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Abstract 
Peroxisomes are essential for the developing brain as the loss of 

functional peroxisomes leads to mild to severe Peroxisome Biogenesis 

Disorders (PBD) with significant neurological involvement. Zellweger 

Syndrome (ZS) represents the most severe form of PBDs resulting from 

a mutation in PEX genes, including PEX13, which encode peroxins 

necessary for peroxisome biogenesis. ZS patients exhibit a range of 

clinical abnormalities including hypotonia, multi-organ failure, abnormal 

metabolic profile with significant neuropathologies and death within a 

year after birth.  

 

As mutation in Pex13 in humans result in ZS, animal models with 

ubiquitous and targeted disruption of PEX13 were generated in order 

to understand the unifying molecular pathogenesis of ZS. PEX13 

knockout (KO) and brain specific disruption of PEX13 mice (referred as 

PEX13 brain mutant) were developed in our laboratory and applied as 

experimental tools previously and in this thesis, to explore the 

molecular and cellular basis of ZS neuropathology.  The PEX13 KO 

mice, exhibits severe ZS phenotype which includes hypotonia, neuronal 

migration defect, impaired fatty acid oxidation and plasmalogen 

synthesis, and early neonatal death. The restricted utility of PEX13 KO 

mice due to its early neonatal death was overcome by PEX13 brain 

mutant (BM) mice which allowed the further elucidation of local 

peroxisome elimination in neurodevelopmental disorders and 

neurodegeneration. The PEX13 BM mice survive longer (mean age, 

26.5 days) and exhibits less severe ZS phenotype. Muller and co-

workers (2011) characterized PEX13 BM mice with severe growth, 

reflex and motor retardation, associated gross cerebellar abnormality, 

Purkinje neuronal abnormality, delayed neuronal migration, and 

prominent astrogliosis and microgliosis. 
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A common etiological factor between ZS and other neurodegenerative 

diseases such as Parkinson’s disease and Alzheimer’s disease is 

synucleinopathy, where alpha-synuclein oligomers are implicated in 

neuronal apoptosis and profound neurodegeneration. Increased 

accumulation and/or oligomerization of α-synuclein have been detected 

in the brain of ZS mouse models including PEX13 mice. The work 

presented in the first part of the thesis aims to elucidate the role of α-

synuclein as a causative agent of ZS neuropathology. This part of the 

thesis extends studies on previously documented ZS disease phenotype 

to assess whether the drug arimoclomal (an inducer of molecular 

chaperones) reduces α-synuclein oligomerization and restores ZS 

neuropathogenesis. Poor motor development due to gross cerebellar 

morphological defect was described in PEX13 BM mice previously 

(Muller et al., 2011). Together with the cerebellum, the substantia 

nigra (SN) and the nigrostriatal pathway plays an essential role in 

motor co-ordination and function. However, this important motor 

region of the brain has not been studied in PEX13 mice. Thus the 

second part of this thesis aims at understanding the role of the 

nigrostriatal pathway including the SN and striatum, in ZS motor 

dysfunction and its related neuropathogenesis. Further, using 

customised algorithms of the graphics analysis software IMARIS, a high 

resolution study on the morphology of individual dopaminergic neurons 

in PEX13 BM mice was conducted. The third component of this thesis 

attempts to elucidate the role of reduced neurogenesis (i.e. the 

neurodevelopmental deficit) in this disorder. Increased neuronal 

apoptosis and reactive gliosis have been documented previously in 

PEX13 mouse models; however the rates of neurogenesis have not 

been defined. Thus neurogenesis was studied in the known neurogenic 

niches in the brain of both the severe and less severe PEX13 mouse 

models. Combination of novel thymidine analog, EdU and a range of 
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stem cell niche and neuronal markers was applied to track DNA 

synthesis and phenotype the new cell populations.  

 

Peroxisome biogenesis essentially consist of peroxisome matrix and 

membrane protein import. Cytoplasmic proteins are targeted to 

peroxisome matrix via two types of peroxisome targeting signals (PTS) 

i.e., PTS1 and PTS2 which bind to their respective receptors Pex5 and 

Pex7 followed by docking on peroxisome membrane. Pex13 is a key 

peroxin which serves as the site of convergence of PTS1-Pex5 and 

PTS2-Pex7 complexes on peroxisome membrane. The C-terminal SH3 

region of Pex13 has been shown to bind Pex5 and thus mediate PTS1 

matrix protein import whereas the N-terminal region has been 

proposed to bind Pex7 and participate in PTS2 mediated matrix protein 

import. However, conflicting findings by Otera and co-workers (2002) 

suggest that N-terminal region binds Pex5 and is involved in PTS1 

mediated matrix protein import. The fourth component of this thesis 

was to investigate the role of N-terminal region of mammalian Pex13 in 

PTS1 and PTS2 mediated matrix protein import using PEX13∆/∆ and 

PEX13+/+ mouse embryonic cell lines, protein rescue experiments and 

site directed mutagenesis.  

 

Arimoclomol treatment was effective in reducing cerebellar GFAP levels 

by 83% in PEX13 BM mice establishing a direct relation of α-synuclein 

and GFAP in vivo. PEX13 BM mice showed reduced mid brain 

dopaminergic (mDA) neurons in the SN pars compacta and the ventral 

tegmental area (VTA) in addition to reduced TH levels in the nigra and 

the striatum.  Increase in SOD2 and Iba1 was a prominent feature in 

the SN of PEX13 BM mice indicating increased oxidative stress and 

related microgliosis. Morphological analysis in 50 individual mDA 
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neurons showed significant increase in the size of individual DA 

neurons in the mutant mice. This increase in the size of mDA neurons 

in PEX13 BM mice could be a compensatory mechanism of the existing 

neuronal population for the loss of dopaminergic neurons. Significantly 

reduced peroxisome numbers and increased SOD2 granules within 

each mDA neurons of PEX13 BM mice was also present. Further, the 

rate of cell genesis was increasingly reduced with an increasing 

severity of ZS neuropathology. The PEX13 KO mice demonstrated 

respective decline in cell genesis by 70% and 69% in the DG and SVZ 

followed by PEX13 BM mice which showed respective decline by 60% 

and 29% in the DG and SVZ at P0. At P10, the PEX13 BM mice showed 

38% and 37% reduction in EdU-positive cells in the DG and 

subgranular zone (SGZ) respectively. Association of various stem cell 

and neuronal markers with EdU labelled cells showed an overall 

decrease in EdU localization with the key transcription factor - Sox2 at 

P0 and EdU localization with the neurogenic niche marker - DCX at P10 

in PEX13 mice. There was an accompanying increase in EdU 

association with the mature neuronal marker - NeuN suggestive of cell 

genesis in areas relating to the differentiated brain. The results provide 

evidence for reduced stem cell niches and a concurrent reduction in 

neurogenesis, but provide data for increased glial genesis in the ZS 

model.      

 

In the absence of peroxisome biogenesis, peroxisomal proteins were 

proposed to be co-localized with other cellular components by Imanka 

and co-workers (1996). Using mitochondrial and lysosomal dyes we 

could establish that peroxisomal proteins are not mislocalized to other 

cellular organelles such as the mitochondria and the lysosomes but are 

present on peroxisome membrane in Pex13 deficient cell lines. The 

PTS1 protein import assay was established using immunodetection of 
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PTS1 signal peptide (SKL) and in combination with differential 

permeabilization of cell and organelle membrane, discrete detection of 

peroxisomal membrane and matrix proteins was established. 

Investigative tools were established to decipher the role of PEX13 N-

terminal region in PTS1 and PTS2 matrix protein import.  

 

In summary, this thesis describes novel molecular and cellular 

mechanisms of ZS neuropathogenesis. In addition, it also opens up 

potential therapeutic targets and avenues of drug development for ZS 

disease management. 
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Peroxisomes are unique and enigmatic organelles which contain a 

number of important cellular metabolic pathways. Biogenesis of the 

peroxisome is achieved by a highly organized and collaborative 

interaction of proteins, called peroxins. Loss of peroxisomes leads 

to several fatal neurodevelopmental disorders known as Peroxisome 

Biogenesis Disorders (PBDs) in humans. Zellweger Syndrome (ZS) 

represents the most severe phenotype of PBDs, with affected 

individuals showing significant neurodegeneration and death within 

a year after birth.  

 

In this project, ZS mouse models were used as tools to examine the 

neuropathology of ZS at the molecular level. This introduction 

chapter provides a background for better understanding of 

peroxisomes and their role in peroxisomal disorders, and the impact 

of their function in the development of nervous system. A rationale 

for the work carried out in this project is also presented.  

 

1.1 PEROXISOME OCCURRENCE, SIZE AND 

MORPHOLOGY   

Peroxisomes are found in virtually all eukaryotic organisms from 

yeast to plants and mammals. Their morphology, size and number 

differ between tissues and species (Bosch et al., 1992; Schrader 

and Fahimi, 2006). Peroxisomes are mostly spherical in shape but 

large reticular networks, elongated and tubular shapes, are also 

found. The number of peroxisomes varies from a few hundreds to 

thousands and their size also typically ranges between 0.1 to 1 µm 

in diameter (Bosch et al., 1992; Schrader et al., 2000). These 

organelles are single membrane bound containing 80 to 90 different 

enzymes and proteins in their lumen which carry out multiple 

metabolic and regulatory functions (Kikuchi et. al., 2004; Mi et al., 

2007; Wiese et al., 2007).   
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Figure 1.1: Electron Micrograph of peroxisomes. Section of rat 

liver showing the presence of peroxisomes (P), mitochondria (M) and 

smooth endoplasmic reticulum (SER). Reprinted with permission from 

Terlecky and Walton, 2004. 

 

1.2 METABOLIC FUNCTION 

Peroxisomes perform a broad range of metabolic functions. While 

they may carry out specific metabolic functions in one type of cell, 

or tissue they may perform a completely different set of metabolic 

functions in another. Certain physiological functions are exclusively 

performed by peroxisomes while others are carried out in co-

ordination with other organelles of the cell. For examples, β 

oxidation of fatty acid is carried out exclusively by peroxisomes in 

all species except in mammals. In mammals, β oxidation of fatty 

acid is carried out by both peroxisomes and mitochondria. This 

section is an overview of the major metabolic functions carried out 

by peroxisome in all species. These major functions include 

generation and oxidation of reactive oxygen species (ROS), 

oxidation of fatty acids and synthesis of plasmalogens. The minor 
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metabolic functions carried out by peroxisome are listed in Table 

1.3.  

 

1.2.1 Peroxisome as oxidative organelle 

Multiple metabolic reactions are carried out in peroxisomes which 

results in the generation of reactive oxygen species (ROS) (refer 

Table 1.1 for a list of peroxisomal enzymes responsible for 

generation of ROS).  

 

Table 1.1: Enzymes generating ROS in mammalian 

peroxisome  

1. Palmitoyl-CoA oxidase, Pristanoyl-CoA oxidase, 

Trihydroxycoprostanoyl-CoA oxidase, Urate oxidase, L-α-

hydroxyacid oxidase, Polyamine oxidase, Pipecolic acid 

oxidase, Sarcosine oxidase, D-amino acid oxidase, D-

aspartate oxidase 

2.        Xanthine oxidase 

3.        NO synthase 

Row 1, Enzymes generating hydrogen peroxide (H2O2) radical, row 2, 

enzyme generating superoxide anion (O2-) and row 3, enzyme generating 

nitric oxide (NO). Reprinted with permission, Antonenkov et al., 2010 

 

An increase in the level of ROS leads to damage to cell structure 

and therefore it is essential for the cell to regulate and maintain its 

redox homeostasis. In order to maintain this redox potential 

peroxisomes possess an excellent repertoire of enzymes that nullify 

the harmful effect of ROS. A list of anti-oxidative enzymes is given 

in Table 1.2. Increase in the level of ROS during normal process of 

aging is thought to be due to diminished function of peroxisome 

import pathway. The role of peroxisome in aging is an interesting 

area of investigation as it provides clues to the process of aging 
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with a potential to develop novel therapeutic targets to delay aging 

in humans.  

 

Table 1.2: Enzymes and proteins that play a role in 

antioxidant defense system in mammalian peroxisome 

Enzyme / Proteins Mechanism of action  

Catalase  Decomposes H2O2 in dismutase 

and peroxidase reactions.  

Peroxiredoxine V (PMP20) Reacts with H2O2 or alkyl 

hydroxperoxidases 

Superoxide dismutase 

(SOD) 

Cu/Zn-SOD and Mn-SOD 

Catalyzes dismutation of 

superoxide ions (O2-) to H2O2 

which is further decomposed by 

catalase.  

Epoxide hydrolase Catalyses epoxides which are 

highly ROS damaging nucleic acid 

and unsaturated lipids 

Glutathione S-transferase 

(GST)  both soluble 

(member of kappa family) 

and membrane bound 

Catalyses hydroperoxides and lipid 

hydroperoxides  

Fatty aldehyde 

dehydrogenase 

Cytoprotective against harmful 

effects of medium-chain aldehydes 

derived from peroxidation of 

unsaturated FAs 

PMP22, Mpv17, MP-L 

proteins 

ROS metabolism  

MP-L is involved in correcting 

misfolded and damaged proteins 

and induces apoptosis 

  

             Table 1.2 continued…….. 
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Table 1.2 continued……..  

Enzyme / Proteins Mechanism of action  

Lipid binding proteins (e.g. 

sterol-carrier protein 2),  

Prevent lipid from peroxidation 

NADP-dependent 

dehydrogenases 

Reduces NADP+, protects catalase 

against oxidative damage, 

biosynthesis of NO and reduces 

glutathione.  

Reprinted with permission, Antonenkov et al., 2010.  

 

1.2.2 β Oxidation of fatty acids 

More than 25 peroxisomal proteins are involved in fatty acid (FA) β-

oxidation, acting at different stages of β-oxidation relative to the 

structure of the involved substrate. Fatty acids are first activated to 

coenzymeA (CoA) esters forms which are able to cross the 

peroxisomal membrane. The fatty acid-CoA derivatives are then 

broken down in four steps – desaturation, hydration, 

dehydrogenation and thiolytic cleavage inside the peroxisome. The 

resulting products are transported either to the cytosol or to 

mitochondria for further processing. Enzymes that execute these 

reaction steps are acyl-CoA oxidase, D-bifunctional protein and 

thiolases. Substrates for peroxisomal enzymes include VLCFA, 

pristanic acid, DHCA and THCA, long chain dicarboxylic acid, PUFA, 

prostaglandins, leukotrienes, xenobiotics and Vitamins E and K. Any 

defect in β-oxidation enzymes leads to severe to mild peroxisome 

disorders in humans and is discussed further in Section 1.4 

(reviewed in Wanders & Waterham, 2006; Veldhoven P.P.V., 2010). 
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1.2.3  α Oxidation of fatty acids 

The primary substrate for peroxisomal α-oxidation is phytanic acid 

and long 2-hydroxylated FAs. Diet rich in diary product, meat and 

certain fishes are a source of phytanic acid. Activation of phytanic 

acid can occur either in the mitochondria, ER or peroxisome. 

Phytanic acid is activated to form a CoA-ester which is degraded 

directly to triacylglycerides and phospholipids, or forms esters. The 

key enzymes for α-oxidation of fatty acids are phytanoyl-CoA 2-

hydrolase and 2-hydroxyacyl-CoA lyase 1; which use the PTS2 

signaling pathway to enter peroxisomal matrix (refer Section 

1.3.1.1 for PTS2 signal). Accumulation of phytanic acid is toxic to 

the cell. In Refsum’s disease, accumulation of phytanic acid in the 

peripheral nerves leads to neuropathy and demyelination of these 

nerves. Disorders arising from mutation in α oxidation enzymes or 

from loss of PTS2 receptor are discussed in Sections 1.4.1 and 

1.4.2.2.  

 
 

1.2.4 Ether phospholipid or plasmalogen biosynthesis  

Plasmalogen biosynthesis is an important metabolic reaction that is 

carried out by a combination of enzymes present in ER and 

peroxisome. The characteristic ether bond of ether phospholipid is 

synthesized by alkyl-DHAP synthase which is located in the 

peroxisome (refer Figure 1.2). The conversion of alkyl-DHAP to 

alkyl-G3P is carried out either on peroxisomal or ER membranes. 

Further biosynthesis of alkyl-G3P occurs in the ER. Plasmalogens 

are important for membrane dynamics (Lohner et al., 1991), 

intracellular signaling (Farooqui et al., 1995), cholesterol transport 

and metabolism (Mandel et al., 1998), oxidative stress (Engelmann 

et al., 1994, Reiss et al., 1997) and polyunsaturated FA 

metabolism. Plasmalogens are also essential for development and 

differentiation of neurons (Farooqui et al., 2001). Highest levels of 
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plasmalogens are present in the brain (especially in myelin) and the 

lowest level in liver.  The two key enzymes DHAPAT and ADHAPS 

are essential for humans as their absence leads to single enzyme 

disorder (refer Section 1.4.1). The enzyme DHAPAT carries a PTS1 

sequence whereas ADHAPS contains a PTS2 sequence (Wanders 

and Waterham, 2006).  

 

acyl-CoA

acyl-CoA NADPH
reductase

NADP+

Long chain alcohol       FA

DHAP acyl-DHAP                      alkyl-DHAP                            alkyl-G3P
DHAPAT                       alkyl DHAP                        acyl/alkyl-DHAP 

synthase reductase

acyl-CoA

acyl-CoA NADPH
reductase

NADP+

Long chain alcohol       FA

DHAP acyl-DHAP                      alkyl-DHAP                            alkyl-G3P
DHAPAT                       alkyl DHAP                        acyl/alkyl-DHAP 

synthase reductase

acyl-CoA

acyl-CoA NADPH
reductase

NADP+

Long chain alcohol       FA

DHAP acyl-DHAP                      alkyl-DHAP                            alkyl-G3P
DHAPAT                       alkyl DHAP                        acyl/alkyl-DHAP 

synthase reductase
 

Figure 1.2: Biosynthesis of ether phospholipids.  

Abbreviation used – DHAP, dihydroxyacetone phosphate; DHAPAT, 

dihydroxyacetone phosphate acyltransferase; G3P, glycerol-3-phosphate; 

CoASH, free unesterified coenzyme A. Reprinted with permission, 

Wanders et al., 2004 

 

1.2.5 Supplementary metabolic pathways  

Several other metabolic pathways exist within the peroxisome aside 

from the principal pathways described above. These metabolic 

pathways are crucial for normal physiology of the cell and are listed 

in Table 1.3. Peroxisomal lumen also holds number of enzymes with 

unknown function or substrates. These additional enzymes with 

unknown functions are also included in Table 1.3. 
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Table 1.3: Metabolic pathway of mammalian peroxisome   

Metabolic pathway/Enzyme  Function  

Glyoxylate metabolism  

Alanine:glyoxylate 

aminotransferase (AGT) 

Converts glyoxylate to glycine 

using alanine as primary 

amino acid donor, prevents 

toxic conversion of glyoxylate 

to oxalate.  

Amino acid catabolism  

D-amino acid oxidase and D-

aspartate oxidase 

Converts D-isomers of neutral 

and basic amino acids and D-

isomers of acidic amino acid.  

L-pipecolate oxidase and 

saccharopine pathway 

Converts L-amino acids e.g. 

L-lysine  

Glutaryl-CoA oxidase 

Converts lysine, hydroxylysine 

and tryptophan to glutaryl-

CoA 

Polyamine oxidation  

N'-acetyl-polyamine oxidase 

Essential metabolic activity 

required for tight regulation 

of spermine (SPM) and 

spermidine (SPD). Specifically 

oxidizes N'-acetyl-SPM and N'-

acetyl-SPD  

Pentose phosphate pathway 

Glucose-6-phosphate 

dehydrogenase and 6-

phosphogluconate 

dehydrogenase  

Glucose 6-phosphate oxidized 

to ribose 5-phosphate & 

provide intra peroxisomal 

NADPH 

 
                                                                 Table 1.3 continued… 
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 Table 1.3 continued… 
 

Metabolic pathway/Enzyme  Function  
 

Miscellaneous enzymes found in peroxisomes  

Clofibrate-inducible 

alcohol:NAD+ oxidoreductase 

activity and Clofibrate-inducible 

aldehyde dehydrogenase   

Catalysis of tetradeconol and 

nonanal as  respective 

substrates 

Pristanal dehydrogenase & 

retinal reductase activity 

Conversion of pristanal to 

pristanic acid 

Trans-2-enoyl-CoA reductase 
Chain elongation of phytol to 

phytanic acid 

Nudix hydrolase family 

containing NUDT7 enzyme & 

RP2p (CoA diphosphatase) 

Hydrolysis of CoA inorder to 

eliminate oxidized CoA and 

the second enzyme acts on 

CoASH, oxidized CoASH and 

wide range of acyl-CoA esters 

NAD-linked glycerol 3-phosphate 

dehydrogenase activity 

May act to equip DHAP for 

DHAPAT reaction  

Abbreviations used; NUDT7, Nudix hydrolase-7; RP2p, peroxisomal nudix 

hydrolase; CoASH, free unesterified coenzyme A. Reprinted with 

permission, Wanders and Waterham, 2006; Veldhoven P. P. V., 2010 

 
 
1.3 PEROXISOME BIOGENESIS  
 
Peroxisomes do not contain DNA or transcription and translation 

machinery of their own. The proteins required for peroxisome 

biogenesis are termed as ‘peroxins’ and are encoded on nuclear 

genes called PEX genes. There are 16 highly conserved PEX genes 

in humans and 32 Pex in yeast (Lazarow and Fujiki, 1985; Wanders 

R. J., 2004; Thoms et al., 2009). Cytoplasmically synthesized 

peroxins are imported into peroxisome matrix or membrane for 

peroxisome function and maintenance. Peroxisome biogenesis is 
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brought about in 3 stages:   

1. Import of peroxisome matrix proteins 

2. Import of peroxisome membrane proteins 

3. Peroxisome proliferation  

 

1.3.1 Import of Peroxisome Matrix Proteins 

Matrix protein import is brought about in 3 stages i.e. 1. Targeting 

of PTS containing cargo proteins to their respective receptors, 2. 

Docking of PTS-cargo-receptor complex on peroxisome membrane 

and 3. Translocation of PTS-cargo-receptor complex to peroxisome 

matrix.  

 

1.3.1.1 Targeting of PTS containing cargo proteins to their 

respective receptors 

Peroxisomal matrix proteins synthesized on cytoplasmic ribosome 

are targeted post-transitionally to the matrix using specific 

peroxisome targeting signals (PTS) (Lazarow and Fujiki, 1985). 

There are two types of peroxisome targeting signals – PTS1 and 

PTS2. The most common and well-studied signal is PTS1 which 

comprises of the consensus tripeptide Serine-Lysine-Leucine (SKL) 

(Gould et al., 1989; Lametschwandtner et al., 1998) or a conserved 

variant (S/A/C)(K/R/H)(L/M) at the carboxyl terminus 

(Lametschwandtner et al., 1998). Recent studies have pointed out 

that in some cases, additional amino acids adjacent to PTS1 are 

involved in matrix protein import, and thus it has been redefined as 

C-terminal dodecamer (Brocard & Hartig, 2006; Rucktaschel et al., 

2011). The PTS2 is less commonly used signal which is a consensus 

nonapeptide (R/K)-(L/V/I/Q)-XX-(L/V/I/H/Q)-(L/S/G/A/K)-X-(H/Q)-

(L/A/F) located at the amino terminus (Swinkels et al., 1991; 

Rachubinski & Subramani, 1995; Legakis and Terlecky, 2001; Petriv 

et al., 2004, Rucktaschel et al., 2011).  
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The receptor for PTS1 is Pex5 (Gatto et al., 2000; Szilard and 

Rachubinski, 2000) and for PTS2 is Pex7 (Marzioch et al., 1994; 

Rehling et al., 1996; Ghys et al., 2002). Studies with yeast and 

Yarrowia lipolytica have shown that binding of PTS2 to Pex7 

requires accessory proteins like Pex18 and Pex2, while PTS1 binds 

to its receptor directly (Purdue et al., 1998). Pex5 and Pex7 are 

predominantly cytoplasmic proteins that cycle between soluble 

cytosolic and integrated membrane bound forms (Dammai and 

Subramani, 2001; reviewed in Brown and Baker, 2003; Meinecke et 

al., 2010). There are some proteins which do not contain any of the 

PTS signals. Such non-PTS containing proteins are translocated in 

the peroxisome matrix by binding to the PTS containing proteins 

(mostly PTS1). This kind of transport system is termed as piggy-

back transport (McNew and Goodman, 1994; Rucktaschel et al., 

2011) (refer Figure 1.3). 
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Figure 1.3: Peroxisome targeting signals and their 

respective receptors. Matrix protein import is brought about by two 

types of signaling pathways – PTS1 and PTS2. PTS1 signal consist of C-

terminal tripeptide (SKL) and binds to its receptor Pex5. PTS2 signal 

consist of N-terminal nonapeptide and binds to its receptor Pex7. Non-

PTS containing proteins are also targeted to peroxisome matrix via the 

“Piggyback” mechanism via binding mostly to PTS1 signal. Reprinted with 

permission, Antonenkov et al., 2010 

 

1.3.1.2 Docking of PTS-cargo-receptor complex on 

peroxisome membrane 

The next stage in matrix protein import is docking of the PTS cargo 

protein and its respective receptor complex onto the peroxisome 

membrane. Several protein complexes exist on the peroxisomal 

membrane and two such sub-complexes are the docking complex 

and translocation machinery. The docking complex is made up of 
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Pex13, Pex14 and Pex17 (Agne et al., 2003) while translocation 

machinery is made up of several E3-like proteins – Pex2, Pex10 and 

Pex12 containing really interesting new gene (RING) domain and is 

involved in later stages of matrix protein import (refer Section 

1.3.1.3) (Ma et al., 2011; Rucktaschel et al., 2011).  

 

The PTS-receptor-cargo complex binds to the docking complex on 

the peroxisomal membrane. The initial site of attachment on the 

membrane is Pex14, an integral PMP. Pex14 which is bound to 

Pex13 and Pex17 also segregates the PTS1 and PTS2 signaling 

pathways. PTS1-Pex5 and PTS2-Pex7 cargo complexes dock on to 

Pex14 on peroxisome membrane. Followed by this initial docking, 

the PTS1-Pex5 cargo complex diverge to the C-terminus SH3 

containing domain of Pex13 whilst PTS2-Pex7 cargo complex moves 

to N-terminus of Pex13 (Gould et al., 1996; Elgersma et al., 1996; 

Urquhart et al., 2000). The role of Pex17 in matrix protein import is 

not clear and seems to be absent in higher eukaryotes (Rucktaschel 

et al., 2011). However, Pex13 is an essential PMP and its absence 

or mutations on this gene leads to fatal Zellweger Syndrome both in 

humans and mice (refer Section 1.4.2). After this point of 

divergence on Pex13 the PTS-receptor cargo complexes are 

translocated inside the matrix by a remarkable mechanism recently 

demonstrated by Erdmann's group as described in the next section. 

 

1.3.1.3 Receptor translocation and recycling 

The exact mechanism by which the receptors Pex5 and Pex7 

complexed to their cargo proteins enter the peroxisomal matrix, 

dissociate the cargo in the matrix and recycle back to the cytoplasm 

is not known. However, it is known that large oligomerized 

proteins, folded protein bound to cofactors (Leon et al., 2006) and 

even 9 nm gold particles decorated with PTS1 signals are easily 

transported across the peroxisome membrane (Walton et al., 
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1995). Many models for translocation have been suggested in the 

past but they have failed to explain the mechanism by which large 

especially 9nm gold particles are able to translocate in to 

peroxisome matrix.  

 

In order to resolve this question of translocation of large complexes 

across the peroxisome membrane, Erdmann's group put forth a 

transient pore model. They purified membrane bound complexes of 

Pex5 and Pex14 in S. cerevisiae. These complexes were 

reconstituted in vitro with proteoliposomes and analyzed for protein 

channel activity using planar lipid bilayer technique. (Meinecke et 

al., 2010; Ma et al., 2011) Upon induction by the receptor-cargo 

complex they showed that the transient translocon assembly is 

formed which expands to a size of 9 nm in diameter when 

presented with a 750-kD complex containing Pex5 and one of its 

cargo Fox1. This model demonstrated the mechanism in which 

large 9 nm gold particles were able to cross peroxisome membrane. 

Pex5 and its binding partner Pex14 were shown to be the only two 

major components of the peroxisomal translocon studied in this 

model. However, purified complexes of peroxisome translocon also 

contained small amounts of Pex13 and Pex17. It is not known 

whether these peroxins have any role in the actual translocation 

process (Meinecke et al., 2010; Ma et al., 2011). It is also unclear 

whether Pex5 and Pex14 oligomers form the core protein channel 

as both the proteins are known to form transient pores. What also 

remains unanswered is how the peroxisome membrane maintains 

its permeability with the formation of such large transient pores 

(Ma et al., 2011). Another limitation of the transient pore model is 

that it has explained only the PTS1 mediated matrix protein 

translocation but not the mechanism by which translocation of PTS2 

matrix protein is carried out.      
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The next stage in matrix protein import is release of the 

translocated cargo in the matrix of peroxisomes. Again several 

models have been suggested to explain this phenomenon. The pH 

gradient model proposes that conformational change takes place in 

the Pex5-cargo complex due to change in the peroxisome matrix pH 

levels that lead to release of cargo proteins. This finding is based 

on the study in yeast which has shown that oligomeric Pex5 toggles 

between cargo-bound tetramer at pH 7.2 to cargo-free monomer at 

pH 6.0. The intraperoxisomal pH in yeast is known to be acidic (pH 

5.8 to 6.0) which further strengthens this model. On the other 

hand, this model contradicts the findings in RCDP patients which 

have intact PTS1 import and dispersed pH gradient between the 

cytosol and peroxisome (Dansen et al., 2001; Ma et al., 2011). 

Other models suggest that the affinity of Pex5 to its cargo proteins 

is considerably reduced upon binding to peroxins of the docking 

complex Pex14, Pex13 and Pex17. There are also speculations 

about the involvement of unidentified peroxins that triggers release 

of cargo in the matrix (Alencastre et al., 2009; Ma et al., 2011). 

 

The final stage of matrix protein import is the recycling of cargo 

free PTS receptors back to the cytosol either for another round of 

matrix protein import or for degradation via the proteasome 

receptor accumulation and degradation in the absence of recycling 

(RADAR) pathway (Leon et al., 2006; Platta and Erdmann, 2007; 

Ma el al., 2011).   

 

A better understanding of receptor recycling was brought to light 

through the discovery of ubiquitination and specific dislocation 

machinery. Receptor recycling is different from matrix protein 

import as the former is an ATP-dependent mechanism and the 

latter (i.e. protein import) is independent of ATP. Both, the export 

complex which is made up of Pex1 and Pex6 and ubiquitiation 
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machinery which is made up of three enzymes – E1, E2 and E3 

require ATP.  

 

Pex1 and Pex6 belong to the AAA- (ATPases Associated with 

diverse cellular Activities) protein family which is partially attached 

to the peroxisome membrane and partially free in the cytosol. An 

integral PMP, Pex26, provides binding sites for Pex6 which in turn 

recruits Pex1 to the peroxisomal membrane (Rucktaschel et al., 

2011). The exact mechanism of Pex5 export to the cytosol from the 

matrix is unclear but what is known is that the Pex1/Pex6 complex 

provides an ATP-dependent driving force to aid Pex5 export (Miyata 

and Fujiki, 2005; Platta et al., 2005). In addition to the export 

complex, tagging of ubiquitin moiety to Pex5, Pex7 and PTS2 co-

receptor is essential for receptor recycling and its quality control. 

The RING-finger containing peroxins have been shown to bind to 

Pex5, Pex14 and certain regions of Pex13 (Stanley et al., 2007). 

Additional proteins like Pex1, Pex6 (both AAA and ATPases) and 

Pex8 are also thought to assist receptor translocation and recycling 

(refer Figure 1.4) (Chang et al., 1999; Okumoto et al., 2000; Brown 

and Baker, 2003).   

 

Ubiquitin-activating enzyme (E1) activates ubiquitin (Ub) moiety in 

an ATP-dependent manner and transfers it to ubiquitin conjugating 

enzyme (E2). Next, ubiquitin ligase (E3) together with E2 

conjugates Ub moiety to the substrate protein. Pex5 has been 

shown to be both mono and polyubiquitinated. Monoubiquitinated 

Pex5 receptor is primed for its export back to the cytosol whereas 

Pex5 tagged with polyubiquitin moities marks the receptor as 

'dysfunctional' and is degraded by the RADAR pathway of 

proteasome machinery. The RING-finger like proteins also 

contributes significantly to receptor recycling by acting as an E3-

ligase. A complex of two RING-finger peroxins Pex2 and Pex10 
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reduces Pex5-polyubiquitin receptor whereas Pex12 (another RING-

finger peroxin) reduces Pex5-monoubiquitin receptor. The PTS2 co-

receptors Pex18 (S. cerevisiae) and Pex20 (P. pastoris) are also 

ubiquitinated on peroxisome membrane itself. Again, it is not clear 

whether ubiquitination of PTS2 co-receptors also follows the same 

cascade of events as Pex5 (Rucktaschel et al., 2011; Ma et al., 

2011). Once the functional receptor is exported out to the cytosol 

the ubiquitin moiety is cleaved from the receptor by specific 

ubiquitin hydrolase also known as deubiquitinating enzymes (DUBs) 

(Grou et al., 2009; Komander et al., 2009). 
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Figure 1.4: Schematic overview of peroxisome matrix 

protein import I. Matrix proteins either contain a PTS1 or a PTS2 

signal (PTS2 pathway is not depicted in this scheme) which binds to their 

respective receptors Pex5 or Pex7 in the cytosol. II. The PTS1-Pex5 cargo 

protein complexes move to the peroxisomal membrane and attach to the 

membrane docking complex on peroxisome membrane. Pex14 is believed 

to be the initial docking factor. Involvement of Pex13 in this process is 
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less clear. Pex17 is an accessory protein involved in this process and its 

presence has been shown only in yeast. III. Docking of the receptor-

cargo complex induces translocation machinery on peroxisome 

membrane. The receptor-cargo complex then translocates in to 

peroxisome matrix. IV. The receptor cargo complex dissociates in the 

matrix. The cargo free receptor is exported back to the peroxisome 

membrane for ubiquitination. V. Monoubiquitination of the free receptor is 

carried out by Pex4 and Pex2 and polyubiquitination is carried out by 

Ubc4/5 and Pex10/12. VI. Monoubiquitinated receptor is recycled back to 

the cytosol for another round of matrix protein import. Receptor recycling 

is brought about by AAA ATPases - Pex1 and Pex6.  VII. 

Polyubiquitination, marks the receptor for degradation via the RADAR 

pathway. Reprinted with permission, Ma et al., 2011 

 

1.3.2 Import of Peroxisome Membrane Proteins (PMP) 

Our knowledge on peroxisome membrane protein import is still 

rudimentary but what is known is that it is distinct from matrix 

protein import. PBDs that impair matrix protein import show 

reminiscent 'ghost' peroxisomal membranes indicating that 

membrane protein import is independent of matrix protein import. 

Targeting of peroxisomal membrane proteins and the origin of 

peroxisomes are intertwined aspects (Ma and Subramani, 2009). A 

widely accepted view was that peroxisomes are autonomous, 

dynamic organelles that proliferate through growth and division 

from pre-existing organelles. According to the growth and division 

model, peroxisome membrane proteins are synthesized on free 

ribosomes in the cytosol and are transported post-transitionally on 

to the peroxisome membrane. However this model failed to explain 

how Pex3, Pex16 and Pex19 mutants that completely lack 

peroxisomal membrane structure are able to form peroxisomes 

when wild type genes are reincorporated into these cells (Hohfeld 

et al., 1991; South and Gould, 1999; Matsuzono et al., 1999; 

Sacksteder et al., 2000; Ma and Subramani, 2009). This question 
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was answered by de novo biogenesis model which proposed that 

many PMPs are sorted to the peroxisome via the endoplasmic 

reticulum (Tabak et al., 2008; Ma and Subramani, 2009).  

 

Thus two classes of PMPs can be distinguished i.e. Class I PMPs 

with peroxisome membrane targeting signal (mPTS) facilitates 

binding to the cytosolic receptor, Pex19 which are then targeted 

from the cytoplasm to the peroxisome membrane directly (Tam et 

al., 2005; Toro et al., 2007; Nuttall et al., 2011; Opalinski et al., 

2011a). Class II PMPs on the other hand contain mPTS that do not 

bind Pex19 and are trafficked indirectly via the ER to peroxisome 

(Mullen et al., 1999; Nuttall et al., 2011).  

 

Pex19 is a predominantly cytoplasmic protein with a multidomain 

structure that suggests multifunctional activity (Shibata et al., 2004; 

Matsuzono et al., 2006). Pex19 has been shown to bind to a broad 

range of PMPs (Shibata et al., 2004; Matsuzono et al., 2006) and 

has chaperone like activity by binding and stabilizing newly 

synthesized PMPs in the cytoplasm (Matsuzono et al., 2006). The 

Pex19-PMP complex is targeted to Pex3 which is bound to 

peroxisome membrane. This docking step is promoted by higher 

affinity of complex Pex19-PMP to bind Pex3 rather than Pex19 

alone. The exact mechanism by which these PMPs are integrated 

into the lipid bilayer is not known. However, the PMP receptor, 

Pex19 is recycled back to the cytoplasm upon unloading of the PMP 

cargo (Matsuzono et al., 2006; Rucktaschel et al., 2011).   

 

The class II PMPs includes Pex3, Pex16 and Pex22 which are 

targeted to the ER before being transported to the peroxisome. The 

exact mechanism of transport of class II PMPs to peroxisome via ER 

is not yet elucidated. The mPTS of class II PMPs is located on the 

N-terminal region and consists of transmembrane regions which 
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lack Pex19 binding site (Soukupova et al., 1999; Halbach et al., 

2009; Rucktashel et al., 2011).  

 

Recent studies have suggested that, Sec61p (a major protein of ER 

translocon), plays a significant role in targeting PMPs from the ER. 

Further, Get3p complex has also been suggested to play an 

important role in ER-targeting of PMPs (Zand et al., 2010). Another 

study carried out has described an elaborate vesicle-mediated 

transport of PMPs from ER to peroxisomes (Titorenko and 

Rachubinski, 1998) but the exact nature of these vesicles has not 

been described. Furthermore, essential components of the ER-

associated secretory pathway – Sec20p, Sec39p and Dsl1p have 

also been implicated in exit of Pex3 from ER (Perry et al., 2009) 

(refer Figure 1.5).  
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Figure 1.5: Import of peroxisome membrane proteins.       

A. Class I PMPs are ER-independent and are synthesized on cytoplasmic 

ribosomes, whereas Class II PMPs have ER-dependent synthesis.           

B. Pex19 is a Class I PMP receptor and upon binding to the PMPs it 

targets them to the PMP-receptor-cargo complex located on the 

peroxisome membrane and are mediated by Pex3. Pex19 is shuttled back 

to the cytoplasm after it unloads the PMPs. Class II mediated PMP import 

does not involve Pex19 but is thought to be mediated by Pex3 and Pex16. 
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The exact mechanism of insertion of these PMPs into the peroxisome 

membrane is not yet elucidated. The role of Pex16 also remains 

speculative but is thought to be involved in the insertion of PMPs into the 

membrane. Reprinted with permission, Rucktaschel et al., 2011 

 

1.3.3 Peroxisome proliferation 

Peroxisome numbers vary considerably within the cell and their 

multiplication is known to occur in two cellular conditions. The first 

is during cell division when peroxisome numbers double by a 

process termed as 'peroxisome replication'. The second is in 

response to environmental stimuli or intracellular conditions such as 

diet rich with substances requiring peroxisome metabolism 

(Fagarasanu et al., 2007; Hettema and Motley, 2009; Mast et al., 

2010). This form of increase in peroxisome numbers is termed as 

'peroxisome proliferation'. The mechanism by which peroxisomes 

multiply revolves around two contradictory models. As mentioned 

earlier in Section 1.3.2, peroxisomes were thought to grow and 

divide from pre-existing organelles. This growth and division is 

brought about in 3 distinct stages i.e. elongation, constriction and 

fission and is described below. 

 

Peroxisome proliferation is accompanied by changes in the lipid 

composition of peroxisome membrane. Cells from P. pastoris when 

grown in oleic acid rich media show elevated levels of oleic acid in 

their membrane lipid layer as compared to cells grown on 

methanol. Increase in unsaturated fatty acids in peroxisome 

membrane changes the fluidity of the membrane and in turn 

changes the regulation of protein import and thus remodels the 

organelle (Opalinski et al., 2011a). PMP Pex16, a negative regulator 

of division, has been shown to play an interesting role in 

modulating lipid composition on peroxisome membrane. In Y. 

lipolytica, Pex16 binds lysophosphatidic acid (LPA) to inhibit its 
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enzymatic conversion to phosphatidic acid and diacylglycerol (DAG). 

During peroxisome maturation, large numbers of proteins are 

imported to the matrix which displaces the matrix protein acyl-CoA-

oxidase (Aox) to the peroxisome membrane where it binds Pex16. 

Upon binding of Pex16 to Aox, LPA is made available for enzymatic 

conversion to DAG. Increase in DAG leads to the curvature of 

peroxisome membrane which is a pre-requisite for organelle fission 

(Guo et al., 2003; Opalinski et al., 2011a).  Another important, 

peroxin, Pex11, was shown to be the first peroxin crucial for 

peroxisome elongation and fission (Marshall et al., 1995; Erdmann 

and Blobel, 1995). In yeast, Pex11 mutants exhibit few but larger 

peroxisomes in cells (Erdmann and Blobel, 1995) whereas 

overproduction of Pex11β (an isoform of Pex11) in mammals has 

shown increased formation of tubule-like structure of peroxisome 

followed by their increase in numbers (Schrader et al., 1998). The 

mechanism by which Pex11 brings about membrane bending and 

curvature was demonstrated very recently (Opalinski et al., 2011b). 

Pex11 contains conserved N-terminal amphipathic helix (Pex11-

Amph) which interacts with peroxisome membranes. Pex11 

stimulates tubulation of peroxisome by insertion of hydrophobic 

region of amphipathic helix into cytosolic leaflet of peroxisome 

membrane (Campelo et al., 2008; Opalinski at al., 2011a; Nuttall et 

al., 2011).   

 

Pex11 forms fission machinery along with dynamins and dynamin-

like proteins (DLPs). These dynamins and DLPs are attracted to 

highly bended membrane structures. It has been hypothesized that 

after initial elongation of organelle membrane by Pex11, DLPs are 

recruited to peroxisome membrane with the help of Fis1. Fis1 is a 

small, tail anchored protein which is localized on both peroxisomal 

and mitochondrial membrane. Direct interaction between 

mammalian Pex11 and Fis1 was reported by Kobayashi and co 
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workers (Kobayashi et al, 2007). Dynamins and DLPs are known to 

form oligomers and ring structures that further constrict the 

membrane leading to its fission (Opalinski et al., 2011a).  

 

The final stage of peroxisome proliferation as demonstrated in S. 

cerevisiae shows segregation of peroxisomes between newly 

divided cells. Peroxisomes are either retained in the mother cell by 

binding to its periphery via the retention factor Inp1 or transported 

to daughter cell via actin cables (Nuttall et al., 2011).         

 

1.4 PEROXISOME DISORDERS 

The importance of peroxisomes and their associated physiological 

function for human health is emphasized by existence of several 

devastating disorders resulting from absence of functional 

peroxisomes. These disorders exhibit widespread pathology, 

metabolic dysfunction and multi-organ defect including severe 

neurodegeneration. Peroxisomal disorders are broadly divided into 

two categories – Single Enzyme Disorders and Peroxisome 

Biogenesis Disorders. In this section an overview of clinical and 

biochemical features of both the disorders are described.   

 

1.4.1 Single Enzyme Disorders  

Mutations in genes that affect a single protein involved in crucial 

peroxisomal function are categorized as single enzyme disorders. 

Currently, ten different diseases are classified under this category, 

and are listed in Table 1.4 (reviewed in Wanders and Waterham, 

2006). This section provides a brief overview of the clinical and 

biochemical features of some of the single enzyme disorders.  

 

 

 

 



Chapter 1 
 

27 

Table 1.4: List of peroxisomal single enzyme disorders  

Peroxisome 

function 

affected 

Single enzyme disease Enzyme 

defect  

Ether 

phospholipid 

synthesis 

Rhizomelic chondrodysplasia 

punctata Type 2 (DHAPAT 

deficiency) 

DHAPAT 

 Rhizomelic chondrodysplasia 

punctata Type 3 (alkyl-DHAPAT 

synthase) 

ADHAPS 

Peroxisomal 

β-oxidation 

X-linked adrenoleukodystrophy ALDP 

Acyl-CoA oxidase deficiency ACOX1 

D-bifunctional protein 

deficiency 

DBP 

2-MethylacylCoA racemase 

deficiency 

AMACR 

Sterol carrier protein X 

deficiency 

SCPx 

Peroxisomal 

α-oxidation 

Refsum disease (phytanoyl-CoA 

hydroxylase deficiency) 

PHYH/PAHX 

Glyoxylate 

detoxification 

Hyperoxaluria Type 1 AGT 

Hydrogen 

peroxide- 

metabolism 

Acatalasaemia CAT 

Abbreviations used - DHAPAT, dihydroxyacetone phosphate 

acyltransferase; ADHAPS, alkyldihydroxyacetone phosphate synthase; 

AGT, alanine/glyoxylate aminotransferase 1; CAT, catalase. Reprinted 

with permission, Wanders et al., 2004. 
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1.4.1.1 RCDP type 2 

Categorized under ether phospholipid biosynthesis disorder, RCDP 

type2 affected individuals are deficient in DHAPAT enzyme. Typical 

clinical features are cranial facial abnormality, severe hypotonia, 

cataract, dwarfism, pronounced rhizomelic shortening especially of 

the upper arms and radiological abnormalities (Wanders et al., 

1992; Wanders and Waterham 2006). Due to complete loss of 

DHAPAT activity there is deficiency of plasmalogens as synthesis of 

ether phospholipids is severely affected (Wanders R. J., 2004).  

 

1.4.1.2 RCDP type 3 

This disorder is caused by deficiency of ADHAPS and clinical 

features manifested by the patient were similar to that described 

for RCDP type 2 (Wander et al., 1994; Wanders and Waterham, 

2006). Biochemical features are normal levels of DHAPAT, 

phytanoyl-CoA hydroxylase and peroxisomal thiolase but complete 

absence of ADHAPS activity (Wander R. J., 2004).  

 

1.4.1.3 X-linked adrenoleukodystrophy (X-ALD) 

This is one of the most common single enzyme disorders with 

1:21,000 males (in USA) and 1:15,000 females (in France) are 

being affected (Bezman et al., 2001; Wanders R. J., 2004). There 

are six phenotypic variants of X-ALD depending on the age of onset 

and the principal organ affected. However, two most frequent 

phenotypic variants are childhood cerebral ALD (CCALD) and 

adrenomyeloneuropathy (AMN). Onset of CCALD is between 3 to 10 

yrs of age accompanied with progressive behavioral, cognitive and 

neurological decline leading to complete disability within 3 yrs from 

its onset. Adult onset of CALD has also been described and in both 

childhood and adult CALD, marked inflammation of cerebral white 

matter is observed. Adrenomyeloneuropathy, on the other hand, 

does not show marked inflammation and its onset is much later in 
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life (29 ± 9 yrs) accompanied with much slow prognosis of the 

disease. Characteristic biochemical feature of X-ALD is accumulation 

of VLCFAs in plasma and other cells (Wanders R. J., 2004; Wanders 

and Waterham, 2006). The gene affected has been identified as 

ABCD1 encoding the ABC transmembrane transporter protein. The 

ABC transporters are proteins embedded in peroxisome membrane 

and aid in transport of various molecules across membranes 

(Berger and Gartner, 2006; Wanders and Visser, 2007).  

 

1.4.1.4 Acyl-CoA oxidase deficiency 

The clinical manifestations of this disorder are neonatal hypotonia, 

frequent seizures with onset typically of 2 to 4 months of age, 

severe motor developmental delay, deafness, retinopathy and 

cranial facial dysmorphia. The affected gene is ACOX1 which 

encodes the enzyme involved in the first step of  β oxidation of 

fatty acids. The only biochemical feature documented so far is 

accumulation of VLCFAs in the plasma with liver biopsies showing 

enlarged and reduced numbers of peroxisomes (Wanders and 

Waterham, 2006). 

 

1.4.1.5 D-bifunctional (DBP) protein deficiency 

D-bifunctional protein deficiency is the second most frequently 

occurring single enzyme disorder (Suzuki et al., 1997; Grunsven et 

al., 1998). It affects β-oxidation of peroxisomes and is caused by 

mutation in the catalytic domain of either enoyl-CoA hydratase or 

D-3-hydroxyacyl-CoA dehydrogenase. Depending on the enzyme 

affected 3 subtypes of DBP deficiency has been identified. Type 1 

DBP deficiency patients have deficiency of both the hydratase and 

dehydrogenase activity affecting 27% of patient population 

(Ferdinandusse et al., 2006). Type 2 DBP deficiency patients show 

deficiency in hydratase and it affects 28% of patient population 

(Ferdinandusse et al., 2006) whereas type 3 show deficiency of 
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dehydrogenase affecting 48% (Ferdinandusse et al., 2006) of the 

total patient population (Wanders and Waterham, 2006). General 

phenotypic features common to all subtypes of DBP patients are 

neonatal hypotonia, seizures within a month after birth, infantile 

spasms, failure to thrive, poor vision, absence of psychomotor 

development accompanied with facial dysmorphia. Kaplan-Meier 

survival analysis shows mean age of death as 6.9 months for type 

1, 10.7 months for type 2 and 17.6 months for type 3 DBP 

deficiency patients (Ferdinandusse et al., 2006). While most of the 

patients succumbed to pneumonia their biochemical features 

showed increased levels of VLCFAs and bile acid intermediates 

(Wanders and Waterham, 2006).   

 

1.4.1.6 2-MethylacylCoA racemase (AMACR) deficiency 

AMACR deficiency is an adult-onset sensory motor neuropathy and 

the affected individuals show retinitis pigmentosa and other 

symptoms similar to Refsum's disease (refer Section 1.4.1.8) and X-

ALD (refer Section 1.4.1.3) (Ferdinandusse et al., 2000). 

Biochemical features are mild increase in phytanic acid and high 

levels of 2-methyl branched chain FA, pristanic acid, DHCA, THCA 

and deficiency of racemase enzyme activity. AMACR is important for 

β oxidation of both pristanic acid, DHCA and THCA (Wanders and 

Waterham, 2006).  

 

1.4.1.7 Sterol carrier protein X (ScPx) deficiency 

Individuals affected by ScPx deficiency predominantly show motor 

and slight sensory neuropathy. Patients with ScPx deficiency also 

exhibit AMACR deficiency-like symptoms. Biochemical profile show 

normal plasma levels of VLCFAs, mild increase in DHCA and THCA 

levels and highly elevated levels of pristanic acid (Wanders and 

Waterham, 2006). 
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1.4.1.8 Refsum disease (phytanoyl-CoA hydroxylase 

deficiency) 

This is the disorder of α-oxidation of fatty acid which starts in late 

childhood years. Predominant clinical features are retinitis 

pigmentosa and anosmia, neuropathy, deafness and ataxia are 

present in some and ichthyosis is of rare occurrence in these 

patients. Plasma levels of phytanic acids are highly elevated as 

expected. This could be due to mutation in PAHX gene or in PEX7 

which affects import of phytanoyl-CoA hydrolase. Disease 

management is relatively achievable in patients with only PAHX 

gene mutation but is difficult in patients with PEX7 mutation (refer 

Section 1.4.2.2). Dietary elimination of food source of phytanic acid 

(e.g. butter, cheese, lamb, beef and certain fishes) has been 

correlated with improvement in muscle strength, regression of 

ichthyosis and improvement in electrocardiogram abnormalities 

(Wanders and Waterham, 2006).  

 

1.4.1.9 Glyoxylate detoxification 

This disorder arises from deficiency of AGT enzyme (refer Table 1.3 

for function of AGT). Loss of functional AGT leads to toxic 

accumulation of glyoxylate which is then reduced to glycolate or 

oxidized to oxalate. Glycolate is eliminated in urine as it is water 

soluble, however, oxalate precipitates with calcium to form calcium 

oxalate crystals. Deposition of calcium oxalate leads to renal failure 

and continuous deposition leads to multiple organ (i.e. heart, 

peripheral nerves, bone and eyes) failure (Wanders and 

Waterhams, 2006).  
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1.4.2 Peroxisome Biogenesis Disorder (PBD)   

Peroxisome Biogenesis Disorders arise due to mutation in PEX 

genes resulting in impaired peroxisomal matrix protein import 

and/or peroxisome assembly which eventually lead to disruption of 

peroxisomal metabolic functions. PBDs are divided into two 

subcategories – the Zellweger syndrome spectrum and Rhizomelic 

chondrodysplasia punctata. The Zellweger syndrome spectrum 

(ZSS) includes most severe Zellweger syndrome (ZS), moderately 

severe Neonatal adrenoleukodystrophy (NALD) and milder form 

Infantile Refsum disease (IRD). The clinical features, life 

expectancy, biochemical feature and molecular pathogenesis of 

PBDs are described in this section.   

 

1.4.2.1 Clinical features of PBD. 

Zellweger syndrome was first described by Bowen and coworkers 

(Bowen et al, 1964) which displayed confusing clinical features of 

Down's syndrome, Prader Willis syndrome and spinal muscular 

atrophy. Typically the neural, hepatic and renal systems are 

affected in ZS patients and so it is also known as cerebro-hepato-

renal syndrome (Goldfischer et al., 1983). Patients die at an early 

age of 5.7 ± 6.8 months (Depreter et al., 2003) and they exhibit 

severe hypotonia, seizures and inability to feed or suckle. 

Craniofacial abnormalities, eye abnormalities, neurological 

abnormality, hepatomegaly and chondrodysplasia punctata are 

commonly observed in ZS patients. The craniofacial features include 

high forehead, hypoplastic supraorbital ridges, epicanthal folds, 

midface hypoplasia and a large anterior fontanelle. Corneal 

clouding, cataracts, glaucoma, optic atrophy and retinal anomalies 

are the range of eye abnormalities found in ZS patients (Goldfischer 

et al., 1983; Wilson et al., 1986). The liver is enlarged and renal 

cysts are commonly found accompanied with absence of neonatal 

and deep tendon reflexes and little spontaneous movement 
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(Goldfischer et al., 1983; Wilson et al., 1986; Steinberg, 2006). 

Profound neurodegeneration is a hallmark feature of ZS which 

include abnormal sulci and gyri (i.e. deep parietal clefts), 

polymicrogyria (Wanders RJA, 2004), striking neuronal migration 

defect. There is presence of several large and medium sized 

neurons in the neocortex beneath the molecular layer, borderline 

glial heterotopia, Purkinje cell heterotopia and abnormalities of 

olivary nucleus (Wanders RJA, 2004, Steinberg et al., 2006).  

 

Neonatal adrenoleukodystrophy (NALD) is a milder clinical 

presentation of PBD and was first described by Ulrich and 

coworkers (Ulrich et al., 1978).  NALD patients survive longer than 

ZS patients and some survive in to adulthood. Most patients have 

better development of psychomotor functions such as achieving 

head control, sitting unsupported and even walking independently 

with better developed or even normal linguistic ability. Features like 

craniofacial abnormalities are less pronounced and renal cysts and 

bony stippling are rare. Liver disease, leukodystrophy, degeneration 

of myelin and central nervous system, loss of previously acquired 

skills, and development of spasticity is found in NALD patients. 

However, development of sensorineural hearing loss and retinitis 

pigmentosa is common manifestation. This form of the Zellweger 

spectrum may stabilize, or progress and lead to death (Scotto et al., 

1982; reviewed in Steinberg, 2006). 

 

Clinical features of Infantile Refsum Disorder (IRD) is characterized 

by enlarged liver, mental retardation, sensorineural deafness, 

pigmented retina, anosmia and dysmorphic features (Scotto et al., 

1982; Wanders et al., 1990). In contrast to the more severe ZS and 

NALD, these patients do not exhibit cerebral cortex malformation 

and there is absence of renal cysts, skeletal changes and liver 

damage (reviewed in Wanders, 2004). IRD patient's life expectancy 



Chapter 1 
 

34 

is of 20 years or more and is longer as compared to other disorders 

of this spectrum.   

 

Rhizomelic chondrodysplasia punctata (RCDP) is clinically distinct 

from Zellweger Syndrome spectrum and is characterized by 

shortening of the proximal long bones (rhizomelia), metaphyseal 

cupping, coronal clefts of the vertebral bodies and generalized 

epiphyseal stippling (chondrodysplasia punctata). Abnormal facial 

features with frontal bossing, depressed nasal bridge and bilateral 

cataracts are commonly found in RCDP. The central nervous system 

show cerebral and cerebellum atrophy, myelination and neuronal 

migration defects. Most affected infants manifest profound growth 

and psychomotor retardation with varied survival age from neonatal 

to young adulthood. Seizures, compromised respiration and related 

complications lead to morbidity in these patients (Braverman et al., 

2002; van den Brink et al., 2003; Steinberg, 2006).  

 

1.4.2.2 Biochemical features of PBD 

Peroxisome number and size is greatly reduced in ZS, NALD and 

IRD patients leading to loss of peroxisomal functions and 

accumulation of metabolites in the cytoplasm. Zellweger spectrum 

is characterized by severe biochemical features as there is defect in 

either or both PTS1 and PTS2 pathway leading to generalized 

disruption of peroxisome function. There are highly elevated levels 

of plasma and tissue VLCFA, DHCA and THCA, pristanic acid, 

phytanic acid and L-pipecolic acid and low levels of DHA and 

plasmalogens (Wanders R. J., 2004; Steinberg et al., 2006). RCDP 

on the other hand manifest less severe biochemical features. It is 

caused due to mutation in PEX7 gene affecting import of PTS2 

containing peroxisomal enzymes such as alkyl-DHAP synthase, 

phytanoyl-CoA hydroxylase, DHAPAT and peroxisomal thiolase 

leading to their deficiency. The loss of activity of these metabolic 
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enzymes results in accumulation of pristanic and phytanic acid and 

deficiency of plasmalogens (Braverman et al., 2002; van den Brink 

et al., 2003; Steinberg et al., 2006). The metabolites that are found 

to be altered in ZSS and RCDP are outlined in Table 1.5.  
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Table 1.5: Peroxisome Biogenesis Disorders in humans 

Syndrome  Affected gene and Function  Clinical symptoms Biochemical features Lifespan (yr.) 

ZSS 
(severity ZS > 
NALD> IRD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PEX1 Recycling of matrix 
protein receptors 

Hypotonia, facial 
dysmorphy, liver 
disease, delayed 
motor development, 
mental retardation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

↑ VLCFA 
↑ Pristanic acid  
↑ Bile acids  
↑ PA 
↓ Plasmalogens  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.1 – 1 (ZS) 
2 – 15 (IRD) 
0.5 – 2 
(NALD) 

PEX2 Translocation of matrix 
proteins  

PEX3 Involved in membrane 
synthesis 

PEX5 PTS1 receptor 
PEX6 Recycling of matrix 

protein receptors 
PEX10 Translocation of matrix 

proteins 
PEX12 Translocation of matrix 

proteins 
PEX13 Docking PMP for PTS1 

and PTS2 receptors 
PEX14 Docking PMP for PTS1 

and PTS2 receptors  
PEX16 Involved in peroxisome 

membrane synthesis 

                                                                              Table 1.5 continued to next page…. 
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Table 1.5 continued from previous page….    

Syndrome  Affected gene and Function  Clinical symptoms Biochemical features Lifespan (yr.) 

ZSS 
(severity ZS > 
NALD> IRD) 

PEX19 Involved in peroxisome 
membrane synthesis 

Hypotonia, facial 
dysmorphy, liver 
disease, delayed 
motor development, 
mental retardation 

↑ VLCFA 
↑ Pristanic acid  
↑ Bile acids  
↑ PA 
↓ Plasmalogens  

 

0.1 – 1 (ZS) 
2 – 15 (IRD) 
0.5 – 2 
(NALD) 

 PEX26 Recycling of matrix 
protein receptors 

   

RCDP type 1 
(Refsum) 

PEX7 PTS2 receptor Dwarfism, 
chondrodysplasia, 
calcific stippling, 
congenital cataract, 
ichthyosis 

= VLCFA,  
=Pristanic acid,  
= bile acids,  
↑ PA 
↓ Plasmalogens  

 

1 – 18 (mean 
5) 

Abbreviations used - ↑, increase; ↓, decrease; =, normal; PA, Phytanic acid; VLCFA, Very long chain fatty acid; ZSS, Zellweger Syndrome 

Spectrum; ZS, Zellweger Syndrome; NALD, Neonatal adrenoleukodystrophy; IRD, Infantile Refsum Disorder; RCDP, Rhizomelic 

chondrodysplasia punctata. Reprinted with permission, Veldhoven P P V, 2010 
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1.4.2.3 Molecular pathogenesis of PBD 

The clinical and biochemical features documented in patients have lead to 

some understanding of the molecular aspects of PBDs. Further insight on 

molecular pathogenesis of PBDs has been expanded by studies carried out in 

animal models of PBDs discussed further in section 1.6. However, to date the 

exact mechanisms contributing to PBDs that lead to distinct phenotype and 

severe neurodegeneration in particular is still not clear. Over three decades 

investigators have put forth different theories addressing the issue of 

molecular pathogenesis of PBD. In context to this thesis, some of the theories 

addressing the issue of neurodegeneration and neurodevelopmental disorder 

particularly in ZS have been discussed in this section.  

 

1.4.2.3.1 Metabolite theory 

Peroxisomes are involved in multiple metabolic functions. Thus absence of 

functional peroxisomes resulting in loss and/or accumulation of certain 

metabolites was thought to be a major contributing factor of PBD 

pathogenesis. Accumulation of VLCFAs accompanied with loss of 

plasmalogens, DHA and bile acids has been proposed as a causative factor 

leading to neuronal migration defect via accumulation in the cell membrane 

leading to atrophy and cell death (Moser and Moser, 1996; Powers and 

Moser, 1998). Deficiency of DHA has been shown to cause cell proliferation 

defect (Salem et al., 2001) leading to neurodegeneration in ZS. Mice deficient 

in ether lipids, particularly plasmalogens, show cerebellar foliation defect, 

delayed granule cell migration, defect in myelination and impaired Purkinje 

cell innervations (Teigler et al., 2009)  The metabolite theory was widely 

accepted until mouse models with single enzyme defect in β oxidation were 

generated. Mouse models of D-BP deficiency, XALD, acyl-CoA oxidase 

deficiency showed increased accumulation of VLCFAs without neuronal 

migration defects (Fan et al., 1996; Forss-Petter et al., 1997; Kobayashi et 

al., 1997; Lu et al., 1997; Huyghe et al., 2006). The Pex11β knockout mouse 

did not show marked accumulation of VLCFAs or marked deficiency of 

plasmalogens, DHA and bile acids but profound neuronal lethality including 
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mild neuronal migration defect was present (Li et al., 2002). Moreover, PEX5-

null liver rescue strain (ubiquitously deleted Pex5 mice were rescued by over 

expressing Pex5 only in the liver) did not show reduction in VLCFAs or 

increase in plasmalogens or DHA but showed correction of neuronal migration 

defect (Janssen et al., 2003).  

 

However, studies carried out with PEX5 null liver rescued strain when fed 

with bile acid to pups from P1 onwards showed improved body weight, less 

hypotonia, increased life span and enhanced Purkinje cell's dendritic arbor 

(Faust et al., 2005; Keane et al., 2007). Similar beneficial effect of oral bile 

acid treatment was found in patients with Zellweger Syndrome (Setchell et 

al., 1992; Maeda et al., 2002). Treatment with bile acids however, seems to 

be beneficial as malabsorption of nutrients due to bile acid deficiency may 

contribute to neurodegeneration of ZS.  

 

In conclusion, the metabolite theory which is accumulation of VLCFAs and 

deficiency of plasmalogens and DHA as a causative of neurodegeneration in 

ZS is controversial. A strict co-relation between increase or decrease of 

metabolites and neurodegeneration in ZS is difficult to conclude based on the 

available studies conducted so far.   

 

1.4.2.3.2 Intrinsic and extrinsic factors 

Zellweger Syndrome affects multiple organs with profound effect on the 

central nervous system. In order to understand whether there is tissue or 

organ specific (intrinsic) factors or external (extrinsic) factors that contribute 

to neuropathology of ZS several studies were carried out. In vitro culture of 

Purkinje cells from Pex2 deficient mice showed similar dysmorphology of the 

dendritic arbor as seen in the tissue sections from the mice (Faust et al., 

2005). This result indicates contribution of intrinsic factors towards ZS 

neuropathology. Studies carried out in mutant mice with conditional deletion 

of Pex5 in liver showed characteristic abnormalities of the brain as seen in ZS 

(Faust et al., 2005). This study suggests that lack of functional hepatic 
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peroxisomes to have greater impact on brain development and thus indicates 

role of extrinsic factors towards ZS neuropathogenesis. However a concrete 

conclusion cannot be derived based on these studies which would be a 

definitive explanation whether intrinsic or extrinsic factors play a role in ZS 

disease pathogenesis.  

  

1.4.2.3.3 Loss of peroxisome trafficking  

Patient cell lines from ZS and single enzyme disorder D-BP and acyl-CoA 

oxidase deficiency showed reduced peroxisome abundance (Chang et al., 

1999). Further it was shown by Nguyen and coworkers that the peroxisomes 

in patient cell lines are clustered along microtubules in the central region of 

the cells and are unable to travel towards the peripheral region of the cells 

(Nguyen et al., 2006). This defect of peroxisome trafficking along 

microtubules was corrected by over expression of Pex11β (refer Section 

1.3.3). Arrest of peroxisomes in the central areas of the cells and their 

inability to travel along the periphery through microtubule mediation may 

render the cell susceptible to oxidative damage due to regional loss of 

peroxisome metabolism. In developing dendrites and axons the effect of 

regional loss of peroxisomes may be amplified as these cells are high-energy 

dependent and may render the cell towards apoptosis. Organelle trafficking 

to maintain the health of a cell is a growing area of research and its 

importance is given by a similar study carried out by over expression of tau, a 

microtubule associated protein, which inhibits kinesin-dependent organelle 

trafficking including peroxisomes rendered the cells highly susceptible to 

oxidative damage (Stamer et al., 2002).  Reduced peroxisome abundance 

and abnormal peroxisome trafficking could also be a contributing factor to 

severe pathogenesis found in ZS.  

 

1.4.2.3.4 Regulatory defect in signaling 

The process of neuronal migration and differentiation for normal development 

of the brain is highly regulated. Disturbance in this regulation could give rise 

to neuronal migration defect and developmental delay as characterized in ZS. 
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Evidence from N-methyl-D-aspartate (NMDA) glutamate receptor study in 

PEX5 null mice provided a direct evidence for the link between these 

receptors and absence of functional peroxisomes. PEX5 null pups when 

supplemented with NMDA during embryogenesis resulted in partial rescue of 

the characteristic neuronal migration defect (Gressens et al., 2000). This 

finding suggests that there are complex mechanisms operating during ZS 

pathogenesis and there could be potential involvement of yet unidentified 

regulatory factors leading to neurodegeneration in ZS.      

 

1.4.2.3.5 Synucleinopathy  

Zellweger Syndrome is a neurodegenerative disorder of the neonates which 

share common mechanisms with neurodegenerative disorder found in adult 

ages. One of the first evidence to support the statement was provided by 

Yakunin and co-workers on increased oligomerization of α-synuclein in the 

brain extracts of PEX13, PEX5 and PEX2 null mice (Yakunin et al., 2010). 

Synucleinopathy, (also called as alpha-synucleinopathy) is defined as 

accumulation of misfolded and/or aggregated oligomers of α-synuclein in 

neurons. This is the key feature present in a diverse range of 

neurodegenerative diseases like Parkinson's disease (PD), Dementia with 

Lewy body and multisystem atrophy. Deposits of α-synuclein aggregates or 

oligomers are the major composition of Lewy bodies found in the 

oligodendroglia and neurons of these neuropathologies.  The levels of α-

synuclein phosphorylated oligomers were found to be elevated as compared 

to α-synuclein monomers in the brain of PEX2, PEX5 and PEX13 knockout 

mouse models (Yakunin et al., 2010). Moreover the level of catalase was 

reduced in the brain of α-synuclein tg mouse over expressing α-synuclein 

thus indicating a relation with peroxisomal dysfunction. Abnormal α-synuclein 

oligomers were also reported in the neurons and glia of 

adrenoleukodystrophy (ALD) patients (Suzuki et al., 2007). 
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1.4.2.3.6 Zellweger Syndrome a neurodevelopmental disorder  

Studies conducted on PBD animal models have focussed on the 

neurodegenerative features of ZS neuropathogenesis. However, a wide range 

of clinical studies  (Volpe and Admas, 1972 ; Moser, 1993 ; Weller et al., 

2003) also indicate primary developmental defects of ZS (refer Section 

1.4.2.1). Oxidative stress has been implicated in neurodevelopmental 

disorders (Wells et al., 2009). Increases in ROS levels perturb a wide range of 

biomolecules such as lipids, proteins, DNA, which interferes with cell 

signalling pathways. These adverse effects could begin early during 

embryonic development and may adversely effect brain development. 

Further, mitochondrial abnormalities and dysfunction has also been 

documented in ZS patients (Goldfischer et al., 1973). Mitochondria are 

important for normal development of the brain as mitochondrial dysfunction 

has been implicated in neurodevelopmental disorders (Hagberg et al., 2014) 

(reviewed in Crane, 2014). Thus, the neurodevelopmental aspects of ZS 

pathogenesis also warrant further investigation using animal models. 

 

1.5 PEX13 – AN ESSENTIAL PEROXIN OF MATRIX 

PROTEIN IMPORT 

Pex13 is an essential peroxin for matrix protein import and its deletion leads 

to Peroxisome Biogenesis Disorder both in humans and mice. As Pex13 

depleted animal models are the main focus of this thesis Pex13 gene and 

protein structure, its localization within the cells and their cellular functions 

has been discussed in detail below. The role of Pex13 in PBDs, particularly in 

ZS is also discussed in this section.  

 

The PEX13 gene was first identified in yeast P. pastoris and S. cerevisiae 

(Gould et al., 1996; Elgersma et al., 1996, Erdmann & Blobel, 1996) and 

subsequently in humans (Gould et al, 1996). The mouse orthologue of Pex13 

gene was identified by Bjorkman and co-workers (Bjorkman et al., 2002) and 

spans 18 kb in length and contains 4 exons which encode a 44.5kDa protein 
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as shown in Figure 1.6. Amino acid sequence alignment of Pex13p has 

revealed that this protein is not highly conserved across species but its 

domain structure is well conserved (Gould et al., 1996). Typically Pex13p has 

a carboxy-terminal src homology-3 (SH3) domain, two hydrophobic 

membrane-spanning domains and an amino-terminal glycine-rich region 

(refer Figure 1.6) (Gould et al., 1996). Both the carboxy and the amino-

termini of Pex13p are exposed to the cytoplasm (Girzalsky et al., 1999). The 

SH3 and N-terminal regions of Pex13 protein bind to several other peroxins 

and play an important role in matrix protein import which is detailed later in 

chapter 3 (Girzalsky et al., 1999; Urquhart et al., 2000).  

 

Pex13 is localized exclusively to peroxisomes as an integral membrane protein 

across all species (Gould et al., 1996; Elgersma et al., 1996; Erdmann & 

Blobel, 1996; Fransen et al., 1998; Maxwell et al., 2003). The function of 

Pex13 is also similar across species as evident by conserved gene sequence, 

protein domain structure and consistent localization on peroxisome 

membrane. As mentioned earlier, the cytoplasmically exposed carboxy-

terminal containing SH3 domain binds Pex5p and mediates PTS1 matrix 

protein import (Gould et al., 1996; Urquhart et al., 2000; Bottger et al., 

2000). The amino terminal of Pex13p has been shown to bind Pex7 in yeast 

and mediate PTS2 matrix protein import and a similar mechanism has been 

proposed in mammals (Girzalsky et al., 1999; Urquhart et al., 2000). Several 

studies carried out in yeast mutants deficient in Pex13 have demonstrated 

loss of PTS1 and PTS2 mediated matrix protein import (Gould et al., 1996; 

Elgersma et al., 1996; Erdmann and Blobel, 1996). These observations 

suggest that Pex13 forms a part of docking complex present on peroxisome 

membrane and mediates PTS1 and PTS2 matrix protein import.  
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Figure 1.6: Schematic representation of the Mouse PEX13 gene and 

its encoded protein. A. The PEX13 gene (18kb in length) with four exons, 

represented by numbered blue boxes with their sizes indicated as base pairs (bp). B. 

The protein Pex13, a total of 405 amino acids, has N-terminal region rich in glycine 

residues, highlighted in red and C-terminal region SH3 domain, represented by 

yellow box. The size of SH3 domain is indicated in amino acids underneath. The two 

transmembrane regions are represented by lined boxes. Reprinted with permission, 

Nguyen T. H., 2007  

 

Mutations in PEX13 lead to PBD, a fatal human condition accompanied with 

severe neurodegeneration. Liu and coworkers described a patient with 

neonatal adrenoleukodystrophy (NALD) who had a missense mutation 

(I326T) which affects the SH3 domain, and leads to reduction, but not 

complete loss of PTS1 and PTS2 protein import (Liu et al., 1999). Another 

patient homozygous for a nonsense mutation (W234ter) displayed a 

Zellweger syndrome phenotype with complete loss of PTS1 and PTS2 protein 

import (Shimozawa et al., 1999). Furthermore mouse models deficient in 

Pex13 exhibited the severe form of PBD - Zellweger Syndrome (ZS) with 

characteristic neurodegeneration as seen in humans has been described 

1                            281-336     405 
Transmembrane domains        

COOH H2N Gly rich 

18 kb 

1 2 3 4 
5' 3' 

159bp       695bp 126bp     786bp 
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recently (Maxwell et al., 2003; Muller et al., 2011) and discussed in Section 

1.6.  

 

1.6 ANIMAL MODEL OF PEROXISOME BIOGENESIS 

DISORDERS 

Peroxisome research has progressed towards the identification of PEX genes 

and the impact of mutation of these genes on peroxisomal matrix and 

membrane protein import. However, underlying molecular mechanisms that 

contribute towards PBD pathology is not known. Mouse mutants with 

disrupted PEX genes provide excellent models to study such molecular 

mechanisms leading to disease pathogenesis which will lead to better disease 

management and development of therapeutics in humans. Disruption of PEX 

genes principally affecting three levels of molecular mechanism i.e. PTS1- and 

PTS2-dependent protein import (Pex2, Pex5, and Pex13 deficient mouse), 

PTS2-dependent protein import alone (Pex7-deficient mouse) or peroxisome 

proliferation (Pex11α and Pex11β deficient mouse) has been developed in 

different labs. Moreover, conditional inactivation of these PEX genes has 

expanded our knowledge on the role of peroxisome in a specific tissue and its 

contribution in disease pathology. In this section a brief review of PBD mouse 

models has been provided. The PEX13 knockout mice and tissue specific 

mutant of Pex13 are of particular interest as these mice models have been 

used in this thesis to understand ZS disease pathogenesis. The generation 

and characterization of PEX13 knockout mice is described in detail in Section 

1.6.1 and brain specific PEX13 deleted mouse is described in Section 1.6.2 

 

1.6.1 PEX knockout mouse model  

The first PEX gene knockouts were reported by Faust and Hatten (Faust and 

Hatten, 1997) and Baes and co-workers (Baes et al., 1997) for disruption of 

PEX2 and PEX5 gene respectively. The purpose of establishing these murine 

models was to understand Zellweger Syndrome disease pathogenesis 

especially their characteristic neurodegeneration. Another PEX gene knockout 

that was described by Maxwell and coworkers (Maxwell et al., 2003) exhibited 
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many features of ZS found in humans. All the three PEX gene mouse models 

display several clinical, histological and biochemical features which model to 

Zellweger syndrome in humans. Most of these mutants show severe 

hypotonia, early neonatal death (usually within several hours of birth), brain 

abnormalities, neuronal migration defects, hepatomegaly. Their biochemical 

characterization reveal elevated levels of VLCFA, decreased levels of 

plasmalogens, DHA and accumulation of bile acid intermediates (DHCA and 

THCA). These ZS mouse models show reduced numbers of peroxisomes and 

presence of ‘ghost’ peroxisomes with impaired PTS1 and PTS2 matrix protein 

import (refer Figure 1.7).  

 

Generation of PEX7Δ/Δ mice has been described by Brites and co-workers 

(Brites et al., 2003) which eliminates PTS2 dependent matrix protein import. 

The phenotypic and biochemical abnormalities found in this knockout mouse 

resemble that of human disorder, RCDP. These knockout mouse show severe 

hypotonia, impaired growth and development with deficiency of plasmalogens 

and neuronal migration defect to a lesser degree as compared to other PEX 

mutants.  

 

1.6.1.2 PEX13 knockout mouse model 

The PEX13 knockout mouse model was developed (Maxwell et al., 2003) by 

deletion of exon2 of PEX13 gene to yield a truncated protein which abolishes 

Pex13 activity.  The truncated Pex13 lacks the SH3 domain and 

transmembrane regions of the protein leading to loss of activity. On either 

side of exon 2 of Pex13, loxP sites were incorporated, with the targeted 

construct also containing a neomycin-resistance cassette flanked by FRT sites 

for selection purposes. Chimeras were generated with correctly targeted 

clones and crossed to C57BL6/J mice to generate heterozygous PEX13 

modified mice i.e. PEX13+/loxP+neo. These heterozygous female mice were 

crossed with Cre-deleter transgenic male mice. This Cre-deleter male mouse 

ubiquitously expressed Cre recombinase from two cell stage onwards with Cre 

recombinase under the control of the human cytomegalovirus minimal 
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promoter. The result of this crossing yielded PEX13 knockout (KO) offspring 

(Figure 1.8). 

 

 

 

 

 

 

 

B 

 

Figure 1.7: Schematic representation of the PEX13 gene and 

strategy for generation of PEX13 KO mice.  A. PEX13 gene. Wild type 

(WT) allele showing positions of the four exons denoted as E1, E2, E3 and E4, and 

the disrupted PEX13Δ allele. Red bars denote the regions on the gene encoding SH3 

and transmembrane domains (TMD). B. Strategy for generation of PEX13Δ/Δ 

mice. The exon E2 is flanked by loxP sites (solid arrow) introduced at a Hind III (H) 

and KpnI (K) site. The neo cassette was flanked by FRT sites (open arrows) at KpnI 

sites. Reprinted with permission from Bjorkman et al., 2002.   

 

E2 E3 E4 E1 WT 

E1 Pex13Δ 

A       TMD                            TMD          SH3 
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Characterization of PEX13Δ/Δ mice (Maxwell et al., 2003) showed distinctive 

features of Zellweger syndrome. They were smaller in size and severely 

hypotonic as compared to the heterozygous or wild type littermates. The 

PEX13Δ/Δ mice were lethargic, exhibited a 'C' shaped posture (Figure 1.8A) 

and failed to feed. They survived only the first day after birth. Biochemical 

analysis showed marked increases in VLCFA in the liver, brain and skin 

fibroblasts and a decrease in the branched chain fatty acids oxidation and 

impairment of plasmalogen synthesis. Histological studies revealed brain 

abnormalities including a thin and disorganized neocortex, and severe 

neuronal migration defect characterized by loss of cortical lamination (Figure 

1.8B).  Immunofluorescence of mouse embryonic fibroblast (MEF) cells from 

these animals showed a characteristic diffuse fluorescence when stained 

using anti SKL antibody, in contrast to the punctuate fluorescence, indicative 

of intact peroxisomes, found in wild-type MEFs.  

 

A. Pex13+/Δ      Pex13Δ/Δ 

 

 B. 

 

 

Figure 1.8: A. Phenotype of PEX13 heterozygotes and knockout 

mice. Note the characteristic 'C' shaped posture and growth retardation in the 

Pex13 knockout (KO) mice. B. Abnormal lamination of cerebral cortex. Pex13 

deficiency causes abnormal lamination of the cerebral cortex. +/+, wild type, ∆/∆ 

Pex13 KO, CP, cortical plate and IZ, intermediate zone. Cortical layers were stained 

with hematoxylin. Reprinted with permission, Maxwell et al., 2003.   

∆/∆ 
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1.6.2 Conditional deletion of PEX genes  

Due to early neonatal death of the PEX 2, PEX5, and PEX13 knockout mice 

several postnatal studies were restricted. Advancement in the study of mouse 

models for PBDs has been achieved by the application of conditional 

disruption of PEX genes in a specific tissue or organs. This has been achieved 

by Cre-loxP system which applies homologous recombination technique, to 

introduce two loxP sites flanking either sides of essential exon of the gene of 

interest. The mice carrying this floxed gene are then mated with mice 

expressing Cre recombinase. Under the influence of a cell type-specific 

promoter, Cre recombinase, recognizes and deletes the fragment of gene 

contained within the loxP sites. Thus by mating mice with a "floxed" gene 

with the cell type-specific promoter Cre recombinase mice, the targeted gene 

is deleted in the tissue of interest.  

 

Two such conditional animal mutants have been developed using this 

advanced technique. One has involved conditional disruption of the PEX13 in 

liver and brain (Nguyen T., 2007; Muller et al, 2011) and the second is 

conditional disruption of PEX5 gene in the liver and the brain (Baes et al., 

2002; Dirkx et al., 2005; Krysko et al., 2007; Hulshagen et al., 2008). Table 

1.6 summarizes the features of ZS mouse models. In the following section an 

overview of PBD mouse models has been provided with focus on brain PEX13 

gene disrupted mouse mutant as this mouse model has been the subject of 

study in this thesis (refer Section 1.6.2.1). 

 

Mice with selective elimination of PEX5 in the brain showed delayed cortical 

neuronal migration and abnormal cerebellar folia and fissure formation. The 

Purkinje neurons showed abnormal polarization and the branching of its 

dendrites was stunted and less complex (Krysko et al., 2007). Selective 

elimination of peroxisome in the oligodendrocytes (Cnp-PEX5 KO) (Ahlemeyer 

et al., 2007) in neurons (NEX-PEX5) and in glial cells (GFAP-PEX5 null) was 

also carried out (Bottelbergs et al., 2010). In case of Cnp-PEX5 KO mice there 

was myelin and axonal abnormality but at a much lesser scale as compared 
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to conditional deletion of PEX5 in the brain. The onset of the brain 

abnormality was much later in life with slow prognosis of the disease 

(Ahlemeyer et al., 2007). Both the NEX-PEX5 and GFAP-PEX5 KO mice did not 

exhibit any abnormal behavioral features, axonal disintegration or any other 

brain pathology. The metabolite levels were normal in the NEX-PEX5 mice but 

marked accumulation of VLCFA and reduction of plasmalogens were found in 

GFAP-PEX5 null mice (Bottelbergs et al., 2010). Absence of functional 

peroxisomes in the neurons and astrocytes did not contribute to 

neurodegeneration whereas lack of oligodendrocyte peroxisomes does 

contribute towards myelin and axonal integrity (Ahlemeyer et al., 2007; 

Bottelbergs et al., 2010).  

 

1.6.2.1 Brain PEX13-deficient mouse mutants  

Conditional deletion of Pex13 in brain of mice provided an excellent model to 

study the effect of peroxisome in normal brain physiology. Brain Pex13-

deficient mouse models survive for up to 35 days post natal (some survive 

even longer than P100) (Muller et al., 2011) and thus provide bigger window 

period to study the effect of peroxisome in neurodegeneration of ZS.  

 

1.6.2.2 Generation of brain PEX13-deficient mouse mutants 

The Pex13 loxP modified mice (Pex13+/loxP+neo) generated as mentioned 

earlier (refer Section 1.6.1.2) were crossed with FLPe recombinase expressing 

mice in order to delete the frt-flanked neo cassette. The heterozygous strain 

resulting from this cross was designated as Pex13flox/+ and further mated with 

each other to generate homozygous Pex13flox/flox animals. Transgenic mice 

expressing Cre-recombinase gene under the control of the rat nestin 

promoter were mated with the Pex13flox/flox animals to produce brain-specific 

Pex13-deficient offspring (Nguyen T., 2008). Note that nestin is a type IV 

intermediate filament protein which is specifically expressed in nerve cells and 

implicated in the growth of axons (Dahlstrand et al., 1992).  
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Figure 1.9: Generation of PEX13 brain mutants. A. Breeding 

strategy used to generate brain specific PEX13-deficient mice. +, wild-

type allele; Δ, null allele; Pex13flox, Pex13 allele with exon 2 flanked by loxP sites; 

Nes-Cre, the Cre transgene under the control of rat nestin promoter. B. 

Phenotypic features of brain specific Pex13 deficient mice and 

heterozygous littermate. Reprinted with permission, Nguyen T. H., 2007. 
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1.6.2.3 Phenotypic features   

These mouse models do not show the marked phenotypic change at birth as 

seen in PEX13 KO mice. There is gradual loss of weight in PEX13 conditional 

mutant mice which correlated with their survival. The mean age for survival is 

35 days postnatal as given by Kaplan Meier plot (Muller et al., 2011). 

Followed by weight loss is gradual neurological deterioration accompanied 

with lethargy, characteristic hunch back posture, inability to splay hind limbs 

and gradual loss of motor control (Muller et al., 2011) (refer Figure 1.9).   

 

1.6.2.4 Behavioral characteristics  

A battery of ‘modified Fox test’ was performed on these conditional PEX13 

mouse models and it was observed that most of the mutants failed to gain 

full response to crossed extensor, negative geotaxis, cliff avoidance, bar 

holding ability and rotorod (refer Section 3.2.3 for full description of the test). 

On rotarod test wild type littermates and Pex13 brain mutants were allowed 

to walk on a motorized rod for 60 seconds at a constant speed. The Pex13 

brain mutants were not able to achieve this target of 60 seconds as 

compared to their wild type littermates even at P30. These test indicated that 

there is delayed reflexes and loss of motor coordination in brain Pex13 

deficient mouse models as compared to their normal littermates (Muller et al., 

2011).  

 

1.6.2.5 Biochemical features 

Biochemical analysis of brain tissue revealed that VLCFA levels were not 

elevated as compared to normal brain tissue. However, a marked decrease in 

plasmalogen level was found in brain. The activity of enzymes required for 

plasmalogen biosynthesis – DHAPAT and ADHAPS, were also reduced. 

Overall, however, biochemical alterations were not as significant as seen in 

Pex13 knockout mice.   
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1.6.2.6 Brain morphology 

Since motor co-ordination was gradually deteriorated and because cerebellum 

is the major region of the brain involved in motor function gross 

morphological analysis of the cerebellum was carried out. Histological analysis 

of the brain sections revealed that the behavioral abnormality correlated with 

cerebellum defects (Muller et al., 2011). Abnormal pattern of foliation, loss of 

fissures (declival, intercrural, uvular, refer Figure 3.5) and delayed granule 

cell formation and migration were hallmark features (Muller et al., 2011). 

Purkinje neuron also showed reduced size, arborization and the neuron layers 

were not well aligned (refer Figure 3.7) (Muller et al., 2011).   

 

1.6.2.7 Molecular features of neuropathogenesis in the cerebellum 

Brain Pex13 depleted mouse mutants showed increased immunostaining of 

glial fibrillary acidic protein (GFAP) and Iba1 which are markers for astrocytes 

and microglia, respectively. There were activated microglial cells with some 

exhibiting phagocytic macrophage like morphology. Cultured neurons from 

Pex13 knockout mouse models showed two times increase in ROS levels and 

increased apoptosis. Altogether these evidences support the presence of 

increased reactive gliosis and apoptosis due to oxidative damage as molecular 

pathology of selective elimination of Pex13 in the brain of these mice (Muller 

et al., 2011).  
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Table 1.6: Morphological and biochemical features in ZS mouse models 

Mouse 
models 

Morphological features  Biochemical 
features  

Brain pathology 

 Development 
delay 

Hypotonia  Survival  Motor behavior 
abnormalities 

VLCA and 
Plasmalogens levels 

Neuronal 
migration 
defect 

Cerebellar 
abnormality  

a PEX2∆/∆  √ √ P0 √ ↑ VLCFA 
↓ Plasmalogens  

√ n/a 

b PEX5∆/∆  √ √ P0 n/a ↑ VLCFA 
↓ Plasmalogens  

√ n/a 

c PEX13∆/∆ √ √ P0 n/a ↑ VLCFA 
↓ Plasmalogens  

√ n/a 

d PEX7∆/∆  √ √ P0-P20 n/a = VLCFA 
↓ Plasmalogens  

√ n/a 

e PEX11β∆/∆ √ √ P0 n/a = VLCFA 
=Plasmalogens  

√ n/a 

f PEX5∆/∆ 

liver rescue 
√ √ P0 n/a ↑ VLCFA 

↓ Plasmalogens  
improve n/a 

f PEX5∆/∆ 
brain rescue 

√ √ P0 n/a = VLCFA 
=50-70% 
Plasmalogens  

improve n/a 

f PEX5∆/∆ 

double 
rescue 

√ √ P0 n/a n/a VLCFA 
=50-70% 
Plasmalogens  

normal n/a 

g PEX5 liver 
mutant 

√ √ 2-4 weeks √ n/a VLCFA 
=liver Plasmalogens  

√ n/a 

Table 1.6 continued on next page….. 
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Table 1.6 continued from previous page…..        
Mouse 
models 

Morphological features  Biochemical 
features 

Brain pathology 

 Development 
delay 

Hypotonia  Survival  Motor behavior 
abnormalities 

VLCA and 
Plasmalogens levels 

Neuronal 
migration 
defect 

Cerebellar 
abnormality  

h PEX5 brain 
mutant 

√ = 1-24 weeks √ ↑ VLCFA 
↓brain Plasmalogens  

√ √ 

i Cnp-PEX5 = = 12-13 
months 

√ onset ≥9 
months 

↑ VLCFA 
↓brain Plasmalogens  

n/a n/a 

j NEX-PEX5 = = = = = n/a n/a 
j GFAP-PEX5 = = = = ↑ VLCFA 

↓brain Plasmalogens  
n/a n/a 

k PEX13 brain 
mutant 

√ = P35 mean 
age 

√ ↓brain =liver VLCFA 
↓brain ↑liver 
Plasmalogens  

√ √ 

l PEX13 liver 
mutant 

√ (starts at 
P30) 

= =to control = = brain ↑ liverVLCFA 
=brain = liver 
Plasmalogens  

n/a n/a 

√, feature present; =, no change; ↑, increase; ↓, decrease; n/a, not available. a) Faust and Hatten, 1997; Faust et al., 2001, Faust P. L., 2003; 

b) Baes et al., 1997; c) Maxwell et al., 2003; d) Brites et al., 2003; e) Li et al., 2002; f) Janssen et al., 2003; g) Baes et al., 2002; Dirkx et al., 

2005; Krysko et al., 2007; h) Krysko et al., 2007; Hulshagen et al., 2008; i) Kassmann et al., 2007; j) Bottlebergs et al., 2010; k) Nguyen et al., 

2006; Muller et al., 2011; l) Nguyen et al., 2006. Adapted from Muller C. C., 2009.   
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1.7 PEROXISOMES IN THE CENTRAL NERVOUS SYSTEM  

This section refers to distribution and abundance of peroxisomes in different 

regions of the brain and at different developmental and postnatal age. Since 

peroxisome deficiency gives rise to numerous neurological abnormalities both 

in humans and mice as discussed previously (refer Sections 1.4 and 1.6) it is 

important to know its distribution pattern in brain at various pre and postnatal 

development. Studies have been carried out in rodent and humans brains 

using catalase staining, enzymes of β oxidation or peroxisomal membrane 

protein (Pex14), to understand the distribution of peroxisomal proteins during 

early development of the brain (Houdou et al., 1993; Miyawaki et al., 1995; 

Moreno et al., 1995; Moreno et al., 1999; Itoh et al., 2000; Zaar et al., 2002; 

Schad et al., 2003; Nardacci et al., 2004; Ahlemeyer et al., 2007).  

 

The studies have concluded that peroxisomes are abundant in hippocampal 

CA1, CA2 and CA3 nucleus, dentate gyrus, cerebellar external granule cell 

layer and internal granule cell layer and certain regions of the neocortex. The 

expression of most of the peroxisomal enzymes and Pex14 staining reduced 

to almost half from P2 to P38 of age in mouse brain (Ahlemeyer et al., 2007). 

Number of peroxisomes increased in the Purkinje neurons, Golgi cells of the 

cerebellum at P38 in mice brain as compared to P2. The level of peroxisome 

numbers decreased in hippocampus, dentate gyrus and neocortex at P38 of 

age as compared to P2 (Ahlemeyer et al., 2007).  
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1.8 PEROXISOMES IN CELL PROLIFERATION, 

DIFFERENTIATION AND DEVELOPMENT  

Much of the research in the area of peroxisome has been focused on how 

changes to its normal function can result in PBDs and the clinical 

manifestations of PBDs. Little or no importance has been placed on the role of 

peroxisome in cell differentiation and proliferation. Peroxisomes also play a 

role - in cell proliferation, differentiation and in development of the organism. 

Direct and indirect contributions of peroxisome towards cell cycle and cell 

signaling are also discussed in this section.  

 

Peroxisomes have recently been proposed to function as an intracellular 

signaling compartment that modulates several cell signaling molecules. The 

first and the most important signaling molecule is ROS which has been 

proposed in recent years as short-living signaling molecule (Fransen et al., 

2011; reviewed in Finkel T., 2011) that can modify proteins by sulfenation, 

carbonylation or oxidation (Islinger et al., 2012). In the case of oxidized 

proteins the molecular trigger may switch the inactive reduced protein form to 

an active oxidized protein form and initiate cellular signaling cascade or 

modulate enzymatic activity. For example, oxidation of catalase and malate 

synthase from castor beans was increased by H2O2 exposure rendering them 

active and preparing the cell to adapt to increased ROS levels. In case of β-

oxidation enzyme ketoacyl-CoA thiolase the effect is opposite. This enzyme 

becomes inactive in oxidized form thus lowering rate of β-oxidation in 

increased ROS environment (Islinger et al., 2012). However, increased ROS 

production by peroxisome also has detrimental consequences on the cell. The 

detrimental effect of high levels of ROS was shown to inhibit peroxisome 

matrix protein import, alter mitochondrial membrane potential and 

significantly increased mitochondrial ROS production (Ivashchenko et al., 

2011; Islinger et al., 2012). In catalase deficient mouse model it was shown 

that the brain mitochondria showed decreased respiratory capacity (Ho et al., 

2004).  
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Peroxisomes are known to increase in number in response to environmental 

stimuli such as high fat diet. There are several peroxisome proliferators 

identified till date that are involved in this process. These peroxisome 

proliferators bind to nuclear receptors – PPARs or peroxisome proliferator 

activated receptors which induce DNA synthesis of genes for peroxisome 

proliferation and enzymes for β oxidation (Keller et al., 2000). PPARα (a 

subtype of PPAR) induced peroxisome proliferation results in strong up-

regulation of peroxisomal β-oxidation but no comparable increase in ROS-

scavenging enzymes leading to an imbalance in H2O2 levels and its 

subsequent leakage into the cytoplasm causing DNA damage and cancer. 

However recently studies carried out by Diano and coworkers established 

ROS-mediated regulation of pro-opiomelanocortin (POMC) neurons in the 

hypothalamus of mice (Diano et al., 2011). Peroxisome proliferation was 

induced in mice fed with high fat diet via PPARγ (another subtype of PPAR) 

activation lead to decrease in ROS activity which resulted in diminished POMC 

cell activity and increasing neuropeptide-Y and agouti-related peptide activity 

leading to increased feeding. Increased ROS production lead to increased 

firing of POMC neurons and subsequently decreased feeding and contributed 

positively to energy metabolism (Diano et al., 2011).    

 

A recent finding has also shown that peroxisomes act as ‘signaling platforms 

for antiviral innate immunity’ (Dixit et al., 2010). In response to viral attack, 

peroxisomes induces peroxisomal MAVS (mitochondrial antiviral signaling) 

proteins which increases rapid interferon dependent expression of defense 

factors that provide short term protection to the cell against viral infections. 

These peroxisomal MAVS are rapid in effect whereas mitochondrial MAVS 

have slower kinetics and stabilize and amplify the antiviral response (Dixit et 

al., 2010). 
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1.9 HYPOTHESIS AND AIM OF THESIS 

As described earlier PEX13 is essential for peroxisome matrix protein import. 

Presence of functional peroxisomes in a developing embryo is crucial for a 

number of essential metabolic functions. Mutation in PEX13 leads to Zellweger 

Syndrome, a severe multi-organ disorder with significant neurological 

involvement. Mouse models with ubiquitous and brain specific disruption of 

PEX13 (denoted as PEX13 KO and PEX13 BM) were developed which provide 

valuable resource to explore the molecular pathogenesis of ZS.  

 

Using two ZS mouse models i.e. PEX13 KO and PEX13 BM, which have been 

characterized previously (Maxwell et al., 2003; Muller et al., 2011) we 

investigated the role of peroxisome in the severe disease pathogenesis of the 

brain. PEX13 BM mice exhibit defects in reflex and motor development 

accompanied with delayed granule cell migration, cerebellar and Purkinje 

neuronal abnormality and increased reactive gliosis and microgliosis (Muller et 

al., 2011). Further, PEX13 KO mice also show accumulation of α-synuclein 

oligomers in the brain (Yakunin et al., 2010). Using the drug arimoclomol, a 

potent inducer of molecular chaperones, we first attempted to restore the 

documented neurodegenerative phenotype of ZS mouse models. Thus our 

first aim was to determine whether α-synuclein oligomerization is 

causative of the neurological pathogenesis observed in ZS mouse 

models.  

 

Next, we deciphered the role of other regions of the brain also involved in 

motor co-ordination besides cerebellum. PEX13 BM mice show motor 

dysfunction and reduced motor co-ordination. The substantia nigra and the 

nigro-striatal pathway are crucial for movement planning, control and co-

ordination. Thus our second aim was to evaluate whether motor 

dysfunctions seen in ZS mouse models are related to altered 

substantia nigra and the nigro-striatal pathways.  
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Further, increased neuronal apoptosis via increased levels of reactive oxygen 

species in the brain of ZS mouse models has been implicated by previous 

studies (Muller et al., 2011) as the underlying molecular process leading to 

massive neurodegeneration in ZS. In addition, abnormal granule cell 

migration in the cerebellum has also been reported in PEX13 BM mice (Muller 

et al., 2011). In our quest to gain insight into the underlying molecular 

mechanism leading to the neurological phenotype of ZS we studied the level 

of cell genesis in ZS mouse models. We hypothesized that the massive 

neurological damage and abnormality found in ZS mouse models is due to 

altered neurogenesis. Thus our third aim was to study the level of 

neurogenesis in the known neurogenic zones of the brain of ZS 

mouse models.  

 

Lastly, the protein Pex13, crucial for peroxisome matrix protein import and 

involved in PBDs is the core focus of this thesis. As described earlier in section 

1.5, Pex13 has been shown to play an indispensible role in PTS1 and PTS2 

mediated matrix protein import. Ablation of PTS1 and/or PTS2 matrix protein 

import due to mutations in PEX13 leads to fatal PBDs. The role of the C-

terminal SH3 domain in binding the PTS1 receptor Pex5 has been established 

by Urquhart and co-workers (2000). Further, a model proposed by Urquhart 

and co-workers (2000) suggests that the N-terminal region of Pex13 is 

involved in binding the PTS2 receptor Pex7 (Urquhart et al., 2000). However, 

conflicting findings by Ottera and co-workers (2002) using a CHO cell models 

suggest that Pex13 interacts with the PTS1 receptor Pex5 via the N-terminal 

region. Thus our fourth aim was to determine the role of the N-

terminal region of Pex13 in PTS1 and PTS2-mediated matrix protein 

import.  
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2.1 MATERIALS 

 

2.1.1 Animal ethics approval 

The ethics approval for all the animal studies carried out in this thesis 

was granted by Griffith University Animal Ethics Approval Committee. 

The project ‘Molecular pathogenesis for neurodegeneration of PEX13 

deficient Zellweger mice’ approval number is BPS/02/09/AEC. 

 

2.1.2 Mouse strains  

C57BL/6 mouse strains were used for the study and were obtained 

from Central Animal Breeding House, Pinjarra Hills, QLD.  

 

2.1.3 Chemicals, antibodies, kits and reagents 

Table 2.1:  List of Chemicals 

Supplier  Product name 

Sigma (St, Louis, USA). Sodium dodecyl sulfate (SDS), triton X-

100, p-phenylenediamine, dimethyl 

sulphoxide (DMSO), phenylmethylsulfonyl 

fluoride (PMSF), bovine serum albumin 

(BSA), 3-dimethylaminoproprionitrile 

(DMAPN), digitonin, β-mercaptoethanol, 

polyethylene glycol (PEG) 

Chem Supply Pty Ltd 

(Gillman, SA) 

Sodium chloride, sodium citrate, sodium 

hydroxide, and 

ethylenediaminetetraacetic acid (EDTA) 

BDH (Kilsyth, VIC) 40% formaldehyde solution 

Merck  Paraformaldehyde (PFA) 

Boerhinger Mannheim 

(Indianapolis, USA) 

Tris base 

                          

Gibco-BRL Ammonium persulphate (APS) 

                 Table 2.1 continued.... 
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 Table 2.1 continued.... 

Supplier  Product name 

Fisions Scientific 

Equipment 

(Loughborough, UK) 

Potassium chloride 

Banksia Scientific 

(Newstead, QLD). 

Ethanol and isopropanol 

Gibco-Invitrogen 

(Melbourne, 

Australia) 

Dulbecco’s Modified Eagle 

Medium/Nutrient mixture F-12 (HAM), 

Opti-MEM, Dulbecco’s phosphate 

buffered saline pH 7.4, L-glutamine, 

penicillin/streptomycin, trypsin  

– EDTA 

BioRad Acrylamide 

Ajax Chemicals Potassium hydroxide, calcium carbonate, 

calcium chloride, potassium carbonate, 

potassium dihydrogen orthophosphate, 

(di)potassium hydrogen orthophosphate  

Merck Glycine 

Chem supply Pty. Ltd.  Sodium dihydrogen orthophosphate, 

(di)sodium hydrogen orthophosphate 

Amresco  Tween-20 

APS Ajax Fine Chem Glycerol  

BDH Chemicals, Australia Sucrose  

Gift from Cytrx 

corporation 

Arimoclomol 

Invitrogen  EdU 

Molecular Biology reagents 

ViagenBiotech DirectPCR lysis buffer 

Invitrogen  Lipofectamine LTX Plus 

                Table 2.1 continued.... 
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Table 2.1 continued.... 

Supplier  Product name 

Roche Molecular 

Biochemicals (Mannheim, 

Germany) 

Restriction enzymes and buffers, 

ampicillin 

Progen Industries Ltd 

(Darra, QLD) 

DNA grade agarose 

Progen Industries Ltd.  Kanamycin sulphate 

Astral Scientific  Proteinase K 

Invitrogen (Carlsbad, 

California, USA) 

Taq DNA polymerase and 10X reaction 

buffer, 1kb+ ladder 

Sigma Genosys (Castle 

Hill, NSW) 

PCR primers 

Promega (Annandale, 

NSW) 

Deoxynucleotide triphosphates (dNTPs) 

Oxoid Ltd., Hamsphire, 

England 

Agar powder, Luria Bertani (LB) broth 

 

 

Table 2.2: List of commercial kits 

Supplier  Product name 

Bio-Rad Lab, NSW DC protein assay kit  

Qiagen  Plasmid prep – mini and midi kit 

Stratagene QuickChange® Lightening Site Directed 

Mutagenesis kit 

Pierce WestPico Supersignal 

enhanced chemiluminescence substrate 

Invitrogen  Click-iT™ EdU Cell Proliferation Assay 

Kit  
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Table 2.3   : List of primers used for various applications     

Primers for conventional PCR 

Name of 

oligonucleotide 

Sequence (5  to 3 ) Size of 

product 

For genotyping using conventional PCR  

Pex13  – F1/F3 

Pex13  – R1/R2 

TATGGCACTCTGCCACAGAC 

CGCACAAAAGGTTCTCTTCC 

530bp 

Pex13  – F1/F3 

Pex13 loxP - R 

TATGGCACTCTGCCACAGAC 

TCTGTTTCCCTCCCACCTC 

754bp (wild-

type mice) 

and 788bp 

(floxed mice) 

CreTM – F 

CreTM - R 

CACCCTGTTACGTATAGC 

CTAATCGCCATCTTCCAG 

   200bp 

CREB – F 

CREB - R 

TATGTAAAGCAAGGGAAGATACTG 

TAGACATACTTGACCCATAGCATT 

 500bp 

   Primers for sequencing and cloning   

Name of 

oligonucleotide 

Sequence (5  to 3 ) 

For sequencing  

T7 TAATACGACTCACTATAGGG 

SP6 ATTTAGGTGACACTATAG 

Pex13 WT – F TCAGCAAGCTGAAGAAAGCA 

Pex13 WT- R AGATAAGGACCGCCAAGGAT 

For E136K and E136Q constructs  

MmPex13-

E136K – F 

MmPex13-

E136K - R 

 

GCATTTCAGTCCATTAAAAGTATTGTGCATGCA 

 

TGCATGCACAATACTTTTAATGGACTGAAATGC 

  

                             Table 2.3 continued..... 
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Table 2.3 continued..... 

MmPex13-

E136Q – F 

MmPex13-

E136Q – R 

 

GCATTTCAGTCCATTCAAAGTATTGTGCATGCA 

 

TGCATGCACAATACTTTGAATGGACTGAAATGC 

For PTS2-EGFP construct 

PTS2-F 

PTS2-R 

GGATCTCCTAAGCTTATGCATCGGCTGCAGGTAGTG 

GGATCTCCTGCGGCCGCTTTACTTGTACAG 

 

 

Table 2.4: List of primary and secondary antibodies and 

cellular stains  

Antibody Working concentration 

and application 

Supplier 

Rabbit anti-SKL 1:500 (IF) # NA commercially 

Rabbit anti-Pex13 1:500 (WB) # NA commercially 

Rabbit anti-Pex14 1:2000 (IHC, IF), 

1:500 (WB) 

# NA commercially 

Rabbit anti-PMP68 1:2000 (IF) # NA commercially 

Rabbit anti-GFAP 1:400 (IHC)  Sapphire Bioscience 

Mouse anti-GFAP 1:500 (IHC) Chemicon Inc. 

Mouse anti-GFAP-

Cy3 conjugate 

 

1:300 (IHC) 

 

Sigma 

Mouse anti-Calbindin 1:3000 (IHC) Sigma 

Mouse anti-TH 1:2000 (IHC) ImmunoStar Inc. 

Rabbit anti-TH 1:1000 (IHC) Pel-Freez 

Biologicals 

Rabbit anti-SOD2 1:1000 (IHC) Abcam 

Rabbit anti-caspase-

3 active 

 

1:500 (IHC) 

 

Sigma 

                                                                Table 2.4 continued… 
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  Table 2.4 continued…  

Antibody Working concentration 

and application 

Supplier 

Mouse anti-G3BP 1:500 (IHC) Abnova 

Rabbit anti-Iba1 1:600 (IHC) WAKO 

Rabbit anti-DCX 1:600 (IHC) Abcam 

Rabbit anti-SOX2 1:200 (IHC) Millipore 

Mouse anti-NeuN 1:100 (IHC) Chemicon 

International 

Mouse anti-myc 1:500 (IF) Sigma-Aldrich 

Alexa Fluor® 488 Goat 

anti-mouse IgG  

 

1:200 (IHC, IF) 

 

Molecular Probes 

Alexa Fluor® 594 Goat 

anti-mouse IgG  

 

1:200 (IHC, IF) 

 

Molecular Probes 

Alexa Fluor® 488 Goat 

anti-rabbit IgG  

 

1:200 (IHC, IF) 

 

Molecular Probes 

Goat anti-rabbit IgG 

568 

 

1:200 (IHC, IF) 

 

Molecular Probes 

Alexa Fluor® 488 

Donkey anti-mouse IgG 

 

1:200 (IHC) 

 

Invitrogen 

Alexa Fluor® 488 

Donkey anti-rabbit IgG 

 

1:200 (IHC) 

 

Invitrogen 

Alexa Fluor® 594 

Donkey anti-mouse IgG 

 

1:200 (IHC) 

 

Invitrogen 

Alexa Fluor® 647 

Donkey anti-rabbit IgG 

 

1:50 (IHC) 

 

Invitrogen 

Alexa Fluor® 647 

Donkey anti-mouse IgG 

 

1:50 (IHC) 

 

Invitrogen 

                                                                Table 2.4 continued… 
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Table 2.4 continued… 

Antibody Working concentration 

and application 

Supplier 

Goat anti-Mouse HRP 1:10,000 (WB) *NA 

commercially 

Goat anti-Rabbit HRP 1:10,000 (WB) *NA 

commercially 

Cellular stains   

Vectorshield DAPI 

mounting media 

 

Mounting media (IHC) 

 

Vector 

Laboratories 

Hoechst stain  1:1000 (IF)  

Mito Tracker Red 

CMXRos 

400nm  

(cell culture, IF) 

Molecular 

Probes 

Lyso sensor Red DND-

99 

100nm  

(cell culture, IF) 

Molecular 

Probes 

# Anti-Pex13, anti-Pex14, anti-SKL and anti-PMP68 antibodies raised against 

MBP fusion proteins were purified from rabbit serum by affinity 

chromatography using the corresponding GST-fusion protein covalently 

coupled to CNBr-activated Sepahrose (carried out by Dr. Jonas Bjorkman, 

Griffith University). *Kind gift from Dr. Frank Clarke, Griffith University; NA 

commercially, not available commercially; IF, immunofluroscence; WB, 

Western blot; IHC, immunohistochemistry. 
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2.2 GENERAL METHODS 

 

2.2.1 Cell culture  

 

2.2.1.1 Extraction of Mouse Embryonic Fibroblast (MEF) 

Pregnant mouse was euthanized by cervical dislocation on embryonic 

day 13 (E13). Under sterile conditions the embryo sac was dissected 

out from the peritoneum wall of the euthanized mouse. Individual 

embryos were release and collected in 1X D-PBS. Followed by rinsing 

twice in D-PBS the membrane, placenta and visceral tissue was 

removed from each embryo. Using sterile scalpel blades the head of 

the embryo was removed and discarded while the tail and paw 

samples were collected for genotyping. The remaining tissue was then 

finely minced and placed in a sterile tube containing 2mL of 0.25% 

trypsin-EDTA at 4 C overnight. On the following day, the tissue was 

warmed in a water bath at 37 C for 20 mins. 5mL of Dulbecco’s 

Modified Eagle Media-F12 (DMEM-F12) supplemented with 10% foetal 

bovine serum (FBS), 2mM L-glutamine, 1% penicillin, 1% streptomycin 

was added to the tissue and was triturated using sterile transfer 

pipette. The tissue was well homogenized and was allowed to settle 

down. The supernatant containing single cell suspension was collected 

in a new sterile tube and centrifuged at 1100 rpm for 5 mins to obtain 

the cell pellet. This cell pellet was resuspended in 5mL of culture media 

and transferred to T25 flask. The cells were allowed to incubate at 

37 C and were checked for growth at regular time period. 

 

2.2.1.2 Maintenance and subculturing of MEFs 

Mouse primary cultures were maintained in DMEM-F12 supplemented 

with 10% FBS, 2mM L-glutamine, 1% penicillin, 1% streptomycin at 

37 C under 5% CO2. The culture media was changed every 3-4 days or 

when the pink colour of the media changed to orange-yellow colour 
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indicating change in pH. Cells were subcultured once they were more 

than 90% confluent. During subculturing the expired media was 

removed from the flask and cells were rinsed with 5mL of 1X D-PBS. 

Trypsin-EDTA was then added to the flask and allowed to incubate at 

37 C for 3mins. The flask was then tapped gently to dislodge the cells 

and appropriate volume of fresh culture media was added to inactivate 

trypsin and to resuspend the cells. Resuspended cells were then either 

transferred to a new flask or plates as per experimental requirement. 

 

2.2.1.3 Storage and revival of MEFs 

One T75 flask of confluent MEFs was treated with trypsin as mentioned 

in 2.2.1.2 and  the cell pellet was resuspended in 1ml freezing media 

(50% DMEM-F12 media, 40% FBS and 10% DMSO). The cells were 

then immediately placed in -30 C for 30mins followed by freezing in     

-80 C for 12 hours and then stored in liquid nitrogen for long term.  

 

Revival of frozen stock of cells was carried out by thawing the cells in a 

water bath at 37 C and transferring them in a sterile 10mL centrifuge 

tube. 9mL of warm culture media was added to the cells and 

centrifuged at 1100rpm for 5mins. The supernatant was discarded and 

the cell pellet resuspended in 5mL media and incubated in T25 flask.  

 

2.2.1.4 Staining of mitochondria and lysosome in MEFs 

Mitotracker Red CMXRos and Lysosensor Red dyes were used to stain 

mitochondria and lysosomes in MEFs. Cells were grown on glass cover 

slips as described earlier (Nguyen T., 2007), Mitotracker Red (400nM) 

or Lysosensor Red (100nM) was added to the culture media and the 

cells were allowed to incubate for 45 mins or 2 hours respectively. 

Routine immunofluorescence was then carried out on these cells. 
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2.2.1.5 Transfection of MEF using Lipofectamine LTX Plus 

Cells at an early passage stage (P2 to P5) were grown in a 6 well plate 

in DMEM-F12 media without penicillin/streptomycin for 17 hours. When 

the cells were  50 to 60% confluent transfection was carried out as 

per manufacturer’s instructions for Lipofectamine LTX Plus. A master 

mix of Lipofectamine LTX containing plasmid DNA was prepared as 

follows. For each well 200µL OptiMEM and 7µL of Lipofectamine LTX 

was mixed and incubated at room temperature for 20mins. In another 

tube, OptiMEM solution containing 2% plasmid DNA and 20µL of Plus 

reagent was incubated for 20 mins. At the end of the incubation time 

the two tubes containing Lipofectamine LTX and plasmid DNA with Plus 

reagent was mixed to make a master mix and further incubated for 

20mins at room temperature. After the incubation time, 600µL of 

DMEM-F12 media without antibiotics was added to the master mix and 

then added to cells. The cells were incubated under usual conditions 

and after 8 hours the culture media was changed.  

 

 

2.2.2 Animal studies 

 

2.2.2.1 Mouse breeding strategy for generation of PEX13 

knockout (KO) and PEX13 brain mutants (BM) 

The generation of mice containing PEX13 allele flanked by loxP sites on 

either side of exon 2 has been described previously (Bjorkman et al., 

2002). Generation of mice with heterozygous disruption of PEX13 has 

also been described earlier (Maxwell et al., 2003; Nguyen T., 2007). 

The breeding strategy of crossing these PEX13 heterozygous mice to 

generate PEX13 knockout mice is shown in Figure 2.1. 
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Figure 2.1: Breeding strategy of mice for generation of PEX13 

knockouts. / , knockout or deleted allele; /+, heterozygous. 

 

Tissue specific disruption of PEX13 using loxP–Nestin Cre (Nes-Cre) 

system has been described previously (Nguyen T., 2007). Brain specific 

deletion of PEX13 was achieved by crossing PEX13 heterozygous mice 

with Nes-Cre transgenic mouse expressing the enzyme Cre 

recombinase which is under the control of rat-nestin promoter and is 

specific for neurons (Zimmerman et al., 1994, Tronche et al., 1999). 

The result of this mating is Nes-Cre positive Pex13 heterozygous mice 

which are further crossed with PEX13flox/flox mice to generate brain 

specific deletion of PEX13. The breeding strategy for PEX13 brain 

mutants is given in figure 2.2. For all the studies carried out in this 

project  Pex13+/flox, NesCre-ve (referred to as effective wild type) and 

Pex13 /flox, NesCre-ve (referred to as effective heterozygous) were used 

as controls as described previously (Muller C. C., 2009).  
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Figure 2.2: Breeding strategy of mice for generation of PEX13 

brain mutants 

 

 

2.2.2.2 Animal injections 

Mice were injected with the drug arimoclomol (200mg/kg, body 

weight) or equivalent volume of saline. The drug arimoclomol was 

dissolved in ultrapure water and doses were administered two times 

daily, subcutaneously (refer Section 3.2.1 for further description).  

 

Mice were also injected with EdU at a dose of 50mg/kg body weight, 

dissolved in D-PBS, as a single injection, intraperitoneal. Animals were 

sacrificed 4 hours after the injection and tissue was harvested and 

processed for cryosectioning (refer Section 5.2.1). 
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2.2.2.3 Postnatal neurodevelopmental studies – Fox test 

For arimoclomol drug studies, treated and control mice were monitored 

for body weight daily. They were also subjected to ‘Fox battery’ of test 

to assess postnatal neurobehavioural development as described 

previously (Fox W. M., 1965; Muller C. C., 2009; Muller et al., 2011). 

The tests were performed daily until the mice were sacrificed on P20. 

Each mouse was tested once for each test and the response given for 

the test was scored and recorded. The score were allocated according 

to Fox (Fox W. M., 1965) as 0 = no response, 1 = weak response, 5 = 

moderate response, 9 = full response (Muller C. C., 2009). The first 

day of full response was also recorded. As per the studies carried out 

previously by Muller (Muller C. C., 2009) individual litters were treated 

as one sample and data was pooled from control and mutant mice of 

one litter (Muller C. C., 2009).  

 

2.2.2.4 Perfusion and fixation of mouse tissues 

Mice were injected with anaesthetic drugs ketamine and xylazine in the 

ratio of 4:1, roughly at a dose of 50µL for pups and 100µL for an adult 

mouse. The ventral surface of the animal was moistened with 70% 

ethanol and a medial-sagital incision was carried out to expose the 

viscera. This incision was further extended to open up the thorax and 

the flaps were pinned with needles so that the thorax remained open. 

Precautions were taken to preserve the blood vessels while performing 

these incisions. The needle was then inserted into the left ventricle of 

the heart and 0.9% saline was passed through the heart till all the 

blood was washed out of the body. After perfusing with saline, the 

mice were fixed either with paraformaldehyde (PFA, 4%), sucrose 

(2%) solution as described  earlier (Muller C. C., 2009) or with 

modified Zambonie’s fixative reagent (2% PFA, 0.2% picric acid, 0.1M 

PBS, pH 7.2). For arimoclomol drug studies, mice were perfused with 

PFA, sucrose solution and for rest of the study mice were perfused 
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with modified Zambonie’s fixative reagent. The fixative reagent was 

perfused through the left ventricle in order to fix all the tissues and the 

organ of interest were removed and fixed in the fixative reagent in 

vacuo overnight. The following day the organs were washed in PBS 

(1X), 3 times for 30 mins each wash followed by washing with PBS 

azide (sodium azide, 0.1% w/v, 1X PBS, pH 7.4) 3 times for 15 mins 

each and stored in PBS azide at 4 C until further processed.  

 

2.2.2.5 Preparation of tissue for histology 

Post fixed brain tissue was dehydrated in a series of graded ethanol 

solutions (50%, 70% prepared in D-PBS) for 30 mins followed by 

100% ethanol for 1hr and finally in DMSO for 1hr in vacuo. Tissues 

were then processed  either with polyethylene glycol (PEG) for 

sectioning on a rotary microtome (Historange) or sucrose, OCT solution 

for cryosections on a cryostat (Leica CM 3050s).  

 

For PEG embedding, brain tissues were placed in series of graded PEG 

solutions in vacuo. They were first placed in PEG 400, overnight 

followed by PEG 1000, 60 mins at 48 C and finally in PEG 1000: PEG 

1450 (1:7) for 60 mins at 48 C. The brain sections were then placed in 

moulds containing PEG 1000: PEG 1450 (1:7) embedding mixture for 

sagittal or coronal sections. Brains were sectioned either sagittal (30 m 

thickness) or coronal (40 m thickness) on a rotary microtome 

(Historange) as per the region of the brain studied. Sections were 

placed in 24-well plate containing PBS-azide and stored at 4 C until 

further processed.  

 

For cryosections, brains were washes twice with PBS, 0.1M for 30 mins 

each and then placed in 30% sucrose prepared in PBS-azide overnight 

at 4 C. The brain tissues were then placed in a series of graded OCT 

solution (20%, 30%, 50%, 70% OCT prepared in 30% sucrose PBS-
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azide solution) for 60 mins each. The brains were placed in moulds 

containing 100% OCT solution and stored in -80 C until sectioned. 

Tissue was sectioned sagital at 20 m thickness and sections were 

placed alternatively as free floating in a 24-well plate containing PBS-

azide solution or on coated slides as adherent sections. These free 

floating and adherent sections were stored at 4 C and -80 C 

respectively, until  processed further.  

 

2.2.3 Immunochemistry and protein studies 

 

2.2.3.1 Indirect Immunofluorescence (IF) of MEFs 

Cells were grown on glass coverslips in 35 X 10 mm tissue culture dish 

(Falcon) overnight. On the following day the culture media was 

discarded from the plates and the cells were washed with D-PBS twice. 

They were fixed in freshly prepared formaldehyde (3.7%) prepared in 

D-PBS for 30mins at room temperature. The cells were again washed 

in D-PBS twice and permeabilized with 1% Triton X-100 or 25µg/mL 

digitonin prepared in D-PBS for 5mins. After washing the cells twice in 

D-PBS they were incubated in appropriate primary antibody diluted 

with D-PBS at the required concentration. This step was carried out by 

spotting 100µL of primary antibody on a clean parafilm and placing the 

coverslip with the cells surface exposed to the antibody solution and 

incubated at room temperature for 30 mins. The cells were then 

washed seven times in D-PBS and incubate in appropriate secondary 

antibody diluted at required concentration in D-PBS. The cells were 

incubated for 10 mins in the dark in the similar method as described 

for primary antibody. This was followed by washing the cells in D-PBS 

seven times and mounting the coverslips on glass slides using the 

mounting media. Excess mounting media was aspirated and the 

coverslips were sealed with nail polish. Cells were viewed under 

AxioImager.Z1, Zeiss fluorescence microscope. Images were captured 
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using AxioCam camera (Zeiss) and images were processed using 

AxioVision 4.6.3 (Zeiss) digital image editing software.  

 

2.2.3.2 Immunohistochemistry of brain tissue 

Selected sections were placed in a 12 well plate and were washed in 

washing solution (1X PBS, pH 7.4 and 0.1% Triton X-100). Washing 

step was carried out by placing the plate containing washing solution in 

a rocker for 5 min in vacuo. At the end of 5 mins the washing solution 

was aspirated and replaced with fresh solution and this step was 

repeated 3 times. The sections were then processed in vacuo for 

permeabilization in DMSO for 20 mins followed by washing as 

mentioned above. The sections were then blocked for 60 mins in 

blocking solution (10% normal goat serum or 10% normal donkey 

serum, 1X PBS, pH 7.4 and 0.1% triton X-100) and incubated with 

appropriate primary antibody (diluted in blocking solution) overnight at 

room temperature in vacuo. On the following day, the sections were 

washed in the washing solution 5 times as mentioned above. Sections 

were then placed in appropriate secondary antibody solution (goat 

secondary antibody or donkey secondary antibody prepared in blocking 

solution that contained goat serum or donkey serum respectively) for 

3hrs at room temperature in vacuo. At the end of the incubation time 

the sections were again washed 5 times in the similar manner as 

mentioned above and were mounted on a clean glass slide using a 

bend needle. A drop of Vectorshield mounting media containing DAPI 

was placed on the sections and covered with clean glass cover slip. For 

some studies Hoechst stain (1:1000) was used as the nuclear stain 

which was incubated along with the secondary antibody. Sections were 

mounted with mounting media on glass slides and sealed with 

coverslip using a nail polish.    
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2.2.3.3 EdU histochemistry, Click chemistry  

Tissues were processed for EdU click reaction as described previously 

(Chehrehasa et al., 2009). Briefly, a 50 assay Click-iT™ EdU Cell 

Proliferation Assay Kit (Cat# C35002, Invitrogen) was used.  The 

component description as provided by the supplier: component A, EdU; 

B, Alexa Fluor® 488 azide; E, saponin-based permeabilization and 

wash reagent; G, reaction buffer; H, copper sulphate; I, buffer 

additive. Sections were incubated in component E for 30 min on a 

rocker, followed by incubation with the reaction cocktail for 30min at 

room temperature, protected from light. 1500µL of reaction cocktail 

contained 7.5µL of component B, 30µL of component H, 1313µL of 

component G and 150µL of component I. The reaction cocktail was 

used within 15 min of preparation. The sections were washed  3 times 

for 5 mins in component E.  The sections were then taken through to 

immunofluorescence staining. 

 

2.2.3.4 Image acquisition  

Images were captured using AxioCam camera (Zeiss). ApoTome 

module was used for capturing Z-stack images of a certain thickness 

across the sections whereas mosaic scan of whole cerebellum, dentate 

gyrus or substantia nigra was performed in order to capture individual 

images laterally along the marked area. These individual images were 

subsequently merged and adjusted for overlapping areas. Images were 

processed and analysed using AxioVision software and were modified 

for brightness and contrast only using Adobe Photoshop.  

 

2.2.3.5 Protein extraction from MEFs and mice tissues  

The cell pellet was lysed using 100 L of MEF lysis buffer (10% SDS, 

20 g of protease inhibitor cocktail containing 50 g/mL leupeptin, 

10 g/mL pepstatin, 10 g/mL chymostatin and 200 M PMSF, 1M Tris 

buffer, pH7.4) and incubated on ice for 2 hrs followed by centrifugation 
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at 14,000 rpm for 15 mins at 4οC. The supernatant was collected and 

protein estimation was carried out using DC Protein Assay kit. Mice 

tissue which was stored at -80οC was also processed in the similar way 

using MEF lysis buffer and protein estimation was carried out using DC 

Protein Assay kit.  

 

2.2.3.6 SDS-PAGE and Western blot 

Protein samples were prepared for SDS-PAGE by incubating the lysates 

with equal volume of SDS sample buffer (62.5mM Tris-HCl, pH6.8, 2% 

SDS, 10% glycerol, 0.025% bromophenol blue) containing 5% β-

mercaptoethanol for 5 mins at 95 C. Samples were run on 10% SDS 

polyacrylamide gels as described by Laemmli (Laemmli et al., 1970). 

For 10% resolving gel a mixture of 2.5mL of acrylamide solution 

(40%), 3.75mL Tris-HCl (1M, pH8.8), 100 L of SDS (10%) and 3.6mL 

deionized (DI) water was made and prior to casting the gel 15 L 

DMAPN and 35 L APS was added to the mix to initiate polymerization. 

Similarly 4% stacking gel were prepared by first mixing 500 L 

acrylamide solution (40%), 625 L Tris-HCl (1M, pH 6.8) 50 L SDS 

(10%) and 3.775mL deionized (DI) water. Prior to loading the stacking 

gel mix DMAPN and APS was added in the same quantity as the 

resolving gel. Proteins were subjected to electrophoresis using BioRad 

Mini-Protean II electrophoresis apparatus (BioRad) at 100V until the 

dye front reached the bottom of the gel. Broad range protein standard 

(BioRad) was used as a size marker.  

 

Electrophoretically separated proteins were subjected to Western blot 

analysis by transferring them on a 0.45 m Immobilon-P polyvinylidene 

fluoride (PVDF) membrane (Millipore) as per manufacturer’s 

instructions. The transfer of proteins was performed using TransBlot 

transfer system (BioRad) containing chilled transfer buffer (10mM 

NaHCO3, 3mM Na2CO3, pH 9.9, 20% methanol) at 100V for 60mins at 
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4 C. Transferred proteins were visualized by immersing the membrane 

in Ponceau stain (0.2%, 3% acetic acid). The Ponceau stain was 

washed with TBS buffer (137mM NaCl, 3mM KCl, 25mM Tris-HCl, pH 

7.4) and blocked with 10% blotto (10% w/v non-fat dry milk (NFDM) 

dissolved in 1X TBS buffer containing 0.1% Tween20) for 60 mins at 

room temperature. The membrane was then incubated overnight at 

4 C with appropriate concentration of primary antibody diluted in 5% 

blotto. Following day, the membrane was washed three times for 

10mins each in TBST buffer (1X TBS buffer, 0.1% Tween 20) and 

incubated with appropriate dilution of secondary antibody diluted in 

5% blotto for 60 mins at room temperature. The membrane was 

washed once again for 3 times using TBST buffer and blots were 

processed for visualization of protein band using WestPico Super signal 

enhanced chemiluminescence substrate (Pierce) as per the 

manufacturer’s instructions. Images were viewed using Fuji LAS3000 

chemiluminescence imaging system and analysed using Image Gauge 

V4.0 software (Fuji Photo Film Company, Ltd, Tokyo, Japan).  

 

 

2.2.4 Molecular studies  

 

2.2.4.1 Extraction of genomic DNA from mouse tissue 

Tail or ear biopsies from mice were lysed in Direct PCR lysis buffer 

(Viagen Biotech) and ProteinaseK at 55 C overnight. On the following 

day the tissue was heated at 85 C for 45 mins and then centrifuged at 

14000rpm for 5 mins. The clear supernatant was used for conventional 

PCR after estimating DNA concentration and appropriate dilution in 

ultrapure water (Invitrogen).  
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2.2.4.2 Plasmid DNA extraction using STET buffer 

Bacterial cell pellet obtained from 2mL overnight grown culture was 

resuspended in 400µL STET buffer (80% sucrose, 0.5% Triton X-100, 

100mM Tris-HCl, pH 8.0, 50mM EDTA) containing lysozyme (300µg) 

and boiled for 60 sec. The samples were centrifuged at 14,000 rpm for 

15 mins at 4 C. The cell pellet was removed with a toothpick and 

400µL of cold isopropanol was added to the supernatant and mixed 

well. The samples were centrifuged once again to obtain DNA pellet. 

The supernatant was discarded and the DNA pellet was washed with 

70% ethanol and centrifuged at 14,000rpm for 5 mins at 4 C. After 

discarding the ethanol the pellet was dried and resuspended in 120µL 

autoclaved milliQ water and heated at 65 C for 15 mins.  

 

2.2.4.3 Plasmid preps – Mini and Midi scale 

High purity plasmid DNA extraction was carried out using QIAquick 

Plasmid Miniprep kit for 2mL culture volume on a small scale. For 

culture volume of 25mL to generate large scale plasmid DNA QIAfilter 

Plasmid Midiprep kit was used.  

 

2.2.4.4 Determination of DNA concentration 

Quantitation of genomic and plasmid DNA was carried out using ND-

1000 UV spectrophotometer (NanoDrop Technologies) by measuring 

the absorbance at 260nm. The purity of the DNA was estimated by 

determination of 260nm/280nm absorbance ratio.  

 

2.2.4.5 Genotyping of mice using PCR 

A master mix of 1X PCR buffer, 1.5mM MgCl2, 0.4mM dNTP mix, 0.4 M 

each of forward and reverse primers, 0.75U Taq DNA polymerase was 

prepared. For each PCR reaction, 12.5 L of diluted genomic DNA was 

mixed with 12.5 L of master mix and subjected to cycling conditions 

for amplification of the required gene using the required PCR program 
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on MJ Research MiniCycler (model PTC-150) with heated lid. The 

cycling conditions for Pex13 delta, Pex13 WT and Pex13 loxP are, 3min 

at 94 C, 30 cycles of 94 C for 30 sec, 55 C for 45 sec and 72 C for 

1min and a final step of 72 C for 5 min. The cycling conditions for Cre 

PCR is, 94 C for 3 min, 30 cycles of 94 C for 30 sec, 57 C for 45 sec, 

72 C for 1 min followed by final step of 72 C for 5 min.  The amplified 

products were subjected to agarose gel electrophoresis as described 

below.  

 

2.2.4.6 Agarose gel electrophoresis  

This technique was performed to visually confirm the presence and size 

of amplified or fragmented DNA. Agarose gels from a range of 0.8%, 

1% or 1.2% were prepared by heating DNA grade agarose in 1X TBE 

buffer (90mM Tris-HCl, 90 M boric acid, 2mM EDTA, pH 8.0) for 1 to 3 

mins till the agarose is melted in the buffer. The buffer containing 

agarose was then rapidly cooled in a beaker containing cold water. 

When the temperature dropped to 45 - 50 C, ethidium bromide 

(0.05%) was added to the gel and the flask was swirled to mix the 

solution and then poured in the tray containing comb for wells. The gel 

was allowed to set for 30 to 45 mins and the combs were then 

removed to form wells. Required volume of DNA mixed with 6X gel dye 

(0.25% w/v bromophenol blue, 30% glycerol, 10mM Tris-HCl, pH 8.0) 

prior to loading on the gel. In case the DNA was digested with a 

restriction enzyme, RNAse was added to the 6X gel dye and was then 

loaded on the gel. Electrophoresis was carried out at 90V for 30 to 60 

mins. DNA was visualized in UV transilluminator (Perkin) and images 

were captured with GeneSnap software (Syngene).  
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2.2.4.7 Site directed mutagenesis 

For site directed mutagenesis, Stratagene’s QuickChange Site-Directed 

Mutagenesis kit was used and manufacturer’s instructions were 

followed to obtain the required clones. Briefly, PCR amplification using 

primers designed for the change in single amino acid was used to 

amplify the wild type plasmid DNA. The Pfu Turbo DNA polymerase 

was used for PCR amplification. After PCR, methylated, parental DNA 

was digested with DpnI enzyme and the non-methylated DNA with 

change in single base pair was transformed into XL1-Blue 

supercompetent cells which repair the nicks in the mutated plasmid. 

The transformation of XL1-Blue supercompetent cells was carried out 

using manufacturer’s instructions. Briefly, 1µL of DpnI digested DNA 

was added to 50µL of XL1-Blue cells and incubated on ice for 30 mins. 

A heat pulse of 45 sec at 42ºC followed by sudden chilling of the 

reaction mixture on ice for 2 mins was carried out. To the 

transformation mixture, 0.5mL of warm NZY media (1% casein 

hydrolysate, 0.5% yeast extract, 0.5% NaCl, 1.25mL of 1M MgCl2, 

1.25mL of 1M MgSO4, 1mL of 2M glucose) was added and the cells 

were incubated at 37ºC for 1 hr with constant shaking at 225-250rpm. 

Appropriate volume of the transformed cells were plated on LB agar 

plates containing Ampicillin, IPTG (20mM) and X-gal (80µg/mL) and 

incubated at 37ºC overnight. Next day, colonies were selected using 

blue/white colour screening. Positive colonies (white colonies) were 

picked up and plasmid DNA was extracted for diagnostic restriction 

digestion and DNA sequencing to verify desired site-directed 

mutagenesis.  
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2.2.4.8 RE digestion, ligation of DNA 

Restriction enzyme digestion was carried out using manufacturer’s 

instructions provided by the individual restriction enzyme 

manufacturer. Generally, 3-10U of restriction enzyme with required 

volume of restriction buffer was incubated with appropriate amount of 

DNA at 37 C for 2 hr. The digested DNA was then analysed using 

agarose gel electrophoresis. 

 

2.2.4.9 Gene Clean procedure for extraction of DNA fragment  

This procedure was carried out to excise and purify DNA fragments 

from agarose gel. After separating DNA fragments on agarose gel the 

desired band was excised using a sterile scalpel. The gel piece was 

then placed in a sterile Eppendorf tube containing 0.5 mL of sodium 

iodide solution (6M) which lowers the melting temperature of agarose. 

The tube was incubated at 55 C for 5 mins or until the gel piece had 

completely melted. Then 5µL of well mixed silica solution was added 

and incubated at room temperature for 5 mins. The sample was then 

centrifuged at 14,000 rpm for 5 sec. The supernatant was discarded 

and the pellet was resuspended in 200µL of Gene clean wash buffer 

(10mM Tris-HCl, pH 7.6, 50mM NaCl, 2.5mM EDTA, 50% ethanol). The 

sample was centrifuged again as described earlier and this wash step 

was repeated twice. To the final pellet 20µL of sterile water was added 

and DNA was eluted from the silica by incubating it at 37 C for 2 mins. 

The sample was then centrifuged for 1min at 14,000 rpm and the 

resulting supernatant was collected in a fresh Eppendorf tube and 

stored at -20 C until further processed.   
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2.2.4.10 Preparation of electrocompetent E.coli cells (DH10B) 

A single colony from freshly streaked DH10B cells was picked up to 

inoculate 5mL of LB media and incubated at 37 C, overnight with 

constant shaking at 180rpm. The following day, this overnight grown 

culture was diluted in larger volume of LB broth at a ratio of 1:50. The 

cells were allowed to grow at 37 C until the OD (600nm) reached 0.3 

to 0.5. Once the desired OD was reached the cells were rapidly chilled 

on ice and harvested by centrifugation at 3500rpm for 10 mins at 4 C 

using a Sorvall centrifuge and SS34 rotor. The supernatant was 

discarded and the cells were resuspended in 5mL of pre-chilled and 

sterile milliQ water. This was followed by centrifugation at 4 C for     

10 mins at 5000rpm. The pellet was resuspended in 80% glycerol and 

250µL aliquots of cells were placed in sterile Eppendorf tubes. The cells 

were snapped freeze in liquid nitrogen and stored in -80 C until used 

for electroporation.  

 

2.2.4.11 Electroporation of E.coli 

The required plasmid DNA ( 10ng to 500ng) or ligation product (  

3µL) was added to 20µL of electrocompetent DH10B cells and 

incubated on ice for 1 min. This mixture was then transferred to pre-

chilled electroporation cuvette (0.1cm gap, BioRad) and placed in the 

BioRad Gene Pulser apparatus which was set to capacitance of 25µF 

and pulse controller to 200Ω. The cells were electroporated at 1.75kV 

and were resuspended in 1mL LB media. Cells were allowed to 

incubate for 1 hour at 37 C with constant shaking at 180rpm. Various 

volume of this culture was spread on LB plates containing antibiotic for 

selective growth and incubated at 37 C overnight. 
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2.2.4.12 Sequencing of DNA 

Plasmid DNA and PCR products were sequenced using the BigDyeTM 

Terminator Cycle Sequencing Reaction Kit. Typical reaction consisted of 

500ng of template DNA, 1.6pmol of primer, 4μL of 2.5X sequencing 

buffer (400mM Tris-HCl, 10mM MgCl2 pH9.0), 4μL BigDyeTM 

Terminator reaction mix, and MQ-H2O to final volume of 20μL. Cycle 

sequencing was carried out on a MJ Research Minicycler with a 

program consisting of an initial denaturing step at 95oC for 5 min 

followed by 25 cycles of denaturing at 96oC for 30 sec, ramping at 1oC 

per 1 sec to 60oC for 4 min, and ramping up to 96oC at 1oC per 1 sec. 

Reaction products were purified by ethanol precipitation and analysed 

by the Griffith University DNA Sequencing Facility using an ABI PRISM 

377 gel or ABI 3130xl capillary automated sequencer. Sequence results 

were viewed with Chromas (Techelysium Pty Ltd, Gold Coast, 

Australia) and analysed with MacVector (Oxford Molecular Group, San 

Diego, CA). Sequencing data was analysed using BioEdit Software.  

 

2.2.5 Statistical analysis 

All statistical analyses were performed using the Prism 4.0 and Prism 

6.0 software package (GraphPad). All results are presented as means 

and standard errors of mean (SEM) unless mentioned otherwise. 

Statistical significance was tested using unpaired, two-tailed Student’s t 

test or ANOVA as appropriate. Values of P and their level of 

significance is given in Table 2.5 

Table 2.5: Value of P and level of significance 

Value Level of significance Annotation 

 P<0.001 Extremely significant *** 

 P<0.01 Very significant ** 

 P<0.05 Significant * 

 P>0.05 Not significant ns 
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3.1 INTRODUCTION 

Increased α-synuclein oligomerization has been detected in the brain 

of Zellweger syndrome mouse models. Increased α-synuclein 

oligomerization has been implicated in the pathophysiology of several 

neurodegenerative diseases and may also be relevant for PBDs. If so, 

suppression of α-synuclein oligomerization should lead to rescue of 

some of the pathophysiological conditions seen in the animal models 

representing Zellweger syndrome (Yakunin et al., 2010). Arimoclomol 

treatment of ALS mice has been shown to ameliorate the 

neurodegenerative phenotype (Benn and Brown, 2004). Arimoclomol is 

a small molecule compound drug which up-regulates heat shock 

proteins (HSP) in cells under stress. This compound is an analogue of 

bimoclomol, a hydroxylamine derivative first developed by a Hungarian 

institute for the treatment of diabetic retinopathy and neuropathy 

(Kurthy et al., 2002). Arimoclomol was then taken up by the company 

CytRx Corporation to study its cytoprotective and neuroprotective 

activity in Amyotrophic Lateral Sclerosis (ALS) (Benn and Brown, 

2004). ALS is a fatal neurodegenerative disease exhibiting increased 

apoptosis in spinal cord and motor neurons resulting in paralysis and 

death. Aetiology of this disease remains unknown but mutation of 

Cu/Zn superoxide dismutase-1 (SOD) gene has been linked to ALS. 

Hence the resulting oxidative stress due to increase in free radicals has 

been implicated in the molecular mechanism in this disease. In a study 

by Kieran and co-workers,  10 mg/kg body weight of arimoclomol was 

administered to SOD1 transgenic mice. Their findings showed that 

arimoclomol prevents the progressive loss of motor neurons and 

muscle function, and delays the disease progression even after 

manifestation of the symptoms. Finding also showed that arimoclomol 

prolongs the activation of the active, trimeric form of heat shock 

protein inducing factor-1 (HSF-1) (Kieran et al., 2004), which leads to 

up-regulation of HSP-70 and HSP-90. As an entire repertoire of the 
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HSP pathway is activated, this drug has an additional advantage over 

other drugs that up-regulate individual HSPs. These well-known 

molecular chaperones bind to aggregated or misfolded proteins and 

either repair them into a correctly folded protein or add ubiquitin 

moieties that direct them to proteasomal degradation systems (see 

Figure 3.1). 

 

  

Figure 3.1: Mechanism of action of Arimoclomol. In a normal cell, 

protein folding occurs normally while in a diseased state protein folding is 

altered. Arimoclomol increases the expression of Hsf-1 and thus increases the 

expression of molecular chaperones. These chaperones then stabilize the 

diseased cell by repairing the damaged protein folding or tag the damaged 

protein with ubiquitin for degradation via the ubiquitin pathway. Reprinted 

with permission, Benn and Brown, 2004.  
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A multicentric, randomized, placebo controlled trial  was conducted  by 

Cytrx Corporation to assess safety and tolerability of arimoclomol. A 

total of 84 human subjects included in this trial were given 75, 150 or 

300mg/kg body weight of the drug. The outcome of this trial clearly 

indicated that arimoclomol was well tolerated even at a dose of 300 

mg/kg body weight; it was safe with fewer side effects and capable of 

crossing the blood brain barrier (Cudkowicz et al., 2008).   

 

This chapter presents the results of experiments aimed at restoring the 

neurodegenerative phenotype of PEX13 brain mutant using the drug 

arimoclomol. Increased α-synuclein oligomers have been implicated in 

other neurodegenerative diseases such as Parkinson’s disease, 

dementia with Lewy bodies, Alzheimer’s disease and also in ZS mouse 

models. We propose that accumulation of α-synuclein oligomers is an 

underlying molecular mechanism leading to increased neuronal 

apoptosis and reactive gliosis which result in abnormal cerebellar and 

Purkinje neuronal morphology causing motor dysfunction and early 

death in ZS mouse models. Thus reduction of α-synuclein oligomers 

may result in restoration of the reported ZS disease phenotype. The 

hypothesis, that α-synuclein oligomerization is at least 

partially causative of the pathogenesis of brain abnormalities 

in PEX13 brain mutant mice, is tested and discussed in this 

chapter.  
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3.2 MATERIAL AND METHODS  

3.2.1 Treatment groups, dose and duration of drug 

administration  

The treatment groups were divided into two – arimoclomol treated and 

vehicle treated control as shown in Fig. 3.2. Arimoclomol was dissolved 

in ultrapure (MilliQ) water at a concentration of 100mg/mL and a dose 

of 200mg/kg body weight was administered subcutaneously to mice, 

twice daily, approximately 10 hrs apart. Similarly the control group was 

administered  equivalent volume of ultrapure water.  

 

Pex13flox/flox female mice were mated with Pex13+/∆/NesCre+ male mice 

to generate PEX13 brain specific mutants as described in Section 

2.2.2.1. The female mice were monitored for plugs to confirm mating 

and were then injected with appropriate dose of either arimoclomol or 

vehicle control until they littered. The pups were then injected for the 

duration of P3 to P20 and were monitored for phenotypic and 

behavioural parameters as described in Sections 3.2.3 and 2.2.2.3.   
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Figure 3.2 Arimoclomol treatment strategies in PEX13 

conditional mutant mice. BW, body weight; s.c., subcutaneous; IHC, 

immunohistochemistry; = vol, equal volume. Pregnant mice were injected 

subcutaneously, twice daily at a dose of 200 mg/kg BW of arimoclomol or 

equal volume of vehicle control till newborns were delivered. New born pups 

were treated either with arimoclomol or vehicle control similar to the 

treatment received by their mother from P3 to P20.  

 

 

Pregnant dam  

(Pex13 flox/flox X 
Pex13+/∆/NesCre+) 

Arimoclomol 
treated 

(200mg/kg BW, s.c., 
twice daily) 

 

Newborn pups 
Arimoclomol treated 
(P3-P20, 200mg/kg BW, 

s.c., twice daily) 

Monitored for BW, 
behavioural parameters 
& brain tissue harvested 
for IHC studies 

Pregnant dam  

(Pex13 flox/flox X 
Pex13+/∆/NesCre+) 

Vehicle treated  

(=vol., BW, s.c., 
twice daily) 

 

Newborn pups   
Vehicle treated      

(P3-P20, = vol., s.c., 
twice daily) 

 Monitored for BW, 
behavioural parameters 
& brain tissue harvested 
for IHC studies 
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3.2.2 Tissue harvesting and genotyping 

The pups were perfused with 4% PFA, 2% sucrose solution on the 20th 

day after birth and brains were harvested and fixed in the same 

solution overnight. Tail biopsies were also collected for genotyping. In 

the arimoclomol treated group, a total of 3 brain specific PEX13 

mutants and 3 effective WT littermates were used. In the vehicle 

treated control group there were 2 brain specific PEX13 mutants and 3 

effective WT littermate mice used for the study.  

 

3.2.3 Reflex and Motor development 

The PEX13 brain mutants and wild type mice in both the treatment and 

control groups were monitored for reflex and motor development. 

From the range of ‘Fox battery’ of test that was conducted earlier (Fox 

W. M., 1965; Muller et al., 2011) only a few tests were selected for this 

study. These selected tests were hyperkinesias, negative geotaxis, cliff 

avoidance and rotarod, which are described below: 

1. Hyperkinesias – this is a test to measure excessive movement of 

muscle as a part of normal development. The excessive muscle 

movement disappears gradually during late developmental stages. The 

pups were scored 1: weak response, 5: moderate response, 9: strong 

response. The first day of full response was recorded for each pup 

(Muller C. C., 2009).   

2. Negative geotaxis – this test is a measure of somatosensory 

reflex. Pups are placed on a plane inclined by 45° angle slope. The 

pups are placed in such a way that their heads are pointing downwards 

and their ability to turn and crawl up the slope is measured. The pups 

are scored 1: pups turn around less than 180° and do not move, 5: 

pups turn 180° completely and do not move, 9: pups turn 180° and 
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walk upwards. The first day of full response for each pup was recorded 

(Muller C. C., 2009).  

3. Cliff avoidance – this is also a measure of somatosensory reflex. 

Pups are placed on the edge of the plane with their forepaws and face 

over the edge. The ability of the pup to avoid the cliff and turn away 

from the cliff is recorded. The pups are scored 1: pups turn away from 

the edge, 5: pups successfully turn away from the edge, 9: pups turn 

away and walk away from the edge. The first day of full response was 

recorded for each pup (Muller C. C., 2009). 

4. Rotarod – this test is a measure of motor function and co-

ordination. Pups are placed on a motorised rod which rotates at a 

constant speed. The mice are given 60 second time duration to run on 

the rotarod and the time of their fall off is recorded (Muller C. C., 

2009).   

 

3.2.4 Gross cerebellar morphology  

The brains of arimoclomol treated and control (vehicle treated) mice 

were harvested post fixation with PFA, sucrose solution and processed 

for PEG embedding as described in Sections 2.2.2.4 and 2.2.2.5. Mid-

brain sagital section were cut at 30µm thickness and selected using 

Paxinos and Franklin mouse brain atlas (refer Figure 3.3) to be 

processed for IHC (4 sections per mouse was selected within a 

distance of 200µm) using a nuclear stain Hoechst dye. A mosaic scan 

of entire cerebellum was captured at 20X magnification using Carl Zeiss 

microscope and MRm digital camera. 
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3.2.5 Measurement of cerebellum and cerebellar layers 

Measurements of the cerebellum and cerebellar layer were carried out 

as described previously (Muller C. C., 2009). Briefly, an outline was 

drawn to the cerebellum defining the size of the cerebellum using 

AxioVision software. This area was normalized to the square root of the 

section area (SQRT). For cerebellar layer measurements, a box of 200 

X 200 nm was drawn at the mid-point of folia IV-V of the cerebellum 

as shown in Fig. 3.3. The external granule layer (EGL), internal granule 

layer (IGL) and molecular layer (ML) were measured as shown in the 

Fig. 3.3 

  

 

 

Figure 3.3 Cerebellar cell layer measurements. Red box of 200nm 

X 200nm for cell layer measurements was drawn at mid-point of folia IV-V. 

IGL, internal granule layer and ML, molecular layer are marked by red lines.   

 

 

200 nm X 
200 nm box Folia IV-V 

IGL 

 

ML 
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3.2.6 IHC for Purkinje neurons, reactive gliosis 

The protocol for IHC is described in Section 2.2.3.2. Briefly, mid 

sagittal sections were selected and immunolabelled with anti-calbindin 

antibody and co-localized with anti-GFAP antibody as markers of 

Purkinje neurons and reactive gliosis respectively. Images were 

captured at 63X magnification using Carl Zeiss microscope at mid 

length from the surface of the section using an ApoTome and MRm 

digital camera. 

 

3.2.7 Densitometry analysis of GFAP levels 

The anti-GFAP antibody immunolabelled sections were imaged at 

constant exposure time and the images were measured for the 

intensity of staining using automated software developed by Tuxworth 

et al 2014 (in preparation) also used in previous studies (Norazit et al., 

2010).  

 

3.2.8 Statistical analysis 

All results are presented as mean and standard error of the mean 

(SEM). Statistical significance was tested using one way analysis of 

variance (ANOVA) or Student’s t test as appropriate. Post hoc analysis 

was conducted using the Tukey HSD test. P value of <0.05 was 

considered statistically significant.  
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3.3 RESULTS 

3.3.1  Attenuation of cerebellar reactive gliosis in arimoclomol 

treated PEX13 brain mutants 

Previous studies have established increased reactive gliosis in the 

cerebellum of PEX13 brain mutants (Muller et al., 2011). In the present 

study assessment of the ability of arimoclomol treatment to reduce 

reactive gliosis in the cerebellum was carried out by immunodetection 

of GFAP as a marker for astrogliosis. The level of GFAP was quantified 

using automated analysis as described in Section 3.2.7 in the 

cerebellum of arimoclomol treated and vehicle treated control PEX13 

BM and WT mice. Representative images of anti-GFAP immunolabelled 

cerebellar regions and bar graph representation of GFAP density 

measurements are provided in Fig. 3.4. 
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WT                  GFAP Cell nucleus, Hoechst  Merged 
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Figure 3.4: Reactive gliosis in cerebellum of Arimoclomol 

treated mice. Representative images are shown. Left, anti-GFAP (green), 

central, cell nucleus (Hoechst dye, blue) and right, merged images. Top 

panel, arimoclomol treated PEX13 brain mutant (BM); vehicle treated control 

BM; bottom panel, arimoclomol treated wild type (WT) & vehicle treated 

control WT mice.  Bar graph, GFAP density, data are mean± SEM, statistical 

analysis, one way ANOVA, post hoc Tukey HSD test, *P<0.05, ns, not 

significant (P>0.05), n=3 for both BM and WT mice (treated group) and n=2 

for BM and 3 for WT (control group).   

 

The results show that GFAP staining was reduced in mutant mice which 

received arimoclomol treatment compared to mutant mice which did 

not receive treatment.  

 
An analysis of variance showed that the effect of arimoclomol was 

significant, F (3,73) = 6.688, p =0.0005. Post hoc analyses using the 

Tukey HSD post hoc criterion for significance indicated that the mean 

values for vehicle treated control versus arimoclomol treated PEX13 

brain mutant was 0.161 ± 0.019 and 0.088 ± 0.01 respectively, 

ns 

* 
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representing a 73% decrease in GFAP levels in treated mutants as 

compared to untreated mutants (F (3, 73) = 4.077, *P=0.0260, 

statistical analysis, ANOVA, post hoc Tukey HSD test). At the same 

time the mean value for GFAP levels in vehicle treated control and 

arimoclomol treated WT mice was 0.094 ± 0.01 and 0.047 ± 0.01, 

respectively, representing a 47% decrease in GFAP levels for 

arimoclomol treated compared to vehicle treated control WT mice. This 

difference in GFAP levels in WT mice was not statistically significant (F 

(3,73) = 3.563, P=0.0653, statistical analysis, ANOVA, post hoc Tukey 

HSD test). The difference between GFAP immunointensity in control 

BM mice and control WT mice was also significantly increased 

(*P=0.0135, statistical analysis ANOVA). These findings confirm 

previous study carried out in the cerebellum of PEX13 BM mice which 

showed marked increase in GFAP as compared to its WT littermates 

(Muller et al., 2011).   

 

3.3.2 Treatment with Arimoclomol does not change gross 

cerebellar morphology of PEX13 brain mutants 

The cerebellar pathology is most comprehensively studied pathology in 

Zellweger syndrome mouse models. PEX13 brain mutants show 

abnormal fissure and foliation pattern of the cerebellum. They also 

show delayed cell migration, reduced molecular cell layer and abnormal 

dendritic arbor and cell body of the Purkinje neuron (Muller et al., 

2011). In this current study, all the above parameters were analysed in 

arimoclomol treated mice in order to assess the efficacy of treatment 

to improve cerebellar pathology.  

 

Gross cerebellar morphology revealed that arimoclomol treated PEX13 

brain mutants showed the same pattern of abnormal foliation and 

fissure formation as observed in control mutants. The wild-type mice 

treated with arimoclomol when compared to vehicle treated control 
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mice did not exhibit any abnormal foliation and fissure formation or 

other cerebellar abnormality. Measurements of cerebellar area were 

carried out in arimoclomol treated and vehicle treated control mice. 

The mean area in treated mutant was 2240.07 µm and in control 

mutants was 2305.97 µm. Statistical analysis with ANOVA showed that 

there was no significant difference in the mean cerebellar area 

between arimoclomol treated and vehicle treated mutants, or between 

vehicle treated control and arimoclomol treated WT mice. The mosaic 

scan image of the cerebellum and its area measurements are provided 

in Fig. 3.5. 
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 BM WT 

 

 

 

 

  

 

 

 

 

  

Vehicle treated 
Control Mice                      
(Mean ± SEM)a 

Arimoclomol 
treated mice   
(Mean ± SEM)a 

Differenceb P valuec 

WT BM WT BM WT BM WT BM 

2441.13 
± 27.1 

2305.97 
± 74.6  

2466.27
±42.1 

2240.07 
±  8.3 

25.2 65.9 0.64 
ns 

0.33 
ns 

Figure 3.5 Gross cerebellar morphology in arimoclomol treated 

mice. BM, PEX13 brain mutants; WT, Wild-type; top panels, arimoclomol 

treated mice; bottom panels, vehicle treated control mice. Fissures ict, 

intercrural; dcl, declival are indicated by red arrows and uv, uvular is circled. 
aArea of cerebellum normalized to SQRT, bDifference of area of cerebellum 
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between arimoclomol treated and vehicle treated control mice,  cStatistical 

analysis, one way ANOVA, post hoc Tukey HSD test, ns, not significant 

(P>0.05), data are mean± SEM.   

 

3.3.3 Formation of cerebellar layer is not altered by 

arimoclomol treatment 

We further examined the cerebellar layer formation in mutant mice 

which were treated with arimoclomol. Figure 3.6 shows representative 

IHC images and measurements of cerebellum cell layers. The mean 

distance of the molecular layer (ML) was 132.3 µm and 113.93 µm in 

vehicle treated control and arimoclomol treated mutant mice 

respectively. The internal granule layer (IGL) was 139.8 µm and 129.4 

µm in width in vehicle treated control and arimoclomol treated mutant 

mice respectively. Statistical analysis showed that there is no 

significant difference in the development of ML and IGL in arimoclomol 

treated and vehicle control mutants (P>0.05, statistical analysis, one 

way ANOVA, post hoc Tukey HSD test). There was also no significant 

alteration in the above mentioned cerebellar layers in vehicle treated 

control and arimoclomol treated wild-type mice.   
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 BM WT 

 

 

 

 

  

 

 

 

 

  

Cerebellar 
Layers 
(µm) 

Vehicle treated 
control mice 
(Mean ± SEM)a 

Arimoclomol 
treated mice  

(Mean ± SEM)a 

Difference & 
Significanceb  

WT BM WT BM WT BM 

ML 157.7± 
16.2 

132.3 ± 
4.2 

139.1 ± 
9.88 

113.9 ± 
4.98 

18.6 
ns 

18.4 
ns 

IGL 142.6± 
13.6 

139.8± 
1.0 

124.5 ± 
8.5 

129.4± 
16.5 

18.1 
ns 

10.4 
ns 

Figure 3.6: Cerebellar layer formation in arimoclomol treated 

PEX13 brain mutants. PEX13 brain mutant (BM); wild-type (WT) mice; 

top panels, arimoclomol treated mice; bottom panels, vehicle treated control 

mice. Cerebellar layers, EGL, external granule layer; ML, molecular layer; IGL, 

internal granule layer are indicated in red arrows. aData are mean ± SEM; 
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bstatistical analysis, one way ANOVA, post hoc Tukey HSD test, ns, not 

significant (P>0.05). 

 

3.3.4 Arimoclomol treatment did not improve Purkinje 

neuronal abnormality  

Treatment with arimoclomol did not alter or improve the abnormal 

pattern of dendritic arbor and Purkinje neuron formation in PEX13 

brain mutants. Figure 3.7 shows representative images of Purkinje 

neurons captured from vehicle treated control and arimoclomol treated 

mice. 
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Arimoclomol treated-BM Vehicle treated control-BM Arimoclomol treated-WT         Vehicle treated control-WT 

    

 
 

  

Figure 3.7: Purkinje neurons in arimoclomol treated mice. Purkinje neurons (anti-calbindin, red), cell nucleus 

(Hoechst dye, blue). BM, PEX13 brain mutant; WT, wild-type; column 1 & 2, arimoclomol treated BM and vehicle treated control 
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BM mice; column 3 & 4, arimoclomol treated WT and vehicle treated control WT mice; bottom panels, single Purkinje neuron 

magnified 63X; abnormal dendritic arbor highlighted in red arrows.  
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3.3.5 Arimoclomol treatment did not alter body weight in 

PEX13 BM mice 

The body weight of PEX13 brain mutant mice has been shown to 

decrease after P5 and this decline is persistent throughout its life span 

(Muller et al., 2011). Weight records were maintained from the day of 

birth (P1) until the day these mice were sacrificed on P20. There was 

no significant difference in the body weights of vehicle treated control 

and arimoclomol treated PEX13 brain mutants (P>0.05, statistical 

analysis, Student’s t test). There was also no significant difference 

between arimoclomol treated and vehicle treated control wild-type 

mice (P>0.05, statistical analysis, Student’s t test). Figure 3.8 shows 

body weight charts of arimoclomol and vehicle treated mice for the 

duration of treatment. Statistical analysis of body weight difference in 

treated versus control mice are plotted as mean ± SEM and 

represented graphically in Figure 3.8.   
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Figure 3.8: Body weight difference in arimoclomol treated and 

vehicle treated control mice. BM, PEX13 brain mutants; WT, wild-type. 

Top left, arimoclomol treated WT mice (WT, n=3 littermates) and PEX13 BM 

mice (BM, n=3 littermates). Top right, vehicle treated control WT (n=3 

littermates) and PEX13 BM mice (n=2 littermates). Bottom graph, 

arimoclomol and vehicle treated control WT and BM mice. Data are mean ± 

SEM.  

Arimoclomol treated Vehicle treated control 
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3.3.6 Reflex and motor development on arimoclomol 

treatment 

Poor motor co-ordination and abnormal reflexes accompanying 

cerebellar pathology has been previously documented for PEX13 brain 

mutants using a series of neurobehavioural test known as ‘Fox test’ 

(Muller et al., 2011). As documented previously, majority of mutants 

failed to develop full response to certain somatosensory reflexes such 

as cliff avoidance and negative geotaxis (Muller et al., 2011). They also 

showed significant delay in acquiring hyperkinesias (measurement of 

excessive muscle movement) and performance on rotarod 

(measurement of motor capacity) (Muller et al., 2011). These 

neurobehavioural tests require normal neuromuscular and motor 

development in mice which was obviously not developed to its full 

capacity in PEX13 BM mice. We assessed whether treatment with 

arimoclomol could bring some improvement in the somatosensory 

reflexes, motor co-ordination and development in PEX13 BM mice. 

Neurobehavioural tests such as cliff avoidance, negative geotaxis, 

hyperkinesias and performance on rotarod were carried out on 

newborn mice receiving arimoclomol treatment. Comparative analysis 

of reflex and motor development is provided in Table 3.1.  
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                                                                                                                    Table 1.3 continued on next page... 

 

Table 3.1: Comparative analysis of reflex and motor development in arimoclomol and control mice.   

Tested 
Behaviour 

Degree of 
Response 
a 

Day of first appearance 
vehicle treated control 
mice (mean ± SEM) 

Day of first 
appearance 
arimoclomol treated 
mice (mean ± SEM) 

Difference between 
control versus 
treated        

P valueb 

WT BM WT BM WT BM WT BM 

Negative 
Geotaxis 

1 1.67 ± 
0.66 

2.5 ± 1.5 2.67 ± 
0.66 

5 ± 0 - 1.00 -2.5 0.35 ns # 

5 8 ± 0.57 8.5 ± 1.5 5.33 ± 
0.33 

7 ± 0 2.66 1.5 0.016 * # 

9 12.7 ± 
1.45 

14 ± 0 11.3 ± 
0.66 

12.7 ± 
0.33 

1.33 1.3 0.45 ns # 

Cliff 
Avoidance 

1 1.67 ± 
0.66 

4 ± 3 4 ± 1 4 ± 1 - 2.33 0.0 0.12 ns 1.00 ns 

5 8.33 ± 
0.33 

11.5 ± 1.5 6.33 ± 
0.66 

6.33 ± 
0.66 

2.00 5.16 0.05 ns 0.03* 

9 13 ± 1.15 18 ± 0 13 ± 0 13.3 ± 
0.88 

0.00 4.66 # # 
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Table 3.1 continued... 

aDegree of response was assigned as 1 = weak response, 5 = moderate response, 9 = full response. bStatistical analysis using 

ANOVA, post hoc Tukey HSD, data are mean ± SEM. #ANOVA, could not be generated as SEM = 0; ns, not significant; 

*P<0.05,. ‘-‘ indicates delay in developing the response as compared to control mice, WT, wild-type, BM, PEX13 brain mutant.  

 

Tested 
Behaviour 

Degree of 
Responsea 

Day of first 
appearance vehicle 
treated control mice 
(mean ± SEM) 

Day of first 
appearance 
arimoclomol treated 
mice (mean ± SEM) 

Difference 
between control 
versus treated        

P valueb 

Hyperkinesias  WT BM WT  BM WT BM WT BM 

1 2.66 ± 
0.33 

3.00 ± 0 2.33 ± 
0.33 

2.33 ± 
0.33 

0.33 0.66 0.52 
ns 

# 

5 5.0 ± 
0.57 

6.00 ± 0 5.66 ± 
0.66 

5.33 ± 
0.33 

- 0.66 0.66 0.49 
ns         

# 

5 11.0 ± 
0.57 

14.50 ± 
1.5 

11.66 ± 
0.88 

12.0 ± 
0.0 

- 0.66 2.5 0.56 
ns 

# 

 1 13.66 ± 
0.33 

17.0 ± 
1.0 

15.0 ± 
0.0 

15.0 ± 
0.0 

- 1.34 2.0 # # 
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Analysis of the somatosensory reflex, negative geotaxis, showed that 

the vehicle treated mutants developed first response (or score 1) on 

average at P2.5. The moderate (score 5) and full response (score 9) 

was observed at P8.5 and P14, respectively. The drug treated PEX13 

BM mice showed a delay in obtaining first response to negative 

geotaxis by 2.5 days. All the three PEX13 BM mice treated with 

arimoclomol scored 1 at P5 and developed moderate and full response 

at P7 and P12.7. Thus the arimoclomol treated mutants showed 

moderate and full response 1.5 and 1.3 days prior to the vehicle 

treated control mutants. Arimoclomol treated WT mice also showed 

altered response to negative geotaxis as compared to vehicle treated 

control WT mice. They developed first response 1 day later and 

moderate and full responses 2.33 and 1.3 days prior to vehicle treated 

WT mice, respectively.  

 

Cliff avoidance analysis revealed that there was no difference in 

achieving first response (score 1) between arimoclomol treated and 

vehicle treated mutants. However, the arimoclomol treated mutants 

showed moderate (score 5) and full response (score 9) on average 

5.19 and 4.16 days prior to vehicle treated mutants respectively. 

Further, arimoclomol treated mutants scored similar to arimoclomol 

treated WT mice with respect to moderate and full responses to cliff 

avoidance. Both WT and mutants treated with arimoclomol showed 

moderate response on day 6 and full response on day 13. Overall the 

somatosensory test carried out on treated PEX13 brain mutants 

suggest that mutants showed improved response to cliff avoidance 

upon treatment with arimoclomol.  
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The analysis of hyperkinesias (excessive muscle movement) showed 

that there was improvement in arimoclomol treated mutants over 

vehicle treated mutants. The arimoclomol treated mutants showed 

moderate (score 5) and full response (score 9) to hyperkinesias at P12 

and P15 respectively. Thus excessive muscle movement in arimoclomol 

treated mutants stopped approximately 2 days earlier than vehicle 

treated mutants (refer Table 3.1).  

 

   

Figure 3.9: Performance of arimoclomol treated PEX13 BM 

mice on rotarod. BM, PEX13 brain mutant; WT, wild-type; arimoclomol 

treated (n=3 for both BM and WT mice); vehicle treated control (n=3 for WT 

and n=2 for BM mice). Performance on rotarod measured in seconds with 

60sec as cut-off test response time; data are mean ± SEM. 
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The rotarod test has also been used to distinguish PEX13 BM from WT 

mice. Muller and co-workers (Muller et al., 2011) established that the 

poor performance of PEX13 brain mutants on rotarod could be 

evaluated using a cut-off test response time of 60 seconds. Using this 

criterion, PEX13 BM mice consistently demonstrated poor motor ability, 

even at P30 (Muller et al., 2011). In this current study, we found that 

arimoclomol treated mutants (2 out of 3) showed improved 

performance i.e. completed 60 seconds on rotarod (at least on P20) in 

contrast to vehicle treated mutants (Fig. 3.9). This result, though 

preliminary, suggest improvement in motor co-ordination and 

development in P20 mutants treated with arimoclomol. Arimoclomol 

had no significant impact on rotarod behaviour of WT mice, when 

compared to vehicle treatment. 

 

3.4 SUMMARY OF RESULTS 

We report attenuation of reactive gliosis with arimoclomol treatment in 

PEX13 brain mutant mice. There was a 73% decrease in GFAP levels in 

treated mutants as compared to vehicle treated control mutants. 

However, there was no improvement or alteration in cerebellar 

morphology, cerebellar area, foliation and fissure formation.  

Arimoclomol treatment also did not affect the cerebellar cell layer 

formation in mutant mice as compared to vehicle treated control 

mutant mice. Examination of individual Purkinje neurons revealed that 

the abnormal dendritic arbor and reduced cell body found in vehicle 

treated control mutant did not improve with arimoclomol treatment.  

 

Examination of phenotypic characteristics such as body weight did not 

show any improvement in the arimoclomol treated and vehicle treated 

mutant mice. In case of neurobehavioural test, mild improvement in 

acquiring certain reflex and motor functions such as cliff avoidance, 
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negative geotaxis was observed in PEX13 BM mice treated with 

arimoclomol. Treatment with arimoclomol also assisted in improving 

performance on rotarod in the PEX13 BM mice. 

 

3.5 DISCUSSION 

Arimoclomol has been previously shown to have therapeutic potential 

in animal models through up-regulation of HSP gene expression 

(Kalmar et al., 2002; Kalmar et al., 2003; Kieran et al., 2004). 

Elevation of HSPs by this drug is achieved via increasing the level of 

transcription factor, HSF-1 (Kieran et al., 2004). In ALS mouse models, 

arimoclomol treatment improved motor neuron survival and delayed 

disease progression (Kieran et al., 2004). In this context, it is of 

interest that α-synuclein oligomers accumulate in the brain of PEX2, 

PEX5 and PEX13 mouse mutants with the severe ZS phenotype 

(Yakunin et al., 2010), and have also been implicated in several other 

neurodegenerative diseases such as Parkinson’s disease, dementia with 

Lewy body and Alzheimer’s disease.  

 

The primary purpose of this study was to investigate whether 

arimoclomol, through a similar mechanism to that seen in ALS mice, 

could restore reflex and motor dysfunction in the PEX13 brain mutant, 

a ZS mouse model, specifically by reversing cerebellar and Purkinje 

neuron dysmorphology and reducing cerebellar reactive gliosis (Muller 

et al., 2011). Treatment of longer surviving PEX13 brain mutants with 

arimoclomol potentially provides an excellent model to study the 

pathological impact of α-synuclein oligomerization in ZS because it 

allows assessment of postnatal brain development. This study using 

arimoclomol was a preliminary study to assist in understanding the 

molecular nature of ZS disease pathogenesis. The results show that 



Chapter 3 
 

118 
 

arimoclomol was effective in reducing GFAP levels in the cerebellum of 

treated PEX13 brain mutant mice. We also found improvement in reflex 

and motor function as measured by neurobehavioural testing, and 

observed an improvement in response to cliff avoidance and 

performance on rotarod during later stages of development in 

arimoclomol treated mutant mice. This minor improvement in reflex 

and motor function however, was not reflected in an improvement in 

gross cerebellar morphology or its area. Arimoclomol treatment of 

PEX13 brain mutants also had no effect on Purkinje neurons, and 

specifically the abnormal Purkinje dendritic arbor remained unaltered. 

In conclusion, treatment with arimoclomol did not show improvement 

in body weight, cerebellar morphology, Purkinje neuronal morphology 

and cell migration in PEX13 brain mutant mice.  

 

We speculated that treatment with arimoclomol would reduce toxic α-

synuclein oligomerization resulting in restoration of ZS disease 

pathogenesis. Unfortunately, the technique required to assess α-

synuclein oligomerization could not be established for these studies, 

and therefore the findings are limited by an inability to correlate test 

parameters with levels of α-synuclein oligomers. With this important 

proviso in mind, the findings of this study, suggest that arimoclomol 

treatment is not able to reverse ZS pathogenesis completely, and 

consequently that α-synuclein oligomerization is not a causative factor 

in ZS neuropathology. Therefore, other yet unidentified factors must be 

involved in the complexity of ZS neurological pathogenesis. 

Importantly, the findings of the study suggest a possible relationship 

between α-synuclein oligomers and reactive gliosis in vivo as 

arimoclomol treatment reduced GFAP levels in arimoclomol treated 

mutant mice to levels seen in vehicle treated WT mice. Alpha-synuclein 

is an abundant protein found at the neuronal synapses (Iwai et al., 

1995) with no known function in the normal physiology of the brain. Its 
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accumulation in neurodegenerative disease like Parkinson’s disease, 

dementia with Lewy bodies and ZS has led to speculation that it 

contributes to neuronal death leading to neurodegeneration (Feany 

and Bender 2000; Lee et al., 2002; Kirk and Bjorklund, 2003). In 

addition, it is also known that GFAP levels are increased in astrocytes 

in neurodegenerative diseases (Lewis P.D., 1971; Paulus and Jellinger, 

1991; Eng and Ghirnikar, 1994). In a recent study, Koob and co-

workers (2010) has established a direct relation between α-synuclein 

and GFAP expression in vitro whereby human astrocyte cultures 

treated with increasing concentration of α-synuclein showed increased 

expression of GFAP levels. Alpha-synuclein has been shown to be 

secreted in the extracellular spaces at the synapse (Borghi et al., 2000) 

which is also rich in astrocyte population. Thus increased levels of α-

synuclein may be associated with reactive gliosis in neurodegenerative 

diseases. Arimoclomol may reduce α-synuclein oligomers levels 

resulting in reduced cerebellar GFAP levels in the treated PEX13 brain 

mutant mice.  

 

Thus, even though it was not possible to establish direct 

immunodetection of α-synuclein oligomers or HSPs in the brain of 

arimoclomol treated and vehicle treated control mutants, the fact that 

GFAP levels were reduced upon arimoclomol treatment suggests that 

reduction of α-synuclein oligomers was achieved in treated mice. Our 

expectation that arimoclomol treatment in longer surviving ZS mouse 

model would led to complete reversal of the disease phenotype such as 

increase in body weight, improvement in reflex and motor function, 

improvement in Purkinje neuron and cerebellum morphology due to 

proposed reduction in α-synuclein oligomers was not realised. Instead 

what we unravelled was the unexpected finding of significant reduction 

in GFAP levels in the arimoclomol treated PEX13 BM mice, a finding 

that potentially opens up new avenues to investigate the molecular 
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links underlying ZS disease pathogenesis. Few reports exist in the 

literature to indicate a relationship between α-synuclein and GFAP 

expression in neurodegenerative diseases. Hence further studies on the 

molecular mechanism of α-synuclein protein, its role in astrocytes 

proliferation and function, and the impact on neurodegeneration may 

help us understand ZS disease pathogenesis and lead us to therapeutic 

solutions to manage both ZS disease and other adult 

neurodegenerative diseases found in humans. 
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4.1 INTRODUCTION 

Zellweger syndrome is a fatal neurodegenerative disease of infants 

characterized by severe motor dysfunction. The conditional PEX13 

brain-specific mutant mouse shows poor reflex and motor 

development similar to that seen in human infants with Zellweger 

syndrome. Previous studies have established that this poor reflex and 

motor development in ZS mouse models is accompanied by abnormal 

morphology of the cerebellum (Muller et al., 2011). Since the 

cerebellum is a primary centre for motor coordination, its abnormal 

structure could contribute to the motor dysfunction found in PEX13 

brain mutant mice and Zellweger syndrome in humans. However, 

motor control and co-ordination is brought about by complex 

mechanisms which involve multiple regions of the central nervous 

system as well as the peripheral nervous system. Together with the 

cerebellum, the basal ganglia also receive information from the motor 

cortex and provide its feedback to the thalamus through discrete 

pathways separate to those of the cerebellum. Figure 4.1 shows 

various regions of the brain involved in the motor pathway.   

 

Since the substantia nigra and striatum are two major components of 

the basal ganglia that contribute directly to motor function we propose 

that these two components of the basal ganglia may also contribute 

towards motor dysfunction found in Zellweger syndrome 

neuropathogenesis. A brief introduction of the anatomy and function of  

various components of the basal ganglia is presented in Section 4.1.1. 
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Figure 4.1: Motor coordination in the central and peripheral 

nervous system. The motor cortex sends signals to the basal ganglia and 

the cerebellum and receives feedback from them via the thalamus. The 

motor cortex processes this information and transmits it further to the spinal 

cord and muscles via the brain stem. The cerebellum receives information 

from the brain stem while the spinal cord sends information to the brain stem 

and the brain stem sends as well information to the sensory motor cortex. 

Abbreviations used, CNS, central nervous system; PNS, peripheral nervous 

system. Reprinted with permission, Muller, C. C., 2009. 

  

4.1.1 The basal ganglia 

The basal ganglia consist of four principle nucleus: striatum, substantia 

nigra, globus pallidus and subthalamic nucleus as shown in Fig. 4.2. 

The striatum consists of caudate and putamen nucleus and is a 

recipient of inputs from substantia nigra, cerebral cortex, thalamus and 

brain stem (reviewed in Schwartz and Sabetay, 2012). The globus 
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pallidus on the other hand provides the output from the basal ganglia 

to the motor cortex via the motor thalamus. The globus pallidus is 

divided into two regions – globus pallidus internal and globus pallidus 

external. The globus pallidus internal contains output neurons of the 

basal ganglia which project into the thalamus whereas globus pallidus 

external receives input neurons from the striatum and project outward 

towards the subthalamic nucleus. The subthalamic nucleus lies above 

the substantia nigra and co-ordinates between globus pallidus external 

and globus pallidus internal. Cells of the globus pallidus external 

project into the subthalamic nucleus and cells from the subthalamic 

nucleus project into the globus pallidus internal and this pathway is 

involved in inhibiting motor activity via a GABAnergic pathway. The 

substantia nigra contains neurons which synthesize dopamine. The 

axon terminals from the substantia nigra project into the striatum 

where they release dopamine namely, the nigrostriatal pathway. 

Dopamine modulates motor activity by either exciting or inhibiting the 

cells of the striatum. The excitatory effect on the striatum is achieved 

via D1 receptors and the inhibitory effect is via D2 receptors.    
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Figure 4.2: Components of the basal ganglia.  Abbreviations used, 

+, excitatory effect; -, inhibitory effect; , excitatory effect;       , inhibitory 

effect; SNC, substantia nigra pars compacta; SNR, substantia nigra pars 

reticulata; VA, ventral anterior nucleus; VL, ventral lateral nucleus. Reprinted 

with permission from Schwartz and Sabetay, 2012. 

 

As discussed earlier (Section 1.4.2.3.5), synucleinopathy – 

accumulation of misfolded and/or aggregated oligomers of -synuclein 

in neurons, is a common feature of Parkinson’s disease, dementia with 

Lewy bodies, multi system atrophy and also in Zellweger syndrome 
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(Yakunin et al., 2010). In the previous chapter we could establish 

attenuation of reactive gliosis in the cerebellum of PEX13 BM mice 

using arimoclomol. However, arimoclomol treatment could not restore 

cerebellar and Purkinje neuronal abnormality, reflex and motor 

dysfunction in ZS mice. ZS is a complex neurological disorder which 

could involve various regions of the brain and many unidentified 

factors contributing to the severe disease phenotype. Previous workers 

have reported deterioration of reflex and motor function in ZS mouse 

models due to deterioration of gross cerebellar pathology (Muller et 

al., 2011) an important region of the brain controlling motor function. 

Besides, cerebellum, substantia nigra and the striatum via the 

nigrostriatal pathway also plays a significant role in motor planning, 

co-ordination and control. Loss of dopaminergic neurons in the SN 

leads to loss of memory, abnormal posture, loss of motor function and 

neurodegeneration in PD patients (reviewed in Schwartz and Sabetay, 

2012). Relating adult neurodegenerative disease PD and neonatal 

neurodegenerative disease ZS through the commonly observed 

phenomenon of accumulation of α-synuclein oligomers and motor 

dysfunction we propose that the mid brain dopaminergic neurons of 

the SN may also contribute to deterioration of reflex and motor 

function, abnormal posture and early death in ZS mice. Further we 

also propose that the nigrostriatal pathway could be affected and 

involved in motor dysfunction in ZS mouse models.  

 

Thus the aim of this project was to evaluate whether motor 

dysfunctions seen in ZS mouse models are related to altered 

substantia nigra and the nigro-striatal pathways using 

conditional PEX13 mutant mice as an investigative tool. In this 

study we examined the substantia nigra and the striatum of the 

Zellweger syndrome mouse models. We investigated the dopaminergic 

nigrostriatal pathway in ZS mouse models to further elucidate motor 

dysfunction present in these animal models.  
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4.2 MATERIAL AND METHODS  

4.2.1 The substantia nigra of PEX13 brain specific mutants 

Mid brain, coronal sections (40m thickness) from 3 wild-type and 3 

PEX13 brain mutants (18 sections per mouse) were selected, within a 

distance of 240 m, using Paxinos and Franklin mouse brain atlas 

(refer Fig. 4.3). These sections were immunolabelled using anti-

tyrosine hydroxylase (TH) antibody to detect dopaminergic cells in the 

substantia nigra. Tyrosine hydroxylase is an enzyme responsible for 

conversion of tyrosine to L-DOPA which is a precursor of dopamine. A 

mosaic scan of the TH-positive cells of the substantia nigra of both 

PEX13 brain mutant and wild-type mice was captured at mid length of 

20m using the ApoTome. Images were obtained at 20X magnification 

using Carl Zeiss microscope and MRm digital camera. These images 

are illustrated in Fig. 4.4. The numbers of TH-positive cells were 

counted from 3 BM and 3 WT mice (6 sections per mouse). In 

addition, region of the substantia nigra was demarcated into pars 

compacta (SNc) and ventral tegmental area (VTA) based on images 

provided by Nelson and co-workers (1996) and midbrain (m) 

dopaminergic neurons were then counted in these specific regions.  

 

 

4.2.2 Peroxisomes in the dopaminergic neurons of the 

substantia nigra 

The peroxisomal numbers in dopaminergic neurons were quantified 

using peroxisomal membrane marker Pex14. As described in Section 

4.2.1, PEX13 BM and WT mice (n=3 for both BM and WT mice, 2 

sections per mouse) were studied for peroxisome localization in the 

nigra.  
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4.2.3 Studying oxidative stress and the innate immune 

response 

To assess for the presence of oxidative damage to the substantia nigra 

of PEX13 BM mice, immunodetection using the key mitochondrial 

antioxidant enzyme, superoxide dismutase 2 (SOD2) was carried out in 

both PEX13 BM and WT mice (n=3 for both BM and WT mice, 2 

sections per mouse). Briefly, mosaic scan of the substantia nigra was 

captured at mid length of 20 m at constant exposure time using Z-

stack optical sectioning with ApoTome on Carl Zeiss microscope. 

Images were captured using MRm digital camera and were further 

quantified for level of SOD2 using custom automated software as 

described in Section 4.2.7. The images were modified for presentation 

purpose only using AxioVision and Adobe Photoshop software.  

 

In the similar way, immunofluorescence labelling of glial fibrillary acidic 

protein (GFAP) and ionized calcium binding adapter protein 1 (Iba1) 

was also carried out. GFAP is an established marker for astrogliosis 

and Iba1 is a microglia specific protein marker for microgliosis. These 

images were also quantified for GFAP and Iba1 levels using custom 

automated software as described in Section 4.2.7  
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Bregma plate 55 

 

BM               WT 

  

Figure 4.3 Selection of section at midbrain region. BM, PEX13 

brain mutant; WT, wild-type. Sections were selected for IHC study based 

on anatomical indicators, as per Paxinos and Franklin, Bregma plate 55. 

Representative images of BM and WT sections are shown.  
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Figure 4.4: Marking of SNc and VTA region in substantia 

nigra. Abbreviations used, BM, PEX13 brain mutant; WT, wild-type; 

SNC, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; 

VTA, ventral tegmental area; dopaminergic neurons (anti-TH).  

Representative images of BM and WT mice showing mid-brain 

dopaminergic neurons are marked with red lines as SNc, SNr and VTA 

regions for quantification are presented. 
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4.2.4 The dopaminergic nigrostriatal pathway in Zellweger 

syndrome 

In order to establish the role of dopaminergic nigrostriatal pathway 

in ZS disease pathogenesis, various regions of the striatum i.e. 

rostral end, mid striatum and caudal end of the striatum were 

selected using Paxinos and Franklin's mouse brain atlas as shown in 

Fig. 4.5. The selected coronal sections were subjected to 

immunodetection against TH. Centre of the striatum was determined 

by drawing horizontal and vertical lines covering the height and 

width of the striatum. A defined box of 200 X 200 m was drawn 

along the centre of the striatum as shown in Fig 4.5, top panel. 

Along this defined box images were captured at optical distance of 

5, 15 and 25 m from the surface to the bottom of the section from 

both the left and the right striatum.  For each mouse, 12 images 

were captured per region of the striatum. Thus a total of 144 

images (48 images per mouse from 3 different regions of the 

striatum) were obtained for each subset of mice (i.e. wild-type and 

mutant). Images were captured at 63X magnification at constant 

exposure time using Carl Zeiss microscope with ApoTome and MRm 

digital camera and were processed using AxioVision and Adobe 

Photoshop software. Densitometry analysis was carried out to 

quantify TH immunofluorescence density in the striatum as 

described in Section 4.2.7. 

 

4.2.5 Quantification of apoptosis and stress granules in the 

striatum 

Quantification of the level of apoptosis and stress granules was 

carried out by immunodetection using caspase-3 and G3BP as 

respective markers for cell death and stress granules in the striatum 

of PEX13 BM and WT mice. As mentioned earlier in Section 4.2.4 the 

selected striatal sections were imaged at constant exposure time at 
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three optical planes – 5, 15 and 25 m using Carl Zeiss microscope 

at 63X magnification using a ApoTome and MRm digital camera. The 

images were quantified for G3BP and caspase-3 staining by density 

measurements as described in Section 4.2.7.       

 

   

   

   

Figure 4.5: Selection of sections along the rostro-caudal 

axis of the striatum. Top panel, rostral end of striatum; middle panel, 

mid striatal region and bottom panel, caudal end of striatum. BM, PEX13 

brain mutant; WT, wild-type. A defined box of 200 X 200 nm was drawn at 

Bregma plate 19 

Bregma plate 26 

Bregma plate 34 
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right and left striatum as shown in top panel for measurements and 

quantification.  

 

4.2.6 Image acquisition  

IHC sections were imaged at constant exposure time at 20X or 63X 

magnifications. The images were captured using Axio Cam MRm 

digital camera (Zeiss) and ApoTome module was used for Z-stack 

images for the study of the striatum. Mosaic scan of nigra was 

carried out by capturing individual images laterally along the marked 

area. These individual images were adjusted for overlapping 

regions. Images were adjusted using AxioVision software and Adobe 

Photoshop.  

 

4.2.7 Densitometry analysis 

Equivalent sections, immunostained simultaneously and imaged 

using a constant exposure were analysed quantitatively for 

fluorescence intensity.  The automated analysis software was 

developed by Tuxworth et al 2014 (in preparation) and used in 

previous studies (Norazit et al 2010). Expression of TH, SOD2, GFAP, 

Iba1, caspase-3 and G3BP levels in the nigra and/or striatum were 

quantified using densitometry analysis.  

 

4.2.8 IMARIS software analysis  

Images of single dopamine neurons of mid-brain SNc were captured 

at 63X magnification (n=3 for both BM and WT mice, 30 individual 

DA cells per mouse) and analysed using customised IMARIS 

software (Tuxworth et al 2014, in preparation). The IMARIS 

software identified the captured images as shown in Fig. 4.6 and 
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were analysed, using measurements of several morphological 

features as listed in Table 4.1. 

 

BM WT 

  

  

Figure 4.6: Morphological analysis of a SNc dopaminergic 

neuron using IMARIS software. Top panel, anti TH (red), cell 

nucleus (DAPI, blue), BM, PEX13 brain mutant; WT, wild-type mice; 

bottom panel, recognition of individual neuron by IMARIS software for 

morphological analysis.  
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Table 4.1: Features analysed to access morphological and 

molecular changes in single dopaminergic neurons using 

IMARIS software. 

No. Morphological 

feature analysed  

Description of morphological 

feature 

1. Area Surface area of the neuron (m2) 

2.  Axis length  Measured using 3 different axes 

(axis A, B, C) which indicates the 

shape of the cell whether it is a 

circle, sphere or ellipse. 

3.  Elipticity  Elipticity oblate and prolate are 

measure of two different axis of the 

cell that further defines the shape 

of a cell as an ellipsoid. 

4.  Sphericity  This feature defines how spherical 

is the shape of the cell. 

5.  Cell volume The volume of the cell (m3). 

6.  Inclusions within the 

cell including nucleus 

This feature gives the number of 

intracellular bodies or proteins, the 

volume occupied by the 

intracellular bodies within the cell 

and the shape of the inclusion 

bodies. This feature was used to 

analyse SOD2 and Pex14 within the 

neuron. It can also be applied to 

study the nucleus of the cell.  

                 Table 4.1 continued… 
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Table 4.1 continued… 

No. Morphological 

feature analysed  

Description of morphological 

feature 

7. Volume of inclusion 

bodies 

Total volume of inclusion bodies in 

the cell 

8. Size of inclusion 

bodies 

A calculated attribute which is 

equivalent to the mean inclusion 

body volume. 

Reprinted with permission, Tuxworth et al, 2014, in preparation. 

 

4.2.9 Statistical analysis 

Statistical analysis using Student's t test was conducted where 

statistical significance was indicated as *P<0.05, **P<0.01, 

***P<0.001.  For densitometry study, a mean value was obtained 

for 3 BM mice which were then normalized to the mean value of 3 

WT mice. Statistical analysis using Student’s t-test was carried out as 

described earlier. For analysis of single dopaminergic neurons, mean 

values obtained from 50 images for each of 3 BM mice were 

compared to mean values from 50 images from each of 3 WT mice. 

Statistical analysis using Student’s t-test was then carried out on the 

mean values and as described earlier.  
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4.3 RESULTS  

4.3.1 Quantification of nigral mid brain dopaminergic 

neurons 

In order to gain insight into the underlying molecular mechanism 

involved in poor motor co-ordination and development in ZS, and to 

test the hypothesis of the involvement of substantia nigra in poor 

motor function and development of Zellweger syndrome, we 

quantified mid brain dopaminergic neurons in PEX13 BM mice. The 

analyses showed that there was significant reduction in the number 

of mid brain nigral dopaminergic neurons as indicated by TH 

immunostaining in Pex13 BM mice when compared to WT mice. The 

mid brain TH-positive neurons in PEX13 BM were 1867 ± 104.4 and 

in the WT mice were 2938 ± 49.83 (refer Fig. 4.7). There was a 

statistically significant less (approximately 36%)  TH-positive 

neurons in the mutant mice as compared to WT mice 

(***P=0.0008, statistical analysis, Student’s t-test). 
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Figure 4.7: Reduced number of mid brain dopaminergic 

neurons in the substantia nigra of PEX13 BM mice. 

Abbreviations used, SN, substantia nigra; BM, PEX13 brain mutant; WT, 

wild-type; scatter plot represents SN mid brain dopaminergic neurons in 

BM and WT mice (n=3 for both BM and WT mice, 6 sections per mouse), 

data are mean ± SEM, statistical analysis, Student’s t-test, ***P<0.001.  

 

Two distinct regions of the substantia nigra i.e., ventral tegmental 

area (VTA) and substantia nigra pars compacta (SNc) were analysed 

independently for TH-positive neurons. In the wild type SNc region, 

the TH-positive neurons were 835.7 ± 31.18 while in PEX13 BM 

mice there were 338.3 ± 62.22. There were 59% less TH-positive 

neurons in the SNc region of mutant mice as compared to wild-type 

mice which was statistically significant (**P=0.002, statistical 

analysis Student’s t-test). In the VTA region, wild-type mice showed 

2071 ± 50.01 TH-positive neurons while the BM mice showed 988.7 

± 38.82. There was 52.26% lesser TH-positive neurons in the VTA 

region of mutant mice as compare to WT mice which was 

statistically significant (***P<0.0001, statistical analysis, Student’s t-

test). Graphical representation of the SNc and VTA m-dopaminergic 

neurons in both the mutant and WT mice is given in Figure 4.8. 



Chapter 4 
 

139 
 

 

BM WT
0

200

400

600

800

1000
**

SNc

T
H

+
v

e
 n

e
u

r
o

n
s

(
C

e
ll
 c

o
u

n
t
)

 

BM WT
0

500

1000

1500

2000

2500

***

VTA

T
H

+
v

e
 n

e
u

r
o

n
s

(
C

e
ll
 c

o
u

n
t
)

 

Figure 4.8: Quantification of dopaminergic neurons in 

different regions of substantia nigra. Abbreviations used, SNc, SN 

pars compacta; VTA, ventral tegmental area; BM, PEX13 brain mutant; 

WT, wild-type; TH, tyrosine hydroxylase. Total count of midbrain 

dopaminergic neurons in BM and WT mice are presented. A, Number of 

TH-positive neurons in the SNc region; B, Number of TH-positive neurons 

in the VTA region. Data are mean ± SEM, n=3 for both BM and WT mice 

(6 sections per mouse), statistical analysis, Student’s t-test, **P<0.01 , 

***P<0.001. 

 

Quantification of the mid brain nigral SNc and VTA region revealed 

that there was significantly less population of dopamine neurons in 

the mutants. This particular finding led to further investigations to 

determine if this reduced dopamine cell numbers was accompanied 

by changes in TH expression in the nigra. Section 4.3.2 describes in 

detail the outcome of measurements of TH levels in the BM and WT 

mice.  

 

 

A. B. 
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4.3.2 Reduced levels of TH in the substantia nigra of 

Zellweger syndrome mouse models.   

Densitometry analysis of TH immunostained sections were carried 

out to investigate whether there was any change in the level of TH 

expression in the nigra of PEX13 BM mice. The analysis revealed 

that the TH levels in PEX13 BM mice were 60% ± 3.85 (mean 

density ± SEM), a reduction of 38% when compared to WT mice 

(refer Fig 4.9). There is statistically significant decrease in the mean 

values of TH levels in mutant mice compared to WT mice 

(***P<0.001, statistical analysis, Student’s t test).  
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Figure 4.9: Relative TH immunofluorescence density in the 

substantia nigra of PEX13 BM mice. BM, PEX13 brain mutant; WT, 

wild-type. TH density is relative to that of WT mice. Data are mean ± 

SEM, n=3 for both BM and WT mice (6 sections per mouse), statistical 

analysis, Student’s t test *** P<0.001.  
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4.3.3 Peroxisomes in the substantia nigra of PEX13 BM mice  

The localization of peroxisome in the substantia nigra of both the 

mutant and WT mice was carried out using an antibody to Pex14, an 

established marker for the peroxisome membrane. Representative 

images of dopaminergic neurons co-localized with peroxisomes in 

the substantia nigra are shown in Fig 4.10.  

 

Peroxisomes in PEX13 BM mice were larger in size when compared 

to the WT peroxisomes. This is consistent with the absence of 

matrix components in PEX13 BM peroxisomes, where only the 

organelle membranes remain. These peroxisomes are fewer in 

number, larger in size and are non-functional (refer Section 6.3.3). 

Such non-functional peroxisomes with remnant membrane 

components are termed ‘peroxisome ghost’. As apparent from Fig 

4.10, the peroxisomes in WT mice are more abundant than in 

mutant mice (central panels, Fig 4.10). This finding is consistent 

with what has been previously documented for peroxisomes in the 

cerebellum of PEX13 BM mice and Pex13/ mouse embryonic 

fibroblast (Muller et al., 2011; refer Fig 6.9).    
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BM WT 

  

  

 
 

Figure 4.10: Localization of peroxisomes in the nigra of 

PEX13 BM and WT mice. Representative image from PEX13 brain 

mutant (BM) and wild-type (WT) mice. Top panels, dopaminergic neurons 

(anti-TH, red); cell nucleus (DAPI, blue), central panels, peroxisomes 

(anti-Pex14, green), bottom panels, merged images. 
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4.3.4 Increased oxidative stress, astrogliosis and 

microgliosis in the substantia nigra of PEX13 BM mice 

To investigate if there was any correlation between oxidative stress, 

astrogliosis and microgliosis in the nigra of mutant mice, IHC using 

anti-SOD2, anti-GFAP and anti-Iba1 was carried out as respective 

markers. Representative images of SOD2 immunodetection is shown 

in Figure 4.11. In addition, Figure 4.12 shows images of GFAP and 

Iba1 double immunostained and co-localized with TH. 
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Figure 4.11: Increased oxidative stress in the substantia 

nigra of PEX13 BM mice.  BM, PEX13 brain mutant and WT, wild- 

type mice. Top panels, dopaminergic neurons (anti-TH, red), cell nucleus 

(DAPI, blue); central panels, anti-SOD2 (green) and bottom panels, 

merged images.  
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BM                   Anti-TH Anti-GFAP Anti-TH + anti-GFAP 

   

Anti-Iba1 Anti-TH + anti-Iba1 Merged  
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WT                   Anti-TH Anti-GFAP Anti-TH + anti-GFAP 

   

Anti-Iba1 Anti-TH + anti-Iba1 Merged  

   

Figure 4.12: Increased gliosis and microgliosis in the substantia nigra of PEX13 BM mice. Row 1 & 2, 

PEX13 brain mutant (BM) mice and row 3 & 4, wild-type (WT) mice. Dopaminergic neurons (anti-TH, red), cell nucleus (DAPI, 

blue), anti-GFAP (cyan), anti-Iba1 (green). Merged images show GFAP and Iba1 localized with TH.
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Increased immunostaining of SOD2 was found in the PEX13 BM mice 

when compared to WT mice. Increased expression of SOD2 is normally 

associated with increased oxidative stress. The substantia nigra in 

PEX13 BM mice showed elevated levels of SOD2 indicating oxidative 

stress in this region of the brain. As seen in Figure 4.12, both Iba1 and 

GFAP staining were higher in PEX13 BM mice. These fluorescent levels 

or density of SOD2, GFAP and Iba1 were measured using custom 

automated software. Bar graph representation and statistical analysis 

are presented in Figure 4.13.  

 

There was 66% increase in SOD2 level in PEX13 BM mice when 

compared to WT mice. Statistical analysis confirmed that this increase 

is highly significant (Student’s t test, ***P=0.009). Unexpectedly, 

GFAP levels in mutant mice (36 ± 9%) were not significantly different 

to WT mice (Student’s t test, P>0.05). Lastly, Iba1 levels were almost 

95.3% higher in mutant mice than WT mice (Student’s t test, 

***P=0.019) (refer Figure 4.13).  
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Figure 4.13: Relative SOD2, GFAP and Iba1 

immunofluorescence density in SN of PEX13 BM mice. BM, 

PEX13 brain mutant; WT, wild-type; SN, substantia nigra. SOD2, GFAP and 

Iba1 density is relative to that of WT mice. Data are mean ± SEM, n=3 for 

both BM and WT mice (2 sections per mouse), statistical analysis, Student's t 

test, *P<0.05, **P<0.01, ***P<0.001, ns, not significant (P>0.05). 
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4.3.5 TH levels are reduced in the striatum along the rostro-

caudal axis in PEX13 BM mice 

As discussed in Section 4.1.1, the striatum receives inputs from the 

substantia nigra via the dopaminergic nigrostriatal pathway. This 

pathway is essential to determine normal motor circuitry within the 

basal ganglia. The PEX13 BM mice show poor performance on rotarod, 

abnormal posture, late development and disappearance of certain 

reflexes e.g. hyperkinesias (Muller et al., 2011). The motor 

development deteriorates as the mutant mice age (Muller et al., 2011). 

This section investigates the contribution of the striatum in abnormal 

motor development of PEX13 BM mice as a model of ZS. We studied 

the level of TH expression as a measure of dopamine released in to 

the striatum from nigral axonal terminals, and we assessed the level of 

stress granule formation and apoptosis occurring in the striatum using 

G3BP and caspase-3 as respective markers.  

 

Representative images of TH immunofluorescence from different 

regions of the striatum in PEX13 BM and WT mice are presented in Fig 

4.14. Densitometry quantification and statistical analysis of TH 

immunofluorescence density in PEX13 BM and WT mice is presented in 

Fig 4.15.  
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BM WT 

  

  

  

Figure 4.14: Immunofluorescence detection of TH in the 

striatum. Left panels, BM, PEX13 brain mutant; right panels, WT, wild-

type; ST, striatum; anti-TH (red); cell nucleus (DAPI, blue); top panels, 

rostral end of striatum; central panels, mid striatal region; bottom panels, 

caudal end of striatum.  
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Figure 4.15: Relative TH immunofluorescence density along 

the rostro-caudal axis of the striatum. BM, PEX13 brain mutant; 

WT, wild-type mice.  TH density is relative to that of WT mice. Top, bar 

graph represents TH immunofluorescence density in the striatum, n=3 for 

both BM and WT mice (162 images per mouse), statistical analysis conducted 

on the mean value obtained from 3 BM and 3 WT mice using Student's t test, 

*P<0.05, **P<0.01, ***P<0.001. Bottom, bar graph represents TH 

immunofluorescence density in different regions of the striatum along the 

rostro-caudal axis. Data are mean ± SEM, n=3 for both BM and WT mice (54 

images per mouse), statistical analysis, two way ANOVA, Bonferroni post hoc 

test, ***P<0.001.  
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The densitometry analysis showed a 27.5% reduction in the TH levels 

in PEX13 BM mice compared to WT mice which was statistically 

significant (*P=0.039, statistical analysis, Student’s t test). Further, 

different regions of the striatum along the rostro-caudal axis were 

analysed as shown in Figure 4.15. The rostral and caudal ends of the 

striatum showed 65.62 ± 5.42% and 73.5 ± 12.6% (mean density ± 

SEM) of TH level respectively in PEX13 BM mice. Statistical analysis 

using two way ANOVA showed that there was a highly significant 

difference (***P<0.001) between the TH levels in the mutant and WT 

mice in all three regions of the striatum. At the rostral end of the 

striatum the TH levels in mutant mice were significantly lower (43.4%) 

than in WT mice. In the mid striatum and caudal end of striatum TH 

levels were reduced by 24% and 26.5% respectively, in PEX13 BM 

mice.  

 

4.3.6. Apoptosis and stress granule formation in the striatum 

of PEX13 BM mice 

Together with the TH levels in the striatum we investigated the level of 

apoptosis in striatal cells using cleaved caspase-3 as a marker. Cellular 

stress was quantified using G3BP a marker of stress granules. 

Immunodetection in different striatal regions was carried out using 

anti-caspase-3 antibody co-localized with TH in both mutant and WT 

mice. Images were captured and analysed as described in Section 

4.2.5 and are shown in Fig 4.16. Further, densitometry quantification 

of caspase-3 levels was carried out as described in Section 4.2.7 and 

represented as bar graph in Fig 4.17. 
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The levels of G3BP increase in the nucleus in response to cellular 

stress (Tourriere et al., 2001; French et al., 2002). Thus densitometry 

analysis of G3BP was carried out in the nucleus to correlate cellular 

stress in mutant mice. Representative images of G3BP along the 

rostro-caudal axis of the striatum are presented in Fig 4.18 and bar 

graph representation of G3BP levels in Fig 4.19. 
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Figure 4.16 Immunodetection of caspase-3 in striatum. Anti-caspase-3 (detecting cleaved caspase-3 indicated in 

green) co-localized with anti-TH (red) and cell nucleus (DAPI, blue); right panels, merged images. Rows 1 & 2, rostral end of 

striatum; rows 3 & 4, mid-striatum; rows 5 & 6, caudal end of striatum; BM, PEX13 brain mutant; WT, wild-type. 
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Figure 4.17 Relative caspase-3 immunofluorescence density in 

the striatum. BM, PEX13 brain mutant; WT, wild-type, caspase-3 density 

is relative to that of WT mice. Top bar graph represents immunofluorescence 

density of cleaved caspase-3 in the striatum, n =3 for both BM and WT mice 

(54 images per mouse). Statistical analysis was carried out on the mean 

values obtained from BM and WT mice using Student's t test; ns, not 

significant (P>0.05), data are mean ± SEM. Bottom bar graph represents 

immunofluorescence density of cleaved caspase-3 along the rostro-caudal 

axis of the striatum, n=3 for both BM and WT mice (18 images per mouse). 
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Statistical analysis, two-way ANOVA, Bonferroni post hoc test, *P<0.05; 

P>0.05 not significant (ns); data are mean ± SEM.  

 

Immunofluorescence of cleaved caspase-3 in different regions of the 

striatum of PEX13 BM mice did not show substantially increased or 

decreased staining as over that seen for WT mice. Densitometry 

analysis showed that caspase-3 levels in PEX13 BM mice were 142.8 ± 

27.6% (mean ± SEM) of the WT levels (n=3 for both BM and WT 

mice, 54 images analysed per mouse). There was an apparent 30% 

increase in caspase-3 expression in PEX13 BM over WT mice; however 

this increase was not statistically significant (Student’s t test, 

P=0.295). Further investigation of various striatal regions showed that 

the highest level of caspase-3 in the mutant mice was at the rostral 

end of the striatum (209 ± 47.7%, mean ± SEM, n=3 for both BM and 

WT mice, 18 images analysed per mouse) followed by mid striatal 

region (163.63 ± 32.6%, n=3 for both BM and WT mice, 18 images 

analysed per mouse). The caspase-3 levels in the rostral region of 

PEX13 BM mice were significantly higher than for WT mice (statistical 

analysis, two way ANOVA, Bonferroni post hoc test, *P<0.05). 

However, caspase-3 levels in the mid and caudal regions of the 

striatum did not show any statistically significant difference between 

mutant and WT mice (statistical analysis, two way ANOVA, Bonferroni 

post hoc test, P>0.05). Overall the findings show that caspase-3 levels 

were not affected significantly in the striatum of PEX13 BM mice. 
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Figure 4.18: Detection of stress granule levels in striatum. Representative images from PEX13 brain mutants (BM) 

and wild-type (WT) mice, left panel, anti-G3BP (green) and cell nucleus (DAPI, blue), central panel, anti-TH (red) and right 

panel, merged images. Row 1 & 2, rostral end of striatum; row 3 & 4, mid striatum and row 5 & 6, caudal end of striatum.  
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Figure 4.19: Relative G3BP immunofluorescence density along 

the rostro-caudal axis of the striatum. PEX13 brain mutant (BM); 

wild-type (WT), nuclear G3BP density is relative to that of WT mice. Top, bar 

graph represents nuclear G3BP immunofluorescence density in the striatum. 

Data are mean ± SEM, n=3 for both BM and WT mice (54 images per 

mouse). Statistical analysis was performed on the mean values obtained from 

3 BM and 3 WT mice using Student’s t test, ns, not significant (P>0.05).  

Bottom, bar graph represents nuclear G3BP immunofluorescence density in 

different regions of the striatum, n=3 for both BM and WT mice (18 images 

ns 
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per mouse). Data are mean ± SEM, statistical analysis, two-way ANOVA, 

Bonferroni post hoc test, ns, not significant (P>0.05).  

 

Immunofluorescence images obtained from G3BP immunodetection in 

various regions of the striatum did not show any difference between 

PEX13 BM and WT mice (refer Fig. 4.18). Densitometry analysis also 

confirmed that nuclear G3BP levels did not differ between WT and BM 

mice (refer Fig. 4.19). There was no difference in nuclear G3BP levels 

in different regions of the striatum in both mutant and WT mice 

indicating that the stress granule formation is not increased in the 

mutant mice.  

 

4.3.7. Abnormal morphology of SNc dopaminergic neurons of 

conditional PEX13 mutant mice 

The population of mid-brain dopaminergic neurons in PEX13 BM mice 

is reduced, and is accompanied by reduced TH expression. To gain 

further insight into the cellular mechanism contributing to this 

pathology, single dopamine containing cells were examined for 

morphological changes. The function of dopamine is to exert excitatory 

or inhibitory response to the striatum to modulate motor function 

(reviewed in Schwartz and Sabetay, 2012). The motor dysfunction in 

the Pex13 brain conditional mice could be due to altered function of 

dopaminergic neurons. Understanding the cells morphological 

difference could provide a rationale for the proposing altered function 

of DA containing cells of PEX13 brain mutants.  

 

This section provides the results from investigation of the 

morphological differences of multiple individual dopamine neurons of 

PEX13 BM and WT mice. As described earlier in Section 4.2.8, 30 
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images of individual dopaminergic cells of SNc were captured from 

each of the 3 BM and each of 3 WT mice. These images were then 

subjected to IMARIS software to identify morphological changes such 

as surface area, cell volume, the number and volume occupied by 

intracellular proteins within the cell, etc (refer Table 4.1). 

Representative images of dopamine cells of SNc recognized by the 

automated program are illustrated in Fig 4.20. The statistical analysis is 

presented in Table 4.2 and graphically represented in Fig 4.21. 

 

A. BM B. WT 

  

Figure 4.20: Morphological analysis of single SNc 

dopaminergic neurons using IMARIS software. Anti-TH (red) and 

cell nucleus (DAPI, blue), panel A, PEX13 brain mutant (BM); panel B, wild-

type (WT) mice.  
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Table 4.2: Statistical analysis of the morphological features of 

single dopaminergic neuron of pars compacta. 

ID Morphological 

feature 

BM           

(mean ± 

SEM) 

WT            

(mean ± 

SEM) 

Statistical 

significance

& P value 

1. Area (m2) 1966 ± 

42.26  

1798 ± 

37.90  

**0.0035 

2.  Volume (m3) 5502 ± 

39.30  

4863 ± 

44.96 

***<0.001 

3.  Axis - A 7.997 ± 0.11 7.664 ± 3.00 ns, 0.91 

Axis - B 11.0 ± 5.00 10.0 ± 4.00 ns, 0.87 

Axis - C 17.0 ± 7.00 16.0 ± 9.00 ns, 0.93 

4.  Elipticity - 

Oblate 

0.3943 ± 

0.01 

0.3976 ± 

0.001 

ns, 0.79 

 Elipticity - 

Prolate 

0.4473 ± 

0.01 

0.4423 ± 

0.008 

ns, 0.7 

   Sphericity 0.7677 ± 

0.01 

0.7740 ± 

0.019 

ns, 0.76 

Abbreviations used, BM, PEX13 brain mutant; WT, wild-type; SNc, substantia 

nigra pars compacta; DA, dopamine, n=3 for both BM and WT mice, 30 

images of individual SNc DA cells per mouse were analysed. The mean value 

obtained for 3 BM mice was compared to the mean value of 3 WT mice. 

Statistical analysis, Student’s t test was carried out on the mean values; ns, 

not significant (P>0.05), *P<0.05, **P<0.01, ***P<0.001, data are mean ± 

SEM. 
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Figure 4.21: Automated analyses of dopaminergic neurons 

parameters of PEX13 BM and WT mice. Bar graphs show surface 

area and volume of the dopaminergic neuron. BM, PEX13 brain mutant; WT, 

wild-type (n=3 for both BM and WT mice, 30 individual SNc DA neurons per 

mouse). Both cell surface area and volume parameters indicate a significant 

increase in the size of DA neurons in the BM mice in comparison to the WT 

mice. The mean value obtained for 3 BM mice was compared to the mean 

value of 3 WT mice. Statistical analysis was conducted on the mean values 

using Student’s t test, two tailed, **P<0.01, ***P<0.001, data are mean  

SEM.  

 

Automated analysis of single dopaminergic neurons revealed that the 

average surface area of SNc cell is 1966 ± 42.26 m2 and 1798 ± 

37.90 m2 in mutant and WT mice, respectively. There is a statistically 

significant increase in the surface area of the mutant cell over that of 

the WT (**P<0.01, Student’s t test). The average dopaminergic cell 

volume in the mutant was 5502 ± 39.30 m3 compared to 4863 ± 

44.96 m3 in the WT. There was also a statistically significant increase 

in the cell volume in mutant mice when compared to WT mice 

(***P<0.001, Student’s t test). However, there was no difference in 

the shape of the cell i.e., sphericity and elipticity parameters did not 
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show any difference between the two type of mice.  The cell axis was 

also not altered in the mutants. In the following section (Section 4.3.8) 

the findings of intracellular proteins of SNc dopaminergic cells is 

analysed and discussed.  

 

4.3.8 Morphological analysis of intercellular proteins of 

dopaminergic cells of PEX13 BM mice  

Morphological analysis of the dopaminergic cells of PEX13 BM mice 

showed significant increase in cell area and volume. We further 

investigated whether this increase in cell volume is also accompanied 

with change in intracellular protein content. We first examined 

peroxisome morphology in these neurons followed by studying the 

levels of SOD2, as a marker for oxidative stress in mutant and WT 

neuron.  

  

4.3.8.1 Number and size of peroxisomes are reduced in SNc 

dopaminergic neurons of PEX13 BM mice 

Peroxisome numbers are reduced in PEX13 BM mice as discussed 

earlier (Section 4.3.3). Using peroxisomal membrane protein, Pex14 as 

a marker for peroxisomes, dopaminergic cells from the mutant and WT 

mice (n=3 for both BM and WT mice, 9 SNc DA cells per mouse) were 

analysed using the IMARIS software. The count of peroxisomes within 

the cell, average size of peroxisome within the cell and the cell to 

peroxisome ratio were examined. Representative images of peroxisome 

localization in SNc dopaminergic neurons are provided in Fig 4.22. 

Graphical representation and statistical analysis of various 

morphological features of SNc peroxisomes presented in Fig 4.23.  
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Anti-TH Anti-Pex14 Merged  

   

   

Figure 4.22: Localization of peroxisomes in SNc dopaminergic neurons. Top panels, PEX13 brain mutant (BM); 

bottom panels, wild- type (WT); left panels, dopamine neurons (anti-TH, red) and cell nucleus (DAPI, blue), central panels, 

peroxisomes (anti-Pex14, green) and right panels, merged images. 

 B
M

 
 W

T
 



Chapter 4 
 

171 
 

P e ro x is o m e  to  C e ll R a tio

0 .0 0 0

0 .0 0 5

0 .0 1 0

0 .0 1 5

0 .0 2 0

0 .0 2 5

B M W T

***

 

A v e ra g e  s iz e  o f  p e r o x is o m e

0 .0 0

0 .0 5

0 .1 0

0 .1 5

0 .2 0

0 .2 5

B M W T

**

 

C o u n t o f p e r o x is o m e s

in  e a c h  d o p a m in e rg ic  c e l l

0

2 0 0

4 0 0

6 0 0

B M W T

****

 

Figure 4.23: Bar graph representation of morphological 

features of peroxisomes in dopaminergic neurons. BM, PEX13 

brain mutant; WT, wild-type, n=3 for both BM and WT mice (9 Snc DA cells 

per mouse), data are mean  SEM. Statistical analysis was conducted on the 

mean values obtained for 3 BM and 3 WT mice using Student’s t test, 

**P<0.01, ***P<0.001, ****P<0.0001.  
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Statistical analysis of number of peroxisomes present per cell showed 

significantly reduced abundance in PEX13 BM neuron, as expected 

(****P<0.0001, Student’s t test). Further, the average size of each 

peroxisome in mutant dopaminergic neuron was significantly higher 

than for peroxisomes in WT cells (**P<0.01, Student’s t test). The 

peroxisome to dopamine cell ratio was also significantly lower in the 

mutant mice (***P<0.001, Student’s t test). These findings indicate 

that the number of peroxisomes is lower in mutant mice but 

peroxisome size is much larger than the WT peroxisome.  Peroxisome 

“ghost” also appear larger in size when viewed using 

immunofluorescence analysis of PEX13/ MEFs (refer Section 6.3.3). 

Confocal images from ZS patient’s fibroblast also show peroxisome 

ghosts, and are distinct from lysosomes or other cellular components 

(Santos et al., 2000). Morphological analysis of peroxisome ghosts in 

brain and in dopaminergic neurons were not carried out earlier in 

studies on PEX13 BM mouse models. Using the automated program we 

were able to quantify the number, size and various other 

morphological parameters for the first time and our findings correlate 

with earlier documented evidence of large peroxisome remnants in ZS 

patients and other ZS mouse models. Thus we can report that the 

number of peroxisomes is significantly less in the mutant mice, as is 

peroxisome to cell ratio when compared to WT mice. However, the 

average size of the peroxisome is increased significantly in the mutant 

mice indicating the presence of non-functional reminiscent of 

peroxisome membrane components. These findings are consistent with 

loss of functional peroxisomes in the brain of PEX13 mutant mice, 

including in dopaminergic neurons.  
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4.3.8.2. Morphological analysis of SOD2 in individual SNc 

dopaminergic neuron of PEX13 BM mice.  

In the previous section (Section 4.3.4) we reported on a significant 

increase in the levels of SOD2 in the substantia nigra of PEX13 BM 

mice when compared to WT mice. The morphological analysis of SOD2 

granules within the dopamine containing cells was carried out to 

confirm these finding of increased expression of SOD2 in the nigra of 

mutant mice (refer Section 4.3.4). Similar to peroxisome analysis 

described in Section 4.3.8.1, images of individual SNc dopaminergic 

neurons obtained from 3 BM and 3 WT mice (16 SNc DA cells per 

mouse) were subjected to various morphological analyses using the 

IMARIS software. The morphological analysis included the number or 

count of SOD2 in each cell, volume of SOD2 within the cell, average 

size of SOD2 and the cell to SOD2 ratio. Fig 4.24 shows representative 

images of SOD2 immunofluorescence in TH-positive SNc cells. Fig 4.25 

graphically represents the morphological features analysed for SOD2 in 

each dopamine containing cell.   
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Anti-TH Anti-SOD2 Merged  

   

   

Figure 4.24: Immunofluorescence detection of SOD2 in single dopaminergic neurons of pars compacta. 

Top panels, PEX13 brain mutant (BM); bottom panels, wild-type (WT), left panels, dopamine neurons (anti-TH, red) and cell 

nucleus (DAPI, blue), central panels, anti-SOD2 (green) and right panels, merged images.
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Figure 4.25: Bar graph representation of morphological 

features of SOD2 in individual dopaminergic neurons. PEX13 

brain mutant (BM) and wild-type (WT), n=3 for both BM and WT mice (16 

individual SNc DA cells per mouse) were analysed using IMARIS software. 

The mean values from 3 BM and  3 WT mice were statistically analysed using 

Student’s t test, ns, not significant (P>0.05), ***P<0.001; data are mean  

SEM. 
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Immunofluorescence staining of SOD2 was highly increased in TH-

positive cells in mutant mice as compared to WT mice. This SOD2 

staining was also greatly increased in cells other than TH-positive cells. 

Automated analysis was carried out selectively on TH-positive cells as 

IMARIS software is programmed to recognized TH-positive cells and 

conduct morphological analysis of intracellular proteins only on the 

recognized cell. Therefore SOD2 granules present specifically within 

the dopaminergic neurons were analysed while those present outside 

the dopaminergic cells were eliminated from analysis and did not 

interfere with the study. The average size of SOD2 granules in 

dopaminergic cells was significantly higher in PEX13 BM mice than WT 

mice (***P<0.001, Student’s t test). However, the volume of SOD2 

granules within a mutant dopaminergic cell was not significantly higher 

than that for the WT dopaminergic cell (P>0.05, Student’s t test). 

There was also no difference in the count or number of SOD2 granules 

in the mutant and WT dopamine cell. The ratio of SOD2 to the cell was 

also similar in both the WT and mutant dopaminergic cell.    

 

Immunodetection of GFAP and Iba1 in the nigra of PEX13 BM mice 

showed increased staining than for WT mice (refer section 4.3.4). The 

expression of GFAP level was not significantly increased in the nigra of 

PEX13 BM mice but Iba1 levels were significantly increased in the 

nigral region of the mutant mice. This increase in Iba1 immunostaining 

however did not always correlate with TH-positive cells as seen in Fig 

4.26. Thus GFAP and Iba1 were not subjected to IMARIS analysis.  
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Anti-TH Anti-GFAP Anti-TH + anti-GFAP  

   

Anti-Iba1 Anti-TH + anti-Iba1 Merged 
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Anti-TH Anti-GFAP Anti-TH + anti-GFAP  

   

 Anti-Iba1 Anti-TH + anti-Iba1 Merged 

   

Figure 4.26: Immunodetection of GFAP and Iba1 in single dopamine neuron of pars compacta. Row 1 & 

2, PEX13 brain mutant (BM), row 3 & 4, wild-type (WT), dopamine neurons (anti-TH, red), cell nucleus (DAPI, blue), anti-GFAP 

(green), microglia (anti-Iba1, cyan); merged images show GFAP and Iba1 association with TH-positive neurons. 
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4.4 SUMMARY OF RESULTS 

The substantia nigra of PEX13 BM mice showed significantly reduced 

numbers of dopaminergic cells particularly of pars compacta and VTA 

at the mid brain region. The decrease in the m-dopaminergic cell 

population was accompanied by significant reduction in nigral TH levels 

of PEX13 BM mice. Peroxisomes were co-localized with TH in the nigra 

and showed characteristic reduced numbers in PEX13 BM mice. Loss of 

dopaminergic neurons in PEX13 BM nigra was associated with 

significant increase in SOD2 levels. There was a significant increase in 

Iba1 levels, a marker for microglia, in the nigra of the mutant mice but 

this increase in Iba1 was not accompanied by an increase in GFAP 

levels in the nigra, an unexpected finding.  

 

Studies carried out on the striatum revealed that there was a decrease 

in TH levels in PEX13 BM mice when compared to WT mice. This 

decrease in TH level was specifically low at the caudal end of the 

striatum of the mutant mice. The level of caspase-3 and G3BP was not 

affected in the striatum of PEX13 BM mice.  Reduced level of TH in the 

striatum was not accompanied by altered apoptosis or stress granule 

formation in the mutant mice, as indicated with caspase-3 and G3BP 

analysis.  

 

Studies carried out using the IMARIS software on single dopaminergic 

neurons of pars compacta revealed that there were significant 

increases in the area and volume of the TH-positive cell in PEX13 BM 

neurons. The peroxisomes in each dopaminergic neurons were fewer in 

number but increased in average size in the mutant neuron when 

compared to WT dopaminergic neuron. The ratio of peroxisome to cell 

was also decreased in the mutant mice. The average size of SOD2 
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granules in each dopaminergic neuron was higher in PEX13 BM mice 

when compared to WT mice.    

 

4.5 DISCUSSION  

Reduction in the dopaminergic neuronal population is common in 

neurodegenerative diseases such as Parkinson’s disease where 

movement disorders like bradykinesia are known symptoms (Archer & 

Beninger, 2007). Reduced mid brain dopaminergic neurons in 

Zellweger Syndrome mouse model, PEX13 BM, seems to correlate with 

the presence of movement defects, slow decline in hyperkinesias and 

abnormal posture as shown by Muller and co-workers (Muller et al., 

2011). The VTA region is the origin of dopaminergic cell bodies and is 

involved in appetite, cognition, reward and drug addiction, motivation, 

and intense emotions (Fields et al., 2007) whereas the exact role of 

pars compacta neurons is not known. However, loss of pars compacta 

neurons is implicated in neurodegenerative diseases such as 

Parkinson’s disease. This study showed that the number of VTA and 

SNc dopamine neurons along the mid brain region of the nigra is 

significantly reduced in the Pex13 BM mice. Reduced food intake, 

lethargy and less drive to perform on rotarod have been demonstrated 

for PEX13 BM mice (Muller et al., 2011). The reduced numbers of VTA 

dopamine neurons in the mid brain region may provide an explanation 

for the observed behaviour of the mutant mice. Furthermore, the 

present study establishes that dopamine levels along the nigro-striatal 

pathway are affected in PEX13 BM mice, with reduced TH level in both 

the nigra and the striatum of PEX13 BM mice indicating that not only 

the numbers but also the function of dopaminergic cells are affected. 
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This study demonstrated considerably higher staining of SOD2 in 

PEX13 conditional mutant mice than WT mice. This finding correlates 

with the previous finding of increased SOD2 levels in the cerebellum of 

PEX13 BM mice (Muller et al., 2011) however quantification of SOD2 

levels was not carried out earlier.  In this study, for the first time, we 

were able to quantify the level of SOD2 expression using automated 

analysis (Tuxworth et al., 2014, in preparation). SOD2 levels in the 

mutant mice were almost three times that of WT mice, indicating high 

levels of oxidative damage in the substantia nigra of the mutant mice. 

There was also a similar increase in the level of Iba1 in the PEX13 BM 

mice. GFAP levels were shown to be high in the cerebellum of PEX13 

BM mice by Muller and co-workers (2011), but in the current study we 

could not detect similar increase in GFAP levels in the nigra of the 

mutant mice. In the present study, we quantified the levels of GFAP, 

Iba1 and SOD2 in the nigra of PEX13 BM mice which has not been 

carried out earlier. 

 

Analysis of single dopamine neurons showed that there was an 

increase in the volume of the mutant cell. Similar increases in the 

volume of nigral neurons have also been found in aged mice, when 

compared to the dopaminergic cells of young mice, but with no 

difference in other morphological features (Goodison et al., 2013, in 

preparation). We propose that the specific increase in the surface area 

and volume of SNc dopamine cells of the mutant which is similar to 

aged mice could be due to action of the existing population of cells to 

compensate for the loss of dopaminergic neurons in the nigra.  

 

The nigra of PEX13 BM mice is under oxidative stress. The levels of 

SOD2 in both the nigra and in single dopamine cells were found to be 

higher in the conditional PEX13 mutant mice.  Using automated 



Chapter 4 
 

182 
 

analysis we were able to quantify the number and size of ‘ghost’ 

peroxisomes in multiple individual dopaminergic neurons of brain 

PEX13 deficient mice. We report decreased number of peroxisomes 

and increased size in the mutant dopaminergic neuron, which 

correlates with previous findings of the presence of large, non 

functional ‘ghost’ peroxisomes observed in ZS patient fibroblast and 

PEX13/ MEFs (Santos et al., 2000, refer Section 6.3.3). 

 

Zellweger syndrome is a complex neurodevelopmental disorder which 

emphasises the importance of peroxisome for normal neurological 

development and motor functioning. However the mechanisms that 

operates at the cellular level in the absence of functional peroxisome in 

ZS patients is unknown. Previous study carried out using PEX13 

conditional mutants, established abnormal Purkinje neuron dendritic 

arbor and cell migration in the cerebellum (Muller et al., 2011). 

Increased levels of reactive oxygen species and oxidative stress 

accompanied with increased apoptosis in cultured neurons obtained 

from PEX13 knockout mice were also shown in the same study (Muller 

et al, 2011). Increased oligomerization of -synuclein has been 

established in PEX13 knockout brains (Yakunin et al., 2010). We 

propose that the combined effect of oxidative damage could alter -

synuclein homeostasis from beneficial to pathological forms which 

results in perturbed dopamine functions leading to ZS disease 

pathogenesis. It has been speculated that -synuclein aggregation 

leads to loss of synaptic function, which is the cause of 

neurodegenerative disease, and not just loss of neurons (Leong et al., 

2009; Schulz-Schaeffer W. J., 2010). As observed in other 

neurodegenerative diseases the molecular pathology in ZS is a vicious 

cycle consisting of an increase in oxidative damage contributing to  -

synuclein aggregation leading to reduced synaptic functions via 

dopamine modulation accompanied with loss of dopamine neurons.  
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Clearly, functional peroxisomes are essential for brain physiology to 

maintain balanced redox homeostasis. Decreased peroxisome function 

has been recently reported in Alzheimer’s disease (AD) and AD with 

dementia (Cimini et al., 2009; Lizard et al., 2012). Improving 

peroxisome numbers via PPAR-gamma induced peroxisome 

proliferation has been suggested for Parkinson’s disease (PD) (Carta et 

al., 2011) and AD patients (Cimini et al., 2009) as novel therapeutic 

targets to prevent progression of neurodegeneration. In this context, 

ZS mouse model, such as, PEX13 BM mice also provide suitable model 

to study both neonatal and adult neurodegenerative diseases.  

 

The substantia nigra and the dopaminergic nigrostriatal pathway in ZS 

disease pathogenesis has not been addressed previously. This is the 

known first initiative to expand our understanding of the role of these 

pathways in the pathology of severe neurodegeneration seen in ZS.  

The cerebellum has been the only part of the brain that has been 

extensively studied in PEX13 and PEX5 mouse models (Baes et al., 

1997; Maxwell et al., 2003; Muller et al., 2011). Our study establishes 

that loss of dopamine cells, and by inference dopaminergic cell 

function, along the nigro-striatal pathway is associated with oxidative 

stress, and that this may contribute to ZS pathogenesis. Thus, it is 

likely that the combined effect of all the pathology present in the nigra 

and the cerebellum of PEX13 BM mice contribute to the motor 

dysfunction found in ZS, thereby providing a new direction or future 

investigation of Zellweger syndrome neuropathology.  
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5.1 INTRODUCTION 

The neuropathology of Zellweger syndrome is characterized by gross 

cerebellum and cerebral cortex dysmorphology and an associated 

neuronal migration defect. Recent studies have shown increased 

reactive gliosis and microgliosis in the cerebellum of PEX13 conditional 

mouse mutant (Muller et al., 2011). Despite the evidence for broad 

scale brain dysmorphology, the molecular basis of ZS neuropathology 

still remains unknown. Furthermore, despite the evidence for profound 

neurodegeneration and neonatal lethality with both ZS patients and ZS 

mice, questions have been raised as to whether ZS is primarily a 

neurodevelopmental or neurodegenerative disease. In order to address 

this question we carried out this study on the processes of 

neurogenesis in ZS using PEX13 mouse models. In the following 

sections, a background is provided on the processes of neurogenesis 

and how this relates to ZS.  

 

5.1.1 Neurogenesis 

Neurogenesis is defined as formation of new neurons, specifically the 

growth of neural precursor cells (NPCs) to form neurons during 

development. In young rodents there are approximately 9,000 new 

cells formed per day in the hippocampus, of which about 50% die 

within the first few weeks (Cameron and McKay, 2001; Dayer et al., 

2003; reviewed in Thompson et al., 2008). Neurogenesis occurs 

throughout the brain, although in adult brain there are only 2 major 

sites i.e. the hippocampal subgranular zone (SGZ) and the lateral 

ventricle subventricular zone (SVZ) (Eriksson et al., 1998; Lie et al., 

2004). A schematic representation of the various neurogenic zones in 

the adult brain along with different types of neural stem cells is shown 

in Fig. 5.1. The SGZ and SVZ have very different niches of NPCs. The 

SGZ region harbours two distinct types of neural stem cells (NSCs) 
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namely, type 1 progenitor or radial NSCs and type 2 non radial NSCs 

(refer Fig., 5.1, panel C). The SVZ has three populations of precursor 

cells, namely, the quiescent B cells, transit amplifying C cells and A 

cells (refer Fig. 5.1, panel B).  

 

 

A. 

B. 
Blood vessels 
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Figure 5.1 Schematic representation of neurogenic zones in 

different regions of the brain A. Neurogenic areas of the brain. 

OB, olfactory bulb; RMS-OB, rostral migratory stream-olfactory bulb; Str, 

striatum; LV, lateral ventricle; SVZ, subventricular zone; SGZ, subgranular 

zone; DG, dentate gyrus; GC, granule cell; IPC, intermediate progenitor cell; 

NSCs, neural stem cells. Red and blue dotted lines highlight the neurogenic 

areas of the brain (Adapted from Young et al., 2011) B. Schematic 

representation of neurogenic niche in SVZ. The neurogenic niche is well 

surrounded with blood vessels, astrocytes, microglia and ependymal cells. 

The neuroblast (Type A cells) lie underneath the ependymal cells, the 

quiescent NSCs, type B cells and the transit amplifying, type C cells are 

shown (Adapted from Suh et al., 2009; Ming and Song, 2011). C. Schematic 

representation of neurogenic niche in the SGZ. Two types of NSCs are 

localized in the granule cell layer of the SGZ in the dentate gyrus. The type I 

cells or radial glia-like cells and type II cells or non-radial precursor cells are 

shown. The type I cells give rise to IPCs which proliferate in to neuroblast 

and these neuroblast divide to form immature neurons and eventually divide 

to form mature neuron. Adapted from Ming and Song, 2011.   

C. 
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Neural stem cells are closely associated with the vascular system. 

Adjacent cells consist of neuronal progeny, mature astrocytes and 

microglia, blood vessels, endothelial and smooth muscle cells and the 

basal lamina components. Thus the NPCs and NSCs are able to 

receive, integrate and respond to a variety of signals from the outside 

environment. NPCs express receptors for neurotransmitters and are 

well innervated with axon terminals. Rapid responses by NSCs to 

remote signals have been demonstrated. For e.g. increase in 

neurogenesis occurs in response to prolactin secreted in the anterior 

pituitary and the response elicited via the vasculature in the SVZ. This 

increase in neurogenesis in the olfactory bulb is important for 

appropriate pregnancy induced maternal olfaction (Shingo et al., 

2003).  

 

Newly born neurons are integrated into the adult circuitries through a 

sequence of events which include (1) proliferation of neural progenitor 

cells, (2) fate specification, (3) differentiation into an immature 

neuron (4) migration to its specific location and the growth of axon 

and dendrites and the formation of synapses with other neurons and 

(5) maturation into a fully functional neuron (Lie et al., 2004; Varela-

Nallar et al., 2010). At these various stages of division and maturation 

the NSCs express different cell markers on their surface. Figure 5.2 

lists some of the cell markers expressed during different stages of 

development in both the SVZ and dentate gyrus (DG) regions, which 

are utilized for the study of cell genesis and phenotyping of newly 

formed cells. The SVZ neurons mature to form neuroblasts that 

migrate towards the olfactory bulb via the rostral migratory stream 

(RMS). In the olfactory bulb these neuroblasts differentiate into 

interneurons (Varela-Nallar et al., 2010). The dentate gyrus NSCs 

extends their dendrites to the granule cell layer and molecular layer to 

form mature granule cells. Neurogenesis in the SGZ is significant for 
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memory and learning (Deng et al., 2009), whereas SVZ neurogenesis 

is involved in olfaction and odour memory (Gheusi et al., 2000; 

Rochefort et al., 2002; Magavi et al., 2005).  

 

 

Stage specific markers in the SVZ 

 

Stage specific markers in the DG 

Figure 5.2: Stage specific markers expressed on NSCs 

throughout development to a mature neuron. SVZ, subventricular 

zone; DG, dentate gyrus; DCX, doublecortin; NeuN, neuronal nuclei; GFAP, 

glial fibrillary acidic protein; Mash1, transcription factor; Dlx2, distal-less 

homeobox 2; Sox2, transcription factor; BLBP, brain lipid binding protein; 

Tbr2, T-brain gene-2; MCM2, mini-chromosome maintenance protein-2. 

Adapted and printed with permission from Ming and Song, 2011. 
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5.1.2 Factors affecting neurogenesis 

Neurogenesis is a well regulated process which involves several 

extrinsic and intrinsic factors. The extrinsic factors that enhance 

neurogenesis are enriched environment, physical activity, and learning. 

The intrinsic factors, VEGF, BDNF and serotonin cooperate in 

enhancing neurogenesis. Various intrinsic factors regulate 

neurogenesis at different stages of development.  Table 5.1 list the 

extrinsic and intrinsic factors involved in neurogenesis and the effect it 

has on cell proliferation and differentiation.  

 

Table 5.1 Regulation of neurogenesis through various intrinsic 

and extrinsic factors 

Factors Stage of neurogenesis Effect 

Synapsins  Proliferation, differentiation & 
survival of NPCs 

↑ 

Cyclins  Proliferation  ↑ 

Growth and Neurotrophic factors  

EGF, FGF-2, IGF-1, 
VEGF, BDNF, NT, 
CNTF 

All stages of neurogenesis  ↑ 

Neurotransmitter Systems  

Glutamate                
• NMDAR                   
• AMPAR 

Proliferation and survival                       
• Proliferation and survival                    
• Proliferation  

↑             
↓            
↑ 

GABA Differentiation and survival ↓ 

Dopamine Proliferation  ↑ 

Acetylcholine Survival  ↑/↓* 

Serotonin  Proliferation via ↑ of NT & GFs ↑ 

                                                            Table 5.1 continued... 

  



Chapter 5 
 

191 
 

 Table 5.1 continued...  

Factors Stage of neurogenesis    Effect 

NO Proliferation and survival ↓ 

Cannabinoids Cell proliferation  ↑ 

Opioids Cell proliferation and survival  ↓ 

Neuropeptides  Hippocampal cell proliferation & 
survival 

↑ 

Estrogens  Proliferation via serotonergic 
pathway  

↑ 

Paracrine signalling molecules  

Wnt  Induction of neural specification  ↑ 

Notch (1-4) Proliferation & maintenance of 
GFAP positive NSCs, fate 
determination & maturation  

↑ 

BMPs Hippocampal cell proliferation  ↓ 

Noggins  Inhibits BMPs ↑ 

Shh Cell proliferation and survival   ↑ 

Stress  Cell proliferation, survival,                           
acts via activation of NMDAR  

↓ 

Abbreviations used: ↑, increase; ↓, decrease; EGF, epidermal growth factor; 

FGF, fibroblast growth factor; IGF, insulin-like growth factor; VEGF, vascular 

endothelial growth factor; BDNF, brain derived neurotrophic factor; CNTF, 

ciliary neurotrophic factor; NT, neurotrophins; GF, growth factor; NMDAR, N-

methyl-D-aspartate receptor; AMPAR, AMPA receptor; GABA, γ amino butyric 

acid; NO, nitric oxide; BMPs, bone morphogenetic proteins; Shh, Sonic 

hedgehog. * Regulation is dependent on the type of receptor activated; 

reviewed in Balu and Lucki, 2009. Adopted from Balu and Lucki, 2009. 
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5.1.3 Neurogenesis and ZS 

In PEX13 ZS mice, it has been demonstrated that increased apoptosis 

and abnormal neuronal migration are significant factors associated with 

the brain phenotype (Maxwell et al., 2003; Muller et al., 2011). 

However, the possibility of a neurodevelopmental dysfunction in ZS, 

specifically, the possibility of peroxisomal dysfunction affecting 

neurogenesis, has not been investigated. There is a paucity of data on 

new cell formation and neurogenesis in ZS mouse models. 

Neurogenesis is decreased in neurodegenerative diseases such as 

Alzheimer's disease and Parkinson's disease which also shows 

increased neuronal apoptosis and protein aggregation, especially 

alpha-synuclein oligomerization (reviewed in Ma et al., 2003). The 

study of neurogenesis in ZS mouse models therefore represents a 

novel study that may provide insight on cellular mechanisms that 

operate during brain development in the absence of functional 

peroxisomes.  

 

In this study we utilized a robust technique developed and validated in 

our laboratory (Cheherasa et al., 2009) to study neurogenesis in both 

the PEX13 knockout and brain conditional ZS mouse models. The 

thymidine analogue, BrdU is commonly used for tracking DNA 

synthesis in vitro and in vivo. The various experimental shortcomings 

are overcome with faster and efficient tracking of cell proliferation 

using the thymidine analogue, EdU (Cheherasa et al., 2009; Cavanagh 

et al., 2011). Thus neurogenesis in PEX13 mouse models of Zellweger 

syndrome was carried out using novel EdU cell tracking technology.   

 

In Chapter 4, we reported loss of mid-brain dopaminergic neurons and 

reduction of TH levels in the SN of PEX13 BM mice. We could also 

demonstrate reduced TH expression in the striatum of PEX13 BM mice. 
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Dopamine, an important neurotransmitter, also regulates neurogenesis 

via the EGF pathway in the adult brain (O’Keeffe et al., 2009). 

Dopamine is expressed in the SVZ and patients with Parkinson’s 

disease (PD) show a decline in neurogenesis in this region. Previous 

studies carried out by Muller and co-workers (2011) demonstrated 

increased ROS levels and increased neuronal apoptosis in cultured 

neurons obtained from PEX13 KO mice (Muller et al., 2011). Thus 

increased apoptosis has been thought to be the primary cause of the 

significant neurodegeneration in ZS.  

 

The level of cell genesis has been studied in animal models of adult 

neurodegenerative diseases like PD, Alzheimer’s disease (AD), 

schizophrenia and Huntington’s disease (HD). In PD, AD and HD 

animal models, neurogenesis was shown to be reduced in the SVZ and 

DG (reviewed in Boekhoorn et al., 2006; reviewed in Varela-Nallar et 

al., 2010). The situation with ZS animal models, however, has not yet 

been reported and it is not known whether the observed neurological 

pathogenesis in ZS is primarily due to altered cell genesis or increased 

cell apoptosis. In order to compensate for the loss of neurons there 

may be increased cell genesis, or the brain pathogenesis observed in 

ZS could simply be due to lack of cell genesis. We hypothesize that 

the abnormal brain pathology seen in PEX13 ZS mouse models 

is partially due to reduced cell genesis.  Using the EdU technique 

of cell labelling, this hypothesis was tested in both the severe PEX13 

KO mice and less severe PEX13 BM mice.  
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5.2 MATERIALS AND METHODS  

5.2.1 Animal injection and selection of sections  

C57 wild-type mice (P0 and P10), PEX13 KO mice (P0) and PEX13 BM 

(P0 and P10) were studied for cell genesis. In the PEX13 BM mice, DG 

and SVZ regions were studied for cell genesis at P0 whereas the DG 

and the subgranular zone (SGZ) was studied only at P10. The PEX13 

KO mice were studied for cell genesis in the DG and SVZ regions at P0 

as these mice die few hours after birth. Mice were injected with a 

single dose of EdU (50 mg/kg body weight, dissolved in PBS) intra 

peritoneal (i.p.), and were sacrificed 4 hrs post injection. Brain tissue 

was extracted and processed for cryosections as mentioned in Section 

5.2.2.  

 

Sections were selected using the Uta Schambra Prenatal mouse brain 

atlas for P0 sections and the Paxinos rodent brain atlas for P10 

sections. For EdU immunoassay using Click chemistry, four sections 

(20µm thick) were selected per mouse. These 4 sections were then 

separated for double immunolabelling with either GFAP (raised in 

rabbit) plus DCX (raised in mice) (n=3 for BM, KO and WT mice, 6 

sections per cohort) or Sox2 (raised in rabbit) plus NeuN (raised in 

mice) (n=3 for BM, KO and WT mice, 6 sections per cohort). Cell 

numbers were quantified in various neurogenic zones such as DG, SVZ 

and SGZ as shown in Fig. 5.3. In the more severe PEX13 KO mice, two 

separate neuroanatomical neurogenic niches i.e., DG and SVZ regions 

were studied at P0 since the severe PEX13 KO mice die within a day 

after birth. Neurogenesis in the less severe PEX13 BM mice was 

studied in the DG and SVZ at P0 and the DG and SGZ regions at P10. 

Both the Pex13 KO and PEX13 BM mice were compared against 

respective C57 WT mice at P0 or P10 as required.  
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A. P10 sagital section  

 

B. P0 sagital section 

Figure 5.3 Quantification of cell genesis in pre-determined 

regions of the brain. A. Sagital section at P10. Abbreviations used 

DG, dentate gyrus; SGZ, subgranular zone; OB, olfactory bulb; SVZ, sub 

ventricular zone. Regions selected in the DG and SGZ for quantification of cell 

genesis at P10 is highlighted in red boxes. B. Sagital section at P0. 

Regions selected in the SVZ and DG for quantification of cell genesis at P0 is 

highlighted in blue boxes. Reprinted with permission, Ruiz I. Altaba et al., 

2004. 

 

 

 

SGZ DG 

DG 

SVZ 
DG 

OB 
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5.2.2 Tissue processing and sectioning 

As described previously (Norazit et al., 2010; refer Section 2.2.2.5), 

post-fixed brains were washed with 0.1M PBS and permeabilized in 

DMSO. The tissue was immersed overnight at 4ºC in 30% sucrose 

dissolved in 0.1M PBS, 0.05% sodium azide solution followed by 

immersion in series of increasing concentration of OCT (30%, 50% and 

70% in 30% sucrose dissolved in 0.1M PBS 0.05% sodium azide 

solution). The brains were mounted in 100% OCT and free floating and 

adherent sections were cut along the sagital plane of the brain at a 

thickness of 20µm using a cryostat.  

 

5.2.3 EdU Click chemistry 

As described previously (Chehrehasa et al., 2009; refer Section 2.2.3.3) 

tissues were processed for the EdU click reaction using a Click-iTTM Edu 

Cell Proliferation Assay Kit. The components of the kit is described as 

provided by the supplier: component A, EdU; B, Alexa Fluor® 594 

azide; E, saponin-based permeabilization and wash reagent; G, 

reaction buffer; H, copper sulphate; I, buffer additive. Selected 

sections were incubated in component E on a rocker for 30 min. A 

reaction cocktail of components B, 7.5µL; G, 1313µL; H, 30µL; and I, 

150µL was prepared and sections were incubated in this reaction 

cocktail for 30 min at room temperature in the dark. The sections were 

washed three times, 5 mins each wash, in component E followed by 

immunofluorescence staining with anti-NeuN, anti-DCX, anti-GFAP or 

anti-Sox2. Immunohistochemistry was carried out as described further 

in Section 5.2.4. 
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5.2.4 Immunohistochemistry 

Following EdU click chemistry, the sections were blocked using 10% 

normal donkey serum (NDS), 0.1M PBS for 1 hr. Appropriate dilution of 

primary antibody was prepared in 10% NDS, 0.1M PBS and sections 

were incubated overnight in vacuo. Double labelling with mouse anti-

NeuN (1:100) and rabbit anti-Sox2 (1:200) was carried out for 

identification of neuronal cells and transcription factors associated with 

neuronal development. EdU immunostained sections were also double 

stained with mouse anti-DCX (1:600) and rabbit anti-GFAP (1:500) for 

identification of the stem cell niches and glial cells.  

 

Following incubation with respective primary antibodies, the sections 

were washed with 0.1% Triton X-100 in 0.1M PBS. Sections were then 

incubated with secondary antibody solution diluted in 10% NDS, 0.1M 

PBS for 2 hr in vacuo followed by washing with 0.1% Triton X-100, 

0.1M PBS solution. Sections were mounted using Vectorshield DAPI   

(4’ 6-diamidino-2-phenylindole.2HCl) mounting media.  

 

5.2.5 Image acquisition and cell counting 

Images were acquired using a Zeiss AxioimagerTM Z1 with Apotome 

using 20X (dry) and 63X (oil immersion) Plan-Apochromatic objectives 

(numerical apertures of 0.75 and 1.40 respectively). A Z-stack of 

images with optical distance of 0.5µm and mosaic scan of the DG, SVZ 

and SGZ was obtained using the Apotome and MosaiX. Images were 

captured using Axiocam Mrm camera with AxiovisionTM software and 

were adjusted for contrast and brightness only using Adobe Photoshop 

11.1 (Adobe Systems Incorporated) software. Quantification of cell 

genesis was carried out by counting all the EdU labelled cells in an 

image series in the Z-plane at 63X magnification. Similarly, cells 
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showing EdU co-localized with other cell markers were also counted 

and recorded (refer Fig. 5.3).  

 

5.2.6 Statistical analysis  

All results are presented as mean ± standard errors of the mean 

(SEM). Statistical significance of EdU-positive cells was tested in two 

separate neuroanatomical neurogenic niches using Student’s t-test and 

*P<0.05, **P<0.01, ***P<0.001 were considered statistically 

significant. Statistical analysis of individual stem cell markers localized 

with EdU-positive cells was also conducted using Student’s t-test as the 

aim of the study was to investigate the difference between these stem 

cell and neuronal markers in KO and WT mice or in BM and WT mice. 

All analyses were conducted using IBM SPSS version 19 and GraphPad 

Prism 6 software was used for graphical presentation of the data.  

 

5.3 RESULTS  

5.3.1 Neurogenesis in the severe ZS mouse model  

The severe ZS mouse, with ubiquitous deletion of PEX13 exhibits an 

extensive brain phenotype, including disorganized cortical and 

cerebellar lamination (Maxwell et al., 2003). Death occurs within a few 

hours after birth (Maxwell et al., 2009). In order to understand the 

mechanism underlying the severe brain pathology we tracked DNA 

synthesis in PEX13 KO and WT mice using the novel thymidine 

analogue EdU. Mice treated with EdU were harvested 4 hrs, post 

injection, and cell proliferation was quantified in two known neurogenic 

zones of the brain i.e. hippocampal DG and lateral ventricle’s SVZ.  
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The well established neurogenic region of the adult brain – the dentate 

gyrus of the hippocampus in PEX13 KO mice showed qualitatively 

fewer EdU-positive cells than WT mice, as represented in Fig. 5.4. EdU-

positive cells were counted in three representative areas of the DG 

(refer Fig. 5.3) of both KO and WT mice and subjected to statistical 

analysis (refer bar graph, Fig. 5.4A). There was a mean 41.5% 

reduction in EdU labelled cells in PEX13 KO mice when compared to 

WT mice which was statistically significant (**P=0.013, n=3 for both 

KO and WT mice, statistical analysis, Student’s t-test, unpaired). 

 

The SVZ is another major neurogenic site of the brain where new 

neurons are born continuously and well into adulthood. EdU-positive 

cells were qualitatively less abundant in the SVZ of PEX13 KO mice 

than WT mice, as presented in Fig. 5.4. Quantification of cell genesis in 

the SVZ confirmed that there was a 69.2% reduction in EdU-positive 

cells in the PEX13 KO mice than WT mice (**P=0.045, n=3 for both 

KO and WT mice, statistical analysis, Student’s t-test, unpaired, refer 

bar graph, Fig. 5.4B). 
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EdU Merged 

  

  

  

  

       Figure 5.4 continued.... 
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Figure 5.4: Reduced neurogenesis in the severe PEX13 KO 

mice. KO, PEX13 knockout; WT, wild-type mice; DG, dentate gyrus; SVZ, 

subventricular zone; EdU-positive cells (red, indicated by white arrows); 

merged images, nuclear stain, DAPI (blue). Bar graph represents EdU-

positive cell count in two separate neuroanatomical neurogenic niches. Panel 

A, cell genesis in the DG; Panel B, cell genesis in the SVZ, data are 

presented as mean ± SEM (n=3 for both KO and WT mice). Statistical 

analysis Student’s t-test, unpaired, **P<0.01,  

 

5.3.2 Neurogenesis in the less severe ZS mouse model 

The less severe ZS mouse model with PEX13 specifically deleted in the 

brain also shows profound neurodegeneration (Muller et al., 2011). 

The underlying cause of the brain pathology is not known and thus cell 

genesis was studied in this longer surviving PEX13 BM mouse at two 

time points – P0 and P10. At P0, the DG and the SVZ region of the 

brain was studied for cell genesis while at P10, the DG and the SGZ 

region was studied as the SGZ region is better developed at P10 than 

P0.  

 

 

A. B. 
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 5.3.2.1 Neurogenesis in PEX13 BM mice at P0 

The EdU treated PEX13 BM mice showed less EdU-positive cells in the 

DG at P0. Representative images and bar graph representation of EdU-

positive cells, in the DG, at P0 are shown in Fig. 5.5. These results 

indicate mean 62% decrease in cell genesis in PEX13 BM mice 

compared to WT mice (**P=0.0037, statistical analysis Student’s t-

test, unpaired). 

 

The highly neurogenic region of SVZ in PEX13 BM mice also showed 

less EdU-positive cells than WT mice, at P0. Representative images and 

bar graph representation of EdU-positive cells are shown in Fig. 5.5. 

These results indicate mean 59.6% reduction in cell genesis in the BM 

mice compared to WT mice (*P=0.0309, statistical analysis Student’s t-

test, unpaired).   
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EdU Merged 
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Figure 5.5: Neurogenesis in the less severe PEX13 BM mice at 

P0. BM, PEX13 brain mutant; WT, wild-type mice; DG, dentate gyrus; SVZ, 

subventricular zone; EdU-positive cells (red, indicated by white arrows), 

nuclear stain, DAPI (blue). Bar graph represents EdU-positive cell count in 

two separate neuroanatomical neurogenic zones. Panel A, Cell genesis in the 

DG; Panel B, Cell genesis in the SVZ. Data are presented as mean ± SEM 

(n=3 for both BM and WT mice). Statistical analysis, Student’s t-test, 

*P<0.05, **P<0.01.  

 

5.3.2.2 Neurogenesis in PEX13 BM mice at P10  

In order to assess whether the rate of neurogenesis remains low in the 

mutant mice at P10, the hippocampal DG and SGZ were studied for 

new cell genesis. Representative images of EdU-positive cells in the DG 

at P10 are shown in Fig. 5.6. The molecular layer and the granule cell 

layer of the DG appeared less neurogenic in the mutant mice than WT 

mice (refer panels A and B, Fig. 5.6). Overall, the DG showed 

qualitatively fewer EdU labelled cells in the mutant mice (refer panels C 

& D, Fig. 5.6) compared to WT mice (refer panels E & F, Fig. 5.6). 

Quantification of EdU-positive cells in the DG showed a mean 35% 

reduction in cell genesis in PEX13 BM mice when compared to WT mice 

(*P=0.0258, Student’s t-test, unpaired, n=3 for both BM and WT mice, 

refer bar graph, Fig. 5.6K). 

A. B. 
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New cells are born in the SGZ of the hippocampal DG and migrate 

towards the granule cell layer of the DG (Zhao et al., 2008). The DG 

and the SGZ are better developed and demarcated at P10 than P0 and 

thus neurogenesis in the SGZ was studied at P10 only. Mutant mice 

treated with EdU showed less EdU-positive cells in the SGZ when 

compared to WT mice (refer panels G-J, Fig. 5.6). Quantification of 

EdU-positive cells in the SGZ showed a mean 49% reduction in the 

mutant mice when compared to WT mice (*P=0.027, Student’s t-test, 

unpaired, n=3 BM and WT mice, refer bar graph, Fig. 5.6L).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 
 

206 
 

  

EdU Merged 

  

  

  

  

B. BM-DG A. WT-DG 

E.  

C.  D.  

F.  

G.  H.  

I.  J.  

 B
M

-D
G

 
 W

T-
D

G
 

 B
M

-S
G

Z 
 W

T-
SG

Z 



Chapter 5 
 

207 
 

BM WT
0

20

40

60

80

100 *

E
d

U
+

(T
o

ta
l 

c
e
ll

 n
u

m
b

e
r
)

 

BM WT
0

20

40

60

80

*

E
d

U
+
 (

T
o

ta
l 

c
e
ll

 n
u

m
b

e
r)

 

Figure 5.6: Cell genesis in PEX13 BM mice at P10. BM, PEX13 

brain mutant; WT, wild-type mice; DG, dentate gyrus; SGZ, sub granular 

zone. Panels A & B, mosaic scan of DG, EdU labelled cells (cyan in merged 

regions and red in rest, both indicated by white arrows) and cell nucleus, 

DAPI (gray). Panels C-J, EdU-positive cells (red) and cell nucleus, DAPI 

(blue); panels C-F represents EdU-positive cells in the DG of BM and WT 

mice; panels G-J represents EdU-positive cells in the SGZ of BM and WT mice. 

Bar graph represents EdU-positive cell count in different neurogenic zones of 

the brain. Panel A, Cell genesis in the DG; Panel B, Cell genesis in the SGZ. 

Data are presented as mean ± SEM (n=3 for both BM and WT mice). 

Statistical analysis, Student’s t-test, unpaired, ns, not significant P>0.05, 

*P<0.05. 

 

 

5.3.3 Association of EdU-positive cells with putative stem cell 

niches in the severe PEX13 KO mice 

In order to associate the EdU-positive cell population with the stem cell 

niche marker doublecortin (DCX), a transcription factor of neural stem 

cells Sox2, stem cell and glial marker GFAP, and a marker of mature 

neural phenotype NeuN, experiments were carried out using double 

labelling immunofluorescence together with EdU fluorescence 

histochemistry.  

K. L. 
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In the DG, the PEX13 KO mice showed a greater association of EdU 

labelled cells with NeuN. A greater association of the stem cell niche 

markers GFAP and Sox2 was seen with EdU in the WT brain. Figure 5.7 

show representative images of EdU-positive cells immunolabelled with 

GFAP, DCX, Sox2 and NeuN. Quantification of EdU labelled cells with 

associated stem cell niche markers, glial and neuronal markers is 

represented as bar graph in Fig. 5.7. The NeuN/EdU association was 

significantly higher in PEX13 KO mice than WT mice (**P=0.0054, n=3 

for KO and WT mice, statistical analysis Student’s t-test). The 

Sox2/EdU and GFAP/EdU association was reduced in PEX13 KO mice 

when compared to WT mice but did not show any statistically 

significant decrease (P>0.05, statistical analysis Student’s t-test).  
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Figure 5.7: Putative stem cell niches in the DG of PEX13 KO 

mice. DG, dentate gyrus; KO, PEX13 knockout and WT, wild-type mice; EdU 

labelled cells (red); cell nucleus, DAPI (blue); anti-GFAP (green, indicated by 

white arrows), anti-DCX (green, indicated by white arrows), anti-NeuN (green, 

indicated by white arrows) and anti-Sox2 (green, indicated by white arrows). 

Bar graph represents association of EdU-positive cells with various stem cell 

markers. Panel A, DCX/EdU localization; Panel B, GFAP/EdU localization; 

Panel C, NeuN/EdU localization; Panel D, Sox2/EdU localization; total cell 

count represented as mean ± SEM (n=3 for both KO and WT mice). Statistical 

analysis, Student’s t-test, unpaired **P<0.01; ns, not significant, P>0.05. 

 

A. B. 

C. D. 
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Phenotyping of the EdU labelled cell population was carried out in the 

SVZ in a similar way as for DG (refer Fig. 5.8). Sox2 and NeuN were 

most commonly associated with EdU-positive cells in both KO and WT 

mice (refer Fig. 5.8). There was a mean 66.8% reduction in Sox2/EdU 

association in PEX13 KO mice compared to WT mice (P=0.53, 

Student’s t-test, unpaired, n=3 for both KO and WT mice, refer bar 

graph, Fig. 5.8B). DCX and GFAP, on the other hand, were not 

detected with EdU labelled cells in both KO and WT mice (data not 

shown).   
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Figure 5.8: Putative stem cell niches in the SVZ of PEX13 KO 

mice. SVZ, subventricular zone; KO, PEX13 knockout; WT, wild-type; EdU 

labelled cells (red) and cell nucleus, DAPI (blue), anti-NeuN (green, indicated 

by white arrows) and anti-Sox2 (green, indicated by white arrows). Bar graph 

in Panel A, represents NeuN/EdU localization; Panel B, represents Sox2/EdU 

localization in PEX13 KO and WT mice. Total cell count represented as mean 

± SEM (n=3 for both KO and WT mice). Statistical analysis, Student’s t-test, 

P>0.05 is not significant (ns).  

 

5.3.4 Association of EdU labelled cells with putative stem cell 

niches in the less severe PEX13 BM mice 

Similar to PEX13 KO mice, association of EdU with various stem cell 

niches, glial and neuronal markers was assessed in PEX13 BM and WT 

mice, at P0 and P10.  

 

At P0, GFAP/EdU association was more common in the DG of PEX13 

BM and WT mice (representative images presented in Fig. 5.9). Also, 

GFAP staining was increased in the DG of PEX13 BM mice (top panel, 

Fig. 5.9) compared to WT mice, which is consistent with earlier 

findings (Muller et al., 2011; Section 4.3.4). However, the increase in 

A.
 

B.
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GFAP immunostaining, was not highly associated with EdU-positive 

cells in PEX13 BM mice. Association of other stem cell markers such as 

Sox2, NeuN and DCX with EdU was not detected in BM and WT mice 

(data not shown). Quantification of EdU-positive cells with GFAP is 

represented as bar graph in Fig. 5.9. There was a mean 58.85% 

reduction in GFAP/EdU association in BM mice as compared to WT 

mice (P=0.203, statistical analysis, Student’s t-test). 
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Figure 5.9:  Putative stem cell niches in the DG of PEX13 BM 

mice at P0. DG, dentate gyrus; BM, PEX13 brain mutant; WT, wild-type; 

anti-GFAP (green, indicated by white arrows), double labelled with EdU (red), 

cell nucleus (DAPI, blue). Bar graph represents EdU-positive cells associated 

with GFAP, data presented as mean ± SEM (n=3 for both BM and WT mice). 

Statistical analysis, Student’s t test, unpaired, ns, not significant, P>0.05. 
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The SVZ region, at P0, showed increased immunostaining of GFAP and 

Sox2 in both PEX13 BM and WT mice (representative images presented 

in Fig. 5.10). Quantitative analysis showed that there was significant 

decrease in Sox2/EdU association in the mutant mice than WT mice 

(**P=0.008, statistical analysis, Student’s t-test). GFAP/EdU 

association was not significantly different in the BM and WT mice 

(P>0.05, statistical analysis, Student’s t-test, unpaired, refer bar graph, 

Fig. 5.10A). The NeuN/EdU association was not detected in the mutant 

mice while DCX/EdU association was not detected in both BM and WT 

mice (data not shown).  
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Figure 5.10: Putative stem cell niches in the SVZ of PEX13 BM 

mice at P0. SVZ, subventricular zone; BM, PEX13 brain mutant; WT, wild-

type mice; cell nucleus, DAPI (blue), EdU (red), anti-GFAP (green, indicated 

by white arrows), anti-Sox2 (green, indicated by white arrows). Bar graphs in 

panel A, represents GFAP/EdU localization; panel B, represents Sox2/EdU 

A. B. 
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localization. Data are presented as mean ± SEM (n=3 for both BM and WT 

mice). Statistical analysis, Student’s t-test, unpaired *P<0.05, **P<0.01, ns, 

not significant, P>0.05.  

 

At P10, the DG of both BM and WT mice showed highest association of 

EdU with NeuN, followed by DCX, GFAP and Sox2 (refer Fig. 5.11).  

Quantitative analysis showed significantly reduced DCX/EdU 

association in the mutant mice by a mean 38.49% when compared to 

WT mice (**P=0.008, statistical analysis, Student’s t-test). A similar 

decrease in GFAP/EdU association (mean 50.5%) was found in the 

mutant mice when compared to WT mice (P>0.05, Student’s t-test). 

Bar graph representation of DCX, GFAP, Sox2 and NeuN association 

with EdU is presented in Fig. 5.11A-D. 
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Figure 5.11: Putative stem cell niches in the DG of PEX13 BM 

mice at P10. DG, dentate gyrus; BM, PEX13 brain mutant; WT, wild-type 

mice; EdU labelled cells (red) and cell nucleus, DAPI (blue), anti-GFAP 

(green, indicated by white arrows), anti-DCX (green, indicated by white 

arrows) anti-NeuN (green, indicated by white arrows), anti-Sox2 (green, 

indicated by white arrows). Bar graph represents association of EdU-positive 

cells with various stem cell and neuronal markers; Panel A. DCX/EdU 

localization; Panel B, GFAP/EdU localization; Panel C, NeuN/EdU 

localization; Panel D, Sox2/EdU localization. Data are presented as mean ± 

SEM (n=3 for both BM and WT mice). Statistical analysis, Student’s t-test, 

unpaired, **P<0.01, ns, not significant, P>0.05.  

 

A. B. 

C. D. 
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In the SGZ, NeuN/EdU association was most common, followed by 

DCX/EdU association (refer Fig. 5.12). Quantification of associations of 

EdU labelled cells NeuN, DCX, GFAP and Sox2 did not show statistically 

significant difference in the BM and WT mice (statistical analysis, 

Student’s t-test, unpaired, refer bar graphs , Fig. 5.12 A-D).  
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Figure 5.12: Putative stem cell niches in the SGZ of PEX13 BM 

mice at P10. BM, PEX13 brain mutant (BM); WT, wild type; SGZ, 

subgranular zone; EdU labelled cells (red) and cell nucleus, DAPI (blue), anti-

GFAP (green, indicated by white arrows), anti-DCX (green, indicated by white 

arrows), anti-NeuN (green, indicated by white arrows), anti-Sox2 (green, 

indicated by white arrows). Bar graphs in panel A, represents DCX/EdU 

localization; panel B, GFAP/EdU localization; panel C, NeuN/EdU 

localization; panel D, Sox2/ EdU localization in the SGZ of PEX13 BM mice. 

Data are presented as mean ± SEM (n=3 for both BM and WT mice). 

Statistical analysis, Student’s t-test, unpaired, ns, not significant P>0.05. 
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5.4 SUMMARY OF RESULTS   

The severe PEX13 KO mice showed a significant reduction in new cell 

genesis both in the DG and the SVZ region when compared to WT 

mice. Cell genesis was reduced by a mean 41.5% (**P=0.013, 

Student’s t- test) in the DG and mean 69.2% in the SVZ (**P=0.045, 

Student’s t-test) of KO mice when compared to WT mice. Cell genesis 

in the less severe PEX13 BM mice was also reduced, by a mean 62% in 

the DG (**P=0.0037, Student’s t-test) and mean 59.6% in the SVZ 

(*P=0.0309, Student’s t-test) at P0 when compared to WT mice. At 

P10, EdU labelled cells in PEX13 BM mice were reduced by a mean 

26.9% in the DG (P=0.11, Student’s t-test) and mean 49% in the SGZ 

(*P=0.027, Student’s t-test) when compared to WT mice.  

 

Association of EdU-positive cells with various stem cell niches, glial and 

neuronal cell markers was carried out in the DG and SVZ of PEX13 KO 

mice. The Sox2/EdU association occurred most frequently, followed by 

NeuN/EdU association in both the neurogenic regions (i.e., DG and 

SVZ) of PEX13 KO mice. The Sox2/EdU association was reduced in KO 

mice when compared to WT mice in both the regions of the brain 

studied. NeuN/EdU association, on the other hand, increased 

significantly in the DG of PEX13 KO mice than in WT mice 

(**P=0.0054, Student’s t-test).  

 

In the less severe, PEX13 BM mice, GFAP/EdU and Sox2/EdU cell 

associations were most commonly seen. The NeuN/EdU and DCX/EdU 

associations were undetectable at P0. The Sox2/EdU cell association 

was significantly reduced in the mutant mice when compared to WT 

mice in the SVZ region at P0 (**P=0.008 Student’s t-test).  
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At P10, all the four cell markers were detected in the DG and SGZ 

regions of PEX13 BM and WT mice. The DCX/EdU cell association was 

significantly less in the DG (**P=0.008, statistical analysis, Student’s t-

test) of BM mice when compared to WT mice. However, in the SGZ 

region, there was no significant difference in DCX, NeuN, Sox2 and 

GFAP associations with EdU labelled cells in PEX13 BM and WT mice.  

  

5.5 DISCUSSION   

Zellweger syndrome is a fatal disorder with significant neurological 

involvement. Early neonatal death, neuronal migration delay and 

extensive neurodegeneration are hallmark features of ZS. Much of the 

previous research on this disease has implicated increased neuronal 

apoptosis in the neuropathology and neonatal lethality (Muller et al., 

2011). The present study was carried out with the aim of investigating 

if abnormal neurogenesis might also be associated with disease 

pathology.  We studied the level of new cell generation, neuronal 

precursor cells and stem cell niches in ZS using two types of mouse 

models, the severe PEX13 KO mice and the less severe PEX13 BM 

mice.  

 

Overall the findings are consistent with deficiency of new cell genesis 

in both the severe PEX13 KO and less severe PEX13 BM mice. Two 

major neurogenic zones of the brain – the dentate gyrus of the 

hippocampus and the sub ventricular zones of the lateral ventricles are 

affected in both the PEX13 mouse models. Using the novel EdU 

technique for tracking DNA synthesis, we were able to demonstrate 

that cell genesis was significantly reduced in the DG and the SVZ of 

both the severe PEX13 KO mice and less severe, PEX13 BM mice. The 

deficiency of newly proliferating cells was accompanied by an overall 
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decrease in Sox2/EdU association and an increase in NeuN/EdU 

association in PEX13 KO and PEX13 BM mice. Sox2 is expressed in 

embryonic neural stem cells (Zappone et al., 2000) and may play a role 

in neuroprotection as Sox2 mutant mice show neurodegeneration and 

neuronal damage (Ferri et al., 2004). A depleted Sox2/EdU population 

in PEX13 mouse models indicates reduced pool of stem cell niches. 

Increase in NeuN/EdU association was an unexpected finding in this 

study. NeuN is a marker of post-mitotic immature, differentiated 

neurons (Mullen et al., 1992) and an increase in NeuN/EdU association 

may suggest a greater proliferation of neural precursor cells, as 

opposed to neural stem cells. The precursor cells would show a greater 

capacity for differentiation into mature neural phenotypes, 

compensating for a reduced population of neural stem cells. In PEX13 

BM mice, we also observed decrease in DCX/EdU association at P10. 

Doublecortin, a marker of stem cell niches plays an important role in 

neuronal migration and binds microtubules regulating cytoskeletal 

architecture and spindle formation (reviewed in Dijkmans et al., 2010). 

Expression of DCX is down-regulated in newly formed neurons as they 

mature, which then express NeuN (reviewed in Ming and Song, 2011). 

In the case of PEX13 BM mice, reduced DCX/EdU association with no 

increase in NeuN/EdU association may imply that the immature 

neuronal population is depleted in these mice at an early postnatal 

age. In conclusion, the current study indicates that altered levels of 

NSCs and NPCs in PEX13 mouse models could contribute to 

neurodegeneration in ZS.  

 

Neurogenesis has been studied in other neurodegenerative disorders 

such as Parkinson’s disease and Alzheimer’s disease. Decreased 

neurogenesis has been reported in mouse, rat and primate models of 

Parkinson’s disease (Hoglinger et al., 2004; Baker et al., 2004; 

O’Keeffe et al., 2009). Impaired neurogenesis has been reported in 
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both, human patients, and various mouse models of Alzheimer’s 

disease. In mouse models with amyloid deposits, decline of NPCs has 

been reported by several workers (Haughey et al., 2002; Chuang T. T., 

2010). However, increased cell genesis in the hippocampus has also 

been reported in patients (Nagy et al., 1997). In the case of AD, there 

is neuronal loss and diminished hippocampal neurogenesis and the 

new born neurons do not mature completely or integrate completely 

into hippocampal circuitry (Jin et al., 2004; Boekhoorn et al., 2006; 

reviewed in Varela-Nallar et al., 2010).  

 

Neurogenesis is a highly regulated process that, as mentioned earlier 

(refer Table 5.1) is controlled by a variety of cytokines, chemokines, 

hormones and neurotransmitters. Neurodegenerative diseases are 

typically associated with increased neuronal death which results in 

release of ROS (Sherki et al., 2001; reviewed in Salganik R I., 2001; 

reviewed in Uttara et al., 2009). There are several factors released in 

the cell during high ROS environment which may alter neurogenesis. 

For e.g., the redox sensor, Sirt1 (a histone deacetylase), has been 

shown in MEFs to favour gliogenesis over neurogenesis, resulting in 

increased astrocyte population over neuronal cells (Prozorovski et al., 

2008). In addition to increased ROS levels, inflammation activated 

macrophages; microglia and astrocytes are also found in 

neurodegenerative diseases including PEX13 mouse models (Muller et 

al., 2011). All these factors contribute to dysregulation of 

neurogenesis, leading to decreased cell proliferation and/or integration 

of newly formed neurons into the brain circuitry.  

 

Another common factor in adult neurodegenerative disease, and in ZS, 

is toxic accumulation of α-synuclein. It was shown by Nuber and co-

workers (2008) that mice expressing mutated human α-synuclein 
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showed decreased BrdU positive cells. Decreased neurogenesis in α-

synuclein mouse model and in PD, AD and PEX13 mouse models 

suggest the possibility of a common pathophysiological mechanism 

underlying these neurodegenerative diseases. 

 

Besides neurodegenerative diseases, neurogenesis has also been 

studied in aged mice. Almost 80% reduction in the hippocampal DG 

neurogenesis has been reported in aged mice compared to young 

adults (Kuhn et al., 1996; Cameron and McKay 1999; Olariu et al., 

2007; reviewed in Varela-Nallar et al., 2010). Age related increase in 

adrenal hormones, decrease in steroid hormones (estrogen and 

testosterone), altered growth factor levels (FGF-2, IGF-1, VEGF, etc.), 

increased stress, etc. could contribute towards a decline in 

neurogenesis (Gould et al., 1992; Gould et al., 1998; reviewed in 

Varela-Nallar et al., 2010). There is a possibility that alterations in the 

neurogenic niches similar to that found in aged animals is also present 

in PEX13 mouse models which result in reduced neurogenesis.  

 

In PEX13 BM mice, we have demonstrated a reduction in dopamine 

level both in the substantia nigra and the striatum. It is known that 

dopamine containing axons are in close contact with the NSCs. It is 

also known that, NSCs expresses dopaminergic receptors in the SVZ 

and the SGZ region of the brain (Diaz et al., 1997). In addition, α-

synuclein has been shown to be involved in dopamine synthesis, 

metabolism and release (Nemani et al., 2010) and even slight 

alterations in α-synuclein concentration has been suggested to have 

great effect on DA release (Nemani et al., 2010; reviewed in Winner et 

al., 2011). Thus it is possible to speculate that decreased in dopamine 

levels in the nigra and the striatum in combination with toxic 
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accumulation of α-synuclein, in PEX13 BM mice, could contribute 

towards reduced neurogenesis. 

 

This current study demonstrated, for the first time, reduced 

neurogenesis in PEX13 KO and PEX13 BM mice. PEX13 KO mice exhibit 

a more severe form of ZS and the newborns are lethargic, unable to 

feed and die within few hours after birth. Thus the underlying 

mechanism of ZS neuropathology is possibly due to deficiency of cell 

genesis and increased neuronal apoptosis, which leads to massive 

neuronal deficiency and dysmorphology of several regions of the brain, 

resulting in profound neurodegeneration at an early neonatal age.  

 

Study of neurogenesis in ZS is important for identification of novel 

signalling pathways that lead to ZS disease pathology. Understanding 

of relevant signalling pathways in ZS pathogenesis is also significant to 

identify compounds and novel drug targets for modification of ZS 

disease. Application of neuroregeneration in ZS disease, by stimulation 

of endogenous NSCs, opens up new avenues for ZS disease treatment 

and management. 
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6.1 INTRODUCTION  

Pex13 is a peroxisomal integral membrane protein that is essential for 

peroxisome biogenesis. The significance of Pex13 is underpinned by 

the fact that loss of Pex13 leads to a PBD phenotype both in humans 

and mice. Loss of Pex13 leads to ablation of both PTS1 and PTS2 

mediated matrix protein import, as demonstrated by several studies 

carried out in pex13 yeast mutants (Gould et al., 1996; Elgersma et al., 

1996; Erdmann and Blobel, 1996). As described earlier (refer Table 

1.5), mutations in Pex13 in humans lead to disease phenotypes in the 

Zellweger syndrome spectrum. Patient mutations – I326T in the SH3 

domain of Pex13 (Liu et al., 1999) and nonsense mutation W234ter 

(Shimozawa et al., 1999) showed NALD and ZS disease pathogenesis, 

respectively. There was reduction in PTS1 and PTS2 mediated matrix 

protein import in patients with the I326T mutation (Liu et al., 1999) 

whereas complete loss of both matrix protein imports was seen with 

the W234ter nonsense mutation (Shimozawa et al., 1999). Disruption 

of Pex13 in mice also leads to a ZS-like phenotype (described earlier in 

Section 1.6.1.2), including loss of PTS1 and PTS2 protein import 

(Maxwell et al., 2003). 

 

At the structural level, the amino acid sequence alignment of Pex13 

across various species has revealed that the overall amino acid 

sequence is not highly conserved but the domain structure is well 

conserved (Gould et al., 1996; refer Section 1.5). Typically Pex13 

shows a carboxy-terminal src homology-3 (SH3) domain, two 

hydrophobic membrane-spanning domains and an amino-terminal 

glycine-rich region (Fig. 6.1) (Gould et al., 1996).  
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Figure 6.1: Amino acid sequence alignment of Pex13. HsPex13 

(Homo sapiens), MmPex13p (Mus musculus), PpPex13 (Pichtia pastoris), 

ScPex13 (Saccharomyces cerevisiae). The putative transmembrane domains 

are highlighted as red dashed lines, and the SH3 domain region as a blue 

dotted line. The highly conserved N-terminal sequence ‘SIES’ has been 

highlighted with a red box. Modified from, Gould et al., 1996.    
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The SH3 domain is present in proteins known to mediate protein-

protein interactions. The SH3 domain of Pex13 shows characteristic 

features of SH3 domains in other proteins which include a five 

stranded -barrel structure, three loop regions (RT loop, n-Src and 

distal loop) and a hydrophobic cleft involved in the recognition of a 

typical SH3 ligand containing a P-x-x-P (Proline-rich) -motif (Gould et 

al., 1989; Urquhart et al., 2000) (refer Fig. 6.2). The Pex13 SH3 

domain also has extra residues in the RT and n-Src loop region which 

have been suggested to play a role in binding of multiple partners 

(Urquhart et al., 2000).  

 

ARA  LYDFNPE  NEEM  
ELKL  ARGE  LIAILS  KT 
EPNSNQEST  WWKCRS  

RDGK  VGFVP  YNY  VEI   

 

Figure 6.2: Amino acid sequence and 3-D structure of the SH3 

domain of P. pastoris Pex13. The amino acid sequences that have 

been underlined represent -turns; sequences in red denote -helix. The five 

amino acids Glu-291, Glu 318, Trp 321, Trp 322 and Trp 296 indicate the 

putative ligand binding groove. Glu-291 and Glu-318 also indicate the 

positions of RT and n-Src loops respectively. Reprinted with permission, 

Urquhart et al., 2000.    

 

The SH3 domain has been shown to be essential for the function of 

Pex13 as mutations in this region in P. pastoris completely abolish the 

activity of Pex13 to import PTS1 containing matrix proteins (Gould et 

al., 1996).  Two Pex13 SH3 domain binding ligands – Pex14 and Pex5 

– have been identified in yeast and humans (Gould et al., 1996; 
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Urquhart et al., 2000). The N-terminal region of Pex14 contains a 

proline-rich motif PXXP which is a class II SH3 binding ligand and is 

highly conserved across species. Mutations in this proline-rich motif of 

Pex14 in yeast confirmed its interaction with the SH3 domain of Pex13 

(Girzalsky et al., 1999). Further, mutation of tryptophan residue W349, 

and glutamate residues E318 and E320K, in the hydrophobic cleft and 

the RT loop of SH3 domain, respectively, abrogate the Pex14-Pex13 

interaction (Bottger et al., 2000; Urquhart et al., 2000).    

 

In contrast to Pex14, Pex5 does not show the presence of any proline-

rich residues or SH3 ligand motifs. However, Pex5 contains a number 

of tetratricopeptide (TPR) repeats of W-X-X-F/Y motifs which have 

been shown to bind to the SH3 domain of Pex13. This was confirmed 

by site directed mutagenesis analysis of yeast Pex5 which showed that 

mutations E212V and F208L impaired binding to the SH3 domain of 

Pex13. Mutations E291K and E296K reduced binding to Pex5 by 40% 

and 20% respectively (Bottger et al., 2000; Urquhart et al., 2000).  

Moreover, it was also shown that the binding sites for Pex5 and Pex14 

differ on the SH3 domain of Pex13. Mutation of the two glutamic acid 

residues Glu291 and Glu296 in the RT loop resulted in loss of binding 

of Pex5 but not of Pex14 (Urquhart et al., 2000). NMR studies indeed 

confirmed that Pex14 binding with Pex13 is mediated by P-X-X-P motif 

and that Pex5 interacts with the distal and RT loops of the SH3 domain 

distinct from the binding region of Pex14 (Urquhart et al., 2000; Pires 

et al., 2003; reviewed in Williams and Distel, 2006). In addition to 

binding with Pex13, Pex5 and Pex14 have been shown to interact with 

each other. The molecular basis of this interaction has been extensively 

studied in various organisms and has shown that the TPR repeats of 

Pex5 are involved in forming tight association with the N-terminal 

region of Pex14 (Albertini et al., 1997; Otera et al., 2002). However, 

Otera and co-workers (2002) have provided conflicting findings to 
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these previously suggested hypotheses of matrix protein import. 

Specifically, they have shown in CHO cell model that the Pex5 receptor 

does not bind to the C-terminal region of Pex13 but to the N-terminal 

region (Otera et al., 2002). 

 

As discussed above, extensive studies in yeast and mammals have 

shown the role of the C-terminal SH3 domain of Pex13 in matrix 

protein import. In contrast, little is known about the role of the N-

terminal region of Pex13. Some studies with the yeast proteins have 

shown that the N-terminal region of Pex13 may interact directly or 

indirectly with the PTS2 receptor, Pex7. The evidence for such an 

interaction includes the finding that over expression of Pex13 

suppresses a Pex7 loss of function mutant (Girzalsky et al., 1999). Both 

the N- and the C-terminal regions of Pex13 extend in to the cytoplasm. 

A model for the role of Pex13 and PTS1 as well as PTS2 protein 

transport was suggested by Urquhart and co-workers (Urquhart et al., 

2000).  According to this model, the C-terminal region of SH3 domain 

binds to the PTS1 receptor Pex5, and the N-terminal region of Pex13 

binds to the PTS2 receptor Pex7. It is well known that Pex14 is the 

initial site of docking for both, Pex5 and Pex7, and thus serves as the 

'point of convergence' for the two pathways. It is also know that both 

Pex5 and Pex14 bind to the SH3 region of Pex13 and thus may 

compete for this site of binding on Pex13. The model proposes that 

PTS1 laden cargo receptor Pex5 initially docks on Pex14 and then shifts 

to the RT and n-Src loops of the SH3 domain of Pex13 resulting in 

subsequent dissociation and import of the PTS1 protein. The model 

also proposes that in an analogous manner, the PTS2-Pex7 complex 

docks at Pex14 and then shifts to the N-terminal region of Pex13 (refer 

Fig. 6.3) (Albertini et al., 1997; Urquhart et al., 2000). As detailed 

later, the elucidation of the function of the N- and C-terminal regions 

of Pex13 in PTS1 and PTS2 protein import is the aim of this thesis.     



Chapter 6 
 

234 
 

 

Figure 6.3: Model of PTS1 and PTS2 transport mediated by 

Pex13. The TPR region of Pex5 is represented by arrows. The PTS1 cargo 

laden Pex5 receptor first binds to Pex14 and then slide to the cytoplasmically 

oriented SH3 region of Pex13, resulting in translocation and dissociation of 

PTS1 protein in the peroxisome matrix. The PTS2 protein-Pex7 complex binds 

to Pex14, in the similar way as Pex5, and then moves to the cytoplasmic N-

terminal region of Pex13. TPR, tetratricopeptide repeats. Reprinted with 

permission, Urquhart et al., 2000.  

 

The roles of the SH3 domain of Pex13 in binding the PTS1 receptor 

Pex5 and of the N-terminal region of Pex13, in binding the PTS2 

receptor Pex7, are suggested by earlier studies with yeast. However, 

this still remains to be established in mammals. Studies carried out by 

Urquhart and co-workers (2000) has shown that Pex13 binds Pex5 via 

its C-terminal SH3 domain. However, they proposed that the N-

terminal region may bind Pex7 (Urquhart et al., 2000). Conflicting 

findings of Otera and co-workers in CHO cell lines suggest that Pex13 

interacts with Pex5 through its N-terminal region (Otera et al., 2002).  
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This chapter investigates the role of the mammalian (mouse) Pex13 N-

terminal region in PTS1 and PTS2 mediated protein import, using 

Pex13-deficient mouse embryonic fibroblast cells, and protein rescue 

experiments in combination with site directed mutagenesis. Using 

Pex13 deficient cell lines is an advantageous approach as it enables 

molecular dissection of the regions of the protein involved in PTS1 and 

PTS2 mediated protein import. Introducing point mutations in Pex13 

and transfecting Pex13 deficient cell lines with plasmids that express 

these mutated Pex13 proteins was the strategy used to test the 

hypothesis that the N-terminal region of Pex13 is involved in 

PTS2 mediated protein transport.  

 

The amino acid sequence of the N-terminal region of Pex13 in mouse, 

human, yeast, P. pastoris and C. elegans shows a highly conserved 

QL/SIES motif in this region (see Fig. 6.1), which may indicate a role 

for this sequence in protein interaction. Thus in initial investigations the 

role of this region of Pex13 in PTS1 and PTS2 protein import were 

addressed using site-directed mutagenesis of residues in this 

conserved sequences. 

 

6.2 MATERIAL AND METHODS 

6.2.1 Indirect immunofluorescence (IF) 

As described previously (refer Section 2.2.3.1), cells were grown on 

glass cover slips overnight and processed for IF the next day. Cells 

were washed twice with D-PBS followed by incubation in PFA (3.7%) 

for 30 min. The cells were washed post fixation and incubated with 

either Triton X-100 (1%) or digitonin (25µg/mL) for 5 mins exactly. 

Following this step of permeabilization, the cells were washed once 

again and incubated with the required primary antibody (rabbit anti-
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SKL, 1:2000; rabbit anti-Pex14, 1:2000; mouse anti-PMP68, 1:2000; 

mouse anti-c-myc, 1:500) at appropriate dilution as shown. The 

washing step was repeated after incubation with primary antibody and 

required secondary antibody and Hoechst nuclear stain was added at a 

concentration of 1:500 and 1:1000, respectively. At the end of 

incubation with secondary antibody, the cells were washed and 

mounted using mounting media containing anti-quenching agent.  

 

6.2.2 Mitochondrial and lysosomal trackers 

MEFs were incubated with either Mitotracker Red CMXRos (400nM) or 

Lysosensor Red (100nM) dyes for 45min or 2hr respectively. The dyes 

were dissolved in culture media and added to the cells and incubated 

at 37ºC prior to IF. Routine IF was carried out as described above 

(refer Sections 6.2.1 and 2.2.1.4).  

 

6.2.3 Imaging  

Images were captured using AxioImager.Z1, Zeiss fluorescence 

microscope with a AxioCam camera (Zeiss) at 40X or 63X 

magnification. Images were modified for brightness and contrast and 

cropped using AxioVision 4.6.3 (Zeiss) digital image editing software 

and Adobe Photoshop.  

 

6.2.4 Construction of expression plasmid in mammalian cells.  

The PTS2-EGFP plasmid (~0.9kb) was cloned from pTRE-2 (kind gift 

from Prof. Suresh Subramani; Dammai and Subramani, 2001) in to 

mammalian expression vector pcDNA3 using a pGEM-T easy cloning 

vector. The strategy applied is described in Fig. 6.4. Briefly, PTS2-EGFP 

was amplified using a PCR with primers PTS2-F and PTS2-R designed 
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as described previously (Swinkels et al., 1991; Szilard et al., 1995; 

Dammai and Subramani, 2001; refer panel B, Fig. 6.4), but with 

additional sites as overhangs and HindIII restriction sites introduced 

into the primers. Addition of polyA tail on either side of the fragment 

was carried out along with the amplification PCR. The amplified PCR 

product containing polyA tail was separated on agarose gel and 

purified using GeneClean method (described in Section 2.2.4.9). pGEM-

T easy vector system (Promega) (size 3.01kb) was digested with 

EcoRV restriction enzyme as per the manufacturer’s instruction.  The 

gel purified PTS2-EGFP fragment containing 5’ HindIII restriction site 

end and polyA tail, flanking either sides of the fragment, was ligated 

into pGEM T-easy vector containing polyT sites (panel D, Fig. 6.4). The 

ligated product was transformed into DH10B electrocompetent cells 

and subjected to colony screening using a HindIII-NotI diagnostic 

digest. After confirmation of the correct size of the PTS2-EGFP insert 

(~0.9kb) selected colonies were amplified using T7 and SP6 primers 

and analysed for DNA sequencing. The DNA sequence of PTS2-EGFP 

insert in pGEM T-easy vector was confirmed before proceeding to the 

final step. The fragment between HindIII-NotI of pGEM T-easy vector 

containing PTS2-EGFP region was digested on large scale and ligated 

into pcDNA3 vector (~6.3kb) between HindIII-NotI sites (panel E, Fig. 

6.4). The pcDNA3 vector containing the construct PTS2-EGFP was 

transformed into DH10B electrocompetent cells and colonies were 

selected using diagnostic restriction analysis (HindIII and NotI). 

Purified plasmid DNA was sequenced using T7 forward and SP6 reverse 

primers. The DNA sequences were aligned using BioEdit Sequence 

Alignment Editing software (version 7.0.8.0) and checked to verify 

complete and correct sequence.  
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PRIMER DESIGN 

B.    PTS2-F (5’ to 3’) 

GGATCTCCT AAGCTT ATG CAT CGG CTG CAG GTA GTG CTG GGC CAC CTG 

 Overhang    HindIII    M H R L Q V V L G H L (PTS2 sequence) 

C.    PTS2-R (5’ to 3’) 

TAC CTG CTC GAC ATG TTC ATT TCG CCG GCG TCCTCTAGG 

                                                            NotI         Overhang 

Figure 6.4 Construct strategy of PTS2-EGFP plasmid for 

expression in mammalian cells. A. The PTS2-EGFP construct. Nine 

amino acids PTS2 signal followed by FLAG and EGFP regions as shown in 

blue, gray and green bars, respectively. This construct also has a single NotI 

restriction site as indicated on the fragment. The PTS2-forward (F) and PTS2-

reverse (R) primers are shown in red. The PTS2-EGFP fragment was amplified 

A. 
D. 

E. 
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using the PTS2-F and PTS2-R primers followed by addition of polyA tail on 

either side of the amplified fragment. B. PTS2-F primer design. An 

additional HindIII restriction site was introduced on PTS2-F primer, 

highlighted in red, followed by PTS2 amino acid sequence shown in blue. C. 

PTS2-R primer design. The NotI restriction site is underlined and the arrow 

indicates the site of NotI digestion. The overhangs are additional random 

sequences added to the primer before HindIII and after NotI regions and are 

highlighted in green. D. The 0.9 kb amplified product containing PTS2-

EGFP fragment. HindIII restriction site and polyA tail was ligated into pGEM 

T-easy vector (size 3.01kb) via the polyT tail on pGEM T-Easy Vector. The 

cloning vector pGEM T-easy was digested with EcoRV restriction enzyme prior 

to ligation. E. Cloning into pcDNA3 vector. The fragment from pGEM T-

easy vector was cloned into mammalian expression vector pcDNA3 (size 

6.3kb) in the final step. This step was achieved by double restriction digestion 

of both the pGEM T-easy vector containing PTS2-EGFP construct and pcDNA3 

with HindIII and NotI restriction enzymes. The restriction digested PTS2-

EGFP construct was separated on agarose gel and purified using GeneClean 

method and ligated into pcDNA3 vector.  

 

6.2.5 Site directed mutagenesis 

Two constructs were generated with the N-terminal region mutations, 

E136K or E136Q in a full length plasmid, that expresses an N-terminal 

myc-epitope tagged Pex13 protein (Bjorkman et al., 2002) (name 

Pex13FL-myc) using the QuickChange® Site directed mutagenesis kit 

(Stratagene). The primer sequences used for E136K and E136Q are 

provided in Table 2.3. As described earlier (refer Section 2.2.4.7) these 

primers were used to amplify the Pex13FL-myc plasmid using Pfu 

Turbo® DNA polymerase supplied by the manufacturer. The PCR 

product plus mutated plasmid were then digested with DpnI 

endonuclease (specific for methylated and hemimethylated DNA) also 

provided by the manufacturer. The digested DNA was then 

transformed into XL1-Blue supercompetent cells (Stratagene) which 
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also repairs the nick on the circular DNA containing the desired 

mutation. Colonies were screened using X-gal blue/white screening 

method and positive (white) colonies were selected for plasmid DNA 

extraction. The selected plasmid DNA was sequenced using T7 

forward, SP6 reverse, Pex13 WT-F and Pex13 WT-R primers (for 

primer sequences refer Table 2.3) to confirm the point mutations and 

to eliminate the possibility of introduction of undesired mutations 

elsewhere on the Pex13 protein.  

 

6.2.6 Transfection using Lipofectamine LTX Plus reagent 

Transient transfection was carried out using PEX13 FL-myc or PTS2-

EGFP plasmid as described earlier (refer Section 2.2.1.5). PEX13/ 

MEFs were transiently transfected with PEX13 FL-myc plasmid, 

whereas both the Pex13/ and Pex13+/+ MEFs were transiently 

transfected with the PTS2-EGFP plasmid (for explanation see results, 

Section 6.3.6). Potential transfectants were checked for EGFP 

expression, in the case of PTS2-EGFP, after 8, 20 and 48 hr. In the 

case of PEX13 FL-myc, IF using anti-myc antibody was carried out after 

8 hr of transient transfection to confirm the expression of Pex13 FL-

myc. For stable transfection of PTS2-EGFP, transient transfection of 

PTS2-EGFP in Pex13/ MEFs was carried out and transfected cells 

were grown on media containing 400µg/mL geneticin, as selective 

antibiotic, for 4 weeks. 
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6.3 RESULTS 

The overall strategy of the experiments was as follows (refer 

Fig. 6.5): 

1. To isolate mouse embryonic fibroblast (MEFs) lacking Pex13 

2. To transfect these MEFs with a plasmid vector that expresses a C-

terminal myc epitope-tagged-variant of the Pex13 protein, to effect 

rescue of Pex13 loss. 

3. To introduce point mutations into the Pex13 plasmid to change 

critical amino acid residues believed to be required for Pex13 function 

for both PTS1 and PTS2 protein import. 

4. To assess (rescued) peroxisomal PTS1 and PTS2 protein import 

using (immuno) florescence microscopy.   

 

Figure 6.5: Experimental strategy. Triton X-100 permeabilizes both 

the cell membrane and peroxisomal membranes, whereas digitonin at the 

selected concentration selectively permeabilizes the (cholesterol-rich) cell 

membrane only. By expressing functional Pex13-myc in Pex13 deficient cell 

lines, both PTS1- and PTS2- based matrix protein import can be re-
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established. In order to ensure the correct topology of transfected Pex13 in 

the peroxisome membrane, a ‘myc’ tag has been added at the C-terminal end 

of Pex13, which should be exposed to the cell cytosol. Through combining 

digitonin permeabilization and c-myc indirect immunofluorescence, the 

correct topology of Pex13-myc is able to be assessed. The peroxisomal 

membrane protein Pex14 will also be detected using IF with digitonin treated 

cells. Cell-based PTS1-dependent protein import is able to be assessed using 

IF against the PTS1 signal SKL, which retained on all imported PTS1 proteins. 

Cell-based PTS2-dependent protein import is able to be assessed using stable 

expression of PTS2-EGFP in Pex13 deficient cells.  

 

6.3.1 Characterization of mouse embryonic fibroblasts (MEFs) 

To first isolate and culture MEFs lacking Pex13, Pex13/ embryos were 

generated by mating Pex13 heterozygote mice as previously described 

(Maxwell et al., 2003; also refer Section 2.2.2.1), with the embryos 

subsequently collected to identify those that were homozygous for the 

Pex13 (exon 2) deleted allele. Figure 6.6 shows representative 

genotyping results of DNA extracted from embryonic tail biopsies used 

to extract two batches of MEFs and of DNA extracted from cultured 

MEFs. The MEF pellets were digested with PCR lysis buffer as described 

above and analysed by PCR to detect amplicons representing the 

PEX13WT (approx. 800bp) and PEX13 alleles (approx. 600bp), 

respectively. Figure 6.6 shows the genotyping of two batches of MEFs 

for Pex13. In panels A and B, it can be seen that the PCR results for 

embryos 5 and 8 are consistent with them having a Pex13/ genotype. 

Similarly, wild-type (Pex13+/+, embryos 2 & 4) and heterozygous 

(Pex13/+, embryos 3, 6 and 7) animals were identified from such 

analyses.  
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   1    2   3    4    5   6    7    8   9  10 

A. Pex13  PCR 

 

  1    2    3    4    5   6     7   8    9   10 

B. Pex13 WT PCR 

 

   1     2      3     4     5      6     7         

C. Pex13 PCR 

 

     1     2      3     4     5     6     7         

D. Pex13WT PCR 

 

Figure 6.6: Representative genotyping analysis of MEFs. Panels 

A, Pex13Δ PCR of DNA extracted from embryonic tissue; panel B, Pex13 WT 

PCR of DNA extracted from embryonic tissue; Lane 1, 1kb plus DNA ladder; 

lane 2-7 embryos#1 to #6; lane 8, Pex13/ control; lane 9, PEX13+/+ control; 

lane 10, negative (no DNA) control. Embryo #1 and #3 is PEX13+/+, while # 

2, #5 & #6 are PEX13+/- and #4 is PEX13/. Panel C, Pex13 PCR of DNA 

extracted from cultured MEFs; panel D, Pex13 WT PCR of DNA extracted from 

cultured MEFs; lanes 2-5, PCR of DNA extracted from MEFs; lane 5, Pex13/ 

control; lane 6, Pex13/+ control; lane 7, negative (no DNA) control. Panel E, 

Western blot analysis of Pex13 protein; lane 1, broad range molecular mass 

markers, with the mobility of the 54 kDa marker indicated; lane 2, Pex13+/+ 

liver homogenate (positive control tissue sample); lane 3, blank; lanes 4 & 7, 

Pex13/ MEF; lane 5, Pex13+/+MEF; lane 6, Pex13/+MEFs. The Pex13 protein 

is evident as a band at approximately 54 kDa.  

550b

p 

660bp 

550bp 660bp 

50 kD 

1    2     3     4     5    6    7 

E. Pex13 



Chapter 6 
 

244 
 

In panels C and D, PCR amplification of DNA extracted from cultured 

MEFs was carried out to confirm the genotype of the cells. Some 

Pex13/ MEFs identified by PCR genotyping were further characterized 

using Western blot analysis to establish Pex13 protein deficiency in 

these cell lines, and through comparison to Pex13+/+ and Pex13/+ 

MEFs. Panel E, shows the abundance and mass of the protein in 

Pex13+/+ MEFs and the apparent absence of the protein in Pex13/ 

MEFs (lane 3 and 4, panel E). These Pex13/ MEFs, along with the 

wild-type MEFs, were cultured and used for all cell based assays 

subsequently attempted. Functional characterization of MEFs was 

carried out and described in detail in Section 6.3.3 to further confirm 

loss of protein import function of Pex13.  

 

6.3.2 Peroxisomal membrane proteins are targeted to the 

peroxisome membrane in the absence of Pex13p, and are not 

mistargeted to other organelles 

In a study carried out by Imanaka and co-workers using rat hepatoma 

H-4-II-E cells (with a deficiency in peroxisome biogenesis), it was 

shown that peroxisomal membrane protein PMP70 was present in 

mitochondrial sub cellular fractions, indicating mis-targeting of this 

protein and potentially other peroxisomal membrane proteins (Imanaka 

et al., 1996). As this may suggest that “peroxisomal ghosts” in Pex13-

deficient cells are not import competent, we first investigated the sub 

cellular localization of peroxisomal membrane proteins in the presence 

and absence of Pex13 in vitro. Using double indirect 

immunoflorescence (IF), PMP68 (the mouse equivalent of PMP70; 

Chen et al., 1995) was shown to localise to cytoplasmic structures that 

also labelled with Pex14 antibody, consistent with these structures 

being peroxisomal ghosts (Fig. 6.7, bottom panels), and also shown for 

wild-type MEFs (Fig. 6.7, top panels).   
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Pex14 PMP68 Merged  

   

   

Figure 6.7: Colocalization of PMP68 and Pex14 in PEX13+/+ 

and Pex13/  MEFs. Left panels, anti-Pex14 antibody (green), central 

panels, anti-PMP68 (red), right panels, merged images, cell nucleus (Hoescht 

dye, blue). Top panels, PEX13+/+; bottom panels, PEX13/ MEFs. Images 

captured at 63X magnification.  

 

Since PMP68 co-localized with Pex14 on a putative peroxisome 

membrane, the (superior) Pex14 antibody was used in additional 

experiments to determine if Pex14 was incorrectly targeted to other 

cellular compartments, and specifically mitochondria, to attempt to 

confirm the findings of Imanka and co-workers (1996), and lysosomes, 

potential sites of degradation of potentially dysfunctional peroxisomal 

ghosts. In these experiments, PEX14 was detected as green 

fluorescence, and mitochondria (MitoTracker Red) and LysoTracker 

(LysoTracker) as red fluorescence (see Methods, Section 6.2.2). In 

+
/
+

 


/
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wild-type MEFs, Pex14 antibody detected peroxisomes as vesicular 

structures distinct from both mitochondria and lysosomes, as expected 

(Fig. 6.8). Similar results were obtained using Pex13/ MEFs (Fig. 6.8, 

right panels), consistent with peroxisomal ghosts in these cells being 

distinctly localised from mitochondria and lysosomes. Thus, these 

findings refute those of Imanka and co-workers (Imanka et al., 1996) 

and suggest instead that the peroxisomal ghosts in Pex13/ MEFs are 

not mis-targeted to mitochondria, and are not localised to lysosomes 

for autophagy-mediated degradation. Consequently, these peroxisomal 

ghosts may be import competent and therefore suitable for the protein 

import studies proposed.  
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Figure 6.8: Co-staining of Pex14 with mitochondria and lysosomes in PEX13+/+ and PEX13/ MEFs.  

Rows 1 & 2, mitochondria detected using Mitotracker (Mito, red); rows 3 & 4, lysosomes detected using Lysotracker (Lyso, red). 

Peroxisomes were localised using anti-Pex14 (green); cell nuclues (Hoescht dye, blue); +/+, Pex13 wild-type MEFs; /, Pex13 

knockout MEFs. Images captured at 63X magnification.
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6.3.3 Cell based import assays for Pex13 function  

One of the major components of the cell based import assay is the 

detection of PTS1 protein import using immunofluorescence against 

the consensus PTS1 tripeptide signal “SKL”. Such an analysis of 

cultured Pex13/ and Pex13+/+ MEFs was carried out using an anti-SKL 

antibody. Figure 6.9 shows immunolabelling of PTS1 (SKL)-containing 

proteins and peroxisomal membrane protein Pex14 in Pex13+/+ and 

Pex13/ MEFs, (using separate cells for the antibodies as they are 

both rabbit-derived).  

Anti-SKL Anti-Pex14 

  

  

Figure 6.9: PTS1 protein detection in Pex13+/+ and Pex13/ 

MEFs. Left panels, anti-SKL antibody (red); right panels, anti-Pex14 antibody 

+
/
+

 


/
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(green); cell nucleus (Hoechst dye, blue); +/+, Pex13 wild-type MEFs; /, 

Pex13 knockout MEFs. Images captured at 63X magnification. 

 

Punctate anti-SKL fluorescence can be seen in wild-type cells (Fig. 6.9, 

top panel), due to functional trafficking of PTS1 proteins into 

peroxisomes. Such punctate fluorescence is absent in Pex13/ MEFs 

(Fig. 6.9, lower panel), a result that is more consistent with PTS1 

proteins remaining in the cell cytosol, and loss of Pex13 function. The 

right panels shows immunostaining for peroxisomal membrane protein 

Pex14, shown as punctate fluorescence in both Pex13+/+ and Pex13/ 

MEFs and suggesting that formation of the peroxisomal membrane is 

not affected by the absence of Pex13. The punctate dots of Pex14 in 

Pex13/ cells are larger than those in the wild-type cells indicating that 

‘peroxisomal ghosts’ (peroxisomes lacking content proteins and 

consequently larger in size) are formed in these cells that lack Pex13.   

 

6.3.4 Cell based PTS1 assay using different detergents   

The approach to the cell based protein import assay was to use two 

different detergents to permeabilize cell membranes – Triton X-100, 

which permeabilizes all cellular membranes, and digitonin, which at a 

concentration of 25µg/mL selectively permeabilizes the cholesterol-rich 

plasma membrane. Our overall strategy was to reintroduce full length 

Pex13, tagged with ‘myc’ at its modified C-terminus (Pex13 FL-myc), 

into MEFs depleted of Pex13. Therefore, digitonin was used in order to 

assess if the introduced Pex13 FL-myc showed the correct topology of 

Pex13 in the peroxisomal membrane, whereby the ‘myc’ tag (and 

therefore the C-terminus) should be exposed on the cytosolic side of 

peroxisomal membrane. The results obtained showed first that the 

immunostaining of peroxisomal membrane protein Pex14 was similar in 

both Pex13+/+ and Pex13/ MEFs using either Triton X-100 or digitonin 
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(Fig. 6.10, lower panels), consistent with at least a part of Pex14 being 

exposed on the cytosolic face of the peroxisomal membrane. In the 

case of immunofluorescence using the SKL antibody, punctate 

fluorescence was detected for wild-type cells permeabilized with Triton 

X-100 but not digitonin, findings consistent with PTS1 proteins being 

protected by the peroxisomal membrane. For Pex13/ MEFs, anti-SKL 

fluorescence was diffused throughout the cell cytosol with either Triton 

X-100 or digitonin, consistent with loss of import of PTS1 protein from 

the cytosol into peroxisomes.  

 

These findings indicate that the Triton X-100/digitonin approach is 

suitable for confirming the topology of Pex13 variants, where the C-

terminus (myc tag) should be localised on the cytosolic face of the 

peroxisomal membrane if the protein’s membrane topology is correct.   
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+/+, T +/+, D /, T /, D 

    

    

Figure 6.10: Indirect immunofluorescence of MEFs using Triton X-100/digitonin for cell 

permeabilization.  Top panels, anti-SKL antibody (red); bottom panels, anti-Pex14 antibody (green); cell nucleus (Hoechst 

dye, blue). Triton X-100 (T), digitonin (D), +/+, PEX13 wild-type, /, PEX13 knockout. Images captured at 63X magnification. 
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6.3.5 Site directed mutagenesis of a highly conserved ‘SIES’ 

sequence at the N-terminus of Pex13p 

The highly conserved ‘SIES’ sequence present at the N-terminal of 

Pex13 was considered to be a strong putative region of the protein 

potentially involved in Pex7 binding, and was therefore selected to 

introduce point mutations which might lead to abrogation of proposed 

PTS2- (and therefore Pex7-) mediated matrix protein import. Point 

mutations were introduced to alter the negatively charged glutamic 

acid (E136) residue to both, a strong positively charged lysine (E136K), 

and neutral charged glutamine (E136Q) residues. Figure 6.11 shows 

DNA sequencing results of E136K, E136Q and wild-type Pex13 FL-myc 

plasmid showing the desired base changes. The plan was then to 

introduce these plasmid constructs into Pex13/ MEFs which stably 

express PTS2-EGFP protein.  
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             1bp        *406bp                                             1213bp  1248bp 

                              *E136K/E136Q                                                     Sp6 

Figure 6.11: Site directed mutagenesis of Pex13. A. Schematic 

representation of the Pex13 protein. The N-terminal and C-terminal 

regions of Pex13 have been proposed to bind Pex7, the PTS2 receptor and 

Pex5, the PTS1 receptor, respectively. B. Site directed mutagenesis of 

wild-type Pex13. DNA sequencing of Pex13 (GAA), Pex13 E136Q (CAA), 

Pex13 E136K (AAA), confirming the desired change in bases underlined in 

black line. C. Schematic representation of the PEX13 gene open 

reading frame.  PEX13 (1213 bp) with c-myc in pcDNA3 vector is 

represented in solid blue line. The introduced point mutation in PEX13 was 

Pex13WT F1 

Pex13WT R1 

T7 

E136 I328 

* * 

Pex7 Pex5 

PTS2-mediated 

matrix protein 

import 

PTS1-mediated 

matrix protein 

import 

A. 
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checked using T7 and Pex13WT F1 forward primers and SP6 and Pex13WT 

R1 reverse primers.  

 

6.3.6 Generation of PTS2-EGFP construct for transfection of 

MEFs.  

The cell based assay for PTS2 mediated matrix protein import was 

planned to be established by transfection of EGFP labelled PTS2 signal 

peptide in Pex13/ MEFs. The PTS2-EGFP insert (initially contained in 

the pTRE-3 vector) was cloned into the mammalian expression vector 

pcDNA3 using pGEM T-Easy cloning vector (refer Fig. 6.4 for cloning 

strategy). The required construct of PTS2-EGFP was cloned in pcDNA3 

vector (refer Fig. 6.12) and confirmation of the correct sequence was 

obtained by DNA sequencing using various sequencing primers present 

and sequence analysis (refer Fig. 6.12). Transient transfection of PTS2-

EGFP construct was carried out in Pex13/ and Pex13+/+ MEFs, to 

check expression of PTS2-EGFP and to establish cell based PTS2 assay 

in Pex13/ MEFs (discussed in the next section, Section 6.3.7). 
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                                                              ~ 0.9kb fragment 

 

 

 

Figure 6.12: Generation of PTS2-EGFP construct. A. Cloning of 

PTS2-EGFP from pTRE-3 to pGEM T-easy vector. The PTS2-EGFP 

fragment initially present in pTRE-3 vector was amplified using PCR. 

Electrophoresis confirmed the size of the fragment (~0.9kb). DNA size 

markers of 1kb and 800bp are indicated. B. PTS2-EGFP sequence in 

pGEM T-Easy vector. Diagnostic restriction digest using HindIII and NotI 

1kb 

800bp 
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1kb 
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restriction enzymes was carried out to confirm the presence of the PTS2-

EGFP fragment in pGEM T-Easy vector. A band of ~0.9kb detected on 

agarose gel is indicated with a red arrow, consistent with the presence of the 

PTS2-EGFP fragment. C. Colony selection after cloning of PTS2-EGFP 

into pcDNA3 vector. Colonies of DH10B cells were selected post 

transformation of pcDNA3-PTS2-EGFP plasmid in DH10B cells. A diagnostic 

restriction digests using HindIII and NotI was carried out to confirm the size 

of the PTS2-EGFP fragment (~0.9kb). D. DNA sequence alignment and 

analysis. DNA sequencing of the first 350bp of the PTS2-EGFP insert in 

pGEM T-easy vector (indicated as PTS2-EGFP in pGEM T-Vector) and in 

pcDNA3 vector (indicated as PTS2-EGFP in pcDNA3 Vector) was carried out 

using a T7 sequencing primer. The DNA sequences were aligned with PTS2-F 

primer and EGFP DNA sequence (Clontech) to check for sequence identity. 

The sequence encoding the PTS2 signal sequence is underlined with a blue 

line, and EGFP with a green line; the black arrow indicates T7 binding region.  

 

6.3.7 Transient transfection of PTS2-EGFP in MEFs 

The PTS2-EGFP-pcDNA3 mammalian expression plasmid was 

transiently transfected in Pex13/ and Pex13+/+ MEFs using 

Lipofectamine LTX-plus (InVitrogen). In order to establish a time point 

post-transfection for efficient expression of PTS2-EGFP and correct 

localization of the PTS2-EGFP in peroxisomes, transient transfection 

was carried out. MEFs were checked for PTS2-EGFP expression after 8, 

20 and 48hrs post-transfection. Figure 6.13 shows representative 

images of PTS2-EGFP transfection in MEFs captured at various time 

points. 
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The Pex13 deficient cell lines expressed PTS2-EGFP after 8hrs and 

even after 48hrs, post-transfection (top panels, Fig. 6.13). Pex13+/+ 

MEFs also showed expression of PTS2-EGFP after 8hrs and 20hrs but 

punctate green fluorescence indicative of targeting of PTS2 signal to 

the peroxisome matrix was found only after 48hrs post-transfection 

(bottom panels, Fig. 6.13).  
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8hrs 20hrs 48hrs 

   

   

Figure 6.13: Transient transfection of PTS2-EGFP in Pex13/ and Pex13+/+ MEFs. Expression and targeting 

of PTS2-EGFP in peroxisome matrix was checked at 8, 20 and 48hrs, after transient transfection. PTS2-EGFP (green) was 

detected after 8hrs in both Pex13/ and Pex13+/+ MEFs. After 48hrs, punctate fluorescence of PTS2-EGFP was observed in 

PEX13+/+ MEFs; cell nucleus, Hoechst dye (blue). Images captured at 40X magnification.                        
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As expression of PTS2-EGFP in transiently transfected MEFs was 

important to establish stable expression of PTS2-EGFP in Pex13/ 

MEFs to provide the cellular tool to investigate the role of the N-

terminal region of Pex13 protein in PTS2-mediated matrix protein 

import. Pex13/ MEFs were once again transiently transfected using 

Lipofectamine LTX plus reagent (InVitrogen) and then cultured in 

geneticin culture media for one month to select for MEFs expressing 

PTS2-EGFP construct. However, the stably transfected MEFs did not 

retain in culture for longer passages and we were unable to conduct 

further experiments using stably transfected PTS2-EGFP in Pex13 

deficient MEFs. Due to time and resource constraints further 

experiments were conducted using transient transfection of PTS2-EGFP 

in Pex13/ MEFs. Stable transfection of PTS2-EGFP in Pex13/ MEFs 

will be carried out as a part of an ongoing project in Prof. Denis 

Crane’s laboratory. 

 

6.3.8 Localization of Pex13 FL-myc on peroxisome membrane  

To establish the correct topology of myc on peroxisome membrane, 

transient transfection of Pex13 FL-myc in Pex13 deficient MEFs was 

carried out. The myc tag should be on the cytoplasmic side of the 

peroxisome membrane if the protein is inserted correctly in to the 

membrane. In order to establish this correct topology, Pex13 FL-myc 

transfected Pex13/ MEFs were subjected to digitonin based cell 

permeabilization (refer Section 6.3.4) and double IF against anti-c-myc 

and anti-Pex14 antibody was carried out. Representative images of 

transiently transfected Pex13 FL-myc and double IF of c-myc and 

Pex14 are shown in Figure 6.14.  The c-myc antibody co-localized with 

Pex14, a marker of the peroxisome membrane, as indicated with the 

yellow colour fluorescence in digitonin treated MEFs. Thus, co-

localization of c-myc with the peroxisome membrane protein Pex14 in 

digitonin treated MEFs confirms the correct topology of transfected 
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Pex13 FL-myc in the peroxisome membrane in Pex13 deficient cell 

lines.  

 

   

Figure 6.14: Co-localization of Pex13 FL-myc with Pex14 on 

peroxisome membrane in Pex13/MEFs. Anti-Pex14 (green); anti-

Pex13 FL-myc (red); cell nucleus (Hoechst dye, blue). Punctate fluorescence 

of Pex14 and c-myc appear yellow in colour (panel C), indicating co-

localization of the two proteins on the peroxisome membrane which also 

confirms correct topology (i.e., on the cytoplasmic side of peroxisome 

membrane) of Pex13 FL-myc. Images were captured at 63X magnification.  

 

6.3.9 Transfection of Pex13 N-terminal mutant - E136K and 

E136Q in to Pex13/ MEFs expressing PTS2-EGFP. 

Introduction of E136 mutations - E136K and E136Q, was planned to be 

carried out, to assess both PTS1 and PTS2 based matrix protein 

import, and to specifically investigate the role of the highly conserved 

‘SIES’ region of Pex13 in matrix protein import (refer Section 6.3). In 

order to achieve this goal, stable transfection of PTS2-EGFP in Pex13/ 

MEFs was required. Unfortunately, this part of the project could not be 

achieved because stably transfected PTS2-EGFP Pex13 deficient cells 

did not sustain in culture. Due to resource and time constraints, we 

A. Pex14  B. c-myc C. Merged 
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have only been able to achieve transient transfection of PTS2-EGFP in 

Pex13 deficient cell lines and to establish the correct topology of Pex13 

FL-myc on peroxisome membrane. This being an ongoing project in 

Prof. Denis Crane’s laboratory, stable transfection of PTS2-EGFP in 

Pex13/ MEFs will be carried out which will enable assessment of both 

PTS1 and PTS2 matrix protein import in the presence of E136K and 

E136Q Pex13 N-terminal mutants.  

 

6.4 DISCUSSION 

The strategy for investigation of the N-terminal region of Pex13 in 

PTS1 and PTS2 mediated matrix protein import was to establish both, 

PTS1 and PTS2 cell based protein import assays in Pex13 deficient cell 

lines. The PTS1 cell based assay was planned to be achieved by 

immunodetection of SKL (PTS1 signal peptide). For the PTS2 cell based 

assay, stable expression of PTS2 signal (tagged with enhanced GFP 

protein) in Pex13/ MEFs was required. Using selective 

permeabilization of cell membranes with digitonin, detection of proteins 

on peroxisome membrane was planned to be used as a tool to confirm 

correct topology of transfected Pex13 full length and mutated proteins. 

The next step in the experimental plan was to rescue Pex13 deficient 

cell lines with: 

1.  Pex13 full length protein tagged with ‘myc’ at C-terminal;  

2. Pex13 E136K mutant replacing the negatively charged glutamic acid 

with positively charged lysine residue;  

3. Pex13 E136Q replacing negatively charged glutamic acid with 

neutral glutamine residue.  

Rescuing cell lines deficient in Pex13 which also stably expressed PTS2-

EGFP protein would allow measurements of both PTS2 and PTS1 
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mediated matrix protein import. In these Pex13/ cells expressing 

PTS2-EGFP introduction of Pex13 with N-terminal point mutations – 

E136Q and E136K followed by measuring PTS1 and PTS2 import would 

allow us to test the effect of modifying the highly conserved ‘SIES’ 

region of Pex13 on the two types of matrix protein import.  

 

In line with the requirement of the experimental strategy, MEFs were 

extracted and genotyping of both embryonic tissue and cultured MEFs 

using PCR was carried out to establish the presence of the Pex13 WT 

(+/+) and Pex13 KO (/) allele. Further characterization using 

Western blot and functional assay by immunodetection of PTS1 signal 

confirmed that the cultured Pex13+/+ MEFs showed Pex13 protein in 

Western blots and punctate fluorescence of PTS1 signal, SKL. In the 

case of Pex13/ MEFs, Pex13 protein was not detected on Western 

blot and diffuse fluorescence using anti-SKL antibody was observed 

with immunofluorescence. Indirect immunofluorescence of Pex14 

showed more abundant and punctate fluorescence in Pex13+/+ cells. In 

Pex13/ MEFs, less abundant and larger punctate fluorescence of 

Pex14 was detected. These results confirmed the presence of remnant 

peroxisomes (peroxisome ghosts) in Pex13/ MEFs which are non-

functional, as evident by diffused fluorescence of PTS1 signal. Next, we 

established that peroxisomal proteins do not localize to other cellular 

compartments in the absence of Pex13. Using mitochondrial and 

lysosomal dyes we showed that Pex14 (which co-localized with PMP68, 

another peroxisomal membrane protein) does not co-localize on 

mitochondria or lysosomes in Pex13-deficient cells. These experiments 

were taken to confirm that peroxisome ghosts in the Pex13-deficient 

MEFs were not being distributed to incorrect localizations in these cells, 

and therefore were potentially still competent for protein import using 

the proposed experimental strategy. 
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The proposed strategy included the generation of Pex13/ MEFs that 

stably express a PTS2-EGFP protein, to be used as a cargo for Pex7-

mediated PTS2 protein import. Successful construction of such an 

expression plasmid to generate cells that showed green, cytosolic 

fluorescence, indicative of the expressed PTS2-EGFP protein being 

translated but unable to be imported into the peroxisomal ghosts in 

these cells. As an important control, it was demonstrated that this 

protein was efficiently imported into peroxisomes in PEX13+/+ MEFs, 

evident as punctate fluorescence.  

 

Transient transfection of Pex13 full length-myc (Pex13 FL-myc) in 

Pex13 deficient cell lines was carried out. The correct topology of the 

‘myc’ tag on peroxisome membrane was confirmed using IF against 

myc and Pex14 in combination with digitonin based permeabilization of 

the cells. Unfortunately stable expression of PTS2-EGFP in Pex13/ 

MEFs, using selective antibiotic geneticin, failed to sustain in culture for 

longer passages. This lead to our inability to establish the assay of 

E136K and E136Q transfection in PTS2-EGFP expressing Pex13/ MEFs 

as MEFs expressing PTS2-EGFP were lost within a few passages in 

culture. This being an ongoing project in the lab, stable expression of 

PTS2-EGFP in Pex13/ MEFs will be carried out to assess the role of 

E136K and E136Q Pex13 N-terminal mutants in PTS1 and PTS2 assays. 

Establishing PTS1 and PTS2 assay and quantifying the two matrix 

protein import in E136K and E136Q rescued Pex13/ MEFs provide 

understanding on the role of Pex13 N-terminal region in PTS1 and 

PTS2 based matrix protein import. 
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In the current study were able to establish PTS1 and PTS2 cell based 

protein import assay as an important investigative tool to decipher the 

impact of different region of Pex13 protein in peroxisome matrix 

protein import. Further we also established that peroxisomal proteins 

do not localize to other cellular compartments, specifically mitochondria 

and lysosomes. This finding is in direct contradiction to the previously 

claimed localization of peroxisomal membrane proteins in mitochondria 

in cells with defective peroxisomes biogenesis (Imanka et al., 1996). 

Next, we established PTS1 cell based assay using two different types of 

detergents for membrane permeabilization. We were able to detect 

proteins localized in the peroxisome matrix and membrane (using 

Triton X-100 based permeabilization) or exclusively on the cytoplasmic 

face of the peroxisome membrane (using digitonin based 

permeabilization). This assay is a useful tool that aids to determine the 

topology of transfected proteins in the organelle membrane. In our 

case it was a useful tool to confirm the correct topology of Pex13 FL-

myc in the peroxisome membrane.  

 

The primary aim of this project was to test the hypothesis suggested 

by Urquhart and co-workers (2000) that the C-terminal SH3 region of 

Pex13 binds to PTS1 receptor, Pex5, and that the N-terminal region 

binds PTS2 receptor, Pex7. In order to achieve the primary purpose of 

investigation we established both PTS1 and PTS2 protein import assays 

in vivo in MEFs which would allow detection and quantification of both 

the import assay at the same time in a cell based system. The PTS2 

import assay could be assessed by transient expression of PTS2-EGFP 

in Pex13/ MEFs. In the transiently transfected PTS2-EGFP Pex13/ 

MEFs we were able to reintroduce Pex13 FL-myc and establish its 

correct topology (i.e., cytoplasmic side) on peroxisome membrane 

using digitonin based selective membrane permeabilization. The highly 

conserved ‘SIES’ region of N-terminal Pex13 protein was proposed to 
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be involved in the binding of Pex7 and hence in PTS2 based matrix 

protein import. To test this hypothesis we introduced point mutations 

in N-terminal region of Pex13 replacing the negatively charged 

glutamic acid (E136) with lysine (positively charged) and glutamine 

(neutral charge). Unfortunately we were not able to achieve our aim in 

deciphering the role of N-terminal region of Pex13 in peroxisome 

matrix protein import. The stable transfection of PTS2-EGFP in 

Pex13/ MEFs did not retain in culture for longer passages and we 

were unable to retrieve these cells to conduct further experiments. 

However, this is an ongoing project in Prof. Denis Crane’s laboratory 

and due to time and resource constraints we are able to report only 

the findings which establish all the required tools necessary for 

investigating the N-terminal region of Pex13 in PTS1 and PTS2 matrix 

protein import.  
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7.1 INTRODUCTION 

Zellweger syndrome is a complex neurological disorder and its 

neuropathology involves both, neurodevelopmental defects as well as 

neurodegeneration. However, there is limited information on the 

cellular and molecular nature of ZS neuropathology. In order to 

understand the cellular and molecular mechanisms underlying ZS 

pathogenesis several mouse models have been developed by 

ubiquitous and conditional elimination of PEX13, PEX5 and PEX7, which 

provide valuable investigative tools. These mouse models recapitulate 

the disease phenotype of ZS patients, i.e. neonatal lethality, abnormal 

peroxisome metabolism, broad range tissue pathology, pronounced 

neurological abnormalities including neuronal migration defect and 

brain dysmorphology. The fundamental focus of this thesis is to further 

elucidate the molecular and cellular role of Pex13 in ZS neuropathology 

and in peroxisome matrix protein import using PEX13 mouse models as 

investigative tools. 

 

Studies carried out by Muller and co-workers (2011) showed that 

neuronal cultures obtained from PEX13 KO mice exhibited increased 

ROS levels, increased SOD2 and reduced mitochondrial dehydrogenase 

enzyme activity (by almost 40%) indicating mitochondrial dysfunction 

and increased neuronal apoptosis (measured by active caspase-3 and 

TUNNEL stain) (Muller et al., 2011). Further, the cerebellum of PEX13 

BM mice showed an increase in SOD2 levels, astrogliosis and 

microgliosis (Muller et al., 2011). Thus the dysfunction of the PEX13 

gene was correlated to increased nerve cell death.  
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Studies carried out by Yakunin and co-workers (2010) provided an 

important lead connecting ZS with other adult onset neurodegenerative 

disorders. Accumulation of α-synuclein oligomers were detected in the 

brain of Pex13 mice (also in Pex5 and Pex7 mice), a common 

etiological factor in PD, AD, ALS and multi system atrophy (MSA) 

(reviewed in Lucking and Brice, 2000) commonly termed as 

‘synucleinopathy’. The finding that ZS is a synucleinopathy opened up 

new avenues to explore potential overlapping molecular pathways in 

the late onset and neonatal neurodegenerative disorders. The 

biological role of α-synuclein is diverse and may participate in a range 

of signalling pathways. The putative binding partners of α-synuclein 

and the proposed physiological effect of these interactions are listed in 

Table 7.1.  

Table 7.1: Putative binding partners of α-synuclein and their 

physiological effects in the normal brain 

Binding 

partners 

Physiological effect Reference  

Synphilin-1 An adaptor protein which 

could possibly anchor AS 

with several other proteins 

Engelender et 

al., 1999 

PLD2 Regulates cell growth & 

differentiation, synaptic 

plasticity, & neurotransmitter 

release. 

Payton et al., 

2004 

Acidic 

phospholipids  

Inhibition of membrane 

fusion & lysis, 

neurotransmitter release, & 

regulation of synaptic 

plasticity 

Stockl et al., 

2008; Bodner et 

al., 2010 
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     ...Table 7.1 continued from previous page 

Binding 

partners 

Physiological effect Reference  

ERK, Bcl-2 

homolog BAD, 

PKC 

Regulation of cell viability Hashimoto et 

al., 2003; 

Ostrerova et al., 

1999 

PKA and tau Regulation of interactions 

between tau & microtubules 

Jensen et al., 

1999 

Protein 14-3-3 Regulatory proteins 

expressed in all eukaryotic 

cells which bind to a variety 

of signalling proteins 

involved in signal 

transduction, apoptotic cell 

death & cell cycle control.  

Ostrerova et al., 

1999 

Abbreviations used: AS, alpha-synuclein; PLD2, phospholipase D2; ERK, 

extracellular signal-related kinase; Bcl-2, B-cell lymphoma-2; BAD, Bcl-2 

associated death promoter; PKC, protein kinase C; PKA, protein kinase A. 

Adapted from Lucking and Brice, 2000 

 

The normal ultrastructure of α-synuclein is converted to toxic 

oligomeric and protofibrillary forms under pathological conditions. 

These toxic forms of α-synuclein have been linked to increased 

neuronal apoptosis through a yet unknown mechanism. One of the 

hypotheses suggests that the pre-fibrilar form of α-synuclein creates 

pores in membranes which increase ion permeability from the outside 

of the cells leading to cell death (Danzer et al., 2007; Danzer et al., 

2009; Brown D. R., 2010). The reason behind increased α-synuclein 
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oligomerization in ZS mouse models is not clearly understood. It has 

been suggested that increased ROS levels increases nitration of the 

tyrosine residues in α-synuclein causing their oligomerization. The 

accumulation of VLCFA and PUFA in the brain of PEX13 mice have also 

been proposed in the oligomerization of α-synuclein (Yakunin et al., 

2010).  

 

The studies presented in this thesis have four major focuses. The 

longer surviving PEX13 BM mice were characterized with gross 

cerebellar pathology, Purkinje neuronal abnormality, reactive gliosis 

and delayed reflex and motor behaviour. Data has been presented for 

α-synuclein playing a role in this neurodegenerative process. Our first 

aim was to determine whether α-synuclein oligomerization is 

causative of the neurological pathogenesis observed in ZS 

mouse models. Towards this, we used arimoclomol, an inducer of 

molecular chaperones, in an attempt to reverse pathophysiology and 

resultant motor abnormalities associated with PEX13 dysfunction.  

 

PEX13 BM mice show motor dysfunction and reduced co-ordination. 

The substantia nigra and the nigrostriatal pathway are also crucial for 

movement planning, control and co-ordination. We investigated a 

potential role for these regions also contributing to the motor 

dysfunction previously described by us in PEX13 BM mice. Thus our 

second aim was to evaluate whether motor dysfunctions seen 

in ZS mouse models are related to altered substantia nigra and 

the nigro-striatal pathways. These regions were an obvious choice 

for further investigation due to their known dysfunction in Parkinson’s 

disease and as they have not been characterized previously in PEX13 

mouse models (or other ZS mouse models).  
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Next, increased neuronal apoptosis due to increased ROS has been 

documented in neuronal cultures obtained from PEX13 KO mice (Muller 

et al., 2011). Thus increased apoptosis has been implicated as the 

underlying cause of the profound brain phenotype that occurs in ZS 

mice. With emerging evidence for impaired cell genesis contributing to 

the pathophysiology in other late onset neurodegenerative diseases, 

which share common etiological factors with ZS. We hypothesized that 

the massive neurological damage and abnormality found in ZS mouse 

models is due to altered neurogenesis. Thus our third aim was to 

study the level of neurogenesis in the known neurogenic 

zones of the brain of ZS mouse models.  

 

Lastly, the protein Pex13 which is crucial for peroxisome matrix protein 

import and mutations in this protein results in the fatal ZS. The C-

terminal SH3 region of Pex13 has been shown to bind PTS1 receptor, 

Pex5 and thus mediates PTS1 matrix protein import (Urquhart et al., 

2000). Little is known about the N-terminal region of Pex13 which has 

been proposed to mediate PTS2 matrix protein import (Urquhart et al., 

2000). Thus our fourth aim was to determine the role of the N-

terminal region of Pex13 in PTS1 and PTS2-mediated matrix 

protein import. This would provide a mechanism for the anatomy 

underlying the ZS brain.   

 

7.2. Alpha-synuclein - a causative of ZS neuropathogenesis 

The primary purpose of this study was to understand whether α-

synuclein is at least partial causative of ZS disease pathogenesis as it 

has been implicated in several other neurodegenerative diseases 

(discussed in Sections 7.1 and 1.4.2.3.5). Recent data by Yakunin et al 

(2010) has implicated α-synuclein in ZS associated brain pathology. We 

speculated that suppression of α-synuclein could restore some of the 
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disease pathogenesis described earlier by Muller and co-workers 

(2011). We used a small compound drug arimoclomol, which induces 

molecular chaperones, in PEX13 BM mice. Arimoclomol treatment in 

ALS mice showed prolonged activation of HSF-1 and induction of entire 

repertoire of heat shock proteins (Benn and Brown, 2004). Up-

regulation of these well known molecular chaperones would reverse 

the oligomerization of α-synuclein in PEX13 BM mice and reduce some 

of the cerebellar pathology in these mutant mice.  

 

Treatment with arimoclomol resulted in significant reduction of 

cerebellar GFAP levels in PEX13 BM mice which is an unexpected 

finding of this study. Although direct immunodetection of α-synuclein, 

HSP 70 or HSF-1 was not carried out in this study, the fact that GFAP 

levels were significantly reduced in treated mutant mice provides some 

data towards the efficacy of the treatment. Arimoclomol treatment did 

not improve any of the gross cerebellar morphological defects or 

reverse the abnormal foliation and fissure formation of the cerebellum 

in the mutant mice. The abnormal Purkinje neuron dendritic arbour 

was also unaffected in arimoclomol treated mutant mice. Assessment 

of postnatal neurobehaviour using selected ‘Fox battery’ of test showed 

minor improvement in reflex and motor function during later stages of 

treatment in PEX13 BM mice. 

 

Immunodetection of α-synuclein oligomers was carried out earlier by 

Yakunin and co-workers in whole brain extracts using Western blotting 

(Yakunin et al., 2010). Direct immunodetection of α-synuclein or HSPs 

in the mice brain sections was not successful and was a technical 

limitation of this study. Future studies using immunodetection of α-

synuclein and HSPs in the brain sections would assist in establishing a 

direct relationship of increase in HSPs and alteration of α-synuclein 
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oligomers upon treatment with arimoclomol. However, the findings of 

this study point towards two important molecular events: 

1. The direct relation of α-synuclein and GFAP in vivo (also shown in 

human astrocytes, Koob et al., 2010) and  

2. Alpha-synuclein could be a partial causative of ZS neuropathology.   

 

Figure 7.1: Molecular effect of arimoclomol treatment in 

PEX13 BM mice. Molecular events followed by arimoclomol treatment in 

PEX13 BM mice are highlighted in blue while in untreated PEX13 BM mice are 

highlighted in black. In PEX13 BM mice, absence of peroxisome function leads 

to increase in VLCFA, ROS which induce oligomerization of α-synuclein 

resulting in increased GFAP levels and reactive gliosis. Arimoclomol treatment 

reduced GFAP levels in the brain of PEX13 BM mice. Arimoclomol treatment 

has also been shown to increase molecular chaperones in ALS mice. Thus 

reduction of GFAP in PEX13 BM mice due to arimoclomol treatment could be 

due to increased activity of molecular chaperones to reduce -synuclein 

oligomerization. Abbreviations used; , increase; , decrease; ROS, reactive 

oxygen species; VLCFA, very long chain fatty acid; GFAP, glial fribrillary acid 

protein.  
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7.3 The involvement of the substantia nigra and striatum in 

motor dysfunction of ZS 

Previous studies carried out by Muller and co-workers suggested that 

deterioration of motor function in PEX13 BM mice was due to 

developmental defects in the cerebellum (Muller et al., 2011; refer 

Section 1.6.2.7).  However, two other regions of the brain namely, the 

substantia nigra and striatum also plays a primary role in the control of 

motor function. The axons from the SN project to the ST via the 

median fore-brain bundle to form the nigrostriatal circuit. Examination 

of the SN and ST in PEX13 BM mice revealed a significant reduction of 

TH levels, in both, the nigra and the striatum, indicating decline of 

dopamine levels and associated functions of the nigrostriatal circuit. 

Reduced dopamine levels were accompanied with reduced numbers of 

midbrain dopaminergic neurons particularly in the SN pars compacta 

and VTA region in PEX13 BM mice.  

 

Dopamine is an essential neurotransmitter which controls motor 

function and is synthesized by dopaminergic neurons present in the 

SN. Loss of nigrostriatal dopamine is the hallmark of the 

neuropathology in PD patients and the loss of this neurotransmitter 

causes rigidity, tremors and other motor deficits which are typical 

symptoms of this disease. The PEX13 BM mice also show hyperkinesias 

(excessive muscle movement), abnormal posture and steep motoric 

deficit between P18 and P20 (Muller et al., 2011). The present study 

on SN and the ST was carried out around P22 to P23 of age correlating 

with the age at which a decline of motor function was reported 

previously (Muller et al., 2011). 
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The post-synaptic neurons in the ST in PEX13 BM mice did not show 

any increase in apoptosis (measured by active caspase-3) or stress 

granule formation (measured by nuclear G3BP levels). Although in 

rotenone induced rat models of PD, characteristic apoptotic cell death 

(measured by active caspase-3) in striatal dopaminergic neurons 

(Norazit et al., 2010; Lin et al., 2012) was observed. Such a 

mechanism was not observed in PEX13 BM mice. The SN of the mutant 

mice, on the other hand, showed significant increase in SOD2, Iba1 

and GFAP (although not statistically significant, an increasing trend was 

found) which accompanied a significant decline in the number of 

dopaminergic nerve cells. Increase in anti-oxidative enzyme SOD2 

indicates oxidative damage to the nigra of the mutant mice 

accompanied with astrogliosis and microgliosis. This finding is in 

agreement with the previous studies carried out in the cerebellum 

which showed increased oxidative stress (indicated by increase in 

SOD2, GFAP and Iba1 levels) (discussed in Section 7.1).  

 

In order to comprehend nigral pathogenesis at cellular and molecular 

levels we studied single SNc DA neurons in the mutant and WT mice. 

Morphological analysis of individual dopaminergic neurons of the pars 

compacta (30 individual mDA neurons per mouse) using IMARIS 

computational analysis showed a statistically significant increase in the 

area (surface area, measured in µm2, proportional to the square of the 

diameter) and volume (measured in µm3, proportional to the cube of 

the diameter) in mutant mice in comparison to WT DA cells. This 

increase in the size of midbrain DA neurons in mutant mice could be a 

result of a compensatory mechanism where the loss of DA neurons in 

the mutants conveys an additional functional burden to those neurons 

that remain. 
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Peroxisome localization within a single SNc DA neuron in the mutant 

mice showed fewer numbers and increase in the size of individual 

peroxisome indicating presence of peroxisome ‘ghost’ (remnant 

peroxisome membrane without peroxisome function), a characteristic 

of dysfunctional peroxisome. Oxidative stress specific to SNc DA 

neurons was assessed by measuring SOD2 granule size and number 

using IMARIS computational analysis program. The average size of 

SOD2 granules was increased within single SNc DA neurons in mutant 

mice indicating that these DA neurons are under oxidative stress. 

Although localization of peroxisome and SOD2 granules were not 

carried out in the same DA neuron, as both PEX14 (peroxisome 

marker) and SOD2 antibodies are rabbit derived, the fact that 

peroxisome remnants were observed in SNc DA neurons implies that 

SOD2 is elevated in the absence of peroxisome function.  

 

Dopaminergic neurons are known to be susceptible to oxidative 

damage. In an environment rich in ROS, which is in the case of ZS, the 

potentially increased damage to DA neurons due to oxidative stress is 

acceptable. However, it has been suggested by several studies that 

when DA neurons undergo apoptosis excess of DA exist in the cytosol 

outside of the synaptic vesicle which undergoes auto-oxidation 

(Graham D. G., 1978; also reviewed in Miyazaki and Asanuma, 2008). 

This spontaneously oxidized DA converts into superoxide radical (O2
-), 

and reactive quinones such as DA quinones and DOPA quinones. These 

DA/DOPA quinones are cytotoxic to DA neurons and surrounding 

neuronal population (reviewed in Miyazaki and Asanuma, 2008; 

Miyazaki and Asanuma, 2009). Besides, DA quinones interact with a 

variety of biomolecules altering their structure and function which 

initiates a cascade of events further resulting in their cytotoxicity. For 

e.g, DA quinones react with proteins altering cysteine residues which 

irreversibly alters or renders the protein inactive. The DA quinones are 
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also known to modify and inactivate TH (Kuhn et al., 1999) and DA 

transporter (DAT) (Whitehead et al., 2001), which reduces DA 

synthesis and DA uptake (reviewed in Miyazaki and Asanuma, 2008).  

 

Evidence acquired from the role of α-synuclein in neurodegeneration is 

interesting and potentially occur in ZS mouse models too. Alpha-

synuclein has been shown to be involved in the synthesis, metabolism 

and release of DA (Nemani et al., 2010) and even slightest alterations 

in α-synuclein concentration has been suggested to have great effect 

on DA release (Nemani et al., 2010; reviewed in Winner et al., 2011). 

Alpha-synuclein has been shown to bind and stimulate protein 

phosphatase 2A (PP2A) activity resulting in inhibition of TH. The 

enzyme PP2A is a phosphatase that turns TH into its inactive form 

inhibiting TH activity (Lou et al., 2010).  

 

Although PPAR levels have not been estimated specifically in PEX13 

mouse models its levels have been studied in liver deficient peroxisome 

mouse models and in sertoli cells deficient in Pex13. PPAR gene 

expression and PPAR-α levels are increased in Pex13 deficient sertoli 

cells (Nenicu et al., 2009) and in mice with liver specific disruption of 

Pex5 (Dirkx et al., 2005) respectively. PPAR-α has been shown to be 

localized on DA neurons and mice lacking PPAR-α show reduced 

number of DA neurons without significant motor defects (Gonzalez-

Aparicio et al., 2011). Recent study has also established that PPAR-α 

modulates DA receptor via nicotinic acetylcholine receptors (Melis et 

al., 2010). The nicotinic acetylcholine receptors are involved in 

neuroinflammation and therapies that up-regulates and stimulates 

these receptors could activate stimulating cholinergic anti-inflammatory 

pathway and is neuroprotective (Tuppo and Arias, 2005; Shimohama 

S., 2009). It would be interesting to study the role of PPAR-α in PEX13 
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mouse models and its contribution to dopaminergic neuropathology.  

Together with the cerebellar pathology we conclude that the SN and 

the ST are also involved in motor dysfunction found in ZS mice. The 

molecular events involved in motor dysfunction of ZS PEX13 BM mice 

are outlined in Figure 7.2. 

 

 

Figure 7.2 Potential molecular mechanisms underlying motor 

dysfunction in ZS. Abbreviations used; , increase; , decrease; ZS, 

Zellweger syndrome; SN, substantia nigra; DA, dopamine; mDA, midbrain 

dopamine; PP2A, protein phosphatase 2A; VTA, ventral tegmental area; SNc, 

SN pars compacta; ROS, reactive oxygen species. 1. The main motor regions 

of the brain – cerebellum, SN and the ST contribute to motor dysfunction in 

ZS mouse models. Reduced nigrostriatal DA levels accompanied with a loss of 

mDA neurons (particularly the VTA and SNc neurons) account for the SN and 

nigrostriatal pathophysiology. 2. Increased oxidative stress due to peroxisome 
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dysfunction leads to an increase in ROS levels which damage the mDA 

neuronal population. 3. Free cytoplasmic DA leaked from apoptotic DA 

neurons undergoes auto-oxidation to form DA-quinones and DOPA-quinones 

which further attack mDA neurons and reduce TH levels. 4. Accompanied 

with an increase in α-synuclein oligomerization leads to neuronal death and 

suppression of TH via PP2A. 5. Increased astrogliosis and microgliosis in SN 

also lead to neuronal death. 6. Loss of mDA neurons, especially in the VTA 

region, could result in reduced appetite in ZS (refer Section 7.3.1).     

 

7.3.1 Loss of dopamine and aphagia in ZS  

The PEX13 BM mice display reduced food intake and appetite, lethargy 

and inability to feed post weaning (Muller et al., 2011). Reduced 

suckling (as indicated by lack of stomach milk) has been a 

characteristic feature of PEX13 KO mice (Maxwell et al., 2003). Patients 

with ZS also exhibit severe difficulties in suckling and swallowing food 

and often require gastric tube feeding (Karimi et al., 2007). A strong 

correlation between food intake and DA levels was provided by studies 

on DA deficient mice (DA-/- mice) with selective inhibition of TH in the 

dopaminergic neurons (Zhou and Palmiter, 1995; Szczypka et al., 

1999). Aphagia and locomotory disorders have been observed in these 

DA-/- mice which died within 3 weeks of age. Daily administration of L-

DOPA in DA-/- mice stimulated locomotor activity and daily food and 

water intake (Szczypka et al., 1999). The findings of this study explain 

the characteristic behaviour of aphagia, reduced suckling and 

malnutrition of ZS patients and PEX13 KO and BM mice. Thus reduced 

DA levels also provide an explanation for aphagia and malnutrition in 

ZS disease pathogenesis. The DA neurons located in VTA region 

regulate reward seeking and food behaviour; loss of mDA neurons in 

the VTA region in PEX13 BM mice also suggests reduced food intake 

and aphagia (reviewed in Fields et al., 2007).   
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7.4 Neurogenesis in ZS mouse models 

The profound neurodegeneration and early death of PEX13 mice have 

been thought to be due to increased neuronal apoptosis and abnormal 

neuronal migration (Maxwell et al., 2003; Muller et al., 2011). 

However, there is a possibility that peroxisomal dysfunction could 

affect cell genesis and thus neurogenesis is altered in PEX13 mouse 

models and could contribute to ZS neuropathology. Besides, 

neurogenesis has been studied in a number of adult neurodegenerative 

diseases such as PD, AD, HD and schizophrenia. Thus the hypothesis 

that the abnormal brain pathology seen in PEX13 ZS mice is partially 

due to reduced cell genesis was investigated. 

 

Neurogenesis was studied in two major neurogenic regions of the brain 

– the dentate gyrus (DG) and the sub ventricular zone (SVZ). In PEX13 

KO mice neurogenesis in both the DG and the SVZ was severely 

affected. There was 41.5% and 69% reduction in newly proliferating 

cells in the DG and SVZ of PEX13 KO mice respectively. Neurogenesis 

in PEX13 BM mice reduced by 62% and 59.6% in the DG and SVZ at 

P0 and by 35% and 49% in the DG and the sub granular zone (SGZ) of 

the DG at P10. Thus the reduction in neurogenesis was associated with 

the severity of disease in ZS.  

 

A newly born neuron undergoes different stages of development 

before it is integrated into the neuronal circuitry. In this study we 

applied acute exposure of EdU (for 4 hrs) and investigated the 

proliferation of cells. However data on further events of neuronal 

development such as differentiation, migration of immature neurons 

and integration in to functional neurons in ZS is still lacking. Exposure 

of PEX13 mouse models to EdU and sampling the brain for analysis 

after providing the time duration required for the integration of the 
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newly formed cells into circuits, would allow such a study of neuronal 

differentiation and survival of newborn cell in brain of ZS mice. The 

differentiation and survival of newborn cell are crucial aspects of 

neurogenesis and needs to be studied in PEX13 mice using appropriate 

markers of different stages of development. Further study of different 

stages of the development cascades with markers such as the 

transcription factors SOX2, PAX6, Nestin, LMX and NURR1, and 

functional markers such as synaptophysin, and the markers of 

dopaminergic neuron function such as DAT, TH and VMAT would 

provide greater insight on the role of neurogenesis and development of 

the nervous system in these neonatal neurodegenerative disorders. 

 

In the present study we also found overall decrease in EdU/Sox2 

association in the DG and SVZ of both PEX13 KO and PEX13 BM mice. 

In recent times, Sox2 has gained a lot of importance as a master 

regulator of neural stem cells (NSCs) and in neuroprotection. In an 

elegant work carried out by Ring and co-workers (2012), NSCs were 

induced (iNSC) from mouse and human fibroblast cells to form NSCs 

with the use of a single factor – Sox2 (Ring et al., 2012).  These iNSCs 

were able to integrate into mouse brain to form mature neurons and 

they maintained their pluripotency to form neurons, astrocytes and 

oligodendrocytes similar to wild type NSCs in vitro (Ring et al., 2012). 

Deletion of Sox2 in mouse brain showed complete loss of NSCs and 

neurogenesis leading to DG hypoplasia (Favaro et al., 2009). 

Deficiency of Sox2 on newly proliferating cells in PEX13 mouse models 

point out towards defective NSC production in ZS at an early postnatal 

stage. This finding could partially explain the profound brain 

dysmorphology in PEX13 mouse models.  

 



Chapter 7 
 

283 
 

Besides, increase in EdU/NeuN association in the DG and SVZ of both 

PEX13 KO and BM mice was found. Increase of mature neuronal 

marker NeuN and its association in EdU positive cells is an unexpected 

finding of this study. It suggests the ongoing cell genesis in regions of 

the brain occupied by mature neurons. The observed gliosis in these 

brain regions in the PEX13 deficient mice suggests that an increase in 

glial genesis in the affected brain regions. This aspect needs to be 

investigated further by detection and measurement of the glial markers 

GFAP and Iba1 together with NeuN on cells which have been exposed 

to EdU for longer period of time prior to harvest.   

 

Once again addressing the issue of accumulation of toxic oligomers of 

α-synuclein in ZS, similar to late onset neurodegenerative diseases, 

could further correlate with reduced neurogenesis. Mice expressing WT 

human α-synuclein showed reduced neurogenesis (Nuber et al., 2008). 

In mouse embryonic stem cells (mES) transfected with WT and mutant 

α-synuclein reduced proliferation (indicated by reduced BrdU uptake) 

and increased apoptosis was reported (Crews et al., 2008). The 

reduction of NPCs in the presence of α-synuclein was mediated 

through Notch1 signalling pathway as levels of Notch1 and Notch1 

intracellular domain were lower in WT and mutant α-synuclein 

transfected mES (Crews et al., 2008).  

 

7.4.1 Role of peroxisomes in cell signalling and proliferation 

Although peroxisome’s role in cell proliferation and cell signalling has 

been given very little emphasise, it now seems significant to ZS 

neuropathology, especially pertaining to the study of neurogenesis. 

Genes relating to cell-cell signalling and cell growth was shown to be 

the pathways differentially expressed in PEX13 BM mice. Microarray 

analysis in PEX13 BM mice showed that 11 out of the identified 15 
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differentially expressed genes belonged to cell-cell signalling and cell 

growth network (Nguyen T. H., 2007).  

 

Peroxisomes are known to grow in response to external stimuli such as 

high fat diet via PPARs which induce genes for peroxisome proliferation 

and β-oxidation of fatty acids (discussed in Section 1.8). PPARs are 

involved in cell proliferation, death and differentiation (Roberts et al., 

2002) and particularly in placental, osteoblast, skin and gut 

differentiation, adipogenesis, and also in macrophage, brain and breast 

differentiation (reviewed in Feige et al., 2006; Cimini et al., 2007). 

Recently all three isotypes of PPARs (i.e., α, β, ) have been detected 

on NSCs and shown to be involved in astroglial differentiation (Cimini 

et al., 2007). In another study it was reported that PPAR expression is 

high in both mouse embryonic brain and NSCs as compared to adult 

brain (Wada et al., 2006). PPAR was shown to stimulate proliferation 

and differentiation via up-regulation of EGF receptor and activation of 

the ERK pathway (Wada et al., 2006). Studies on the role of PPARs and 

cell proliferation in peroxisome deficient PEX13 mice would prove 

beneficial to understand the downstream molecular events in cell 

proliferation in a peroxisome deficient brain. Factors affecting 

neurogenesis in the PEX13 ZS mouse models is summarized in Figure 

7.3.  
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Figure 7.3: Factors affecting neurogenesis in PEX13 mouse 

models. Abbreviations used: , increase; , decrease; DG, dentate gyrus; 

SVZ, sub ventricular zone; ZS, Zellweger syndrome; ROS, reactive oxygen 

species; DA, dopamine; PPAR, peroxisome proliferator activated receptors. In 

the absence of PEX13 peroxisomes are dysfunctional resulting in increase in 

ROS, α-synuclein oligomerization and various other pathological conditions 

that lead to increased apoptosis and neuro-inflammation which may 

potentially lead to a reduction in the number of NSCs in the DG and the SVZ 

of PEX13 mice, depending on the severity of the disease. Besides, Sox2 levels 

are reduced in both – PEX13 KO and PEX13 BM mice. Reduced levels of 

neurotransmitters such as DA could also result in dysregulation of 

neurogenesis. The role of PPARs in NSC differentiation has been shown and 

could potentially affect neurogenesis in PEX13 mice.   
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7.5 PTS1 and PTS2 mediated matrix protein import 

Peroxisomal matrix protein import is brought about by two types of 

signalling pathways, i.e. PTS1 and PTS2 (discussed in Section 1.3). The 

PTS1 signal is a tripeptide signal (SKL) located at the C-terminal end of 

peroxisome proteins and is recognized by its receptor Pex5. The PTS2 

signal located on the N-terminal region is a nine amino acid peptide, 

recognized by its receptor Pex7. The PTS1/ PTS2 signal containing 

proteins bind to their respective receptors in the cytoplasm and dock 

on the docking complex present on peroxisomal membrane. The 

docking complex consists of 2 essential proteins – Pex14 and Pex13. 

While Pex14 provides the initial site of attachment for the PTS-

receptor-protein complexes, the two signals converge at Pex13. 

Followed by the initial docking on Pex14, the PTS1-protein-receptor 

complex moves to the C-terminal (containing SH3 domain) and the 

PTS2-receptor protein complex moves to the N-terminal region 

(contains highly conserved ‘SIES’ region) of Pex13.  The C-terminal 

region of Pex13 has been shown to bind PTS1 receptor, Pex5 by 

Urquhart and co-workers (2000) while the N-terminal region has been 

proposed to bind PTS2 receptor, Pex7 (Urquhart et al., 2000). 

However, conflicting studies in CHO cells showed that the N-terminal 

region of Pex13 binds Pex5 and thus mediates PTS1 matrix protein 

import (Otera et al., 2002). Thus the aim of this project is to test the 

hypothesis that the N-terminal region of Pex13 is involved in PTS2 

mediated matrix protein import.  

 

We characterized Pex13 KO and WT MEFs using PCR, Western blotting 

and IF to confirm deletion of Pex13. After this initial confirmation we 

established the correct localization of peroxisomal proteins in the 

absence of Pex13. It was proposed by Imanka and co-workers (1996) 

that in the case of non functional peroxisomes, peroxisomal proteins 

are mis-targeted to other sub-cellular compartments. Using 
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mitochondrial and lysosomal dyes in Pex13 deficient MEFs, we 

established that Pex14 was not localized on mitochondrial or lysosomal 

membranes but are retained on remnant peroxisome membranes thus 

refuting the findings of Imanka and co-workers.  

 

A cell based PTS1 protein import assay was established by 

immunodetection of anti-SKL antibody in both, Pex13/ and Pex13+/+ 

MEFs. Abolition of PTS1 matrix protein import due to deletion of Pex13 

was confirmed. Further digitonin based membrane permeabilization 

allowed exclusive detection of peroxisomal membrane proteins. Using 

this digitonin based permeabilization, the correct topology of Pex13 FL-

myc on peroxisome membrane, upon transfection in Pex13/ MEFs 

was confirmed. The next step, in the experimental strategy, was to 

establish a cell based PTS2 protein import assay by stable expression 

of PTS2-EGFP in Pex13/ MEFs. The PTS2-EGFP fragment was cloned 

from pTRE-3 vector to pcDNA3, a mammalian expression vector. In 

parallel, point mutations were introduced in the highly conserved ‘SIES’ 

region, in the N-terminal of Pex13 FL-myc, replacing the negatively 

charged glutamic acid residue (E136) with strong positively charged 

lysine residue (E136K), and neutral charged glutamine residue 

(E136Q). 

 

Establishing the stable transfection of PTS2-EGFP in Pex13/ MEFs was 

a challenging part of this project, and it was unfortunate that the 

transiently transfected PTS2-EGFP in Pex13/ MEFs did not survive in 

culture for a greater number of passages. Due to restricted time and 

resources, we are able to report the necessary tools for investigating 

the role of N-terminal region of Pex13 in matrix protein import. 

However, this is an ongoing project in Prof. Denis Crane’s laboratory 

and future experiments necessary to establish cell based PTS2 protein 
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import assay will be conducted in the lab by other lab members. The 

important achievements of this project are summarized below: 

1. Established that peroxisomal proteins in the absence of functional 

peroxisomes are targeted to peroxisome remnant structures and not 

mis-targeted to other sub-cellular components.   

2. Established cell based PTS1 protein import assay and digitonin 

based permeabilization for specific detection of peroxisomal membrane 

proteins. The digitonin based permeabilization technique was applied 

to Pex13/ MEFs transfected with Pex13 FL-myc. This technique 

assisted in establishing the correct topology of ‘myc’ epitope 

(cytoplasmic side) on peroxisome membrane and also indicating the 

correct functioning of Pex13 to rescue PTS1 and PTS2 matrix protein 

import. 

3. Site directed mutants E136K and E136Q in the N-terminal region of 

Pex13 FL-myc were developed and their sequence confirmed the 

desired amino acid change with no other undesired changes in the 

protein. 

4. Successful cloning of PTS2-EGFP fragment in pcDNA3 vector 

(efficient for mammalian transfection) was established, which can be 

utilized to develop cell based PTS2 protein import assay.  

 

7.6 Summary of the molecular and cellular neuropathology in 

ZS 

Pex13 is an integral peroxisomal membrane protein which plays a 

crucial role in peroxisome matrix protein import. Disruption of 

peroxisome matrix protein import due to mutation in PEX13 in humans 

and mice leads to the fatal Zellweger syndrome. This thesis provides 

insight to ZS neuropathology, role of peroxisome in normal brain 

development and expands our understanding towards unifying 
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mechanisms operating in ZS and late onset neurodegenerative 

diseases which would ultimately lead to the goal of developing 

therapeutic targets for ZS disease management. A brief summary of 

the putative molecular and cellular neuropathology of ZS is shown in 

Figure 7.4.  

 

 

Figure 7.4: Summary of ZS neuropathogenesis. Abbreviations 

used: , increase; , decrease; X, abolition; ZS, Zellweger syndrome; DA, 

dopamine; SNc, substantia nigra pars compacta; VTA,ventral tegmental area; 

DG, dentate gyrus; SVZ, sub ventricular zone. 1. Deletion of Pex13 protein 

(denoted as Pex13/) leads to ablation (denoted as ‘X’) of PTS1 and PTS2 

matrix protein import. This molecular change in the brain peroxisome leads to 

various neurological defects in ZS. 2. Motor dysfunction observed in ZS PEX13 

BM mice is due to pathology of two major motor regions of the brain – 
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cerebellum and SN. Cerebellar pathophysiology has been studied previously 

by Muller and co-workers (2011). Here, SN pathophysiology is elucidated. 3. 

In the SN of PEX13 BM mice, reduced DA levels and loss of mDA neurons, 

particularly in the SNc and VTA regions, were demonstrated. 4. The loss of 

mDA neurons in the VTA region is proposed to be the etiological factor 

behind reduced appetite and food intake in PEX13 BM mice. 5. A reduction in 

cell genesis versus an increase in cell death is demonstrated in ZS PEX13 

mice. Decreased neurogenesis in two major neurogenic zones – DG and SVZ 

was shown in this study. Decreased neurogenesis along with increased 

neuronal apoptosis could contribute to ZS neuropathology. 6. Increased 

accumulation of α-synuclein oligomerization has been reported by Yakunin 

and co-workers (2008) in PEX13 mice. The increase in α-synuclein oligomers 

could potentially contribute to reduction in DA levels, loss of mDA neurons, 

and reduction of neurogenesis in the DG and SVZ. Increased neuronal 

apoptosis is also known to be the result of increased α-synuclein 

oligomerization. 7. Increased microgliosis and astrogliosis in the SN of PEX13 

BM mice have been reported in this study and in the cerebellum by a 

previous study (Muller et al., 2011). Increased astroglial cells also involve α-

synuclein oligomerization.  

 

7.7 Future directions  

The studies undertaken in this thesis addresses the molecular and 

cellular nature of ZS neuropathogenesis. The central premise of this 

thesis is based on Pex13 to investigate its role in peroxisome matrix 

protein import in vitro using MEFs, and to understand its role in ZS 

neurological abnormalities in vivo using PEX13 mouse models. One of 

the significant themes that have come to the forefront from this thesis 

is the common pathological pathways in neonatal and adult onset 

neurodegenerative disease. Thus PEX13 mice provide excellent models 

to understand the role of peroxisome in normal development and in 

neurodegenerative processes of the brain, which can be correlated to 

other neurodegenerative diseases. 
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Attenuation of GFAP levels with arimoclomol treatment in PEX13 BM 

mice provides a strong lead for future studies. Such a study could 

provide an insight into the extent of α-synuclein related damage in ZS 

pathogenesis. Alpha-synuclein is known to interact with multiple 

proteins and the demonstration of these molecular markers in PEX13 

mice would provide an insight into the molecular network and 

signalling pathways operating in ZS. The information generated from 

such a study could be applied to other synucleinopathies as well.   

 

Increased astrocytes and microglia has been observed in the PEX13 BM 

mouse model (Muller et al., 2011). Reactive gliosis is a complex and 

multifaceted process which involves both beneficial and detrimental 

effects. A growing body of evidence has shown that responses of 

reactive gliosis to CNS insults are controlled in a context dependent 

manner which involves combination of multi-factorial inter- and intra-

cellular signalling mechanisms (reviewed in Sofronview M V., 2009). 

Thus therapies targeted at attenuating the potentially detrimental 

aspects of reactive gliosis in PEX13 BM models and enhancing or 

preserving the beneficial effects of reactive astrogliosis will prove 

beneficial.  

 

The studies presented in this thesis have provided a correlation 

between DA neurons and motor dysfunction in ZS. Loss of mDA 

neurons and reduced DA levels in the SN and ST of PEX13 BM mice is 

a novel finding which has not been reported earlier in other ZS mouse 

models. This study warrants future investigation to correlate ZS 

phenotype and motor dysfunction alongside DA replacement. Indeed 

further investigations aimed to understand nigral pathogenesis have 

already being carried out by other members of the Prof. Denis Crane’s 

laboratory. These studies include investigating the role of serotonergic 
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pathways in motor dysfunction and other neurological abnormalities 

found in ZS. Serotonergic neurons also play an important role in motor 

function. This study on serotonergic neurons in the SN of PEX13 BM 

mice will broaden our understanding on various neuronal circuitries 

involved in ZS abnormalities. 

 

Extension of the study of neurogenesis, neuronal differentiation and 

maturation in PEX13 mouse models at different developmental stages 

using longer post-EdU durations has also been initiated by different 

members of the Prof. Denis Crane’s laboratory. Outcome of such a 

study would prove effective in understanding the role of peroxisome in 

cell proliferation and development. Moreover, the study of 

neurogenesis in peroxisome deficient mice could also facilitate 

development of potential therapeutic targets for ZS disease 

management.  

 

Development of PTS2-EGFP stable transfection in Pex13/ MEFs by 

using novel methods of transfection is warranted. Structural studies on 

mammalian Pex13 if accentuated would facilitate understanding of 

Pex13 in peroxisome matrix protein import and assist in resolving the 

conflicts surrounding PTS2-mediated matrix protein import.  
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Appendix 

 

I. PTS2-EGFP sequencing contains the following three parts: 

In order to establish cell based assay for PTS2 protein import, cloning 

of PTS2 signal tagged with EGFP (Clonech) was cloned into mammalian 

expression vector pcDNA3. The PTS2-EGFP fragment was initially 

contained in pTRE-3 vector which was not suitable for carrying out 

mammalian transfection as described in Chapter 6. The first step in the 

cloning strategy was to amplify the PTS2-EGFP fragment present in 

pTRE-3 vector and ligate into cloning vector T-Easy. The next step in 

the cloning strategy was to extract the PTS2-EGFP fragment from T-

Easy vector using HindIII-NotI double restriction enzyme digestion and 

ligate into pcDNA3 vector. The details of the cloning strategy is 

provided in Section 6.2.4 and results in Section 6.3.6. In this section 

the sequence alignment and comparison of various sequences obtained 

using multiple primers is provided. The section is divided into 3 sub 

sections which are given as follows:  

 

1. Primer design.  

The forward (PTS2-EGFP-F) and reverse (PTS2-EGFP-R) primers were 

designed to amplify PTS2-EGFP fragment from pTRE-3 vector. 

Overhangs regions of random DNA sequences were introduced before 

the forward and after the reverse primers to allow additional base pairs 

for restriction enzyme digestion. Additional HindIII restriction enzyme 

site was also introduced in the PTS2-EGFP-F primer. This HindIII site 

was used to separate the PTS2-EGFP fragment from T-Easy vector for 

insertion in pcDNA3 vector. The nine amino acid PTS2 signal consists 

of MHRLQVVLGHL sequence and is shown in Figure 1.  
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Figure 1: Primers for PTS2-EGFP cloning. Forward primer (denoted 

as PTS2-EGFP-F) and reverse primer (denoted as PTS2-EGFP-R) contain 

overhang sequence at the beginning and at the end of the sequence, 

respectively.  An additional HindIII restriction enzyme site was introduced in 

the forward primer. The amino acid and corresponding codons for PTS2 

signal is shown in the forward primer.  

 

 

2. Sequence alignment of PTS2-EGFP fragment in the cloning 

vector T-Easy.  

The PTS2-EGFP fragment cloned into T-Easy vector was sequenced 

using T7 forward and SP6 reverse sequencing primers. The sequences 

obtained from T7 and SP6 were aligned and compared against PTS2 

sequence and EGFP sequence (obtained from Clontech) to confirm the 

presence of PTS2-EGFP in T-Easy vector and to detect any undesired 

mutations in other regions of the fragment (refer Figure 2).  

 

The following sequences are aligned in Figure 2: 

i. PTS2 Forward primer (indicated as PTS2-F primer which contains the 

additional HindIII region followed by PTS2 sequence);  

ii. EGFP-Clontech (the EGFP sequence obtained from Clontech);  
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iii. PTS2-EGFP-T7 (PTS2-EGFP fragment in T-Easy vector sequenced 

using T7 forward primer); and  

vi. PTS2-EGFP-SP6-reverse complement (PTS2-EGFP fragment in T-

Easy vector sequenced using SP6 reverse primer) 

 

 

 

       Fig. 2 continued on next page... 
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Figure 2: PTS2-EGFP sequence alignment in T-Easy vector. The 

black rectangular box indicates HindIII restriction site; solid black arrow over 

the base pairs indicates the site for PTS2-EGFP-F primer recognition and 

orientation; green solid lines under the base pairs indicate EGFP region. 

Sequences of PTS2-F primer, EGFP (Clontech), PTS2-EGFP-T7 and PTS2-

EGFP-SP6-reverse complement is aligned and compared. 
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3. Sequence alignment of PTS2-EGFP fragment in pcDNA3 

vector.  

Further PTS2-EGFP fragment was inserted into pcDNA3 vector from T-

Easy vector using HindIII-NotI double restriction enzyme digestion. In 

order to check the correct sequence and to detect undesired change in 

PTS2-EGFP fragment sequencing of PTS2-EGFP-pcDNA3 was carried 

out using T7 forward primer and the sequences were aligned with 

PTS2-EGFP-T-Easy vector for comparison (refer Figure 3).  

 

The following sequences are aligned in Figure 3: 

i. PTS2 Forward primer (indicated as PTS2-F primer which contains the 

additional HindIII region followed by PTS2 sequence);  

ii. EGFP-Clontech (the EGFP sequence obtained from Clontech);  

iii. PTS2-EGFP-T7 (PTS2-EGFP fragment in T-Easy vector sequenced 

using T7 forward primer); and  

vi. PTS2-EGFP fragment in pcDNA3 vector (sequence using T7 forward 

primer). 
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Figure 3: Sequence alignment of PTS2-EGFP in pcDNA3 vector. 

The solid black arrow over the base pairs indicates site of primer recognition 

and orientation; green solid lines under the base pairs indicate EGFP region. 

Sequences of PTS2-F primer, EGFP (Clontech), PTS2-EGFP in T-Vector and 

PTS2-EGFP in pcDNA3 Vector has been aligned and compared.  

 

II. Site directed mutagenesis of PEX13 full length-myc (Mm 

Pex13 FL-myc).  

The Pex13 FL-myc is a 1248 bp in length which contains the highly 

conserved ‘SIES’ sequence in the N-terminal region and the SH3 

domain in the C-terminal region as described in detail in Chapter 6 

(refer Sections 6.1, 6.2.5 and 6.3.5). In order to assess the role of N-

terminal region of Pex13 in PTS1 and PTS2 mediated matrix protein 

import, point mutants of Pex13 FL-myc were generated. The negatively 

charged glutamic acid (E136) present at the ‘SIES’ sequence was 

replaced with positively charged lysine residue (E136K) and with 

neutral charged glutamine residue (E136Q). A patient mutation present 

in the SH3 domain of Pex13 I326T completely abolished both, PTS1 

and PTS2 matrix protein import (Liu et al., 1999; refer Section 6.1). 

Similar to human mutation, I328T was generated as a mouse 

equivalent which was shown to abolish PTS1 and PTS2 mediated 

matrix protein import in Pex13/ MEFs (Urquhart et al., 2000). This C-

....continued from previous page 
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terminal I328T mutant was planned to be used as a comparison 

against E136K and E136Q N-terminal mutants for their efficiency to 

rescue PTS1 and PTS2 protein import into peroxisome matrix (refer 

Figure 4).  

 

In the following section sequence of mouse Pex13 FL-myc, Pex13 

E136K-myc, Pex13 E136Q-myc and Pex13 I328T-myc is provided. The 

N-terminal and C-terminal point mutants were sequenced using 4 

different primers – T7 forward primer, Pex13 WT-F1 forward primer, 

Pex13 WT-R1 reverse primer and SP6 reverse primer to confirm the 

sequence of the generated Pex13 constructs on both the plus and 

minus strands of DNA. The primers Pex13 WT-F1 and Pex13 WT-R1 

were designed to initiate sequencing from the central regions of Mm 

Pex13 FL-myc (refer Figure 5). Sequence alignment of Pex13 E136K-

myc, Pex13 E136Q-myc and Pex13 I328T-myc are provided in Figure 

6, 7 and 8.  

 

 

 

 

Figure 4: Site direction mutagenesis of N-terminal region of 

Pex13 FL-myc. The Pex13 protein (405 amino acids in length) show two 

transmembrane domains and a SH3 domain (between amino acids 281 to 

336). The C-terminal mutation I328T (indicated with red star) is mouse 

equivalent of patient mutation I326T. The N-terminal region E136 is also 

  
I328T 

E136 



Appendix  

301 

 

indicated with red star. The constructs E136K and E136Q are shown in boxes 

highlighting the desired base pair change.  

 

 

Sequence of Mm Pex13 FL-myc 

 

 

                 Continued on next page...... 

 

 

 

 

 

 

 

PEX13 WT-F1 

* 
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........continued from previous page  

 

 

 

 

 

Figure 5: Sequence of Mm Pex13 FL-myc. The Mm Pex13 FL-myc is 

1248 base pairs in length. The solid red line below the base pairs indicates 

myc tag 

PEX13 WT-R1 
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the ‘myc’ epitope region located at the C-terminal end of Pex13 protein. The 

black square shows E136 site (GAA) which was used for introducing point 

mutations. The two sequencing primers Pex13 WT-F1 and Pex13 WT-R1 are 

shown as blue dotted and blue solid lines below the base pairs, respectively. 

The constructs E136K, E136Q and I328T were sequenced using Pex13 WT-F1 

and Pex13 WT-R1 primers to confirm correct base pairs and to detect 

undesired mutations on both the strands of DNA. 

 

 

Sequence alignment for Mm Pex13 E136K-myc 

 

 

           Continued on next page..... 
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Figure 6: Sequence alignments for Mm Pex13 E136K-myc 

using various primers. The Mm Pex13 E136K-myc construct was 

sequenced using two forward primers - T7 and Pex13 WT-F1 and two reverse 

primers - Pex13 WT-R1 and SP6 to check the sequences on the plus and 

minus strands of DNA. Sequencing with different primers was also important 

to detect undesired mutations on the remaining protein. Sequences obtained 

from T7 (indicated as EK-T7), Pex13 WT-F1 (indicated as EK-Pex13 WT-F1), 

Pex13 WT-R1 (indicated as EK-Pex13 WT-R1 reverse complement) and SP6 

(indicated as EK-Pex13-SP6 reverse complement) is aligned and compared 

against Mm Pex13 FL-myc. The desired base pair change from GAA to AAA is 

highlighted with a black box.  

....continued from previous page 
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Sequence Alignment for Mm Pex13 E136Q-myc 
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Figure 7: Sequence alignments for Mm Pex13 E136Q-myc 

using various primers. The Mm Pex13 E136Q-myc was also screened 

using two forward primers (T7 and Pex13 WT-F1) and two reverse primers 

(Pex13 WT-R1 and SP6) for the necessary point mutation and to detect 

undesired mutations on the remaining protein. Sequences obtained from T7 

(indicated as EQ-T7), Pex13 WT-F1 (indicated as EQ-Pex13 WT-F1), Pex13 

WT-R1 (indicated as EQ-Pex13 WT-R1 reverse complement) and SP6 

(indicated as EQ-Pex13-SP6 reverse complement) are aligned and compared 

against Mm Pex13 FL-myc. The desired base pair change of GAA to CAA is 

highlighted with a black box.   
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Sequence alignment for Mm Pex13 I328T-myc 
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Figure 8: Sequence alignments for MmPex13 I328T-myc using 

various primers. The MmPex13 I328T-myc construct was screened for the 

necessary point mutation and to detect any undesired mutations on the 

remaining protein using two forward (T7 and Pex13 WT-F1) and the two 

reverse (Pex13 WT-R1 and SP6) primers. Sequences obtained from T7 

(indicated as IT-T7), Pex13 WT-F1 (indicated as IT-Pex13 WT-F1), Pex13 

WT-R1 (indicated as IT-Pex13 WT-R1 reverse complement) and SP6 

(indicated as IT-Pex13-SP6 reverse complement) are aligned and compared 

against Mm Pex13 FL-myc. The desired base pair change of ATA to ACA is 

highlighted with a black box.   

 

 

....continued from previous page 



References 
 

312 
 

 

References 

 

 

AGNE, B., MEINDL, N. M., NIEDERHOFF, K., EINWACHTER, H., 

REHLING, P., SICKMANN, A., MEYER, H. E., GIRZALSKY, W. & 

KUNAU, W. H. (2003) Pex8p: an intraperoxisomal organizer of 

the peroxisomal import machinery. Mol Cell, 11, 635-46. 

 

AHLEMEYER, B., NEUBERT, I., KOVACS, W. J. & BAUMGART-VOGT, E. 

(2007) Differential expression of peroxisomal matrix and 

membrane proteins during postnatal development of mouse 

brain. J Comp Neurol, 505, 1-17. 

 

ALBERTINI, M., REHLING, P., ERDMANN, R., GIRZALSKY, W., KIEL, J. 

A., VEENHUIS, M. & KUNAU, W. H. (1997) Pex14p, a 

peroxisomal membrane protein binding both receptors of the 

two PTS-dependent import pathways. Cell, 89, 83-92. 

 

ALENCASTRE, I. S., RODRIGUES, T. A., GROU, C. P., FRANSEN, M., 

SA-MIRANDA, C. & AZEVEDO, J. E. (2009) Mapping the cargo 

protein membrane translocation step into the PEX5 cycling 

pathway. J Biol Chem, 284, 27243-51. 

 

ANTONENKOV, V. D., GRUNAU, S., OHLMEIER, S. & HILTUNEN, J. K. 

(2010) Peroxisomes are oxidative organelles. Antioxid Redox 

Signal, 13, 525-37. 



References 
 

313 
 

ARCHER, T. & BENINGER, R. J. (2007) Movement disorders: 

neurodevelopment and neurobehavioural expression. J Neural 

Transm, 114, XXXIII-XLI. 

 

BAES, M., DEWERCHIN, M., JANSSEN, A., COLLEN, D. & CARMELIET, 

P. (2002) Generation of Pex5-loxP mice allowing the conditional 

elimination of peroxisomes. Genesis, 32, 177-8. 

 

BAES, M., GRESSENS, P., BAUMGART, E., CARMELIET, P., CASTEELS, 

M., FRANSEN, M., EVRARD, P., FAHIMI, D., DECLERCQ, P. E., 

COLLEN, D., VAN VELDHOVEN, P. P. & MANNAERTS, G. P. 

(1997) A mouse model for Zellweger syndrome. Nat Genet, 17, 

49-57. 

 

BAES, M. & VAN VELDHOVEN, P. P. (2012) Mouse models for 

peroxisome biogenesis defects and beta-oxidation enzyme 

deficiencies. Biochim Biophys Acta. 

 

BAKER, S. A., BAKER, K. A. & HAGG, T. (2004) Dopaminergic 

nigrostriatal projections regulate neural precursor proliferation in 

the adult mouse subventricular zone. Eur J Neurosci, 20, 575-9. 

 

BALU, D. T. & LUCKI, I. (2009) Adult hippocampal neurogenesis: 

regulation, functional implications, and contribution to disease 

pathology. Neurosci Biobehav Rev, 33, 232-52. 

 

BENN, S. C. & BROWN, R. H., JR. (2004) Putting the heat on ALS. Nat 

Med, 10, 345-7. 

 

BERGER, J. & GARTNER, J. (2006) X-linked adrenoleukodystrophy: 

clinical, biochemical and pathogenetic aspects. Biochim Biophys 

Acta, 1763, 1721-32. 



References 
 

314 
 

BEZMAN, L., MOSER, A. B., RAYMOND, G. V., RINALDO, P., WATKINS, 

P. A., SMITH, K. D., KASS, N. E. & MOSER, H. W. (2001) 

Adrenoleukodystrophy: incidence, new mutation rate, and 

results of extended family screening. Ann Neurol, 49, 512-7. 

 

BJORKMAN, J., TONKS, I., MAXWELL, M. A., PATERSON, C., KAY, G. F. 

& CRANE, D. I. (2002) Conditional inactivation of the 

peroxisome biogenesis Pex13 gene by Cre-loxP excision. 

Genesis, 32, 179-80. 

 

BODNER, C. R., MALTSEV, A. S., DOBSON, C. M. & BAX, A. Differential 

phospholipid binding of alpha-synuclein variants implicated in 

Parkinson's disease revealed by solution NMR spectroscopy. 

Biochemistry, 49, 862-71. 

 

BOEKHOORN, K., JOELS, M. & LUCASSEN, P. J. (2006) Increased 

proliferation reflects glial and vascular-associated changes, but 

not neurogenesis in the presenile Alzheimer hippocampus. 

Neurobiol Dis, 24, 1-14. 

 

BORGHI, R., MARCHESE, R., NEGRO, A., MARINELLI, L., FORLONI, G., 

ZACCHEO, D., ABBRUZZESE, G. & TABATON, M. (2000) Full 

length alpha-synuclein is present in cerebrospinal fluid from 

Parkinson's disease and normal subjects. Neurosci Lett, 287, 65-

7. 

 

BOTTELBERGS, A., VERHEIJDEN, S., HULSHAGEN, L., GUTMANN, D. 

H., GOEBBELS, S., NAVE, K. A., KASSMANN, C. & BAES, M. 

(2010) Axonal integrity in the absence of functional peroxisomes 

from projection neurons and astrocytes. Glia, 58, 1532-43. 

 

 



References 
 

315 
 

BOTTELBERGS, A., VERHEIJDEN, S., VAN VELDHOVEN, P. P., JUST, 

W., DEVOS, R. & BAES, M. (2012) Peroxisome deficiency but not 

the defect in ether lipid synthesis causes activation of the innate 

immune system and axonal loss in the central nervous system. J 

Neuroinflammation, 9, 61. 

 

BOTTGER, G., BARNETT, P., KLEIN, A. T., KRAGT, A., TABAK, H. F. & 

DISTEL, B. (2000) Saccharomyces cerevisiae PTS1 receptor 

Pex5p interacts with the SH3 domain of the peroxisomal 

membrane protein Pex13p in an unconventional, non-PXXP-

related manner. Mol Biol Cell, 11, 3963-76. 

 

BOWEN, P., LEE, C. S., ZELLWEGER, H. & LINDENBERG, R. (1964) A 

Familial Syndrome of Multiple Congenital Defects. Bull Johns 

Hopkins Hosp, 114, 402-14. 

 

BRAVERMAN, N., CHEN, L., LIN, P., OBIE, C., STEEL, G., DOUGLAS, P., 

CHAKRABORTY, P. K., CLARKE, J. T., BONEH, A., MOSER, A., 

MOSER, H. & VALLE, D. (2002) Mutation analysis of PEX7 in 60 

probands with rhizomelic chondrodysplasia punctata and 

functional correlations of genotype with phenotype. Hum Mutat, 

20, 284-97. 

 

BRITES, P., MOTLEY, A. M., GRESSENS, P., MOOYER, P. A., 

PLOEGAERT, I., EVERTS, V., EVRARD, P., CARMELIET, P., 

DEWERCHIN, M., SCHOONJANS, L., DURAN, M., WATERHAM, H. 

R., WANDERS, R. J. & BAES, M. (2003) Impaired neuronal 

migration and endochondral ossification in Pex7 knockout mice: 

a model for rhizomelic chondrodysplasia punctata. Hum Mol 

Genet, 12, 2255-67. 

 

 



References 
 

316 
 

BROCARD, C. & HARTIG, A. (2006) Peroxisome targeting signal 1: is it 

really a simple tripeptide? Biochim Biophys Acta, 1763, 1565-73. 

 

BROWN, D. R. Oligomeric alpha-synuclein and its role in neuronal 

death. IUBMB Life, 62, 334-9. 

 

BROWN, L. A. & BAKER, A. (2003) Peroxisome biogenesis and the role 

of protein import. J Cell Mol Med, 7, 388-400. 

 

CAMERON, H. A. & MCKAY, R. D. (1999) Restoring production of 

hippocampal neurons in old age. Nat Neurosci, 2, 894-7. 

 

CAMERON, H. A. & MCKAY, R. D. (2001) Adult neurogenesis produces 

a large pool of new granule cells in the dentate gyrus. J Comp 

Neurol, 435, 406-17. 

 

CAMPELO, F., MCMAHON, H. T. & KOZLOV, M. M. (2008) The 

hydrophobic insertion mechanism of membrane curvature 

generation by proteins. Biophys J, 95, 2325-39. 

 

CARTA, A. R., PISANU, A. & CARBONI, E. (2011) Do PPAR-Gamma 

Agonists Have a Future in Parkinson's Disease Therapy? 

Parkinsons Dis, 2011, 689181. 

 

CAVANAGH, B. L., WALKER, T., NORAZIT, A. & MEEDENIYA, A. C. 

Thymidine analogues for tracking DNA synthesis. Molecules, 16, 

7980-93. 

 

CHANG, C. C., WARREN, D. S., SACKSTEDER, K. A. & GOULD, S. J. 

(1999) PEX12 interacts with PEX5 and PEX10 and acts 

downstream of receptor docking in peroxisomal matrix protein 

import. J Cell Biol, 147, 761-74. 



References 
 

317 
 

CHEHREHASA, F., MEEDENIYA, A. C., DWYER, P., ABRAHAMSEN, G. & 

MACKAY-SIM, A. (2009) EdU, a new thymidine analogue for 

labelling proliferating cells in the nervous system. J Neurosci 

Methods, 177, 122-30. 

 

CHEN, N., LU, Z., LAND, M., AYRES, R. & CRANE, D. I. (1995) 

Peroxisomal membrane protein PMP68 of mouse liver: cloning of 

a cDNA encompassing the nucleotide binding fold and epitope 

mapping of monoclonal antibodies to the expressed protein. 

Arch Biochem Biophys, 321, 526-30. 

 

CHUANG, T. T. Neurogenesis in mouse models of Alzheimer's disease. 

Biochim Biophys Acta, 1802, 872-80. 

 

CIMINI, A., CRISTIANO, L., BENEDETTI, E., D'ANGELO, B. & CERU, M. 

P. (2007) PPARs Expression in Adult Mouse Neural Stem Cells: 

Modulation of PPARs during Astroglial Differentiaton of NSC. 

PPAR Res, 2007, 48242. 

 

CIMINI, A., MORENO, S., D'AMELIO, M., CRISTIANO, L., D'ANGELO, 

B., FALONE, S., BENEDETTI, E., CARRARA, P., FANELLI, F., 

CECCONI, F., AMICARELLI, F. & CERU, M. P. (2009) Early 

biochemical and morphological modifications in the brain of a 

transgenic mouse model of Alzheimer's disease: a role for 

peroxisomes. J Alzheimers Dis, 18, 935-52. 

 

CRANE, D. I. (2014) Revisiting the neuropathogenesis of Zellweger 

Syndrome. Neurochemistry International, 69, 1-8. 

 

CREWS, L., MIZUNO, H., DESPLATS, P., ROCKENSTEIN, E., ADAME, A., 

PATRICK, C., WINNER, B., WINKLER, J. & MASLIAH, E. (2008) 

Alpha-synuclein alters Notch-1 expression and neurogenesis in 



References 
 

318 
 

mouse embryonic stem cells and in the hippocampus of 

transgenic mice. J Neurosci, 28, 4250-60. 

 

CUDKOWICZ, M. E., SHEFNER, J. M., SIMPSON, E., GRASSO, D., YU, 

H., ZHANG, H., SHUI, A., SCHOENFELD, D., BROWN, R. H., 

WIELAND, S. & BARBER, J. R. (2008) Arimoclomol at dosages 

up to 300 mg/day is well tolerated and safe in amyotrophic 

lateral sclerosis. Muscle Nerve, 38, 837-44. 

 

DAHLSTRAND, J., COLLINS, V. P. & LENDAHL, U. (1992) Expression of 

the class VI intermediate filament nestin in human central 

nervous system tumors. Cancer Res, 52, 5334-41. 

 

DAMMAI, V. & SUBRAMANI, S. (2001) The human peroxisomal 

targeting signal receptor, Pex5p, is translocated into the 

peroxisomal matrix and recycled to the cytosol. Cell, 105, 187-

96. 

 

DANSEN, T. B., PAP, E. H. W., WANDERS, R. J. & WIRTZ, K. W. (2001) 

Targeted fluorescent probes in peroxisome function. Histochem 

J, 33, 65-9. 

 

DANZER, K. M., HAASEN, D., KAROW, A. R., MOUSSAUD, S., HABECK, 

M., GIESE, A., KRETZSCHMAR, H., HENGERER, B. & KOSTKA, M. 

(2007) Different species of alpha-synuclein oligomers induce 

calcium influx and seeding. J Neurosci, 27, 9220-32. 

 

DANZER, K. M., KREBS, S. K., WOLFF, M., BIRK, G. & HENGERER, B. 

(2009) Seeding induced by alpha-synuclein oligomers provides 

evidence for spreading of alpha-synuclein pathology. J 

Neurochem, 111, 192-203. 

 



References 
 

319 
 

DAYER, A. G., FORD, A. A., CLEAVER, K. M., YASSAEE, M. & 

CAMERON, H. A. (2003) Short-term and long-term survival of 

new neurons in the rat dentate gyrus. J Comp Neurol, 460, 563-

72. 

 

DENG, W., SAXE, M. D., GALLINA, I. S. & GAGE, F. H. (2009) Adult-

born hippocampal dentate granule cells undergoing maturation 

modulate learning and memory in the brain. J Neurosci, 29, 

13532-42. 

 

DEPRETER, M., ESPEEL, M. & ROELS, F. (2003) Human peroxisomal 

disorders. Microsc Res Tech, 61, 203-23. 

 

DEV, K. K., HOFELE, K., BARBIERI, S., BUCHMAN, V. L. & VAN DER 

PUTTEN, H. (2003) Part II: alpha-synuclein and its molecular 

pathophysiological role in neurodegenerative disease. 

Neuropharmacology, 45, 14-44. 

 

DIANO, S., LIU, Z. W., JEONG, J. K., DIETRICH, M. O., RUAN, H. B., 

KIM, E., SUYAMA, S., KELLY, K., GYENGESI, E., ARBISER, J. L., 

BELSHAM, D. D., SARRUF, D. A., SCHWARTZ, M. W., BENNETT, 

A. M., SHANABROUGH, M., MOBBS, C. V., YANG, X., GAO, X. B. 

& HORVATH, T. L. (2011) Peroxisome proliferation-associated 

control of reactive oxygen species sets melanocortin tone and 

feeding in diet-induced obesity. Nat Med, 17, 1121-7. 

 

DIAZ, J., RIDRAY, S., MIGNON, V., GRIFFON, N., SCHWARTZ, J. C. & 

SOKOLOFF, P. (1997) Selective expression of dopamine D3 

receptor mRNA in proliferative zones during embryonic 

development of the rat brain. J Neurosci, 17, 4282-92. 

 

 



References 
 

320 
 

DIJKMANS, T. F., VAN HOOIJDONK, L. W., FITZSIMONS, C. P. & 

VREUGDENHIL, E. The doublecortin gene family and disorders 

of neuronal structure. Cent Nerv Syst Agents Med Chem, 10, 32-

46. 

 

DIRKX, R., VANHOREBEEK, I., MARTENS, K., SCHAD, A., 

GRABENBAUER, M., FAHIMI, D., DECLERCQ, P., VAN 

VELDHOVEN, P. P. & BAES, M. (2005) Absence of peroxisomes 

in mouse hepatocytes causes mitochondrial and ER 

abnormalities. Hepatology, 41, 868-78. 

 

DIXIT, E., BOULANT, S., ZHANG, Y., LEE, A. S., ODENDALL, C., SHUM, 

B., HACOHEN, N., CHEN, Z. J., WHELAN, S. P., FRANSEN, M., 

NIBERT, M. L., SUPERTI-FURGA, G. & KAGAN, J. C. (2010) 

Peroxisomes are signaling platforms for antiviral innate 

immunity. Cell, 141, 668-81. 

 

ELGERSMA, Y., KWAST, L., KLEIN, A., VOORN-BROUWER, T., VAN DEN 

BERG, M., METZIG, B., AMERICA, T., TABAK, H. F. & DISTEL, B. 

(1996) The SH3 domain of the Saccharomyces cerevisiae 

peroxisomal membrane protein Pex13p functions as a docking 

site for Pex5p, a mobile receptor for the import PTS1-containing 

proteins. J Cell Biol, 135, 97-109. 

 

ENG, L. F. & GHIRNIKAR, R. S. (1994) GFAP and astrogliosis. Brain 

Pathol, 4, 229-37. 

 

ENGELENDER, S., KAMINSKY, Z., GUO, X., SHARP, A. H., AMARAVI, R. 

K., KLEIDERLEIN, J. J., MARGOLIS, R. L., TRONCOSO, J. C., 

LANAHAN, A. A., WORLEY, P. F., DAWSON, V. L., DAWSON, T. 

M. & ROSS, C. A. (1999) Synphilin-1 associates with alpha-

synuclein and promotes the formation of cytosolic inclusions. 



References 
 

321 
 

Nat Genet, 22, 110-4. 

 

ENGELMANN, B., BRAUTIGAM, C. & THIERY, J. (1994) Plasmalogen 

phospholipids as potential protectors against lipid peroxidation 

of low density lipoproteins. Biochem Biophys Res Commun, 204, 

1235-42. 

 

ERDMANN, R. & BLOBEL, G. (1995) Giant peroxisomes in oleic acid-

induced Saccharomyces cerevisiae lacking the peroxisomal 

membrane protein Pmp27p. J Cell Biol, 128, 509-23. 

 

ERDMANN, R. & BLOBEL, G. (1996) Identification of Pex13p a 

peroxisomal membrane receptor for the PTS1 recognition factor. 

J Cell Biol, 135, 111-21. 

 

ERDMANN, R. & BLOBEL, G. (1996) Identification of Pex13p a 

peroxisomal membrane receptor for the PTS1 recognition factor. 

J Cell Biol, 135, 111-21. 

 

ERIKSSON, P. S., PERFILIEVA, E., BJORK-ERIKSSON, T., ALBORN, A. 

M., NORDBORG, C., PETERSON, D. A. & GAGE, F. H. (1998) 

Neurogenesis in the adult human hippocampus. Nat Med, 4, 

1313-7. 

 

EXTIER, A., LANGELIER, B., PERRUCHOT, M. H., GUESNET, P., VAN 

VELDHOVEN, P. P., LAVIALLE, M. & ALESSANDRI, J. M. (2010) 

Gender affects liver desaturase expression in a rat model of n-3 

fatty acid repletion. J Nutr Biochem, 21, 180-7. 

 

FAGARASANU, A., FAGARASANU, M. & RACHUBINSKI, R. A. (2007) 

Maintaining peroxisome populations: a story of division and 

inheritance. Annu Rev Cell Dev Biol, 23, 321-44. 



References 
 

322 
 

FAN, C. Y., PAN, J., CHU, R., LEE, D., KLUCKMAN, K. D., USUDA, N., 

SINGH, I., YELDANDI, A. V., RAO, M. S., MAEDA, N. & REDDY, 

J. K. (1996) Targeted disruption of the peroxisomal fatty acyl-

CoA oxidase gene: generation of a mouse model of 

pseudoneonatal adrenoleukodystrophy. Ann N Y Acad Sci, 804, 

530-41. 

 

FARIOLI-VECCHIOLI, S., MORENO, S. & CERU, M. P. (2001) 

Immunocytochemical localization of acyl-CoA oxidase in the rat 

central nervous system. J Neurocytol, 30, 21-33. 

 

FAROOQUI, A. A. & HORROCKS, L. A. (2001) Plasmalogens: workhorse 

lipids of membranes in normal and injured neurons and glia. 

Neuroscientist, 7, 232-45. 

 

FAROOQUI, A. A., YANG, H. C. & HORROCKS, L. A. (1995) 

Plasmalogens, phospholipases A2 and signal transduction. Brain 

Res Brain Res Rev, 21, 152-61. 

 

FAUST, P. L. (2003) Abnormal cerebellar histogenesis in PEX2 

Zellweger mice reflects multiple neuronal defects induced by 

peroxisome deficiency. J Comp Neurol, 461, 394-413. 

 

FAUST, P. L., BANKA, D., SIRIRATSIVAWONG, R., NG, V. G. & 

WIKANDER, T. M. (2005) Peroxisome biogenesis disorders: the 

role of peroxisomes and metabolic dysfunction in developing 

brain. J Inherit Metab Dis, 28, 369-83. 

 

FAUST, P. L. & HATTEN, M. E. (1997) Targeted deletion of the PEX2 

peroxisome assembly gene in mice provides a model for 

Zellweger syndrome, a human neuronal migration disorder. J 

Cell Biol, 139, 1293-305. 



References 
 

323 
 

FAUST, P. L., SU, H. M., MOSER, A. & MOSER, H. W. (2001) The 

peroxisome deficient PEX2 Zellweger mouse: pathologic and 

biochemical correlates of lipid dysfunction. J Mol Neurosci, 16, 

289-97; discussion 317-21. 

 

FAVARO, R., VALOTTA, M., FERRI, A. L., LATORRE, E., MARIANI, J., 

GIACHINO, C., LANCINI, C., TOSETTI, V., OTTOLENGHI, S., 

TAYLOR, V. & NICOLIS, S. K. (2009) Hippocampal development 

and neural stem cell maintenance require Sox2-dependent 

regulation of Shh. Nat Neurosci, 12, 1248-56. 

 

FEANY, M. B. & BENDER, W. W. (2000) A Drosophila model of 

Parkinson's disease. Nature, 404, 394-8. 

 

FEIGE, J. N., GELMAN, L., MICHALIK, L., DESVERGNE, B. & WAHLI, W. 

(2006) From molecular action to physiological outputs: 

peroxisome proliferator-activated receptors are nuclear 

receptors at the crossroads of key cellular functions. Prog Lipid 

Res, 45, 120-59. 

 

FERDINANDUSSE, S., DENIS, S., CLAYTON, P. T., GRAHAM, A., REES, 

J. E., ALLEN, J. T., MCLEAN, B. N., BROWN, A. Y., VREKEN, P., 

WATERHAM, H. R. & WANDERS, R. J. (2000) Mutations in the 

gene encoding peroxisomal alpha-methylacyl-CoA racemase 

cause adult-onset sensory motor neuropathy. Nat Genet, 24, 

188-91. 

 

FERDINANDUSSE, S., KOSTOPOULOS, P., DENIS, S., RUSCH, H., 

OVERMARS, H., DILLMANN, U., REITH, W., HAAS, D., 

WANDERS, R. J., DURAN, M. & MARZINIAK, M. (2006) 

Mutations in the gene encoding peroxisomal sterol carrier 

protein X (SCPx) cause leukencephalopathy with dystonia and 



References 
 

324 
 

motor neuropathy. Am J Hum Genet, 78, 1046-52. 

 

FERRI, A. L., CAVALLARO, M., BRAIDA, D., DI CRISTOFANO, A., 

CANTA, A., VEZZANI, A., OTTOLENGHI, S., PANDOLFI, P. P., 

SALA, M., DEBIASI, S. & NICOLIS, S. K. (2004) Sox2 deficiency 

causes neurodegeneration and impaired neurogenesis in the 

adult mouse brain. Development, 131, 3805-19. 

 

FIDALEO, M. (2010) Peroxisomes and peroxisomal disorders: the main 

facts. Exp Toxicol Pathol, 62, 615-25. 

 

FIELDS, H. L., HJELMSTAD, G. O., MARGOLIS, E. B. & NICOLA, S. M. 

(2007) Ventral tegmental area neurons in learned appetitive 

behavior and positive reinforcement. Annu Rev Neurosci, 30, 

289-316. 

 

FINKEL, T. (2011) Signal transduction by reactive oxygen species. J 

Cell Biol, 194, 7-15. 

 

FORSS-PETTER, S., WERNER, H., BERGER, J., LASSMANN, H., 

MOLZER, B., SCHWAB, M. H., BERNHEIMER, H., ZIMMERMANN, 

F. & NAVE, K. A. (1997) Targeted inactivation of the X-linked 

adrenoleukodystrophy gene in mice. J Neurosci Res, 50, 829-43. 

 

FOX, W. M. (1965) Reflex-ontogeny and behavioural development of 

the mouse. Anim Behav, 13, 234-41. 

 

FRANSEN, M., NORDGREN, M., WANG, B. & APANASETS, O. (2011) 

Role of peroxisomes in ROS/RNS-metabolism: Implications for 

human disease. Biochim Biophys Acta. 

 

 



References 
 

325 
 

FRANSEN, M., TERLECKY, S. R. & SUBRAMANI, S. (1998) Identification 

of a human PTS1 receptor docking protein directly required for 

peroxisomal protein import. Proc Natl Acad Sci U S A, 95, 8087-

92. 

 

FRENCH, J., STIRLING, R., WALSH, M. & KENNEDY, H. D. (2002) The 

expression of Ras-GTPase activating protein SH3 domain-

binding proteins, G3BPs, in human breast cancers. Histochem J, 

34, 223-31. 

 

FUJIKI, Y., MIYATA, N., MATSUMOTO, N. & TAMURA, S. (2008) 

Dynamic and functional assembly of the AAA peroxins, Pex1p 

and Pex6p, and their membrane receptor Pex26p involved in 

shuttling of the PTS1 receptor Pex5p in peroxisome biogenesis. 

Biochem Soc Trans, 36, 109-13. 

 

GATTO, G. J., JR., GEISBRECHT, B. V., GOULD, S. J. & BERG, J. M. 

(2000) A proposed model for the PEX5-peroxisomal targeting 

signal-1 recognition complex. Proteins, 38, 241-6. 

 

GEORG KUHN, H. & BLOMGREN, K. (2011) Developmental 

dysregulation of adult neurogenesis. Eur J Neurosci, 33, 1115-

22. 

 

GHEUSI, G., CREMER, H., MCLEAN, H., CHAZAL, G., VINCENT, J. D. & 

LLEDO, P. M. (2000) Importance of newly generated neurons in 

the adult olfactory bulb for odor discrimination. Proc Natl Acad 

Sci U S A, 97, 1823-8. 

 

GHYS, K., FRANSEN, M., MANNAERTS, G. P. & VAN VELDHOVEN, P. P. 

(2002) Functional studies on human Pex7p: subcellular 

localization and interaction with proteins containing a 



References 
 

326 
 

peroxisome-targeting signal type 2 and other peroxins. Biochem 

J, 365, 41-50. 

 

GILGUN-SHERKI, Y., MELAMED, E. & OFFEN, D. (2001) Oxidative 

stress induced-neurodegenerative diseases: the need for 

antioxidants that penetrate the blood brain barrier. 

Neuropharmacology, 40, 959-75. 

 

GIRZALSKY, W., REHLING, P., STEIN, K., KIPPER, J., BLANK, L., 

KUNAU, W. H. & ERDMANN, R. (1999) Involvement of Pex13p in 

Pex14p localization and peroxisomal targeting signal 2-

dependent protein import into peroxisomes. J Cell Biol, 144, 

1151-62. 

 

GIRZALSKY, W., SAFFIAN, D. & ERDMANN, R. (2010) Peroxisomal 

protein translocation. Biochim Biophys Acta, 1803, 724-31. 

 

GLOERICH, J., RUITER, J. P., VAN DEN BRINK, D. M., OFMAN, R., 

FERDINANDUSSE, S. & WANDERS, R. J. (2006) Peroxisomal 

trans-2-enoyl-CoA reductase is involved in phytol degradation. 

FEBS Lett, 580, 2092-6. 

 

GOLDFISCHER, S., POWERS, J. M., JOHNSON, A. B., AXE, S., BROWN, 

F. R. & MOSER, H. W. (1983) Striated adrenocortical cells in 

cerebro-hepato-renal (Zellweger) syndrome. Virchows Arch A 

Pathol Anat Histopathol, 401, 355-61. 

 

GONZALEZ-APARICIO, R., FLORES, J. A., TASSET, I., TUNEZ, I. & 

FERNANDEZ-ESPEJO, E. Mice lacking the peroxisome 

proliferator-activated receptor alpha gene present reduced 

number of dopamine neurons in the substantia nigra without 

altering motor behavior or dopamine neuron decline over life. 



References 
 

327 
 

Neuroscience, 186, 161-9. 

 

GOODISON, T., TUXWORTH, G., BLUMENSTEIN, M., MEEDENIYA, A. 

(2014). Griffith University. Manuscript in preparation. 

 

GOULD, E., CAMERON, H. A., DANIELS, D. C., WOOLLEY, C. S. & 

MCEWEN, B. S. (1992) Adrenal hormones suppress cell division 

in the adult rat dentate gyrus. J Neurosci, 12, 3642-50. 

 

GOULD, E., TANAPAT, P., MCEWEN, B. S., FLUGGE, G. & FUCHS, E. 

(1998) Proliferation of granule cell precursors in the dentate 

gyrus of adult monkeys is diminished by stress. Proc Natl Acad 

Sci U S A, 95, 3168-71. 

 

GOULD, S. J., KALISH, J. E., MORRELL, J. C., BJORKMAN, J., 

URQUHART, A. J. & CRANE, D. I. (1996) Pex13p is an SH3 

protein of the peroxisome membrane and a docking factor for 

the predominantly cytoplasmic PTs1 receptor. J Cell Biol, 135, 

85-95. 

 

GOULD, S. J., KELLER, G. A., HOSKEN, N., WILKINSON, J. & 

SUBRAMANI, S. (1989) A conserved tripeptide sorts proteins to 

peroxisomes. J Cell Biol, 108, 1657-64. 

 

GRAHAM, D. G., TIFFANY, S. M., BELL, W. R., JR. & GUTKNECHT, W. 

F. (1978) Autoxidation versus covalent binding of quinones as 

the mechanism of toxicity of dopamine, 6-hydroxydopamine, 

and related compounds toward C1300 neuroblastoma cells in 

vitro. Mol Pharmacol, 14, 644-53. 

 

GRESSENS, P., BAES, M., LEROUX, P., LOMBET, A., VAN VELDHOVEN, 

P., JANSSEN, A., VAMECQ, J., MARRET, S. & EVRARD, P. (2000) 



References 
 

328 
 

Neuronal migration disorder in Zellweger mice is secondary to 

glutamate receptor dysfunction. Ann Neurol, 48, 336-43. 

GROU, C. P., CARVALHO, A. F., PINTO, M. P., HUYBRECHTS, S. J., SA-

MIRANDA, C., FRANSEN, M. & AZEVEDO, J. E. (2009) Properties 

of the ubiquitin-pex5p thiol ester conjugate. J Biol Chem, 284, 

10504-13. 

 

GUO, T., KIT, Y. Y., NICAUD, J. M., LE DALL, M. T., SEARS, S. K., 

VALI, H., CHAN, H., RACHUBINSKI, R. A. & TITORENKO, V. I. 

(2003) Peroxisome division in the yeast Yarrowia lipolytica is 

regulated by a signal from inside the peroxisome. J Cell Biol, 

162, 1255-66. 

 

HAGBERG, H., MALLARD, C., ROUSSET, C. I., THORNTON, C. (2014) 

Mitochondria: hub of injury responses in the developing brain. 

Lancet Neurol. 13, 217-232. 

 

HALBACH, A., RUCKTASCHEL, R., ROTTENSTEINER, H. & ERDMANN, 

R. (2009) The N-domain of Pex22p can functionally replace the 

Pex3p N-domain in targeting and peroxisome formation. J Biol 

Chem, 284, 3906-16. 

 

HARANO, T., SHIMIZU, N., OTERA, H. & FUJIKI, Y. (1999) 

Transmembrane topology of the peroxin, Pex2p, an essential 

component for the peroxisome assembly. J Biochem, 125, 1168-

74. 

 

HASHIMOTO, M., TAKENOUCHI, T., ROCKENSTEIN, E. & MASLIAH, E. 

(2003) Alpha-synuclein up-regulates expression of caveolin-1 

and down-regulates extracellular signal-regulated kinase activity 

in B103 neuroblastoma cells: role in the pathogenesis of 

Parkinson's disease. J Neurochem, 85, 1468-79. 



References 
 

329 
 

HAUGHEY, N. J., NATH, A., CHAN, S. L., BORCHARD, A. C., RAO, M. S. 

& MATTSON, M. P. (2002) Disruption of neurogenesis by 

amyloid beta-peptide, and perturbed neural progenitor cell 

homeostasis, in models of Alzheimer's disease. J Neurochem, 

83, 1509-24. 

 

HETTEMA, E. H. & MOTLEY, A. M. (2009) How peroxisomes multiply. J 

Cell Sci, 122, 2331-6. 

 

HO, Y. S., XIONG, Y., MA, W., SPECTOR, A. & HO, D. S. (2004) Mice 

lacking catalase develop normally but show differential 

sensitivity to oxidant tissue injury. J Biol Chem, 279, 32804-12. 

 

HOGLINGER, G. U., RIZK, P., MURIEL, M. P., DUYCKAERTS, C., 

OERTEL, W. H., CAILLE, I. & HIRSCH, E. C. (2004) Dopamine 

depletion impairs precursor cell proliferation in Parkinson 

disease. Nat Neurosci, 7, 726-35. 

 

HOHFELD, J., VEENHUIS, M. & KUNAU, W. H. (1991) PAS3, a 

Saccharomyces cerevisiae gene encoding a peroxisomal integral 

membrane protein essential for peroxisome biogenesis. J Cell 

Biol, 114, 1167-78. 

 

HOUDOU, S., TAKASHIMA, S. & SUZUKI, Y. (1993) 

Immunohistochemical expression of peroxisomal enzymes in 

developing human brain. Mol Chem Neuropathol, 19, 235-48. 

 

HULSHAGEN, L., KRYSKO, O., BOTTELBERGS, A., HUYGHE, S., KLEIN, 

R., VAN VELDHOVEN, P. P., DE DEYN, P. P., D'HOOGE, R., 

HARTMANN, D. & BAES, M. (2008) Absence of functional 

peroxisomes from mouse CNS causes dysmyelination and axon 

degeneration. J Neurosci, 28, 4015-27. 



References 
 

330 
 

HUYGHE, S., SCHMALBRUCH, H., HULSHAGEN, L., VELDHOVEN, P. V., 

BAES, M. & HARTMANN, D. (2006) Peroxisomal multifunctional 

protein-2 deficiency causes motor deficits and glial lesions in the 

adult central nervous system. Am J Pathol, 168, 1321-34. 

 

IMANAKA, T., SHIINA, Y., TAKANO, T., HASHIMOTO, T. & OSUMI, T. 

(1996) Insertion of the 70-kDa peroxisomal membrane protein 

into peroxisomal membranes in vivo and in vitro. J Biol Chem, 

271, 3706-13. 

 

ISLINGER, M., GRILLE, S., FAHIMI, H. D. & SCHRADER, M. (2012) The 

peroxisome: an update on mysteries. Histochem Cell Biol, 137, 

547-74. 

 

ITOH, M., SUZUKI, Y., AKABOSHI, S., ZHANG, Z., MIYABARA, S. & 

TAKASHIMA, S. (2000) Developmental and pathological 

expression of peroxisomal enzymes: their relationship of D-

bifunctional protein deficiency and Zellweger syndrome. Brain 

Res, 858, 40-7. 

 

IVASHCHENKO, O., VAN VELDHOVEN, P. P., BREES, C., HO, Y. S., 

TERLECKY, S. R. & FRANSEN, M. (2011) Intraperoxisomal redox 

balance in mammalian cells: oxidative stress and interorganellar 

cross-talk. Mol Biol Cell, 22, 1440-51. 

 

IWAI, A., MASLIAH, E., YOSHIMOTO, M., GE, N., FLANAGAN, L., DE 

SILVA, H. A., KITTEL, A. & SAITOH, T. (1995) The precursor 

protein of non-A beta component of Alzheimer's disease amyloid 

is a presynaptic protein of the central nervous system. Neuron, 

14, 467-75. 

 

 



References 
 

331 
 

JANSSEN, A., GRESSENS, P., GRABENBAUER, M., BAUMGART, E., 

SCHAD, A., VANHOREBEEK, I., BROUWERS, A., DECLERCQ, P. 

E., FAHIMI, D., EVRARD, P., SCHOONJANS, L., COLLEN, D., 

CARMELIET, P., MANNAERTS, G., VAN VELDHOVEN, P. & BAES, 

M. (2003) Neuronal migration depends on intact peroxisomal 

function in brain and in extraneuronal tissues. J Neurosci, 23, 

9732-41. 

 

JIN, K., PEEL, A. L., MAO, X. O., XIE, L., COTTRELL, B. A., HENSHALL, 

D. C. & GREENBERG, D. A. (2004) Increased hippocampal 

neurogenesis in Alzheimer's disease. Proc Natl Acad Sci U S A, 

101, 343-7. 

 

KALMAR, B., BURNSTOCK, G., VRBOVA, G., URBANICS, R., CSERMELY, 

P. & GREENSMITH, L. (2002) Upregulation of heat shock 

proteins rescues motoneurones from axotomy-induced cell 

death in neonatal rats. Exp Neurol, 176, 87-97. 

 

KALMAR, B., GREENSMITH, L., MALCANGIO, M., MCMAHON, S. B., 

CSERMELY, P. & BURNSTOCK, G. (2003) The effect of treatment 

with BRX-220, a co-inducer of heat shock proteins, on sensory 

fibers of the rat following peripheral nerve injury. Exp Neurol, 

184, 636-47. 

 

KARIMI, R., BRUMFIELD, T., BRUMFIELD, F., SAFAIYAN, F., STEIN, S. 

(2007) Zellweger syndrome: a genetic disorder that alters lipid 

biosynthesis and metabolism. Internet J. Pharmacol. 

 

KASSMANN, C. M., LAPPE-SIEFKE, C., BAES, M., BRUGGER, B., 

MILDNER, A., WERNER, H. B., NATT, O., MICHAELIS, T., PRINZ, 

M., FRAHM, J. & NAVE, K. A. (2007) Axonal loss and 

neuroinflammation caused by peroxisome-deficient 



References 
 

332 
 

oligodendrocytes. Nat Genet, 39, 969-76. 

 

KEANE, M. H., OVERMARS, H., WIKANDER, T. M., FERDINANDUSSE, 

S., DURAN, M., WANDERS, R. J. & FAUST, P. L. (2007) Bile acid 

treatment alters hepatic disease and bile acid transport in 

peroxisome-deficient PEX2 Zellweger mice. Hepatology, 45, 982-

97. 

 

KELLER, J. M., COLLET, P., BIANCHI, A., HUIN, C., BOUILLAUD-

KREMARIK, P., BECUWE, P., SCHOHN, H., DOMENJOUD, L. & 

DAUCA, M. (2000) Implications of peroxisome proliferator-

activated receptors (PPARS) in development, cell life status and 

disease. Int J Dev Biol, 44, 429-42. 

 

KEMPERMANN, G. (2011) Seven principles in the regulation of adult 

neurogenesis. Eur J Neurosci, 33, 1018-24. 

 

KIERAN, D., KALMAR, B., DICK, J. R., RIDDOCH-CONTRERAS, J., 

BURNSTOCK, G. & GREENSMITH, L. (2004) Treatment with 

arimoclomol, a coinducer of heat shock proteins, delays disease 

progression in ALS mice. Nat Med, 10, 402-5. 

 

KIKUCHI, M., HATANO, N., YOKOTA, S., SHIMOZAWA, N., IMANAKA, 

T. & TANIGUCHI, H. (2004) Proteomic analysis of rat liver 

peroxisome: presence of peroxisome-specific isozyme of Lon 

protease. J Biol Chem, 279, 421-8. 

 

KIRIK, D. & BJORKLUND, A. (2003) Modeling CNS neurodegeneration 

by overexpression of disease-causing proteins using viral 

vectors. Trends Neurosci, 26, 386-92. 

 

 



References 
 

333 
 

KOBAYASHI, S., TANAKA, A. & FUJIKI, Y. (2007) Fis1, DLP1, and 

Pex11p coordinately regulate peroxisome morphogenesis. Exp 

Cell Res, 313, 1675-86. 

 

KOBAYASHI, T., SHINNOH, N., KONDO, A. & YAMADA, T. (1997) 

Adrenoleukodystrophy protein-deficient mice represent 

abnormality of very long chain fatty acid metabolism. Biochem 

Biophys Res Commun, 232, 631-6. 

 

KOMANDER, D., CLAGUE, M. J. & URBE, S. (2009) Breaking the chains: 

structure and function of the deubiquitinases. Nat Rev Mol Cell 

Biol, 10, 550-63. 

 

KOOB, A. O., PAULINO, A. D. & MASLIAH, E. GFAP reactivity, 

apolipoprotein E redistribution and cholesterol reduction in 

human astrocytes treated with alpha-synuclein. Neurosci Lett, 

469, 11-4. 

 

KOU, J., KOVACS, G. G., HOFTBERGER, R., KULIK, W., BRODDE, A., 

FORSS-PETTER, S., HONIGSCHNABL, S., GLEISS, A., BRUGGER, 

B., WANDERS, R., JUST, W., BUDKA, H., JUNGWIRTH, S., 

FISCHER, P. & BERGER, J. (2011) Peroxisomal alterations in 

Alzheimer's disease. Acta Neuropathol, 122, 271-83. 

 

KRYSKO, O., BOTTELBERGS, A., VAN VELDHOVEN, P. & BAES, M. 

(2010) Combined deficiency of peroxisomal beta-oxidation and 

ether lipid synthesis in mice causes only minor cortical neuronal 

migration defects but severe hypotonia. Mol Genet Metab, 100, 

71-6. 

 

KRYSKO, O., HULSHAGEN, L., JANSSEN, A., SCHUTZ, G., KLEIN, R., DE 

BRUYCKER, M., ESPEEL, M., GRESSENS, P. & BAES, M. (2007) 



References 
 

334 
 

Neocortical and cerebellar developmental abnormalities in 

conditions of selective elimination of peroxisomes from brain or 

from liver. J Neurosci Res, 85, 58-72. 

 

KUHN, D. M., ARTHUR, R. E., JR., THOMAS, D. M. & ELFERINK, L. A. 

(1999) Tyrosine hydroxylase is inactivated by catechol-quinones 

and converted to a redox-cycling quinoprotein: possible 

relevance to Parkinson's disease. J Neurochem, 73, 1309-17. 

 

KUHN, H. G., DICKINSON-ANSON, H. & GAGE, F. H. (1996) 

Neurogenesis in the dentate gyrus of the adult rat: age-related 

decrease of neuronal progenitor proliferation. J Neurosci, 16, 

2027-33. 

 

KURTHY, M., MOGYOROSI, T., NAGY, K., KUKORELLI, T., 

JEDNAKOVITS, A., TALOSI, L. & BIRO, K. (2002) Effect of BRX-

220 against peripheral neuropathy and insulin resistance in 

diabetic rat models. Ann N Y Acad Sci, 967, 482-9. 

 

LAMETSCHWANDTNER, G., BROCARD, C., FRANSEN, M., VAN 

VELDHOVEN, P., BERGER, J. & HARTIG, A. (1998) The 

difference in recognition of terminal tripeptides as peroxisomal 

targeting signal 1 between yeast and human is due to different 

affinities of their receptor Pex5p to the cognate signal and to 

residues adjacent to it. J Biol Chem, 273, 33635-43. 

 

LANYON-HOGG, T., WARRINER, S. L. & BAKER, A. (2010) Getting a 

camel through the eye of a needle: the import of folded proteins 

by peroxisomes. Biol Cell, 102, 245-63. 

 

LATOV, N., NILAVER, G., ZIMMERMAN, E. A., JOHNSON, W. G., 

SILVERMAN, A. J., DEFENDINI, R. & COTE, L. (1979) Fibrillary 



References 
 

335 
 

astrocytes proliferate in response to brain injury: a study 

combining immunoperoxidase technique for glial fibrillary acidic 

protein and radioautography of tritiated thymidine. Dev Biol, 72, 

381-4. 

 

LAZAROW, P. B. (1995) Peroxisome structure, function, and 

biogenesis--human patients and yeast mutants show strikingly 

similar defects in peroxisome biogenesis. J Neuropathol Exp 

Neurol, 54, 720-5. 

 

LAZAROW, P. B. & FUJIKI, Y. (1985) Biogenesis of peroxisomes. Annu 

Rev Cell Biol, 1, 489-530. 

 

LEE, M. K., STIRLING, W., XU, Y., XU, X., QUI, D., MANDIR, A. S., 

DAWSON, T. M., COPELAND, N. G., JENKINS, N. A. & PRICE, D. 

L. (2002) Human alpha-synuclein-harboring familial Parkinson's 

disease-linked Ala-53 --> Thr mutation causes 

neurodegenerative disease with alpha-synuclein aggregation in 

transgenic mice. Proc Natl Acad Sci U S A, 99, 8968-73. 

 

LEGAKIS, J. E. & TERLECKY, S. R. (2001) PTS2 protein import into 

mammalian peroxisomes. Traffic, 2, 252-60. 

 

LEON, S., GOODMAN, J. M. & SUBRAMANI, S. (2006) Uniqueness of 

the mechanism of protein import into the peroxisome matrix: 

transport of folded, co-factor-bound and oligomeric proteins by 

shuttling receptors. Biochim Biophys Acta, 1763, 1552-64. 

 

LEONG, S. L., CAPPAI, R., BARNHAM, K. J. & PHAM, C. L. (2009) 

Modulation of alpha-synuclein aggregation by dopamine: a 

review. Neurochem Res, 34, 1838-46. 

 



References 
 

336 
 

LEWIS, P. D. (1971) Parkinsonism--neuropathology. Br Med J, 3, 690-

2. 

 

LI, X., BAUMGART, E., MORRELL, J. C., JIMENEZ-SANCHEZ, G., VALLE, 

D. & GOULD, S. J. (2002) PEX11 beta deficiency is lethal and 

impairs neuronal migration but does not abrogate peroxisome 

function. Mol Cell Biol, 22, 4358-65. 

LIE, D. C., SONG, H., COLAMARINO, S. A., MING, G. L. & GAGE, F. H. 

(2004) Neurogenesis in the adult brain: new strategies for 

central nervous system diseases. Annu Rev Pharmacol Toxicol, 

44, 399-421. 

 

LIN, T. K., CHENG, C. H., CHEN, S. D., LIOU, C. W., HUANG, C. R. & 

CHUANG, Y. C. Mitochondrial Dysfunction and Oxidative Stress 

Promote Apoptotic Cell Death in the Striatum via Cytochrome 

c/Caspase-3 Signaling Cascade Following Chronic Rotenone 

Intoxication in Rats. Int J Mol Sci, 13, 8722-39. 

 

LIU, Y., BJORKMAN, J., URQUHART, A., WANDERS, R. J., CRANE, D. I. 

& GOULD, S. J. (1999) PEX13 is mutated in complementation 

group 13 of the peroxisome-biogenesis disorders. Am J Hum 

Genet, 65, 621-34. 

 

LIZARD, G., ROUAUD, O., DEMARQUOY, J., CHERKAOUI-MALKI, M. & 

IULIANO, L. (2012) Potential roles of peroxisomes in Alzheimer's 

disease and in dementia of the Alzheimer's type. J Alzheimers 

Dis, 29, 241-54. 

 

LOHNER, K., BALGAVY, P., HERMETTER, A., PALTAUF, F. & LAGGNER, 

P. (1991) Stabilization of non-bilayer structures by the etherlipid 

ethanolamine plasmalogen. Biochim Biophys Acta, 1061, 132-

40. 



References 
 

337 
 

LOU, H., MONTOYA, S. E., ALERTE, T. N., WANG, J., WU, J., PENG, X., 

HONG, C. S., FRIEDRICH, E. E., MADER, S. A., PEDERSEN, C. J., 

MARCUS, B. S., MCCORMACK, A. L., DI MONTE, D. A., 

DAUBNER, S. C. & PEREZ, R. G. Serine 129 phosphorylation 

reduces the ability of alpha-synuclein to regulate tyrosine 

hydroxylase and protein phosphatase 2A in vitro and in vivo. J 

Biol Chem, 285, 17648-61. 

 

LU, J. F., LAWLER, A. M., WATKINS, P. A., POWERS, J. M., MOSER, A. 

B., MOSER, H. W. & SMITH, K. D. (1997) A mouse model for X-

linked adrenoleukodystrophy. Proc Natl Acad Sci U S A, 94, 

9366-71. 

 

LUCKING, C. B. & BRICE, A. (2000) Alpha-synuclein and Parkinson's 

disease. Cell Mol Life Sci, 57, 1894-908. 

 

MA, C., AGRAWAL, G. & SUBRAMANI, S. (2011) Peroxisome assembly: 

matrix and membrane protein biogenesis. J Cell Biol, 193, 7-16. 

 

MA, C., SCHUMANN, U., RAYAPURAM, N. & SUBRAMANI, S. (2009) The 

peroxisomal matrix import of Pex8p requires only PTS receptors 

and Pex14p. Mol Biol Cell, 20, 3680-9. 

 

MA, C. & SUBRAMANI, S. (2009) Peroxisome matrix and membrane 

protein biogenesis. IUBMB Life, 61, 713-22. 

 

MA, Q. L., CHAN, P., YOSHII, M. & UEDA, K. (2003) Alpha-synuclein 

aggregation and neurodegenerative diseases. J Alzheimers Dis, 

5, 139-48. 

 

MAEDA, K., KIMURA, A., YAMATO, Y., NITTONO, H., TAKEI, H., SATO, 

T., MITSUBUCHI, H., MURAI, T. & KUROSAWA, T. (2002) Oral 



References 
 

338 
 

bile Acid treatment in two Japanese patients with Zellweger 

syndrome. J Pediatr Gastroenterol Nutr, 35, 227-30. 

 

MAGAVI, S. S., MITCHELL, B. D., SZENTIRMAI, O., CARTER, B. S. & 

MACKLIS, J. D. (2005) Adult-born and preexisting olfactory 

granule neurons undergo distinct experience-dependent 

modifications of their olfactory responses in vivo. J Neurosci, 25, 

10729-39. 

 

MANDEL, H., SHARF, R., BERANT, M., WANDERS, R. J., VREKEN, P. & 

AVIRAM, M. (1998) Plasmalogen phospholipids are involved in 

HDL-mediated cholesterol efflux: insights from investigations 

with plasmalogen-deficient cells. Biochem Biophys Res Commun, 

250, 369-73. 

 

MARSHALL, P. A., KRIMKEVICH, Y. I., LARK, R. H., DYER, J. M., 

VEENHUIS, M. & GOODMAN, J. M. (1995) Pmp27 promotes 

peroxisomal proliferation. J Cell Biol, 129, 345-55. 

 

MARZIOCH, M., ERDMANN, R., VEENHUIS, M. & KUNAU, W. H. (1994) 

PAS7 encodes a novel yeast member of the WD-40 protein 

family essential for import of 3-oxoacyl-CoA thiolase, a PTS2-

containing protein, into peroxisomes. EMBO J, 13, 4908-18. 

 

MAST, F. D., FAGARASANU, A., KNOBLACH, B. & RACHUBINSKI, R. A. 

Peroxisome biogenesis: something old, something new, 

something borrowed. Physiology (Bethesda), 25, 347-56. 

 

MAST, F. D., FAGARASANU, A., KNOBLACH, B. & RACHUBINSKI, R. A. 

(2010) Peroxisome biogenesis: something old, something new, 

something borrowed. Physiology (Bethesda), 25, 347-56. 

 



References 
 

339 
 

MATSUZONO, Y., KINOSHITA, N., TAMURA, S., SHIMOZAWA, N., 

HAMASAKI, M., GHAEDI, K., WANDERS, R. J., SUZUKI, Y., 

KONDO, N. & FUJIKI, Y. (1999) Human PEX19: cDNA cloning by 

functional complementation, mutation analysis in a patient with 

Zellweger syndrome, and potential role in peroxisomal 

membrane assembly. Proc Natl Acad Sci U S A, 96, 2116-21. 

MATSUZONO, Y., MATSUZAKI, T. & FUJIKI, Y. (2006) Functional 

domain mapping of peroxin Pex19p: interaction with Pex3p is 

essential for function and translocation. J Cell Sci, 119, 3539-50. 

 

MAXWELL, M., BJORKMAN, J., NGUYEN, T., SHARP, P., FINNIE, J., 

PATERSON, C., TONKS, I., PATON, B. C., KAY, G. F. & CRANE, 

D. I. (2003) Pex13 inactivation in the mouse disrupts 

peroxisome biogenesis and leads to a Zellweger syndrome 

phenotype. Mol Cell Biol, 23, 5947-57. 

 

MCNEW, J. A. & GOODMAN, J. M. (1994) An oligomeric protein is 

imported into peroxisomes in vivo. J Cell Biol, 127, 1245-57. 

 

MEINECKE, M., CIZMOWSKI, C., SCHLIEBS, W., KRUGER, V., BECK, S., 

WAGNER, R. & ERDMANN, R. (2010) The peroxisomal 

importomer constitutes a large and highly dynamic pore. Nat 

Cell Biol, 12, 273-7. 

 

MELIS, M., CARTA, S., FATTORE, L., TOLU, S., YASAR, S., GOLDBERG, 

S. R., FRATTA, W., MASKOS, U. & PISTIS, M. Peroxisome 

proliferator-activated receptors-alpha modulate dopamine cell 

activity through nicotinic receptors. Biol Psychiatry, 68, 256-64. 

 

MI, J., KIRCHNER, E. & CRISTOBAL, S. (2007) Quantitative proteomic 

comparison of mouse peroxisomes from liver and kidney. 

Proteomics, 7, 1916-28. 



References 
 

340 
 

MING, G. L. & SONG, H. Adult neurogenesis in the mammalian brain: 

significant answers and significant questions. Neuron, 70, 687-

702. 

 

MIYATA, N. & FUJIKI, Y. (2005) Shuttling mechanism of peroxisome 

targeting signal type 1 receptor Pex5: ATP-independent import 

and ATP-dependent export. Mol Cell Biol, 25, 10822-32. 

 

MIYAWAKI, T., SOHMA, O., SUZUKI, Y. & TAKASHIMA, S. (1995) 

Developmental immunohistochemistry of the 22 kDa 

peroxisomal membrane protein in the human brain. Brain Res, 

700, 285-8. 

 

MIYAZAKI, I. & ASANUMA, M. (2008) Dopaminergic neuron-specific 

oxidative stress caused by dopamine itself. Acta Med Okayama, 

62, 141-50. 

 

MIYAZAKI, I. & ASANUMA, M. (2009) Approaches to prevent dopamine 

quinone-induced neurotoxicity. Neurochem Res, 34, 698-706. 

 

MORENO, S., MUGNAINI, E. & CERU, M. P. (1995) 

Immunocytochemical localization of catalase in the central 

nervous system of the rat. J Histochem Cytochem, 43, 1253-67. 

 

MORENO, S., NARDACCI, R., CIMINI, A. & CERU, M. P. (1999) 

Immunocytochemical localization of D-amino acid oxidase in rat 

brain. J Neurocytol, 28, 169-85. 

 

MOSER, H. W. & MOSER, A. B. (1996) Very long-chain fatty acids in 

diagnosis, pathogenesis, and therapy of peroxisomal disorders. 

Lipids, 31 Suppl, S141-4. 

 



References 
 

341 
 

MULLEN, R. J., BUCK, C. R. & SMITH, A. M. (1992) NeuN, a neuronal 

specific nuclear protein in vertebrates. Development, 116, 201-

11. 

 

MULLEN, R. T., LISENBEE, C. S., MIERNYK, J. A. & TRELEASE, R. N. 

(1999) Peroxisomal membrane ascorbate peroxidase is sorted to 

a membranous network that resembles a subdomain of the 

endoplasmic reticulum. Plant Cell, 11, 2167-85. 

 

MULLER, C. C. (2008) Characterisation of a Zellweger Syndrome Mouse 

Model. School of Biomolecular and Physical Sciences, and Eskitis 

Institute for Cell and Molecular Therapies. Brisbane, Griffith 

University. 

 

MULLER, C. C., NOURSE J. P., NGUYEN T. H., CRANE D. I. (2009) 

Quantitative genotyping of mouse brain-specific PEX 13 gene 

disruption by real-time PCR. J. Neurosci Methods, 181 (1), 73-

81. 

 

MULLER, C. C., NGUYEN, T. H., AHLEMEYER, B., MESHRAM, M., 

SANTRAMPURWALA, N., CAO, S., SHARP, P., FIETZ, P. B., 

BAUMGART-VOGT, E. & CRANE, D. I. (2011) PEX13 deficiency in 

mouse brain as a model of Zellweger syndrome: abnormal 

cerebellum formation, reactive gliosis and oxidative stress. Dis 

Model Mech, 4, 104-19. 

 

NAGOTU, S., VEENHUIS, M. & VAN DER KLEI, I. J. (2010) Divide et 

impera: the dictum of peroxisomes. Traffic, 11, 175-84. 

 

NAGY, Z., ESIRI, M. M. & SMITH, A. D. (1997) Expression of cell 

division markers in the hippocampus in Alzheimer's disease and 

other neurodegenerative conditions. Acta Neuropathol, 93, 294-



References 
 

342 
 

300. 

 

NARDACCI, R., FALCIATORI, I., MORENO, S. & STEFANINI, S. (2004) 

Immunohistochemical localization of peroxisomal enzymes 

during rat embryonic development. J Histochem Cytochem, 52, 

423-36. 

 

NELSON, E. L., LIANG, C. L., SINTON, C. M. & GERMAN, D. C. (1996) 

Midbrain dopaminergic neurons in the mouse: computer-

assisted mapping. J Comp Neurol, 369, 361-71. 

 

NEMANI, V. M., LU, W., BERGE, V., NAKAMURA, K., ONOA, B., LEE, M. 

K., CHAUDHRY, F. A., NICOLL, R. A. & EDWARDS, R. H. 

Increased expression of alpha-synuclein reduces 

neurotransmitter release by inhibiting synaptic vesicle 

reclustering after endocytosis. Neuron, 65, 66-79. 

 

NENICU, A., OKUN, J. G., HARTMANN, M. F., WUDY, S. A., GUILLOU, 

F., CRANE, D. I., BAUMGART-VOGT, E. (2009) Molecular 

Pathogenesis of Male Infertility Due to Peroxisome Dysfunction 

in Sertoli Cells. Biology of Reproduction. Society for the Study of 

Reproduction, Inc. 

 

NGUYEN, T., BJORKMAN, J., PATON, B. C. & CRANE, D. I. (2006) 

Failure of microtubule-mediated peroxisome division and 

trafficking in disorders with reduced peroxisome abundance. J 

Cell Sci, 119, 636-45. 

 

NGUYEN, T. H. (2007) Pex13 Mutant Mice as Models for the 

Peroxisome Biogenesis Disorders. School of Biomolecular and 

Physical Sciences, Faculty of Science. Brisbane, Griffith 

University. 



References 
 

343 
 

NORAZIT, A., MEEDENIYA, A. C., NGUYEN, M. N. & MACKAY-SIM, A. 

(2010) Progressive loss of dopaminergic neurons induced by 

unilateral rotenone infusion into the medial forebrain bundle. 

Brain Res, 1360, 119-29. 

 

NUBER, S., PETRASCH-PARWEZ, E., WINNER, B., WINKLER, J., VON 

HORSTEN, S., SCHMIDT, T., BOY, J., KUHN, M., NGUYEN, H. P., 

TEISMANN, P., SCHULZ, J. B., NEUMANN, M., PICHLER, B. J., 

REISCHL, G., HOLZMANN, C., SCHMITT, I., BORNEMANN, A., 

KUHN, W., ZIMMERMANN, F., SERVADIO, A. & RIESS, O. (2008) 

Neurodegeneration and motor dysfunction in a conditional 

model of Parkinson's disease. J Neurosci, 28, 2471-84. 

 

NUTTALL, J. M., MOTLEY, A. & HETTEMA, E. H. (2011) Peroxisome 

biogenesis: recent advances. Curr Opin Cell Biol, 23, 421-6. 

 

OFMAN, R., SPEIJER, D., LEEN, R. & WANDERS, R. J. (2006) Proteomic 

analysis of mouse kidney peroxisomes: identification of RP2p as 

a peroxisomal nudix hydrolase with acyl-CoA diphosphatase 

activity. Biochem J, 393, 537-43. 

 

O'KEEFFE, G. C., TYERS, P., AARSLAND, D., DALLEY, J. W., BARKER, 

R. A. & CALDWELL, M. A. (2009) Dopamine-induced 

proliferation of adult neural precursor cells in the mammalian 

subventricular zone is mediated through EGF. Proc Natl Acad Sci 

U S A, 106, 8754-9. 

 

OKU, M. & SAKAI, Y. (2010) Peroxisomes as dynamic organelles: 

autophagic degradation. FEBS J, 277, 3289-94. 

 

OKUMOTO, K., ABE, I. & FUJIKI, Y. (2000) Molecular anatomy of the 

peroxin Pex12p: ring finger domain is essential for Pex12p 



References 
 

344 
 

function and interacts with the peroxisome-targeting signal type 

1-receptor Pex5p and a ring peroxin, Pex10p. J Biol Chem, 275, 

25700-10. 

OLARIU, A., CLEAVER, K. M. & CAMERON, H. A. (2007) Decreased 

neurogenesis in aged rats results from loss of granule cell 

precursors without lengthening of the cell cycle. J Comp Neurol, 

501, 659-67. 

 

OLIVEIRA, M. E., REGUENGA, C., GOUVEIA, A. M., GUIMARAES, C. P., 

SCHLIEBS, W., KUNAU, W. H., SILVA, M. T., SA-MIRANDA, C. & 

AZEVEDO, J. E. (2002) Mammalian Pex14p: membrane topology 

and characterisation of the Pex14p-Pex14p interaction. Biochim 

Biophys Acta, 1567, 13-22. 

 

OPALINSKI, L., KIEL, J. A., WILLIAMS, C., VEENHUIS, M. & VAN DER 

KLEI, I. J. (2011a) Membrane curvature during peroxisome 

fission requires Pex11. EMBO J, 30, 5-16. 

 

OPALINSKI, L., VEENHUIS, M. & VAN DER KLEI, I. J. (2011b) 

Peroxisomes: membrane events accompanying peroxisome 

proliferation. Int J Biochem Cell Biol, 43, 847-51. 

 

OSTREROVA, N., PETRUCELLI, L., FARRER, M., MEHTA, N., CHOI, P., 

HARDY, J. & WOLOZIN, B. (1999) alpha-Synuclein shares 

physical and functional homology with 14-3-3 proteins. J 

Neurosci, 19, 5782-91. 

 

OTERA, H., SETOGUCHI, K., HAMASAKI, M., KUMASHIRO, T., 

SHIMIZU, N. & FUJIKI, Y. (2002) Peroxisomal targeting signal 

receptor Pex5p interacts with cargoes and import machinery 

components in a spatiotemporally differentiated manner: 

conserved Pex5p WXXXF/Y motifs are critical for matrix protein 



References 
 

345 
 

import. Mol Cell Biol, 22, 1639-55. 

 

PAULUS, W. & JELLINGER, K. (1991) The neuropathologic basis of 

different clinical subgroups of Parkinson's disease. J Neuropathol 

Exp Neurol, 50, 743-55. 

 

PAXINOS G., F. K. B. J. (2001) The Mouse Brain in Stereotaxic 
Coordinates, San Diego, Elsevier Academic Press. 

 

PAYTON, J. E., PERRIN, R. J., WOODS, W. S. & GEORGE, J. M. (2004) 

Structural determinants of PLD2 inhibition by alpha-synuclein. J 

Mol Biol, 337, 1001-9. 

 

PENCEA, V., BINGAMAN, K. D., FREEDMAN, L. J. & LUSKIN, M. B. 

(2001) Neurogenesis in the subventricular zone and rostral 

migratory stream of the neonatal and adult primate forebrain. 

Exp Neurol, 172, 1-16. 

 

PERRY, R. J., MAST, F. D. & RACHUBINSKI, R. A. (2009) Endoplasmic 

reticulum-associated secretory proteins Sec20p, Sec39p, and 

Dsl1p are involved in peroxisome biogenesis. Eukaryot Cell, 8, 

830-43. 

 

PETRIV, O. I., TANG, L., TITORENKO, V. I. & RACHUBINSKI, R. A. 

(2004) A new definition for the consensus sequence of the 

peroxisome targeting signal type 2. J Mol Biol, 341, 119-34. 

 

PIRES, J. R., HONG, X., BROCKMANN, C., VOLKMER-ENGERT, R., 

SCHNEIDER-MERGENER, J., OSCHKINAT, H. & ERDMANN, R. 

(2003) The ScPex13p SH3 domain exposes two distinct binding 

sites for Pex5p and Pex14p. J Mol Biol, 326, 1427-35. 

 

 



References 
 

346 
 

PLATTA, H. W. & ERDMANN, R. (2007) Peroxisomal dynamics. Trends 

Cell Biol, 17, 474-84. 

 

PLATTA, H. W. & ERDMANN, R. (2007) Peroxisomal dynamics. Trends 

Cell Biol, 17, 474-84. 

 

PLATTA, H. W., GRUNAU, S., ROSENKRANZ, K., GIRZALSKY, W. & 

ERDMANN, R. (2005) Functional role of the AAA peroxins in 

dislocation of the cycling PTS1 receptor back to the cytosol. Nat 

Cell Biol, 7, 817-22. 

 

POLL-THE, B. T., SAUDUBRAY, J. M., OGIER, H. A., ODIEVRE, M., 

SCOTTO, J. M., MONNENS, L., GOVAERTS, L. C., ROELS, F., 

CORNELIS, A., SCHUTGENS, R. B. & ET AL. (1987) Infantile 

Refsum disease: an inherited peroxisomal disorder. Comparison 

with Zellweger syndrome and neonatal adrenoleukodystrophy. 

Eur J Pediatr, 146, 477-83. 

 

POWERS, J. M. & MOSER, H. W. (1998) Peroxisomal disorders: 

genotype, phenotype, major neuropathologic lesions, and 

pathogenesis. Brain Pathol, 8, 101-20. 

 

PROZOROVSKI, T., SCHULZE-TOPPHOFF, U., GLUMM, R., BAUMGART, 

J., SCHROTER, F., NINNEMANN, O., SIEGERT, E., BENDIX, I., 

BRUSTLE, O., NITSCH, R., ZIPP, F. & AKTAS, O. (2008) Sirt1 

contributes critically to the redox-dependent fate of neural 

progenitors. Nat Cell Biol, 10, 385-94. 

 

PURDUE, P. E. & LAZAROW, P. B. (1995) Identification of peroxisomal 

membrane ghosts with an epitope-tagged integral membrane 

protein in yeast mutants lacking peroxisomes. Yeast, 11, 1045-

60. 



References 
 

347 
 

PURDUE, P. E., YANG, X. & LAZAROW, P. B. (1998) Pex18p and 

Pex21p, a novel pair of related peroxins essential for 

peroxisomal targeting by the PTS2 pathway. J Cell Biol, 143, 

1859-69. 

 

RACHUBINSKI, R. A. & SUBRAMANI, S. (1995) How proteins penetrate 

peroxisomes. Cell, 83, 525-8. 

 

REHLING, P., MARZIOCH, M., NIESEN, F., WITTKE, E., VEENHUIS, M. 

& KUNAU, W. H. (1996) The import receptor for the peroxisomal 

targeting signal 2 (PTS2) in Saccharomyces cerevisiae is 

encoded by the PAS7 gene. EMBO J, 15, 2901-13. 

 

REISS, D., BEYER, K. & ENGELMANN, B. (1997) Delayed oxidative 

degradation of polyunsaturated diacyl phospholipids in the 

presence of plasmalogen phospholipids in vitro. Biochem J, 323 

( Pt 3), 807-14. 

 

RING, K. L., TONG, L. M., BALESTRA, M. E., JAVIER, R., ANDREWS-

ZWILLING, Y., LI, G., WALKER, D., ZHANG, W. R., KREITZER, A. 

C. & HUANG, Y. Direct reprogramming of mouse and human 

fibroblasts into multipotent neural stem cells with a single 

factor. Cell Stem Cell, 11, 100-9. 

 

ROBERTS, R. A., CHEVALIER, S., HASMALL, S. C., JAMES, N. H., 

COSULICH, S. C. & MACDONALD, N. (2002) PPAR alpha and the 

regulation of cell division and apoptosis. Toxicology, 181-182, 

167-70. 

 

ROCHEFORT, C., GHEUSI, G., VINCENT, J. D. & LLEDO, P. M. (2002) 

Enriched odor exposure increases the number of newborn 

neurons in the adult olfactory bulb and improves odor memory. 



References 
 

348 
 

J Neurosci, 22, 2679-89. 

 

ROSEWICH, H., WATERHAM, H. R., WANDERS, R. J., 

FERDINANDUSSE, S., HENNEKE, M., HUNNEMAN, D. & 

GARTNER, J. (2006) Pitfall in metabolic screening in a patient 

with fatal peroxisomal beta-oxidation defect. Neuropediatrics, 

37, 95-8. 

 

RUCKTASCHEL, R., GIRZALSKY, W. & ERDMANN, R. (2011) Protein 

import machineries of peroxisomes. Biochim Biophys Acta, 1808, 

892-900. 

 

RUIZ I ALTABA, A., STECCA, B. & SANCHEZ, P. (2004) Hedgehog--Gli 

signaling in brain tumors: stem cells and paradevelopmental 

programs in cancer. Cancer Lett, 204, 145-57. 

 

SACKSTEDER, K. A., JONES, J. M., SOUTH, S. T., LI, X., LIU, Y. & 

GOULD, S. J. (2000) PEX19 binds multiple peroxisomal 

membrane proteins, is predominantly cytoplasmic, and is 

required for peroxisome membrane synthesis. J Cell Biol, 148, 

931-44. 

 

SALEM, N., JR., LITMAN, B., KIM, H. Y. & GAWRISCH, K. (2001) 

Mechanisms of action of docosahexaenoic acid in the nervous 

system. Lipids, 36, 945-59. 

 

SALGANIK, R. I. (2001) The benefits and hazards of antioxidants: 

controlling apoptosis and other protective mechanisms in cancer 

patients and the human population. J Am Coll Nutr, 20, 464S-

472S; discussion 473S-475S. 

 

 



References 
 

349 
 

SANTOS, M. J., HENDERSON, S. C., MOSER, A. B., MOSER, H. W. & 

LAZAROW, P. B. (2000) Peroxisomal ghosts are intracellular 

structures distinct from lysosomal compartments in Zellweger 

syndrome: a confocal laser scanning microscopy study. Biol Cell, 

92, 85-94. 

 

SCHAD, A., FAHIMI, H. D., VOLKL, A. & BAUMGART, E. (2003) 

Expression of catalase mRNA and protein in adult rat brain: 

detection by nonradioactive in situ hybridization with signal 

amplification by catalyzed reporter deposition (ISH-CARD) and 

immunohistochemistry (IHC)/immunofluorescence (IF). J 

Histochem Cytochem, 51, 751-60. 

 

SCHAMBRA, U. (2008) Prenatal Mouse brain Atlas, New York, 
Springer. 

 

SCHLUTER, A., FOURCADE, S., DOMENECH-ESTEVEZ, E., GABALDON, 

T., HUERTA-CEPAS, J., BERTHOMMIER, G., RIPP, R., WANDERS, 

R. J., POCH, O. & PUJOL, A. (2007) PeroxisomeDB: a database 

for the peroxisomal proteome, functional genomics and disease. 

Nucleic Acids Res, 35, D815-22. 

 

SCHRADER, M. & FAHIMI, H. D. (2004) Mammalian peroxisomes and 

reactive oxygen species. Histochem Cell Biol, 122, 383-93. 

 

SCHRADER, M. & FAHIMI, H. D. (2006) Growth and division of 

peroxisomes. Int Rev Cytol, 255, 237-90. 

 

SCHRADER, M., KING, S. J., STROH, T. A. & SCHROER, T. A. (2000) 

Real time imaging reveals a peroxisomal reticulum in living cells. 

J Cell Sci, 113 ( Pt 20), 3663-71. 

 

 



References 
 

350 
 

SCHRADER, M., REUBER, B. E., MORRELL, J. C., JIMENEZ-SANCHEZ, 

G., OBIE, C., STROH, T. A., VALLE, D., SCHROER, T. A. & 

GOULD, S. J. (1998) Expression of PEX11beta mediates 

peroxisome proliferation in the absence of extracellular stimuli. J 

Biol Chem, 273, 29607-14. 

 

SCHULZ-SCHAEFFER, W. J. The synaptic pathology of alpha-synuclein 

aggregation in dementia with Lewy bodies, Parkinson's disease 

and Parkinson's disease dementia. Acta Neuropathol, 120, 131-

43. 

 

SCHWARTZ, M. & SABETAY, S. An approach to the continuous 

dopaminergic stimulation in Parkinson's disease. Isr Med Assoc 

J, 14, 175-9. 

 

SCOTTO, J. M., HADCHOUEL, M., ODIEVRE, M., LAUDAT, M. H., 

SAUDUBRAY, J. M., DULAC, O., BEUCLER, I. & BEAUNE, P. 

(1982) Infantile phytanic acid storage disease, a possible variant 

of Refsum's disease: three cases, including ultrastructural 

studies of the liver. J Inherit Metab Dis, 5, 83-90. 

 

SETCHELL, K. D., BRAGETTI, P., ZIMMER-NECHEMIAS, L., 

DAUGHERTY, C., PELLI, M. A., VACCARO, R., GENTILI, G., 

DISTRUTTI, E., DOZZINI, G., MORELLI, A. & ET AL. (1992) Oral 

bile acid treatment and the patient with Zellweger syndrome. 

Hepatology, 15, 198-207. 

 

SHIBATA, H., KASHIWAYAMA, Y., IMANAKA, T. & KATO, H. (2004) 

Domain architecture and activity of human Pex19p, a 

chaperone-like protein for intracellular trafficking of peroxisomal 

membrane proteins. J Biol Chem, 279, 38486-94. 

 



References 
 

351 
 

SHIMIZU, N., ITOH, R., HIRONO, Y., OTERA, H., GHAEDI, K., 

TATEISHI, K., TAMURA, S., OKUMOTO, K., HARANO, T., MUKAI, 

S. & FUJIKI, Y. (1999) The peroxin Pex14p. cDNA cloning by 

functional complementation on a Chinese hamster ovary cell 

mutant, characterization, and functional analysis. J Biol Chem, 

274, 12593-604. 

 

SHIMIZU, N., ITOH, R., HIRONO, Y., OTERA, H., GHAEDI, K., 

TATEISHI, K., TAMURA, S., OKUMOTO, K., HARANO, T., MUKAI, 

S. & FUJIKI, Y. (1999) The peroxin Pex14p. cDNA cloning by 

functional complementation on a Chinese hamster ovary cell 

mutant, characterization, and functional analysis. J Biol Chem, 

274, 12593-604. 

 

SHIMOHAMA, S. (2009) Nicotinic receptor-mediated neuroprotection in 

neurodegenerative disease models. Biol Pharm Bull, 32, 332-6. 

 

SHIMOZAWA, N., SUZUKI, Y., ZHANG, Z., IMAMURA, A., TOYAMA, R., 

MUKAI, S., FUJIKI, Y., TSUKAMOTO, T., OSUMI, T., ORII, T., 

WANDERS, R. J. & KONDO, N. (1999) Nonsense and 

temperature-sensitive mutations in PEX13 are the cause of 

complementation group H of peroxisome biogenesis disorders. 

Hum Mol Genet, 8, 1077-83. 

 

SHINGO, T., GREGG, C., ENWERE, E., FUJIKAWA, H., HASSAM, R., 

GEARY, C., CROSS, J. C. & WEISS, S. (2003) Pregnancy-

stimulated neurogenesis in the adult female forebrain mediated 

by prolactin. Science, 299, 117-20. 

 

SMITH, J. J. & AITCHISON, J. D. (2009) Regulation of peroxisome 

dynamics. Curr Opin Cell Biol, 21, 119-26. 

 



References 
 

352 
 

SOFRONIEW, M. V. (2009) Molecular dissection of reactive astrogliosis 

and glial scar formation. Trends Neurosci, 32, 638-647. 

 

SOUKUPOVA, M., SPRENGER, C., GORGAS, K., KUNAU, W. H. & DODT, 

G. (1999) Identification and characterization of the human 

peroxin PEX3. Eur J Cell Biol, 78, 357-74. 

 

SOUTH, S. T. & GOULD, S. J. (1999) Peroxisome synthesis in the 

absence of preexisting peroxisomes. J Cell Biol, 144, 255-66. 

 

STAMER, K., VOGEL, R., THIES, E., MANDELKOW, E. & MANDELKOW, 

E. M. (2002) Tau blocks traffic of organelles, neurofilaments, 

and APP vesicles in neurons and enhances oxidative stress. J 

Cell Biol, 156, 1051-63. 

 

STANLEY, W. A., FODOR, K., MARTI-RENOM, M. A., SCHLIEBS, W. & 

WILMANNS, M. (2007) Protein translocation into peroxisomes by 

ring-shaped import receptors. FEBS Lett, 581, 4795-802. 

 

STEINBERG, S. J., DODT, G., RAYMOND, G. V., BRAVERMAN, N. E., 

MOSER, A. B. & MOSER, H. W. (2006) Peroxisome biogenesis 

disorders. Biochim Biophys Acta, 1763, 1733-48. 

 

STOCKL, M., FISCHER, P., WANKER, E. & HERRMANN, A. (2008) 

Alpha-synuclein selectively binds to anionic phospholipids 

embedded in liquid-disordered domains. J Mol Biol, 375, 1394-

404. 

 

SUH, H., DENG, W. & GAGE, F. H. (2009) Signaling in adult 

neurogenesis. Annu Rev Cell Dev Biol, 25, 253-75. 

 

 



References 
 

353 
 

SUZUKI, K., ISEKI, E., TOGO, T., YAMAGUCHI, A., KATSUSE, O., 

KATSUYAMA, K., KANZAKI, S., SHIOZAKI, K., KAWANISHI, C., 

YAMASHITA, S., TANAKA, Y., YAMANAKA, S. & HIRAYASU, Y. 

(2007) Neuronal and glial accumulation of alpha- and beta-

synucleins in human lipidoses. Acta Neuropathol, 114, 481-9. 

 

SUZUKI, Y., JIANG, L. L., SOURI, M., MIYAZAWA, S., FUKUDA, S., 

ZHANG, Z., UNE, M., SHIMOZAWA, N., KONDO, N., ORII, T. & 

HASHIMOTO, T. (1997) D-3-hydroxyacyl-CoA dehydratase/D-3-

hydroxyacyl-CoA dehydrogenase bifunctional protein deficiency: 

a newly identified peroxisomal disorder. Am J Hum Genet, 61, 

1153-62. 

 

SWINKELS, B. W., GOULD, S. J., BODNAR, A. G., RACHUBINSKI, R. A. 

& SUBRAMANI, S. (1991) A novel, cleavable peroxisomal 

targeting signal at the amino-terminus of the rat 3-ketoacyl-CoA 

thiolase. EMBO J, 10, 3255-62. 

 

SZCZYPKA, M. S., RAINEY, M. A., KIM, D. S., ALAYNICK, W. A., 

MARCK, B. T., MATSUMOTO, A. M. & PALMITER, R. D. (1999) 

Feeding behavior in dopamine-deficient mice. Proc Natl Acad Sci 

U S A, 96, 12138-43. 

 

SZILARD, R. K. & RACHUBINSKI, R. A. (2000) Tetratricopeptide repeat 

domain of Yarrowia lipolytica Pex5p is essential for recognition 

of the type 1 peroxisomal targeting signal but does not confer 

full biological activity on Pex5p. Biochem J, 346 Pt 1, 177-84. 

 

SZILARD, R. K., TITORENKO, V. I., VEENHUIS, M. & RACHUBINSKI, R. 

A. (1995) Pay32p of the yeast Yarrowia lipolytica is an 

intraperoxisomal component of the matrix protein translocation 

machinery. J Cell Biol, 131, 1453-69. 



References 
 

354 
 

TABAK, H. F., VAN DER ZAND, A. & BRAAKMAN, I. (2008) 

Peroxisomes: minted by the ER. Curr Opin Cell Biol, 20, 393-

400. 

 

TAM, Y. Y., FAGARASANU, A., FAGARASANU, M. & RACHUBINSKI, R. A. 

(2005) Pex3p initiates the formation of a preperoxisomal 

compartment from a subdomain of the endoplasmic reticulum in 

Saccharomyces cerevisiae. J Biol Chem, 280, 34933-9. 

 

TEIGLER, A., KOMLJENOVIC, D., DRAGUHN, A., GORGAS, K. & JUST, 

W. W. (2009) Defects in myelination, paranode organization and 

Purkinje cell innervation in the ether lipid-deficient mouse 

cerebellum. Hum Mol Genet, 18, 1897-908. 

 

TERLECKY, S. R. A. W., P. A. (2004) The Cell Biology and Biogenesis of 

Peroxisomes in Human Health and Disease. IN MULLINS, C. 

(Ed.) The Biogenesis of Cellular Organelles. Georgetown, Texas, 

Landes Bioscience Publishing Company. 

 

THOMPSON, A., BOEKHOORN, K., VAN DAM, A. M. & LUCASSEN, P. J. 

(2008) Changes in adult neurogenesis in neurodegenerative 

diseases: cause or consequence? Genes Brain Behav, 7 Suppl 1, 

28-42. 

 

THOMS, S., GRONBORG, S. & GARTNER, J. (2009) Organelle interplay 

in peroxisomal disorders. Trends Mol Med, 15, 293-302. 

 

TITORENKO, V. I. & RACHUBINSKI, R. A. (1998) Mutants of the yeast 

Yarrowia lipolytica defective in protein exit from the endoplasmic 

reticulum are also defective in peroxisome biogenesis. Mol Cell 

Biol, 18, 2789-803. 

 



References 
 

355 
 

TITORENKO, V. I. & TERLECKY, S. R. (2011) Peroxisome metabolism 

and cellular aging. Traffic, 12, 252-9. 

 

 

TORO, A., ARREDONDO, C., CORDOVA, G., ARAYA, C., PALACIOS, J. 

L., VENEGAS, A., MORITA, M., IMANAKA, T. & SANTOS, M. J. 

(2007) Evaluation of the role of the endoplasmic reticulum-Golgi 

transit in the biogenesis of peroxisomal membrane proteins in 

wild type and peroxisome biogenesis mutant CHO cells. Biol Res, 

40, 231-49. 

 

TOURRIERE, H., GALLOUZI, I. E., CHEBLI, K., CAPONY, J. P., 

MOUAIKEL, J., VAN DER GEER, P. & TAZI, J. (2001) RasGAP-

associated endoribonuclease G3Bp: selective RNA degradation 

and phosphorylation-dependent localization. Mol Cell Biol, 21, 

7747-60. 

 

TRONCHE, F., KELLENDONK, C., KRETZ, O., GASS, P., ANLAG, K., 

ORBAN, P. C., BOCK, R., KLEIN, R. & SCHUTZ, G. (1999) 

Disruption of the glucocorticoid receptor gene in the nervous 

system results in reduced anxiety. Nat Genet, 23, 99-103. 

 

TUPPO, E. E. & ARIAS, H. R. (2005) The role of inflammation in 

Alzheimer's disease. Int J Biochem Cell Biol, 37, 289-305. 

 

TUXWORTH, G., GOODISON, T., MESHRAM, M., CAVANAGH, B., 

MEEDENIYA, A., BLUMENSTEIN, M. (2014). Griffith University. 

Manuscript in preparation. 

 

ULRICH, J., HERSCHKOWITZ, N., HEITZ, P., SIGRIST, T. & 

BAERLOCHER, P. (1978) Adrenoleukodystrophy. Preliminary 

report of a connatal case. Light- and electron microscopical, 



References 
 

356 
 

immunohistochemical and biochemical findings. Acta 

Neuropathol, 43, 77-83. 

 

URQUHART, A. J., KENNEDY, D., GOULD, S. J. & CRANE, D. I. (2000) 

Interaction of Pex5p, the type 1 peroxisome targeting signal 

receptor, with the peroxisomal membrane proteins Pex14p and 

Pex13p. J Biol Chem, 275, 4127-36. 

 

UTTARA, B., SINGH, A. V., ZAMBONI, P. & MAHAJAN, R. T. (2009) 

Oxidative stress and neurodegenerative diseases: a review of 

upstream and downstream antioxidant therapeutic options. Curr 

Neuropharmacol, 7, 65-74. 

 

VAN DEN BOSCH, H., SCHUTGENS, R. B., WANDERS, R. J. & TAGER, J. 

M. (1992) Biochemistry of peroxisomes. Annu Rev Biochem, 61, 

157-97. 

 

VAN DEN BRINK, D. M., BRITES, P., HAASJES, J., WIERZBICKI, A. S., 

MITCHELL, J., LAMBERT-HAMILL, M., DE BELLEROCHE, J., 

JANSEN, G. A., WATERHAM, H. R. & WANDERS, R. J. (2003) 

Identification of PEX7 as the second gene involved in Refsum 

disease. Am J Hum Genet, 72, 471-7. 

 

VAN DER ZAND, A., BRAAKMAN, I. & TABAK, H. F. Peroxisomal 

membrane proteins insert into the endoplasmic reticulum. Mol 

Biol Cell, 21, 2057-65. 

 

VAN GRUNSVEN, E. G., VAN BERKEL, E., LEMONDE, H., CLAYTON, P. 

T. & WANDERS, R. J. (1998) Bifunctional protein deficiency: 

complementation within the same group suggesting differential 

enzyme defects and clues to the underlying basis. J Inherit 

Metab Dis, 21, 298-301. 



References 
 

357 
 

VAN VELDHOVEN, P. P. (2010) Biochemistry and genetics of inherited 

disorders of peroxisomal fatty acid metabolism. J Lipid Res, 51, 

2863-95. 

 

VARELA-NALLAR, L., ARANGUIZ, F. C., ABBOTT, A. C., SLATER, P. G. & 

INESTROSA, N. C. (2010) Adult hippocampal neurogenesis in 

aging and Alzheimer's disease. Birth Defects Res C Embryo 

Today, 90, 284-96. 

 

WADA, K., NAKAJIMA, A., KATAYAMA, K., KUDO, C., SHIBUYA, A., 

KUBOTA, N., TERAUCHI, Y., TACHIBANA, M., MIYOSHI, H., 

KAMISAKI, Y., MAYUMI, T., KADOWAKI, T. & BLUMBERG, R. S. 

(2006) Peroxisome proliferator-activated receptor gamma-

mediated regulation of neural stem cell proliferation and 

differentiation. J Biol Chem, 281, 12673-81. 

 

WALTON, P. A., HILL, P. E. & SUBRAMANI, S. (1995) Import of stably 

folded proteins into peroxisomes. Mol Biol Cell, 6, 675-83. 

 

WANDERS, R. J. (2004) Metabolic and molecular basis of peroxisomal 

disorders: a review. Am J Med Genet A, 126A, 355-75. 

 

WANDERS, R. J. (2004) Peroxisomes, lipid metabolism, and 

peroxisomal disorders. Mol Genet Metab, 83, 16-27. 

 

WANDERS, R. J., BARTH, P. G., SCHUTGENS, R. B. & TAGER, J. M. 

(1994) Clinical and biochemical characteristics of peroxisomal 

disorders: an update. Eur J Pediatr, 153, S44-8. 

 

WANDERS, R. J., BOLTSHAUSER, E., STEINMANN, B., SPYCHER, M. A., 

SCHUTGENS, R. B., VAN DEN BOSCH, H. & TAGER, J. M. (1990) 

Infantile phytanic acid storage disease, a disorder of peroxisome 



References 
 

358 
 

biogenesis: a case report. J Neurol Sci, 98, 1-11. 

 

WANDERS, R. J., DENIS, S., VAN ROERMUND, C. W., JAKOBS, C. & 

TEN BRINK, H. J. (1992) Characteristics and subcellular 

localization of pristanoyl-CoA synthetase in rat liver. Biochim 

Biophys Acta, 1125, 274-9. 

 

WANDERS, R. J., FERDINANDUSSE, S., BRITES, P. & KEMP, S. (2010) 

Peroxisomes, lipid metabolism and lipotoxicity. Biochim Biophys 

Acta, 1801, 272-80. 

 

WANDERS, R. J. & KOMEN, J. C. (2007) Peroxisomes, Refsum's disease 

and the alpha- and omega-oxidation of phytanic acid. Biochem 

Soc Trans, 35, 865-9. 

 

WANDERS, R. J., VISSER, W. F., VAN ROERMUND, C. W., KEMP, S. & 

WATERHAM, H. R. (2007) The peroxisomal ABC transporter 

family. Pflugers Arch, 453, 719-34. 

 

WANDERS, R. J. & WATERHAM, H. R. (2006) Peroxisomal disorders: 

the single peroxisomal enzyme deficiencies. Biochim Biophys 

Acta, 1763, 1707-20. 

 

WELLS, P. G., McCALLUM, G. P., CHEN, C. S., HENDERSON, J. T., LEE, 

C. J., PERSTIN, J., PRESTON, T. J., WILEY, M. J., & WONG, A. 

W. (2009) Oxidative stress in developmental origins of diseases: 

teratogenesis, neurodevelopmental deficits, and cancer. Toxicol. 

Sci, 108, 4-18 

 

WHITEHEAD, R. E., FERRER, J. V., JAVITCH, J. A. & JUSTICE, J. B. 

(2001) Reaction of oxidized dopamine with endogenous cysteine 

residues in the human dopamine transporter. J Neurochem, 76, 



References 
 

359 
 

1242-51. 

 

WIESE, S., GRONEMEYER, T., OFMAN, R., KUNZE, M., GROU, C. P., 

ALMEIDA, J. A., EISENACHER, M., STEPHAN, C., HAYEN, H., 

SCHOLLENBERGER, L., KOROSEC, T., WATERHAM, H. R., 

SCHLIEBS, W., ERDMANN, R., BERGER, J., MEYER, H. E., JUST, 

W., AZEVEDO, J. E., WANDERS, R. J. & WARSCHEID, B. (2007) 

Proteomics characterization of mouse kidney peroxisomes by 

tandem mass spectrometry and protein correlation profiling. Mol 

Cell Proteomics, 6, 2045-57. 

 

WILLIAMS, C. & DISTEL, B. (2006) Pex13p: docking or cargo handling 

protein? Biochim Biophys Acta, 1763, 1585-91. 

 

WILLIAMS, C. P. & STANLEY, W. A. (2010) Peroxin 5: a cycling 

receptor for protein translocation into peroxisomes. Int J 

Biochem Cell Biol, 42, 1771-4. 

 

WILSON, G. N., HOLMES, R. G., CUSTER, J., LIPKOWITZ, J. L., 

STOVER, J., DATTA, N. & HAJRA, A. (1986) Zellweger 

syndrome: diagnostic assays, syndrome delineation, and 

potential therapy. Am J Med Genet, 24, 69-82. 

 

WINNER, B., KOHL, Z. & GAGE, F. H. Neurodegenerative disease and 

adult neurogenesis. Eur J Neurosci, 33, 1139-51. 

 

WOLF, J., SCHLIEBS, W. & ERDMANN, R. (2010) Peroxisomes as 

dynamic organelles: peroxisomal matrix protein import. FEBS J, 

277, 3268-78. 

 

YAKUNIN, E., MOSER, A., LOEB, V., SAADA, A., FAUST, P., CRANE, D. 

I., BAES, M. & SHARON, R. (2010) alpha-Synuclein 



References 
 

360 
 

abnormalities in mouse models of peroxisome biogenesis 

disorders. J Neurosci Res, 88, 866-76. 

 

YOUNG, S. Z., TAYLOR, M. M. & BORDEY, A. (2011) Neurotransmitters 

couple brain activity to subventricular zone neurogenesis. Eur J 

Neurosci, 33, 1123-32. 

 

ZAAR, K., KOST, H. P., SCHAD, A., VOLKL, A., BAUMGART, E. & 

FAHIMI, H. D. (2002) Cellular and subcellular distribution of D-

aspartate oxidase in human and rat brain. J Comp Neurol, 450, 

272-82. 

 

ZAPPONE, M. V., GALLI, R., CATENA, R., MEANI, N., DE BIASI, S., 

MATTEI, E., TIVERON, C., VESCOVI, A. L., LOVELL-BADGE, R., 

OTTOLENGHI, S. & NICOLIS, S. K. (2000) Sox2 regulatory 

sequences direct expression of a (beta)-geo transgene to 

telencephalic neural stem cells and precursors of the mouse 

embryo, revealing regionalization of gene expression in CNS 

stem cells. Development, 127, 2367-82. 

 

ZHANG, J. W. & LAZAROW, P. B. (1995) PEB1 (PAS7) in 

Saccharomyces cerevisiae encodes a hydrophilic, intra-

peroxisomal protein that is a member of the WD repeat family 

and is essential for the import of thiolase into peroxisomes. J 

Cell Biol, 129, 65-80. 

 

ZHAO, W., VARGHESE, M., YEMUL, S., PAN, Y., CHENG, A., MARANO, 

P., HASSAN, S., VEMPATI, P., CHEN, F., QIAN, X. & PASINETTI, 

G. M. (2011) Peroxisome proliferator activator receptor gamma 

coactivator-1alpha (PGC-1alpha) improves motor performance 

and survival in a mouse model of amyotrophic lateral sclerosis. 

Mol Neurodegener, 6, 51. 



References 
 

361 
 

 

ZHOU, Q. Y. & PALMITER, R. D. (1995) Dopamine-deficient mice are 

severely hypoactive, adipsic, and aphagic. Cell, 83, 1197-209. 

 

ZIMMERMAN, L., PARR, B., LENDAHL, U., CUNNINGHAM, M., MCKAY, 

R., GAVIN, B., MANN, J., VASSILEVA, G. & MCMAHON, A. 

(1994) Independent regulatory elements in the nestin gene 

direct transgene expression to neural stem cells or muscle 

precursors. Neuron, 12, 11-24. 

 


	Title page
	Title of thesis-partII-2-new
	20140618235429546_0001 (2)-statement of originality
	Title of thesis-partII-4
	Chapter 1-new
	Chapter 2
	Chapter 3-new
	Chapter 4
	Chapter 5-new
	Chapter 6
	Chapter 7
	Appendix-1
	References

