

NFM and NFH are anchored through coiled-coil interactions or rod 

domain around each other to form heterodimers (Dimers), which 

are then sorted in an anti-parallel fashion to form heterotetramers 

(Tetramers), two or three of heterotetramers then come together 

to form protofilament ( Figure 1.13B), which were finally arranged 

in staggered, overlapping fashion to form the neurofilament (Lee 

et al., 1993). 

NFM and NFH alone unable to form intermediate filaments in the 

absence of NFL (Carter et al., 1998, Elder et al., 1998). N-terminal 

domains all NFs have a MTs polymerization inhibitory domain that 

bind unassembled tubulin and regulates the number of MTs in the   
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Figure 1.13 Aschematic of the structure and the assembly of 
neurofilament subunits into neurofilaments 

(A) N-terminal head domain, a central α-helical core and a C-terminal tail domain 

of NFL, NFM and NFH. (B) The first step of neuronal IF formation is the 

dimerization of NFL with any other neuronal IF proteins through association of 

their conserved rod domains to form parallel, side-to-side, coiled-coil dimers. Two 

coiled-coil dimers line up in a half-staggered manner, forming an anti-parallel 

tetramer. Then, a rapid lateral aggregation of about eight tetramers occurs to 

form a unit-length-filament. Radial compaction then takes place resulting in close 

packing of the molecular filaments to constitute the final 10 nm ‘bottlebrush’ as 

neurofilaments. Adapted from (Laser-Azogui et al., 2015). 
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axon (Bocquet et al., 2009). The C-terminal domains of NFM and 

NFH form side arms that project from the filament, and are 

enriched in numerous Lys-Ser-Pro (KSP) repeats (Hirokawa, 1982). 

The phosphorylation state of KSP motifs repeated in these lateral 

projections was important to regulate the rate of NF transport, the 

radial growth of axons (Carden et al., 1987). In addition NF 

interactions with MTs  also depend on the phosphorylation state of 

the C-terminal domain, as de-phosphorylation of this domain by 

alkaline phosphatase promotes the NFs and MTs interaction 

(Hisanaga and Hirokawa, 1990), while phosphorylation by the tau 

protein kinase II dissociates NFs from MTs (Miyasaka et al., 1993) 

1.3.5.2 Transport of neurofilaments 

Neurofilaments are synthesised and assembled in neuronal cell 

bodies then transported along axons to their sites of function and 

degraded at the synapse (Roy et al., 2000). NFs are transported 

by kinesin and dynein motors along microtubules in axonal neurons 

(Yuan et al., 2012). Anterograde-specific motor protein kinesin 

contributing in the anterograde NF axonal transport towards the 

growing or plus end of axonal MTs (Shea and Flanagan, 2001). The 

microtubule dynein-like motors mediate retrograde NF transport 

within axons, and also the delivery of NFs from perikarya into axons 

(Shea and Flanagan, 2001, Theiss et al., 2005). 

Studies in NFH-NFL double knockout mice shown transport of NFs 

subunit does not require the formation of complete NFs (Yuan et 

al., 2003, Yuan et al., 2006). NFM can partner with other IF 

proteins than the NFH and NFL subunits in neurons to support their 

transport (Yuan et al., 2003). 

Constantly, phosphorylation state of NFs can regulate NF transport 

by changing NF association with their molecular motors protein. As 

phosphorylation of NFH and NFM can change NF association with 

kinesin and dynein (Yabe et al., 2000, Motil et al., 2006) . 

Furthermore, increased phosphorylation of NFH can lead to 
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increased NFH association with the retrograde motor, dynein and 

NF transport towards neuronal cell bodies (Motil et al., 2006).  

1.3.5.3 Degradation of neurofilaments 

NF degradation is a potential mechanism for regulating the normal 

levels of the NFs within the axonal neurons (Gumy et al., 2010). 

The degradation of NFs in the axonal terminus can take place by 

different proteolytic pathways that include the ubiquitin–

proteasome system (Gou and Leterrier, 1995), calcium-mediated 

protease calpain (Lopez-Picon et al., 2006) and also the lysosomal 

cathepsin D (Nixon and Marotta, 1984). 

Treatment with proteasome inhibitors such as lactacystin was 

associated with a perikaryal accumulation of phosphorylated 

neurofilaments (Masaki et al., 2000). Furthermore, deficiency of 

TRIM2, which is an ubiquitin ligase that binds to and ubiquitinates 

NFL for NFL degeneration, leads to neurodegeneration in mice with 

consequent NFL accumulation in axons and impairment of axonal 

transport (Balastik et al., 2008). In addition to that, NFM has been 

identified as a target of the E3 enzyme, carboxyl-terminus of Hsc70 

interacting protein CHIP which enhanced NFM ubiquitination and 

degradation (Wang et al., 2011, Dale and Garcia, 2012). Previous 

study reported that, increased NFs phosphorylation and NFs level 

in the cells and brain slices was treated with the phosphatase 

inhibitor such as okadaic acid (Shea et al., 1993, Gong et al., 

2003). Furthermore, treating purified NFs with alkaline 

phosphatase lead to increased dephosphorylated NFs, which were 

degraded more rapidly by the calpain compared to phosphorylated 

NFs (Pant, 1988). Therefore, increased NF phosphorylation can be 

a mechanism for increasing NF stability and preventing NF turnover 

by protease-dependent mechanisms or UPS. 

Calpain proteases, expressed generally in the brain, can degrade 

different proteins including axonal cytoskeletal proteins such as 

spectrin, MAP1, tau, tubulin and NFs (Stys and Jiang, 2002, Lopez-

Picon et al., 2006). Calpain inhibitor can prevent NFs degradation 
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and protect neuronal cells from ischaemic and excitotoxic damage 

(Kunz et al., 2004).  

In addition to that, the breakdown and turnover of NF could also 

represent an important feed-back mechanism regulating NF 

synthesis. As the structural stability of NF proteins was essential 

for neuronal survival, and deterioration of NF proteins could 

contribute to nerve cell death or failure of axonal regeneration 

(Yuan et al., 2012).  

1.3.5.4 Neurofilaments in neurodegenerative diseases 

Abnormal accumulation of NFs in neurons is a general hallmark of 

neuronal dysfunction and axonal degeneration seen in many 

neurodegenerative diseases such as amyotrophic lateral sclerosis 

(ALS), Alzheimer disease (AD) and Lewy bodies in Parkinson’s 

disease (PD) (Perrot et al., 2008, Liu et al., 2011). However it is 

not clear whether this NF accumulation has a harmful and beneficial 

role in the neurons. 

Previous study shown that, overexpressing of the neurofilament 

subunits NFL, NFM or NFH in transgenic mice led to prominent 

motor neuropathy and abnormal NFs accumulations resembling 

those found in ALS (Xu et al., 1993). Recent observation shown 

that plasma NFH levels increase significantly with disease 

progression in the mouse model of ALS and this increase in plasma 

NFH correlates with late stages of motor neurodegeneration of this 

disease (Lu et al., 2015, Lu et al., 2012). Proteomic analysis on the 

postmortem AD brain tissues showed presence of NFs proteins in 

neurites of senile plaques, may have important role in the 

formation of these plaques (Liao et al., 2004).  

However, a beneficial role of NF proteins in ALS progression 

inconsistence to this hypothesis was point of out by Kong and Xu, 

(2000) and Couillard-Després et al (2000); the study shown 

overexpression of NFL and NFH proteins have a protective effect on 

the ALS progression in G93A mice (Kong and Xu, 2000, Couillard-

Després et al., 2000). This protective effect was more obvious in 
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the G93A/NFH doubly transgenic mice than the G93A/NFL doubly 

transgenic mice (Kong and Xu, 2000). Absence of NFL subunit in 

NFL knockout mice lead to accumulations of NFM and NFH proteins 

in the cell body of motor neurons, slowed progression SOD1 

mutant-mediated toxicity in motor neurons(Williamson et al., 

1998). 

This increase in NF expression also coincides with lack of axonal 

sprouting and increased dynamics instability of axonal MTs 

(Cifuentes-Diaz et al., 2002, Lariviere and Julien, 2004), indicating 

that the increased NFs and destabilization of MTs are functionally 

related. NFs can modulate MTs stability and thus axon caliber and 

MT functions in axonal transport (Millecamps and Julien, 2013). 

Abnormal accumulation of NFs causes neuronal degeneration by 

disrupting axonal transport of cargos required for axonal 

maintenance (Collard et al., 1995). Recent study has shown that 

the increase destabilizing activity of STMN1 was associated with 

increased NFs level and neuronal degeneration in progressive 

motor neuronopathy pmn mice (Yadav et al., 2016). In addition, 

depletion NFL in pmn mutant mice increases MTs stability and 

delays axon degeneration (Selvaraj et al., 2012, Yadav et al., 

2016). Depletion of axonal NFL in mice deficient for NFL (-/-) and 

mice double transgenic upregulation of peripherin and NFL (-/-) 

neurons leads to improved axonal transport of mitochondria and 

lysosomes (Perrot and Julien, 2009).  

1.4 Histological structure of cerebral cortex 

in mouse brain  

The cerebral cortex is the neural tissue that lies as an outer 

covering layer of brain with 1-1.5 mm thick of the mouse neocortex 

(Price and Stern, 1983). Mice have a smooth-surfaced brain with 

no sulci (grooves) or gyri (the bulges seen on the outer surface) 

(Kirkcaldie, 2012). The total number of neuronal and non-neuronal 

cells in the mouse cerebral cortex is an average of 13.7 million 

neurons in the Swiss mouse (Herculano-Houzel et al., 2006).  
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1.4.1 The neocortex 

The neocortex represents the great majority of the cerebral cortex. 

Staining the tissue of the neocortex for cell bodies reveals a 6 

layered laminar structure of different densities (Chow and Leiman, 

1970). These layers sit on top of a dense plexus of axons and glia 

referred to as white matter which contiguous with the corpus 

callosum as seen in (Figure 1.14). Cellular morphology, layer 

thickness, gene expression and the distribution of characteristic 

cellular markers vary between cortical regions (Kirkcaldie, 2012). 

When neurons are described as being located in a particular layer, 

this refers only to their soma and proximal dendrites; their distal 

dendrites and axons often extend across several layers, depending 

on the type of neuron. The neocortex layer is dominated by 

principal neurons, which are excitatory cells with dendrites covered 

in spines which receiving excitatory inputs, and giving rise to axons 

spreading in the cortex. In addition to these excitatory neurons, 

there are different types of inhibitory interneurons which 

coordinate cortical activity into complex patterns (Baars and Gage, 

2010, Kirkcaldie, 2012). Excitatory cells (pyramidal cells (PCs) and 

spiny stellate cells (SSCs)) axons target dendrites of post-synaptic 

cells. Inhibitory cells axons have various target compartments on 

post-synaptic cells. Chandelier cells almost exclusively target the 

axon hillocks of pyramidal neurons. Large, small and nest basket 

cells provide most of the somatic and perisomatic inhibitory 

synapses for excitatory and inhibitory neurons. Dendrites are 

preferentially targeted by double bouquet, bitufted, bipolar, 

neurogliaform and Martinotti cells, with some types favoring either 

spines or their supporting branches (shafts). 
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Figure 1.14 Cytoarchitecture of the neocortex in Golgi and Nissl 
staining-methods. Adapted from (Kirkcaldie, 2012) 

 

Layer I, the molecular layer (Figure 1.14), is a thin plexus on the 

extreme rim of the cortex and sits directly below the pia mater 

(Hughes, 1984). It contains only a few scattered neurons 

(inhibitory neurons) and a limited number of glial cells (De Blas et 

al., 1988). Layer I consists of axons running across the cortical 

surface, the apical dendritic tufts of pyramidal neurons with their 

somata located in deeper layers (Chu et al., 2003). Dynamics in 

layer I are thought to be essential for learning and attention 

functions (Zhu and Zhu, 2004). 

Golgi stain Nissl stain
Pial surface

Layer I - Molecular layer

Layer II - External granule cell layer

Layer III - External pyramidal cell layer

Layer IV - Internal granule cell layer

Layer V - Internal pyramidal cell layer
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White matter
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Layer II, the external granular layer (Figure 1.14), contains 

predominantly small pyramidal neurons and inhibitory neurons. It 

also contains apical dendrites from pyramidal cells whose cell 

bodies are found in layers V and VI (Hutsler et al., 2005).  

Layer III, the external pyramidal layer (Figure 1.14), contains 

mainly small and medium-size pyramidal neurons, and few non-

pyramidal neurons and is involved with local and corticocortical 

connectivity (Bureau et al., 2006). Layers I to III are the main 

targets of interhemispheric corticocortical afferents, and layer III 

is the principal source of corticocortical efferents (Hutsler et al., 

2005). Neurons of layer II and III are notable for the expression of 

Cux2 a transcription factor which controls dendritic branching and 

synapse formation (Cubelos et al., 2010).  

Layer IV, the internal granular layer (Figure 1.14). In sensory 

regions, layer IV is prominent, and is the main target of 

thalamocortical afferents from thalamus neurons(Frost and 

Caviness, 1980). In these regions, spiny stellate cells crowd into 

layer IV, forming a tightly packed band of nuclei which is named 

the granular cortex (Lefort et al., 2009). It also contains the apical 

dendrites of layer VI pyramidal neurons, enabling rapid feedback 

to the thalamus (Ledergerber and Larkum, 2010).  

Layer V, the internal pyramidal layer (Figure 1.14), contains the 

largest pyramidal neurons of the cortex and project their axons to 

a variety of cortical and sub-cortical targets (Brown et al., 1992, 

Brown and Hestrin, 2009). Axons from layer V pyramidal cells 

target various subcortical structures, including the striatum, 

midbrain and pontine nuclei, the brainstem and the spinal cord 

(Ramos et al., 2008). On the basis of these projections, layer V is 

usually subdivided into layers 5a- corticostriatal and 5b- 

corticospinal (Anderson et al., 2010). In motor and frontal regions, 

layer 5b can be further divided into superficial and deep 

populations (Yu et al., 2008). 
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Layer VI, the polymorphic layer (Figure 1.14) is typically thick and 

often occupies a large fraction of the cortical depth in mice. It 

contains few large pyramidal neurons which the only neocortical 

pyramidal cell type whose apical dendrite terminates in layer IV 

rather than layer I and many small spindle-like pyramidal and 

multiform neurons (Ledergerber and Larkum, 2010). Layer VI has 

the bulk of corticothalamic fibers originates, and receives a strong 

thalamic projection in return (Lam and Sherman, 2010). Layer VI 

also contains a class of inhibitory neurons called Martinotti cells, 

whose axonal outputs make long projections across all layers of the 

neocortex (Zhang and Deschenes, 1997).  

1.4.2 Neuronal cells in the neocortex 

The neocortex is dominated by principal neurons, which are 

excitatory cells with dendrites covered in spines which receiving 

excitatory inputs, and giving rise to axons spreading in the cortex. 

Excitatory cells such as pyramidal cells (PCs) and spiny stellate 

cells (SSCs) as seen (Figure 1.15A). In addition to these excitatory 

neurons, there are different types of inhibitory interneurons (Figure 

1.15B) including basket, chandelier, Martinotti, double bouquet 

and bitufted cells which have various target compartments on post-

synaptic cells (Baars and Gage, 2010, Kirkcaldie, 2012). According 

to Connors and Gutnick, 1990, neurons in the neocortex can be 

categorised as below (Connors and Gutnick, 1990). 

1.4.2.1 Pyramidal neurons 

These consist of about 70 to 85% of the whole population of 

neurons in the neocortex (DeFelipe and Fariñas, 1992). The 

pyramidal neurons have distinct morphology (Figure 1.15A) and 

can vary in size throughout cortical regions and different layers of 

the cerebral cortex (Spruston, 2008). 

Pyramidal neurons are named for their shape: typically they have 

pyramidal or ovoid shaped somata (Larkman, 1991). From the 

upper part of the soma the extending apical dendrite protrudes and 

directs towards pia mater (Figure 1.15A). A cluster of shorter 

dendrites that emerge from soma distal part called basal dendrites. 
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The apical dendrite of layer V pyramidal neuron forms a bifurcation 

and ends in layer I of the cortex forming the apical tuft of the 

dendritic branching, and layer VI pyramidal apical dendrites 

typically terminate in layer IV (Figure 1.15A). Several oblique 

dendrites emerge from the main apical dendrite before bifurcating 

at a variable distance from the soma to give rise to tuft dendrites 

(Molnar and Cheung, 2006). The length of the apical dendrite in 

the cortex of adult YFB mice from pyramidal cell bodies were visible 

up to ~700 µm below the pia surface (Kim et al., 2016).  

The axons of pyramidal cells (Figure 1.15A) originate from the 

distal part of the soma, descending through and extending out of 

the cortex and travel through white matter to targets in other 

cortical or subcortical regions (Spruston, 2008).   
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B 

 

 
Figure 1.15 Major neuronal cell types of the adult cerebral cortex. 

(A) Excitatory neurons included pyramidal and stellate neurons. (B) Inhibitory 

interneurons. Projection neurons display marked layer- and subtype-specific 

differences in the morphology of their dendrites (black) and axonal processes 

(red). Adapted from (Kwan et al., 2012).  

1.4.2.2 Spiny stellate neurons 

Spiny stellate cells resemble pyramidal cells, although they lose 

their apical dendrites as they mature (Figure 1.15 A). Spiny stellate 

cell distribution is limited to layer IV of primary sensory regions 

such as visual, auditory and somatosensory cortex (Spruston, 

2008). Their nuclei pack together to form a “granular layer” seen 

in Nissl stains (Figure 1.15A)(DeFelipe and Fariñas, 1992).  

Spiny stellate have a star-like shape appearance dendritic 

processes radiating from the cell body (Lund, 1988). Their axons 

emerge from the descending side of the soma and often recurve 

and ascend with arc-like collaterals to target more superficial layers 

(Figure 1.15A). These axons are primarily limited to layers II/III, 

IV and V and form excitatory synapses with dendrite spines and 

shafts of pyramidal neurons and interneurons (Staiger et al., 

2004).  
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1.4.2.3 Inhibitory interneurons 

Inhibitory interneurons consist of about 20 to 30 % of cortical 

neurons. These cells use gamma aminobutyric acid (GABA) as their 

primary neurotransmitter. Most of these neurons lack spines 

(Figure 1.15B). Their axons remain in the cortex and can project 

laterally but do not typically project down into the white matter, so 

they are called interneurons (Huang et al., 2007). The most 

common types of interneurons are: 

 Basket cells (Figure 1.15B) represent 50% of inhibitory 

interneurons. They have three subtypes large, small and nest 

basket cells on the basis of differences in dendritic and axonal 

morphologies and are usually represented in layers II-VI 

(Markram et al., 2004). 

 Chandelier cells (Figure 1.15B) are rare but widespread in the 

rodent cortex and usually found in layers II/III and V. They have 

local axonal clusters make numerous branching targeting the 

axon initial segment (axon hillock) of pyramidal neurons 

(Kawaguchi, 1995).  

 Double bouquet cells (Figure 1.15B) have a fascicular axonal 

cylinder that can extend across all layers and make frequent 

branching and usually present layers II-V (Markram et al., 

2004).  

 Bipolar cells (Figure 1.15B) are relatively sparsely found in the 

cortex and have a narrow vertical axonal tree that crosses all 

layers and usually present in layers II-IV (Markram et al., 

2004).  

 Bitufted cells (Figure 1.15B) are similar to bipolar cells, and 

characterized by having tufts of dendrites extending from two 

opposite poles of the soma, which receive corticocortical and 

thalamocortical synapses. They primarily target pyramidal 

dendrites (Markram et al., 2004).  

 Martinotti cells (Figure 1.15B) are present in all layers. They 

send long axons toward layer I where they inhibit pyramidal 

dendrites (Markram et al., 2004).  
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Pathogenesis of most neurodegenerative diseases such as AD, PD, 

DLB  remains incompletely understood however, it is clear that 

atrophy and neuronal loss of cortical tissue are prominent features 

(Double et al., 1996, Regeur, 2000). Therefore histopathological 

and morphometric studies were used to analyse neuron numbers 

and densities as well as other morphologic features of neurons, 

including the cell body, nucleus and nucleolus diameter, for a better 

understanding of the pathogenesis of neurodegenerative diseases 

(Iacono et al., 2009, Bussiere et al., 2003, Bundgaard et al., 2001). 

Histopathological examination of brain tissue is required for definite 

diagnosis between Alzheimer’s disease (AD) and frontotemporal 

dementia (FTD), which are usually difficult to differentiate clinically 

because of overlapping symptoms (Siri et al., 2001).  

Histopathological studies of cortical thickness reported that 

damage to specific cortical layers, layer II of the entorhinal cortex 

and layer III of the neocortex in AD, and layer III and V of frontal 

and temporal lobes in FTD (Kersaitis et al., 2004, Gomez-Isla et 

al., 1996). Increased brain cortical thickness in the sensorimotor 

cortex has been reported in the YAC128 mouse model of 

Huntington's disease (Lerch et al., 2008). 

1.5 26S proteasome depletion mouse model; 

Psmc1fl/fl;CaMKIIα-Cre 

The connection between the UPS and neurodegenerative diseases 

began with the identification of ubiquitinated proteins in their 

hallmark protein inclusions (Bedford et al., 2008, Bedford et al., 

2009). In most cases, these diseases are also associated with 

changes in cytoskeletal proteins and microtubule stability. 

Investigation into the levels and localisation of cytoskeletal 

proteins in mouse cortical neurons following 26S proteasome 

dysfunction (Psmc1fl/fl;CaMKIIα-Cre), can provide new insights 

into the important role of the UPS in maintaining cytoskeletal 

proteins in neurodegenerative disease. 



56 
 

A conditional genetic mouse model with 26S proteasomal 

depletion in neurones was created. Cre recombinase/loxP 

conditional gene targeting was using to inactivation of an 

essential subunit of the 19 RP, ATPase Psmc1 (see section 2.1.1), 

which causes depletion of 26S proteasomes in forebrain neurones 

as described in detail previously (Bedford et al., 2008). The 

depletion of 26S proteasomes in neurons does not affect the 

formation and activity of the ubiquitin-independent 20S 

proteasome (Figure 1.16). Histopathological studies of 26S 

proteasomal depletion mouse cortical tissue showed extensive 

cortical neurodegeneration and intraneuronal Lewy-like protein 

inclusions reassembly to human PB, containing ubiquitin, α-

synuclein mitochondria and fragmented dysfunctional 

mitochondria (Figure 1.16). Neurodegeneration in this model was 

associated with decreased levels of microtubule destabilizing 

protein stathmin and increase expression of GFAP and VIME as 

identified by 2D-DIGE proteomics, indicative reactive astrogliosis 

(Figure 1.16). Increased expression of the astrocytic antioxidant 

enzyme PRDX-6 (Figure 1.16) may be an important antioxidant 

mechanism in the mouse brain (Elkharaz et al., 2013). The 26S 

proteasomal depletion mouse model also showed increased levels 

of phosphorylated p62 and LC3B-II in Psmc1fl/fl;CaMKIIα-Cre 

cortices at 3 weeks of age (Figure 1.16), suggesting early 

activation of autophagy. However, continued 26S proteasome 

dysfunction in cortical neurons leads to decreased autophagy by 

decreasing levels of essential autophagy proteins ATG9 and LC3B 

(Figure 1.16), and may ultimately lead to proteostasis collapse 

and cell death in Psmc1fl/fl;CaMKIIα-Cre mice cortices at 6 weeks-

old (Ugun-Klusek et al., 2017). 

Behavioural studies demonstrated a deficit in learning and 

memory in the Morris water maze test. The mice also showed 

growth retardation and premature death before 12 weeks of age 

(Bedford et al., 2008).  
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Figure 1.16 The main neuropathological and molecular changes in 
Psmc1fl/fl;CaMKIIα-Cre mouse cortex (Bedford et al., 2008, Elkharaz et 

al., 2013, Ugun-Klusek et al., 2017).  
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Aims  

The mechanisms involved in the cause and progression of chronic 

neurodegenerative diseases are still unclear. The ubiquitin 

proteasome system (UPS) plays an essential role in the 

maintenance of intracellular protein homeostasis by degrading 

unwanted proteins. The accumulation of ubiquitinated proteins 

and progressive degeneration of specific neurons are hallmarks of 

major neurodegenerative diseases. In most cases, these diseases 

are also associated with changes in cytoskeletal proteins or 

microtubule stability. We previously reported decreased levels of 

microtubule destabilizing protein stathmin following 26S 

proteasome dysfunction in mouse cortical neurons, associated 

with neurodegeneration and the formation of intraneuronal 

protein inclusions in surviving neurons (Elkharaz et al., 2013). 

This suggested a role for the 26S proteasome in maintaining the 

neuronal cytoskeleton. The main aims of this study are: 

1. To investigate the levels and localisation of key cytoskeletal 

proteins, including tubulin, PTM of tubulin, microtubule-

associated proteins and neurofilaments in cortical tissue 

with 26S proteasome dysfunction in neurons. 

2. To investigate whether decreased stathmin expression 

following 26S proteasome dysfunction in cortical neurons is 

associated with changes in the levels of p53, p27 and 

activity of the PI3K/Akt pathway. 

3. To investigate morphological changes in the cortex 

following disruption of the 26S proteasome in mouse 

cortical neurons, including cortical thickness and apical 

dendritic changes. 
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Chapter 2  

Materials and Methods 
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2.1 Experimental animals 

2.1.1 Conditional deletion of the 26S proteasome mice  

Neuron-specific 26S proteasome knockout mice were created using 

Cre/loxP conditional gene targeting as described in detail 

previously (Bedford et al., 2008). A specific subunit of the base of 

the 19S RP, ATPase Psmc1, was inactivated by crossing floxed 

Psmc1 mice (Psmc1fl/fl) with mice expressing Cre recombinase from 

the calcium calmodulin dependent protein kinase IIα promoter 

(CaMKIIα-Cre) (Figure 2.1A). This leads to the inactivation of 

Psmc1 in forebrain neurones in the Psmc1fl/fl;CaMKIIα-Cre mice 

(Figure 2.1B and C) . Expression of CamKIIα begins approximately 

postnatal week 2-3 allowing normal central nervous system 

development before Cre-mediated recombination of Psmc1 in post-

mitotic neurons.  Psmc1fl/fl;CaMKIIα-Wt and Psmc1fl/wt;CaMKIIα- 

Wt littermates were used as controls( Figure 2.1B). Mice were 

housed under constant conditions of 12 /12 h light-dark cycle and 

21 ± 2 °C room temperature. Food and water were accessible ad 

libitum. All procedures were carried out under personal and project 

licenses granted by the UK Home Office in accordance with the 

Animals (Scientific Procedures) Act 1986 and with ethical approval 

from the University of Nottingham Ethical Review Committee. 

2.1.2 Extraction of genomic DNA from mouse tissue 

2.1.2.1 Reagents 

1) Tissue lysis buffer 

100 mM Tris-HCl pH 8.5 

5 mM Na-EDTA 

0.2% w/v SDS 

200 mM NaCl. 

2) Proteinase K (10 mg /ml). 

3) Isopropanol 

4) 70% v/v ethanol 
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A 

 

B 

 

C 

 

Figure 2.1 Strategy for the generation of deletion of the 26S 

proteasome mice 

(A) LoxP sites (arrowheads) were introduced flanking exon 2 and 3 of the 

Psmc1 gene. Floxed mice were bred to a Cre deleter strain expressing Cre 

recombinase in the germline to generate null alleles. (B) Schematic 

diagram showing examples of mouse genotypes.  (C) PCR products for 

Psmc1 (image I) and Cre (image II) following electrophoresis. Bands were 

detected using a UV trans-illuminator.   
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2.1.2.2 Method 

Genomic DNA (gDNA) for polymerase chain reaction (PCR) was 

prepared from mouse tail or ear notch. Tissue was placed in a 1.5 

ml eppendorf tube and incubated overnight at 55˚C in tissue lysis 

buffer (500 μl for tail or ear notches) containing a final 

concentration of 0.5 mg/ml proteinase K. The sample was vortexed 

and the supernatant collected following centrifugation at 9300 xg 

for 10 min. An equal volume of isopropanol was added to 

precipitate the DNA, the tube inverted and centrifuged at 16100 xg 

for 10 min. The supernatant was discarded and the gDNA pellet 

washed with an equal volume of 70% v/v ethanol. Following 

centrifugation again at 16100 xg for 10 min the supernatant was 

discarded and the gDNA pellet air-dried at room temperature. After 

drying the gDNA pellet was re-suspended in an appropriate volume 

of nuclease-free water (about 60 μl for ear notches and 160 μl for 

tail).  

2.1.3 Polymerase chain reaction  

2.1.3.1 Reagents 

1) Primers: 4 μM Cre (sense and antisense), 4 μM Psmc1-LB3 

(sense), 4 μM Psmc1-D1360 (sense) and 4 μM Psmc1-X316 

(antisense) 

Table 2.1 Sequence of primers used for mice genotyping 

 

2) 10X PCR buffer containing 20 mM MgCl2 (Fermentase). 

3) DNA polymerase 5 U/μl (Fermentase). 

4) 1 mM deoxynucleotide triphosphates (dNTPs). 

2.1.3.2 Method 

The final reaction volume for each PCR was 10 μl containing final 

concentrations: 0.5 μl of gDNA template. The PCR was performed 

Primer Forward Primer (5’- 3’) Reverse Primer (5’- 3’)

Cre GGTAGCACCGCAGGTGTAG CTAATCGCCATCTTCCAGCAG

Psmc1- LB3 TACGAACCTCCTGTCCCAAC —

Psmc1-D1360 CAGAAATACAGCCAGTGACC —

Psmc1- X316 — CTGGAACTCAGTGGATTGAG
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in a thermo-cycle PCR (Master cycle- eppendorf®) under the 

condition of 94°C for 3 minutes, and then for 30 cycle of 94°C for 

1 minute, 60°C for 30 seconds and 72°C for 30 seconds. 

2.1.4 Agarose gel electrophoresis 

2.1.4.1 Reagents 

1) Tris-acetate EDTA buffer (TAE) 

40 mM Tris-acetate 

1 mM EDTA pH 8 with HCl 

2) 4% w/v agarose gel solution (4.5 g agarose in 150 ml 

TAE). 

3) Ethidium bromide solution (1% w/v in water). 

4) DNA Ladder 50-1350 bp  

2.1.4.2 Method 

The 4% w/v agarose gel solution was melted using a microwave 

oven. 7 μl of ethidium bromide was added to the melted agarose 

once cooled to approximately 55oC. The gel was poured into a gel 

tray pre-fitted with combs. Once the gel was set, TAE buffer was 

poured into the gel apparatus to cover the gel. The PCR samples 

and DNA ladder were loaded. A constant voltage of 150 V was 

applied for electrophoresis. PCR bands were detected by using a 

UV trans-illuminator (Figure 2.1C). 

2.2 Protein analysis 

2.2.1 Tissue homogenisation 

2.2.1.1 Reagents 

1) Protein lysis buffer 

50 mM Tris pH 7.4 

150 mM NaCl (sodium chloride) 

2 mM EDTA (Ethylene diamine tetra acetic acid) 

1 mM MgCl2 (Magnesium chloride) 

100 mM NaF (sodium fluoride) 

10% v/v glycerol 

1% v/v triton X-100 
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1% w/v sodium deoxycholate 

0.1% w/v SDS (sodium dodecyl sulphate) 

125 mM sucrose 

2) 1X protease inhibitor cocktail. 

2.2.1.2 Method 

Mouse cortices were homogenized in ice-cold protein lysis buffer 

using the FastPrep®-24 tissue and cell homogeniser. The 

homogenate was centrifuged at 16000 xg for 10 min at 4°C. The 

supernatant was transferred to a new tube and protein 

concentration determined by Bradford assay.  

2.2.2 Bradford assay  

2.2.2.1 Reagents 

1) Bradford reagent 

100 mg of Coomassie Brilliant Blue G-250 

50 ml ethanol 

100 ml perchloric acid 

50 ml deionized water 

2) Bovine serum albumin (BSA) standard solution: 1 mg /ml 

water 

2.2.2.2 Method 

A known volume of protein sample was pipetted into a 96 well plate 

and made up to a volume of 50 μl. A standard curve (0-50 μg 

standard protein) was generated using the BSA solution. All 

samples and standards were analyzed in duplicate. Added 150 μl 

of Bradford reagent (1:11 ml deionized water) into each sample 

and the standard. The resultant blue color was measured using a 

spectrophotometer at 595 nm (SPECTRA MAX 190) and the protein 

concentration determined from the standard curve. Concentrations 

of original samples were determine from the amount protein, 

volume/sample, and dilution factor. 

2.2.3 Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) 

2.2.3.1 Reagents 

3) Polyacrylamide gel electrophoresis 
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30% w/v acrylamide solution 

10% w/v sodium dodecyl sulphate (SDS) 

Buffer B: 1.1 M Tris, 0.1% w/v SDS, pH 8.8 

Ammonium per-sulphate (AMPS): 10% w/v AMPS 

solution 

N, N, N, N- Tetramethylene diamine (TEMED) 

4) Stacking Gel 

Stacking gel buffer: 0.14 M Tris, 0.1% w/v SDS, pH 6.8 

Acrylamide/bis-acrylamide (30%/0.8% w/v) 

10% w/v AMPS Ammonium per-sulphate solution 

N, N, N, N- Tetramethylene diamine (TEMED) 

5) Electrode Buffer  

0.25 M Tris 

1.86 M Glycine 

0.1% w/v SDS 

6) Gel application buffer (2x GAB) 

0.15 M Tris  

8 M urea 

2.5% SDS 

20% v/v Glycerol  

10% v/v 2-mercaptoethanol 

3% w/v DTT  

0.1% w/v bromophenol blue  

pH 6.8 and the solution made up to 50 ml with deionised 

water 

7) Protein ladder 

 ColorPlus Prestained broad range (10-230 kDa) 

8) Gel electrophoresis system 
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Table 2.2 Components of 10%, 12% and 15% SDS-PAGE gels 

 

Table 2.3 Components of stacking gel solution  

 

2.2.3.2 Method 

Samples were mixed 1:1 with gel application buffer (2x GAB) and 

heated at 90°C for 10 min. For each sample an equal amount of 

protein (30µg or 50 µg) was loaded onto a 10%, 12% or 15% w/v 

poly acrylamide gel (Table 2.2). Using a Pasteur pipette, a water-

saturated butanol solution was layered on top whilst the gel 

polymerized. After polymerization, the butanol layer was decanted. 

The acrylamide percentage depended on the size of the protein of 

interest. A stacking gel was poured on top of the resolving gel 

(Table 2.3) and a sample comb inserted. Once the stacking gel had 

polymerized, the comb was removed before loading the protein 

samples for separation. The SDS-PAGE gel using a Mini-protean 

(Bio-Rad) was immersed in electrode buffer and protein samples 

loaded into individual wells as well as a protein standard marker. 

The separation was carried out at 135 V and 200 mA supplied by 

an electrophoresis power pack. Once the proteins were separated 

the gel was ready for Western blot analysis. 

  

Components

Acrylamide percentage

10% 12% 15%

5 ml 20 ml 5 ml 20 ml 5 ml 20 ml

Acrylamide/bis-acrylamide(30%/0.8% w/v) 1.67 ml 6.67 ml 2 ml 8 ml 2.5 ml 10 ml

Buffer B (1.1 M Tris, 0.1% (w/v) SDS, pH 8.8) 1.66 ml 6.64 ml 1.66 ml 6.64 ml 1.66 ml 6.64 ml

0.1% w/v SDS-H2O 1.67 ml 6.67 ml 1.33 ml 5.32 ml 0.85 ml 3.4 ml

10% w/v AMPS 50 µl 200 µl 50 µl 200 µl 50 µl 200 µl

N, N, N, N- Tetramethylene diamine (TEMED) 5 µl 20 µl 5 µl 20 µl 5 µl 20 µl

Stacking gel solution 5 ml

Stacking gel buffer 1.104 ml

Acrylamide/bis-acrylamide (30%/0.8% w/v) 0.208 ml

10% w/v AMPS 25 µl

N, N, N, N- Tetramethylene diamine (TEMED) 5 µl
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2.2.4 Western blotting analysis 

2.2.4.1 Reagents 

1) Transfer buffer  

0.025M Tris 

0.129 M glycine 

20% v/v methanol  

2) Electrophoretic transfer apparatus (Bio-Rad). 

3) Bio TraceTM Nitrocellulose membrane, Pall Laboratory 

2.2.4.2 Method 

Following separation of proteins by SDS-PAGE (described in section 

2.2.3) the gel was placed onto nitrocellulose membrane that had 

been soaked in transfer buffer. The proteins were then wet 

transferred to nitrocellulose membrane in transfer buffer and cut 

out a piece of nitrocellulose membrane and two pieces of filter 

paper for the transfer. In wet transfer, the gel and membrane are 

sandwich assemble in the cassette in the order shown below 

(Figure 2.2). The sandwich is formed from: cathode (-), sponge, 

filter paper, gel, nitrocellulose membrane, filter paper, sponge and 

anode (+) and all are clamped tightly together after ensuring no 

air bubbles are present between the gel and membrane. The 

proteins were transferred at 10 V overnight. Following transfer the 

membrane was stained with copper stain [0.05% w/v copper 

phthalocyanine-3,4′,4″,4‴-tetrasulfonic acid tetrasodium salt 

(CPTS) and 12 mM HCl] to visualize all the separated protein bands 

and protein loading.  Stained membrane were rinsed with deionized 

water and scanned using Image scanners. The membrane de-

staining solution by rinsed with deionized water with one drop of 

5% w/v NaOH.     
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Figure 2.2 Sandwiched assemble with grey side down cathode (-) 

 

2.2.5 Membrane blotting 

2.2.5.1 Reagents 

1) TBST 

Tris buffered saline 

0.1% v/v Tween 

2) PBST 

Phosphate buffered saline 

0.1% v/v Tween 

3) 5% w/v non-fat dry milk solution (Marvel®) in TBS-T or 

PBS-T 

4) 5% w/v bovine serum albumin in TBS-T 

5) Primary antibodies 

6) LI-COR® IRDye-conjugated secondary antibodies 

7) Odyssey Image Studio software 

8) Secondary antibody conjugated to Horseradish Peroxidase 

(HRP). 

9) Chemiluminescent substrate (ECL). 

10) X-ray film; Lumi- Film Chemiluminescent detection film. 

11) Developing solution (Calumet Photograph LTD 757314) 

12) Fixative solution (Calumet Photograph LTD 2000RT) 

 

2.2.5.2 Method 

Non-specific binding of antibodies was blocked by incubating the 

nitrocellulose membrane for 1 hr. in 5% w/v bovine serum albumin 

Sponge

Sponge
Filter paper

Filter paper

Membrane
Gel

Anode (+)

Cathode (-)
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(BSA) or 5% dry milk Marvel blotting solution in TBS-T. The 

membrane was then incubated with the appropriate primary 

antibody in TBS-T as detailed in (Table 2.4) overnight at 4°C on a 

rotating machine. The membrane was then washed three times, 

each for 10 min with TBS-T and incubated with the appropriate 

secondary antibody in TBS-T as detailed in (Table 2.4) for 1 hr. at 

room temperature. The membrane was washed twice for 10 min 

each with TBS-T and once for 10 min in Tris-buffered saline (TBS). 

The fluorescent LI-COR IRDye conjugated secondary antibodies 

were detected using the Odyssey infrared imaging system at 800 

nm and intensities as indicated in the results. Odyssey Image 

Studio software can be used to maximize the appearance of the 

image using a wide range of secondary antibody dilutions. The 

membrane was then probed for a housekeeping protein (GAPDH) 

as a loading control. Blots were normalized to loading control and 

quantified using Odyssey Image Studio software.  

2.2.6 Stripping nitrocellulose membrane 

2.2.6.1 Reagents 

Stripping buffer 

25mM glycine 

2% w/v SDS, pH 2.0 

2.2.6.2 Method 

The membrane was washed with TBS-T once for 5 min then 

incubated in stripping buffer for 20 min at 65°C in a water bath 

followed by 5 times washes with TBS-T for 10 min each. 
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Table 2.4 Antibodies used throughout all protein analysis 

 

  

Primary
Molecular weight 

Animal source Dilution Blocking solution
Manufacturing

(kDa) company

GAPDH 36 kDa Rabbit 1:25,000 5% Marvel-TBST Sigma, G9545

α-tubulin 52 kDa Rabbit 1:1000 5% Marvel-TBST Gene Tex, GTX102078

βIII-tubulin 55 kDa Rabbit 1:1000 5% Marvel-TBST Cell Signaling, D65A4

Actin 42 kDa Rabbit 1:1000 5% Marvel-TBST Sigma-A2066

MAP-2 250 kDa Rabbit 1:1000 5% Marvel-TBST Abcam, ab32454

Tau46 45-60 kDa Mouse 1:1000 5% Marvel-TBST Sigma-Aldrich, T9450

CP13 45-60 kDa Mouse 1:1000 5% Marvel-TBST Alzforum, Tau phos Ser202 (CP13)

AT8 79 kDa Mouse 1:1000 5% Marvel-TBST Thermo Fisher, MN1020

Acetyl-α-Tubulin (Lys40) 55 kDa Mouse 1:2000 5% Marvel-TBST Thermo Fisher, 6-11B-1

Anti-Tubulin Antibody, 
Detyrosinated

55 kDa Rabbit 1:1000 5% Marvel-TBST Millipore, AB3201

Anti-Tubulin antibody [YL1/2] 55 kDa Rat 1:1000 5% Marvel-TBST Abcam, ab6160

STMN1 17 kDa Rabbit 1:250 5% Marvel-PBST Gene Tex, GTX113341

p53 44 kDa Rabbit 1:500 5% Marvel-PBST Gene Tex, GTX118730

BAX 50 kDa Rabbit 1:250 5% Marvel-PBST Bioss, bs-0127R

Bcl2 24 kDa Rabbit 1:250 5% Marvel-PBST Bioss, bs-4563R

p27 27 kDa Mouse 1:1000 5% Marvel-PBST Santa Cruz Biotechnology, sc-1641

Akt 60 kDa Rabbit 1:1000 5% BSA-TBST Cell Signaling, 4691

p-Akt 60 kDa Rabbit 1:1000 5% BSA-TBST Cell Signaling, 4058

NFL kDa Mouse 1:1000 5% Marvel-TBST Cell Signaling, 2835

NFM 160 kDa Mouse 1:1000 5% Marvel-TBST Cell Signaling, 2838

NFH 180-220 kDa Mouse 1:500 5% Marvel-TBST Cell Signaling, 2836
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2.3 Purification of free and polymerized 

tubulin  

According to (Jiang et al., 2006, Joshi and Cleveland, 1989, Ren et 

al., 2005). 

2.3.1 Reagents 

1) Microtuble (MT) stabilizing buffer 

0.1 M N-morpholinoethanesulfonic acid (MES), pH꞊6.75 

1 mM Magnesium sulfate MgSO4 

2 mM Ethylene glycol tetraacetic acid (EGTA) 

0.1 mM Ethylene diamine tetraacetic acid (EDTA) 

4 M glycerol 

0.1% v/v Triton-X-100 

1X Protease inhibitor cocktail  

2) Microtuble (MT) destabilizing buffer 

25 mM Tris, pH 6.8 

0.5% w/v SDS 

2.3.2 Method 

A flow diagram of this method is shown in Figure 2.3. Mouse cortex 

(about 0.153g) was dissected and placed in 1.2 ml of MT stabilizing 

buffer. The cortex was then homogenised using eight strokes of a 

loosely fitting teflon pestle homogeniser and incubated at 37°C in 

water bath for 10 min. An aliquot of the total homogenate was 

taken (total tubulin). The homogenate was then centrifuged at 

37°C for 1 hr at 16,000 xg using an Eppendorf 5415R. The 

supernatant (S1) from this centrifugation was collected and 

contains free tubulin. The pellet (P1) containing polymerized 

tubulin was re-homogenized in 1 ml of MT destabilizing buffer to 

depolymerize the tubulin and centrifuged at room temperature 

(rtp) for 1 hr at 100,000 xg using a Beckman Coulter Optima TLA-
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120.2 Rotor Max Ultracentrifuge. The supernatant (S2) was 

collected and represents polymerized tubulin. The pellet was 

discarded. Protein quantification of total homogenate, S1 and S2 

was performed by Bradford assay (Section 2.2.2).Equal amounts 

of protein were then analysed by western blotting (α-tubulin; 

1:2000 GeneTex) and blots were quantified using Odyssey Image 

Studio software.  

 

Figure 2.3 Schematic for free and polymerized tubulin protocol 
preparations as described in the Experimental section. 

Brain
Cortex

Homogenize (Total tubulin)

Centrifuge homogenate 
(16,000g, 1 hr at 37°C)

Pellet = P1
(contains MTs/

polymerized-tubulin) 

Supernatant = S1
(contains free tubulin)

Homogenize with
(25mM Tris + 0.5% w/v SDS)

Pellet = P2
discard 

Supernatant = S2
(contains polymerized 

tubulin) 

Centrifuge homogenate 
(100,000g, 1 hr)

Incubate with MSB+ 0.1% v/v 
Triton- X-100 + protease inhibitor 

10min , 37°C
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2.4 Gene expression analysis 

2.4.1 RNA extraction  

2.4.1.1 Reagents 

1) RNeasy Lipid Tissue Mini Kit, Qiagen 

2) 3 ml Ultimate Security Cryo-vial External Thread FS, alpha 

laboratories 

3) IKA® T10 basic ULTRA-TURRAX® Homogenizer 

2.4.1.2 Method 

Total RNA extraction was performed using RNeasy Lipid Tissue Mini 

Kit. To isolate RNA, approximately 25 mg of cortical tissue, 

transferred to a 3 ml cryo-vial external thread tube and were 

homogenised in 1 ml QIAzol Lysis buffer using an IKA® T10 basic 

ULTRA-TURRAX® Homogenizer for 2 times for 2 sec. The 

homogenates were then processed in accordance with the 

manufacturer’s protocol. Purified RNA was re-suspended in RNase-

free water and RNA concentrations were measured by a NanoDrop 

2000 UV-Vis Spectrophotometer (with NanoDrop 2000 software). 

A 260/280 nm ratio of more than 2 was considered indicative of 

good purity RNA. RNA samples were stored at -80oC. 

2.4.2 cDNA synthesis 

2.4.2.1 Reagents 

SuperScriptTM III Reverse Transcriptase Kit, Invitrogen 

2.4.2.2 Method 

1μg of total RNA was reverse transcribed using SuperScript III 

Reverse Transcriptase in accordance with the manufacturer’s 

protocol. Added 1 µl of oligo (dT) (50 μM, Promega, Southampton, 

UK), 1 µl dNTP Mix (10 mM, Promega, Southampton, UK), 1 μg 

RNA and sterile distilled water together to give a total volume of 

13 µl, and incubated at 65°C for 5 minutes. After adding 4μl 

5×first-strand buffer, 1 µl dithiothreitol (0.1 M DTT) and 1 µl 

Recombinant RNase Inhibitor (40U/µl, Promega, Southampton, 

UK), 1µl Superscript III reverse transcriptase (200U/µl, Invitrogen, 
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Paisley, UK) was added and incubated at the following 

temperatures: 50°C for 5 minutes, following by 50°C for 60 

minutes in a thermo-cycle PCR (Master cycle- eppendorf®). The 

reaction was terminated by heating the samples at 70°C for 15 

minutes. In order to test for the presence of genomic DNA a 

negative control was included in which the SuperScript III enzyme 

was replaced with 1 μL of sterile distilled water (RT-negative 

samples). All cDNA samples were diluted with 1:4 μL of sterile 

distilled water, then placed on ice, ready to be used as a PCR 

template.  

2.4.3 Quantitative polymerase chain reaction  

mRNA quantification of genes of interest in experimental samples 

were measured by qPCR with TaqMan® Fast Advanced Master Mix 

(Applied Biosystems, Paisley, UK). 2✕ TaqMan® Gene Expression 

Master Mix 

2.4.3.1 Reagents 

1) TaqMan® Gene Expression Assays, Thermo Fisher Scientific 

2) ABI prism 7900 sequence detector  

2.4.3.2 Method 

Real-time quantitative PCR (RT-PCR) assays were performed by 

TaqMan PCR using an ABI prism 7900 sequence detector (Applied 

Biosystems Inc., Foster City, CA, USA) with 2 μl of cDNA, 18 μM of 

each primer, 5 μM probe and Universal TaqMan 2x PCR Mastermix 

(Roche). Each sample was run in duplicate. Primers and MGB 

TaqMan probes (Thermo Fisher Scientific) were chosen where 

possible such that probes spanned over exon–exon boundaries to 

avoid genomic amplification (Table 2.5). Hydroxymethylbilane 

synthase (Hmbs) was used as internal control, and all genes of 

interest were labelled with the fluorescent reporter 5-

carboxyfluorescein. All assays were performed under the following 

thermal cycler conditions: rapid initial heating to 95oC for 10 

minutes, denaturation at 95oC for 10 seconds and 

annealing/extension at 60oC for 30 seconds for a total of 40 cycles. 
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SDS2.2.2 software was used to generate the amplification plot and 

determine Ct variability. All calculations of the Ct value were 

performed with the threshold set at 0.2. 

2.4.4 Gene expression quantification 

Comparative Ct method for quantification uses arithmetic 

calculations to determine the relative expression of a given gene in 

a sample of interest by comparing it to a housekeeping gene and 

calibrator sample. The method is based on the assumption that 

difference in the threshold cycles (∆Ct) between the gene of 

interest and the housekeeping gene is proportional to the 

expression level of the gene of interest (∆Ct = Ct (gene of interest) 

–Ct (HMBS)(Livak and Schmittgen, 2001). Next, the normalised 

expression of the target gene in the sample of interest relative to 

its expression in the calibrator sample is calculated (∆∆Ct = ∆Ct 

(sample) - ∆Ct (calibrator)). Finally, the relative fold change in 

gene expression in the Psmc1fl/fl;CaMKIIα-Cre group compared with 

the control was calculated using the 2−ΔΔCt method. 

Table 2.5 Real-time RT-PCR Assay IDs from Thermo Fischer Scientific 

 

  

Gene Symbol Gene name Entrez Gene ID
ThermoFisher

Exon Boundary Amplicon Size (bp)
Assay ID

Stmn1 Stathmin 1 16765 Mm01185262_m1 1 - 2 72

Nefl Neurofilament, light polypeptide 18039 Mm01315666_m1 1 - 2 69

Nefm Neurofilament, medium polypeptide 18040 Mm00456201_m1 2 - 3 84

Nefh Neurofilament, heavy polypeptide 380684 Mm01191456_m1 2 - 3 71
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2.5 Histology 

2.5.1 Tissue processing 

2.5.1.1 Reagents 

1) Paraformaldehyde, P6148 Sigma-Aldrich 

2) Phosphate buffered saline 

3) Leica TP1020 Tissue Processor 

4) Leica RM2245 Rotary Microtome 

2.5.1.2 Method 

Tissues were fresh collected from the animals. Mice were perfused 

with 0.9% saline followed by 4% w/v paraformaldehyde in PBS pH 

7.4. The brain tissues were left in the fixative 4% w/v 

paraformaldehyde for 48 to 72 hours. Then fixed tissues were 

dehydrated and infiltrated with paraffin wax by processing in a 

Leica TP1020 Tissue Processor, program 6 as shown in Table 2.6 

Table 2.6 Protocol for tissue processing 

 

After the tissue processing, the tissues were manually embedded 

in paraffin wax, and left on ice for at least 48 hours before 

sectioning with a sliding microtome (Leica RM2245 Rotary 

Microtome) set to 7μm. The sections were floated on a preheated 

water bath to 37oC before mounting on APES coated glass slides. 

The slides were then left overnight on a hot plate at 37oC to dry. 

2.5.2 APES (amino-propyl-tri-ethoxy-silane) coating of 

slides  

2.5.2.1 Reagents 

1) APES (amino-propyl-tri-ethoxy-silane), Sigma-Aldrich 

2) Acetone, Sigma-Aldrich 

3) Superfrost™ Microscope Slides, Thermo Fisher Scientific 

Reagent Formalin
Alcohol

chloroform paraffin
70% 80% 95% 100%

Time 1 hr 1 hr 1:30 hr 1:30 hr 1:30 hr 1 hr 1 hr 1 hr 1:30 hr 1:30 hr 2 hr 2 hr
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2.5.2.2 Method 

A slide is placed in the Coplin jar containing 10 mL of the APES with 

500 mL acetone. (This makes a 2% solution). Then dip clean dry 

slides in APES solution for 2 minutes. Wash the slides in 2 changes 

of distilled water. Slides dry completely in oven at 50°C. Treated 

slides store in boxes at room temperature for used.  

2.5.3 Immunohistochemistry of paraffin-embedded 

tissue sections  

This method is based on Vector® M.O.M.™ immunodetection kit for 

mouse primary antibodies and the VECTASTAIN® ABC system for 

rabbit antibodies. Levelled horizontal brain sections from 4 and 6-

weeks of age Psmc1fl/fl;CaMKIIα-Cre and control mice were 

processed for immunohistochemistry (Figure 2.4). 

2.5.3.1 Reagents 

1) Horizontal brain sections  

2) Xylene 

3) Ethanol, 100%, 95% and 70% dilutions 

4) Schiefferdecker staining dish ( for slide washing) 

5) Antigen retrieval buffer solution 

10 M sodium citrate buffer 0.05% v/v Tween-80, pH 6 

6) Hydrogen peroxide solution 30% w/w in H2O, Sigma-

Aldrich  

7) Vector® M.O.M™ immunodetection kit for mouse antibody, 

Vector Laboratories 

8) VECTASTAIN® ABC system for rabbit antibodies, Vector 

Laboratories 

9) 10% goat serum (VECTASTAIN Elite rabbit IgG, ABC kit) 

10) Secondary biotinylated antibody according to the kit 

11) Detection VECTASTAIN® Elite® ABC reagent according to 

the kit 

12) DAB (3,3’ Diaminobenzidine tetrahydrochloride), Sigma-

Aldrich 

13) DAB solution  
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0.1M Tris pH 7.5  

0.05% w/v DAB  

0.03% v/v H2O2 

14) Shandon™ Harris Hematoxylin, Thermo Fisher scientific 

15) 1% acid alcohol [HCl in 70% v/v ethanol]  

16) DPX mounting medium, Fisher Scientific 

2.5.3.2 Method  

1) Deparaffinization and rehydration 

Brain cortex sections were deparaffinized by immersion the 

slides in xylene for 10 min, then rehydrated in gradually 

decreasing concentrations of ethanol: 100%, 95% and 70% for 

10 min each and then gently running tap water for 10 minutes.  

2) Antigen retrieval 

The slides were incubated for 20 min in pre-heated antigen 

retrieval solution at approximately 100°C. The slides were then 

removed and the breaker left on a gentle shaker at room 

temperature for 20 min and then rinse for 10 min with running 

tap water.  

3) Block endogenous peroxidase 

Endogenous peroxidase activity was blocked by incubating the 

slides in 0.3% v/v H2O2 hydrogen peroxide in tap water at room 

temperature for 10 min. The slides were then washed in gently 

running tap water for 10 min and then PBS on a rocking 

platform for 5 min. 

4) Block non-specific background 

To block non-specific binding, the slides were incubated with 

serum from the same species as the secondary antibody for 30 

min in a humidified chamber at room temperature; 3% v/v goat 

serum in PBS (VECTASTAIN® ABC system - rabbit kit), but with 

mouse protocol block non-specific binding solution is 0.8% v/v 

Mouse on Mouse (M.O.M) Ig blocking reagent in PBS.  
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5) Primary antibody incubation 

Primary antibodies were diluted with appropriate non-specific 

blocking reagent or 8% M.O.M. diluent in PBS according to 

(Table 2.7). The brain sections were incubated with primary 

antibodies using adhesive frames. Antibody solutions of 65 μl 

covered brain section within a frame (Frame-Seal incubation 

chambers). The sections were covered and incubated in humid 

chamber overnight at 4°C. The next morning the sections were 

washed extensively with 3 changes of PBS for 10 min each with 

gentle agitation.  

Table 2.7 Antibodies used in the immunohistochemistry 

 

6) Secondary antibody incubation 

The appropriate amount of diluted biotinylated secondary 

antibody was applied according to the protocol on Vector® 

M.O.M™ immunodetection kit for mouse and the VECTASTAIN® 

ABC system for rabbit antibodies 1:200. The sections were 

incubated in a humidified chamber at room temperature for 1 

hr. The sections were then washed 3 times for 10 min each with 

PBS and gentle agitation. 

7) Detection 

Premixed VECTASTAIN® Elite® ABC reagent: add exactly two 

(2) drops of reagent A to 5 ml of buffer in the ABC. Then add 

exactly two (2) drops of reagent B to the same mixing bottle. 

Mix immediately, and allow VECTASTAIN® Elite® ABC reagent to 

stand for about 30 minutes before use. The premixed ABC 

Primary 
Animal
source

Dilution
Manufacturing

company

STMN1 Rabbit 1:100 Gene Tex, GTX113341

NFL Mouse 1:100 Cell Signaling, 2835

NFM Mouse 1:100 Cell Signaling, 2838

NFH Mouse 1:50 Cell Signaling, 2836

Ub UV-1 Mouse 1:100 LifeSensors, VU101

Ub-KIH Rabbit 1:100 House made
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reagent was applied to each section and incubated in a 

humidified chamber at room temperature for 30 min protected 

from light. The slides were then washed with PBS three times 

for 10 min each with gentle agitation. 

8) DAB reaction (3,3’ Diaminobenzidine 

tetrahydrochloride) 

DAB (3, 3’-diaminobenzidine) is a substrate for peroxidase 

forming a brown precipitate when they react together. 

Therefore, when peroxidase-conjugated antibodies are bound 

to epitopes they can be specifically stained by incubation with 

DAB. It is necessary to block the endogenous peroxidase 

activity using H2O2 prior to the DAB staining. Following 

incubation with ABC detection reagent and washing the sections 

were incubated in DAB solution. When the appropriate staining 

was achieved, the reaction was stopped by gently running tap 

water for 10 min. 

9) Counterstaining, dehydration and mounting 

The sections were counterstained by immersing the slides in 

Harris hematoxylin 5 min.  To obtain a better contrast of the 

sample. The slides were then washed in running tap water and 

dipped in 1% acid alcohol [HCl in 70% v/v ethanol] for 10 

seconds followed by gentle washing in running tap water for 10 

min. The slides were subjected to dehydration through 3 stages 

of ethanol (70%, 95%, and 100%) for 10-20 sec each. Finally 

the slides were treated with 100% v/v xylene, and then 

mounted with DPX (Distrene, Plasticiser, and Xylene) and 

covered with a cover slip to protect the tissue from shrinking. 

The slides were ready to be examined, preferably after 12-24 

hours so the slides were completely dried. 

The slides were scanned using a NanoZoomer Digital Pathology 

(NDP) system (Hamamatsu Photonics, Japan) and images 

viewed using NDP.view.2 software 
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Figure 2.3 Schematic for immunohistochemistry method as described in 
the experimental section 
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2.6 Statistical analysis 

Statistical analysis was done by using GraphPad Prism software 

6.07. Data were collected from three or more independent samples 

as indicated in the results and expressed as mean ± S.E.M. 

Comparisons between control and Psmc1fl/fl;CaMKIIα-Cre mice data 

were made using two-tailed Student`s unpaired t-test and non-

parametric Mann-Whitney U test , which used to determine the 

statistical significance for non-normal distribution data. p values of 

less than 0.05 were taken as significant *p < 0.05;**p < 0.01; 

***p < 0.001, ****p ≤ 0.0001. 
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Chapter 3  

Microtubule instability following 

disruption of the 26S proteasome in 

mouse cortical neurons 
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3.1 Introduction  

The neuronal cytoskeleton is a highly organized polymers of protein 

that provide architectural support to axons and dendrites, and also 

provide railways for the transport of various cytoplasmic organelles 

(Monteiro et al., 2011). The main components of the cytoskeleton 

in cells are microfilaments (MFs), neurofilaments (NFs) and 

microtubules (MTs). This chapter will focus on MFs, MTs and 

microtubule-associated proteins (MAPs) following disruption of the 

26S proteasome in cortical neurons and consequent 

neurodegeneration in the Psmc1fl/fl;CaMKIIα-Cre mouse model. NFs 

will be investigated in Chapter 5. 

Studies suggest cytoskeletal dysfunction is an important 

mechanism in the aetiology of several neurodegenerative diseases, 

including Alzheimer’s and Parkinson’s diseases (Cairns et al., 

2004). Neurodegenerative disorders are characterized by selective 

dysfunction and loss of neurons associated with pathological 

accumulation of abnormal protein aggregates, including 

cytoskeletal proteins such as actin-depolymerizing factor (ADF) 

and the actin binding protein, cofilin (D'Andrea et al., 2001, 

Minamide et al., 2000). Direct evidence supporting the involvement 

of MTs in neurodegenerative disease comes from genetic studies 

identifying mutations in various members of the tubulin family, 

such as the MAP tau (Arendt et al., 2016, Franker and Hoogenraad, 

2013).   

Actin is the most abundant cytoskeletal protein in neurons and glia 

(Kollins and Davenport, 2000). Actin plays an essential role in 

morphological development of neurons as well as structural 

changes in the mature neuron (Kirkpatrick et al., 1999). Actin is 

also involved in specialized microdomains on the cell surface for 

pre- and post-synaptic morphological specializations (Kollins and 

Davenport, 2000, Schevzov et al., 2012). Cytoplasmic 

aggregations containing actin and actin-binding proteins are 

associated with a number of neurodegenerative diseases, including 

Alzheimer's disease (Bamburg and Bernstein, 2016), amyotrophic 
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lateral sclerosis (Griffin et al., 2014) and parkinsonism-dementia 

complex (Sousa et al., 2009). Tau-induced neurodegeneration in 

Drosophila and AD mouse model is associated with the formation 

of actin-rich rod-like structures, and this neurodegeneration can be 

attenuated by reducing actin accumulation (Fulga et al., 2007). 

Furthermore, under stress conditions, the actin binding protein 

(cofilin) becomes dephosphorylated and binds to actin leading to 

formation cofilin-actin rod structures in either the nucleus or 

cytoplasm (Munsie and Truant, 2012, Cichon et al., 2012). 

Persistent rods that span the diameter of the neurite disrupt MTs 

and cause degeneration of the distal neurite without killing the 

neuron. These findings suggest that cofilin-actin inclusions in 

mature neurons can lead to neuronal dysfunction and synaptic loss.  

MTs are dynamic polymers of α/β-tubulin heterodimers (Sirajuddin 

et al., 2014, Howard and Hyman, 2003). These proteins are 

characterized by an intrinsic resistance to bending and compression 

and the capability to switch between destabilization 

(depolymerisation) and stabilization (polymerisation), which is 

called dynamic instability (Cartelli et al., 2013). MTs have a stable 

minus (-) end, where MTs initiate and anchored at a central 

microtubule-organizing center (MTOC).  MTs also have a dynamic 

plus (+) end that serving as the site of tubulin addition and loss. 

The α-tubulin present at the (-) end contains a non-hydrolysable 

guanosine-5`-triphosphate (GTP).  Whereas the β-tubulin capped 

microtubules at the (+) end have a GTP molecule which can 

hydrolyse to guanosine diphosphate (GDP) during MT 

polymerization (Quiniou et al., 2013). MT are more stable in 

mature than immature neurons (Zhang et al., 2012).  

In normal neurons MT stability is highly regulated by the intrinsic 

GTPase activity of tubulins as well as MT-interacting proteins, 

including MAPs, MT-severing proteins, MT (+)-end tracking 

proteins (+TIPs), and motor proteins. The interactions between 

MTs and MT-interacting proteins are also influenced by post-
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translational modifications (PTMs) of tubulin (Kapitein and 

Hoogenraad, 2015). 

PTMs of tubulin, which include acetylation, tyrosination, 

detyrosination, palmitoylation and phosphorylation have recently 

gained new interest for their role in neuronal differentiation and 

neurodegenerative disorders (Fukushima et al., 2009). Tubulin 

PTMs can reflect the stability of MTs (Perdiz et al., 2011, Baas et 

al., 1993). Stable microtubules usually have detyrosinated and 

acetylated tubulin (Fukushima et al., 2009, Peris et al., 2009). In 

cultured rat sympathetic neurons, tyrosinated MTs were observed 

in the proximal and distal regions of growing axons, indicating 

newly assembled MTs (Brown et al., 1992). Changes in the 

detyrosination/tyrosination cycle affect MT dynamics and their 

interactions with intermediate filaments (Kreitzer et al., 1999) and 

MFs (Marcos et al., 2009). α-tubulin undergoes a 

tyrosination/detyrosination cycle. α-tubulin modified with a 

tyrosine residue at the C-terminus forms a heterodimer with β-

tubulin and assembles into MTs (Fukushima et al., 2009). After 

assembly the tyrosine residue is removed from α-tubulin forming 

detyrosinated α-tubulin within the MTs and reattached to free α-

tubulin to continue the cycle (Janke and Bulinski, 2011). Hence, 

detyrosinated α-tubulin is often used as an indication of how long 

a microtubule has been assembled, while tyrosination is associated 

with young neurons and the most dynamic microtubules (Poulain 

and Sobel, 2010, Baas et al., 1993). This modification is 

accomplished by the action of two enzymes, tubulin tyrosine ligase 

(Arce et al., 1975), which catalyses the incorporation of tyrosine, 

and tubulin carboxypeptidase, which removes the tyrosine residue. 

Most of the results obtained in vitro and in vivo indicate that the 

ligase acts on non-assembled tubulin whereas the 

carboxypeptidase acts mainly on tubulin in MTs (Arregui et al., 

1991). These modifications affect the C-terminal domain of α/β-

tubulins, which is located on the outside of the microtubule and 

forms a readable code for microtubule-associated and motor 
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proteins (De Forges et al., 2012). Acetylation is the reversible 

transfer of an acetyl group from the acetyl-coenzyme A to the ε-

amino group of a lysine (Lys) residue (Ren et al., 2014). 

Acetylation of Lys40 on α-tubulin is unique in that it is located on 

the luminal surface of MTs and carried out by a conserved α-tubulin 

acetyltransferase (α-TAT) (Nogales et al., 1999, Friedmann et al., 

2012). Two histone deacetylating (HDAC) enzymes HDAC6 and 

SIRT2 have been shown to be involved in de-acetylation α-tubulin 

both in in vitro and in vivo studies (Hubbert et al., 2002, North et 

al., 2003). 

Alterations in MT stability have consistently been linked to 

pathological conditions. In hereditary spastic paraplegia MTs are 

hyper-stabilized. Therefore, the cytoskeletal structure becomes 

rigid and neurons lack plasticity (Salinas et al., 2005). By contrast, 

in Alzheimer’s disease, MTs are destabilized; axonal trafficking is 

impaired and synaptic contacts collapse (Zhang et al., 2012). 

Recent studies suggest that disassembly of MTs is an early event 

in Parkinson’s disease pathology, followed by degradation of other 

cytoskeletal components and fragmentation of the axon (Cartelli et 

al., 2013). Since nigral neurons have very long axons projecting to 

the striatum, a high degree of cooperation between MTs and MT-

dependent motor proteins is required to ensure dopamine vesicle 

transport. Depolymerisation of MTs may lead to impairment of 

dopamine transport and an abnormal accumulation of dopamine 

vesicles in the soma, which may cause increased oxidative stress 

and eventually cell death (Parisiadou and Cai, 2010). Decreased 

tubulin acetylation is associated with more unstable microtubules 

and altered intracellular transport was observed in Huntington’s 

(Dompierre et al., 2007) and Parkinson’s (Outeiro et al., 2007) 

disease cellular models. In addition, increased detyrosinated 

tubulin was associated with impairment of axonal transport and 

mitochondrial damage as a consequence of MT dysfunction in 1-

methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced 

neurodegeneration in PC12 cells (Cartelli et al., 2010). 
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Increased MT dynamics may serve as a general indicator of neurite 

remodelling in health and disease states (Kleele et al., 2014). 

Increased destabilization of axonal MTs and impaired axonal 

transport is linked to motor neuron degeneration in ALS transgenic 

mice (Fanara et al., 2007, Sasaki and Iwata, 2007). Moreover, 

treatment of these mice with microtubule-modulating agent 

Noscapine reduced microtubule turnover, preserved spinal cord 

neurons, normalized axonal transport kinetics and delayed the 

onset of neurodegenration symptoms (Fanara et al., 2007). 

Previous studies in progressive motor neuronopathy (pmn) mutant 

mice, a model of motorneuron disease, showing a dramatic 

reduction in α and β-tubulin heterodimers was associated with 

unstable MTs and significantly increased the levels of tyrosinated 

tubulin (Martin et al., 2002). However, the levels of acetylated 

stable MTs were not different between pmn and wild-type 

motoneurons. Stabilization of MTs by taxol demonstated a key role 

in axon regeneration after spinal cord injury (Hellal et al., 2011). 

Increasing total polymerized tubulin and decreasing tyrosinated 

tubulin promoted regeneration of dorsal root sensory nerve fibers. 

Regulation of MT assembly and MT stability are further dependent 

on MAPs (Chapin and Bulinski, 1992). There are two main types of 

MAPs in neurons; those that stabilize MTs such as MAP2 and tau, 

and those that destabilize MTs such as stathmin (STMN). MAP2 and 

tau have been shown to play roles in MT stabilization and facilitate 

tubulin polymerization in vitro. MAP2, especially high molecular 

MAP2 isoforms, is found in the dendrites of mature neurons, while 

tau is associated mainly with axonal MTs (Zhang and Dong, 2012). 

MAP2 and tau bind to the sides of MTs, contributing to their 

stabilization by forming cross-bridges between adjacent MTs 

(Farah and Leclerc, 2008, Al-Bassam et al., 2002). Binding of these 

proteins to MTs may be regulated by phosphorylation of their 

tubulin binding motifs within each microtubule-binding repeat. 

These motifs are phosphorylated by multiple protein kinases, 

including protein kinase A (PKA) (Ozer and Halpain, 2000, Drewes 
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et al., 1995), and phosphorylation appears to reduce the affinity 

between MAP2/tau and MTs leading to MT disassembly (Cassimeris 

and Spittle, 2001, Dehmelt and Halpain, 2005).  

MAP2 has been shown to play an important role in maintaining 

dendritic structure via its interaction with MTs. Loss of MAP2 

immunoreactivity across several cortical regions was closely linked 

to dendritic spine pathology in schizophrenia brain tissue (Shelton 

et al., 2015). In addition, decreased MAP2 expression led to 

reduced dendrite length in MAP2-deficient mice (Harada et al., 

2002) and in primary cultured neurons prevents dendritic 

differentiation (Farah and Leclerc, 2008). Decreased MAP2 has also 

been reported in Alzheimer’s disease (Fifre et al., 2006).  

Tau and MAP2 may compensate for each other, as deletion of tau 

led to increased levels of MAP2 in middle-aged (8-9 months) tau 

knock-out mice (Ma et al., 2014). However, in aged (19-20 

months) tau knock-out mice significant loss of MAP2 was reported 

associated with Morris Water Maze deficits and loss of hippocampal 

acetylated α-tubulin. Low levels of tau phosphorylation are found 

in normal neurons, promoting its interaction with tubulin, which 

stabilizes MT structure. Abnormal hyper-phosphorylation of tau can 

decrease the interaction between tau and MTs, inhibiting their 

assembly (Abraha et al., 2000, Cho and Johnson, 2003). 

Stathmin (STMN1) is a member of a family of MT regulatory 

proteins that play important roles in destabilizing microtubules by 

binding tubulin dimers (Ringhoff and Cassimeris, 2009). Studies 

have shown an association between STMN1 and an increase in the 

rate of microtubule catastrophe via direct interaction of STMN1 with 

tubulin dimers and inhibition of tubulin polymerization (Belmont 

and Mitchison, 1996, Clement et al., 2005). The first evidence for 

an essential role of stathmin in nervous system development came 

from RNAi silencing of the only stathmin gene in Drosophila (Ozon 

et al., 2002). This caused abnormal chordotonal neuron 

organization and loss of commissures in the ventral cord. A 

significant study by Liedtke and colleagues (2002) showed 
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axonopathy of the central and peripheral nervous systems in 

STMN1 knockout mice with highly irregular axoplasm degeneration 

and demyelination (Liedtke et al., 2002). STMN1 was shown to play 

an essential role in the maintenance of axonal integrity in 

Drosophila; decreased STMN1 had a direct effect on 

depolymerisation of MTs, leading to the development of 

axonopathy (Wen et al., 2010).  

STMN1 and MAP2-tau have opposing roles in MT stability. In STMN1 

expressing cells the amount of tau phosphorylation in the MT-

unbound fraction was higher than in the MT-bound fraction 

(Miyasaka et al., 2010). The inverse relationship of these proteins 

is also evident in breast cancer; low STMN1 levels and high tau 

levels were associated with increased microtubule stability and 

better prognosis (Baquero et al., 2012). In addition, 

downregulation of both the expression and activity of STMN1 is 

important for normal dendritic arborization in cultured Purkinje 

cells; STMN downregulation is mediated by neuronal activity and 

calcium/calmodulin-dependent protein kinase II (CaMKII) 

phosphorylation (Ohkawa et al., 2007a). Interestingly, CaMKII also 

phosphorylates MAP2, decreasing its binding to MTs (McVicker et 

al., 2015). 

Taken together, these studies support a role for MT changes in 

neurodegeneration. Interesting, we recently showed significantly 

decreased STMN1 levels associated with neurodegeneration and 

Lewy-like inclusions following disruption of the 26S proteasome in 

forebrain mouse neurons (Elkharaz et al., 2013). Therefore, this 

chapter will focus on MFs, MTs and microtubule-associated proteins 

(MAPs) following disruption of the 26S proteasome in cortical 

neurons and consequent neurodegeneration in the 

Psmc1fl/fl;CaMKIIα-Cre mouse model. 
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3.2 Results  

3.2.1 Normalization of Western blots 

Quantitative Western blot analysis was used to measure relative 

protein levels in control and Psmc1fl/fl;CaMKIIα-Cre mouse cortical 

brain tissue in this chapter. Normalization is essential for accurate 

quantitation where so-called ‘housekeeping proteins’ are used as 

loading controls to correct for any loading errors (Ghosh et al., 

2014). α-tubulin, β-actin and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) are widely used housekeeping proteins. 

These proteins are found in high quantities within biological 

samples and remain relatively insensitive to changes in 

environmental conditions and treatments (Gilda et al., 2015, Eaton 

et al., 2014, Taylor et al., 2013). However, studies have also shown 

that housekeeping proteins are influenced by various physiological 

and pathological factors, and that α-tubulin and β-actin may not be 

suitable loading controls when investigating neuronal cytoskeletal 

changes (Ferguson et al., 2005, Dittmer and Dittmer, 2006, 

Castano and Kypta, 2008, Eaton et al., 2013). Therefore, 

normalising the data to the expression of these proteins may skew 

the results, leading to erroneous conclusions.  

To clarify whether we could use a housekeeping protein for 

normalization in our studies, we compared the total density of 

transferred protein on the nitrocellulose membrane by copper 

staining and also GAPDH protein levels between control and 

Psmc1fl/fl;CaMKIIα-Cre mice (Figures 3.1 and 3.2). Figure 3.1A 

shows copper staining of four different sets of 6 week-old cortical 

samples where each sample is a biological replicate, i.e. a different 

mouse. As expected, Figure 3.1B shows that there is no significant 

difference in the amount of protein loaded between control and 

Psmc1fl/fl;CaMKIIα-Cre cortical samples. Having demonstrated 

that total protein was similar in control and Psmc1fl/fl;CaMKIIα-Cre 

mouse cortices at 6 weeks-old using copper staining, we then 

compared  GAPDH protein levels of the blots shown in Figure 3.1 

(Figure 3.2). Figure 3.2 shows that the levels of GAPDH are not 
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significantly different between control and Psmc1fl/fl;CaMKIIα-Cre 

mice. These investigations were also repeated with 4 week-old 

mice with similar findings (data not shown). Our results suggest 

that both copper staining and GAPDH may be used to normalize for 

protein loading in the Western analyses presented in this chapter. 
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A 

Blot 1 

 

 

Blot 2 

 

Blot 3 

 

Blot 4 

 

B 

 

Figure 3.1 Relative levels of copper staining in 6 week-old control and 
Psmc1fl/fl;CaMKIIα-Cre mouse cortical samples 

(A) Copper-stained nitrocellulose membrane following SDS-PAGE on a 12% gel 

and transfer of 30 µg protein in protein lysis buffer per lane to visualize and 

quantitate total protein loading. Lanes are biological replicates. (B) Aida Image 

analyser software was used to quantitate total protein; an example of the area 

quantitated is shown by the black box. Data are presented as mean ± SEM and 

compared using Student’s unpaired t-test. n=4 for blot 1, 2 and 4; n=3 for blot 
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B 

 

Figure 3.2 Relative levels of GAPDH in 6 week-old control and 

Psmc1fl/fl;CaMKIIα-Cre mouse cortical samples 

Immunoblots (A) and densitometric analysis (B) of GAPDH (38 kDa) protein levels 

of the blots shown in Figure 3.1. Image Studio software analysis was used for 

quantitation of protein bands; an example is shown by the white box. Data are 

presented as mean +/- SEM and compared using Student’s unpaired t-test. n=4 

for blot 1, 2 and 4; n=3 for blot 3. 
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3.2.2 Decreased cortical expression of microtubule proteins 

following disruption of the 26S proteasome in mouse 

cortical neurons 

Western blotting analyses were carried out to investigate the levels 

of MT proteins; α-tubulin (Figure 3.3) and neuron-specific βIII-

tubulin (Figure 3.4), and the MF protein; β-actin (Figure 3.5) in 

control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices at 4 and 6 

weeks-old. Densitometric analyses showed that the total levels of 

α–tubulin and neuron-specific βIII- tubulin isotype were not 

significantly different between control and Psmc1fl/fl;CaMKIIα-Cre 

cortices at 4 weeks of age (α-tubulin; p = 0.8; βIII-tubulin; p = 

0.2, Figures 3.3 and 3.4 respectively). Interestingly, at 6 weeks of 

age expression of these MT proteins was significantly decreased in 

Psmc1fl/fl;CaMKIIα-Cre mouse cortices compared to controls (α–

tubulin; p < 0.01, βIII-tubulin; p < 0.05, Figures 3.3 and 3.4 

respectively). The levels of MF protein β-actin did not show any 

significant difference between control and Psmc1fl/fl;CaMKIIα-Cre 

cortices at either age studied (Figure 3.5; 4 weeks-old p = 0.5, 6 

weeks-old p = 0.3). These observations suggest that decreased 

microtubule mass is one of the cellular events occurring as a 

consequence of neurodegeneration following 26S proteasome 

disruption in cortical neurons. Pharmacologic inhibition of the UPS 

in primary neurons has been shown to lead to loss of synaptic 

connections and reduced neuronal protein; βIII-tubulin, 

synaptophysin and drebrin occurred prior to any loss of 

mitochondrial activity or cell death (Bajic et al., 2012). However, 

another study using a neurotoxin-induced mouse model of 

Parkinson’s disease showed that the levels of β-actin and α-tubulin 

were unchanged in the striatum and substantia nigra of 1-methyl-

4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-treated mice 

(Cartelli et al., 2013). However, β-tubulin levels were found to be 

decreased in the striatum of these mice and increased neuron-

specific βIII-tubulin and detyrosinated tubulin was found in 

dopaminergic neurons. 
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Figure 3.3 α-tubulin is significantly decreased in 6 week-old 
Psmc1fl/fl;CaMKIIα-Cre compared to control mouse cortices 

Immunoblots (A) and densitometric analysis (B) of α-tubulin (50 kDa) in 4 and 6 

week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 20 µg of protein per 

lane in protein lysis buffer was subjected to SDS-PAGE on a 12% gel and 

transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Studio Image software analysis. α-tubulin level was 

normalised to the levels of GAPDH, used as a loading control. Data are presented 

as mean ± SEM and compared using Student’s unpaired t-test. ** p < 0.01, n=4 

for 6 weeks-old blot ; n=3 for 4 weeks-old blot.   
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Figure 3.4 βIII-tubulin is significantly decreased in 6 week-old 
Psmc1fl/fl;CaMKIIα-Cre compared to control mouse cortices. 

Immunoblots (A) and densitometric analysis (B) of βIII-tubulin (50 kDa) in 4 and 

6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 20 µg of protein 

per lane in protein lysis buffer was subjected to SDS-PAGE on a 12% gel and 

transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Image Studio software analysis. βIII-tubulin was 

normalised to the levels of GAPDH for each sample. Data are presented as mean 

± SEM and compared using Student’s unpaired t-test. * p < 0.05, n=4 for 6 week-

old blot; n=3 for 4 week-old blot. 
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Figure 3.5 Expression of β-actin is not significantly different between 
control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 

Immunoblots (A) and densitometric analysis (B) of actin (42 kDa) in 4 and 6 week-

old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 20 µg of protein per lane 

in protein lysis buffer was subjected to SDS-PAGE on a 12% gel and transferred 

to nitrocellulose membrane for Western blotting. (B) Quantitative analysis of 

immunoblots used Image Studio software analysis. β-actin was normalised to the 

levels of GAPDH for each sample. Data are presented as mean ± SEM and 

compared using Student’s unpaired t-test. n=4 for 6 week-old blot; n=3 for 4 

week-old blot. 
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3.2.3 Post-translational modifications of α-tubulin 

following disruption of the 26S proteasome in mouse 

cortical neurons 

Post-translational modifications (PTMs) of α-tubulin, which include 

acetylation, tyrosination and detyrosination, are used as markers 

of MT stability (Marcos et al., 2009, Perdiz et al., 2011). 

Tyrosinated tubulin is found in the most dynamic MTs, whereas 

acetylated and detyrosinated tubulin are associated with more 

stable MTs (Poulain and Sobel, 2010, Baas et al., 1993). Recently, 

it was shown that α-tubulin PTM may play a role in 

neurodegenerative diseases such as Huntington’s disease 

(Dompierre et al., 2007) and Parkinson’s disease (Outeiro et al., 

2007). Therefore, we evaluated PTMs of α-tubulin and MT stability 

in control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices at 4 and 6 

weeks of age (Figures 3.6-3.8). No significant differences in the 

levels of detyrosinated-tubulin, tyrosinated-tubulin and acetylated-

tubulin were observed between control and Psmc1fl/fl;CaMKIIα-Cre 

cortices at 4 weeks of age (detyrosinated-tubulin; p = 0.5, 

tyrosinated-tubulin; p = 0.3 and acetylated-tubulin; p = 0.8, 

Figures 3.6, 3.7 and 3.8 respectively). However, a significant 

decrease in detyrosinated-tubulin (Figure 3.6; p < 0.05), 

associated with a significant increase in tyrosinated-tubulin (Figure 

3.7; p < 0.01), was observed in Psmc1fl/fl;CaMKIIα-Cre compared 

to control cortices at 6 weeks-age. In addition, the levels of 

acetylated–tubulin in Psmc1fl/fl;CaMKIIα-Cre cortices showed a 

tendency to decrease compared to control mice at this age (Figure 

3.8; p = 0.07). These results suggest that the significant decrease 

in MT proteins (Figures 3.3 and 3.4), as well as stathmin, in 

Psmc1fl/fl;CaMKIIα-Cre cortices is also associated with changes in 

MT stability; MTs are more dynamic or unstable in 

Psmc1fl/fl;CaMKIIα-Cre cortices.  
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Figure 3.6 Detyrosinated-tubulin is significantly decreased in 6 week-old 
Psmc1fl/fl;CaMKIIα-Cre compared to control mouse cortices 

Immunoblots (A) and densitometric analysis (B) of detyrosinated-tubulin (50 kDa) 

in 4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 20 µg of 

protein per lane in protein lysis buffer was subjected to SDS-PAGE on a 12% gel 

and transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Image Studio software analysis. Detyrosinated-

tubulin expression was normalised to the levels of GAPDH for each sample. Data 

are presented as mean ± SEM and compared using Student’s unpaired t-test. *p 

< 0.05; n=4 for 6 week-old blot; n=3 for 4 week-old blot. 

 

  

6
  w

ee
ks

-o
ld

GAPDH4
  w

ee
ks

-o
ld

Control Psmc1fl/fl;CaMKIIα-Cre

GAPDH

Detyrosinated- tubulin

Detyrosinated- tubulin

37 kDa

50 kDa

50 kDa

37 kDa

4  w e e k s-o ld 6  w e e k s-o ld

0 .0

0 .5

1 .0

1 .5

R
e

la
ti

v
e

 e
x

p
re

s
s

io
n

 o
f

 d
e

ty
ro

s
in

a
te

d
-t

u
b

u
li

n

C o n t r o l

P s m c 1
f l/ f l

;C a M K ll -C r e

*



101 
 

A 

 

B 

 

Figure 3.7 Tyrosinated-tubulin is significantly increased in 6 week-old 

Psmc1fl/fl;CaMKIIα-Cre compared to control mouse cortices. 

Immunoblots (A) and densitometric analysis (B) of Tyrosinated-tubulin (50 kDa) 

in 4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 30 µg of 

protein per lane in protein lysis buffer was subjected to SDS-PAGE on a 12% gel 

and transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Odessy Image Studio software analysis. 

Tyrosinated-tubulin was normalised to the levels of GAPDH for each sample. Data 

are presented as mean ± SEM and compared using Student’s unpaired t-test. *p 

< 0.05, **p < 0.01, n=3. 
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Figure 3.8 Expression of acetylated-tubulin is not significantly different 
in Psmc1fl/fl;CaMKIIα-Cre mouse cortices compared to controls. 

Immunoblots (A) and densitometric analysis (B) of acetylated-tubulin (50 kDa) in 

4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 20 µg of 

protein per lane in protein lysis buffer was subjected to SDS-PAGE on a 12% gel 

and transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Image Studio software analysis. Acetylated-tubulin 

was normalised to the levels of GAPDH for each sample. Data are presented as 

mean ± SEM and compared using Student’s unpaired t-test. n=4 for 6 week-old 

blot; n=3 for 4 week-old blot. 
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3.2.4 Increased free/polymerised tubulin ratio following 

disruption of the 26S proteasome in mouse cortical neurons 

Proteasome inhibitors are known to promote tubulin polymerization 

in a variety of cell lines (Poruchynsky et al., 2008) and in vivo 

studies (Meregalli et al., 2014). In respect to dynamic MTs, 

tyrosinated MTs are more resistant to MT polymerization; hence, 

increased tubulin tyrosination in the forebrain following disruption 

of the 26S proteasome in neurons (Section 2.3) may lead to 

changes in MT polymerization. To investigate this we used Western 

blot analyses to measure the relative levels of tubulin associated 

with cytosolic dimers (soluble) and polymerized (P) MTs in 

Psmc1fl/fl;CaMKIIα-Cre and control mouse cortices (Figures 3.9 and 

3.10). Although total α-tubulin levels were significantly decreased 

at 6 weeks-old in Psmc1fl/fl;CaMKIIα-Cre mice, there were no 

significant differences in the expression of acetylated-tubulin 

levels. Therefore, acetylated-tubulin was used in addition to total 

α-tubulin to evaluate the ratio of free/polymerized α-tubulin as well 

as the percentage of α-tubulin polymerization in mouse brain 

cortical samples at 4 and 6 weeks-old. 

GAPDH expression was significantly different between soluble (S) 

and polymerized (P) α-tubulin fractions, as well as between the 

control and Psmc1fl/fl;CaMKIIα-Cre cortices in the polymerized 

fraction, suggesting less GAPDH is associated with the polymerized 

fraction (Figures 3.9 and 3.10). Therefore, quantification was 

normalized to copper staining. 

GAPDH activity has been shown to be differentially regulated by its 

interaction with either soluble or polymerized tubulin (Parker et al., 

2014). A previous study has also shown that protein-protein 

interactions between GAPDH and tubulin are affected by the ionic 

strength of the buffer and whether tubulin is soluble or polymerized 

(Muronetz et al., 1994). Studies suggest tubulin can moderate the 

catalytic activity of the immobilized GAPDH, suggesting that 

glycolytic flux is regulated by microtubule polymer levels, but that 
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soluble-tubulin had no effect on this catalytic activity of GAPDH 

(Aon and Cortassa, 2002).  

Soluble and polymerised tubulin from 4 and 6 week-old cortical 

samples were obtained as described in section 2.3. Immunoblotting 

analyses using acetylated-tubulin and α-tubulin showed that most 

α-tubulin is associated with the polymerized fraction (Figure 3.9A). 

Figure 3.9B shows that total tubulin levels are not significantly 

different at 4 weeks-old between controls and Psmc1fl/fl;CaMKIIα-

Cre cortices (acetylated-tubulin p = 0.6; α-tubulin p = 0.2). 

However, the levels of free tubulin were significantly decreased in 

Psmc1fl/fl;CaMKIIα-Cre cortices at 4 weeks of age compared to 

controls (Figure 3.9C; acetylated-tubulin p < 0.001, α-tubulin p < 

0.01). This was accompanied by an increase in polymerized tubulin 

using acetylated-tubulin immunoblotting, but no significant change 

was evident using α-tubulin (Figure 3.9C; acetylated-tubulin p < 

0.05, α-tubulin; p = 0.7). This led to a significant decrease in the 

free/polymerized acetylated-tubulin ratio and similar increase in 

the percentage polymerised acetylated-tubulin in 

Psmc1fl/fl;CaMKIIα-Cre cortices (Figure 3.9D and 3.9E; p < 0.05). 

Figures 3.9D and 3.9E also show a tendency for the ratio of 

free/polymerised α-tubulin ratio to decrease (p = 0.14) and the % 

polymerised α-tubulin to increase (p = 0.17) in Psmc1fl/fl;CaMKIIα-

Cre cortices compared to controls, supporting the acetylated α-

tubulin observations. 

Similar analyses were performed at 6 weeks of age. Figure 3.10B 

shows that the total levels of both acetylated-tubulin and α-tubulin 

were significantly decreased at this time point in 

Psmc1fl/fl;CaMKIIα-Cre cortices (acetylated-tubulin, p < 0.001; α-

tubulin, p < 0.001). Figure 3.10C shows a marked decrease in 

polymerised tubulin and a decrease free tubulin in 

Psmc1fl/fl;CaMKIIα-Cre cortices compared to controls (Figure 

3.10C; polymerised acetylated-tubulin p < 0.001; free acetylated-

tubulin p < 0.05; polymerised tubulin p < 0.001; free α-tubulin p 

< 0.01). Therefore, at 6 weeks of age, the free/polymerized tubulin 
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ratio is significantly increased in Psmc1fl/fl;CaMKIIα-Cre cortices 

(Figure 3.10D; acetylated-tubulin p < 0.01; α-tubulin p < 0.001). 

There was a corresponding decrease in the percentage of α-tubulin 

and acetylated-tubulin polymerization (Figure 3.10E; acetylated-

tubulin p < 0.01; α-tubulin p < 0.01). Interestingly, despite the 

significant decrease in STMN1 expression following 26S 

proteasome disruption in Psmc1fl/fl;CaMKIIα-Cre mice (Elkharaz et 

al., 2013), we show here increased MT destabilization.   
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Figure 3.9 Free/polymerized tubulin ratio and % tubulin polymerization 
in 4 week-old Psmc1fl/fl;CaMKIIα-Cre mouse cortices 

(A) Immunoblots and densitometric analyses of soluble (free) and MT-bound 

(polymerized) tubulin using α-tubulin and acetylated α-tubulin (50 kDa) in 4 week-

old control and Psmc1fl/fl;CaMKIIα-Cre cortical samples. GAPDH (38 kDa) is 

shown, but copper staining was used as a loading control. 10 µg protein per lane 

was subjected to SDS-PAGE on a 12% gel and transferred to nitrocellulose 

membrane for Western blotting. Quantitative analysis of immunoblots used Image 

S software and normalised copper staining. (B) Total tubulin expression (free 

tubulin + polymerized tubulin) relative to controls. (C) Acetylated and α-tubulin 

expression in free and polymerized tubulin fractions relative to controls. (D) 

Values represent the ratio free/polymerized tubulin. (E) Percentage tubulin 

polymerization calculated as % P/P+S (P=polymerized tubulin fraction and 

S=soluble or free tubulin fraction). Data are presented as mean ± SEM and 

compared using Student’s unpaired t-test. * p = 0.05, ** p < 0.01, *** p < 

0.001, n = 3. 
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Figure 3.10 Increased free/polymerized tubulin ratio and decreased % 
tubulin polymerization in 6 week-old Psmc1fl/fl;CaMKIIα-Cre mouse 
cortices. 

(A) Immunoblots and densitometric analyses of soluble (S; free) and MT-bound 

(P; polymerized) tubulin using α-tubulin and acetylated α-tubulin (50 kDa) in 6 

week-old control and Psmc1fl/fl;CaMKIIα-Cre cortical samples. GAPDH (38 kDa) is 

shown, but copper staining was used as a loading control. 10 µg of protein per 

lane was subjected to SDS-PAGE on a 12% gel and transferred to nitrocellulose 

membrane for Western blotting. Quantitative analysis of immunoblots used Image 

S software. (B) Total tubulin expression (free tubulin + polymerized tubulin) 

relative to controls. (C) Acetylated and α-tubulin expression in free and 

polymerized tubulin fractions relative to controls. (D) Values represent the ratio 

free/polymerized tubulin. (D) Values represent the ratio free/polymerized tubulin. 

(E) Percentage tubulin polymerization was calculated as % P/P+S (P=polymerized 

tubulin fraction and S=soluble free tubulin fraction). Data are presented as mean 

± SEM and compared using Student’s unpaired t-test. ** p < 0.01, *** p ≤ 0.001, 

n = 3. 
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3.2.5 Microtubule-associated protein expression following 

disruption of the 26S proteasome in mouse cortical neurons 

MT arrangement, polymerization and stabilization can be 

modulated by interactions with microtubule-associated proteins 

(MAPs). These include both microtubule stabilizing proteins such as 

MAP2 and tau, and microtubule destabilizing proteins like STMN1 

(Zhang and Dong, 2012). MAP2 and tau are found in neurons and 

interact with tubulin to promote its assembly into microtubules, 

stabilizing the microtubule network (Dehmelt and Halpain, 2005).   

Since cellular functions require a critical balance between 

microtubule stabilizers and destabilizers, and we had previously 

observed decreased STMN1 expression, that there may also be 

changes in MAP2 and tau protein expression. Therefore, we 

examined the levels of MAP2 and tau in control and 

Psmc1fl/fl;CaMKIIα-Cre cortices at both 4 and 6 weeks of age 

(Figure 3.11 and 3.12). Figure 3.11 shows that the total levels of 

MAP2 were not significantly different between control and 

Psmc1fl/fl;CaMKIIα-Cre cortices either age (4 weeks p = 0.9, 6 

weeks p = 0.7). We also investigated tau levels in control and 

Psmc1fl/fl;CaMKIIα-Cre cortices using the tau 46 antibody, which 

detects total tau levels. Figure 3.12 shows several bands following 

tau immunoblotting, suggesting numerous sites for 

phosphorylation and posttranslational modifications of the tau 

protein (Orr et al., 2012). Although the total levels of tau 46 were 

not significantly different between control and Psmc1fl/fl;CaMKIIα-

Cre cortices at 4 weeks-old (4 weeks p = 0.23; Figure 3.12B), there 

was a significant decrease in total tau at 6 weeks of age in 

Psmc1fl/fl;CaMKIIα-Cre cortices (Figure 3.12B; p < 0.01). This is 

suggestive of unstable microtubules following 26S proteasome 

dysfunction. Given our previous observation of decreased STMN1 

and also destabilised microtubules it may have been expected to 

see an increased in stabilising microtubule proteins such as tau. It 

is also possible that decreasing a destabilising protein such as 

STMN may be an attempt to stabilize microtubules. Our 
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observations are interesting given that tau and STMN1 play 

opposite roles in MT stability. A previous study in a breast cancer 

cohort showed an inverse relationship between these proteins in a 

subset of cases (Baquero et al., 2012). They found low STMN1 and 

high tau was associated with increased microtubule stability and 

better prognosis. 

A previous in vitro study in COS-7 cells revealed that increased 

STMN expression released tau from MTs via its phosphorylation and 

led to MT instability (Miyasaka et al., 2010). The authors also found 

that the amount of tau phosphorylation in the MT-unbound (free) 

fraction from STMN-expressing cells was higher than that in the 

MT-bound fraction (polymerized). Significantly decreased α-tubulin 

and acetylated α-tubulin expression in the polymerized fraction was 

observed, suggesting that α-tubulin subunits are released into the 

soluble fraction. To examine the effects of decreased STMN1 

expression and MT instability on the ability of tau and MAP2 to bind 

MTs following 26S proteasome dysfunction in cortical neurons 

Western blot analyses were performed on the free and polymerized 

tubulin from 4 and 6 week-old Psmc1fl/fl;CaMKIIα-Cre and control 

mouse cortices (Figures 3.13 and 3.14). Multiple MAP2 bands were 

detected following immunoblotting, which correspond to different 

isoforms expressed in neurons as a result of alternative splicing: 

high molecular weight MAP2 (200-250 kDa, HMWMAP2) consists of 

MAP2a and MAP2b, and low molecular weight MAP2 (70-75 kDa, 

LMWMAP2), consists of MAP2c and MAP2d (Lewis et al., 1988). 

Figure 3.13A shows multiple bands between 150-260 kDa following 

MAP2 immunoblotting. This suggests detection of the HMWMAP2, 

but also may reflect some protein degradation has occurred during 

sample preparation. MAP2 is rich in proline, glutamic acid, serine 

and threonine (PEST) sequences, which are putative signals for 

rapid proteolytic degradation (Friedrich and Aszodi, 1991). A 

previous study has shown that MAP2 isolated from rat brain was 

extremely sensitive to hydrolysis by calpain, resulting in 

significantly altered electrophoretic mobility by SDS-PAGE (Billger 
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et al., 1988). It is possible that multiple bands are not observed in 

the previous total cell lysates analyses (Figure 3.11A) because of 

different homogenisation buffers used. 

At 4 weeks-old the % MAP2 associated with polymerized-tubulin 

between control and Psmc1fl/fl;CaMKIIα-Cre mice showed a 

tendency to increase, but this was not statistically significant 

(Figure 3.13; 4 weeks p = 0.07). However, at 6 weeks-old the % 

MAP2 associated with polymerization of tubulin was significantly 

decreased in Psmc1fl/fl;CaMKIIα-Cre mice (Figure 3.13;  6 weeks p 

< 0.01). These observations suggest that MT instability in 

Psmc1fl/fl;CaMKIIα-Cre mice is connected to less MAP2 in the 

polymerized fraction. Investigations of tau 46 showed that there 

were no significant differences in the % of this protein in the 

polymerized fraction at 4 and 6 weeks-old in Psmc1fl/fl;CaMKIIα-

Cre cortices (Figure 3.14; 4 weeks p = 0.3, 6 weeks p = 0.4). 

Figure 3.14A shows that the expression of tau is predominantly in 

the polymerized tubulin fraction, as expected. 

Our results suggest that tau may be more susceptible to becoming 

dephosphorylated and bound to polymerize MTs because we 

observe decreased STMN and increased MTs instability following 

26S proteasome dysfunction in mouse cortical neurons. Given that 

tau phosphorylation affects its association with MTs we used anti-

phospho-tau antibodies CP13 and AT8, which react with phospho-

Ser202 and phospho-Ser199, -Ser202 and -Thr205 respectively. 

Phosphorylation at Ser202 showed a significant decrease in 

Psmc1fl/fl;CaMKIIα-Cre cortices compared to controls at 6 weeks of 

age (Figure 3.15; p < 0.02). Figure 3.15 also shows that the 

phosphorylation of Ser-199, -Ser202 and -Thr205 was not 

significantly different between control and Psmc1fl/fl;CaMKIIα-Cre 

cortices (Figure 3.15; AT8 p = 0.1).  
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Figure 3.11 MAP2 expression is not significantly different in control and 
Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 

Immunoblots (A) and densitometric analysis (B) of MAP2 (280 kDa) in 4 and 6 

week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 20 µg of protein per 

lane in protein lysis buffer was subjected to SDS-PAGE on a 8% gel and 

transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Image Studio software analysis. MAP2 was 

normalised to the levels of GAPDH for each sample. Data are presented as mean 

± SEM and compared using Student’s unpaired t-test. n=4 for 6 week-old; n=3 

for 4 week-old. 
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Figure 3.12 Total tau protein is significantly decreased in 6 week-old 
Psmc1fl/fl;CaMKIIα-Cre compared to control mouse cortices. 

Immunoblots (A) and densitometric analysis (B) of total Tau (Tau 46; 50 kDa) in 

4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 20 µg of 

protein per lane in protein lysis buffer was subjected to SDS-PAGE on a 12% gel 

and transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Image Studio software analysis. Total Tau level was 

normalised to the levels of GAPDH for each sample. Data are presented as mean 

± SEM and compared using Student’s unpaired t-test. ** p < 0.01; n=4 for 6 

week-old; n=3 for 4 week-old. 
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Figure 3.13 % MAP2 in the polymerized fraction is significantly decreased 

in 6 week-old Psmc1fl/fl;CaMKIIα-Cre compared to control mouse cortices 

(A) MAP2 (280 kDa) immunoblots and densitometric analyses of soluble (free) 

and polymerized-tubulin fractions at 4 and 6 weeks-old in control and 

Psmc1fl/fl;CaMKIIα-Cre mouse cortices. Copper staining was used as a loading 

control for each sample. 20 µg of protein per lane was subjected to SDS-PAGE on 

a 12% gel and transferred to nitrocellulose membrane for Western blotting. (B) 

Quantitative analysis of immunoblots used Image Studio software analysis. % 

MAP2 associated with polymerized-tubulin was calculated as % MAP2 in P/P+S 

(P=polymerized; S=soluble). Data are presented as mean ± SEM and compared 

using Student’s unpaired t-test. ** p < 0.01, n = 3. 
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Figure 3.14 Tau 46 in the polymerized tubulin fraction is not significantly 
different in control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 

(A) Tau 46 (50-75 kDa) immunoblots and densitometric analyses of soluble (free) 

and polymerized-tubulin fractions at 4 and 6 weeks-old in control and 

Psmc1fl/fl;CaMKIIα-Cre mouse cortices. Copper staining was used as a loading 

control for each sample. 20 µg of protein per lane was subjected to SDS-PAGE on 

a 12% gel and transferred to nitrocellulose membrane for Western blotting. (B) 

Quantitative analysis of immunoblots used Image Studio software analysis. % Tau 

46 associated with polymerized-tubulin was calculated as % Tau 46 in P/P+S 

(P=polymerized; S=soluble). Data are presented as mean ± SEM and compared 

using Student’s unpaired t-test. n = 3. 
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Figure 3.15 Expression of phosphorylated tau in 6 week-old control and 
Psmc1fl/fl;CaMKIIα-Cre mouse cortices 

Immunoblots (A) and densitometric analysis (B) of CP13 (pSer202) and AT8 

(pSer199/pSer202/pThr205) in 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse 

cortices. 20 µg of protein per lane in protein lysis buffer was subjected to SDS-

PAGE on a 12% gel and transferred to nitrocellulose membrane for Western 

blotting. (B) Quantitative analysis of immunoblots used Image Studio software 

analysis. CP13 and AT8 were normalised to the levels of GAPDH for each sample. 

Data are presented as mean ± SEM and compared using Student’s unpaired t-

test, * p < 0.05, n=4. 
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3.3 Discussion 

26S proteasome dysfunction in mouse forebrain neurons has been 

implicated in neurodegeneration and intraneuronal protein 

inclusion formation resembling Lewy body dementia (Bedford et 

al., 2008). The underlying mechanisms involved in neuroprotection 

and neurodegeneration in this mouse model have not been 

confirmed. Abnormal MT dynamics have been connected to several 

neurodegenerative disorders, including Alzheimer's disease (AD), 

Parkinson's disease (PD) and Amyotrophic Lateral Sclerosis (ALS) 

(Cartelli et al., 2013, Dubey et al., 2015). MTs form important 

cytoskeletal structures within neurons, which can be both stable 

and dynamic to establish and maintain neuronal polarity (Witte et 

al., 2008), regulate neuronal morphology (Jaworski et al., 2009) 

and transport cargo (Maday et al., 2014). MAPs and PTMs of tubulin 

are known to influence both stable and dynamic pools of MTs within 

the cell.  

We previously reported decreased levels of microtubule 

destabilizing protein STMN1 following 26S proteasome dysfunction 

in mouse brain cortical neurons (Elkharaz et al., 2013). This 

suggested changes in MT dynamics following 26S proteasome 

dysfunction and/or the 26S proteasome has a role in maintaining 

MTs in neurons. In this study we have found significantly decreased 

expression of MT proteins α-tubulin and neuron-specific βIII-

tubulin, associated with microtubule instability evident by 

decreased and increased expression of detyrosinated-tubulin and 

tyrosinated-tubulin respectively following 26S proteasome 

dysfunction. These observations are supported by an increased 

free/polymerized tubulin ratio. Here we also show significantly 

decreased expression of total tau, but not MAP2, in 

Psmc1fl/fl;CaMKIIα-Cre mice. This is interesting since tau and STMN 

play opposing, but complimentary roles in MT stability (Figure 

3.16).  
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Figure 3.16 Schematic representation of microtubule dynamics in 
Psmc1fl/fl;CaMKIIα-Cre mouse cortical neurons 

3.3.1 Decreased α-tubulin and βIII-tubulin levels 

following disruption of the 26S proteasome in mouse 

cortical neurons 

Ultrastructural analysis showed that both the total length of MTs 

and their number were significantly reduced in pyramidal neurons 

from AD patients in comparison to control cases (Cash et al., 

2003). Decreased total expression of α-tubulin associated with 

reduced PTMs such as polyglutamylation, tyrosination, and 

detyrosination are also reported in AD brains, suggesting that 

decreased α-tubulin expression could contribute to the 

pathogenesis of AD (Zhang et al., 2015a). 

Interestingly, we found significantly decreased levels of α-tubulin 

and neuron-specific βIII-tubulin in Psmc1fl/fl;CaMKIIα-Cre 

compared to control cortices at 6 weeks of age. These observations 

suggest decreased microtubule mass is one of the cellular events 

occurring as a consequence of neurodegeneration following 26S 

proteasome dysfunction in cortical neurons. Tubulin is an abundant 

and stable protein in neurons and its levels are tightly regulated by 
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protein synthesis (Cleveland et al., 1983) and proteasome-

dependent proteolysis (Ren et al., 2003). Parkin is an E3 ubiquitin 

ligase responsible for the ubiquitination of α-tubulin and β-tubulin, 

and increased Parkin expression in HEK293 cells can lead to 

increased α- and β-tubulin degradation (Ren et al., 2003).  

Pharmacological inhibition of proteasome activity is generally 

associated with increased MT stability. A study using the neural cell 

lines HCN1A and HCN2 found dramatically decreased tubulin levels 

in HCN2 cells after treatment with microtubule-depolymerizing 

agent Vincristine was rescued by the proteasome inhibitor MG132 

(Huff et al., 2010). In embryonic fibroblasts decreased STMN 

expression lead to increased MT polymers, but the levels of β-

tubulin and total tubulin pool were not affected (Ringhoff and 

Cassimeris, 2009). Therefore, STMN expression may not have a 

direct effect on tubulin levels. Our results in mouse forebrain 

neurons in vivo showing decreased STMN1 and tubulin expression 

are not consistent with previous observations.  

It is possible that tubulin synthesis is affected in our mouse model 

where decreased tubulin expression is associated with increased 

MT instability. MT disassembly can lead to a dramatic increase in 

tubulin monomers, which may selectively destabilize tubulin mRNA 

and subsequently decrease tubulin protein synthesis (Pachter et 

al., 1987). Previous studies have shown that tubulin synthesis 

decreases rapidly in response to MT inhibitors that increase the 

monomer pool (Cleveland et al., 1981). This decrease in synthesis 

was associated with a decline in the amounts of both α- and β-

tubulin mRNAs. 

βIII-tubulin is neuron-specific in mammalian brain and is widely 

used to identify neurons in developmental studies (Lee et al., 

1990). The expression of βIII-tubulin is usually associated with 

differentiation and decreased cell proliferation of neurons (Katsetos 

et al., 2009).  Decreased βIII-tubulin expression can lead to 

neurodevelopmental abnormalities, and fewer and shorter neurites 
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were found in neural stem cells from a spinal muscular atrophy 

(SMA) mouse model (Shafey et al., 2008) and SMA patient motor 

neurons (Fuller et al., 2015).  

A study using differentiating neuroblastoma cells found βIII-tubulin 

expression could protect neurons against free radicals and reactive 

oxygen species (Guo et al., 2010). The expression of neuron-

specific βIII-tubulin was previously linked to hypoxia, and hypoxia 

via HIF-1α was able to increase βIII-tubulin expression in 

Glioblastoma Multiforme (Katsetos et al., 2009) and A2780 cells 

(Raspaglio et al., 2014). In addition, the anti-oxidative activity of 

curcumin against hypoxia decreased βIII-tubulin in rat prefrontal 

cortex (PFC) neurons (Shen and Yu, 2008). These studies agree 

with our previous data showing oxidative stress in the brain 

following 26S proteasome dysfunction in cortical neurones 

(Elkharaz et al., 2013). Decreased βIII-tubulin levels in 

Psmc1fl/fl;CaMKIIα-Cre cortex may be part of an anti-oxidant 

protective mechanism during neurodegeneration. It is also possible 

that decreased βIII-tubulin levels in Psmc1fl/fl;CaMKIIα-Cre cortex 

may be due to increased neuronal cell death. 

Levels of β-actin were not significantly different in 

Psmc1fl/fl;CaMKIIα-Cre mice despite significant neuropathology at 

6 weeks of age. A recent study by Cartelli (2013) showed that the 

levels of actin, α-tubulin and β-tubulin were unchanged in the 

striatum and substantia nigra of mice with 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP)-induced experimental 

parkinsonism (Cartelli et al., 2013). However, a study in 

Alzheimer's disease (AD) patients showed a significant decrease in 

β-actin in AD cases compared to controls (Gebhardt et al., 2010). 

Post mortem studies of schizophrenia patients reported no 

differences in β-actin expression between schizophrenia and 

comparison groups (Bauer et al., 2009).  
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3.3.2 Increased tyrosinated-tubulin and decreased 

detyrosinated-tubulin suggest decreased MT stability 

following 26S proteasome dysfunction in mouse cortical 

neurons.  

PTMs of tubulin are involved in regulating the stability of MTs. 

These modifications form a readable code on MTs for MAPs (De 

Forges et al., 2012). PTMs of tubulin, including acetylation, 

tyrosination, detyrosination, polyglutamylation and 

phosphorylation have gained new interest for their role in neuronal 

differentiation and neurodegenerative disorders (Fukushima et al., 

2009). In particular, α-tubulin acetylation takes place at the ends 

of MTs and is mostly associated with stable MTs. Detyrosinated α-

tubulin is often used as an indication of how long a MT has been 

assembled, while tyrosination is associated with young neurons 

and the most dynamic MTs (Poulain and Sobel, 2010, Baas et al., 

1993).  

In the current study decreased α-tubulin and neuron-specific βIII-

tubulin expression at 6 weeks-old in Psmc1fl/fl;CaMKIIα-Cre cortices 

is associated with MT instability. This was evident by a significant 

increase in tyrosinated and decrease in detyrosinated α-tubulin 

following 26S proteasome dysfunction in cortical neurons, 

suggesting that the MTs are more dynamic or unstable. Disruption 

of the 26S proteasome function had no significant effect on 

acetylated α-tubulin levels compared to control mice. Acetylation 

is enriched in stable and long-lived MTs; soluble tubulin dimers are 

rapidly deacetylated when released from MTs (Perdiz et al., 2011). 

This mechanism may explain tendency to decreased to the 

acetylated α-tubulin expression was noted at 6 weeks-age in 

Psmc1fl/fl;CaMKIIα-Cre. 

The tyrosination/detyrosination cycle in neurons is also involved in 

MT interaction with MAPs (Peris et al., 2009). In normal neurons, 

tyrosinated tubulin supports dynamic MTs and allowing rapid 

remodelling of the cytoplasm (Peris et al., 2009). The C-terminal 

tyrosine residue of newly synthesized α-tubulin can undergo a 
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regulated cycle in which it is removed by an unknown 

carboxypeptidase then re-added back by tubulin-tyrosine ligase 

(TTL) (Ersfeld et al., 1993). TTL and STMN each form stable 

complexes with tubulin and inhibit tubulin polymerization in vitro 

and in vivo (Belmont and Mitchison, 1996, Szyk et al., 2011). As 

TTL and STMN compete for binding on tubulin dimers, it is possible 

that STMN can inhibit the tyrosination of tubulin due to partially 

overlapping binding sites, (Szyk et al., 2013). Since STMN1 

expression is significantly decreased following 26S proteasome 

dysfunction, this mechanism may explain the significant increase 

in tyrosinated-tubulin. 

The presence or absence of the C-terminal tyrosine residue of α-

tubulin has been implicated in the regulation of motor proteins and 

microtubule (+)-end binding proteins (+TIPs) (Peris et al., 2009). 

A recent study demonstrated that axon injury rapidly increases 

tyrosinated α-tubulin levels in peripheral sensory neurons in a TTL-

dependent manner (Song et al., 2015). Injury-induced tyrosinated 

α-tubulin promotes axon regeneration by facilitating the retrograde 

transport of injury signals by +TIPs, which is required for 

retrograde organelle transport (Lloyd et al., 2012). However, in 

Purkinje cell degeneration (pcd) mice increased levels of 

tyrosinated α-tubulin are associated with adult-onset degeneration 

of Purkinje and retinal neurons (Wang and Morgan, 2007).  

It is unclear whether the increased tyrosinated α-tubulin in cortices 

following 26S proteasome dysfunction is involved in regeneration 

or degeneration of neurons without further investigations. It is 

possible that increased tyrosinated α-tubulin is involved in 

retrograde transport given that continued 26S proteasome 

dysfunction causes paranuclear accumulation of proteins and 

fragmented dysfunctional mitochondria (Ugun-Klusek et al., 2017).  

Significantly decreased levels of α-tubulin in AD was associated 

with decreased levels of tyrosinated and detyrosinated tubulin, but 

increased acetylated α-tubulin expression. These changes in 

tubulin modification in AD brain may represent a compensatory 
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response to microtubule destabilization in susceptible neurons 

(Zhang et al., 2015a). In addition, pharmacological proteasome 

inhibition is usually associated with increased tubulin 

polymerization. Treatment of dorsal root ganglia neurons in vitro 

and in vivo with Bortezomib increased tubulin polymerisation 

(Meregalli et al., 2014). Also, a significant increase in acetylated α-

tubulin in whole cell lysates from HCN1A and HCN2 cells was found 

following treatment with proteasome inhibitors (Poruchynsky et al., 

2008). 

3.3.3 Decreased MT polymerization following disruption of 

the 26S proteasome in mouse cortical neurons 

MT stability requires a balanced equilibrium between polymerized 

and free tubulin. We found α-tubulin polymerization was 

significantly decreased at 6 weeks-old in Psmc1fl/fl;CaMKIIα-Cre 

mouse cortices compared to controls. This was reflected by an 

increased free/polymerized α-tubulin ratio and decreased % α-

tubulin polymerization. In support of our results, reduced MT 

stability has been observed in several neurodegenerative diseases, 

including Alzheimer's disease (AD), Parkinson's disease (PD) and 

Amyotrophic Lateral Sclerosis (ALS) (Dubey et al., 2015). A 

marked decrease in MT dynamics and accumulation of 

mitochondria along the axon was observed in cultured neurons 

treated with Parkinsonism-inducing neurotoxin 1-methyl-4-

phenylpiridinium (MPP+) (Cartelli et al., 2013, Cartelli et al., 2010). 

A further study showed that MT instability increased very early, 

before observable impairment of axonal transport, in a mouse 

model of ALS,  and drug-induced stabilization of MT was able to 

restore normal axonal transport, suggesting that axonal transport 

defects in this model are a consequence of increased MT dynamics 

(Fanara et al., 2007). 

MT stabilization or destabilization may play an important role in the 

regulation of intracellular transport of mitochondria as well as 

interaction with other organelles within the axon. Interestingly, MT 

instability following 26S proteasome dysfunction is associated with 
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the formation of paranuclear protein inclusions contained 

aggregated proteins and fragmented dysfunctional mitochondria 

(Bedford et al., 2008, Ugun-Klusek et al., 2017). Interestingly, MT 

instability does not appear to be affected by decreased STMN1 

expression in this model, which may be a compensatory response 

to changing MT dynamics. 

3.3.4 Decreased tau and MAP2 associated with 

polymerized-tubulin following disruption of the 26S 

proteasome in mouse cortical neurons 

Microtubule-associated proteins (MAPs) are a series of phospho-

proteins and their interaction with MTs depends on their 

phosphorylation state (Mollinedo and Gajate, 2003). MAP2 and tau 

are brain specific MAPs involved in the maintenance of MT dynamics 

in dendrites and axons, respectively (Drewes et al., 1998). MAP2 

and tau play roles in stabilization of MTs and oppose the action of 

STMN, which is a MT destabilizing protein. Increased STMN 

expression in COS-7 cells can lead to MT instability and release tau 

from MTs via increasing tau phosphorylation, reducing its affinity 

to MTs. This study also found that in STMN-expressing cells tau 

phosphorylation in the MT-unbound fraction was higher than in the 

MT-bound fraction (Miyasaka et al., 2010). An inverse relationship 

between MAP-tau expression and that of STMN was seen in a 

subset of cases of a breast cancer cohort. The study found that low 

STMN and high MAP-tau were associated with increased 

microtubule stability and better prognosis in breast cancer 

(Baquero et al., 2012).  

We found that the protein levels of MAP2 and tau were not 

significantly different at 4 weeks of age in control and 

Psmc1fl/fl;CaMKIIα-Cre mice. At 6 weeks-old a significant decrease 

in total tau was observed when obvious neurodegeneration is 

evident in this mouse model. These data suggest that changes in 

the expression of total tau at 6 weeks-old may be secondary to 

neurodegenerative processes that are occurring following 26S 

proteasome dysfunction in cortical neurons.  
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The significant decrease in total tau at 6 weeks-old in 

Psmc1fl/fl;CaMKIIα-Cre mice did not affect its binding affinity to 

MTs. The % tau associated with the polymerized fraction was not 

different between control and Psmc1fl/fl;CaMKIIα-Cre mice. 

However, there was a significant reduction in tau phosphorylation 

at this age.  

A previous study indicated that the 20S proteasome was 

responsible for degrading tau protein under normal conditions 

(Grune et al., 2010). Under stress conditions, phosphorylated tau 

may be ubiquitinated by CHIP and degraded by 26S proteasomes 

(Shimura et al., 2004). Increased 20S proteasome assembly and 

activity promotes life span and resistance to proteotoxicity in the 

nematode Caenorhabditis elegans (Chondrogianni et al., 2015). A 

hyperactive 20S proteasome also has potentially beneficial effects 

in the cell by protecting against ROS-mediated oxidative stress 

(Pickering and Davies, 2012). It is possible that the 20S 

proteasome is more resistant to oxidative stress than the 26S 

proteasome, maintaining its activity even upon treatment with 

moderate to high concentrations of H2O2 (Ben-Nissan and Sharon, 

2014). 20S proteasome activity is increased at 4 and 6 weeks-old 

in Psmc1fl/fl;CaMKIIα-Cre mice; ubiquitin-independent proteasomal 

degradation is not affected in this mouse model (Bedford et al., 

2008). Therefore, decreased total tau expression in 

Psmc1fl/fl;CaMKIIα-Cre mice seen in the analyses here might be a 

consequence of increased 20S proteasome activity following 26S 

proteasome dysfunction. This is supported by a recent study 

showing reduced levels of tau protein and its aggregates in 

mammalian cells with open-gated proteasomes (Choi et al., 2016). 

A recent study revealed that tau knockout in the prefrontal cortex 

(PFC) of mice prevents stress-induced dendritic atrophy and spine 

loss in PFC neurons, by changing proteins involved in mitochondrial 

transport and oxidative phosphorylation as well as in the synaptic 

localization of mitochondria. These findings provide evidence for a 

causal role of tau in mediating stress-elicited neuronal atrophy and 
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cognitive impairment, and indicate that tau may exert its effects 

through synaptic mitochondria (Lopes et al., 2016) 

We also showed a significant decrease in the amount of MAP2 

associated with polymerized MTs in Psmc1fl/fl;CaMKIIα-Cre mice. 

An explanation for the decreased binding affinity of MAP2 to MTs 

may be a deregulation of the activity of kinases in 

Psmc1fl/fl;CaMKIIα-Cre mice. Several kinases have been identified 

that phosphorylate MAP2 at different sites, including protein kinase 

A (PKA), protein kinase C (PKC) and microtubule-affinity-regulating 

kinase (MARKs); phosphorylation of MAP2 causes its dissociation 

from microtubules (Zhang and Dong, 2012). 

MAP2/tau and STMN play opposite, but complimentary roles in MT 

stability. Therefore, it is possible that decreased binding affinity of 

MAP2 and decreased total tau expression leads to disruption of the 

MT structure, increased destabilization of the MT network and 

impairment of axonal transport, eventually triggering death in 

neurons. Decreased STMN1 expression at 6 weeks of age can 

provide a negative feedback loop to stabilizing the MTs following 

26S proteasome disruption in neurons, compensating for MT 

instability.  
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Chapter 4  

Stathmin and its regulators 

following disruption of the 26S 

proteasome in mouse cortical 

neurons 
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4.1 Introduction  

Stathmin (STMN) is a microtubule destabilizing protein that binds 

α-tubulin/β-tubulin heterodimers, decreasing the availability of 

tubulin dimers for polymerization and increasing catastrophe 

(Sobel et al., 1989, Belmont and Mitchison, 1996, Rubin and 

Atweh, 2004). STMN is regulated by phosphorylation at four serine 

residues; Ser-16, -25, -38 and -63, which reduces its binding 

affinity for tubulin heterodimers (Beretta et al., 1993, le Gouvello 

et al., 1998, Di Paolo et al., 1997). Phosphorylation of STMN leads 

to more stable MTs and MT dynamics (Belmont and Mitchison, 

1996, Budhachandra et al., 2008). 

STMN1 is the most abundant member of a family of MT 

destabilizing proteins (Chauvin and Sobel, 2015). It is selectively 

expressed in the adult mammalian brain, including the dentate 

gyrus of the hippocampus, amygdala and cortex (Amat et al., 1991, 

Shumyatsky et al., 2005). Alterations in STMN1 mRNA expression 

and protein levels are evident during development and maturation 

of the CNS and STMN1 has been shown to be involved in neural 

development, differentiation, plasticity, learning, degeneration and 

aging (Mori and Morii, 2002, Bohm et al., 2015). 

Besides the importance of STMN1 in the healthy nervous system 

(Ohkawa et al., 2007a, Boekhoorn et al., 2014, Bohm et al., 2015, 

Duncan et al., 2013), changes in STMN1 expression have been 

found in pathological neurons (Mori and Morii, 2002, Ohkawa et al., 

2007b). A potential link between STMN1 accumulation and MT 

defects was reported in spinal muscular atrophy (SMA) and SOD1-

linked amyotrophic lateral sclerosis, showing decreased levels of 

polymerized tubulin correlated with disease severity (Wen et al., 

2010). Genetic knockout of STMN1 in a SMA mouse model lead to 

improved neuromuscular function through enhanced MT 

stabilization, underlining the pathogenic relevance of STMN1 

upregulation (Bellouze et al., 2016). However, decreased STMN1 

protein and mRNA was found in Alzheimer’s disease neocortex, 

where decreased STMN1 expression was correlated with 
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neurofibrillary tangle-bearing neurons and disease severity (Cheon 

et al., 2001, Jin et al., 1996). Decreased STMN1 expression in 

STMN1-deficient mice is associated with axonopathy of the central 

and peripheral nervous systems, suggesting STMN1 may also be 

important for the maintenance of axonal integrity (Liedtke et al., 

2002). Together, these studies highlight the critical role of STMN1 

in the nervous system as well as the need for further studies to 

understand its function in diverse pathological conditions. 

Along with the important role of STMN1 in microtubule 

destabilization, STMN1 is involved in cell signalling and acts as an 

intracellular relay (=’’stathmos’’ in Greek), integrating diverse 

regulatory pathways in response to extracellular signals (Sobel et 

al., 1989, Chauvin and Sobel, 2015). STMN1 can function in both 

cellular growth and death pathways (Rubin and Atweh, 2004, 

Okazaki et al., 1995). The function of STMN1 in proliferation is 

thought to explain its frequent overexpression in human cancer and 

has been shown to be required for the survival of several cancer 

cell lines, including bone marrow, acute myeloid leukaemia U937 

and breast cancer cell lines (Carney and Cassimeris, 2010, Wen et 

al., 2013). However, STMN1 depletion in a number of cell lines 

slows cell proliferation and ultimately leads to apoptosis and cell 

death (Carney et al., 2012, Wen et al., 2013). In colon cancer cell 

lines a slowing of cell proliferation caused by a block in G2 was 

observed, which led to increased apoptosis in colon cancer cell lines 

(Carney et al., 2012). STMN1 is a downstream target of cell death 

and survival pathways and its activity could be affected by p53, 

p27 and the PI3K/Akt pathway (Karst et al., 2011).  

We previously identified STMN1 as significantly decreased following 

26S proteasome disruption in mouse cortical neurons (Elkharaz et 

al., 2013). Given that we have now shown microtubule instability 

following 26S proteasome disruption (section 3.2.4), it is possible 

that decreased STMN1 is part of a negative feedback loop 

attempting to stabilize the MTs. This is particularly important in 

neurons where the microtubule network provides structural 
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support and allows for the movement of organelles (Monteiro et 

al., 2011). Cytoskeletal dysfunction has been proposed to 

contribute to the aetiology of several neurodegenerative diseases 

(D'Andrea et al., 2001). To further investigate the role of STMN1 

following 26S proteasome disruption and associated cortical 

neurodegeneration we investigate in this chapter proteins and 

pathways that have been linked to STMN1, namely p53, p27 and 

the PI3K/Akt pathway. Degradation of p53, p27 and Akt proteins 

are regulated by UPS; and dysfunction of this system has been 

shown to upregulate these proteins (Pagano et al., 1995, Shirane 

et al., 1999, Asher et al., 2005, Silveira et al., 2014).  

4.1.1 Stathmin and p53 

STMN1 is a p53-target gene (Johnsen et al., 2000, Fang et al., 

2010). It has been shown that STMN1 mRNA levels decrease 

following induction of p53 by apoptotic insults such as UV 

irradiation and doxorubicin treatment (Murphy et al., 1999). p53 

can negatively regulate STMN1 expression at both transcriptional 

and translational levels in the lung cancer cell line A549 (Fang et 

al., 2010). In a study of ovarian cancer, decreased STMN1 

expression also inhibited p53 stability and its transcriptional 

activity (Sonego et al., 2013). 

In normal cells, low p53 levels are maintained by a negative-

feedback loop whereby p53 promotes MDM2 expression, which 

tags p53 for proteasomal degradation (Yang et al., 2003b). For 

apoptotic events, p53 must accumulate in the cell and 

transcriptionally regulate genes that control the cell fate. For 

example, p53 can induce the expression of p21 and p27, cyclin-

dependent kinase inhibitors, which leads to cell cycle arrest 

(Bratton and Cohen, 2001). p53 can also activate both death-

receptor and mitochondrial apoptotic pathways by inducing the 

expression of various pro-apoptotic genes such as Bax and Noxa 

(Mihara et al., 2003).  
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Increased cellular levels of p53 play an important role in the 

pathogenesis of neurodegenerative diseases (Chang et al., 2012). 

Increased p53 levels and activity were observed in PD patient 

brains as well as in PD animal and cellular models (Mogi et al., 

2007).  Studies in post-mortem brain tissue from AD patients and 

healthy elderly controls reported an increase in p53 

immunoreactivity in AD cortical neurons, particularly in 

subpopulations that were undergoing neurofibrillary degeneration 

in the temporal cortex (Hooper et al., 2007). An involvement of 

p53 in HD pathogenesis has been reported; huntingtin expression 

was upregulated at the transcriptional level following activation of 

p53 in lung epithelial H1299 cells (Feng et al., 2006). Deletion of 

the p53 gene in mouse brain dopaminergic neurons during late 

developmental stages, protected both the striatum and substantia 

nigra from neuronal death following acute MPTP treatment through 

blocking MPTP-induced Bax and PUMA upregulation (Qi et al., 

2016).  

Increased p53 levels were demonstrated in both PC12 cells and 

dopaminergic neurons derived from embryonic stem cells following 

administration of the proteasome inhibitor PSI. This increase in p53 

level was not associated with an increase in p53 mRNA or change 

expression of Puma or Bax mRNA. p53 co-immunoprecipitated with 

Bcl-xL and MDM2, suggesting that p53 was increased in a 

transcription-independent manner (Nair et al., 2006). In human 

cancer cell lines, cell death induced by proteasome inhibitors MG-

132, bortezomib and thiostrepton was correlated with p53-

independent induction of pro-apoptotic protein Noxa, but not with 

p53-dependent upregulation of pro-apoptotic PUMA. Furthermore, 

increased intracellular levels of p53 was sufficient to induce 

apoptosis in both Rat-1 and PC12 cells following MG115 

proteasome inhibitor treatment (Lopes et al., 1997). Despite 

studies using pharmacological inhibitors of the 20S proteasome in 

diverse cell types and animal models, the role of the 26S 

proteasome system in neuronal apoptosis is poorly understood 
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since changes in both anti- and pro-apoptotic proteins have been 

reported following proteasome inhibition (Butts et al., 2005). 

4.1.2 Stathmin and PI3K/Akt pathway 

STMN1 is a downstream target of the PI3K/Akt pathway, and 

activity of the PI3K/Akt pathway can measured by STMN1 

expression and its phosphorylation status (Saal et al., 2007). 

Increased expression of STMN1 following treatment of cervical and 

gastric cancer cells by arsenic trioxide can be inhibited by PI3K 

inhibitors (Gao et al., 2014, Wang et al., 2010). Moreover, 

inhibitors of PI3K decreased proliferation of pancreatic 

neuroendocrine neoplasm cells through decreasing expression and 

phosphorylation of STMN1 (Schimmack et al., 2015).  

In the developing nervous system, the phosphorylation and 

activation of Akt is both necessary and sufficient for survival of 

different neuronal types. Akt can also mediate the neuronal 

survival-promoting activities of a variety of neurotrophic factors, 

including neurotrophin brain-derived neurotrophic factor (BDNF), 

nerve growth factor (NGF) and neurotrophin-3 (NT3) (Datta et al., 

1997, Crowder and Freeman, 1998, Orike et al., 2001, Brunet et 

al., 2001, Duronio, 2008). The PI3K/Akt pathway has been linked 

to promoting neurite outgrowth and enhancing the diameter of 

processes in the brain (Rickle et al., 2004, Kwon et al., 2006, Read 

and Gorman, 2009). In primary neuronal cultures, studies have 

shown the PI3K pathway regulates cell survival, neurite growth, 

dendritic arborisation and axonal branching (Grider et al., 2009). 

Activation of this pathway was also found in the amygdala during 

synaptic plasticity and memory consolidation in fear-conditioned 

rats (Lin et al., 2001).  

An abnormal increase or decrease in Akt activity has been linked 

to diverse diseases, including cancers and may play a significant 

role in the onset and progression of neurodegenerative disorders 

(Chong et al., 2012, Rickle et al., 2004, Manning and Cantley, 

2007). Immunostaining of post-mortem brains indicated that Akt 
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phosphorylation was significantly decreased in dopaminergic 

neurons of PD patients compared with non-PD patient controls 

(Greene et al., 2011, Malagelada et al., 2008, Timmons et al., 

2009). In addition, decreased immunostaining of total Akt protein 

was reported in dopaminergic neurons of PD patients (Timmons et 

al., 2009). A different distribution of Akt and phosphorylated Akt 

was detected in AD temporal cortex neurons compared with 

controls, with increased activation of Akt (phosphorylated-

Akt/total-Akt) which may promote AD progression (Griffin et al., 

2005).  

Akt activity and stability in neuronal cells has been shown to be 

regulated by the UPS (Yan et al., 2006). After establishment of 

neuronal polarity, Akt was enriched in axon terminals then in the 

dendrites. Suppressing the UPS led to symmetric distribution of Akt 

and the formation of multiple axonal branches (Yan et al., 2006). 

In addition, the proteasome inhibitor Bortezomib can inhibit the 

PI3K/Akt pathway and decrease phosphorylated-Akt expression, 

which may play a significant role in Bortezomib-induced apoptosis 

in head and neck squamous cell carcinoma (HNSCC) cells (Lin et 

al., 2012). However, treatment of malignant pleural mesothelioma 

cells with proteasome inhibitor MG132 or Bortezomib led to limited 

apoptosis associated with elevated phosphorylated-Akt expression 

(Yuan et al., 2013). 

Activated Akt can promote cell survival by inhibiting or promoting 

the activity of various pro- and anti-apoptotic factors (Burgering 

and Coffer, 1995, Franke et al., 1995, Franke et al., 1997). In 

addition, Akt can regulate the proteasomal degradation of p27 

(Prasad et al., 2015) and affect p53 protein levels through 

phosphorylation, inhibiting their activity (Yamaguchi et al., 2001).  

4.1.3 Stathmin and p27 

The interaction of p27 with STMN plays a pivotal role in the control 

of cell proliferation in vivo (Berton et al., 2014). p27 can bind to 

the C-terminal end of STMN1, blocking its tubulin sequestering 
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capabilities (Baldassarre et al., 2005). Baldassarre et al. (2005) 

reported that STMN1 bound to p27 in the cytoplasm of sarcoma 

cells and that high STMN1-expressing and low p27-expressing cells 

demonstrate increased proliferation and invasion ability 

(Baldassarre et al., 2005). In vitro STMN1 knockdown led to 

significantly increased p27 expression in extrahepatic 

cholangiocarcinoma (EHCC) cells. Moreover, high STMN1 

expression was associated with low nuclear and high cytoplasmic 

p27 expression in clinical EHCC samples and STMN1 suppression 

regulated proliferation and paclitaxel sensitivity in an EHCC cell line 

(Watanabe et al., 2014). STMN1 was shown to directly interact with 

p27 in the cytoplasm of HuCCT1 cells in vitro (Wang et al., 2017). 

Recent studies raise the possibility that p27 might also control 

STMN1 expression by an indirect pathway (Adam et al., 2015, 

Berton et al., 2014, Atweh and Iancu-Rubin, 2014). It is possible 

that p27 inhibits the phosphorylation of the retinoblastoma (Rb) 

protein by inhibition of cyclin-dependent kinase (CDK) (Adams et 

al., 1999). Phosphorylated Rb is no longer able to inhibit the 

activity of the transcription factor E2F1 (Harbour and Dean, 2000, 

Hiebert et al., 1992), and E2F1 can trans-activate the STMN1 gene 

(Chen et al., 2013). 

In addition to the interactions between STMN1 and p27, the 

PI3K/Akt pathway has been shown to regulate p27, where Akt 

activation downregulates p27 by increasing p27 proteolysis or 

repressing p27 expression through Akt phosphorylation of a 

forkhead transcription factor (Brazil et al., 2004). p27 expression 

in the cell is regulated by proteasome-dependent degradation 

(Pagano et al., 1995). A recent study by Prasad et al. (2015) 

showed p27 down-regulation in cervical cancer cells was primarily 

regulated through PI3K/Akt-mediated proteasomal degradation. 

The authors found treatment of cervical cancer-derived cell lines 

with the PI3K inhibitor LY294002 resulted in reduced Akt1 activity. 

Subsequent treatment of these cell lines with proteasome inhibitor 

MG132 caused decreased nuclear and increased cytoplasmic p27 
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expression. The synergistic effect of MG132 and LY294002 resulted 

in a sub-G1 cell cycle arrest and apoptosis induction through poly 

(ADP-ribose) polymerase (PARP) cleavage (Prasad et al., 2015). 

Expression of p27 in brain is important for cerebral cortex 

development (Lukaszewicz et al., 2005). The absence of p27 

causes a general rise in cell proliferation, reflected by an increased 

brain size in p27 knockout mice (Fero et al., 1996). Adult CNS 

neurons are typically described as post-mitotic cells, which means 

that they permanently retract from the cell cycle. In the adult 

human brain neurogenesis can only take place in the subventricular 

and subgranular zones of the hippocampus (Eriksson et al., 1998). 

Increasing studies have shown that post-mitotic neurons attempt 

to reactivate the cell cycle, which leads to uncoordinated 

expression of cell cycle proteins in neurons (Wang et al., 2009, 

Yang and Herrup, 2007). Progression of attempted cell cycle 

reactivation is closely associated with the phosphorylation of Rb, 

its inability to bind to E2F1, and the degradation of the Rb protein. 

Inhibition of Rb phosphorylation by cyclin dependent kinase 

inhibitors such as p27 can maintain the integrity of the E2F1/Rb 

complex (Chong et al., 2006). 

Re-entry of neurons into the cell cycle can induce apoptosis instead 

of promoting cell division and this may be another mechanism by 

which neurons undergo degeneration (Negis and Karabay, 2016, 

Rashidian et al., 2005). Studies suggest that dysregulation of cell 

cycle proteins may play a crucial role in the pathogenesis of 

Alzheimer's disease. Immunostaining of both p27 and 

phosphorylated p27 (Thr187) was markedly increased in the 

cytoplasm of hippocampal pyramidal neurones in AD in comparison 

with controls (Ogawa et al., 2003). In AD pyramidal neurones a 

significant overlap of p27 with tau-positive neurofibrillary tangles 

was found. Moreover, increased gene expression of p27 was found 

in a cellular model of PD after acute exposure to 6-OHDA treatment 

(Ryu et al., 2005).  
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This chapter will therefore investigate whether decreased STMN1 

expression is associated with changes in the p53, p27 and the 

PI3K/Akt pathways following 26S proteasome disruption in cortical 

mouse neurons. This will lead to a discussion on how these 

pathways may interact in the context of neurodegeneration in this 

model. 
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4.2 Results  

4.2.1 Decreased stathmin expression following 26S 
proteasome dysfunction in mouse cortical neurons 

Previous 2D-DIGE (2-Dimensional Difference In Gel 

Electrophoresis) analyses by our group showed significantly 

decreased STMN1 expression in Psmc1fl/fl;CaMKIIα-Cre mouse 

cortices compared to controls at 6 weeks-old (Elkharaz et al., 

2013). Since altered 26S proteasome activity is evident in 

Psmc1fl/fl;CaMKIIα-Cre cortices at 4 weeks-old, we further 

investigated this observation here by Western blotting at 4 weeks-

old and immunohistochemistry at 4 and 6 weeks-old (Figures 4.1-

4.3) (Bedford et al., 2008). 

4.2.1.1 Stathmin protein expression is decreased at 6 

weeks-of-age 

Investigations of STMN1 protein expression by Western blotting 

showed no significant differences between control and 

Psmc1fl/fl;CaMKIIα-Cre mice at 4 weeks-old (Figure 4.1; p = 0.7), 

and we confirmed significantly decreased STMN1 at 6 weeks-old 

(Figure 4.1; p < 0.001). Therefore, there is an obvious decrease in 

STMN1 protein expression between 4 and 6 weeks-old in 

Psmc1fl/fl;CaMKIIα-Cre cortices compared to controls. 

To determine whether the decreased STMN1 expression in 

Psmc1fl/fl;CaMKIIα-Cre cortices was associated with altered 

distribution of the protein, we performed immunohistochemical 

studies on control and Psmc1fl/fl;CaMKIIα-Cre mouse brain sections 

(Figures 4.2 and 4.3). The results presented in this chapter show 

pyramidal neurons in the somatosensory and auditory cortical 

areas of the brain. In control neurons STMN1 immunoreactivity was 

mainly focused in the cell body, including the nucleus and soma, 

and proximal dendrites of neurons (Figure 4.2A-D, 4 weeks-old; 

Figure 4.3A-D, 6 weeks-old). Enlarged nuclei and protein inclusions 

are evident in cortical neurons in Psmc1fl/fl;CaMKIIα-Cre mice 

(Bedford et al., 2008) (Figure 4.2E-H, 4 weeks-old; Figure 4.3E-H, 

6 weeks-old). In Psmc1fl/fl;CaMKIIα-Cre mice at 4 weeks of age 
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STMN1 immunoreactivity was found predominantly in the cell body 

similar to control neurons and was also detected in protein 

inclusions of affected neurons in Psmc1fl/fl;CaMKIIα-Cre mice 

(Figures 4.2F and H, arrows). However, in neurons with altered 

morphology, i.e. enlarged nuclei, the nucleus appeared to be 

devoid of STMN1 staining (Figure 4.2H). At 6 weeks of age, STMN1 

staining was not detected in affected cortical neurons or protein 

inclusions (Figures 4.3F and H), suggesting decreased STMN1 

expression in these neurons and supporting the Western blotting 

observations. 

Some neurons in Psmc1fl/fl;CaMKIIα-Cre cortices showed similar 

STMN1 immunoreactivity as control neurons and are likely non-

targeted neurons (Figure 4.2E-H, 4 weeks-old; Figure 4.3E-H, 6 

weeks-old; arrowheads). 
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Figure 4.1 STMN1 is significantly decreased in 6 week-old 
Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 

Immunoblots (A) and densitometric analysis (B) of STMN1 (16 kDa) in 4 and 6 

week-old (Elkharaz et al., 2013) control and Psmc1fl/fl;CaMKIIα-Cre mouse 

cortices. 20 µg of protein per lane homogenized in protein lysis buffer was 

subjected to SDS-PAGE on a 12% gel and transferred to nitrocellulose membrane 

for Western blotting. (B) Quantitative analysis of immunoblots used Odessy Studio 

Image software. STMN1 levels was normalised to the level of GAPDH at 4 weeks-

old and actin at 6 weeks-old. Data are presented as % vs. controls. Error bars 

represent mean ± SEM, Student’s unpaired t-test. *** p < 0.001, n=3. 

 

 

 

 

  

4
  w

e
e

ks
-o

ld
6

  w
e

e
ks

-o
ld

Control Psmc1fl/fl;CaMKIIα-Cre

STMN1

GAPDH

15KDa

37KDa

β-actin

STMN115KDa

37KDa

0

50

100

150

%
 v

s.
 c

o
n

tr
o

ls

Control Psmc1fl/fl;CaMKIIα-Cre

***

0

50

100

150

%
 v

s.
 c

o
n

tr
o

ls

Control Psmc1fl/fl;CaMKIIα-Cre

4 weeks-old 6 weeks-old



141 
 

 

Figure 4.2 STMN1 immunostaining in 4 week-old cortical neurons 

Immunohistochemical staining of 7 µm horizontal brain sections from control (A-

D) and Psmc1fl/fl;CaMKIIα-Cre (E-H) mice at 4 weeks-old. B, D, F and H show 

higher magnification images of the boxed areas A, C, E and G respectively. 

Arrowheads indicate neurons in Psmc1fl/fl;CaMKIIα-Cre mice that show similar 

morphology to control neurons (F and H). White arrowhead indicated to proximal 

dendrites of neurons (B and F). Asterisk indicates an enlarged nucleus with 

decreased STMN1 immunostaining (H). Arrows indicate protein inclusions (F and 

H). (I and J) Negative control horizontal brain sections from control mice at 4 

weeks-old without primary antibody. J higher magnification image of the boxed 

area I.   
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Figure 4.3 STMN1 immunostaining in 6 week-old cortical neurons. 

Immunohistochemical staining of 7 µm horizontal brain sections from control (A-

D) and Psmc1fl/fl;CaMKIIα-Cre (E-H) mice at 6 weeks-old. B, D, F and H show 

higher magnification images of the boxed areas in A, C, E and G respectively. 

Arrowheads indicate neurons in Psmc1fl/fl;CaMKIIα-Cre mice that show similar 

morphology to control neurons (F and H). White arrowhead indicated to proximal 

dendrites of neurons (H). Asterisks indicate enlarged nuclei with no STMN1 

immunostaining (F and H). Arrows indicate protein inclusions (F and H).  
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4.2.1.2 Stathmin gene expression is decreased following 

disruption of the 26S proteasome in mouse cortical 

neurons 

Given that we observed significantly decreased levels of STMN1 

protein in Psmc1fl/fl;CaMKIIα-Cre cortices we decided to clarify 

this observation by investigating the levels of STMN1 mRNA 

using real-time quantitative RT-PCR at 4 and 6 weeks-old. Table 

4.1 and Figure 4.4 show that STMN1 mRNA is significantly 

decreased at both 4 and 6 weeks of age in Psmc1fl/fl;CaMKIIα-Cre 

cortices compared to controls (p < 0.0001 by Student’s unpaired 

t-test). STMN1 mRNA was decreased approximately to 2- and 2.8-

fold in Psmc1fl/fl;CaMKIIα-Cre mice at 4 and 6 weeks-old 

respectively (Table 4.1).  

Table 4.1 STMN1 gene expression in 4 and 6 week-old control and 

Psmc1fl/fl;CaMKIIα-Cre mouse cortices. Levels of STMN1 mRNA are normalized to 
the Hmbs housekeeping gene. The normalized relative expression of STMN1 
mRNA is shown based on the ΔΔCT calculation. Data are presented as mean ± 
SEM of n = 8 mice. 
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Figure 4.4 STMN1 mRNA expression is decreased in Psmc1fl/fl;CaMKIIα-
Cre mouse cortices. 

Real-time RT-PCR analysis of STMN1 mRNA expression in cortices from 4 and 6 

week–old control and Psmc1fl/fl;CaMKIIα-Cre mice (n = 8). Levels of STMN1 mRNA 

are normalized to the Hmbs housekeeping gene. (A) The normalized relative 

expression of STMN1 mRNA is shown based on the ΔΔCT calculation (Table 1). 

Data are shown as mean ± SEM. ****p < 0.0001 by Student’s unpaired t-test vs. 

controls (B) Heat map generated using excel to demonstrate low (light green) and 

high (dark green) gene expression. 
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4.2.2 Stathmin regulatory proteins 

In order to investigate mechanisms affecting STMN1 expression in 

cortical neurons, we took a candidate approach and identified 

proteins known to be involved in regulating STMN1. STMN1 is a 

downstream target of many signalling pathways whose activity 

may be regulated by p53, p27 and PI3K/Akt pathway (Karst et al., 

2011). Ubiquitin-mediated protein degradation is a well-

established negative regulatory mechanism that switches off 

diverse cellular activities such as the cell cycle and signal 

transduction (Ciechanover, 2005). p53, p27 and Akt are degraded 

by the ubiquitin-proteasome pathway and therefore were of 

interest in these investigations (Pagano et al., 1995, Shirane et al., 

1999, Asher et al., 2005, Silveira et al., 2014).  

4.2.2.1 Increased p53, but no change in the Bcl2 family, 

following 26S proteasome disruption in mouse cortical 

neurons 

STMN1 is a p53-target gene (Johnsen et al., 2000, Fang et al., 

2010). Studies have shown decreased STMN1 mRNA levels 

following induction of p53 by apoptotic insults, such as UV 

irradiation and doxorubicin treatment (Murphy et al., 1999). In 

addition, p53 negatively regulates STMN1 expression at both the 

transcriptional and translational levels in the lung cancer cell line 

A549 (Fang et al., 2010). This study indicated transcriptional 

repression of STMN1 by p53 activation. p53 is a well characterised 

substrate of the UPS and studies have shown its accumulation in 

response to proteasome inhibition (Vogelstein et al., 2000, Bedford 

et al., 2008).  

p53 is associated with the MT cytoskeleton and, in response to DNA 

damage, is transported towards the nucleus via the minus-end MT-

associated motor protein dynein (Giannakakou et al., 2000). MT-

targeting compounds such as paclitaxel and vincristine can 

enhance the nuclear accumulation of p53 and induce activation of 

the p53-dependent gene mdm2. Nuclear accumulation of p53 was 

dependent on the ability of the MT-targeting compound to bind to 
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tubulin (Giannakakou et al., 2002). It is possible that decreased 

STMN1 expression in Psmc1fl/fl;CaMKIIα-Cre mice may be 

connected to changes in the expression of p53 as part of a p53-

regulated apoptotic process connected and Bcl2 family of proteins. 

Western blotting analyses were carried out to evaluate the protein 

levels of p53 and Bcl2 family proteins Bax and Bcl2 in 4 and 6 week-

old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices (Figures 4.5 

and 4.6). Figure 4.5 shows significantly increased expression of 

p53 at both ages examined in Psmc1fl/fl;CaMKIIα-Cre cortices 

compared to control  mice (Figure 4.5; p < 0.001). In contrast, 

there were no significant differences in levels of Bcl2 family 

proteins Bax and Bcl2 between control and Psmc1fl/fl;CaMKIIα-Cre 

cortices at 4 or 6 weeks of age (Figure 4.6: Bax; 4 weeks-old p = 

0.9, 6 weeks p = 0.9; Bcl2 4 weeks p = 0.4, 6 weeks p = 0.6).  
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Figure 4.5 Increased p53 protein expression in Psmc1fl/fl;CaMKIIα-Cre 
mouse cortices 

Immunoblots and densitometric analysis of p53 (55 kDa) in 4 and 6 week-old 

control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. (A) 60 µg of protein per lane 

homogenized in protein lysis buffer was subjected to SDS-PAGE on a 12% gel and 

transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Odessy Studio Image software analysis. GAPDH was 

used as a loading control for normalisation. Data are presented as relative 

expression to controls. Error bars are mean ± SEM. Student’s unpaired t-test, 

***p < 0.001, n=4. 
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Figure 4.6 Expression of Bcl2 family proteins does not change in 
Psmc1fl/fl;CaMKIIα-Cre mouse cortices 

Immunoblots and densitometric analysis of Bcl2 family proteins Bax (A and B; 50 

kDa) and Bcl2 (C and D; 26 kDa) in 4 and 6 week-old control and 

Psmc1fl/fl;CaMKIIα-Cre mouse cortices. (A and C) 50 µg of protein per lane 

homogenized in protein lysis buffer was subjected to SDS-PAGE on a 12% gel and 

transferred to nitrocellulose membrane for Western blotting. (B and D) 

Quantitative analysis of immunoblots used Odessy Studio Image software 

analysis. GAPDH was used as a loading control for normalisation. Data are 

presented as relative expression to controls. Error bars represent as mean ± SEM. 

Student’s unpaired t-test, n=4. 
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4.2.2.2 Changes in the PI3K/Akt pathway following 26S 

proteasome disruption in mouse cortical neurons 

STMN1 depletion is sufficient to increase cell death in cancer cell 

lines, but the underlying mechanism is unclear (Fang et al., 2010, 

Carney and Cassimeris, 2010, Zhang et al., 2006). Recent studies 

have highlighted a strong correlation between phosphorylated (P)-

Akt and STMN1 expression (Wang et al., 2010, Schimmack et al., 

2015, Belletti and Baldassarre, 2011). In 2007, Saal et al. showed 

that STMN1 was a downstream target of the PI3K pathway, and 

that the activity of this pathway could be measured by STMN 

expression. This study reported that down-regulation of P-Akt 

(S473) by inhibition of the PI3K pathway using LY294002 was 

associated with reduced STMN1 levels in three different PTEN-

mutant breast cancer cell lines (Saal et al., 2007).  Akt is activated 

by phosphorylation at Thr308 and Ser473 by PDK1 and mTORC2 

kinases respectively following activation of the PI3K pathway 

(Burgering and Coffer, 1995, Franke et al., 1997, Griffin et al., 

2005). Akt activation is commonly measured as the ratio of 

phosphorylated-Akt (Ser473) to total Akt. To investigate whether 

downregulation of STMN1 expression following 26S proteasome 

disruption in mouse cortical neurons was associated with changes 

in the PI3K pathway activity, we investigated Akt and P-Akt 

(Ser473) by Western blotting at 4 and 6 weeks-old. 

Figure 4.7 shows a significant decrease in P-Akt and the P-Akt/Akt 

ratio at 4 weeks-old in Psmc1fl/fl;CaMKIIα-Cre cortices relative to 

controls (P-Akt p <0.01; P-Akt/Akt ratio p <0.05). However, at 6 

weeks-old the levels of P-Akt and the ratio of P-Akt/Akt significantly 

increased in Psmc1fl/fl;CaMKIIα-Cre cortices (Figures 4.7B and C; 

P-Akt p < 0.001; P-Akt/Akt ratio p < 0.001). It is possible that the 

changes in phosphorylation of Akt may be a protective response to 

ongoing neurodegeneration between 4 and 6 weeks-old in 

Psmc1fl/fl;CaMKIIα-Cre mice.  
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Figure 4.7 Changes in the PI3K pathway in Psmc1fl/fl;CaMKIIα-Cre mouse 

cortices at 4 and 6 weeks-old 

Immunoblots and densitometric analysis of the PI3K/Akt pathway; Akt and P-Akt 

(60 kDa) in 4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 

(A) 20 µg of protein per lane homogenized in protein lysis buffer was subjected 

to SDS-PAGE on a 12% gel and transferred to nitrocellulose membrane for 

Western blotting. (B and C) Quantitative analysis of immunoblots used Odessy 

Studio Image software analysis. Akt and P-Akt were normalised to GAPDH as a 

loading control. Data are presented as mean ± SEM relative to control mice. 

Student’s unpaired t-test; *p < 0.05, **p < 0.001, ***p < 0.0001, n=4. 
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4.2.2.3 p27 expression does not change following 26S 

proteasome disruption in mouse cortical neurons  

The tumour suppressor protein p27 was originally identified as a 

cyclin/cyclin-dependent kinase (CDK) inhibitor, blocking the 

activity of cyclin/CDK complexes and G1/S arrest (Vidal and Koff, 

2000, Hengst et al., 1994). p27 is an interacting partner of STMN1, 

which interferes with the ability of STMN1 to sequester tubulin and 

leads to increased microtubule polymerization (Baldassarre et al., 

2005). The p27/STMN1 interaction plays a pivotal role in the 

control of cell proliferation in vivo (Berton et al., 2014). 

Western blot and densitometric analysis here (Figure 4.8) show 

that the expression levels of p27 protein were not significantly 

different between control and Psmc1fl/fl;CaMKIIα-Cre cortices at 4 

and 6 weeks of age (Figure 4.8B; 4 weeks-old p = 0.6, 6 weeks-

old p = 0.3). 
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Figure 4.8 No change in p27 expression in Psmc1fl/fl;CaMKIIα-Cre mouse 
cortex. 

Immunoblots and densitometric analysis of p27 (26 kDa) in 4 and 6 week-old 

control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. (A) 50 µg of protein per lane 

homogenized in protein lysis buffer was subjected to SDS-PAGE on a 12% gel and 

transferred to nitrocellulose membrane for Western blotting. (B) Quantitative 

analysis of immunoblots used Odessy Studio Image software analysis. p27 level 

was normalised to GAPDH as a loading control. Error bars represent mean ± SEM. 

Student’s unpaired t-test, n=4. 

  

Control Psmc1fl/fl;CaMKIIα-Cre

25KDa P27

37KDa GAPDH

6
  w

ee
ks

-o
ld

4
  w

ee
ks

-o
ld

25kDa P27

GAPDH37kDa

20KDa

20kDa

4  w e e k s-o ld 6  w e e k so ld

0 .0

0 .5

1 .0

1 .5

R
e

la
ti

v
e

 e
x

p
re

s
s

io
n

 o
f 

p
2

7

C o n t r o l

P s m c 1
f l/ f l

; C a M K ll -C r e



154 
 

4.3 Discussion  

The work described in this chapter expands our understanding of 

the molecular events during neurodegeneration following 26S 

proteasome dysfunction in cortical neurons. The aim was to 

investigate known cellular pathways involved in regulating STMN1 

expression. In this chapter we have shown that changes in p53 and 

the PI3K/Akt pathway may be involved in regulating the expression 

of STMN1 following 26S proteasome dysfunction in this model. 

4.3.1 Stathmin expression decreases following disruption 

of the 26S proteasome in mouse cortical neurons 

Stathmin (STMN1) is a member of a family of MT regulatory 

proteins that play critical roles in destabilizing microtubules by 

direct interaction with tubulin dimers and inhibition of tubulin 

polymerization (Belmont and Mitchison, 1996, Clement et al., 

2005). Previous studies from our lab showed significantly 

decreased STMN1 protein levels associated with neurodegeneration 

following disruption of the 26S proteasome in forebrain mouse 

neurons (Elkharaz et al., 2013). These studies were performed at 

6 weeks-of-age and extending these observations; here we show 

that there are no significant differences in the STMN1 protein levels 

at 4 weeks-of-age. Interestingly, analyses of STMN1 gene 

expression show that STMN1 mRNA is significantly decreased at 4 

and 6 weeks-old in Psmc1fl/fl;CaMKIIα-Cre cortices compared to 

controls. This suggests that the dramatic decrease in STMN1 

protein levels at 6 weeks-of-age may be caused by down-

regulation of STMN1 mRNA during the progression of 

neurodegeneration in this context. STMN1 mRNA, but not protein, 

is decreased at 4 weeks-old, and this may reflect the turnover of 

the STMN protein.  

In general, decreased STMN1 levels correlate with decreasing 26S 

proteasome activity causing progressive neurodegeneration in 

Psmc1fl/fl;CaMKIIα-Cre cortical neurons. Our observations in 

general are in agreement with previous studies, which found 

decreased STMN1 expression with aging and more so in 
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Alzheimer’s disease cases (Saetre et al., 2011, Jin et al., 1996, 

Cheon et al., 2001, Hayashi et al., 2006, Uchida and Shumyatsky, 

2015). Moreover STMN-deficient mice develop an aging 

axonopathy (Liedtke et al., 2002).  

STMN1 is expressed at high levels in the brain, including expression 

in neurons and glia (Bohm et al., 2015). Studies have shown that 

the distribution of STMN1 immunostaining in the neuron is 

restricted to the somata and proximal dendrites (Boekhoorn et al., 

2014, Bohm et al., 2015, Liedtke et al., 2002). Interestingly, we 

demonstrate that STMN1 was localized to the nucleus, cytoplasm 

and part of dendrites of cortical neurons in control mice. In targeted 

Psmc1fl/fl;CaMKIIα-Cre cortical neurons, characterised by the 

presence of protein inclusions and enlarged nuclei, STMN1 

immunostaining was localized to the cytoplasm and protein 

inclusions, with decreased staining in the nucleus associated with 

aging. At 6 weeks-of-age, we did not detect STMN1 

immunostaining in soma and proximal dendrites of targeted 

Psmc1fl/fl;CaMKIIα-Cre neurons. This observation may be 

explained by decreased transcription of STMN1 in neurons in 

response to decreased 26S proteasome activity with increasing 

age. 

Our data suggest that STMN1 may be regulated at the 

transcriptional level in Psmc1fl/fl;CaMKIIα-Cre mice. In order to 

identify mechanisms that may be involved in this regulation, we 

investigated proteins and pathways that are known to regulate or 

interact with STMN1. Expression of STMN1 has been shown to be 

affected by p53 (Karst et al., 2011, Fang et al., 2010) and the 

PI3K/Akt pathway (Wang et al., 2010), and STMN1 is a binding 

partner of p27 (Berton et al., 2014).  
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4.3.2 Increased p53, but no change in the Bcl2 family, 

following 26S proteasome disruption in mouse cortical 

neurons 

p53 is a tumor suppressor protein that regulates many cellular 

processes through gene transcription (Sionov and Haupt, 1999). 

Studies have shown that p53 can downregulate the transcription of 

STMN1, and, in lung cancer cells, this was via the transcription 

factor Egr1 (Johnsen et al., 2000, Fang et al., 2010). Further 

studies show p53/p73-mediated negative regulation of STMN may 

occur through the induction of p21/CDKN1A (Lohr et al., 2003, 

Asher et al., 2005). STMN can also effect p53 stability and 

transcriptional activity via the catalytic subunit of the DNA-

dependent protein kinase (DNA-PKCS). Inhibition of STMN or DNA-

PKCS effects p53-dependent transcription of several M phase 

regulators, leading to the failure of M phase and death of epithelial 

ovarian carcinomas (EOC) cells (Sonego et al., 2013). Our results 

show a correlation between decreased protein and transcript levels 

of STMN1 and increased p53 expression following 26S proteasome 

disruption in forebrain neurons, suggesting that p53 may be 

transcriptionally regulating STMN1 in this context. 

It is also possible that increased p53 may lead to activation of p53-

regulated apoptotic signalling processes, which contribute to 

neuronal cell death in this context. The role of the p53 in apoptosis 

induced by treatment of human cancer cells with proteasome 

inhibitors has been the subject of considerable debate. Some 

authors suggest that cell death induced by proteasome inhibitors 

is p53-dependent (MacLaren et al., 2001, Ding et al., 2007, Yu et 

al., 2007, Vaziri et al., 2009). Treatment of colon cancer cells with 

MG132 or bortezomib induced a significant accumulation of p53 

and PUMA associated with Bax activation, cytochrome c release and 

apoptosis (Ding et al., 2007). Other studies have indicated that 

inhibition of proteasome activity by bortezomib is associated with 

enhanced apoptosis by p53-dependent and NF-κB independent 
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mechanisms in in vitro models of renal cell carcinoma (Vaziri et al., 

2009). 

However, others suggest that proteasome inhibitors can induce 

apoptosis by a p53-independent mechanism (Kitagawa et al., 

1999, Asher et al., 2005, Perez-Galan et al., 2006, Pandit and 

Gartel, 2011, Zhuang et al., 2016). Previously it has been shown 

that one of the p53 targets, Noxa, is induced by proteasome 

inhibitors such as MG132, bortezomib, and thiostrepton in human 

cancer cells of different origins by a p53-independent mechanism 

(Pandit and Gartel, 2011). 

We show a significant increase in p53 in Psmc1fl/fl;CaMKIIα-Cre 

cortices at both 4 and 6 weeks-of-age. Since p53 is degraded by 

the UPS, our observations suggest that p53 is stabilized due to 

decreased degradation in this model. However, we cannot exclude 

that p53 is transcriptionally activated in the brain following 26S 

proteasome dysfunction. Inhibition of the proteasome complex can 

lead to stabilization of proteins that induce cell cycle arrest and 

apoptosis, including p53 (An et al., 2000). Stabilized p53 may 

induce apoptosis and cell cycle arrest by increasing p53 

transcriptional activity. Rashidian et al. (2005) suggests that cell 

cycle regulators such as cyclin-dependent kinases are abnormally 

activated in neuropathological conditions, including stroke and 

neurodegenerative disease and may have an important role in 

neuronal death mechanisms (Rashidian et al., 2005). 

p53 accumulation in the nucleus following stress is important to its 

activity, which involves binding to p53-target genes. Consistent 

with this view, we previously showed expression of p53 protein 

predominantly in nuclei of Psmc1fl/fl;CaMKIIα-Cre cortical neurons 

(Bedford et al., 2008). Consequently, we suggest decreased 

expression of STMN1 following 26S proteasome dysfunction in 

neurons may be a consequence of increased p53 and its associated 

transcriptional activity.  
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Pro-apoptotic and anti-apoptotic members of the Bcl-2 family 

proteins, such as Bax and Bcl-2, may be affected by changes in 

expression of p53. Here we did not detect any significant 

differences in the expression of these proteins at 4 and 6 weeks-

of-age between control and Psmc1fl/fl;CaMKIIα-Cre mouse cortices. 

This result is consistent with a previous study investigating 

mechanisms of apoptosis induced by the proteasome inhibitor 

Bortezomib in cancer cell lines with differing p53 status. The study 

found that expression of the death gene Bik/Nbk was rapidly up-

regulated by Bortezomib, but the levels of other Bcl-2 family 

members (Bax, Bak, Bcl-2 and Bcl-XL) did not change at any 

Bortezomib concentration or time point (Zhu et al., 2005). Applying 

pharmacological proteasome inhibitors to cultured neonatal mouse 

sympathetic neurons led to apoptotic death, which was 

accompanied by caspase 3 activation, release of cytochrome c and 

increased Bcl-2 expression, but no change in Bax (Lang-Rollin et 

al., 2004). Further investigations of apoptosis and Bcl-2 family 

members may provide insight into the mechanisms following 26S 

proteasome dysfunction in neurons in this model. It is possible that 

the lack of significant change in pro and anti-apoptotic Bcl-2 family 

members may be a result of activation or suppression of other 

pathways not analysed here. 

4.3.3 Changes in the PI3K/Akt pathway following 26S 

proteasome disruption in mouse cortical neurons 

The PI3K/Akt signaling pathway plays a critical role in anti-

apoptotic signal transduction and can block cell death by either 

blocking the cell death machinery, or regulating expression of 

genes involved in cell death, protecting cells from several apoptotic 

stimuli (Kennedy et al., 1997, Brunet et al., 2001).  

A strong correlation between P-Akt and STMN1 expression has 

been highlighted by many research studies. Increased Akt activity 

and STMN1 levels are closely related with tumour progression and 

patient outcome (Pérez-Tenorio and Stål, 2002, Ying et al., 2013, 

Li et al., 2015). Recent studies have demonstrated that PI3K 
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pathway activation in clinical tissue from prostate cancer was 

directly correlated with P-Akt and STMN1 immunohistochemical 

staining (Martin et al., 2015). STMN1 expression has been closely 

linked to the PI3K-mediated signal transduction pathway by a 

study identifing STMN1 as a biomarker of PI3K pathway activation 

and fallopian tube epithelial transition from benign to malignant 

mucosa (Karst et al., 2011).   

In 2007, Saal et al. showed that STMN1 was a downstream target 

of the PI3K pathway because down-regulation of P-Akt (S473) by 

PI3K pathway inhibition using LY294002 was associated with 

reduced STMN1 levels in the three different PTEN-mutant breast 

Cancer cell lines (Saal et al., 2007). Further studies showed that 

decreased P-Akt expression or inactivation of Akt may be involved 

in the cell death induced by arsenic trioxide (As2O3) treatment in 

gastric cancer cells (Gao et al., 2014). In contrast, treatment of 

cervical cancer cells with As2O3 induced STMN1 up-regulation, 

which was mediated by the PI3K/Akt pathway, and co-treatment 

of As2O3 with the LY294002 PI3K/Akt pathway inhibitor led to a 

significant decrease in STMN1 expression (Wang et al., 2010). In 

pancreatic neuroendocrine neoplasm, pathological parameters 

were associated with overexpression of STMN1, and PI3K inhibitory 

therapy can decreased proliferation of  these tumour cells through 

decreasing expression and phosphorylation status of STMN1 

(Schimmack et al., 2015).  

Our studies show a relationship between STMN1 expression and 

activation of the PI3K/Akt pathway following 26S proteasome 

disruption in cortical mouse brain neurons. STMN1 expression was 

significantly decreased at the transcriptional level at both 4 and 6 

weeks-of-age in Psmc1fl/fl;CaMKIIα-Cre mice, but STMN1 protein 

was only significantly decreased at 6 weeks-of-age. P-Akt/Akt ratio 

at 4 week-old showed a tendency to decrease, which is suggestive 

of inactivation of this pathway. Previous literature suggested 

decreased activity of the PI3K/Akt pathway decreases STMN1 
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expression and this is supported by our observation of decreased 

STMN1 mRNA. 

At 6 weeks-of-age P-Akt and the P-Akt/Akt ratio is dramatically 

increased in Psmc1fl/fl;CaMKIIα-Cre cortices compared to the 

controls, suggestive of activation of this pathway. This is 

interesting given the significant decrease in STMN1 mRNA and 

protein expression observed at this age. Furthermore, we have also 

shown significantly increased free/polymerized-tubulin ratio at 6 

weeks-old in Psmc1fl/fl;CaMKIIα-Cre cortices, which is associated 

with increased tyrosinated tubulin; found in the most dynamic MTs, 

suggesting more dynamic or unstable microtubules. In the context 

of our results, therefore, we would expect STMN1 to increase. It is 

possible that decreased STMN1 expression at 6 weeks-old is a 

negative feedback loop attempting to stabilize MT following 26S 

proteasome disruption in neurons.  

Increased P-Akt expression and Akt activity has been shown 

protect substantia nigra dopaminergic neurons from oxidative 

stress in a mouse MPTP model of PD (Aleyasin et al., 2010, Salinas 

et al., 2001). Study of the PI3K/Akt/mTOR pathway in human post-

mortem brain from late AD, amnestic mild cognitive impairment 

(MCI) and pre-clinical AD (PCAD) patients found hyperactivation of 

PI3K/Akt/mTOR pathway in MCI and late AD, but not in PCAD. 

Activation was positively correlated with decreased autophagy 

activation and increased amounts of Aβ (Tramutola et al., 2015).  

There is evidence to suggest that increased P-Akt expression or 

elevation of Akt activity as we have found at 6 weeks-old may be 

a neuroprotective response from affected neurons in an attempt to 

promote survival. Proteasome inhibitor (YSY01A), a potential 

treatment for breast cancer, has been shown to affect various 

regulatory proteins in the MCF-7 tumor cell line, including cell cycle 

associated proteins and the PI3K/Akt pathway. Inhibition of the 

proteasome led to increases in p53, p21 and p27, but decreased P-

Akt (Xue et al., 2015). The anti-tumor effect of YSY01A is mediated 

by cell cycle arrest at the G2/M stage (Zhang et al., 2015b), via 
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decreased activity of the PI3K/Akt pathway (Xue et al., 2015). 

Additionally, proteasome inhibitor Bortezomib can also inhibit Akt 

activity in a dose-dependent manner and down-regulation of P-Akt 

played a significant role in Bortezomib-induced apoptosis in head 

and neck squamous cell carcinoma (HNSCC) cells (Lin et al., 2012). 

These studies are in contrast to our findings showing increased 

activity of the PI3K/Akt pathway following genetic inactivation of 

the 26S proteasome in neurons. However, treatment of malignant 

pleural mesothelioma (MPM) cells with proteasome inhibitor MG132 

or Bortezomib induced limited apoptosis in MPM cells associated 

with elevated P-Akt protein levels (Yuan et al., 2013), supporting 

our findings.  

Apoptosis is positively regulated by the tumor-suppressor p53 and 

negatively regulated by the pro-survival PI3K/Akt pathway. 

Increased transcriptional activity of p53 increases the expression 

of many pro-apoptotic genes, including death receptors and 

multiple pro-apoptotic Bcl-2 family members. p53 also represses 

the expression of anti-apoptotic genes such as Bcl-2 and Bcl-xL 

(Wang and Scadden, 2015). Activation of the PI3K/Akt pathway 

can suppress apoptosis either directly by phosphorylating and 

inactivating pro-apoptotic proteins such as Bad and Bax or 

indirectly by activating downstream pro-survival targets such as 

FOXO, NF-κB and GSK signaling cascades (Zhang et al., 2011). 

The results show that decreased STMN1 mRNA level at 4 weeks-

old in Psmc1fl/fl;CaMKIIα-Cre cortices may be a response to 

increased p53 at this age since STMN1 is a p53-target gene 

(Johnsen et al., 2000, Fang et al., 2010). Moreover, at 4 weeks of 

age the levels of P-Akt in Psmc1fl/fl;CaMKIIα-Cre cortices also 

decrease, which promotes neurodegeneration. These observations 

may explain the significantly decreased STMN expression and 

increased apoptotic neurons evident at 6 weeks-old in 

Psmc1fl/fl;CaMKIIα-Cre cortex. 

In vitro studies in human retinal pigment epithelial cells reported 

that treatment with low levels of proteasome inhibitors induced 
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resistance to oxidative injury by a pathway involving inhibition of 

the PI3K/Akt-mTOR pathway and activation of autophagy (Tang et 

al., 2014). In addition, inhibition of Akt phosphorylation and its 

downstream signalling resulted in activation of autophagy via 

decreased mTORC1 activity in cancer cells (Makhov et al., 2014). 

26S proteasome dysfunction in cortical neurons was associated 

with increased levels of phosphorylated p62 and OPTN, and LC3B-

II in Psmc1fl/fl;CaMKIIα-Cre cortices at 3 weeks of age, supporting 

early autophagy induction (Ugun-Klusek et al., 2017). It is possible 

that this may explain the decreased P-Akt levels at 4 weeks-old 

following 26S proteasome dysfunction. However, continued 26S 

proteasome dysfunction in cortical neurons leads to decreased 

autophagy by decreasing levels of essential autophagy proteins 

ATG9 and LC3B, in Psmc1fl/fl;CaMKIIα-Cre mice cortices at 6 weeks-

old (Ugun-Klusek et al., 2017). A previous study reported that the 

PI3K/Akt/mTOR signaling pathway has a critical role in the negative 

regulation of autophagy activity. Interferon regulatory factor-4 

binding protein (IBP) can inhibit autophagy via activating the 

PI3K/Akt/mTOR signaling pathway in breast cancer cells (Han et 

al., 2013).  

The activity of the PI3K/Akt/mTOR pathway is also linked to 

autophagic processes and may be related to neuroprotective 

effects in neurons (Young et al., 2009). P-Akt can activate mTOR a 

major repressor of autophagy, suggesting that activation of Akt 6 

weeks-old may be involved in the downregulation of autophagy 

following 26S proteasome dysfunction. Another study suggested 

that enhanced activation of Akt may be involved in inhibition of 

lethal autophagy-induced neuronal death caused by Ginsenoside 

rb1 (Luo et al., 2014).  

We have previously shown evidence of a neuroprotective response 

to increased ROS following 26S proteasome disruption, showing 

increased antioxidant peroxiredoxin 6 (PRDX6) and phospholipase 

A2 (PLA2) activities in response to elevated ROS (Elkharaz et al., 

2013). In vitro studies in human lung cancer cells showed a 
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correlation between increased P-Akt and increased PRDX6, 

supporting our observations. PRDX6 induced lung cancer cell 

invasiveness by generating arachidonic acid via its PLA2 activity; 

arachidonic acid enhanced invasiveness by stimulating signalling 

components such as p38 kinase, PI3K and Akt (Sloss et al., 2008).  

An in vitro study showed a role for active phosphorylated Akt in 

promoting neurite outgrowth and enhancing dendritic branching in 

cultured hippocampal mature neurons (7–14 Days IV). This 

dendritic complexity was reduced by inhibition of PI3K and Akt 

activity. There is also evidence that increased activity of Akt can 

increase axonal branching and soma size in primary sensory 

neurons via activation of mTOR (Grider et al., 2009). These results 

are in agreement with our data in chapter 5, showing significantly 

increased apical dendrite length and dendritic arborisations by NFH 

and NFL immunostaining of 6 weeks-old pyramidal neurons 

following 26S proteasome dysfunction. Therefore, the increase in 

P-Akt at 6 weeks-of-age may be promoting neuronal protection and 

repair.  

4.3.4 p27 expression does not change following 26S 

proteasome disruption in mouse cortical neurons  

p27 is a cyclin-dependent kinase inhibitor (CDKI) that regulates 

cell cycle progression by binding to and inhibiting the activity of 

cyclin-dependent kinases (CDKs) (Nigg, 1993). STMN1 is an 

interacting partner of p27. The p27/STMN interaction plays a 

pivotal role in the control of cell proliferation in vivo (Berton et al., 

2014). p27 can bind to the C-terminal end of STMN1, and block its 

tubulin sequestering capability (Baldassarre et al., 2005). 

Baldassarre et al. (2005) reported that STMN1 bound to p27 in the 

cytoplasm of sarcoma cells and that high STMN1-expressing and 

low p27-expressing cells demonstrate increased proliferation and 

invasion ability (Baldassarre et al., 2005). Recent studies raise the 

possibility that p27 might also control STMN1 expression by an 

indirect pathway (Adam et al., 2015, Berton et al., 2014, Atweh 

and Iancu-Rubin, 2014). The possibility is that p27 can inhibit 
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phosphorylation of the retinoblastoma (Rb) protein by inhibition of 

CDK (Adams et al., 1999). Phosphorylated Rb protein is no longer 

able to inhibit the activity of the transcription factor E2F1 (Harbour 

and Dean, 2000, Hiebert et al., 1992), and STMN1 gene is 

transactivated by the E2F1 protein (Chen et al., 2013). 

p27 was investigated at both 4 and 6 weeks-of-age in control and 

Psmc1fl/fl;CaMKIIα-Cre mouse cortices. No significant differences in 

p27 protein expression were observed at either age. These results 

suggest that decreased STMN1 expression following 26 proteasome 

disruption in cortical neurons may be regulated by other signalling 

pathways independent of p27. The PI3K/Akt pathway had been 

shown to directly and indirectly regulate CDKIs p21 and p27, 

allowing cell cycle progression (Chang et al., 2003). Akt activation 

can downregulate p27 by increasing p27 proteolysis or repressing 

p27 expression through Akt phosphorylation of a forkhead 

transcription factor (Brazil et al., 2004). We previously reported 

that decreased 26S proteasome activity in primary mouse 

embryonic fibroblasts (Psmc1+/−) did not affect the expression of 

p21, but was associated with a prominent G2/M cell cycle arrest 

(Rezvani et al., 2012). Further immunohistochemical studies are 

required to further investigate any changes in the cellular 

localization of p27 in these mice. 
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Chapter 5  

Morphological and neurofilament 

changes following disruption of the 

26S proteasome in mouse cortical 

neurons  
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5.1 Introduction  

5.1.1 Morphological insights into neurodegenerative 

diseases 

Cortical thickness has been used as an important morphological 

feature in the diagnosis and prognostication of neurodegenerative 

diseases. For instance, Alzheimer’s disease (AD) and 

frontotemporal dementia (FTD) are difficult to differentiate 

clinically because of overlapping symptoms and histopathological 

examination of brain tissue is required for definite diagnosis (Siri 

et al., 2001). However, histopathological studies of cortical 

thickness have reported damage to specific cortical layers in these 

diseases; layer II of the entorhinal cortex and layer III of the 

neocortex in AD and layers III and V of the frontal and temporal 

lobes in FTD (Kersaitis et al., 2004, Gomez-Isla et al., 1996). 

Cortical thinning has been shown to be associated with disease 

severity and progression in neurodegenerative diseases. Patients 

with PD have significant cortical thinning in the temporal, inferior 

parietal, rostral frontal and orbitofrontal cortical regions, and this 

was associated with disease duration (Lyoo et al., 2010). A 

magnetic resonance imaging (MRI) study of cortical thickness 

showed thinning of the cortex in regions including the medial 

temporal lobe, frontal and parietal lobes in patients with AD when 

compared to normal patients (Badhwar et al., 2013, Lerch et al., 

2005). 

Although the pathogenesis of most neurodegenerative diseases 

remains incompletely understood, neurodegeneration and 

associated atrophy is the main feature of disease (Double et al., 

1996, Regeur, 2000). Morphometric studies have been used to 

analyse neuron numbers and densities as well as other features, 

including the cell body and nucleus, for a better understanding of 

the pathogenesis of degenerative diseases (Ihara et al., 2010, 

Iacono et al., 2009, Iacono et al., 2008, Everall et al., 1997, 

Bussiere et al., 2003, Bundgaard et al., 2001). Previous 

morphometric analysis of AD brain sections showed a significant 
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loss of large neurons in the nucleus basalis, associated with a 

reduction in the perikaryon and nuclear diameter (Rinne et al., 

1987). The number of nerve cells and volume of their nucleoli were 

decreased in both the temporal cortex and hippocampus of AD 

patients (Mann et al., 1985). Another study reported decreased 

neuronal volumes in the neocortex of AD patients (Bussiere et al., 

2003). More recent studies detected no difference in neuronal 

nucleus diameter in the dentate gyrus and CA4 region of the 

hippocampus between AD, DLB and control patients (Gagyi et al., 

2012).  

However, other studies have shown the mean nuclear volume of 

large neocortical neurons is significantly higher in AD patients than 

controls, while the perikaryal volume was not significantly different 

(Bundgaard et al., 2001). Increased neuronal nucleus volume, 

referred as nuclear hypertrophy, was observed in the anterior 

cingulate gyrus and hippocampal CA1 region in asymptomatic AD 

patients in comparison to mild cognitive impairment AD and 

controls (Riudavets et al., 2007). This may represent an early 

compensatory mechanism that prevents the progression of disease 

(Iacono et al., 2008, Iacono et al., 2009). The differences observed 

in morphology between studies may be due to evaluation of 

different brain regions and stages of the neurodegenerative 

process. 

5.1.2 Neurofilament proteins in neurodegenerative disease 

Neurofilaments (NFs) are the major intermediate filament proteins 

found in neurons (Friede and Samorajski, 1970), where they form 

the backbone of the axonal cytoskeleton during neuronal 

differentiation, radial axonal growth, regeneration and guidance 

(Zhu et al., 1997, Perrot et al., 2008, Liu et al., 2011, Dale and 

Garcia, 2012). 

In mature neurons, NFs are heteropolymers of three protein 

subunits; heavy (NFH, 180-200kDa), medium (NFM, 130-170kDa) 

and light (NFL, 60-70kDa) (Hoffman and Lasek, 1975, Griffin et al., 
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1978). Each subunit contains a central α-helical rod domain, edged 

by an N-terminal head domain and a non-α-helical C-terminal 

domain. NFL subunits constitute the core of the filament on which 

NFM and NFH subunits are anchored through coiled-coil 

interactions or rod domains. NFM and NFH subunits alone are 

unable to form intermediate filaments in the absence of NFL (Carter 

et al., 1998, Elder et al., 1998). The N-terminal domain of NFs has 

a MT polymerization inhibitory domain that binds unassembled 

tubulin and regulates the number of MTs in the axon (Bocquet et 

al., 2009). The C-terminal domain of NFM and NFH forms side arms 

that project from the filament and are enriched in Lys-Ser-Pro 

(KSP) repeats (Hirokawa, 1982). The phosphorylation state of KSP 

motifs repeated in these lateral projections is important in 

regulating the rate of NF transport and radial growth of axons 

(Carden et al., 1987). In addition, NF interactions with MTs also 

depends on the phosphorylation state of the C-terminal domain; 

de-phosphorylation of this domain by alkaline phosphatase 

promotes NF and MT interaction (Hisanaga and Hirokawa, 1990), 

while phosphorylation by tau protein kinase II dissociates NFs from 

MTs (Miyasaka et al., 1993). 

Abnormal accumulation of NFs in neurons is a hallmark of neuronal 

dysfunction and axonal degeneration seen in many 

neurodegenerative diseases, such as amyotrophic lateral sclerosis 

(ALS), Alzheimer’s (AD) and Parkinson’s (PD) diseases (Perrot et 

al., 2008, Liu et al., 2011). Increased NFs coincides with lack of 

axonal sprouting and increased dynamic instability of axonal MTs 

(Cifuentes-Diaz et al., 2002, Lariviere and Julien, 2004), 

suggesting that increased NFs and destabilization of MTs are 

functionally related. NFs can modulate MT stability and thus axon 

caliber and axonal transport (Millecamps and Julien, 2013). 

Increased NF accumulation has been shown to cause 

neurodegeneration by disrupting axonal transport of cargos 

required for axonal maintenance (Collard et al., 1995). A recent 

study showed that the destabilizing activity of STMN1 was 
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enhanced when NFs were increased in progressive motor 

neuronopathy (pmn) pathology and probably in other 

neurodegenerative disorders, and this may explain axonal 

degeneration (Yadav et al., 2016). In addition, depletion of NFL in 

pmn mice increased microtubule stability and delayed axon 

degeneration by increasing the interaction between Stat3 and 

STMN1 (Selvaraj et al., 2012, Yadav et al., 2016). Depletion of 

axonal NFL in NFL knockout mice and in double transgenic mice 

with overexpression of peripherin leads to improved axonal 

transport of mitochondria and lysosomes (Perrot and Julien, 2009).  

Increased MT instability and altered axonal transport have been 

suggested as underlying mechanisms that lead to accumulation of 

NFs in degenerating neurons (Perrot and Eyer, 2009, Perrot and 

Julien, 2009). Upregulation of NFs in neurodegenerative diseases 

could be a consequence of increased NF synthesis (Szaro and 

Strong, 2010) or their defective degradation. Increased NF protein 

synthesis was ruled out in degenerating neurons of ALS and AD 

patients, where significantly decreased NFL mRNA levels were 

found (Strong, 2010, Bergeron et al., 1994, Kittur et al., 1994), 

while NFM and NFH mRNA levels remained unchanged in ALS 

(Wong et al., 2000).  

NFs have been reported as a target of the ubiquitin-proteasome 

pathway and calpain (Gou and Leterrier, 1995, Lopez-Picon et al., 

2006). Inhibition of NF degradation was noted following the 

inhibition of calpain and proteasomal activity during axonal 

degeneration in injured peripheral nerves (Park et al., 2013). In 

addition, TRIM2 deficiency can lead to neurodegeneration in mice 

by altering NFL metabolism with consequent NFL accumulation in 

axons and impairment of axonal transport. TRIM2 is an E3 ubiquitin 

ligase that ubiquitinates NFL for degeneration (Balastik et al., 

2008). TRIM2 deficiency led to axonopathy with axonal 

accumulation of NFs in human cell lines and a mouse model 

(Ylikallio et al., 2013). NFM has been identified as a target of the 

E3 enzyme carboxyl-terminus of Hsc70 interacting protein CHIP, 
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which enhances NFM ubiquitination and degradation (Wang et al., 

2011, Dale and Garcia, 2012). 

Immunohistochemical studies reported accumulation of 

phosphorylated NFH and NFM subunits in the perikarya and tangle-

bearing neurons in AD brain (Wang et al., 2001). NFs are 

synthesized and assembled in the cell body and their 

phosphorylation occurs upon entry into the axon, suggesting the 

importance of NF phosphorylation in its transport and interaction 

with cytoskeletal proteins (Wang et al., 2001, Liu et al., 2011). The 

phosphorylated form of NF subunits are found in the axoplasm, 

while the non-phosphorylated form is located in the neuronal 

perikarya and dendrites (Nixon et al., 1994). Non-phosphorylated 

NF subunits are rapidly degraded by the UPS and increased NF 

phosphorylation prevents their turnover by UPS (Dale and Garcia, 

2012). In vitro studies using cultured rat pheochromocytoma 

subcloned (PC12h) cells showed that the proteasome inhibitor 

lactacystin can induce neuropathological features associated with 

perikaryal accumulation of phosphorylated NFs (Masaki et al., 

2000).  Accumulation of phosphorylated NF proteins in the 

neuronal soma was associated with neuronal dysfunction and 

degeneration in MS patients (Gray et al., 2012). Furthermore, 

transgenic mice overexpressing NFM show NF accumulation with 

filamentous swellings in perikarya and proximal axons of motor 

neurons (Wong et al., 1995). An in vitro study revealed that 

disordered NFH and NFM phosphorylation in neurons could lead to 

blockage of axonal transport and neuronal cell death (Shea et al., 

2004). Aberrant phosphorylation of neuronal NFM and NFH proteins 

has been shown to be involved in AD (Rudrabhatla et al., 2010). 

Qualitative and quantitative studies have shown that accumulation 

of NFH subunit in the neuronal perikarya and spheroids has an 

important role in the ALS pathogenesis (Mendonca et al., 2005).   

NFs play an important role in the structural integrity of neurons 

and in neuronal development (Mendonca et al., 2005). In the 

mammalian brain, NFs are present in the perikarya, dendrites and 
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proximal segment of axons of pyramidal neurons within cortical 

layers II/III and V, and this has been useful in delineating 

subpopulations of neurons and characterizing the cytoarchitectonic 

organization of cortical areas (Hof et al., 1992, Kirkcaldie et al., 

2002, Van der Gucht et al., 2007, Mellott et al., 2010, Paulussen 

et al., 2011). 

Pyramidal neurons are found in most mammalian forebrain 

structures, including the cerebral cortex, the hippocampus and the 

amygdala (Pestronk, 1997). Neocortical pyramidal neurons are the 

major excitatory neuron in all cortical layers except layer I, 

representing 70–85% of the total population of neurons in the 

cortex (Romand et al., 2011). Typical pyramidal neurones are 

characterized by their pyramidal or ovoid shaped soma and long 

apical dendrite, ascending from the apex of the soma and ending 

in a terminal tuft near the pial surface. In addition, there are four 

to five dendritic domains emerging from the base of the soma, 

directed laterally or downward (Larkman et al., 1992, Ito, 1992, 

DeFelipe and Fariñas, 1992). Therefore, the length of the apical 

dendrite depends on the depth of the cell soma from which it 

emerges. However, there are many exceptions to this as the 

majority of layer VI and some layer V pyramidal neurons apical 

dendrites do not reach layer I (DeFelipe and Fariñas, 1992). 

Dendrites play important roles in neuronal function (Yuste and 

Tank, 1996). However, the cellular mechanism for the growth and 

maintenance of dendritic arborization is unclear (Kong et al., 

1998). The abundance of NFs in dendrite trees in many types of 

neurons suggests that they may play a role in the growth and 

maintenance of elaborate dendritic trees (Spruston, 2008). During 

neuronal development, the expression of NFL and NFM significantly 

increases at the earliest stages of neuronal process growth 

(Undamatla and Szaro, 2001) and during neuronal differentiation 

(Carden et al., 1987). However, the expression of NFH is delayed 

until 10 days after birth (Shaw and Weber, 1982, Pachter and Liem, 

1984), which helps to stabilize neuronal processes and plays a role 
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in modulating axonal events, such as the slowing of cytoskeletal 

transport and the growth of axonal calibre (Kong et al., 1998).  

Studies of the dendritic architecture of spinal cord neurons in NFL 

knockout mice showed a significant reduction in dendritic 

arborisation and diameter in large motor neurons; medium neurons 

were mildly effected, but no effect was seen in small neurons. The 

study also revealed that decreased NFL led to reduced NFM and 

NFH content in dendrites and axons, and their accumulation in cell 

bodies (Zhang et al., 2002). Maintaining a lower ratio of NFH and 

NFM to NFL plays a critical role in the development of complex 

dendritic trees in motor neurons because NFL antagonizes NFH and 

NFM in organizing the NF network (Zhu et al., 1997). A previous 

study found that increasing NFH and/or NFM inhibited dendritic 

arborisation (Kong et al., 1998). However, these changes were 

reversed by elevating the level of NFL with either NFH or NFM. On 

the other hand, overexpression of NFL together with NFH may have 

a protective role in ALS pathology (Couillard-Després et al., 2000, 

Meier et al., 1999). Crossing of the SOD1 ALS mouse model with 

NFL or NFH overexpressing mice led to delayed ALS symptoms and 

extended life span (Kong and Xu, 2000).  
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5.2 Image processing and data analysis 

Images were acquired of 3 control and 3 Psmc1fl/fl;CaMKIIα−Cre 

horizontal brain sections at 4 and 6 weeks of age. Image acquisition 

used NanoZoomer whole-slide scanning microscopy at 40X 

magnification (NanoZoomer Digital Pathology RS, Hamamatsu 

Photonics), which is capable of capturing wide-field images over 

entire brain sections at high resolution. The resulting image was 

viewed using NDP.view.2 software (Figure 5.1A and B). Using the 

Mouse Brain Atlas: DBA/2J Horizontal Section 14 

(http://www.mbl.org/atlas247/atlas247_frame.html); the 

auditory and somatosensory cortex, was identified (Figure 5.1C).  

 

Figure 5.1 Image processing 

(A) Image acquisition used a C9600–01 NanoZoomer Digital pathology Slide 

Scanner. (B) Scanned sections were viewed using NDP.view.2 software. (C) Low 

magnification whole brain horizontal sections from the Mouse Brain Atlas: DBA/2J 

Horizontal Section 14; the auditory and somatosensory cortex is highlighted by 

the red box. 

 

Using annotation tools in NDP.view.2 software, a rectangular box 

(area = 1.28 mm2 and perimeter = 4.5 mm) was drawn manually 

Nano-Zoomer Digital Pathology slide scanner NDP. Veiw2 software

A B

C

http://www.mbl.org/atlas247/atlas247_frame.html
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to include all cortical layers of the auditory (AU) and somatosensory 

(SS) cortex at 5X magnification (Figure 5.2).  

 

 

Figure 5.2 NFH immunostaining 

NFH immunostaining of the auditory cortex (AU) from representative 6 week-old 

control and Psmc1fl/fl;CaMKIIα-Cre mice at 5X magnification. A rectangular box 

(area = 1.28 mm2 and perimeter = 4.5 mm) was drawn manually to include all 

cortical layers of the auditory (AU), extending from the pial surface to the border 

line of corpus callosum (Cc). 

 

The Psmc1fl/fl;CaMKIIα-Cre mice display intraneuronal protein 

inclusions and extensive neurodegeneration in forebrain regions, 

accompanied by behavioural changes (Bedford et al., 2008). In this 

chapter we will focus on morphometric changes in the auditory 

(AU) and somatosensory (SS) cortex, which are regions linked to 

neurodegenerative disease (Lenka et al., 2016, Maatuf et al., 

2016). The apical dendrites of pyramidal neurons in cortical layers 

III and layer V are clearly visible by NF immunostaining of mouse 

brain horizontal sections.  

The temporal lobe is recognised as a major site of pathology in a 

number of neurodegenerative diseases, including AD, PD and DLB 

(Armstrong, 2012, Martin et al., 2009, Tam et al., 2005). Temporal 

lobe grey and white matter play an important role for 

understanding memory changes in PD (Tanner et al., 2015). The 

temporal lobe accommodates 17% of the cerebral cortex and 

includes areas with auditory, olfactory, vestibular, visual and 

linguistic functions (Kiernan, 2012). The auditory cortex is the part 

of the temporal lobe that processes auditory information (Baars 

Pial
surface

Control

Cc

Pial
surface

Psmc1fl/fl;CaMKIIα-Cre

Cc



175 
 

and Gage, 2010). A previous study found that separable stages of 

auditory object analysis and profiles of impaired auditory object 

cognition in different dementia syndromes such as AD, DLB (Goll 

et al., 2011). Abnormalities of auditory hedonic processing are a 

significant issue in common dementia (Fletcher et al., 2015). In 

addition to the AU cortex, the somatosensory (SS) cortex is also 

affected by dementia syndromes. The SS cortex is affected early in 

the progression of AD and may have some consequence on 

behavioural and functional measures (Stephen et al., 2010). In the 

mouse cerebral cortex most neurons are concentrated in the 

primary somatosensory cortex, which contains 25% of all cortical 

neurons. This distribution is consistent with a predominance of 

somatosensory function in mouse behaviour (Kiernan, 2012).  

5.2.1 Cortical thickness 

Cortical thickness was defined as the vertical distance from the pial 

boundary to the border line of the corpus callosum (Carpentier et 

al., 2013, Cardinale et al., 2014). AU and SS cortical thickness was 

measured for control and Psmc1fl/fl;CaMKIIα-Cre mice at 4 and 6 

weeks-old (Table 5.1). Neurofilament H (NFH) staining was used 

as a marker to identify cortical layers III and V in the horizontal 

brain sections (Van der Gucht et al., 2007, Mellott et al., 2010, 

Paulussen et al., 2011). Figure 5.3 shows the clear demarcation of 

layer IV, which is almost devoid of NFH staining, as well as layers 

I, II and VI. 
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Table 5.1 Total thickness of the AU cortex (Ctx) and all cortical layers in 4 and 6 
week-old control and Psmc1fl/fl;CaMKIIα-Cre mice. Data are expressed as mean ± 

standard error of the mean, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001 by Student's unpaired t-test.  

 

 

Figure 5.3 Cortical thickness 

(A) NFH immunostaining of representative 6 week-old control and 

Psmc1fl/fl;CaMKIIα-Cre mouse AU cortices (layers I–VI). Total cortical thickness 

(Ctx) was measured by drawing a vertical line extending from the pial surface to 

the border line of the corpus callosum (Cc). (B) Higher magnification of (A) shows 

obvious NFH staining in layers III & V, and clear demarcation of layer IV. The 

thickness of layers III & V was measured by drawing a vertical line using the NFH 

staining as shown. 

 

 

 

 

p  value  Sign. p  value  Sign.

I & II 0.0003 *** 0.0003 ***
III 0.002 ** 0.0002 ***
IV 0.8 ns 0.006 **

V 0.01 ** 0.0005 ***
VI 0.0005 *** 0.0004 ***
Ctx 0.01 * < 0.0001 ****

4 weeks-old

Control Psmc1 f l/ f l;CaMKllα-Cre Control Psmc1 f l/ f l;CaMKllα-Cre

6 weeks-old

t -test 

Mean ± SEM (μm)Mean ± SEM (μm)

314.7 ± 3.8

216.0 ± 2.3 214.0 ± 2.3

t -test 

Mean ± SEM (μm) Mean ± SEM (μm)

307.7 ± 6.1 223.7 ± 3.8

166.0 ± 3.0

1169 ± 12.8

262.0 ± 2.0

234.7 ± 0.8

111.7 ± 2.1

335.7 ± 6.5

159.0 ± 4.5

1103 ± 7.0

110.7 ± 2.3

302.7 ± 2.7

225.3 ± 4.7

102.7 ± 1.4 89.33 ± 2.0

304.7 ± 3.1 254.0 ± 3.6

150.3 ± 2.9

AU

Cortical layers  

89.00 ± 4.5

1079 ± 3.3 822.0 ± 10.0
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5.2.2 Neuronal number and nuclear size  

26S proteasome dysfunction in Psmc1fl/fl;CaMKIIα−Cre mice was 

confirmed by accumulation of polyubiquitinated proteins and 

increased ubiquitin (Ub) immunostaining in the cortex with 

increasing age (Bedford et al., 2008). We can use Ub 

immunostaining to identify neurons with 26S proteasome 

dysfunction, allowing morphometric analysis of neurons in the AU 

cortex of Psmc1fl/fl;CaMKIIα−Cre mice compared to controls. 

Morphometric analyses included counting the number of Ub-

positive neurons and measuring their nuclear size. 

Quantitative data was collected from layers III and V of the AU 

cortex for control and Psmc1fl/fl;CaMKIIα-Cre mice at 4 and 6 

weeks-old (Figure 5.4). Cortical layers were identified using NFH 

staining as described in Section 5.2 Using annotation tools in 

NDP.view.2, two counting boxes of 0.07mm2 and perimeter 

1.16mm were marked in layer III of the AU cortex (annotated 1 

and 2; Figure 5.4B). In layer V, two counting boxes of 0.15mm2 

with a perimeter of 1.5mm were used (annotated 3 and 4; Figure 

5.4B). Images were acquired at 10X magnification and saved as 

uncompressed Tiffs with a calibrated scale bar. Counting of Ub-

positive neurons and measurement of their nuclear size used 

ImageJ (freeware: http://rsb.info.nih.gov/ij/) (Figure 5.4C). 

Neurons were counted if their nucleus bisected either the left or 

upper boundary of the counting frame, whereas those where the 

nucleus bisected the right or lower boundary were not counted. For 

quantification of nuclear size, a line was drawn manually around 

haematoxylin-stained nuclei of Ub-positive neurons using the oval 

selection tool in Image J (Figure 5.4D). Furthermore, we noted 

neurons with Lewy-like inclusions during our analysis to allow 

further processing of the data. 

Most studies characterising morphometric changes associated with 

declining neuronal function in normal aging and AD have employed 

semi-quantitative methods (Bundgaard et al., 2001, Andrade-

Moraes et al., 2013, Gagyi et al., 2012). 

http://rsb.info.nih.gov/ij/
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Figure 5.4 Neuronal number and nuclear size in the AU cortex 

(A) Representative ubiquitin immunostaining (brown) of 6 week-old control and 

Psmc1fl/fl;CaMKIIα-Cre mouse AU cortices. (B) Sections annotated using 

NDP.view.2 software to show layers III and V, and boxes 1, 2, 3 and 4 used for 

quantification. (C) Cortical layers III (box 1) and V (box 3) of control and 

Psmc1fl/fl;CaMKIIα-Cre AU cortices in Image J used for quantification. (D) Nuclear 

size of Ub-positive neurons using the oval selection tool in Image J.  
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5.2.3 Apical dendrite length  

Neocortical pyramidal neurons are the major excitatory neuron in 

all cortical layers except layer I, representing 70–85% of the total 

population of neurons in the cortex (Romand et al., 2011). Typical 

pyramidal neurons are characterized by their pyramidal or ovoid 

shaped soma and long apical dendrite ascending from the apex of 

the soma, ending in a terminal tuft near the pial surface. In 

addition, four to five dendritic domains emerge from the base of 

the soma directed laterally or downward (Larkman et al., 1992, Ito, 

1992, DeFelipe and Fariñas, 1992). Typical pyramidal neurons are 

most commonly found in layers II, III and V (Garey et al., 1998). 

Following NFH and NFM staining, apical dendrites of pyramidal 

neurons in cortical layers III and layer V are clearly visible (Figure 

5.5). Therefore, we chose to measure the length of individual apical 

dendrites in these layers of the auditory (AU) and somatosensory 

(SS) cortices. Image data used for quantification of apical dendrites 

was aquired at 10X magnification and stored as uncompressed Tiff 

files. Individual images were then exported to ImageJ 

(freeware: http://rsb.info.nih.gov/ij/). Apical dendrite length was 

measured manually using ImageJ using the segmented line tool as  

cortical surface (Figures 5.5A and B). Using NFH staining, we found 

that the apical dendrites of NFH-positive neurons in layers III and 

V had a perpendicular orientation to the cortical layers (Figures 

5.4A and B). Single apical dendrites were identified extending from 

the superior pole of the soma towards the pial surface, often as far 

as layer I, where it ramified (Figures 5.4A and B). In some cases, 

the apical dendrite branched earlier, with branches ascending 

almost parallel to the main apical trunk (Figure 5.5C). Several basal 

dendrites typically formed a skirt around the inferior pole of the 

soma (Figure 5.5C). Apical dendrite length was measured in 

neurons that met the following criteria: 

 Neurons with a visible undamaged apical dendritic arbor 

emerging from the top of cell soma. 

 Exclusion of neurons where apical dendrites travel in the 

oblique direction to the cortical layers or are cut-off. 

 

http://rsb.info.nih.gov/ij/
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Immunostaining analyses with markers such as the calcium binding 

protein parvalbumin (PV) and calbindin D-28k (CB), and the non-

phosphorylated neurofilament protein (SMI-32) have been used 

previously to investigate the cytoarchitecture, including cortical 

layers and thickness (Cipelletti et al., 2002). All quantification was 

repeated twice by the same researcher, but at a different time. We 

acknowledge that this method is not a typical approach to measure 

the dendrite length of pyramidal neurons. Sholl analyses are more 

often used to quantify dendritic complexity, apical dendritic 

segment lengths and basal dendritic arbors. This method generates 

concentric rings radiating from the soma centre and at each ring 

the number of dendrites is counted based on difference in contrast 

between the arbour and the background (Binley et al., 2014). We 

acknowledge that the length of the apical dendrite may be limited 

by tissue sectioning and it is possible that neurons with significantly 

lengthened or shortened dendrites processes could bias the results. 

Despite this, statistically significant differences were found in apical 

dendrite length between control and Psmc1fl/fl;CaMKIIα-Cre mice 

(Section 5.3.7). All statistical comparisons were done using a Mann 

Whitney U test.  
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Figure 5.5 Apical dendrite length 

(A and B) NFH immunostaining of the AU cortex from representative 6 week-old 

control and Psmc1fl/fl;CaMKIIα-Cre mice. Pyramidal neurons of layers III (A) and 

V (B) are shown with apical dendrites extending from the superior pole of the 

soma towards layer I (arrows). High magnification of the yellow box in A and B 

shows how apical dendrite length was measured in control and Psmc1fl/fl;CaMKIIα-

Cre mice pyramidal cortical neurons. (C) Arrowheads indicate apical dendrites that 

branched earlier with branches ascending parallel to the main apical trunk. 

Asterisks indicate basal dendrites forming a skirt around the inferior pole of the 

soma.  
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5.3 Results  

5.3.1 Decreased cortical thickness following disruption of 

the 26S proteasome in mouse cortical neurons 

NFH-stained horizontal brain sections from 4 and 6 week-old 

Psmc1fl/fl;CaMKIIα-Cre and control mice were used to measure 

cortical thickness of the AU and SS areas (Figure 5.6). NFH 

immunostaining is prominent in pyramidal neurons of cortical 

layers III and V, while layers I, II, IV and VI show weaker 

staining (Figure 5.6B). Cortical thickness was measured as the 

linear distance from the pial surface to the dorsal surface of the 

corpus callosum as described in Section 5.2.1 (Carpentier et al., 

2013, Cardinale et al., 2014). Quantitative measurements 

revealed that the cortical thickness of AU and SS areas was 

significantly decreased in Psmc1fl/fl;CaMKIIα-Cre compared to 

control mice at 4 weeks-old (Figure 5.6C and Table 5.2; p < 0.05 

and p < 0.01 in the AU and SS cortices respectively). The 

decrease in cortical thickness was more obvious in 

Psmc1fl/fl;CaMKIIα-Cre relative to control mice at 6 weeks-old 

showing 1.3- and 1.2- fold decreases in the AU and SS cortices 

respectively (Figure 5.6C and Table 5.2; p < 0.0001 and p < 

0.001 in the AU and SS cortices respectively).  

 

The thickness of individual cortical layers in the AU and SS 

cortices was also assessed in control and Psmc1fl/fl;CaMKIIα-Cre 

mouse brain sections at 4 and 6 weeks-old (Figure 5.7C). We 

found that the thickness of layers I&II and VI in the AU and SS 

cortices was significantly decreased in Psmc1fl/fl;CaMKIIα-Cre 

compared to control mice at 4 and 6 weeks-old (Figure 5.7A and 

B; Table 5.2). Whilst layers III and V were significantly increased 

at 4 weeks of age in Psmc1fl/fl;CaMKIIα-Cre cortices, these were 

significantly decreased at 6 weeks of age compared to control 

mice (Figure 5.7A and B; Table 5.2). The thickness of layer IV 

was not different between control and Psmc1fl/fl;CaMKIIα-Cre mice 

at 4 weeks-old, but was also significantly decreased at 6 weeks-
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old in Psmc1fl/fl;CaMKIIα-Cre cortices (Figure 5.7A and B; Table 

5.2). Taken together, the data shows that the AU and SS cortices 

of Psmc1fl/fl;CaMKIIα-Cre mice are significantly thinner than those 

of controls. Furthermore, cortical thinning is more significant with 

increasing age consistent with progressive neurodegeneration in 

Psmc1fl/fl;CaMKIIα-Cre mice. Measurement of cortical thickness in 

PD patients has been useful in assessing disease stage, 

identifying dementia and cognitive impairment in these patients 

(Zarei et al., 2013).  

 

Table 5.2 Total cortical (Ctx) thickness and thickness of the individual cortical 
layers of the AU and SS cortices in 4 and 6 week-old control and 
Psmc1fl/fl;CaMKIIα-Cre mice. Data are expressed as mean ± standard error of 

the mean, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by 
Student's unpaired t-test. 

  

p  value  Sign. p  value  Sign.

I & II 0.0003 *** 0.0003 ***
III 0.002 ** 0.0002 ***
IV 0.8 ns 0.006 **

V 0.01 ** 0.0005 ***
VI 0.0005 *** 0.0004 ***
Ctx 0.01 * < 0.0001 ****

I & II 0.004 ** < 0.0001 ****
III 0.002 ** 0.0002 ***
IV 0.9 ns 0.02 *

V 0.006 ** < 0.0001 ****
VI < 0.0001 **** 0.002 **
Ctx 0.004 ** 0.0002 ***1153 ± 15.7 1059 ± 3.6 1051 ± 15.0 823.7 ± 9.9

4 weeks-old

Control Psmc1 f l/ f l;CaMKllα-Cre Control Psmc1 f l/ f l;CaMKllα-Cre

6 weeks-old

t -test 

Mean ± SEM (μm)Mean ± SEM (μm)

314.7 ± 3.8

216.0 ± 2.3 214.0 ± 2.3

284.3 ± 3.5 249.7 ± 4.7 286.3 ± 3.1 213.3 ± 2.9

t -test 

Mean ± SEM (μm) Mean ± SEM (μm)

307.7 ± 6.1 223.7 ± 3.8

166.0 ± 3.0

1169 ± 12.8

262.0 ± 2.0

234.7 ± 0.8

111.7 ± 2.1

335.7 ± 6.5

159.0 ± 4.5

1103 ± 7.0

110.7 ± 2.3

302.7 ± 2.7

225.3 ± 4.7

102.7 ± 1.4 89.33 ± 2.0

304.7 ± 3.1 254.0 ± 3.6

150.3 ± 2.9

SS

AU

Cortical layers  

296.7 ± 3.8 318.7 ± 1.4 308.0 ± 2.6 260.7 ± 1.2

253.7 ± 4.2 156.0 ± 3.7 148.3 ± 6.1 91.67 ± 4.3

213.3 ± 2.1 229.0 ± 0.5 202.0 ± 1.7 167.3 ± 1.8

105.0 ± 3.2 105.7 ± 2.0 106.3 ± 4.0 90.67 ± 1.7

89.00 ± 4.5

1079 ± 3.3 822.0 ± 10.0
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Figure 5.6 Decreased cortical thickness in Psmc1fl/fl;CaMKIIα-Cre 
compared to control mouse cortices at 4 and 6 weeks-old. 

(A) Whole brain 7 µm horizontal brain sections from representative 4 and 6 

week-old control and Psmc1fl/fl;CaMKIIα-Cre mice immunostained with NFH. (B) 

Higher magnification images of the AU cortex boxed in A; also indicating the 

individual cortical layers and how cortical thickness was measured as the linear 

distance from the pial surface to the dorsal surface of the corpus callosum. (C) 

AU and SS cortical thickness in Psmc1fl/fl;CaMKIIα-Cre mice relative to controls. 

Data are expressed as mean ± SEM of n = 3 mice. *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001 by Student's unpaired t-test. SS, somatosensory 

cortex; AU, auditory cortex; Ctx, cortex; Hip, hippocampus; St, striatum. 
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Figure 5.7 Thickness of individual cortical layers in Psmc1fl/fl;CaMKIIα-
Cre compared to control mouse cortices. 

(A and B) Thickness of the individual AU and SS cortical layers in 4 and 6 week-

old Psmc1fl/fl;CaMKIIα-Cre mice relative to controls. (C) Schematic 

representation showing how the cortical layers were delineated for measurement 

using NFH staining and NDP.view2 software. Data are expressed as mean ± SEM 

of n = 3 mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by 

Student's unpaired t-test. Ctx, cortex. 
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5.3.2 The number of neurons is decreased following 

disruption of the 26S proteasome in mouse cortical 

neurons 

In this section we evaluate the total number of haematoxylin-

positive and Ub-positive neurons in layers III and V of the AU 

cortex of control and Psmc1fl/fl;CaMKIIα-Cre mice as described in 

Section 5.2.2. In control neurons ubiquitin immunostaining is 

diffuse compared to strong immunostaining evident in 

Psmc1fl/fl;CaMKIIα-Cre neurons, and particularly in neurons in 

layers II-III and V-VI (Figures 5.8 and 5.9). Ub immunostaining is 

less evident in cortical layer IV and may be a consequence of the 

conditional gene targeting used in this model (Bedford et al., 

2008). Figure 5.9 shows a significant increase in Ub-

immunostaining in the nucleus, soma and proximal part of the 

apical dendrite in Psmc1fl/fl;CaMKIIα-Cre neurons compared to 

controls (Figure 5.9). We also noted Ub-positive intraneuronal in 

neurons with 26S proteasome dysfunction (Figure 5.9; arrows).  

The total number of haematoxylin-positive and Ub-positive 

neurons in layers III and V of the AU cortex were counted. When 

using haematoxylin-staining as a counting measure, neurons were 

distinguished from glia using nuclear size data (Section 5.2.2). The 

nuclear size of GFAP-positive astrocytes was previously measured 

in control and Psmc1fl/fl;CaMKIIα-Cre mouse AU cortex at 4 and 6 

weeks-old using horizontal brain sections immunostained with 

GFAP. We found that the nuclear size of glia ranged from 29.9 - 

16.4 μm in control mice, and from 39.3 - 20.7 μm in 

Psmc1fl/fl;CaMKIIα-Cre mice. Therefore, only haematoxylin-positive 

cells with a nuclear size ≥24.27 μm and ≥29.9 μm in controls and 

Psmc1fl/fl;CaMKIIα-Cre mice were included in the neuron 

morphometry analysis.   

Figure 5.10 shows that the total number of neurons in layers III 

and V is not significantly different between control and 

Psmc1fl/fl;CaMKIIα-Cre mice at 4 weeks-old. At 6 weeks-old, a 

significant decrease in the total number of neurons of 1.7- and 
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1.3-fold in layers III and V respectively was found in 

Psmc1fl/fl;CaMKIIα-Cre mice compared to controls, suggestive of 

significant neuronal loss at this age (Figure 5.10 and Table 5.3; p 

< 0.01 and p < 0.05 in the layers III and V respectively).  

Evaluation of Ub-positive neurons showed a significant increase in 

Psmc1fl/fl;CaMKIIα-Cre compared to control cortices at 4 and 6 

weeks-old (Figure 5.10 and Table 5.3). In layer III, a 1.4- and 1.3-

fold increase in Ub-positive neurons was observed in 

Psmc1fl/fl;CaMKIIα-Cre compared to control mice at 4 and 6 weeks-

old respectively. In layer V, Ub-positive neurons showed 1.2- and 

1.3-fold increases at 4 and 6 weeks-old respectively. 
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Figure 5.8 Ubiquitin immunostaining of the AU cortex of control and 
Psmc1fl/fl;CaMKIIα-Cre mice at 4 and 6 weeks-old. 

(A and B) Representative ubiquitin (brown) immunostained 7 µm horizontal 

brain sections at 4 (A) and 6 (B) weeks-old showing the AU cortical layers. 
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Figure 5.9  Ubiquitin immunostaining of AU cortical neurons from 
control and Psmc1fl/fl;CaMKIIα-Cre mice at 4 and 6 weeks-old. 

(A and B) Representative ubiquitin (brown) immunostained neurons in 7 µm 

horizontal brain sections at 4 (A) and 6 (B) weeks-old. (C) Representative 

negative control brain section. Arrows indicate intraneuronal protein inclusions in 

Psmc1fl/fl;CaMKIIα-Cre cortices. 
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Table 5.3 Number of haematoxylin-positive and Ub-positive neurons in AU 

cortex layers III and V of control and Psmc1fl/fl;CaMKIIα-Cre mice at 4 and 6 
weeks-old. Data are expressed as mean ± SEM of n = 3 mice. *p < 0.05, **p < 
0.01 by Student's unpaired t-test. 

 

 
Figure 5.10 The total number of neurons is decreased, but the number 
of Ub-positive neurons increased in Psmc1fl/fl;CaMKIIα-Cre mouse AU 
cortex compared to controls. 

(A and B) Total number of neurons and Ub-positive neurons in layers III and V 

of the AU cortex in 4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mice. 

Data are expressed as mean ± SEM of n = 3 mice. *p < 0.05, **p < 0.01 by 

Student's unpaired t-test.  

  

Control Psmc1 fl/fl;CaMKllα-Cre t -test Control Psmc1 fl/fl;CaMKllα-Cre t -test 

Mean ± SEM Mean ± SEM p  value Mean ± SEM Mean ± SEM p  value

Ub-positive neurons

 in layer III

Ub-positive neurons

 in layer V

Ub-positive neuron

with intraneuronal inclusions 
95 158

 Layer III

 Layer V

101.7 ± 3.7 0.02 *

138.0 ± 6.0 164.3 ± 2.3 0.02 * 133.7 ± 2.9 171.7 ± 9.1 0.02 *

81.00 ± 6.1 117.0 ± 2.5 0.005 ** 78.00 ± 4.6

147.0 ± 10.8 0.004 **

364.7 ± 10.6 330.3 ± 10.2 0.08 ns 402.7 ± 22.8 305.0 ± 24.9 0.04 *

246.0 ± 15.4 226.3 ± 0.8 0.2 ns 251.0 ± 13.7

Age of mice

Number of neurons  

4 weeks-old 6 weeks-old

Sign. Sign.

A

B

La
y

e
r 

II
I

La
y

e
r 

V

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

T
o

t
a

l 
n

u
m

b
e

r
 o

f 
n

e
u

r
o

n
s

C o n t r o l

P s m c 1
f l/ f l

;C a M K ll -C r e

4  w e e k s -o ld 6  w e e k s -o ld

**

0

5 0

1 0 0

1 5 0

2 0 0

N
u

m
b

e
r

 o
f 

U
b

-p
o

s
it

iv
e

 n
e

u
r

o
n

s

P s m c 1
f l/ f l

;C a M K ll -C r e

C o n t r o l

4  w e e k s -o ld 6  w e e k s -o ld

**

*

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

T
o

t
a

l 
n

u
m

b
e

r
 o

f 
n

e
u

r
o

n
s

C o n t r o l

P s m c 1
f l/ f l

;C a M K ll -C r e

4  w e e k s -o ld 6  w e e k s -o ld

*

0

5 0

1 0 0

1 5 0

2 0 0

N
u

m
b

e
r

 o
f 

U
b

-p
o

s
it

iv
e

 n
e

u
r

o
n

s

P s m c 1
f l/ f l

;C a M K ll -C r e

C o n t r o l

4  w e e k s -o ld 6  w e e k s -o ld

*

*



191 
 

5.3.3 Nuclear size is increased following disruption of the 

26S proteasome in mouse cortical neurons 

To investigate the nuclear size of neurons we used neighbouring 

7μm brain sections, allowing identification of the nuclei that appear 

in the upper section (‘top’) that do not appear in a lower section 

separated by a known distance (Abercrombie, 1946). This method 

provides an estimate of particle size without assuming a specific 

shape. Nuclear size was measured in Ub-positive neurons in layers 

III and V as described in Section 5.2.2; by drawing a line manually 

around the nuclei using the oval selection tool in Image J (Figure 

5.11A). The nuclear size of control and Psmc1fl/fl;CaMKIIα-Cre 

neurons was measured at 4 and 6 weeks-old. We found the nuclear 

size data did not show a normal distribution determined by the 

Kolmogorov-Smirnov normality test. Quantitation therefore used 

the Mann-Whitney U test. 

Frequency distribution histograms in Figures 5.11 show the 

distribution of nuclear size in control and Psmc1fl/fl;CaMKIIα-Cre 

mice, highlighting the increased nuclear size of neurons in 

Psmc1fl/fl;CaMKIIα-Cre mice. The nuclear size of control neurons 

was not significantly different at 4 and 6 weeks-old in either layer 

of the AU cortex examined (Figures 5.11B and C; Table 5.4). 

Nuclear size was significantly increased in layers III and V at both 

ages in Psmc1fl/fl;CaMKIIα-Cre mice compared to controls (Figures 

5.11B and C; Table 5.4). 

We also found the median nuclear size of Ub-positive neurons in 

the Psmc1fl/fl;CaMKIIα-Cre mice at 4 weeks-old was significantly 

larger than that at 6 weeks-old (Figures 5.11; Table 5.4). At 4 

weeks of age the median nuclear size was 38.56 μm (n = 351 

neurons) and 40.7 μm (n = 493 neurons) in layers III and V of 

the Psmc1fl/fl;CaMKIIα-Cre AU cortex respectively. At 6 weeks of 

age median nucleus size was 36.41 μm (n = 305 neurons) and 

38.51 μm (n = 515 neurons) in layers III and V of the AU cortex 

(Table 5.4). Interestingly, these differences were also detected 

when Ub-positive neurons with intraneuronal inclusions neurons 
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were analysed (Table 5.4). Overall, the changes in nuclear size 

observed in Psmc1fl/fl;CaMKIIα-Cre neurons are part of a 

spectrum of morphological changes associated with 

neurodegeneration following 26S proteasome dysfunction. 

Table 5.4 Nuclear size of Ub-positive neurons in control and Psmc1fl/fl;CaMKIIα-
Cre mice at 4 and 6 weeks-old. Data are expressed as the median nuclear size 
of n = 3 mice. *p < 0.05, **p < 0.01 ***p < 0.001 ****p < 0.0001 by Mann-
Whitney U test. 

 

  

Mann–Whitney 

U test

Mann–Whitney 

U test

p  value p  value

Ub-positive neurons
 in layer III

Ub-positive neurons
 in layer V

Ub-positive neurons

with intraneuronal inclusions in layer III

Ub-positive neurons

with intraneuronal inclusions in layer V

0.005 **

41.41 n=67 37.13 n=123 < 0.0001 ****

38.2 n=28 35.7 n=35

35.7 n=243 38.56 n=351 < 0.0001 **** 34.99 n=232 36.41 n=305 < 0.0001 ****

36.41 n=414 40.7 n=493 < 0.0001 **** 36.41 n=401 38.51 n=515 < 0.0001 ****

Nuclear size (μm)

4 weeks-old 6 weeks-old

Control Psmc1 fl/fl;CaMKllα-Cre
Sign.

Control Psmc1 fl/fl;CaMKllα-Cre
Sign.

Median Median Median Median

Age of mice
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Figure 5.11 Increased nuclear size of layer III and layer V AU cortical 
neurons in Psmc1fl/fl;CaMKIIα-Cre mice 

(A) Nuclear size was measured in Ub-positive neurons by drawing a line 

manually around the nuclei using the oval selection tool in Image J. (B-C) 

Frequency histograms of nuclear size of Ub-positive neurons in layers III (B) and 

V (C) at 4 and 6 weeks-old in control and Psmc1fl/fl;CaMKIIα-Cre mouse AU 

cortex. (D) Box-whisker plot of nuclear size of Ub-positive neurons in layers III 

and V of the AU cortex in 4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre 

mice. Data are expressed as the median nuclear size of n = 3 mice. *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001 by Mann-Whitney U test. 
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5.3.4 Increased neurofilament expression following 

disruption of the 26S proteasome in mouse cortical 

neurons 

To investigate the levels of NF proteins in mouse brain cortical 

neurons with 26S proteasome dysfunction we carried out Western 

blotting of 4 and 6 week-old Psmc1fl/fl;CaMKIIα-Cre and control 

cortices for NF heavy (NFH; 180–200kDa), NF middle (NFM; 130–

170kDa) and NF light (NFL; 60–70kDa) chain proteins (Figure 

5.12). Figures 5.12A and B show that NFH levels were significantly 

increased at 4 and 6 weeks-old in Psmc1fl/fl;CaMKIIα-Cre cortices 

compared to controls (4 weeks-old p = 0.01, 6 weeks-old p < 

0.01). NFM did not show any differences between control and 

Psmc1fl/fl;CaMKIIα-Cre mice at 4 weeks-old, but was significantly 

increased at 6 weeks-old in Psmc1fl/fl;CaMKIIα-Cre cortices (Figure 

5.12C and D; 4 weeks-old p = 0.24, 6 weeks-old p < 0.001). The 

levels of NFL were significantly increased at 4 and 6 weeks-old in 

Psmc1fl/fl;CaMKIIα-Cre cortices compared to control mice (Figure 

5.12E and F; 4 weeks-old p < 0.01, 6 weeks-old p < 0.0001). 

Increased NF expression has been linked to neuronal dysfunction 

and axonal degeneration by numerous studies and is observed in 

neurodegenerative diseases such as amyotrophic lateral sclerosis 

(ALS), Alzheimer disease (AD) and Lewy body demetia (Perrot et 

al., 2008, Liu et al., 2011).  
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Figure 5.12 Increased NF protein expression in Psmc1fl/fl;CaMKIIα-Cre 
compared to control mouse cortices. 

Immunoblots and densitometric analysis of NFH (A and B), NFM (C and D) and 

NFL (E and F) in 4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mouse 

cortices. 20 µg of protein per lane in protein lysis buffer was subjected to SDS-

PAGE on a 12% gel and transferred to nitrocellulose membrane for Western 

blotting. (B, D and F) Quantitative analysis of immunoblots (A, C and E) used 

Odessy Image Studio software analysis. NFH, NFM and NFL were normalised to 

the levels of GAPDH for each sample. Data are presented as mean ± SEM. n = 3 

and n = 4 mice for 4 and 6 weeks-old respectively; *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001 by unpaired Student's t-test.  
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5.3.5 Decreased neurofilament gene expression following 

disruption of the 26S proteasome in mouse cortical 

neurons 

To determine whether changes in NF protein expression were 

associated with changes in transcription, we used real-time 

quantitative RT-PCR to examine the mRNA expression of NFH, NFM 

and NFL in control and Psmc1fl/fl;CaMKIIα-Cre cortices at 4 and 6 

weeks-old. The only significant difference in NF mRNA 

expression at 4 weeks-old was for NFM, which increased in 

Psmc1fl/fl;CaMKIIα-Cre cortices (Figure 5.13A and Table 5.5). At 

6 weeks-old we found a significant decrease in all the NF mRNAs 

investigated (Figure 5.13B and Table 5.5; NFH p < 0.01, NFM p < 

0.05, NFL p < 0.0001). Interestingly, the expression of NFL mRNA 

also showed a tendency to decrease at 4 weeks-old in 

Psmc1fl/fl;CaMKIIα-Cre cortices compared to controls (Figure 

5.13A and Table 5.5; p = 0.07). Decreased NFH and NFL mRNA 

levels have been reported to contribute to degeneration of 

substantia nigra pars compacta neurons in Parkinson's disease and 

correlate with severity of this disease (Hill et al., 1993).  

Table 5.5 NF gene expression in 4 and 6 week-old control and Psmc1fl/fl;CaMKIIα-
Cre mouse cortices. Levels of NF mRNA are normalized to the Hmbs housekeeping 
gene. The normalized relative expression of NF mRNA is shown based on the ΔΔCT 
calculation. Data are presented as mean ± SEM of n = 8 mice. *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001 by Student's unpaired t-test. 

 

  

Control Psmc1
fl/fl

;CaMKll -Cre

Mean ± SEM Mean ± SEM p  value sign

NEFL

4 weeks 0.57 0.75 1.019 ± 0.07 0.7488 ± 0.11 0.07 ns

6 weeks 1.61 0.34 1.008 ± 0.04 0.3450 ± 0.04 < 0.0001 ****

NEFM

4 weeks -0.55 1.56 1.021 ± 0.07 1.559 ± 0.19 0.02 *

6 weeks 0.59 0.68 1.034 ± 0.11 0.6838 ± 0.06 0.01 *

Gene 

symbol
Age of mice ∆∆ct 2-∆∆ct

Animal type
t -test 

NEFH

4 weeks -0.21 1.25 1.028 ± 0.09 1.254 ± 0.16 0.1 ns

6 weeks 0.91 0.56 1.030 ± 0.098 0.5593 ± 0.07 0.002 **
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Figure 5.13 Decreased NF mRNA expression in 6 week-old 

Psmc1fl/fl;CaMKIIα-Cre compared to control mouse cortices 

Real-time qRT-PCR analysis of NFH, NFM and NFL in cortical tissue at 4 (A) and 6 

(B) weeks-old from control and Psmc1fl/fl;CaMKIIα-Cre mice. The levels of NFH, 

NFM and NFL mRNA were normalized to the Hmbs housekeeping gene. Data are 

presented as the mean ± standard error of the mean (SEM) of n = 8 mice. *p < 

0.05, **p < 0.01, ***p < 0.001 ****p ≤ 0.0001 by unpaired Student's t-test.  
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5.3.6 NF immunoreactivity following disruption of the 26S 

proteasome in mouse cortical neurons  

NF protein immunoreactivity is often used to delineate 

subpopulations of pyramidal neurons in cortical layers III and V and 

characterize the cytoarchitectonic organization of cortical areas in 

mammalian brain (Hof et al., 1992, Kirkcaldie et al., 2002, Van der 

Gucht et al., 2007, Mellott et al., 2010, Paulussen et al., 2011). To 

investigate further the increased NF protein expression in neurons 

with 26S proteasome dysfunction we performed 

immunohistochemical studies on control and Psmc1fl/fl;CaMKIIα-

Cre mouse brain sections at 4 and 6 weeks-old. NF antibodies used 

in this section detect both phosphorylated and non-phosphorylated 

NF proteins. 

We examined neuronal structural changes within the auditory (AU) 

and somatosensory (SS) cortices, where the apical dendrites of 

pyramidal neurons in layers III and layer V are clearly visible. The 

length of individual apical dendrites was also measured as 

described in Section 5.2.3. 

We show that NF proteins are predominantly expressed in 

pyramidal neurons of layers III and V of the somatosensory (SS) 

and auditory (AU) mouse cortex (Figures 5.14-5.20; Appendix 

Figures 1-5). NFH and NFL immunostaining was evident in the cell 

body, apical and basal dendritic processes (Figures 5.14-5.18; 

Appendix Figures 1-4). NFM immunostaining was not as obvious as 

NFH and NFL, and mostly found in the neuronal soma (Figures 5.19 

and 5.20; Appendix Figure 5). At 4 weeks-old NFM was found in 

the cell body of control and Psmc1fl/fl;CaMKIIα-Cre pyramidal 

neurons (Figures 5.19 and 5.20; asterisks), but at 6 weeks-old NFM 

immunostaining revealed large, rounded cell bodies (Figures 5.20I-

L; asterisks), protein inclusions (Figures 5.20K; arrowheads), and 

part-labelling of apical dendrites with absent basal dendritic 

processes in Psmc1fl/fl;CaMKIIα-Cre neurons (Figures 5.20K; 

arrows).    
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In control mice, NFH and NFL immunostaining of pyramidal neurons 

of the SS and AU cortical layers III and V revealed a triangular-

shaped cell body with a single, thin apical dendrite and two or three 

basal dendrites (Figures 5.14-5.18). In general, the NF 

immunostaining appeared stronger in Psmc1fl/fl;CaMKIIα-Cre than 

control cortices. NFH- and NFL-stained neurons in 

Psmc1fl/fl;CaMKIIα-Cre mice at 4 and 6 weeks-old could be divided 

into three populations according to their cell body shape, apical 

dendrite length and dendritic arborisation (Figure 5.18). The first 

population had triangular-shaped cell bodies similar to control 

neurons with thick, long apical dendrites extending from the 

superior pole of the soma towards layer I (Figures 5.14J; 5.15I; 

5.16J; 5.17L and 5.18). Their basal dendrites appeared as a 

network of fine processes from the soma (Figure 5.14-5.18; 

asterisks). This population of neurons was mostly evident in layer 

III compared to layer V in both cortical areas. Data for AU cortex 

neurons is shown in the Appendix Figures 1-4. 

The second and third populations of neurons in Psmc1fl/fl;CaMKIIα-

Cre cortices were characterised by the presence of protein 

inclusions and large, rounded cell bodies. Protein inclusions are a 

consequence of 26S proteasome dysfunction in this mouse model 

and resemble human Pale bodies (Paine et al., 2013, Bedford et 

al., 2008). NFH and NFL immunostaining clearly encircled the 

protein inclusion in both populations (Figure 5.14-5.17; 

arrowheads). The second population of neurons had thick, long 

apical dendrites (Figures 5.14K; 5.15K; 5.16K; 5.17L and 5.18E; 

arrows), whereas the third population had thick, short, branched 

apical dendrites (Figures 5.14K; 5.15K; 5.16I; 5.17J; 5.18F and 

G). Again, the dendritic processes of these neurons had extensive 

fine branches. The second population was found mostly in cortical 

layer V compared to layer III.  
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Figure 5.14 NFH immunoreactivity in 4 week-old Psmc1
fl/fl

;CaMKIIα-Cre 

mouse cortical neurons 

(A, G, M and N) Low magnification images of NFH immunostaining of 7 µm 

horizontal brain sections from 4 week-old control (A-F) and Psmc1
fl/fl

;CaMKIIα-

Cre mice (G-O) showing obvious staining of cortical layers III and V, and more 

intense staining in Psmc1
fl/fl

;CaMKIIα-Cre mice compared to controls. Higher 

magnification images of the boxed SS areas in A, G and M are shown in B, H and 

O respectively. Enlarged views of individual neurons in the boxed areas in layers 

III and V (B and H) are shown in C-F and I-L respectively. Immunostaining is 

evident in the cell body, apical and basal dendrites in both control and 

Psmc1
fl/fl

;CaMKIIα-Cre neurons. Arrows, Asterisks and Arrowheads indicate apical 

dendrites, basal dendritic processes and targeted neurons containing protein 

inclusions respectively.  SS, somatosensory cortex; AU, auditory cortex; Ctx, 

cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum.  
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Figure 5.15 NFH immunoreactivity in 6 week-old Psmc1
fl/fl

;CaMKIIα-Cre 

mouse cortical neurons. 

(A and G) Low magnification images of NFH immunostaining of 7 µm horizontal 

brain sections from 6 week-old control (A-F) and Psmc1
fl/fl

;CaMKIIα-Cre mice (G-

L) showing clear staining of cortical layers III and V, and more intense staining in 

Psmc1
fl/fl

;CaMKIIα-Cre mice compared to controls. Higher magnification images 

of the boxed SS areas in A and G are shown in B and H respectively. Enlarged 

views of individual neurons in the boxed areas of cortical layers III and V (B and 

H) are shown in C-F and I-L respectively. Immunostaining is evident in the cell 

body, apical and basal dendrites in both control and Psmc1
fl/fl

;CaMKIIα-Cre 

neurons. Arrows, Asterisks and Arrowheads indicate apical dendrites, basal 

dendritic processes and targeted neurons containing protein inclusions 

respectively SS, somatosensory cortex; AU, auditory cortex; Ctx, cortex; Hip, 

hippocampus; Cc, corpus callosum; St, striatum. 
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Figure 5.16 NFL immunoreactivity in 4 week-old Psmc1
fl/fl

;CaMKIIα-Cre 

mouse cortical neurons 

(A and G) Low magnification images of NFL immunostaining of 7 µm horizontal 

brain sections from 4 week-old control (A-F) and Psmc1fl/fl;CaMKIIα-Cre (G-L) 

mice, showing clear staining of pyramidal neurons in cortical layers III and V, and 

more intense staining in Psmc1fl/fl;CaMKIIα-Cre mice compared to controls. Higher 

magnification images of the boxed SS areas in A and G are shown in B and H 

respectively. Enlarged views of individual neurons in the boxed areas of cortical 

layers III and V (B and H) are shown in C-F and I-L respectively. Immunostaining 

is evident in the cell body, apical and basal dendrites in both control and 

Psmc1fl/fl;CaMKIIα-Cre neurons. Arrows, Asterisks and Arrowheads indicate apical 

dendrites, basal dendritic processes and targeted neurons containing protein 

inclusions respectively. SS, somatosensory cortex; AU, auditory cortex; Ctx, 

cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum.  
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Figure 5.17 NFL immunoreactivity in 6 week-old Psmc1

fl/fl
;CaMKIIα-Cre 

mouse cortical neurons 

(A and G) Low magnification images of NFL immunostaining of 7 µm horizontal 

brain sections from 6 week-old control (A-F) and Psmc1fl/fl;CaMKIIα-Cre (G-L) 

mice, showing clear staining of pyramidal neurons in cortical layers III and V, and 

more intense staining in Psmc1fl/fl;CaMKIIα-Cre mice compared to controls. Higher 

magnification images of the boxed SS areas in A and G are shown in B and H 

respectively. Enlarged views of individual neurons in the boxed areas of cortical 

layers III and V (B and H) are shown in C-F and I-L respectively. Immunostaining 

is evident in the cell body, apical and basal dendrites in both control and 

Psmc1fl/fl;CaMKIIα-Cre neurons. Arrows, Asterisks and Arrowheads indicate apical 

dendrites, basal dendritic processes and targeted neurons containing protein 

inclusions respectively. SS, somatosensory cortex; AU, auditory cortex; Ctx, 

cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum. Ctx, cortex; Hip, 

hippocampus; Cc, corpus callosum; St, striatum.  
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Figure 5.18 Types of pyramidal neurons 

Schematic representations of the types of pyramidal neurons evident in the AU 

and SS areas of control and Psmc1fl/fl;CaMKIIα-Cre mice. All neurons were self-

draw from 40X images of NFH immunostaining. (A, B, D and E) show pyramidal 

neurons with long apical dendrites from control and Psmc1fl/fl;CaMKIIα-Cre mice. 

(C, F and G) show pyramidal neurons with short apical dendrites. Most 

Psmc1fl/fl;CaMKIIα-Cre pyramidal neurons have increased dendritic arborisations 

compared to the control neurons. 
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Figure 5.19 NFM immunostaining in 4 week-old mouse cortical 
pyramidal neurons. 

(A and G) Low magnification images of NFM immunostaining of 7 µm horizontal 

brain sections from 4 week-old control (A-F) and Psmc1fl/fl;CaMKIIα-Cre (G-L) 

mice. Higher magnification images of the boxed SS areas in A and G are shown in 

B and H respectively. Enlarged views of individual neurons in the boxed areas of 

cortical layers III and V (B and H) are shown in C-F and I-L respectively. Asterisks 

indicate NFM immunostaining in the cell body of both control and 

Psmc1fl/fl;CaMKIIα-Cre mice. SS, somatosensory cortex; AU, auditory cortex; Ctx, 

cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum. Ctx, cortex; Hip, 

hippocampus; Cc, corpus callosum; St, striatum.  
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Figure 5.20 NFM immunostaining in 6 week-old mouse cortical 

pyramidal neurons. 

(A and G) Low magnification images of NFM immunostaining of 7 µm horizontal 

brain sections from 6 week-old control (A-F) and Psmc1fl/fl;CaMKIIα-Cre (G-L) 

mice. Higher magnification images of the boxed SS areas in A and G are shown in 

B and H respectively. Enlarged views of individual neurons in the boxed areas of 

cortical layers III and V (B and H) are shown in C-F and I-L respectively. Asterisks 

indicate NFM immunostaining in the cell body. Arrows indicate part-labelling of 

apical dendrites with absent basal dendritic processes. Arrowheads indicate 

targeted neurons containing protein inclusions in Psmc1fl/fl;CaMKIIα-Cre mice. SS, 

somatosensory cortex; AU, auditory cortex; Ctx, cortex; Hip, hippocampus; Cc, 

corpus callosum; St, striatum. Ctx, cortex; Hip, hippocampus; Cc, corpus 

callosum; St, striatum.  
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5.3.7 Increased apical dendrite length following disruption 

of the 26S proteasome in mouse cortical neurons 

In this section we measured the length of NFH- and NFL-

immunostained apical dendrites in control and Psmc1fl/fl;CaMKIIα-

Cre mouse cortices. Apical dendrite length of layer III and V 

pyramidal neurons was quantified as described in Section 5.2.3, 

combining the SS and AU cortical areas. Apical dendrite length was 

manually measured by using ImageJ software, as the maximum 

distance from the apex of a soma along dendritic tree toward the 

cortical surface (Figure 5.21A). Since NFM immunostaining was 

mostly evident in the cell body of neurons this was not used for the 

analysis. In both control and Psmc1fl/fl;CaMKIIα-Cre mice the 

staining intensity of apical dendrites varied among individuals 

neurons. Therefore, neurons were quantified when they were 

several shades darker than the background, the shape of the soma 

was easily identified and apical dendrites were clearly projecting 

from the cell body. 

Apical dendrite length did not show a normal distribution using the 

Kolmogorov-Smirnov normality test for control and 

Psmc1fl/fl;CaMKIIα-Cre mice. Therefore, a Mann-Whitney U test 

was used to compare Psmc1fl/fl;CaMKIIα-Cre with control data 

(Table 5.6). In general, median apical dendrite length (μm) was 

significantly increased in Psmc1fl/fl;CaMKIIα-Cre layer III and V 

pyramidal neurons compared to age-matched controls (Table 5.6 

and Figure 5.21B). Frequency histograms of apical dendrite length 

from NFL- and NFH-immunostained neurons clearly show the 

increased apical length of pyramidal neurons in Psmc1fl/fl;CaMKIIα-

Cre mice compared to controls (Figure 5.21B). Interestingly, apical 

dendrite length was decreased between 4 and 6 weeks-old in 

control and Psmc1fl/fl;CaMKIIα-Cre mice, which may be a result of 

changes in NF expression with aging (Table 5.6). 
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Table 5.6 Median apical dendrite length of pyramidal neurons in 4 and 6 week-

old control and Psmc1fl/fl;CaMKIIα-Cre mice. Data expressed as median in cortical 
layers III and V of AU and SS cortices. Statistics used Mann-Whitney U test. 

 

  

Age of mice

Antibody
Cortical

layers  

4 weeks-old 6 weeks-old

Control Psmc1fl/fl;CaMKllα-Cre
Mann Whitney 

test
Control Psmc1fl/fl;CaMKllα-Cre

Mann Whitney 
test

Median (μm) Median (μm) P value sign Median (μm) Median (μm) P value sign

NFH
III 90.92, n=407 191.9, n=354 < 0.0001 **** 59.54, n=551 98.94, n=358 < 0.0001 ****

V 149.1, n=498 254.3, n=380 < 0.0001 **** 70.80, n=572 114.3, n=397 < 0.0001 ****

NFL
III 94.60, n=614 162.4, n=306 < 0.0001 **** 75.21, n=605 133.6, n=324 < 0.0001 ****

V 124.5, n=516 243.8, n=282 < 0.0001 **** 101.0, n=657 187.5, n=288 < 0.0001 ****
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Figure 5.21 Increase apical dendrites length in the Psmc1fl/fl;CaMKIIα-
Cre mice pyramidal neurons 

(A) Representation of pyramidal apical apical dendrite length measurement using 

ImageJ software. (B) Frequency histograms of the apical dendrite length of NFL- 

and NFH-immunostained pyramidal neurons at 4 and 6 weeks-old in control and 

Psmc1fl/fl;CaMKIIα-Cre mice. 
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5.4 Discussion 

5.4.1 Cortical thickness decreases following disruption of 

the 26S proteasome in mouse cortical neurons 

Cortical thickness has been used as an important morphological 

feature in many brain studies. AD and DLB are characterized by 

significant cortical thinning in the frontal and parietal cortical 

regions and this longitudinal cortical thinning may be used to 

differentiate DLB from AD by imaging (Mak et al., 2015). Early 

regional cortical thickness changes was indicative of 

predisposition to later β-amyloid pathology in a transgenic AD 

mouse model (Grand'Maison et al., 2013). A recent study showed 

that measuring cortical thickness could be useful in assessing 

disease stage and identifying cognitive impairment in PD patients 

(Zarei et al., 2013). Furthermore, in PD patients, the presence of 

dementia was associated with extensive thinning of the dorsal 

and medial frontal cortex as well as the temporal and posterior 

parietal cortex (Pellicano et al., 2012). Other studies suggest that 

defects in cortical functions are responsible for the development 

of dementia in PD patients (Pagonabarraga et al., 2008, Williams-

Gray et al., 2007).  

Here we measured the thickness of the AU and SS cortices and 

show that cortical thickness significantly decreases at 4 and 6 

weeks-old following disruption of the 26S proteasome compared 

to controls. Interestingly, at 4 weeks of age, neocortical thickness 

was reduced approximately 10% in the AU and SS areas in 

Psmc1fl/fl;CaMKIIα-Cre mice; most of this reduction is due to 

diminution of layers I&II and VI, while layers III and V were 

significantly thicker than that of age-matched controls. Layer IV 

did not appear to show any differences from control mice. Cortical 

thinning was more significant at 6 weeks-old coincident with 

previously reported neurodegeneration and behavioural changes, 

including spatial memory deficits (Bedford et al., 2008). At 6 

weeks of age we found that neocortical thickness was decreased 

approximately 20% in both cortical areas in Psmc1fl/fl;CaMKIIα-
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Cre mice and this was due to diminution of all cortical layers. 

Previous histopathological studies reported that AD and FTD 

pathologies were associated with damage to specific cortical 

layers; layer II of the entorhinal cortex and layer III of the 

neocortex in AD, and layer III and V of frontal and temporal lobes 

in FTD (Kersaitis et al., 2004, Gomez-Isla et al., 1996). 

Our observation that cortical layers III and V are thicker or 

hypertrophic at 4 weeks-old in Psmc1fl/fl;CaMKIIα-Cre mice is 

unexpected, but has precedent. It is possible that increased Ub 

accumulation following 26S proteasomal dysfunction in cortical 

neurons increases volume in the absence of brain tissue loss at 

this age. A previous study using high-resolution post-mortem MRI 

and deformation-based morphometry showed a transitory 

thickening preceding thinning associated with disease progression 

in pre-symptomatic familial AD mutation carriers (Fortea et al., 

2010, Badhwar et al., 2013). An alternative explanation is that 

the increased thickness of these cortical layers is a compensatory 

neuronal hypertrophy; an early cellular attempt to offset 

increasing neuronal injury caused by 26S proteasome dysfunction 

and Ub-accumulation in these layers. Cortical and hippocampal 

neuronal hypertrophy has been demonstrated in asymptomatic 

AD cohorts from the Baltimore Longitudinal Study of Aging 

(Driscoll and Troncoso, 2011, Fortea et al., 2010, Iacono et al., 

2009, Riudavets et al., 2007). Further investigations of neuronal 

size in layers III and V of the AU and SS cortices of mice with 26S 

proteasome dysfunction would be interesting in the future. 

5.4.2 Hypertrophy of neurons with 26S proteasome 

dysfunction in mouse cortical neurons 

Morphometric analysis of brain tissue is widely used to study 

morphological changes associated with neurodegenerative 

disease, including neuronal number and nuclear size (Bundgaard 

et al., 2001, Andrade-Moraes et al., 2013, Gagyi et al., 2012). 

Morphometric analysis of post mortem brains from AD and control 

patients showed the neuronal nuclear volume was significantly 
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higher in AD patients than controls, and demonstrated that this 

nuclear hypertrophy was more obvious in the large neocortical 

neurons (Bundgaard et al., 2001). The authors found that there 

were no significant differences in the perikaryal volume of 

neocortical neurons (Bundgaard et al., 2001). Increased neuronal 

nucleus volume, referred as nuclear hypertrophy, was observed in 

the anterior cingulate gyrus and hippocampal CA1 region in 

asymptomatic AD patients compared to patients with mild 

cognitive impairment and controls (Riudavets et al., 2007). The 

hypertrophy of cortical neurons and their nuclei in hippocampal 

CA1 and anterior cingulate gyrus neurons in asymptomatic AD 

may represent an early compensatory mechanism that prevents 

the progression of disease into dementia (Iacono et al., 2008, 

Iacono et al., 2009). 

Here we show that the median nuclear size of neurons in layers 

III and V of the AU cortex is significantly increased in 

Psmc1fl/fl;CaMKIIα-Cre mice compared to age-matched controls. 

This observation was more significant at 4 than 6 weeks-old. The 

increased nuclear size in Psmc1fl/fl;CaMKIIα-Cre cortical neurons 

could be an early response to neuronal defects and/or cellular Ub-

accumulation following 26S proteasomal dysfunction. In addition 

to the nuclear hypertrophy and as expected we found the number 

of Ub-positive neurons significantly increased in the 

Psmc1fl/fl;CaMKIIα-Cre AU cortex with increased age compared to 

controls. However, the total number of neurons in layers III and V 

of the AU cortex in Psmc1fl/fl;CaMKIIα-Cre mice at 4 weeks-old 

was not significantly different from control mice. In contrast, the 

total number of neurons in these layers at 6 weeks-old was 

significantly decreased in Psmc1fl/fl;CaMKIIα-Cre compared to 

control mice.  

Increased nuclear size of neurons has been described previously 

as a compensatory mechanism to allow the brain to function 

normally despite the presence of AD lesions (Riudavets et al., 

2007). An increase in cytoskeleton proteins is accompanied by 
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increasing nucleolar, nuclear and cell body size in spinal motor 

neurons following axotomy (McIlwain and Hoke, 2005).  It is 

possible that the increased nuclear volume is related to 

abnormalities in transport between the nucleus and cytoplasm 

(Sheffield et al., 2006). Our observations are consistent with a 

previous stereological study that found cortical and hippocampal 

neurons undergo significant nuclear hypertrophy in asymptomatic 

AD, probably as a reaction to Aβ, long before the onset of 

cognitive decline or dementia (Iacono et al., 2009, Iacono et al., 

2008). 

5.4.3 Neurofilament changes caused by 26S proteasome 

dysfunction in mouse cortical neurons 

Abnormal accumulation of neurofilaments in the cell body and 

proximal axons of neurons is a consistent observation in many 

neurodegenerative disorders, such as amyotrophic lateral sclerosis 

(ALS), PD, AD and dementia with Lewy bodies (DLB) (Xu et al., 

1993, Tu et al., 1997). We have shown changes in NF expression 

and in cortical neurons following 26S proteasome dysfunction, 

providing a novel perspective on the underlying processes involved 

in neurodegeneration diseases. In this study, we observed 

significantly increased NFH, NFL and NFM protein levels with 

progressive 26S proteasome dysfunction. Interestingly, this was 

associated with significantly decreased mRNA expression for these 

proteins. We also found increased arborisation and length of apical 

dendrites in layers III and V pyramidal neurons in 

Psmc1fl/fl;CaMKIIα-Cre mice, suggesting a complex interplay 

between the UPS and neurofilament levels and distribution. 

5.4.4 Increased neurofilament proteins following 

disruption of the 26S proteasome in mouse cortical 

neurons 

Our results show significantly increased levels of all three 

neurofilament proteins with increasing age and progressive 

neurodegeneration in Psmc1fl/fl;CaMKIIα-Cre mice. The levels of 

NFH and NFL were significantly increased at both 4 and 6 weeks-
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old; NFM was only significantly increased at the later time point. 

Previous studies have suggested a potential mechanism for 

regulating NF content within the axon may be degradation of NFs 

by the UPS (Gou and Leterrier, 1995, Balastik et al., 2008, Dale 

and Garcia, 2012). Therefore, it is possible that the increased levels 

of NF proteins in our model are a consequence of 26S proteasome 

dysfunction. TRIM2 is a ubiquitin ligase that binds to and 

ubiquitinates NFL for NFL degeneration. TRIM2 deficiency has been 

shown to lead to neurodegeneration in mice by altering NFL 

metabolism with consequent NFL accumulation in axons and 

impairment of axonal transport (Balastik et al., 2008). In addition, 

NFM has been identified as a target of the E3 enzyme carboxyl-

terminus of Hsc70 interacting protein CHIP, which enhanced NFM 

ubiquitination and degradation (Wang et al., 2011, Dale and 

Garcia, 2012). 

Increased NF protein expression is a major hallmark of 

neurodegenerative disease, but it is not clear whether the 

accumulation of NFs has a harmful or beneficial role. A previous 

study showed that overexpressing the neurofilament subunits NFL, 

NFM or NFH in transgenic mice led to prominent motor neuropathy 

and abnormal NF accumulation resembling changes found in ALS 

(Xu et al., 1993). A major pathological hallmark of ALS is 

intraneuronal accumulation of phosphorylated neurofilament 

proteins in degenerating motor neurons (Murayama et al., 1992).  

More recent studies have shown that plasma NFH levels increase 

significantly with disease progression in the mouse model of ALS 

and this increase in plasma NFH correlates with later stages of 

motor neurodegeneration in this disease (Lu et al., 2015, Lu et al., 

2012). Proteomic analysis of the post mortem AD brain showed 

presence of NF proteins in the fibrillary plaque core, suggest these 

proteins may have important role in the formation of plaques (Liao 

et al., 2004).  

Beneficial roles of NF proteins have also been described in ALS 

(Kong and Xu, 2000, Couillard-Després et al., 2000). Studies 



217 
 

showed that overexpression of NFL and NFH proteins had a 

protective effect on ALS progression in SOD1 mutant G93A mice 

and this effect was greater with NFH (Kong and Xu, 2000). Absence 

of the NFL subunit in NFL knockout mice led to accumulation of 

NFM and NFH proteins in the cell body of motor neurons and slowed 

progression of SOD1 G85R-mediated toxicity in motor neurons 

(Williamson et al., 1998). It is possible that increased expression 

of NF proteins following 26S proteasome dysfunction in neurons 

may be a protective response that requires further investigation.  

5.4.5 Decreased neurofilament mRNA following disruption 

of the 26S proteasome in mouse cortical neurons 

NF gene expression plays an important role in nervous system 

development (Moore, 2005). Previous studies have shown that 

transcriptional regulation of NF genes was important for NF protein 

levels in neurodegenerative disease and neural regeneration 

(Thyagarajan et al., 2007, Wang et al., 2012). NF gene expression 

is altered in spinal cord sections from sporadic ALS patients; NFL 

mRNA was selectively decreased in degenerating motor neurons, 

while NFM and NFH mRNA levels were unchanged (Wang et al., 

2012, Wong et al., 2000). Decreased NFL mRNA was also observed 

in AD neocortical tissue (McLachlan et al., 1988). An earlier study 

found that decreased NFH and NFL mRNA levels contributed to 

the degeneration of substantia nigra neurons in PD and correlating 

with the severity of this disease (Hill et al., 1993). However, it 

was unclear whether the decreased gene expression reflected the 

degeneration of neurons, or was an active process of the disease.  

Transcriptional levels of NFH, NFM and NFL were investigated in 4 

and 6 week-old control and Psmc1fl/fl;CaMKIIα-Cre mice. We show 

that the levels of NFH and NFL mRNA were not significantly 

different, but that NFM was significantly increased, in 

Psmc1fl/fl;CaMKIIα-Cre mice compared to controls at 4 weeks-old. 

At 6 weeks-old, the mRNA level of all NF subunits was significantly 

decreased compared to control mice.   
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In normal neurons NFL and NFM are expressed earlier than NFH 

during initial neurite outgrowth (Giasson and Mushynski, 1997). In 

rodents, NFs are synthesized according to a 4:2:1 ratio of 

NFL:NFM:NFH and this ratio is continuously altered during neuronal 

formation (Carter et al., 1998). In vivo, a study showed that NFM 

plays an important role in regulating of the levels of NFL protein, 

the stoichiometry of NF subunits and the phosphorylation state of 

NFH (Tu et al., 1995). The amount of NFM in optic axon NFs 

decreased as the ratio of NFH to NFL increased, suggesting that 

NFH may compete with NFM in binding to NFL. Comparing the 

subunit stoichiometry at different postnatal ages of in Shiverer 

mutant mice  confirms a net reduction in NFM content on NFs when 

NFH appears (Sánchez et al., 2000). Increased NFM mRNA levels 

in Psmc1fl/fl;CaMKIIα-Cre mice at 4 weeks-old may be involved in 

regulating the NF ratio under conditions of stress in an attempt to 

maintain the NF network. It is clear that increased levels of NF 

proteins following 26S proteasome dysfunction is not due to 

transcriptional upregulation of the NF genes. It is possible that the 

accumulation of NF proteins induces a feedback mechanism that 

regulates NF production by downregulating NF gene expression. 

5.4.6 NF immunoreactivity and increase apical dendrite 

length following 26S proteasome dysfunction in mouse 

cortical neurons 

In this study NF immunostaining in layers III and V pyramidal 

neurons  of the AU and SS cortices was compared between control 

and Psmc1fl/fl;CaMKIIα-Cre mice. NF immunostaining was clear in 

layers III and V pyramidal neurons as previously reported in 

human, mouse and cat cortical neurons (Hof et al., 1992, Kirkcaldie 

et al., 2002, Van der Gucht et al., 2007, Mellott et al., 2010, 

Paulussen et al., 2011).  

Overall, the intensity of NF staining appeared to be increased in 

Psmc1fl/fl;CaMKIIα-Cre mice compared to controls, supporting the 

accumulation of NF proteins in Psmc1fl/fl;CaMKIIα-Cre mouse 

pyramidal neurons. In control and Psmc1fl/fl;CaMKIIα-Cre mice NFH 
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and NFL immunostaining was evident in the perykaria, and apical 

and basal dendritic processes of pyramidal neurons. NFM 

immunostaining was mainly evident in the perykaria, with slight 

staining in the apical dendritic processes of Psmc1fl/fl;CaMKIIα-Cre 

mice.  

Neurofilaments are synthesized and assembled in cell bodies then 

transported along the axon by a process called axonal transport 

(Liu et al., 2011). The phosphorylated form of NF subunits are 

found in the axoplasm, while the non-phosphorylated form located 

in the neuronal perikarya and dendrites (Nixon et al., 1994). Non-

phosphorylated NFs have been shown to be rapidly degraded by 

the UPS, where increased NF phosphorylation prevented NF 

turnover by this mechanism (Dale and Garcia, 2012). An in vitro 

study using PC12 cells showed that the proteasome inhibitor 

lactacystin can induce the neuropathological features associated 

with a perikaryal accumulation of phosphorylated NFs (Masaki et 

al., 2000). Accumulation of phosphorylated NF proteins in the 

neuronal soma indicated neuronal dysfunction and degeneration in 

MS patients (Gray et al., 2012).  

The NF antibodies used here detect endogenous levels of total NF 

proteins, including their phosphorylated and non-phosphorylated 

form. Several factors may contribute to the accumulation of NFs in 

the perikarya of the Psmc1fl/fl;CaMKIIα-Cre mouse pyramidal 

neurons observed in the present study, such as (1) increased MT 

instability, which can affect the ability of the axon to transport NF 

proteins; (2) decreased degradation of NF proteins by the UPS in 

affected neurons as previously discussed. 

NF immunostaining of pyramidal neurons in cortical layers III and 

V of Psmc1fl/fl;CaMKIIα-Cre mice was divided into three populations 

according to their cell body shape, apical dendrite length and 

dendritic arborisation. The first population were referred to as 

intact and therefore similar to neurons found in control mice. While 

the second and third populations were affected pyramidal neurons 

(26S proteasome-deleted neurons). The second population of 
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neurons had thick, long apical dendrites, whereas the third 

population had thick, short, branched apical dendrites associated 

with extensive fine branches extended from these dendritic 

processes.  

The second population of pyramidal neurons in Psmc1fl/fl;CaMKIIα-

Cre mice was more obvious at 4 than 6 weeks of age, suggesting 

accumulation of NFs in perikarya, around inclusion bodies and in 

apical dendrites is an early change following 26S proteasome 

dysfunction. Transgenic mice overexpressing NFL, NFM or NFH 

show substantial NF accumulation in the perikarya, dendrites and 

axons of spinal motor neurons, indicating that altered NF 

metabolism may result in the formation of NF-rich inclusions 

(Bussiere et al., 2003, Julien and Kriz, 2006, Mendonca et al., 

2005). These mice eventually develop ALS-like neuronal cell loss 

(Nakamura et al., 1999, Hashiguchi et al., 2014). Furthermore, the 

degenerating motor neurons in NFH transgenic mice had large 

cytoplasmic accumulations of neurofilaments surrounding 

mitochondria aggregates near the nucleus. This study suggests NF 

accumulation may lead to axonal degeneration by impeding the 

transport of mitochondria required for axonal maintenance (Collard 

et al., 1995). Importantly, protein inclusions in the affected 

neurons of Psmc1fl/fl;CaMKIIα-Cre mice also show aggregation of 

mitochondria (Ugun-Klusek et al., 2017). 

The third population of pyramidal neurons was most evident at 6 

week-old, with short thick apical dendrites. Correlating with these 

changes, the dendritic arborisation of pyramidal neurons appeared 

to be more evident at 6 compared to 4 weeks of age in 

Psmc1fl/fl;CaMKIIα-Cre mice. It is possible that the increased 

dendritic arborisation of these neurons is an attempt to extend NF 

expression into dendrites. A previous study found that increasing 

NFH and/or NFM inhibited dendritic arborisation, but these changes 

were reversed by elevating the level of NFL with either NFH or NFM 

(Kong et al., 1998a). A lower ratio of NFH and NFM to NFL is critical 

for the growth of complex dendritic trees in motor neurons.  
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Increased dendritic arborisation in the Psmc1fl/fl;CaMKIIα-Cre mice 

pyramidal neurons is further supported by apical dendritic length 

measurement data.  In Section 5.3.7 we showed apical dendritic 

length of pyramidal neurons in cortical layer III and V was 

significantly increased in Psmc1fl/fl;CaMKIIα-Cre compared to 

control mice.   

Previous study in AD mouse models, Tg2576 amyloid precursor 

protein (APP) mutant mouse, showed that significantly increased 

dendritic lengths with more complex proximal apical dendrite 

branching patterns in layer III pyramidal neurons from 12-month-

old Tg2576 mice compared to wild-type mice (Rocher et al., 2008).  

Another study29 investigated morphological changes in these 

mouse frontal pyramidal neurons at 9 and 24 months of age, noted 

no difference in dendritic structure in layer III pyramidal neurons 

between the Tg2576 and wild-type neurons at 9 months of age, 

prior to substantial deposition of plaques. But a significant 

reduction in apical dendritic length was observed at 24 months of 

age, when amyloid plaques are abundant, compared with wild type 

mice. The data from these studies indicate that dendritic length and 

structure were changed with aged in Tg2576 mice cortical 

pyramidal neurons, which involved an initial by elongation of 

dendritic length at 12 months followed by regression at 24 months 

(Luebke et al., 2010).  

This may explain the reduction the apical dendrites length in 

Psmc1fl/fl;CaMKIIα-Cre mice pyramidal neurons in cortical layer III 

and V in 6 weeks age compared to 4 weeks age mice. Although, 

the underlying mechanism of increased dendritic arborisation and 

apical dendrites length following 26S proteasome dysfunction is not 

clear, a number of factors could plausibly underlie these changes. 

First, dendritic elongation may be related to the increased level of 

NFL observed in 4 weeks age of Psmc1fl/fl;CaMKIIα-Cre mice in 

section 5.3.6.  This may lead to many more dendrite filaments, 

neurons and long dendrites radiating from pyramidal neurons in 

cortical layer III and V of the Psmc1fl/fl;CaMKIIα-Cre mice. Previous 
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studies showing increased NFL can protect against NFH-mediated 

pathogenesis from increased NFH alone (Meier et al., 1999). The 

motor neurons regulate the ratio of NFH to NFL in order to maintain 

a balance between plasticity and stability of neuronal processes 

during different stages of development (Kong and Xu, 2000) 

Second, the overexpression of P-Akt in the Psmc1fl/fl;CaMKIIα-Cre 

mice could lead to dendritic elongation; indeed active 

phosphorylated Akt promotes neurite outgrowth and enhances the 

dendritic branching, and dendritic complexity in cultured mature 

hippocampal neurons (Jaworski et al., 2005). There is also 

evidence that increased activity of the protein kinase Akt can 

increase axonal branching and soma size in primary sensory 

neurons via activation of mTOR (Grider et al., 2009).  

These findings suggest that increased NF and P-Akt expression 

and/or activity may be involved in neuroprotection mechanism 

following 26S proteasome dysfunction. Further investigations in 

the Psmc1fl/fl;CaMKIIα-Cre cortex should investigate these proteins 

to elucidate these role in the brain in this context.  
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Chapter 6  

General discussion and conclusion  

  



224 
 

6.1 General discussion 

The ubiquitin proteasome system (UPS) plays a key role in the 

maintenance of intracellular protein homeostasis by degrading 

unwanted proteins in cells. This system has an essential role in 

regulating the stability of cytoskeletal proteins, which are mostly 

degraded via the UPS (Vakifahmetoglu-Norberg et al., 2013).  

Depletion of 26S proteasomes in mouse brain cortical neurons is 

associated with neurodegeneration and the formation of 

intraneuronal protein inclusions in surviving neurons (Bedford et 

al., 2008). Here we show that these neuropathological changes 

are associated with significant changes in cytoskeletal proteins, 

including NFs and MTs, and MT stability. Our study investigated 

cytoskeletal changes following 26S proteasome dysfunction in 

cortical neurons at 4 and 6 weeks of age, reflecting early- and 

late-stage neurodegeneration. 

We show 26S proteasome dysfunction leads to increased levels of 

NF proteins (Figure 6.1). This is not associated with increased NF 

gene transcription because NF mRNA was significantly decreased 

at 4 and 6 weeks-old. Transcriptional downregulation could be an 

early event following 26S proteasome dysfunction to compensate 

for increasing NF proteins (Figure 6.1). This study provides the 

first in vivo evidence in brain that 26S proteasomal dysfunction 

directly causes increased NF protein, most likely as a result to 

defective degradation.  

NF changes were accompanied by changes in MT protein 

expression and stability at later stages following 26S proteasome 

dysfunction. At 4 weeks-old, no significant differences were 

observed in the levels of α-tubulin, neuron-specific βIII-tubulin 

and MT-associated proteins, or MT stability. Our observations are 

supported by a study showing early changes in the axonal 

distribution of NF proteins preceded changes in MT distribution in 

response to focal axon compression in rats (Fournier et al., 2015).  
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It is possible that increased NF expression may be involved in 

decreased expression of α-tubulin and neuron-specific βIII-

tubulin, and increased MT instability at 6 weeks-old in 

Psmc1fl/fl;CaMKIIα-Cre mice (Figure 6.1). A previous study 

showed that increased levels of NFs coincided with lack of axonal 

growth and increased dynamic instability of axonal MTs (Collard 

et al., 1995). Depletion of NFL can enhance the stability of MTs by 

increasing the phosphorylation of Stat3 and its interaction with 

STMN, inhibiting STMN role in destabilizing microtubules. This 

increases the levels of soluble tubulin heterodimers available for 

the maintenance of axonal microtubules in motor neurons (Yadav 

et al., 2016). 

In our study, STMN1 levels were dramatically decreased at 6 

weeks-old and STMN1 mRNA level was decreased at both 4 and 6 

weeks-old (Figure 6.1). Although STMN1 was significantly 

decreased, our data shows MT instability following 26S 

proteasome dysfunction. MT instability was evident at 6 weeks of 

age by increased free/polymerised tubulin ratio, leading to 

decreased MT polymerization. In addition, decreased expression 

of α–tubulin, neuron-specific βIII-tubulin and detyrosinated-

tubulin, together with increased tyrosinated-tubulin was 

observed. MT-associated proteins tau and MAP2 were also 

decreased in the polymerized fraction (Figure 6.1). Taken 

together, these changes would be expected to be associated with 

increased STMN1 expression since MAPs tau and MAP2, and 

STMN1 play opposite, but complimentary roles, in MT stability. 

Therefore, decreased STMN1 expression at 6 weeks-old may be a 

negative feedback loop in an attempt by neurons to stabilizing 

their MT following 26S proteasome dysfunction. Decreased 

STMN1 mRNA from 4 weeks-old suggests transcriptional 

downregulation as an early response to increasing cytoskeletal 

changes in neurons caused by 26S proteasome dysfunction 

(Figure 6.1).  
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STMN1 levels and activity could be affected by the p53 and p27 

proteins (Figure 6.1), and also activation of the PI3K/Akt pathway 

(Karst et al., 2011). It is possible that decreased STMN1 mRNA 

levels in Psmc1fl/fl;CaMKIIα-Cre cortices is linked to increased 

expression of p53, and this may be part of a p53-regulated 

apoptotic signalling process following 26S proteasome dysfunction 

given that STMN1 is a p53-target gene (Johnsen et al., 2000, 

Fang et al., 2010). Increased p53 in Psmc1fl/fl;CaMKIIα-Cre 

cortices correlates with decreased P-Akt expression at 4 weeks-

old, which may also have an effect on STMN1 expression. 

Decreased Akt activity by the PI3K/Akt inhibitor has been 

associated with significantly decreased STMN1 expression in 

tumour cells (Wang et al., 2010, Schimmack et al., 2015).  

Pro-apoptotic and anti-apoptotic members of the Bcl-2 family, 

such as Bax, Bcl-2 and p27, may be effected by changes in the 

expression of both p53 and P-Akt. However, these proteins were 

not significantly different between control and Psmc1fl/fl;CaMKIIα-

Cre mice. As proteins of the Bcl-2 family regulate the 

mitochondrial death pathway, multiple pathways may promote 

apoptosis following 26S proteasome dysfunction that do not 

depend on the intrinsic pathway.   

Decreased P-Akt expression at 4 weeks of age was followed by 

dramatically increased P-Akt expression 6 weeks of age. These 

changes are accompanied by intraneuronal protein inclusions and 

extensive neurodegeneration in the cortex of Psmc1fl/fl;CaMKIIα-

Cre mice (Bedford et al., 2008). These findings suggest that 

increased P-Akt expression and/or activity following 26S 

proteasome dysfunction may be involved in neuroprotection 

against p53, indicated by the inverse relationship between levels 

of P-Akt and p53.   As p53 can negatively regulates the Akt 

pathway by inducing the expression of p53-target genes PTEN, 

which led to shut down Akt pathway and decrease activation of 

Akt (Feng et al., 2007). Increased PTEN levels degrades PIP3 to 

PIP2 and diminishes the function of PIP3 in the activation of PDK-
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1 and mTORC2 and inhibits the activity of Akt (Feng, 2010). On 

the other hand, The Akt can phosphorylate and activates MDM2 

which can decrease p53 levels and activity (Zhou et al., 2001). 

This is the feedback loop in the p53–Akt pathway that can 

regulates p53 activity after stress, and higher levels of p53 to an 

apoptotic response. 

Increased activity of the PI3K/Akt pathway in late-stage AD was 

significantly correlated with decreased autophagy and increased 

amounts of Aβ deposition (Tramutola et al., 2015). A recent study 

from our lab showed that short-term 26S proteasome dysfunction 

activates autophagy, but continued dysfunction in neurons leads 

to impaired autophagy and cell death (Ugun-Klusek et al., 2017).  

Immunohistochemical studies of the AU and SS cortical areas 

were also carried out at 4 and 6 weeks of age in 

Psmc1fl/fl;CaMKIIα-Cre mice. Morphometric analysis of the cortex 

and neurons may provide a better understanding of the 

pathogenesis of degenerative diseases (Ihara et al., 2010, Iacono 

et al., 2009, Iacono et al., 2008, Everall et al., 1997, Bussiere et 

al., 2003, Bundgaard et al., 2001).  Neurodegeneration in our 

model was associated with decreased cortical thickness and 

neuronal number. Furthermore, we observed increased nuclear 

size, length of apical dendrites and dendritic arborisation in layers 

III and V of the Psmc1fl/fl;CaMKIIα-Cre cortices. 

Increased apical dendrite length and dendritic arborisation of 

pyramidal neurons were evident at both 4 and 6 weeks-old 

following 26S proteasomal dysfunction by NFH and NFL 

immunostaining. At this stage it is unclear whether the increased 

NFs have a beneficial or detrimental in the progression of 

neurodegeneration following disruption of the 26S proteasome. 

The ratio between the three NF subunits has been implicated in 

the growth of complex dendritic trees in motor neurons (Kong 

and Xu, 2000). Studies also suggest that increased P-Akt 

expression can lead to increased axonal branching and soma size 

in primary sensory neurons via activation of mTOR (Grider et al., 
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2009). In addition, increased P-Akt can promote neurite outgrowth 

and enhanced dendritic branching in cultured hippocampal mature 

neurons (Jaworski et al., 2005). Thus, the increase in P-Akt may 

be involved in promoting neural cell protection and repair 

following 26S proteasome dysfunction. Therefore, further 

investigations of Akt activity are needed to elucidate its role in 

the brain in this context.  

Increased nuclear size could be an early response to neuronal 

defects or Ub accumulation following 26S proteasome dysfunction 

in the cortical neurons. Increased nuclear size of neurons has 

been described as a compensatory mechanism to allow neurons 

to function normally despite the presence of AD lesions 

(Riudavets et al., 2007). It is also possible that nuclear 

hypertrophy may reflect cytoskeleton changes or abnormalities in 

the transport between the nucleus and cytoplasm (Sheffield et al., 

2006).  

Cortical thickness was used as a very important morphological 

feature in assessing disease stage, identifying dementia and 

cognitive impairment in PD patients (Zarei et al., 2013). The 

greater rate of cortical thinning evident in the late age group 

associated with neurodegeneration and spatial memory deficits. 

However, the accumulation of ubiquitinated proteins in neurones 

may lead to the space-occupying and effects the cortical 

thickness different between control and 26S proteasome depleted 

cortical tissue. Interestingly, neuronal number in layer III and V 

were dramatically decreased. Taken together, loss neuronal brain 

tissue could be induced by 26S proteasomal dysfunction in 

cortical neurons.  

6.2 Conclusion 

Our study has provided novel information about the role of the 

26S proteasome in the mechanisms of neurodegenerative 

disease. Increased neurofilament expression is an early event in 

neurodegeneration caused by 26S proteasome dysfunction, 
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occurring ahead of changes in microtubules. Dysfunction of 

proteasomal degradation and changes in cytoskeletal proteins are 

both important hypotheses in neurodegenerative disease and this 

study has provided a potential novel insight into a connection 

between these processes.  

 

Figure 6.1 Schematic representation summering the main changes in 
cytoskeletal proteins and microtubule stability in Psmc1fl/fl;CaMKIIα-Cre 
cortical neurons 

6.3 Future work 

Immunohistochemical studies in this work found several 

morphological changes in Psmc1fl/fl;CaMKIIα-Cre cortical neurons 

compared to controls. In this work we focused on nuclear size, 

apical dendrite length and arborisation in the AU and SS cortical 
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areas. Further investigations would involve axonal morphological 

changes. The oval-shaped axonal swelling was noted in 50 μm 

brain cryosections from Psmc1fl/fl;CaMKIIα-Cre and 

Psmc1fl/fl;CaMKIIα-Cre-YFP mice, but staining method were not 

reliable to continue these studies (Figure 6.2). 

 

Figure 6.2 Oval-shaped axonal swelling in Psmc1fl/fl;CaMKIIα-Cre 
cortical neurons. 

Representative image showing SS cortical neurons with oval-shaped axonal 

swelling (Arrow) in 6 weeks-old 50 μm cryosections from Psmc1fl/fl;CaMKIIα-Cre-

YFP (A) and Psmc1fl/fl;CaMKIIα-Cre (B) mice using fluorescent microscopy and 

silver staining respectively. Arrowheads indicate apical dendrites of targeted 

cortical neurons.    

Golgi staining is an inexpensive method to provide reliable high-

quality staining of neurons for morphometric analyses and has 

been used to investigate cell morphology changes in models of 

neurodegeneration (Bayram-Weston et al., 2016). Future work 

using this stain would provide a more detailed map of the 

morphological changes in Psmc1fl/fl;CaMKIIα-Cre cortical neurons. 

It will be important to carry out investigations of the molecular 

mechanisms of axonal transport and its regulation in different 

parts of the cortical neurons in Psmc1fl/fl;CaMKIIα-Cre mice. This 

will help to understand the cell biology and biochemistry of 

Psmc1fl/fl;CaMKIIα-Cre- YFP mice Psmc1fl/fl;CaMKIIα-Cre with Sliver stain

A B
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transport in degenerating neurons. An understanding of axonal 

transport is critical in identifying novel molecular targets for 

therapeutic development in treating these disorders (Liu et al., 

2017). 

Investigations into how the changes in neurofilament levels and 

distribution in neurons affect conduction velocity and contribute 

to signal integration in postsynaptic neurons and circuit function 

would be interesting. Electrophysiological recordings of anti-

dromic and ortho-dromic latencies in response to pretectum (Pt) 

stimulation in Psmc1fl/fl;CaMKIIα-Cre mice cortical neurons would 

further the study.  

Further investigations into the consequences of increased P-Akt 

levels and, more so, PI3K/Akt activity in mouse brain are 

necessary to understand the molecular mechanisms following 26S 

proteasome dysfunction. As  the PI3K/Akt/GSK-3β pathway has 

been shown to play a pivotal role in neuroprotection, enhancing 

cell survival by stimulating cell proliferation and inhibiting 

apoptosis (Kitagishi et al., 2014).  
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Appendix  

 

Figure 1 NFH immunoreactivity in 4 week-old Psmc1
fl/fl

;CaMKIIα-

Cre mouse cortical neurons 

(A and G) Low magnification images of NFH immunostaining of 7 µm horizontal 

brain sections from 4 week-old control (A-F) and Psmc1
fl/fl

;CaMKIIα-Cre mice (G-

L) showing obvious staining of cortical layers III and V, and more intense staining 

in Psmc1
fl/fl

;CaMKIIα-Cre mice compared to controls. Higher magnification images 

of the boxed AU areas in A and G are shown in B and H respectively. Enlarged 
views of individual neurons in the boxed areas in layers III and V (B and H) are 
shown in C-F and I-L respectively. Immunostaining is evident in the cell body, 

apical and basal dendrites in both control and Psmc1
fl/fl

;CaMKIIα-Cre neurons. 

Arrows, Asterisks and Arrowheads indicate apical dendrites, basal dendritic 

processes and targeted neurons containing protein inclusions respectively. AU, 
auditory cortex; Ctx, cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum.  
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Figure 2 NFH immunoreactivity in 6 week-old Psmc1
fl/fl

;CaMKIIα-

Cre mouse cortical neurons 

(A and G) Low magnification images of NFH immunostaining of 7 µm horizontal 

brain sections from 6 week-old control (A-F) and Psmc1
fl/fl

;CaMKIIα-Cre mice (G-

L) showing obvious staining of cortical layers III and V, and more intense staining 

in Psmc1
fl/fl

;CaMKIIα-Cre mice compared to controls. Higher magnification images 

of the boxed AU areas in A and G are shown in B and H respectively. Enlarged 
views of individual neurons in the boxed areas in layers III and V (B and H) are 
shown in C-F and I-L respectively. Immunostaining is evident in the cell body, 

apical and basal dendrites in both control and Psmc1
fl/fl

;CaMKIIα-Cre neurons. 

Arrows, Asterisks and Arrowheads indicate apical dendrites, basal dendritic 
processes and targeted neurons containing protein inclusions respectively. AU, 

auditory cortex; Ctx, cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum.  
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Figure 3 NFL immunoreactivity in 4 week-old Psmc1
fl/fl

;CaMKIIα-

Cre mouse cortical neurons 

(A and G) Low magnification images of NFL immunostaining of 7 µm horizontal 

brain sections from 4 week-old control (A-F) and Psmc1
fl/fl

;CaMKIIα-Cre mice (G-

L) showing obvious staining of cortical layers III and V, and more intense staining 

in Psmc1
fl/fl

;CaMKIIα-Cre mice compared to controls. Higher magnification images 

of the boxed AU areas in A and G are shown in B and H respectively. Enlarged 

views of individual neurons in the boxed areas in layers III and V (B and H) are 
shown in C-F and I-L respectively. Immunostaining is evident in the cell body, 

apical and basal dendrites in both control and Psmc1
fl/fl

;CaMKIIα-Cre neurons. 

Arrows, Asterisks and Arrowheads indicate apical dendrites, basal dendritic 
processes and targeted neurons containing protein inclusions respectively. AU, 
auditory cortex; Ctx, cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum.  

 

C
o

n
tr

o
l

P
s

m
c

1
fl

/f
l ;
C

a
M

K
II
α

-C
re

A B

St

Hip

Hip

III

VI

V

E F

G H I J

K L

III

VI

V

St

C D

*

*
*

*

*



286 
 

 

 

Figure 4 NFL immunoreactivity in 6 week-old Psmc1
fl/fl

;CaMKIIα-

Cre mouse cortical neurons 

(A and G) Low magnification images of NFL immunostaining of 7 µm horizontal 

brain sections from 6 week-old control (A-F) and Psmc1
fl/fl

;CaMKIIα-Cre mice (G-

L) showing obvious staining of cortical layers III and V, and more intense staining 

in Psmc1
fl/fl

;CaMKIIα-Cre mice compared to controls. Higher magnification images 

of the boxed AU areas in A and G are shown in B and H respectively. Enlarged 
views of individual neurons in the boxed areas in layers III and V (B and H) are 
shown in C-F and I-L respectively. Immunostaining is evident in the cell body, 

apical and basal dendrites in both control and Psmc1
fl/fl

;CaMKIIα-Cre neurons. 

Arrows, Asterisks and Arrowheads indicate apical dendrites, basal dendritic 
processes and targeted neurons containing protein inclusions respectively. AU, 

auditory cortex; Ctx, cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum.  
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Figure 5 NFM immunostaining in 6 week-old mouse cortical 

pyramidal neurons. 

 
(A and G) Low magnification images of NFM immunostaining of 7 µm horizontal 

brain sections from 6 week-old control (A-F) and Psmc1
fl/fl

;CaMKIIα-Cre (G-L) 

mice. Higher magnification images of the boxed AU areas in A and G are shown 
in B and H respectively. Enlarged views of individual neurons in the boxed areas 
of cortical layers III and V (B and H) are shown in C-F and I-L respectively. 
Asterisks indicate NFM immunostaining in the cell body. Arrows indicate part-
labelling of apical dendrites with absent basal dendritic processes. Arrowheads 

indicate targeted neurons containing protein inclusions in Psmc1
fl/fl

;CaMKIIα-Cre 

mice. AU, auditory cortex; Ctx, cortex; Hip, hippocampus; Cc, corpus callosum; 
St, striatum. Ctx, cortex; Hip, hippocampus; Cc, corpus callosum; St, striatum. 

C
o

n
tr

o
l

P
s

m
c

1
fl

/f
l ;
C

a
M

K
II
α

-C
re

A B

Cc

St

Hip

Hip

III

VI

V

C D

E F

G H I J

K L

III

VI

V

St

**
*

*

*
* *

*


