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ABBREVIATIONS 

ABC-
transporter 

ATP-binding-cassette-transporter 

ACBD4 Acyl-CoA Binding Domain Containing 4 

ACBD5 Acyl-CoA Binding Domain Containing 5 

ACAD11 Acyl-CoA Dehydrogenase Family Member 11 

ACOX Acyl-CoA oxidase  

ACOX1 Acyl-CoA oxidase 1 

ALS Amyotrophic lateral sclerosis 

APS Ammonium persulfate 

ATP Adenosine triphosphate 

BSA Bovine serum albumin 

CNS Central nerve system 

DAAO D-amino acid oxidase 

D-BP D-bifunctional protein 

DHA Docosahexaenoic acid 

DMEM Dulbecco's Modified Eagle Medium 

DNA Deoxyribonucleic acid 

EDTA Ethylenediaminetetraacetic acid 

ER Endoplasmic Reticulum 

FA Fatty acid 

FADH2 Flavin adenine dinucleotide 

GPI Glycosylphosphatidylinositol 

H2O2 Hydrogen peroxide 

HB Homogenisation buffer 

HEPES 2-(4-(2-Hydroxyethyl)piperazin-1-yl)ethane sulfonic acid 

HepG2 Name of a human liver cancer cell line 

ICH Immunohistochemistry 

MAVS Mitochondrial antiviral signaling adaptor 

MOPS 3-(N-Morpholino)propane sulfonic acid 

mPTS Peroxisomal membrane targeting signal 

mRNA Messenger ribonucleic acid 

NAPDH Nicotinamide adenine dinucleotide phosphate 

NMDA-
receptor 

N-methyl-D-aspartate receptor 

OSG Organelle separation gradient 

PBD Peroxisome biogenesis disorder 

PEI Polyethyleneimine 25K 

PEX5 Peroxine 5 

PEX7 Peroxine 7 

PEX11 Peroxine 11 

PEX13 Peroxine 13 

PEX14 Peroxine 14 

PEX19 Peroxine 19 

PMSF Phenylmethylsulfonyl fluoride 

PMP Peroxisomal membrane protein 

PMP22/Pxmp2 Peroxisomal membrane protein 2 
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pmts peroxisomal membrane targeting signal 

PO Peroxisome 

POMC Pro-opiomelanocortin 

PPAR Peroxisome proliferator-activated receptor 

PPARα Peroxisome proliferator-activated receptor alpha 

PT 3-ketoacyl-CoA thiolase 

PTS1 Peroxisome targeting signal 1 

PTS2 Peroxisome targeting signal 2 

ROS Reactive oxygen species 

TWEEN 20 Polysorbate 20 

ULCFA Ultra long chain fatty acid (>C32) 

VAPB Vesicle-associated membrane protein-associated protein B 

VLCFA Very long chain fatty acid (>C22) 
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1 INTRODUCTION 

1.1 The peroxisomes – a versatile organelle 

Peroxisomes are ubiquitous organelles (Schrader and Fahimi, 2008) located in the 
cytosol (De Duve and Baudhuin, 1966). They consist of a single lipid bilayer and often 
contain a crystal-like core (De Duve and Baudhuin, 1966). Peroxisomes are abundant 
in nearly all eukaryotic specimens ranging from unicellular organisms via fungi and 
plants to mammals (Subramani, 2004). In mammals, peroxisomes have been 
demonstrated in all tissues except erythrocytes and mature spermatozoa (Dastig et al., 
2011; Islinger et al., 2012b; Schrader and Fahimi, 2008). Peroxisomes serve as a 
compartment for hazardous reactions separated from cytosol. For this purpose, 
peroxisomes contain different sets of enzymes in their matrix - partially in a crystal-like 
core (De Duve and Baudhuin, 1966). Several membrane-bound proteins regulate 
protein and substrate import as well as product export (Islinger et al., 2012b; Schrader 
and Fahimi, 2008). Further enzymes are also membrane-bound. Peroxisomes contain 
neither DNA nor translation machinery (Schrader and Fahimi, 2008). All peroxisomal 
proteins are encoded in nuclear DNA and translated usually on free or, in case of pre-
import into the ER, membrane-bound ribosomes (Schrader and Fahimi, 2008). These 
latter proteins are subsequently imported into peroxisomes via vesicle-based import 
mechanisms. 
The imported enzymes are responsible for the peroxisomal metabolic functions. 
Peroxisomes distinguish themselves by the high variability of enzyme content and are 
able to adapt rapidly to metabolic stimuli and required functions (Islinger et al., 2012b). 
Enzyme content differs among tissues, cell types and nutritional status (Islinger et al., 
2012b).  
In contrast to the variable matrix enzymes, several of the membrane-bound proteins, 
which are responsible for peroxisome biogenesis and maintenance, are located 
ubiquitously on peroxisomes (Gabaldon, 2010; Schrader and Fahimi, 2008). This 
highly conserved subgroup of membrane bound proteins is called peroxins (Gabaldon, 
2010; Schrader and Fahimi, 2008).  
Moreover, peroxisomes do not act as isolated entities but are integrated into a complex 
metabolic network with other organelles in particular mitochondria (Schrader et al., 
2015), endosomes (Guimaraes et al., 2015), lipid droplets (Cui et al., 2016; Joshi and 
Cohen, 2019; Kilwein and Welte, 2019), lysosomes (Chu et al., 2015) and ER (Costello 
et al., 2017a; Costello et al., 2017b; Hua et al., 2017), cytosolic and membrane-bound 
enzymes (figure 1). 
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1.1.1 Peroxisome function 

Peroxisomes are an inherent component of various metabolic pathways. Their enzyme 
content and metabolic functions exhibit tissue- and cell-type dependent differences (De 
Duve and Baudhuin, 1966; Islinger et al., 2012b); e.g. liver peroxisomes differ from 
kidney peroxisomes (De Duve and Baudhuin, 1966); the peroxisomal proteome of lung 
tissue and testis differs from both (Islinger et al., 2012b). 
Reactive oxygen species (ROS) metabolism is eponymous for peroxisomes. H2O2 and 
other ROS are produced as byproducts e.g. in peroxisomal β-oxidation, as 
peroxisomes lack the capacity of NAPDH reduction and proton transfer from 
endogenous to unbound FADH2 (Kim and Miura, 2004). Reactive nitrogen species are 
also partially produced in peroxisomes. Apart from these endogenously produced 
ROS, those from other origins are likely also degraded in peroxisomes, i.e. by catalase, 
hereby protecting the cell from oxidative stress. With this double role, peroxisomes 
play an important role in oxidative stress homeostasis. Apart from their role in oxidative 
stress, ROS also act as signaling molecules. E.g. in hypothalamic neurons, ROS serve 
as signaling molecules regulating pro-opiomelanocortin (POMC) tone (Diano et al., 
2011). Peroxisomes regulate the ROS concentration in these neurons with their ROS-
scavenging enzymes (Angermüller et al., 2009; Islinger et al., 2012b). In accordance 
with the important role in ROS detoxification, several peroxisomal enzymes are 
sensible to oxidative switches modulating their enzymatic properties (Islinger et al., 

 
Figure 1: Peroxisome - organelle interaction: 
So far, interaction of peroxisomes with mitochondria, ER, lipid droplets, lysosomes and 
endosomes are reported, of which most metabolic links have been reported in interaction with 
mitochondria and ER. Interactions with both these organelles are addressed in paragraph 
1.1.4. 
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2012b). A dysregulation of ROS-scavenging function of peroxisomes appears to be 
associated with various diseases, i.a. possibly to  hypervulnerability to sound 
(Delmaghani et al., 2015), diabetes associated lipotoxicity in pancreatic beta cells, and 
aging (Baboota et al., 2019; Islinger et al., 2012b). Furthermore, ROS homeostasis is 
required for normal respiratory capacity of mitochondria (Islinger et al., 2012b).  
A second major metabolic function of peroxisomes is the beta-oxidation of fatty acids 
(Trompier et al., 2014). While mitochondrial beta-oxidation metabolizes preferentially 
medium-long chain fatty acids, peroxisomal beta-oxidation focusses on very long-chain 
fatty acids (VLCFAs), eicosanoids and docosanoids, poly- and monounsaturated fatty 
acids and branched-chain fatty acids (Trompier et al., 2014). VLCFAs are important 
components of membrane lipids (sphingolipids and glycerophospholipids), which are 
involved in skin barrier formation, liver homeostasis, myelin maintenance, 
spermatogenesis, retinal function and anti-inflammatory pathways (Kihara, 2012). 
Contained mainly in the outer leaflet of plasma membranes, especially in the brain, 
VLCFA containing sphingolipids affect membrane functions by influencing lipid 
microdomain formation, altering membrane fluidity and stabilizing highly curved 
membranes (Kihara, 2012). VLCFA also act as precursors of anti-inflammatory 
compounds (Kihara, 2012). An accumulation of VLCFA – especially in the brain – is 
potentially toxic (Darwisch et al., 2020; Trompier et al., 2014). Highly elevated 
concentrations of VCLFA are deleterious for energy-dependent mitochondrial functions 
and are capable to induce cell death (Schonfeld and Reiser, 2016). 
Eicosanoids and docosanoids are signaling molecules made from polyunsaturated 
long-chain fatty acids. Subtypes of eicosanoids are inter alia involved in 
vasoconstriction and -dilatation, vaso-permeability, bronchodilatation and -constriction, 
coagulation and anticoagulation, and inflammation (Biringer, 2020; Calder, 2020). 
They act via autocrine and paracrine signaling (Calder, 2020). The involvement in 
these vital functions indicates the importance of the eicosanoid equilibrium. 
Peroxisomal enzymes also break down dicarboxylic acids (Islinger et al., 2012b; 
Nguyen et al., 2008; Trompier et al., 2014) and are involved in the alpha-oxidation of 
phytanic acid (Trompier et al., 2014), which is an agonist of PPAR-alpha. Elevated 
levels of phytanic acid, a metabolite of chlorophyll, which is ingested via diary products 
and meat, are neurotoxic (Nagai, 2015; Schonfeld and Reiser, 2016). 
Ether lipid biosynthesis is a further peroxisomal function: The pre-squalene segment 
of the pathway of isoprenoid/cholesterol biosynthesis, i.e. first two steps in 
plasmalogen synthesis is also located in peroxisomes (Hogenboom et al., 2004a; 
Hogenboom et al., 2004b; Islinger et al., 2012b; Kovacs et al., 2002; Kovacs et al., 
2007; Trompier et al., 2014; Wanders and Waterham, 2006). The formed ether lipids 
serve as a second messenger reservoir, buffer oxidative stress and contribute to 
membrane fluidity (Dean and Lodhi, 2018; Trompier et al., 2014). Here they play a 
crucial role in organization and stability of lipid raft microdomains, which form the basis 
of many membrane regions involved in cellular signaling (Dean and Lodhi, 2018; 
Lohner, 1996; Paltauf, 1994). In brain tissue ether lipids exhibit especially high 
abundance in myelin membranes (Pieringer et al., 1977). 
Involvement of peroxisomes in bile acid metabolism and polyamine catabolism has 
also been observed in liver tissue (Ferdinandusse et al., 2009; Kovacs et al., 2009; 
Nishikawa et al., 2000; Schrader and Fahimi, 2008; Vujcic et al., 2003). The 
peroxisomal ether lipid pathway is necessary for producing the alkyl chain for 
glycosylphosphatidylinositol (GPI) anchor synthesis (Islinger et al., 2012b; Kanzawa et 
al., 2009; Kanzawa et al., 2012). GPI-anchors attach several membrane-bound 
proteins to the lipid bilayer membranes (Islinger et al., 2012b). GPI-anchored proteins 
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are involved in cell–cell and cell–environment interactions and contribute to lipid 
microdomains (Islinger et al., 2012b). 
Apart from these metabolic functions, peroxisomes appear to play an important role in 
antiviral defense in cooperation with mitochondria (Dixit et al., 2010; Islinger et al., 
2012b). Peroxisomes transmit a rapid interferon-independent response mediated by 
mitochondrial antiviral signaling adaptor (MAVS), which alters peroxisome morphology 
(Islinger et al., 2012b).  

1.1.2 Peroxisome variability 

The abundance of peroxisomes and peroxisomal enzymes varies among tissues and 
cells. Peroxisomes show a high variety of and variability in number, shape and size 
(De Duve, 1960; Schrader et al., 2000). Peroxisomes and peroxisomal enzymes are 
known to rapidly adapt to metabolic stimuli by increase or decrease in peroxisome 
content or alteration in the peroxisomal proteome or even change of shape (Lazarow 
and De Duve, 1976; Schrader et al., 2012; Schrader et al., 2000; Schrader et al., 1998). 
Peroxisomes can form by growth and division (fission) from pre-existing organelles and 
by de novo synthesis through vesicle 
formation from the ER (Costello and 
Schrader, 2018; Islinger et al., 2012b) or 
mitochondria (McBride, 2018; Mohanty 
and McBride, 2013; Speijer, 2014) (figure 
2). A recent hypothesis interprets 
mitochondrial targeting of several 
peroxins to mitochondria in the absence 
of peroxisomes as hint for a hybrid 
mitochondrial and ER origin of de novo 
synthesized peroxisomes (Sugiura et al., 
2017). The highly conserved peroxisomal 
proteins, the peroxins, initiate and 
perform peroxisome formation, division 
and enzyme import into peroxisomes 
(Islinger et al., 2018; Li and Gould, 2002). 
Apart from the above-mentioned 
modulation of existing enzymes’ function 
by ROS-sensitive switches, peroxisomal 
enzymes and peroxisomal proliferation 
can be induced by peroxisome 
proliferator-activated receptors (PPARs) 
(Diano et al., 2011; Issemann and Green, 
1990; Lodhi and Semenkovich, 2014; 
Reddy and Hashimoto, 2001). PPARs are nuclear transcriptions factors, which are 
activated by a variety of peroxisomal metabolites (Lodhi and Semenkovich, 2014; 
Wang, 2010). These transcription factors do not only induce peroxisome formation but 
also multiple peroxisomal and other cellular metabolic pathways (Lodhi and 
Semenkovich, 2014; Reddy and Hashimoto, 2001). 
 
 
 

 
Figure 2: Peroxisome biogenesis 
Overview on peroxisome formation. 
Peroxisomes can either form from preexisting 
peroxisomes via division and fission or be de 
novo synthesized deriving vesicles from ER 
and mitochondria. Matrix proteins can be 
derived from cytosolic ribosomes. After 
recognition of the peroxisome targeting signal 
they are imported via pore formation which is 
further described in paragraph 1.1.3. 
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1.1.3 Peroxisomal membrane 

The peroxisomal membrane consists of a single lipid bilayer. To permit substrate 
import and product export, the peroxisomal membrane has two distinct systems. The 
membrane forms an unselective barrier, which is freely permeable for small molecules 
up to a molecular weight of 300 to 400 Da (Antonenkov et al., 2004b). This permeability 
derives from a homotrimeric unselective channel constituted of peroxisomal membrane 
protein 2(Pxmp2/PMP22) (Rokka et al., 2009) and potentially a second pore formed 
by PEX11 (Mindthoff et al., 2016), which is responsible for the substantial channel-
forming activity in Pxmp2 knockout mice (Islinger et al., 2012b). However, several 
peroxisomal metabolites exceed this exclusion limit. For the import of molecules larger 
than 300 Da specific transporters exist: fatty acids (FAs) and cofactors are imported 
via specific transporters, i.a. ATP-binding-cassette-transporters (ABC-transporters) 
(Antonenkov and Hiltunen, 2012; Kemp et al., 2011; Visser, 2002). Matrix protein 
import is performed by a complex machinery of peroxins, of which several have so far 
been identified. Remarkably, the proteins are imported in a folded and even 
oligomerized state (Rucktaschel et al., 2011). For correct import, peroxisomal matrix 
proteins possess a peroxisomal targeting sequence (PTS), which is either recognized 
by PEX5 (PTS1) or PEX7 (PTS2) (Ma and Reumann, 2008; Ma et al., 2009; Maynard 
et al., 2004; Montilla-Martinez et al., 2015; Rucktaschel et al., 2011). After interaction 
of this cargo-peroxin-complex with PEX13/14, a pore is formed, through which proteins 
are imported (Chan et al., 2016). 
The peroxisomal membrane is derived from the ER by vesicle fusion or direct transfer 
of phospholipids (Raychaudhuri and Prinz, 2008). The peroxisomal membrane 
proteins (PMPs) bear a specific targeting signal (peroxisomal membrane targeting 
signal (mPTS)). While most PMPs are recognized by and imported via interaction with 
the import receptor Pex19, several other PMPs lack PEX19 binding sites and are 
supposed to be transported to the peroxisome via vesicles budding from the ER 
(Costello and Schrader, 2018; Geuze et al., 2003). 

1.1.4 Interaction with ER and mitochondria 

As peroxisome function and protein composition indicate, peroxisomal enzymes are 
involved in numerous metabolic pathways. However, often only a part of these 
pathways takes place in peroxisomes, while they are completed in other organelles 
requiring efficient metabolite exchange between organelles. The absence of 
peroxisomes induces functional disturbances of mitochondria compromising ATP 
production (Peeters et al., 2011). This suggests a close link among peroxisomes and 
mitochondria. Peroxisomal catalase deficiency, resulting in a decreased redox capacity 
of peroxisomes, has a similarly impairing effect on mitochondria (Islinger et al., 2012b; 
Peeters et al., 2011). Apart from ROS metabolism, both organelles also cooperate in 
other metabolic pathways(Fransen et al., 2017; Wanders et al., 2015). A cooperation 
in FA beta-oxidation is known: Peroxisomal beta-oxidation acts as a pre-processing 
unit – it oxidizes and shortens FAs until they are of medium length (Demarquoy and 
Le Borgne, 2015; Le Borgne et al., 2011). Then mitochondrial beta-oxidation takes 
over, as more energy can be generated by this pathway (Demarquoy and Le Borgne, 
2015; Le Borgne et al., 2011). Carnitine octanoyl transferase and carnitine-octanoyl 
transport link peroxisomal β-oxidation to mitochondrial Krebs cycle (Demarquoy and 
Le Borgne, 2015; Le Borgne et al., 2011; Trompier et al., 2014). A further exchange 
may exist via mitochondria derived vesicles, which are supposed to be involved in 
transport from mitochondria to peroxisomes (Camoes et al., 2009; Fransen et al., 2017; 
Islinger et al., 2012b; Neuspiel et al., 2008). In antiviral signaling and defense, 
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mitochondria and peroxisomes also appear to cooperate (Islinger et al., 2012b; 
Ivashchenko et al., 2011). Beside this metabolic and functional link, peroxisomes and 
mitochondria also share key components of their division machinery, which in turn 
might serve a coordinated adaptation on metabolic needs of both organelle numbers 
(Fransen et al., 2017; Schrader, 2006). Further indicating the close link among 
mitochondria and peroxisomes an at least partly mitochondrial origin of peroxisomal 
de novo synthesis is hypothesized (Fransen et al., 2017; McBride, 2018; Mohanty and 
McBride, 2013; Speijer, 2014; Sugiura et al., 2017). 
With the ER, peroxisomes also maintain a close relationship (figure 1): Peroxisomal 
membranes lipids are ER-derived (Baumgart et al., 1989). Several PMPs are 
integrated into the peroxisomal membrane via ER-derived vesicles (Giannopoulou et 
al., 2016). Furthermore at least one way of peroxisome de-novo-synthesis starts from 
the ER (Costello and Schrader, 2018; Islinger et al., 2012b; Sugiura et al., 2017). 
Besides, metabolic interactions, i.e. in squalene and cholesterol synthesis exist 
(Wanders et al., 2015). Further links among peroxisomes and ER exist in ether lipid 
synthesis, docosahexaenoic acid (DHA)-synthesis and bile acid metabolism 
(Ferdinandusse et al., 2009; Wanders et al., 2015). 

1.2 Peroxisomes in disease 

Peroxisomes are involved in a broad spectrum of diseases ranging from hereditary 
peroxisome biogenesis disorders (PBDs) over single enzyme deficiencies to a 
potential involvement in carcinogenesis (Delille et al., 2006), as well as situations 
related to oxidative stress such as inflammation, ischemia-reperfusion, diabetes 
(Delille et al., 2006) and neurodegenerative diseases (Delille et al., 2006; Santos et al., 
2005; Uzor et al., 2020). 

1.2.1 Single enzyme deficiencies 

Hereditary peroxisomal disorders subdivide into single enzyme deficiencies and 
peroxisomal biogenesis disorders (PBD). In single enzyme deficiencies, clinical 
symptoms depend upon the specific protein defect and derive either from accumulation 
of peroxisomal substrates or lack of products. X-linked adrenoleukodystrophy  is the 
most common single enzyme deficiency (Delille et al., 2006): An accumulation of 
VLCFA leads to progressive demyelination and neurodegeneration in the CNS 
(Steinberg et al., 2006), adrenal gland insufficiency and finally premature death (Delille 
et al., 2006). Beta-oxidation disorders additionally induce steatosis or steatohepatitis 
(Delille et al., 2006). Alanine-glyoxylate aminotransferase deficiency manifests 
clinically as hyperoxaluria and concomitant renal failure (Delille et al., 2006). 

1.2.2 Peroxisome biogenesis disorders 

Peroxisome biogenesis disorders (PBDs) are caused by an inherited defect in peroxin 
genes. Protein import into peroxisomes is disturbed, which results in lack of a part of 
peroxisomal matrix proteins, empty organelles or even the complete absence of 
peroxisomes (Delille et al., 2006). PBDs are made up of Zellweger spectrum disorders, 
Zellweger syndrome, neonatal adrenoleukodystrophy and Refsum disease and 
rhizomelic chondrodysplasia type 1 (Wanders, 2014). While some of these 
peroxisomal biogenesis abnormalities are incompatible with life, others go along with 
severe multi-organ dysfunction or brain diseases, exhibiting demyelination, abnormal 
myelination (Baes and Aubourg, 2009), axonal degeneration and neuronal migration 
defects (Faust et al., 2005; Power and Moser, 1998; Waterham et al., 2016).  
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1.2.3 Peroxisome involvement in further neuronal diseases 

Apart from these hereditary peroxisomal disorders, several hints for the involvement of 
peroxisomes in further neuronal diseases exist. A mouse model of amyotrophic lateral 
sclerosis (ALS) exhibits reduced activity of peroxisomal D-amino acid oxidase (DAAO), 
an enzyme, whose impairing mutation causes an ALS-like phenotype (Sasabe et al., 
2012). Excess D-serine, which is degraded by peroxisomal DAAO, is a risk factor for 
schizophrenia (Errico et al., 2008; Islinger et al., 2012b; Kirov et al., 2005). Models of 
PBD show elevated levels of oligomerized and phosphorylated alpha-synuclein, which 
is an inherent component of Parkinson’s disease (Assayag et al., 2007). The 
neurodegenerative Alzheimer’s disease goes along with altered plasmalogen-, 
VLCFA- and docosahexaenoic acid-levels, which suggests a peroxisomal contribution 
(Assayag et al., 2007; Jo et al., 2020; Kou et al., 2011).  
Brain pathology in PBDs and peroxisomal substrate accumulation in several 
neurological diseases point to/imply a profound role of peroxisomes in both brain 
formation and function. 
A further link between peroxisomes and disease exists in cancer. The nuclear 
transcription factor peroxisome proliferator-activated receptor alpha (PPARα) is a non-
genotoxic carcinogen, which is capable of inducing mainly liver tumors when 
chronically activated (Delille et al., 2006; Gonzalez et al., 1998). The resilience of 
PPARα knockout mice to hepatic carcinogenesis support this hypothesis though this 
connection could not be transferred to primates (Delille et al., 2006; Gonzalez et al., 
1998). Beside this pathogenetic role, PPARα is an important regulator of inflammation 
(Delille et al., 2006; Devchand et al., 1996), 

1.3 Brain peroxisomes 

Peroxisomes play an important role in brain development and function. This is most 
obvious regarding the severe loss of brain functionality due to neural symptoms in 
peroxisomal disorders (Moser, 1999). Hereditary peroxisomal disorders, all subtypes 
of X-linked adrenoleukodystrophia and Zellweger syndrome, are characterized by 
profound structural and functional brain alterations. The existence of hereditary 
diseases with both late and early onset, indicates that peroxisomes play an important 
role in formation and maintenance of neural and glial structures. Many inflammatory 
and degenerative diseases of the brain also go along with alterations in peroxisomes. 
This hints at an important role of peroxisomes in brain function. 

1.3.1 Major brain peroxisomal functions and their link to disease 

Peroxisomes are present in all neural cell types (Trompier et al., 2014). In both, adult 
and adolescent mice, glial peroxisomes predominate (Trompier et al., 2014). As 
selective peroxisome knockouts in neurons and astrocytes resulted in less impaired 
phenotypes than oligodendrocyte knockouts (Bottelbergs et al., 2010; Hulshagen et 
al., 2008; Islinger et al., 2012b), the impairment seems especially due to compromised 
functions in the latter cell type. Oligodendrocytes are responsible for the formation of 
myelin sheets. An indispensable constituent of myelin sheets are ether phospholipids 
as well as plasmalogens, squalene and its derivates (Morell and Quarles, 1999). 
Therefore, it is probable, that the impairments derive from loss of myelination by 
oligodendrocytes. Without the isolation provided by the myelin sheet, axonal 
conduction is hindered, which leads to the observed axonal degeneration (Bottelbergs 
et al., 2010). This central function in myelin metabolism makes brain peroxisomes an 
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important agent in demyelinating diseases. Apart from this role in myelination and 
maintenance of myelin sheets, brain peroxisomes carry out further tasks. 
Another well-known and important role of peroxisomes is the metabolism of reactive 
oxygen species (ROS), described above. As an excess of ROS is potentially toxic for 
cells, ROS homeostasis is of high importance. Apart from the prevention of oxidative 
stress, ROS generated by peroxisomes serve as cellular signals, e.g. in hypothalamic 
neurons. The peroxisomal ROS metabolism appears to be involved in 
neurodegenerative diseases, as disturbed peroxisomal function in Alzheimer mouse 
models indicates, as well as in neuroinflammatory diseases and ischemia-reperfusion.  
A third important task of peroxisomes in brain is the beta-oxidation of very long-chain 
fatty acids (VLCFA), whose accumulation would otherwise disturb cellular homeostasis 
and lead to functional impairments. Peroxisomes also perform the last step of 
docosahexaenoic acid (DHA) synthesis. DHA is a major component of phospholipids 
of neuronal cell membrane. 40% of all polyunsaturated fatty acids in brain are DHA. 
DHA or a variety of its bioactive derivatives play an important role in intracellular 
signaling (Berger et al., 2016).  
The degradation enzymes of certain potentially toxic neuromodulatory metabolites, 
e.g. phytanic acid and of several D-amino acids are also located within peroxisomes 
(Errico et al., 2008; Nagai, 2015; Sasabe et al., 2012; Schonfeld and Reiser, 2016; 
Wolosker et al., 2008). Especially D-serine, which is a physiological co-agonist of 
NMDA-receptors and necessary for their activation and hereby capable to influence 
synaptic plasticity (Wolosker et al., 2008), is of interest in physiology and pathology: 
D-serine imbalance is discussed as a  cause of schizophrenia (Errico et al., 2008). 
Peroxisomes as D-amino acid degradation site might therefor be involved its 
pathogenesis. 

1.3.2 Peroxisomal populations in the brain 

The differing phenotypes in selective peroxisomal knockouts indicate the presence of 
cell-type specific subtypes of peroxisomes, which is verified by immunofluorescence 
imaging (Ahlemeyer et al., 2007). Apart from several peroxins involved in peroxisome 
biogenesis and protein import, metabolic peroxisomal membrane and matrix proteins 
are expressed at considerably different levels in neurons and astrocytes (Ahlemeyer 
et al., 2007). Neuronal peroxisomes are usually smaller and contain less catalase than 
glial ones (Ahlemeyer et al., 2007; Holtzman, 1982). Differences in selective knockouts 
(paragraph 1.3.1) support the hypothesis of cell-type specific peroxisomal functions. A 
further differentiation among sub-types exists: Though both are neurons, Golgi cells 
contain more, and more intensely PEX14-stained peroxisomes than granule cells in 
the cerebellum (Grant et al., 2013). Peroxisomes in Purkinje cells, however, seem to 
contain only little acyl-CoA oxidase (ACOX), Catalase, D-bifunctional protein (D-BP), 
and 3-ketoacyl-CoA thiolase (PT) (Nagase et al., 2004). Knockout of Purkinje-cell 
specific peroxisomes causes motor-phenotype and loss of axonal integrity revealing 
cell-type specific functions independent of glial function (De Munter et al., 2018). 
Catecholaminergic neurons seem to incorporate a higher catalase-positive 
peroxisomal population than other neurons (Arnold and Holtzman, 1978; Holtzman, 
1982).  
In addition to these cell-type specific differences, considerable variance exists among 
different brain regions. Periventricular zone of neocortex, plexus and ependyma of 
lateral and 4th ventricle, the external and internal germinative layers of the cerebellum, 
the cerebellar nuclei and the whole cornu ammonis exhibit high levels of peroxisomes 
in newborn mice (Ahlemeyer et al., 2007). Dentate gyrus exhibits moderate, marginal 
zone and zona intermedia of neocortex low levels (Ahlemeyer et al., 2007). Even within 



Introduction 

11 

the same neuronal subtype, peroxisomal abundance varies. For example, pyramidal 
cells of motor cortex contain more peroxisomes than those in parietal cortex 
(Ahlemeyer et al., 2007). 
Independently of peroxisomal abundance, variance in immunofluorescence signal 
among brain regions is known for numerous peroxisomal enzymes: So far, diverging 
patterns are known for D-amino acid oxidase (DAAO) (Holtzman, 1982), catalase 
(Ahlemeyer et al., 2007; Arnold and Holtzman, 1978; Holtzman, 1982; Houdou et al., 
1991; Nagase et al., 2004),  acyl-CoA oxidases (ACOX) (Ahlemeyer et al., 2007), 
(Nagase et al., 2004), D-bifunctional protein (D-BP) (Nagase et al., 2004) and 
peroxisomal 3ketoacyl-CoA thiolase (PT) (Ahlemeyer et al., 2007; Nagase et al., 
2004). The ciprofibrate-driven peroxisomal proliferation without catalase amplification 
in cerebral neuron supports the hypothesis of a function-specific peroxisomal proteome 
(Grant et al., 2013). 
These differences in peroxisomal proteome are also reflected by the size, i.e. Catalase-
positive peroxisomes are comparatively large (Holtzman, 1982).  

1.3.3 Alterations during aging 

The differential onset and symptoms of peroxisomal diseases indicate a change in 
peroxisomal function during aging. This goes along with an alteration in peroxisome 
number in most cell types and brain regions between youth and adolescence 
(Ahlemeyer et al., 2007). Overall, abundance of peroxisomes in cortex decreases 
during postnatal development, but with variation among the brain regions (Ahlemeyer 
et al., 2007). While peroxisome number significantly decreases in cortical plate to the 
corresponding layer 3 of cortex and in hippocampal pyramidal cells (Ahlemeyer et al., 
2007), the number in cerebellar nuclei, ependyma and plexus of the lateral ventricle 
remains at a similar level (Ahlemeyer et al., 2007). Purkinje cells even contain more 
peroxisomes than their precursors (Ahlemeyer et al., 2007). 
Peroxisomal enzyme pattern exhibits a different development, i.a. catalase level peaks 
during myelination and decreases afterwards (Tsay et al., 2000). Enzyme expression 
does not necessarily follow the abundance of peroxisomes. I.e. while peroxisome 
number increases in the stratum moleculare of neocortex, abundancy of catalase, PT 
and ACOX1 remains at a similar level (Ahlemeyer et al., 2007). 
The fact, that peroxisomes from adult mouse brain (Singh et al., 1989) enrich at a 
different density than those from infant brain (Cimini et al., 1993; Kovacs et al., 2001; 
Lazo et al., 1991), supports the idea of a change in peroxisomal proteome making 
them interesting for further research.  

1.4 Difficulties of peroxisome purification from adult brain tissue 

Multiple obstacles impede peroxisome isolation from brain tissue: The comparatively 
low abundancy of peroxisomes, the complex tissue structure with highly specialized 
cell types and liposomal particles forming during tissue homogenisation. 

1.4.1 Peroxisome heterogeneity 

Brain tissue is a complex structure. It consists of astrocytes, oligodendrocytes, 
neurons, microglia and other less abundant cell types. With this diversity in respect to 
contained cells, each with its specific tasks, brain tissue is by far more inhomogeneous 
than other tissues, from which peroxisomes have been isolated so far. Peroxisomes 
are expressed in all these cell types (Trompier et al., 2014). Because each of these 
cell types has specific functions and a different pattern of metabolic pathways, 
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peroxisomes are likely an inhomogeneous group, as they adapt to the specific 
metabolic needs (Islinger et al., 2012b). Cultured neurons and astrocytes from 
newborn mice exhibit a comparable abundance of peroxisomes but show 
heterogeneity in peroxisomal protein content (Ahlemeyer et al., 2007). Whereas the 
immunoreactivity of peroxins and peroxisomal-targeting signal is similar in both cell 
types (Ahlemeyer et al., 2007), the signal of imported enzymes and proteins, such as 
catalase and PMP70, is significantly stronger in cultured astrocytes than in neurons 
(Ahlemeyer et al., 2007). Independent of culture origin, catalase-positive peroxisomes 
in astrocytes are more intensely stained and larger than in neurons (Ahlemeyer et al., 
2007). In immunohistochemistry of newborn mice, astrocytes and oligodendrocytes 
exhibited a similar abundancy of catalase positive peroxisomes (Arnold and Holtzman, 
1978). Whereas most glial peroxisomes exhibit a similar protein pattern, neuronal 
peroxisomes of differently specialized brain areas differ in pattern of expressed 
proteins in IHC, which might be due to the different functions of the single neurons. In 
contrast to the majority of neurons, catecholaminic brain region neurons and 
sympathetic ganglia contain appreciable numbers of catalase-positive peroxisomes 
(Arnold and Holtzman, 1978).  
Apart from the heterogeneity in peroxisomes derived from different cell types within a 
specific brain area/layer, peroxin staining reveals inhomogeneity among brain regions 
and even areas / layers within these brain regions (Ahlemeyer et al., 2007): This 
variability in abundance of peroxisomal enzymes has been published concerning  D-
amino acid oxidase (DAAO) (Holtzman, 1982), Catalase (Ahlemeyer et al., 2007; 
Arnold and Holtzman, 1978; Holtzman, 1982; Houdou et al., 1991; Nagase et al., 
2004), acyl-CoA oxidase (ACOX1) (Ahlemeyer et al., 2007; Nagase et al., 2004), D-
bifunctional protein (D-BP) (Nagase et al., 2004), peroxisomal 3-ketoacyl-CoA thiolase 
(PT) (Ahlemeyer et al., 2007; Nagase et al., 2004). Even peroxisomes, defined by the 
presence PEX14, with neither ACOX1 nor catalase IHC-signal detectable are known 
(Nagase et al., 2004). 
This complex pattern of peroxisomes increases in complexity during maturation of the 
brain. From birth on, the peroxisomal heterogeneity concerning differences among 
brain regions, areas and layers within a specific region and the different cell types 
within a specific area / layer increases (Ahlemeyer et al., 2007; Arnold and Holtzman, 
1978)  
Additionally, other mechanisms are at play: e.g. the neurotrophic growth factors (NGF) 
trigger high levels of catalase at birth and its strong decrease during postnatal brain 
development. This perinatal catalase upregulation may aim at the protection of 
neurons from oxidative injury (Ahlemeyer et al., 2007; Nikolaou et al., 2006). Coinciding 
with the catalase peak (Ahlemeyer et al., 2007), NGF, which stabilizes catalase mRNA 
level in neural processor cells (Sampath and Perez-Polo, 1997) and which induces 
peroxisomal proliferation (Schrader et al., 1998), is highly upregulated around birth 
(Nikolaou et al., 2006). 
Furthermore, metabolism induced alterations in peroxisome size and shape have been 
demonstrated (Schrader et al., 1998).  
All these features influence the physical properties of peroxisomes, which is 
demonstrated by the differing densities at which peroxisomes enrich in density gradient 
centrifugation:  
Peroxisomal subpopulations defined by DAAO and catalase have different equilibrium 
densities (Gaunt and de Duve, 1976). The effect of the differences among areas on 
equilibrium density of peroxisomes is demonstrated by the shift from 1.152 - 1.162 g/ml 
for PO isolated from the brain stem to higher values (1.177 g/ml) through the inclusion 
of cerebellar tissue (Cimini et al., 1993).  
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1.4.2 Contaminating particles 

In contrast to other tissues, the cellular surface in CNS is comparatively high. Neurons 
have large dendritic and axonal extensions, oligodendrocytes form isolators of 
membrane bundles and the star-shaped astrocytes extend their appendices in 
between the other cells. Therefore, the percentage of cellular membranes in the 
homogenate is higher than in other tissue, which affects separation. 
To release peroxisomes, the brain tissue must be broken up by homogenisation. Brains 
are mechanically homogenised, as this procedure outperforms chemicals in intact 
tissue (Burden, 2008). While cytosolic corpuscular components are released, cellular 
membranes are broken into pieces of different size, which shape liposomes. ER 
particles of various sizes are converted into microsomes. Synaptosomes are 
generated from disrupted, resealing synapses during homogenisation of brain tissue 
(Islinger et al., 2011). Myelin and other membranes are broken down into fragments of 
different size and density, which end up in various subcellular fractions (Lazo et al., 
1991). All these particles can be found at a wide range of sizes and densities impeding 
separation.  

1.4.3 Myelin 

With myelin a further contaminant lacking in other tissues is present in brain. The 
presence of large amounts of myelin is even regarded as major difficulty in brain 
peroxisome purification (Lazo et al., 1991). Myelin is fragmented into vesicles of 
various densities during homogenisation (Singh et al., 2000). These fragmented myelin 
particles become a source of contamination in almost all the organelles isolated from 
brain (Singh et al., 2000). They are even reported to be capable of impairing organelle 
separation in Nycodenz gradient (Kovacs et al., 2001). This impairing effect is due to 
the myelin vesicles formed by homogenisation trapping organelles, hereby altering 
their physical properties (Larocca and Norton, 2007). To enable organelle separation, 
myelin must be removed before separating the organelles. 

1.4.4 Peroxisome fragility 

Peroxisomes are highly fragile organelles. A spontaneous release of the peroxisomal 
core enzymes has been reported even in isoosmolar solutions (Antonenkov et al., 
2004a). Together with the so far only partially known peroxisomal proteome and 
peroxisome heterogeneity including non-membrane-bound proteins and enzymes 
(paragraph 1.4.1.), release of “core” proteins has to be avoided and results have to be 
checked for peroxisomal membranes, so called “ghosts”. 

1.4.5 Previous protocols for the separation of PO from brain tissue 

The valuable tool of immunohistochemistry, which has been mainly used to investigate 
peroxisomes in brain (paragraph 1.4.1), is limited to known proteins with pre-existing 
antibodies and thus to a comparatively low number of target proteins due to the 
overlapping spectra of the secondary antibodies. A further obstacle is the presence of 
lipofuscin granules, structures of clustered oxidized lipids and proteins, which have 
strong auto-fluorescence and hinder appropriate imaging especially in humans 
(Terman and Brunk, 2004). Lipofuscin granules accumulate with aging and are highly 
abundant in neuronal tissue (Terman and Brunk, 2004).  
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As peroxisomal proteins might also locate to other organelles in brain like ACAD11 (He 
et al., 2011), an isolation procedure of subpopulations might be necessary to better 
characterize brain peroxisomes, subpopulations and their proteome. 
 
Previous organelle separation protocols circumvent the problems of myelin and 
peroxisomal heterogeneity mainly by using nascent animals (Cimini et al., 1993; 
Kovacs et al., 2001; Lazo et al., 1991), which have a comparatively low myelin content. 
As brain myelination is on its maximum in this phase, a high need for peroxisomal lipid 
production exists. This gives rise to a comparatively high concentration of a 
peroxisomal population specialized on e.g. squalene production, which can be 
extracted (Kovacs et al., 2001). Immunohistochemistry studies reveal various 
alterations in brain peroxisomes with aging (Ahlemeyer et al., 2007). This 
circumvention limits the significance of peroxisomal isolation to their role in myelin 
production, as the isolated catalase-positive glia are thought to be closely related to 
myelinogenesis in the developing brain (Houdou et al., 1991). 
Existing studies with adult animals have so far focused on single peroxisomal 
subpopulations defined by core enzymes, such as catalase or DAAO, and achieved 
only low degrees of purification (Gaunt and de Duve, 1976; Singh et al., 1989). Though 
some protocols provide a certain degree of peroxisome purification (Gaunt and de 
Duve, 1976; Singh et al., 1989) or immunohistochemical insights (Ahlemeyer et al., 
2007; Arnold and Holtzman, 1978; Grant et al., 2013; Holtzman, 1982; Houdou et al., 
1991; Nagase et al., 2004), little is known about adult brain peroxisomes. 
The valuable characterization of peroxisomes from adult brain is so far compromised 
by the lack of appropriate isolation protocols 

1.4.6 Strategies to overcome difficulties in brain peroxisome purification 

As peroxisomes are known to shift in density dependent on the surrounding medium 
(Antonenkov et al., 2004a) and a correlation among peroxisome size and certain 
peroxisomal enzymes has been observed (Arnold and Holtzman, 1978; Holtzman, 
1982), separation by physical properties seems promising. To overcome the above-
mentioned problems, we designed a complex purification protocol based on the reports 
from previous experiments. All these previous studies dealt with myelin with a single 
sucrose step gradient centrifugation (Cimini et al., 1993; Kovacs et al., 2001; Lazo et 
al., 1991; Singh et al., 1989), a procedure, which has to be adapted on the larger 
amounts of myelin in adult brain. 

1.5 Peroxisome isolation from cell culture 

Cell culture is a well-established tool to study the effect of enzymes or organelles on a 
specific cell type. Compared to whole organisms, single cells are easier to target and 
manipulate e.g. by overexpression or knockout of genes (Ahlemeyer et al., 2014) or by 
nutritional stimuli (Ponce-Ruiz et al., 2015).  
Isolation of organelles from cell culture broadens the spectrum of investigations 
possible with cultured cells. It enables the investigation of a specific organelle 
proteome and permits the quantification of an organelle’s metabolism, whereas the 
number of proteins that can be investigated using immunofluorescence imaging is 
limited. Density-shift-assays are a special type of isolation procedure, which provides 
evidence for the interaction of two proteins or molecules. Transferred to the field of 
organelle isolation, density-shift-assays prove the existence of bonds between two 
organelles. In combination with manipulations in protein expression, specific mediators 
of these bonds between two organelles can be assessed. 
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As effects of other surrounding cell types and the organism itself are neglected, cell 
culture experiments are unable to replace organelle preparation from whole organism. 
These tissue effects are especially relevant in neuronal tissue, where neurons and glia 
cooperate in metabolic pathways, i.e. transmitter degradation and nutrition. In the study 
of peroxisomes, peroxisome isolation from cultured cells and from tissue complement 
one another. As in tissues, protocols must be adapted according to the specific needs.  
Apart from the usual precautions taken in cell culture, organelle isolation from cells 
bears some inherent difficulties: harvest of the cells and especially homogenisation 
must be particularly gentle to avoid disruption of the organelles (Burden, 2008). 
Especially organelles surrounded by a single lipid bilayer are jeopardized. As hardly 
any extracellular matrix is existent compared to tissue, lower homogenisation forces 
can be applied (Burden, 2008).  
To utilize the full potential of cultured cells, the protocol must be capable of dealing 
with altered physical properties of cellular organelles due to manipulations of protein 
expression. In density-shift-assays this gains further importance. To allow organelle 
isolation also under such changing conditions, special care must be taken with each 
purification step. The pre-processing steps with removal of debris, nuclei and 
insufficiently homogenised or contaminating particles must be carefully adapted. A final 
centrifugation by a continuous gradient might provide an adequate solution for this 
problem, as instabilities in density carry less weight and the results of a pull-down-
assay appear as a position shift in this gradient.  
Our new cell purification protocol is developed for the purpose of investigations on 
organelle interaction, i.e. the ER-peroxisome interplay, more specifically the the 
investigation of the interaction of ACBD5 and VAPB (Costello et al., 2017a; Manner 
and Islinger, 2017).  
 

1.6 Goals 

This study aims to provide tools for the investigation of peroxisomes in adult brain 
tissue and in cell culture, to enable closer investigation of the altered composition and 
functionality of peroxisomes during e.g. aging.  
The purification protocols shall enable to analyse the protein composition of 
peroxisomes from the brain (e.g. in subsequent proteomics studies) to identify potential 
brain-specific functions of the organelle. To avoid a lack of sample size and to 
guarantee functionality with all brain tissues, experiments were carried out on whole 
mice brain. In a first step a pre-existing protocol for peroxisome isolation in growing 
mice (Kovacs et al., 2001) was tested in adult mice. This protocol was subsequently 
optimized by implementing knowledge about peroxisome isolation from other tissues 
and about organelle isolation from brain tissue. Further variations of the protocol were 
performed based on obtained results. Additionally, different gradient media were 
tested. In all applied procedures special care was taken to avoid osmotic damage and 
disruption of the peroxisomes. 
 
To assess peroxisomes in single cell lines, a protocol to isolate peroxisomes from 
cultured cells, i.a. HepG2, which can be easily used for knockdown or overexpression 
experiments, was developed. The protocol is intended to deal with manipulations in 
organelle proteome by knockdown or overexpression and shall be usable in density-
shift-assays for organelle interaction analysis (Costello et al., 2017a; Manner and 
Islinger, 2017).  
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2 MATERIAL AND METHODS 

2.1 Common materials and solutions 

2.1.1 Chemicals 

Chemical Supplier 

Acetic acid Roth, Germany 

Aminocaproic acid  AppliChem, Germany 

Ammonium persulfate (APS) Roth, Germany 

Benzamidine hydrochloride Roth, Germany 

Bovine serum albumin Roth, Germany 

Bromophenol blue Sigma Aldrich, Germany 

Coomassie Brilliant Blue R-250 Roth, Germany 

di-Sodium hydrogen phosphate 
dihydrate 

Roth, Germany 

Dulbecco's Modified Eagle Medium 
(DMEM) 

Roth, Germany 

Ethylenediaminetetraacetic acid (EDTA) Roth, Germany 

Ethanol Roth, Germany 

Fetal calf serum (FCS) Thermo Fisher, USA 

Glycerine Roth, Germany 

Glycine Roth, Germany 

2-(4-(2-Hydroxyethyl)piperazin-1-
yl)ethane sulfonic acid (HEPES)  

AppliChem, Germany 

Isopropanol Roth, Germany 

Methanol Roth, Germany 

3-(N-Morpholino)propane sulfonic acid 
(MOPS) 

Roth, Germany 

ROTI Nanoquant  Roth, Germany Cat. No. K880.1 

Nycodenz Axis shield, Norway Cat.No. 1992424 

Optiprep (Iodixanol) Axis shield, Norway Cat.No. 1114542 

PageRuler Prestained Protein Ladder Thermo Fisher, USA Cat No. 26616 

PageRuler Plus Prestained Protein 
Ladder  

Thermo Fisher, USA Cat No. 26619 

Penicillin Roth, Germany 

Peqlab Midi-prep kit  (now XChange 
Plasmid Midi Kit) 

Peqlab, Germany Cat No. 12-7401-02 
 

Phenylmethylsulfonyl fluoride (PMSF) Roth, Germany 

Polyethyleneimine 25K (PEI) Polysciences, Germany Cat. No 23966-1 

Polysorbate 20 (Tween 20) Roth, Germany 

Potassium chloride Roth, Germany 

Potassium dihydrogen phosphate Roth, Germany 

Powdered milk blotting grade Roth, Germany 

Sucrose Roth, Germany 

Sodium acetate anhydrous Roth, Germany 

Sodium bicarbonate Roth, Germany 

Sodium chloride Roth, Germany 

Sodium dodecyl sulfate (SDS) Roth, Germany 
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Chemical Supplier 

Sodium hydroxide Roth, Germany 

Streptomycin  

Sulfuric acid Roth, Germany 

N,N,N',N'-Tetramethylethylenediamine 
(TEMED) 

Roth, Germany 

Tris(Hydroxymethyl)aminomethane (Tris 
Pufferan) 

Roth, Germany 

N-[Tris(hydroxymethyl)methyl]-3-
aminopropanesulfonic acid (TAPS) 

Roth, Germany 

Triton X-100 Roth, Germany 

Trypsine/EDTA-solution Thermo Fisher, USA Cat.No. R001100 
Table 1: Chemicals 

2.1.2 Solutions used in brain extraction, homogenisation and centrifugation 

All solutions used for brain extraction, homogenisation and centrifugation are based 
on a buffer system (gradient buffer), in which the gradient generation constituents, 
sucrose, Nycodenz or Optiprep (iodixanol), are dissolved. 
The purpose of this gradient buffer is to avoid proteolysis and to balance pH in order 
to avoid effects introduced by change in the buffer solutions in the experiments, 
gradient buffer composition is kept constant. 
The gradient buffer contains 1 mM aminocaproic acid, 5 mM benzamidine-
hydrochloride for protease inhibition, 0.1%(v/v) ethanol, 1mM EDTA and 5mM MOPS 
or HEPES (table 2). The use of two different buffer systems derives from the 
implementation of different pre-existing peroxisome purification protocols, which were 
used as a basis for the development of this peroxisome purification procedure. Both 
buffers work at the physiological pH level of brain tissue: Peak buffer capacity of 
HEPES ranges from a pH value of 7.2 to 7.6, MOPS has its maximum buffer capacity 
from pH 6.5 to 7.9. Physiological intracellular pH of neurons in preparation ranges 
among 7.03 – 7.46 (Ruffin et al., 2014) Older papers working on tissue slices, define 
optimum pH range for neuronal tissue at 7.0 – 7.5 (Elliott and Birmingham, 1949). 
To avoid osmotic damage to the cellular organelles, differential centrifugations are 
carried out in gradient buffer containing 250mM or 320mM sucrose. Density gradients 
are formed of different concentrations of sucrose, Nycodenz or Optiprep in the gradient 
buffer. Whereas sucrose and Nycodenz directly solubilized in gradient buffer, Optiprep 
is diluted from a commercial 60% stock solution. The concentrations of the respective 
media of which gradients are constituted are described in the respective paragraphs. 

 
 
 

Gradient buffer 

Substance Concentration 

HEPES/MOPS 5mM 

Ethanol 1%(w/w) 

EDTA 1mM 

Benzamidine hydrochloride 5mM 

Aminocaproic acid 1mM 

Solvent:  Distilled water 
Table 2: Gradient buffer recipe 
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Directly before the experiment 1ml phenylmethylsulfonylfluoride (PMSF) dissolved in 
isopropanol is added per 100ml of each used solution. This corresponds to a final 
concentration of 1mM PMSF. Protease activity was inhibited by PMSF, aminocaproic 
acid, benzamidine and EDTA. 

2.1.3 Density measurement 

The density of gradient solutions is measured with an Abbé refractometer or an 
electronic refractometer device (Digital-Refraktometer DR 301-95 (A.Krüss Optronic, 
Hamburg, Germany)). Before each use the refractometer is calibrated with distilled 
water. Each measurement is repeated twice, in the case of incongruent results more 
often. 
Refractive index of Nycodenz behaves linearly to its concentration (Rickwood et al., 
1982). Hence, the density of Nycodenz solutions in gradient buffer is calculated 
according to the equation   323.3242.3 −•= mlgd  derived from Nycodenz product 

data sheet, where d denotes for the density of the solution and  for the measured 

refractive index. Due to comparatively low content of other chemicals in gradient buffer, 
these are neglected in this calculation. The calculation of the density of sucrose 
solutions is performed according to the equation   ( ) 3733.096.0−= mlgd . For 

Optiprep the formula   4584.32441.3 −•= mlgd is used. 

 

2.2 Peroxisome isolation from cultured cells 

Cell culture provides a useful tool in peroxisomal proteomic studies: It can be used to 
study localization of potential peroxisomal proteins (Zhou et al., 2015), the investigation 
of formation of peroxisomes (Dimitrov et al., 2013) and the effects of knockout or 
overexpression of peroxisomal proteins on the single cell (Ahlemeyer et al., 2014). 
Furthermore, cell culture provides a valuable tool in the investigation of single external, 
e.g. nutritional stimuli on protein expression and localization on the single cell (Ponce-
Ruiz et al., 2015). A more specialized application is the study of interactions among 
organelles (Costello et al., 2017a; Costello et al., 2017b; Costello and Schrader, 2018; 
Schrader et al., 2015). Besides immunofluorescence microscopy, the isolation of single 
organelles from cultured cells followed by the evaluation of their content is a potent 
technique to investigate an organelle's proteome. Organelle separation from cultured 
cells and successive proteomic examinations exceed immunofluorescence 
microscopy in the measurement of quantifiable effects. 
Interaction-assays can prove physical interaction between two organelles. When 
carefully extracted from cells and isolated from other organelles, the physical 
interaction between two organelles can be shown by co-localisation of the two 
organelles involved in density gradient centrifugation. To highlight this effect and to 
distinguish the co-localisation from unspecific signals, overexpression of the proteins 
involved in interaction and comparison to wild-type is required. 
  

Abbé refractometer 

Digital-Refraktometer DR 301-95 A.Krüss Optronic, Hamburg, Germany 
Table 3: Refractometer  
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Our new cell purification protocol is developed for the purpose of investigations on 
organelle interaction, i.e. the ER-peroxisome interplay. In this context, overexpression 
of proteins of interest, i.a. the mediators of this interaction is required. This 
overexpression is performed by transfection of the cells with plasmids (GFP-ACBD5 
and myc-VAPB) bearing the respective genes (details in Costello et al. 2017(Costello 
et al., 2017a)). We focused on the investigation of the interaction of ACBD5 and VAPB 
(Costello et al., 2017a).  

2.2.1 Cell line and cell culture 

For the experiments, the well-characterized cell line HepG2 is used. This immortalized, 
human hepatoblastoma carcinoma cell line is epithelial and well-differentiated (Lopez-
Terrada et al., 2009). They are adherent, grow in monolayers and small aggregates. 
The cell line is described to be stable and suitable as transfection host. 
Deriving from hepatic tissue, the HepG2 cells contain a considerable number of 
peroxisomes. The cell line has been used for characterization studies of peroxisomal 
proteins before (Ahlemeyer et al., 2014; Dimitrov et al., 2013; Hosoi et al., 2017; 
Petroni et al., 2019; Zhou et al., 2015). The peroxisome isolation protocols from these 
studies served as hallmarks for the development of this specific protocol. 
As recommended, HepG2 cells are cultivated in Dulbecco’s modified Eagle’s medium 
(DMEM) with low glucose, 10% FCS with addition of Penicillin/Streptomycin at 37°C,  
5% CO2. All operations are carried out under aseptic conditions.  
When the cultured cells exhibit 80% confluence, i.e. about 6.5 x 106 cells, cells are 
harvested or split for further propagation. For this purpose, medium is aspirated, the 
cells are washed once with 10ml pre-heated phosphate-buffered saline (PBS) per 
T75cm2 flask. The cells are detached by incubation with 1ml trypsine solution per flask 
for 2 minutes. Success of the detachment is checked via microscopy. When 
successful, trypsin reaction is stopped through addition of the 10ml cell culture medium 
supplemented with 10% FCS, the solution is retrieved and pelleted at 1000 x g for 5 
minutes. The cell-containing pellet is resuspended and then either further processed 
or sowed at about 2.1 x 106 cells per T75cm2 flask. To this end, cells are counted with 
a Neubauer improved Hemocytometer. 

2.2.2 Transfection 

For the investigation of peroxisome-ER interactions, cells are transfected with plasmids 
encoding the ER fusion protein Myc-VAPB and the peroxisomal fusion protein EGFP-
rACBD5. The plasmids are propagated in E.coli bacterial culture and purified via 
Peqlab Midi-prep kit. Plasmid content is quantified via photometric measurement.  
As transfection method, transfection with 25kDa polyethylenimine (PEI; Polysciences) 
was used. The transfection solution is mixed for 10 seconds according to table 4, and 
then incubated at room temperature. The solution is applied on the cells, which were 
previously washed for 3 times with PBS, After transfection the cells were incubated for 
24 hours at 37°C. Control cells were mock transfected with PEI only for comparison. 
Transfection efficiency was determined by immunofluorescence analysis of 
additionally incubated coverslips. 

Transfection solution (per T75cm2 flask) 

Plasmid  66,66µg DNA 

PEI in Aqua dest (1µg/µl) 333µl 

DMEM 3000µl 
Table 4: Recipe transfection sulution 
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2.2.3 Peroxisome isolation 

Peroxisomes were isolated from transfected HepG2 cells by this protocol (figure 3), To 
be capable to deal with density shifts by transfection, a continuous gradient is chosen 
as final purification step, which can deal with organelles of different density. For 
comparability and examination of the effects of the transfection,  
Per experiment and gradient, 10 to 12 T75cm2 cell culture bottles were grown. After a 
washing step with PBS containing protease inhibitors, HepG2 cells are abraded via a 
cell scraper and solved in PBS, which is removed by centrifugation at 500 x g for 
5min and replaced by homogenisation buffer. After homogenisation, cells are 
disrupted with shear stress, which is applied by 5ml syringe and 27G needle. After 
shearing, cellular debris and nuclei are pelleted at 600 x g for 10 minutes. The 
supernatant (sup1) is further centrifuged at 2000 x g, 10min. The resulting 
supernatant (sup2) undergoes a further centrifugation, whose pellet (P3) is 
suspended in homogenisation buffer and applied on top of a continuous Nycodenz 
gradient ranging from 1.14g/ml to 1.19g/ml. After centrifugation for 45 minutes at 
100.000 x g, the gradient is ml-wise harvested. The derived 12 fractions are 
measured concerning density and protein content and concentrated by 
centrifugation. The samples are analyzed by immunoblotting.  
To determine the best purification procedure, several approaches were tested. As the 
centrifugation steps 1 to 4 have proved their value, they remained unchanged. For the 
final gradient, both Optiprep and Nycodenz are tested for their separation capability. 
The gradient length is adapted for best separation capacity, which is capable to image 
both transfected and not transfected organelles. 

 
 
 
 
  

Phosphate buffered saline (per 1l) 

di-Sodium hydrogen phosphate dihydrate 1.78 g 

Potassium dihydrogen phosphate 0.2 g 

NaCl 8 g 

KCl 0.2g 

Distilled water ad 1l 
Table 6: Recipe Phosphate buffered saline (PBS) 

Centrifuges and rotors 

Rotina 420R centrifuge Hettich Zentrifugen, 
Tuttlingen, Germany 

Centrifugation 1-3 

Sorvall WX Ultra 100 
centrifuge 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 4-6 

Sorvall Surespin 360 swinging 
bucket ultracentrifuge rotor 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 4 
and 6 

Beckman VTI50 fixed angle 
rotor 

Beckman Coulter, Brea, USA Gradient 
centrifugation 
(centrifugation 5) 

Table 5: Centrifuges and rotors used in peroxisome isolation from HepG cells 
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Figure 3: Peroxisome isolation protocol optimized on ER-PO-interaction 
Centrifugations 2 to 4 serve to elevate peroxisome and ER concentration and to remove debris, 
mitochondria and cytosol. The purified organelles are further split up on a continuous gradient 
in centrifugation 5. Split up of supernatant Sup3 in centrifugation 6 acts as control of organelle 
purification in centrifugation 4. All pellets were dissolved in homogenisation buffer containing 
250mM sucrose (table 7). 
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2.3 Peroxisome isolation from murine brain 

Besides cell culture studies, studies on organelles isolated from tissues grant valuable 
knowledge on organelle function. While cultured cells are best suited for experiments 
involving a single or few cell types, organelles isolated from tissue can be used to 
examine the organelles’ role in the interaction with various cell types forming the tissue. 
Brain tissue consists of various cell types and subtypes with specific distinct functions: 
Metabolic pathways of glial cells and neuronal cells are intertwined with each other. An 
example for this link is the removal and degradation of neuronal transmitters and thus 
termination of synaptic signal. Astrocytes surrounding the synapses degrade neuronal 
transmitters produced by neurons. Cell-type specific functions  include among others 
myelin formation, D-serine degradation (Wolosker et al., 2008), ULCFA formation and 
metabolism (Deak et al., 2019). 
Due to their common use as models for diseases and in brain research, brain 
peroxisome isolation protocol was developed in mice.  
To investigate the peroxisomes in adult brain tissue, a new protocol had to be 
developed. Preexisting protocols solely address nascent or newborn mice’s or rat’s 
brain (Cimini et al., 1993; Gaunt and de Duve, 1976; Kovacs et al., 2001; Lazo et al., 
1991; Posset et al., 2015; Singh et al., 1989; Singh et al., 1993).  
 
Based on pre-existing protocols of peroxisome isolation from different tissues and cell 
culture, as well as on isolation procedures for different organelles, several approaches 
for the isolation of peroxisomes from murine brain were performed. The protocols were 
extended and adapted in several steps. Multiple gradient and centrifugation 
parameters were altered and tested, taking pre-existing knowledge on peroxisomes 
into account: Among others, a peroxisome purification protocol working in young mice 
from 0 to 25 days of age by Kovacs et al (Kovacs et al., 2001) was tested for effectivity 
in adult mice and the differences of physical properties of adult and nascent mice’s 
brain peroxisomes were examined (paragraph 2.3.4). Further purification procedures 
incorporated, are peroxisome isolation protocols from rat liver and cell culture 
(Schrader et al., 1994) and protocols dealing with peroxisome isolation from infant rat 
brain (Lazo et al., 1991; Singh et al., 1989; Singh et al., 1993) and infant mouse brain 
(Posset et al., 2015). 

2.3.1 Animals 

For all experiments the Balb-c inbred strain was used. Balb-c strain is used as general 
multipurpose model in cancer, cardiovascular autoimmunity, sensineural and 
neurobiological research.  
For experimental comparability, female mice aged 6 weeks were used for all 
experiments. Animals were bread by Janvier labs (Le Genest-Saint-Isle, France). The 
animals were kept in animal stable for one week with food ad libitum with 12h light-
darkness cycle. These conditions were followed strictly because peroxisomes alter by 
nutrition and external stimuli. 
Maintenance and all experiments were conducted in accordance with the German 
guidelines for humane care and use of laboratory animals. 
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2.3.2 Brain preparation 

For all isolation experiments, the mice were killed by cervical dislocation. Afterwards, 
the corpses were decapitated directly at the skull’s base. In order to avoid 
contamination by fur, it was moistened with ethanol. Before the skull could be cracked, 
skin and tissue underneath were removed by two cuts from skull base towards the 
eyes. Skin and galea were then removed. With two cuts through the foramen magnum 
in latero-nasal direction, the cranium was opened with anatomical forceps. The brain 
was removed in total and transferred into buffered sucrose-solutions. 
The concentration of these sucrose-solutions depended on the following processing 
steps. The molarity of these sucrose solutions was either 0.25M or 0.88M depending 
on the subsequent isolation protocol (paragraph 2.3.3). Hypoosmolar solutions were 
avoided, to prevent osmotic lysis of the tissue.  

2.3.3 Homogenisation 

The brains were mechanically homogenised by shearing with a motor-driven Potter-
Elvehjem Homogeniser of type Homgen plus (Schuett-biotec, Göttingen, Germany). 
This mechanical homogenisation procedure was chosen because intact tissue can 
only be homogenised insufficiently using chemicals (Burden, 2008). Similar 
homogenisation devices had also been used in preceding peroxisome isolation 
procedures (Lazo et al., 1991; Singh et al., 1993). In each experiment, the extracted 
brains were homogenised in 250mM or 0.88 M homogenisation buffer (paragraph 
2.3.2) for 2 minutes at about 4°C. The pistil was three times slowly moved up and down 
during this time. Homogenisation was performed at 600 rpm (protocol 1) or 900 rpm 
(protocol 2 and 3). The homogenisation speed in protocol 1 was applied to achieve 
accordance to the original protocol by Kovacs and colleagues (Kovacs et al., 2001) 
 
  

Homogenisation buffer (HB) / 250mM sucrose solution 

MOPS / HEPES 5mM 

EDTA 1mM 

Ethanol 0.1%(v/v) 

Aminocaproic acid 1mM 

Benzamidine-HCl 5mM 

Sucrose 250mM 

PMSF (added directly before use) 2mM 

Solvent: distilled water. 
Table 7: Recipe Homogenisation buffer 

Motor-driven Potter-Elvejdem Homogeniser 

Homgen plus Schuett-biotec, Göttingen, Germany 
Table 8: Homogenising device 
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2.3.4 Protocol 1: examination of the different physical properties of adult and 
young mice’s brain peroxisomes 

To compare the physical properties of adult and adolescent mice’s brain peroxisomes, 
adult mice’s brain peroxisomes were purified according to a purification procedure 
published to work with the brains of 0 to 25 day old mice (Kovacs et al., 2001). 
As brain alters in composition with age this protocol was investigated with respect to 
whether it works with adult mice. The major change is the postnatal increase in myelin 
content, which is known to highly affect the fractionation of cellular organelles (Kovacs 
et al., 2001). 
 
Protocol 1 (figure 4) involves a combination of differential and step gradient 
centrifugation in sucrose solution followed by Nycodenz density gradient 
centrifugation. The extracted brains were homogenised with 600 rpm. Large 
corpuscular components, such as nuclei and large cellular debris, of this homogenate 
were removed via the first centrifugation step at 1000 x g for 10 minutes at 4°C 
producing the Post-Nuclear Supernatant (PNS). To increase the yield in peroxisomes, 
the correspondent pellet was re-homogenised and centrifuged twice applying the same 
parameters. All supernatant from these centrifugation (1-3) steps were pooled with the 
initial PNS. 
In two successive centrifugation steps of 5,500 x g, 10 minutes, large mitochondria 
were removed. The supernatant of these steps, which was used for further processing, 
is called the post-mitochondrial supernatant (PMS). The pellet contained the heavy 
mitochondrial fraction (M). PMS was subsequently centrifuged at 18,000 x g for 30 
minutes (centrifugation 6). Organelles remaining in the supernatant (SN) were then 
pelleted by centrifugation with 106,400 x g for 60min with swinging bucket rotor 
(centrifugation 7). As a result of a high peroxisome content in both supernatant (SN) 
and pellet of this 7th centrifugation (P), the 6th centrifugation was henceforth performed 
with 37,000 x g - hereby diverging from the original protocol published by Kovacs et al 
(Kovacs et al., 2001). The centrifugation speed chosen derives from a protocol used 
for mitochondria removal in liver peroxisome purification (Islinger et al., 2012a). The 
pellet derived by centrifugation 6, L1, the light mitochondrial fraction, which is 
described to contain the majority of peroxisomes by Kovacs et al (Kovacs et al., 2001), 
and the pellet P of centrifugation 7 were then centrifuged on a sucrose step gradient 
(figure 5) for myelin removal (centrifugation 8). 
Fraction L2 was finally separated using a continuous Nycodenz-gradient ranging from 
pure gradient buffer (paragraph 2.1.2) to 40% Nycodenz, as published by Kovacs et al 

Centrifuges and rotors 

Rotina 420R centrifuge Hettich Zentrifugen, 
Tuttlingen, Germany 

Centrifugation 1-3 

Sorvall RC6 plus centrifuge Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 4- 6 

Sorvall WX Ultra 100 
centrifuge 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 7, 8 
and gradient 
centrifugation 

Sorvall Surespin 360 swinging 
bucket ultracentrifuge rotor 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 7 
and 8 

Beckman VTI50 fixed angle 
rotor 

Beckman Coulter, Brea, 
USA 

Gradient 
centrifugation 

Table 9: Centrifuges and rotors used in protocol 1  
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(Kovacs et al., 2001). Centrifugation applied was 85 minutes at a force of 142.000g in 
a vertical-type VTi50 rotor (Beckman-Coulter) (Kovacs et al., 2001). As pure gradient 
buffer is hypoosmolar, an adapted continuous Nycodenz-gradient (10-40%) was used 
in a second trial.  

 
Figure 4: Protocol 1 adapted from Kovacs et al (Kovacs et al., 2001) 
Homogenate was further processed via centrifugation 1-3 to the post nuclear supernatant 
(PNS). After this initial depletion of debris and nuclei, heavy mitochondria were removed 
(centrifugation 4 and 5) and subsequently light-peroxisomal fraction (L1) and peroxisomal 
fraction (P1) isolated (centrifugation 6 and 7). These fractions were then further processed 
(centrifugation 8) via a sucrose step gradient for myelin removal (l2 and P2). Deviations from 
the original protocol are marked with *. The differences in centrifugation 7 and 8 derive from 
the use of different centrifuges but identical rotors as in the original protocol.  

Brain extraction (10 brains)

Homogenization

homogenate (HOMO)

Centrifugation 1: 1000g, 10min, 4°C

supernatant

pellet (M1)

pellet (M2)

pellet (L1)

Centrifugation 8: 109440g*, 60min, 4°C

pellet (L2 from L1 & P2 from P)

Nycodenz density gradient 142000g, 85min 4°C

pellet

Centrifugation 2: 1000g, 10min, 4°C

supernatant

post-nuclear supernatants (PNS)

Centrifugation 4: 5500g, 10min, 4°C

supernatant

Centrifugation 5: 5500g, 10min, 4°C

supernatant (PMS)

Centrifugation 6: 18000g (37000g*), 10min, 4°C

supernatant (SN)

Centrifugation 7: 106401g*, 60min, 4°C

pellet (P)

pellet

Centrifugation 3: 1000g, 10min, 4°C

supernatant

supernatant (FS)

supernatant
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2.3.5 Adaptations to protocol 1 aiming to improve peroxisome isolation 
capacity by differential and gradient centrifugation 

In the preceding experiments the procedure developed by Kovacs et al (Kovacs et al., 
2001) was tested for use in adult mice’s brain. A sufficient purification was not achieved 
as differences in the staring material most probably impair purification process 
(paragraph 3.2.1). To overcome these difficulties the single steps of the purification 
procedure and their order were evaluated, then additional purification steps were 
introduced and tested. To improve the effect generated through the continuous 
gradient used by Kovacs et al. (Kovacs et al., 2001), experiment concerning gradient 
generating medium, gradient length and constitution were adapted. 
As both differential and step gradients were tested, tests were performed according to 
two major protocol layouts. In the first protocol differential centrifugation was examined, 
in the second serial gradient centrifugation. Results were combined according to the 
issues they address. Homogenisation method remained unchanged as it proofed to 
produce intact organelles (Kovacs et al., 2001). However, the re-homogenisation 
process described by Kovacs et al (Kovacs et al., 2001) was reassessed in a first step. 
A crucial step of the isolation procedure is the elimination of myelin using a sucrose 
gradient (Cimini et al., 1993; Kovacs et al., 2001), which was therefore incorporated in 
our protocol. To avoid that the hydrophobic myelin interacts with organelle membranes 
during in the pellets produced by differential centrifugation, this step was transferred to 
the beginning of the isolation procedure. 

2.3.6 Investigating the use of multiple re-homogenisations 

The sample for differential centrifugation in preparation in protocol 1 was derived by 3 
cycles of homogenisation, centrifugation at 1,000 x g and resuspending the pellets with 
a glass pistil (centrifugation 1-3; figure 4). The sample (PNS) was derived by pooling 
the resulting supernatants (figure 4).  
By comparing the derived supernatants the usefulness of this procedure in respect to 
the composition of the sample was assessed.  
As tissue fractionation with motor-driven Potter-Elvejdem homogeniser produced intact 
peroxisomes in brain tissue derived samples (Kovacs et al., 2001), we used the 
identical method and forces in tissue fractionation (paragraph 2.3.3).  

2.3.7 Myelin removal: positioning and myelin removal gradient 

As the myelin highly affects the purification results (Kovacs et al., 2001), it has to be 
removed. The myelin removal gradient used in protocol 1 proofed its capability to 
reduce myelin content in the sample (paragraph 3.2.1). However, no complete myelin 
removal could be achieved. 
To improve myelin removal procedure and test its limits, different positions and 
compositions of the myelin gradient were tested.  
 
Myelin removal gradient consisted of a less dense sucrose layer, which was layered 
above the density adjusted sample. This basic layout was positioned above a 2M 
sucrose layer to avoid pelleting (figure 5). So far published myelin removal gradients 
consisted of 250mM or 320mM sucrose and a sample adjusted to the density among 
800mM to 880mM sucrose (Cimini et al., 1993; Kovacs et al., 2001; Lazo et al., 1991; 
Posset et al., 2015; Singh et al., 1993). 
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The initial myelin removal gradient 
consisted of two layers of 320mM, 
and 250mM sucrose solution in 
gradient buffer, respectively. The 
fraction PNS was adjusted to the 
density of 850mM sucrose using a 2 
M sucrose solution and placed at the 
bottom of the step gradient. The 
gradient was centrifuged for 90min 
at 106,000 x g (in protocol 1 and 
serial gradient centrifugation). 
Similar results were also achieved 
by centrifugation for 30 min at 
75,000 x g in differential 
centrifugation protocol (paragraph 
2.3.8). 
 
Myelin was enriched as fluffy-white 
layer at the border of 320mM to 850mM sucrose solution. Myelin layer and supernatant 
above were discarded. When used without 2M sucrose cushion, the pellet was 
resuspended with the yellowish-brown layer below the fluffy myelin layer, otherwise it 
was mixed with the fraction bordering to the 2M sucrose and re-homogenised with it. 
Subsequently, it was adjusted to the density needed for the organelle separation 
gradient (OSG) (paragraph 2.3.11) or dissolved in 250mM sucrose for differential 
centrifugation (paragraph 2.3.9). 
 
In order to simplify the isolation procedure, in protocol 3 step gradients for myelin 
removal and organelle separation (paragraph 2.3.11.2) were combined in a single 
gradient: For this purpose, gradients with 250mM, 320mM or 500mM sucrose solution 
as top layer and 850mM or 700mM sucrose as application site of the sample were 
tested. The derived myelin removal step among 320mM/500mM and 700mM sucrose 
solution in GP was incorporated in OSG. In further experiments, the capability of myelin 
removal gradient and OSG concerning demyelination and organelle separation was 
examined (figure 30).  
 
In the majority of published isolation protocols for brain peroxisomes, myelin removal 
was performed after an initial mitochondria removal (Cimini et al., 1993; Kovacs et al., 
2001; Posset et al., 2015; Singh et al., 1993) but its use as an initial centrifugation step 
was also described (Lazo et al., 1991). To prevent an aggregation of myelin with 
organelle membranes in a pellet, we assessed whether a myelin removal before or 
after differential centrifugation is advantageous. To assess gradient position we 
compared homogenate after debris removal (PNS) and mitochondria depleted 
samples (PMS) before and after myelin removal (PNSZ and PMSZ respectively) 
concerning myelin and organelle content. 
  

 
Figure 5: Myelin removal gradient and intended 
position of myelin, organelles and cytosol 
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2.3.8 Protocol 2: adaptations aiming to improve peroxisome isolation capacity 
by differential centrifugation 

Differential centrifugation is used in multiple peroxisome isolation protocols from cells 
(paragraph 2.2.3) (Volkl and Fahimi, 1985) and organelles (Islinger et al., 2012a). As 
myelin removal is crucial for the isolation of peroxisomes  (Cimini et al., 1993; Kovacs 
et al., 2001), a sucrose gradient for myelin removal is incorporated (Cimini et al., 1993). 
All differential centrifugation protocols followed a similar layout: After an initial gradient 
for myelin removal, the sample was fractionated by differential centrifugation. The 
peroxisome-enriched sample from the differential centrifugation procedure was further 
separated by a density gradient, for which different gradient media were tested and 
compared (figure 6). 

2.3.9 Differential centrifugation protocol  

After homogenisation in 0.88M sucrose solution (paragraph 2.3.3), myelin was 
instantaneously removed via an established 3-step gradient (paragraph 2.3.7) (Cimini 
et al., 1993; Kovacs et al., 2001; Singh et al., 1993). For this purpose, the homogenate 
(0.88 M sucrose) was layered between a 0.25M/0.32 M solution a 2M sucrose cushion 
(recipe paragraph 2.1.2). This 3-step gradient was centrifuged at 75,000 x g for 30 min 
(figure 6). After centrifugation, myelin accumulated at the boundary of the 0.88M and 
0.32M/0.25M sucrose solution (figure 5). It formed a fluffy, white layer. This myelin 
layer and soluble cytosolic components were discarded, whereas the brownish 
“organelle fraction” concentrating at the border of 0.88M and 2M sucrose was removed, 
pelleted, and resuspended in 320mM sucrose for further purification. Remaining cell 
detritus was removed by centrifugation at 600×g, 10 min, 4°C. The resulting 
supernatant corresponded to fraction A. Subsequently “heavy mitochondrial” (B) and 
“light mitochondrial” pellets (D) containing the bulk of peroxisomes and synaptosomes 
were prepared in two successive centrifugation steps. “Heavy mitochondria” 
elimination was performed at 11.000 x g/12.000 x g for 15 min, fraction D (light 
mitochondria) was pelleted at 60.000 x g/70.000 x g for 30min. In a last differential 
centrifugation step, microsomes (G) remaining in fraction E (supernatant of D) were 
separated from cytosolic components (F) (figure 6). The pellets of each centrifugation 
step were carefully re-suspended in homogenisation buffer containing 250mM sucrose 
homogenised using a glass pestle. Both peroxisome bearing fractions (D and G) were 
used for further purification in density gradients. In western blot a direct comparison of 
protocol 1 and 2 was performed. 

Centrifuges and rotors 

Rotina 420R centrifuge Hettich Zentrifugen, 
Tuttlingen, Germany 

Centrifugation 2 

Sorvall RC6 plus centrifuge Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 3 

Sorvall WX Ultra 100 
centrifuge 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 1, 4, 5 
and gradient 
centrifugation 

Sorvall Surespin 360 
swinging bucket 
ultracentrifuge rotor 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 1, 4, 5 
and gradient 
centrifugation 

Table 10: Centrifuges and rotors used in protocol 2 
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2.3.10 Further purification via density gradient centrifugation using different 
gradient media 

For optimisation of the purification protocol, additional purification steps with alternative 
gradient media were performed. Comparisons among gradient media were made using 
fraction D or fraction G as starting material. Considering the different molecular weight 
of the gradient media and differences in separation capability, gradients with Nycodenz 
(iohexol), Optiprep (iodixanol) or sucrose were tested. These three reagents were 
chosen since they were used in pre-existing peroxisome isolation protocols (Kovacs et 
al., 2001; Lazo et al., 1991; Posset et al., 2015; Schrader et al., 1994; Singh et al., 
1993).  
Sucrose (342.2965 Da) was thought to rapidly penetrate cellular organelles due to its 
comparatively low molecular weight and high osmotic pressure thus increasing the 
density of organelles. By contrast, Optiprep (1550.191 Da) was due to its comparatively 

 
Figure 6: differential centrifugation protocol 
After homogenisation, myelin was removed followed by removal of debris and mitochondria 
leading to a heavy peroxisomal fraction (D) and a light peroxisomal fraction (G). 
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large particle size considered to accumulate to a lesser degree in organelles. Optiprep 
has been successfully used in purification of liver peroxisomes from light mitochondria 
(Islinger et al., 2012a). Nycodenz (821.1 Da) has been successfully used for the 
purification of brain peroxisomes from young mice (Kovacs et al., 2001) and is 
postulated to be partially capable of entering peroxisomes through their membrane 
pores. 
For each gradient medium, separation was tested on a continuous density gradient 
ranging from 1.04 g/ml to 1.15 g/ml for iodixanol, 1.04 g/ml to 1.18 g/ml for sucrose 
and 1.04 g/ml to 1.14 g/ml for Nycodenz (table 11). Centrifugation time and force were 
kept constant with 50,000 x g and 150 min respectively. For all these centrifugations a 
swing-out rotor was used (table 10).  

As step gradients are faster to produce exhibit higher reproducibility and are able to 
concentrate individual fractions at density boundaries, the continuous sucrose gradient 
was transferred into a step-gradient: According to separation capability and the 
observed densities at which organelles accumulated, a sucrose step gradient was 
created with 2M sucrose preventing attachment of organelles at the ground, a layer of 
1,137 g/ml and another of 1,08 g/ml sucrose solutions, adjusted via refractometry, and 
the sample dissolved in 250mM sucrose on top. Consecutive centrifugations were 
abbreviated to 40 min. 
The consecutive step gradient centrifugations (paragraph 2.3.11) were based on the 
hereby derived findings. Further experiments on continuous and step gradients were 
performed after pre-processing with sequential gradient centrifugation. 
 

2.3.11 Protocol 3: Addressing brain peroxisome purification by serial gradient 
centrifugation 

In the preceding protocols, most organelle separation steps were carried out by 
differential centrifugation using density gradients only for myelin removal and in the 
final continuous separation gradient. Examining the results more in detail and taking 
the amount of protein as measure of organelle count in each step into account, 
however, most organelles were separated from peroxisomes in the gradient 

Gradient material Gradient range 

Sucrose 1.04g/ml – 1.18g/ml 

Nycodenz 1.04g/ml – 1.14g/ml 

Optiprep 1.04g/ml – 1.15g/ml 
Table 11: Tested continuous gradients to determine the enrichment of organelles separated 
by rate zonal sedimentation on continuous gradients of different media. 

Centrifuges and rotors 

Rotina 420R centrifuge Hettich Zentrifugen, 
Tuttlingen, Germany 

Centrifugation 1 
and 2 

Sorvall WX Ultra 100 
centrifuge 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 3, 4 
and gradient 
centrifugation 

Sorvall Surespin 360 swinging 
bucket ultracentrifuge rotor 

Thermo Fisher Scientific, 
Waltham, USA 

Centrifugation 3 
and 4 

Beckman VTI50 fixed angle 
rotor 

Beckman Coulter, Brea, USA Gradient 
centrifugation 

Table 12: Centrifuges and rotors used in protocol 3 
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centrifugation steps. Hence this protocol, focussing on 3 sequential gradient 
centrifugations, was developed. 
 
To exploit the advantages of both gradient medias, Nycodenz and sucrose, gradients 
in both media were used in sequence. For the sake of reproducibility and stability of 
the results, step gradients were used, and continuous gradients were transferred to 
step gradients whenever possible. 
Sucrose solutions were used as primary gradient and homogenisation media because 
they are easily to produce and feasible for the prevention of osmotic damage in the 
subsequent analyses. The density of the layers of interest was determined in the 
experiments concerning gradient media (paragraph 2.3.10 and 3.2.6). 

2.3.11.1 Protocol layout 

The developed protocol consisted of the homogenisation step, two subsequent 
sucrose step gradients and a final Nycodenz gradient (figure 7): 
After brain extraction and homogenisation as described in paragraph 2.3.2 and 2.3.3, 
cellular debris was removed from the homogenate. For this purpose, it was centrifuged 
twice (centrifugation 1 and 2 figure 7), first with 1.000 x g, then with 600 x g for 10 
minutes each.  
The resulting post-nuclear supernatant (PNS) was subsequently purified from myelin 
in the first sucrose step gradient, the myelin removal gradient, which was described 
in paragraph 2.3.7. This gradient was centrifuged 90min at 106.000 x g. After the 
centrifugation, the fluffy myelin layer at the border between the two upper layers of the 
gradient (0,32M /0,8M) and the supernatant in the upmost layer were removed. The 
remaining layer (850 mM) below the myelin and the pellet were merged and re-
suspended using a glass pistil for further separation on the organelle separation 
gradient (OSG) (figure 8). In subsequent experiments the myelin removal gradient 
was complemented by additional sucrose layers extending the gradient to remove 
further heavy particles (details on the densities added figure 8). This in fact resulted in 
two subsequent organelle separation gradients (OSGs). 
 The organelle separation gradient (OSG) was designed according to the densities 
at which the organelles peaked in the continuous sucrose gradients (paragraph 
3.2.6.2). As border effects occur in step gradients which might affect substrate 
behaviour on the gradient, several different organelle separation gradient constitutions 
and centrifugation times were tested (paragraph 2.3.11.2). Centrifugal force was kept 
constant with 100,000 x g. After centrifugation, the peroxisome-rich fraction was 
concentrated by pelleting. This fraction was then resuspended in Nycodenz in gradient 
buffer and put on a continuous or step gradient made of Nycodenz (paragraph 
2.3.11.3).  
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In a final centrifugation, proteins of all derived fractions were pelleted with 100.000 x g 
for 20min and resolved in homogenisation buffer. 

2.3.11.2 Organelle separation gradient (OSG) 

For further separation of organelles after myelin removal, as introduced in protocol 2 
(paragraph 2.3.7 and 2.3.9), an organelle separation gradient consisting of several 
sucrose layers was introduced. Various compositions with different application sites 
and separation layers as depicted in figure 8 were tested.  
Centrifugal force (107,960 x g) and centrifugation time (90 min) were kept constant. 
Gradients were step by step compared to find a final gradient with best organelle 
separation and the densities at which the organelles equilibrated. For this purpose, the 
gradients were harvested band-wise, and all bands were compared by western blot. 
The collection site, defined by maximum peroxisome concentration was used in the 
following gradient centrifugation. 
Directly on top of the 2M sucrose cushion an organelle-enriched layer was located 
containing the majority of protein applied on the gradient. As peroxisomes were also 
present, this layer was further separated on a sucrose step gradient (figure 9) to 
analyse if this fraction contained peroxisome populations which could be isolated by 
subsequent density gradient centrifugation. 

 
Figure 7: Layout of protocol 3 
Using protocol 3 a serial sucrose step gradient centrifugation followed by a Nycodenz 
gradient centrifugation was tested. The different tested organelle separation gradients 
(OSG) are highlighted in figure 7. 
 

Brain extraction

Homogenisation

Centrifugation 1 & 2: debris removal

Supernatant (PNS)

Centrifugation 3: myelin removal gradient

Pellet & fraction below myelin

Homogenisation and titration

Centrifugation 4: organelle separation gradient

Peroxisome Fraction

Centrifugation 5 (step gradient or continuous gradient)

All fractions

Centrifugation 6 pelleting and resolving in 250mM sucrose

Pellet

myelin & supernatant

Other fractions
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As the fractions neighbouring the peroxisome-enriched fraction had a high protein 
content, a repetition of OSG using the peroxisome enriched fraction of the first OSG 
instead of PNS was tested to reduce contamination of the peroxisome fraction 
(paragraph 2.3.11.4). 

2.3.11.3 Separation of the bottom fraction of gradient for further peroxisomal 
 subpopulations 

The bottom fractions of separation shown 
in figure 28 (paragraph 3.2.7.2) 
contained the vast majority of proteins of 
the separation. Absolute protein content 
was about 10 times higher than in the 
peroxisome-enriched fraction 4 (figure 
28). Sample constitution differed: 
Mitochondria were enriched compared to 
fraction 4, ER signal at similar levels and 
PEX14 and synaptophysin signal lower 
than in fraction 4.  As the amount of 
proteins was by far higher than in the 
other fractions, and as - deviating from 
PEX14 signal – ACOX1 was enriched in 
this fraction, a split up of this fraction 
might reveal further peroxisomal 
fractions.  
The fractions were split up on a gradient consisting of 0.7M, 0.9M, 1.1M, 1.2M, 1.3M, 
1.4M and 2M sucrose with application at 0.7M sucrose (figure 9). The gradient was 
harvested band-wise. 
 
  

 
Figure 8: Different tested organelle separation gradients  

The sample application site is highlighted in brown, after centrifugation (107,960 x g ; 

90min) gradients were harvested band-wise. Organelle distributions are shown in figure 
27) 

 

Figure 9: Gradient for further 
separation of the bottom 
fraction of the organelle 
separation gradient. Application 
site was 700 mM sucrose. Sample 
was thinned to reach this 

concentration. 
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2.3.11.4 Combination of 2 organelle separation gradients 

To further improve separation on sucrose gradients, the use of a second sucrose 
gradient was examined. Following the hypothesis that a repetition of the OSG might 
further deplete the sample of interest from contaminants, OSG from paragraph 
2.3.11.2 was repeated (figure 10, A). In a second step it was complemented by further 
steps of 0.95M, 1.0M, 1.1M and 1.2M sucrose (figure 10 B). Finally, Gradient G 
followed by the same gradient with additional 950mM sucrose layer appeared most 
promising tested (figure 10, C). To shorten the protocol, myelin removal was performed 
on the OSG when 2 OSG were used. 

2.3.12 Final separation via Nycodenz gradients 

With the final Nycodenz gradient, an additional gradient medium was introduced, 
aiming at better separation from synaptosomes and ER, which had been demonstrated 
in paragraph 3.2.6. All gradients were centrifuged with 142.000 x g in a VTi50 vertical 
rotor. Acceleration and deceleration speed was set to the lowest value possible. 
  

 
Figure 10: Combinations of 2 subsequent organelle separation gradients 
Starting with the repetition of Gradient D (A) to achieve further purification of the peroxisome 
enriched fraction, the separation width was extended towards denser fractions in the second 
gradient (B) and finally Gradient G followed by the same gradient with additional 950mM 
sucrose layer (C). 
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2.3.12.1 Continuous Nycodenz gradient 

Starting from 10-40% (1.052-1.212 
g/ml) in protocol 1, gradient range was 
adapted step by step, according to 
results of previous experiments to 
achieve an optimum range with 
maximum separation length at the band 
of interest (figure 25). Finally gradient 
range was narrowed to 1.09-1.14 g/ ml 
(figure 11 A). To avoid attachment of 
the sample to the bottom of the gradient 
at the wall of the tube, a cushion of 40% 
Nycodenz in gradient buffer was added 
below lighter gradients. To prevent 
osmolysis and to shorten migration 
distance and hence stress level for 
peroxisomes, sample was applied at 
the bottom of the gradient. The resulting 
gradients were harvested ml-wise, 
density and protein content of the 
fraction were measured and their 
organelle content was determined via 
western blot.  
 

2.3.12.2 Nycodenz-step gradient 

As demonstrated for sucrose gradients, the introduction of steps positively affects the 
reproducibility and organelle distribution within the gradient. Steps were chosen 
according to the densities at which the organelles had enriched in the preceding 
continuous gradients. As large steps next to the application site prevented organelle 
penetration into the gradient, small steps of approximately 0.1-0.2g/ml difference were 
chosen (figure 11 B).  
Nycodenz step gradient ranged from1.09g/ml to 1.21g/ml with application from the top 
of the gradient. As pure Nycodenz would be hypoosmolar, sample was applied in 
sucrose (250mM) enriched medium. Steps were derived from the densities at which 
the organelles enriched on continuous gradients (figure 33). 

2.3.12.3 Testing for peroxisomal “ghosts” 

Empty and resealed peroxisomal membranes are referred to as peroxisomal “ghosts”. 
These “ghosts” might either derive from osmotic damage to the peroxisomes or from 
spontaneous release of peroxisomal core enzymes (Antonenkov et al., 2004a). To 
differ osmotically damaged peroxisomes from those spontaneously releasing core 
enzymes and truly ACOX1 and catalase-free peroxisomes, which have been described 
in immunofluorescence studies (Ahlemeyer et al., 2007), we exposed our pre-purified 
peroxisomes to osmotic stress: 
We applied the sample in a hypoosmolar 10% Nycodenz solution without added 
sucrose on a continuous Nycodenz gradient and compared the hereby derived 
fractions to our other purifications (figure 11 C). 

 
Figure 11: Highlighted nycodenz gradients: 
Composition of continuous Nycodenz gradient 
(A), Nycodenz step gradient (B) and gradient 
used for testing for peroxisomal “ghosts” (C). 
Application site in (C) is hypoosmolar. 
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2.4 Methods for post separation analysis 

2.4.1 Bradford protein assay 

Protein concentrations are measured via Bradford protein-assay (Bradford, 1976). The 
test principle is a protein-linkage-induced colour change of Coomassie Brilliant blue 
from red (absorption maximum 470 nm) to blue (absorption maximum 595 nm). 
The samples are diluted with distilled electrolyte-free water until they were within the 
range of a bovine serum albumin protein linear standard curve ranging from 100 µg/ml 
to 5 µg/ml. The attenuation is performed in pure water in order to avoid tampered 
measurements by photometrically active chemicals (Bradford, 1976). 
The assay is performed within 96 well plates, on which each sample is applied as 
triplicate. 5:1 diluted RotiNanoquant serves as detection reagent. Each sample is 
loaded onto the plate in three replicates. The plate is photometrically measured at 595 
nm and 450 nm with 5 flashers per well. Absorption measurement is performed on both 
wavelengths with a scatter of 9 nm each. After measurement, each triplicate is 
examined for consistency. The quotient of the absorption at 595 nm and 450 nm is 
formed, the blank value subtracted and the triplicates averaged. The concentration is 
calculated using a serially diluted bovine serum albumin (BSA) protein standard from 
5 – 100 µg/ml.  

2.4.2 Immunoblotting 

To examine the organelle distributions in the different fractionation experiments, 
immunoblots are performed. 

2.4.2.1 Preparation of SDS-PAGE gels 

Before assembly of the respective gel cassette glas plates were cleaned with ethanol. 
Subsequently gels with a polyacrylamide concentration of 10% in the separating and 
4 % in the stacking gel were cast: 
Per 10ml of separation gel 3,1ml of 30% polyacrylamide, are diluted with 4,1ml distilled 
water and buffered with 2,6ml of 1,5-molar Tris-HCl, pH 8.8. 100 µl of 10% SDS 
solution are added as denaturing agent. Just before filling the solution inside the gel 
cassette, 100 µl of a 10% ammonium persulfate solution, a source of free radicals 
acting as an initiator for gel formation, and 4 µl of TEMED, which stabilizes free radicals 
and improves polymerization, are added. By stacking a layer of isopropanol on top of 
the separation gel a flat boundary surface is produced. The isopropanol is removed by 
washing carefully with distilled water gel polymerization.  
The stacking gel is poured on top of the separation gel. It consists of 6.94 ml of 30% 
polyacrylamide solution, 1.61 ml distilled water, 1.24 ml 0,5molar Tris-hydrochloride 
buffer, pH 6.8, 100 µl 10% SDS and APS solution each and 10 µl TEMED per 10ml. 

2.4.2.2 Sample preparation for Western blot 

According to the protein concentrations of each sample determined by the Bradford 
protein assay, each sample is diluted to an equal protein concentration. As the cellular 
constituents were separated into different organelle fractions, a loading control for a 
homogenously distributed housekeeping protein cannot be applied and comparability 
depends on protein content. Sample is diluted in TVBE buffer, the denaturation reagent 
is fivefold concentrated LAEMMLI buffer. The samples are denatured at 95°C for 5 
minutes and cooled successively. To track the run of the protein samples, the tracking 
dye bromophenol blue is used, which runs ahead of most proteins. 
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As protein standard Thermo Scientific Page Ruler Pre-Stained protein ladder and Page 
Ruler Pre-Stained protein ladder plus are used. Equal amounts of protein are added to 
all lanes. Empty wells are filled with LAEMMLI sample buffer. 

2.4.2.3 Electrophoresis 

For the SDS-PAGE, a single running buffer is used. Gels are run at constant 110V for 
approximately 90 minutes until the tracking dye Bromphenol Blue reached the end of 
the separating gel. 

  

Running buffer 

Substance Concentration 

Tris 25mM 

Glycin 192mM 

SDS 0.1%(w/v) 

Solvent: Distilled water 
Table 15: Recipe Running buffer 

TVBE buffer 

Substance Concentration 

NaHCO3 21mg 

EDTA 93,06mg 

Ethanol 250µl 

2%Triton 1250µl 

Distilled water 248,5ml 
Table 13: Recipe TVBE buffer 

Laemmli-buffer (5x concentrated) 

Substance Concentration 

10%(w/v) SDS  40ml 

0.5M Tris 20ml 

Mercaptoethanol 10ml 

Glycerol 20ml 

Bromphenol blue 2.2mg 

Distilled water ad 100ml 
Table 14: Recipe Laemmli buffer 
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2.4.2.4 Western blotting 

For further analysis, proteins separated in the SDS-PAGE are transferred to a 
Polyvinylidene fluoride (PVDF)-membrane (Whatman) by Western blotting via the 
semidry-blotting procedure according to Towbin  (Towbin et al., 1979). After 
electrophoresis, gels are removed from the separation chamber and placed on the 
methanol-capacitated Polyvinylidene fluoride (PVDF) membrane. Three blotting-
buffer-soaked 0,85 mm Whatman filter papers were added on each side and the stacks 
were put on the blotting machine with the membrane-side heading to the anode 
(Towbin et al., 1979) 
Per membrane (4.5 x 6cm), a current of 45mA is applied. Voltage is limited to 5V and 
power to 30W (Towbin et al., 1979).  

2.4.3 Immunodetection 

After blotting, the membranes are blocked by incubation in 5% fat free milk powder in 
PBST for 60 minutes. 
Organelle specific proteins are detected by antibodies to investigate the distribution of 
peroxisomes, mitochondria, endoplasmic reticulum, synaptosomes and myelin 
throughout the fractions. Identity, concentration, and origin of the marker antibodies 
are described below. All antibodies are diluted in PBST containing 1%FCS. For 
detection, a system of antigen specific primary antibodies and species-specific 
horseradish-peroxidase coupled secondary antibodies, which bind the species-specific 
Fc-fragments of primary antibodies, is applied. Primary antibodies are incubated for 90 
minutes at room temperature or overnight at 4°C, secondary antibodies for 60 minutes 
at room temperature. Before addition and after removal of each antibody, the blots are 
washed 3 times in PBST for 10 min. 

 
 
 
 
  

Blotting buffer 

Substance Concentration 

Tris 3g 

Glycin 14.4g 

methanol 200ml 

Distilled water ad 1l 
Table 16: Recipe blotting buffer 

Phosphate buffered saline + Tween 20 

di-Sodium hydrogen phosphate 
dihydrate 

1,78g 

Potassium dihydrogen phosphate 0,2g 

NaCl 8g 

KCl 0,2g 

Tween 20 1ml 

Distilled water ad 1l 
Table17: Recipe PBST 
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2.4.3.1 Peroxisomal marker 

Target Full name concentration animal source 

PEX 14 Peroxisomal 
biogenesis factor 14 
(protein-import to 
peroxisomes) 

1:20.000 rabbit D. Crane, 
Griffith 
University, 
Australia 

PMP 22 22-kDa peroxisomal 
membrane protein 

1:1.000 rabbit A. Völkl, 
Heidelberg 
University, 
Germany 

PMP70 70kDa peroxisomal 
membrane protein 

1:500 rabbit A. Völkl, 
Heidelberg 
University, 
Germany 

Catalase  10µg/ml rabbit A. Völkl, 
Heidelberg 
University, 
Germany 

ACOX 1 acyl-coenzyme A 
oxidase 1 (first 
enzyme of 
peroxisomal fatty acid 
beta-oxidation 
pathway) 

1:10.000 rabbit T. Hashimoto, 
Shinshu 
University  
Japan 

ACAD-11 
(B12) 

acyl-coenzyme A 
dehydrogenase 
family member 11 

1:1000 mouse santa cruz 
biotechnology 
inc. (sc-514027) 

ACBD5 Acyl-CoA Binding 
Domain containing 
protein 5 

1:1000 rabbit Sigma Aldrich 
(HPA012145) 

Table 18: Peroxisomal markers 

2.4.3.2 Mitochondrial marker 

Target Description concentration animal source 

ATP-
Synthase 

complex 5 of electron 
transport chain 

1:20.000 mouse BD 
Transduction 
Laboratories 
(#612516) 

TOM 20 Mitochondrial 
Translocase of the 
Outer Membrane 
import receptor 
subunit TOM20 

1:5.000 mouse BD 
Transduction 
Laboratories 
(#612278) 

COX 4 Cytochrome-c-
oxydase 

1:2.000 mouse Abcam 
(ab33985) 

VDAC1/ 
porin 

Voltage-dependent 
anion selective 
channel 1 in outer 
mitochondrial 
membrane 

1µg/ml rabbit Abcam 
(ab15895) 

Table 19: Mitochondrial markers 

https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Beta-oxidation
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2.4.3.3 ER marker 

Target description concentration animal source 

ERp29 Endoplasmic reticulum 
protein 29 

1:5.000 rabbit Abcam 
(ab11420-50) 

GRP78 Binding immunoglobulin 
protein also known as 78 
kDa glucose-regulated 
protein 

1:10.000 mouse BD 
Transduction 
Laboratories 
(#610978) 

PDI Protein-disulfide-
isomerase 

1:500 mouse Abcam (ab2792) 

Table 20: ER markers 

2.4.3.4 Synaptosomal marker 

Target description concentration animal source 

Synapto-
physin 

Synaptophysin 1:20.000 mouse Synaptic 
Systems  
(101 011) 

Table 21: Synaptosomal markers 

2.4.3.5 Myelin marker 

Target description concentration animal source 

MBP Myelin basic protein 1:1.000 rat Abcam 
(ab7349) 

Table 22: Myelin markers 

2.4.3.6 Transfected protein 

Target description concentration animal source 

GFP Green fluorescent 
protein 

1:500 mouse Sigma Aldrich 
(MAB3580) 

c-Myc MYC proto-oncogene 1:500 mouse santa cruz 
biotechnology 
inc. (sc-40) 

Table 23: Transfected protein markers 

2.4.3.7 Secondary antibodies 

Target description concentration animal source 

mouse-
IgG (Fc-
fragment) 

Secondary antibody 
bound to horseradish-
peroxidase for imaging 

1:5.000 goat Thermo Fisher 

rabbit-IgG 
(Fc-
fragment) 

Secondary antibody 
bound to horseradish-
peroxidase for imaging 

1:5.000 goat Thermo Fisher 

rat-IgG 
(Fc-
fragment) 

Secondary antibody 
bound to horseradish-
peroxidase for imaging 

1:5.000 goat Thermo Fisher 

Table 24: Secondary antibodies 
 
 
 



Material and Methods 

41 

2.4.4 Image acquisition 

For signal detection, the blot membranes are incubated in two-component detection 
reagent for 1 minute and placed between two transparent films.  
Images of the western blots are acquired with the Fusion Solo 4M VILBER LOURMAT 
acquisition system from Peqlab (Erlangen, Germany), which is operated by the 
Fusion software from the same provider. Through a pre-exposition, the optimal 
acquisition time for an area of the image or the whole image is calculated, to grant a 
maximum image dynamic. Resolution of each image is chosen as high as possible 
within reasonable time. Maximum acquisition time for each blot is limited by the 
duration of constant decay of the western blot detection reagent. 
All images are taken without gamma correction. The processing of the taken images 
is surveyed by the “good laboratory practice” tool incorporated in the software, which 
saves each processing step in the meta-data of the respective image. 
Special care is employed to avoid over-saturated signals in images for semi-
quantitative analysis. In order to investigate huge concentration differences among 
samples, oversaturated images are taken if they could not be avoided. 
Alternatively, images on radiographic film are taken in the darkroom with estimated 
fixed exposure times. The film is successively developed and digitalized. 

2.4.5 Semi-quantitative analysis of western blot results 

In addition to visual analysis of the western blot images taken with Fusion Solo 4M 
VILBER LOURMAT (Peqlab, Germany), a semi-quantitative analysis is performed 
with the quantification tool incorporated in the Fusion software. The volume of the 
single bands per lane is calculated after linear background signal removal. The relative 
depletion or enrichment of a marker protein is calculated with respect to the 
homogenate, by calculating the quotient of the respective fraction and the 
homogenate. The distribution of the relative marker signal in the gradients is then 
compared to the other marker signals to visualize the organelle distribution throughout 
the fractions. A real quantification cannot be performed due to lack of respective protein 
standards. 
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3 RESULTS 

3.1 Peroxisome isolation from cultured cells 

Due to the limited capacity of density-gradient, the organelle or organelles of interest 
had to be pre-purified to a certain degree. After this pre-purification organelles were 
separated on a continuous density gradient. 

3.1.1 Differential centrifugation for pre-purification 

After harvesting, the cells were homogenised by frictional force pulling the cell 
suspension 7x up and down a syringe equipped with a needle.  
Remaining large particles and debris and 
nuclei were removed by centrifugation at 
600 g yielding P1 and the post-nuclear 
supernatant (S1). In the pellet (P1) more 
mitochondria and ER were contained than 
in the supernatant (S1) revealing that cell 
lysis is still incomplete. Catalase-positive 
peroxisomes were present at similar 
levels in both fractions. By this step 
peroxisomes and the other organelles 
were hardly affected. The resulting 
supernatant (S1) was re-homogenised by 
friction to shred the particles even further 
and set the organelles free (figure 12).  
In the subsequent centrifugation, heavy 
mitochondria, which are the majority of 
mitochondria, were pelleted (P1). 
Compared to supernatant (S1), 
peroxisomes were enriched in S2, while 
mitochondria and ER were depleted. In the resulting pellet (P3), peroxisomes were 
clearly enriched. ER and mitochondria were enriched compared to S1, too. Their 
enrichment however was relatively lower than that of peroxisomes. According to the 
significant enrichment of peroxisomes in P3, this fraction was chosen for a subsequent 
purification on a density gradient. In the supernatant (S3) and the 100.000xg pellet 
(P4) remained no mitochondria, little peroxisomes and some ER. Note that the mild 
conditions used for homogenisation led to a low ER content in the microsomal pellet 
(P4), where vesicles derived from a fractioned ER were usually the dominating 
organelles (figure 12). 
 
  

 
 
Figure 12: Analysis of differential 
centrifugation for pre-purification. Pellets 
(P) and Supernatants (S) were derived by 
centrifugation 2-4 and 6 (figure 4). 
Peroxisomes (ACOX1, Catalase) were 
enriched in P3 together with ER (GRP78), part 
of mitochondria was depleted in centrifugation 
3 resulting in P2. 
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3.1.2 Organelle distribution on Nycodenz and Optiprep density gradients 

As the protocol is intended compare the buoyant densities of distinct organelles in 
response to the expression of peroxisome- and ER-bound proteins (VAPB and 
ACBD5), the final centrifugation has to be a density gradient centrifugation. For this 
purpose, starting with a broad gradient range, the gradient was successively narrowed 
to an optimum density range facilitating a maximum separation of individual organelles. 
As both, Nycodenz and Optiprep have been used in peroxisome purification from 
cultured cells, the two media were tested. As optimum gradient length for Optiprep 1.10 
to 1.16 g/ml could be determined, for Nycodenz the gradient ranged from 1.14 to 
1.19g/ml.  

In Optiprep gradient (figure 13), Peroxisomes were the densest organelles, they 
enriched with maximum at 1.126-1.14g/ml.  ER signal exhibited differences among 
markers: GRP78 and PDI signal exhibited a similar distribution pattern. ERp29 (ER). 
Between the two patterns profound differences existed. While GRP78 and PDI were 
increased at 1.126 to 1.151g/ml, ERp29 peaked further towards the top of the gradient 
(1.08 to 1.11g/ml). Most likely, the different bimodal distribution of ER marker proteins 
in the gradient, points to an enrichment of distinct ER subpopulations at different 
positions of the gradient. Hereby, GRP78 and PDI-signal overlapped directly with 
peroxisomal signal at the same density. Mitochondria (ATP-Synthase and COX4) 
tended to accumulate at the lighter fractions of the gradient. 
  

 
Figure 13: Optiprep gradient 1.10 - 1.16g /ml: 
Peroxisomes peaked at 1.14 - 1.15g/ml, while ER signal was present throughout the gradient. 
While GRP78 and PDI were increased at 1.14 to 1.15g/ml, ERp29 peaked further towards the 
top of the gradient (1.08 - 1.11g/ml). Hence, even before protein overexpression an overlap of 
peroxisome (PEX14, PMP70, ACOX1) and ER (GRP78, ERp29, PDI) existed, which limited 
its application in peroxisome-ER-interactions studies. Concerning mitochondria (ATP-
Synthase,COX4) an enrichment at 1.116g/ml could be observed. 
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In un-transfected cells, peroxisomes marked by PEX14, PMP70 and ACOX1 mainly 
accumulated at the denser part of the Nycodenz gradient at 1.18 to 1.19g/ml (figure 
14). They were clearly enriched compared to the peroxisome-enriched fraction P3 and 
even more compared to the PNS (S1). Mitochondria peaked at lighter densities. Their 
maximum concentration was at 1.165g/ml. At the main peroxisomal densities they 
exhibited a similar concentration as in P3. 
ER markers GRP78 and PDI signal again exhibited a similar distribution pattern. Both 
were present throughout the gradient but clearly peaked at 1.165g/ml or in lighter 
fractions. 

With respect to the separation of the individual organelles in the distinct gradient media, 
the comparison of the distribution patterns of marker proteins shown in figure 13 and 
figure 14 showed that in the case of HepG2 cells, organelle separation in Nycodenz is 
more efficient than in Optiprep: Peroxisome- and ER-enriched fractions did not directly 
overlap in Nyodenz gradient. 
 
  

 
Figure 14: Organelle distribution on Nycodenz density gradient 
While Peroxisomes (ACOX11 and PEX14) enriched predominantly at the densest fractions of 
the gradient (1.18-1.19 g/ml) in untransfected cells, ER (GRP78 and PDI) enriched around 
1.65 g/ml but remained present throughout the gradient. Remaining Mitochondria peaked 
around 1.165g/ml as well. 



Results 

45 

3.1.3 Organelle shift due to ACBD5 and VAPB overexpression 

As described above, peroxisomes from untreated HepG2 cells tended to enrich at the 
bottom of the Nycodenz gradient (figure 14). ER was slightly lighter and enriched in 
the fractions above peroxisomes. Mitochondria were less dense than both organelles 
and exhibited little overlap with ER and hardly any with peroxisomes. According to the 
results described above, Nycodenz gradients were applied for the organelle separation 
of transfected cells. Importantly, after expression of the peroxisomal tail-anchored 
membrane protein GFP-ACBD5, according to marker proteins peroxisome maximum 
was shifted to lighter fractions, largely to the same density as ER maximum (figure 15). 
Of note, the expressed proteins GFP-ACBD5 and Myc-VABP were both highly 
enriched in the respective fractions. The coincidence of the transfected proteins with 
the respective organelle markers indicates a correct targeting, which was corroborated 
by immunofluorescence microscopy (Costello et al. 2017). Mitochondria remained at 
the same densities, which means that they are un-affected by the expression 
experiments.  
  

 
Figure 15: Transfection shift 
When peroxisomes were transfected with GFP-ACBD5 and ER with Myc-VABP, peroxisomal 
signal (PEX14, ACOX1) was shifted towards lighter fractions around 1.65 g/ml from 1.18 g/ml. 
Hereby an overlap with ER maximum was formed. The transfected proteins Myc-VABP (ER) 
and GFP-ACBD5 (peroxisomes) peaked at the same densities.  
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3.2 Peroxisome isolation from murine brain 

Besides peroxisome isolation from cell culture, we addressed peroxisome isolation 
from murine brain as it is supposed to grant further insights in brain peroxisome 
function in living tissue. Due to the interaction of different cell types working on 
specialized peroxisomal functions peroxisome composition might also be altered 
compared to cultured cells. As neurons are terminally differentiated cells, cell culture 
can only be performed with secondary cell lines, e.g. from neuronal tumors or 
application of growth factors (Gordon et al., 2013). 
We started with the examination of the different physical properties of adult and young 
mice’s brain peroxisomes and herewith the applicability of previously developed 
peroxisome isolation protocols in adolescent mice. 
Successively we focused on the development of an isolation protocol examining 
differential centrifugation and gradient centrifugation for suitability and compared the 
achieved results. 

3.2.1 Protocol 1: Analysis of the physical properties of adult brain peroxisomes 
using a protocol designed for peroxisome separation from juvenile 
mouse brain 

This protocol combined differential and sucrose step gradient centrifugation followed 
by Nycodenz density gradient centrifugation, as described by  Kovacs and coworkers 
(Kovacs et al., 2001). A series of differential centrifugation steps was applied to enrich 
peroxisomes (by decreasing the content of the main contaminating organelles) in a 
pre-fraction to be further separated by density centrifugation. 
 

3.2.1.1 Peroxisome pre-purification 

Peroxisome pre-purification consisted of a series of differential centrifugations, starting 
with the removal of debris and nuclei (1000 x g) followed by a mitochondri removal 
step (5,500 x g) and further subfractionation to 2 peroxisomal fractions and a final 
myelin removal step. 
 
As shown in figure 16, the majority of mitochondria were removed by centrifugation at 
5.500 x g (M (heavy mitochondria fraction).  
Peroxisomes were also slightly enriched in fraction M compared to the supernatant 
(PMS). ER was hardly affected. Majority of myelin was also depleted, leading to an 
enrichment in fraction M. Pelletation of these organelles with low density probably 
derived from association to myelin. 
With the subsequent centrifugation (18,000 x g), remaining light mitochondria were 
pelleted (L1) in parallel with parts of ER, peroxisomes and synaptosomes. 
 After centrifugation of the supernatant of L1 (SN, 106,409 x g), however, all these 
three organelles were further enriched (P1).   
In the L pellet derived fractions myelin concentration is higher than in the supernatant 
(SN)-derived fractions P1 and P2. Myelin removal step gradient decreased myelin 
content in both final fractions (figure 16: L1/L1a vs. L2 and P1 vs. P2) and lead to a 
rise in concentration of all other organelles compared to PNS. Myelin was found as a 
fluffy layer at the border of 0.25 and 0.85M sucrose layer. 
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3.2.1.2 Nycodenz density gradient 

Fraction L2 was applied to a continuous Nycodenz gradient ranging from 10-40% 
Nycodenz (figure 17). 

The peroxisomal marker, ACOX1 extended almost over the whole gradient length. The 
maximum concentration was found in the fractions from 1.154 to 1.173g/ml. In contrast 
to the similarities to the peroxisomal markers in the preliminary centrifugations, 
synaptophysin was retained in the lighter part of the gradient, forming a plateau around 
1.144g/ml. Towards higher densities of the gradient synaptosome content decreased 

 
Figure 16: fractions of protocol 1 (adapted after Kovacs et al) 
In a first step mitochondria were removed (5,500 x g) from post nuclear supernatant (PNS). 
The supernatant (PMS) was further centrifuged to fraction L1 (18,000 x g) and P1 (106,409 x 
g). L1a was derived by a repetition of the centrifugation generating fraction L1. Both fractions 
were then applied on myelin removal gradient to generate fractions L2 and P2 to be applied 
on the following Nycodenz gradient. 
The peroxisomal markers (PEX14 and ACOX1) were enriched in centrifugation 1 to 8 towards 
pellet P1 and P2. Mitochondria (ATPS, ATP-Synthase) were removed in mitochondria 
removal step and the subsequent centrifugation. Synaptosomes (SYNAPTO, Synaptophysin) 
were contained in L- and P-fractions at approximately the same intensity as in PNS. ER 
(ERP29) was enriched in P-fractions and depleted in L-fractions. Hereby it resembled 
distribution of peroxisomal markers. Myelin was mainly removed in mitochondria removal (M), 
the remaining myelin was successfully removed in the myelin removal gradient (L1/L1a vs. 
L2 and P1 vs. P2).  

 
Figure 17: Nycodenz density gradient 10-40% 
Using protocol 1 solemnly synaptosomes (Synaptophysin, SYNAPTO) could be separated 
from peroxisomes (ACOX1), while peroxisomes and mitochondria (ATPS, ATP-Synthase) 
remained at the same dense fractions towards the bottom of the gradient. ER marker ERP29 
indicated no separation effect of ER from the other organelles. 
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rapidly. ER-marker ERP29 exhibited an almost even distribution throughout the 
gradient ATP-Synthase signal was enriched towards the bottom of the gradient and 
peaked at densities from 1.167 to 1.193g/ml. 
In summary, the continuous Nycodenz gradient centrifugation used only efficiently 
separated synaptosomes from peroxisomes, while it was incapable to split 
peroxisomes from mitochondria.  

3.2.2 Influence of re-homogenisation on myelin content/organelle preservation  

After homogenisation, no major particles 
were visible when the pistil was slowly 
moved through the homogenate. 
However, an unneglectable amount of 
large particles remained, which was 
pelleted with low force (1000 x g).  
Though absolute gain of protein from 
mice brain was increased by multiple 
turns of homogenisation and successive 
centrifugation for debris removal, 
peroxisome and other organelle content 
decreased constantly from the 
supernatant of the first (figure 18 PNS1) 
until the supernatant of the following 
turns of homogenisation and 
centrifugation (PNS2 and PNS3). 
Furthermore, every re-homogenisation 
process applied shearing forces to the 
sample (Burden, 2008), which are 
capable to destroy organelles. The 
relative peroxisome content appeared to 
be decreased even stronger than the one 
of other organelles if signal intensity in 
western blot was compared. Myelin, 
indicated by Myelin basic protein, 
increased with re-homogenisation. The 
best ratio of PEX14 signal to other 
marker protein signal in western blot was 
found in PNS1. Hence a re-
homogenisation of the pellet of this 
debris removal centrifugation appeared disadvantageous. 
  

 
Figure 18: Western blots highlighting the 
decrease of organelle content with 
homogenisation and successive 
centrifugation in the further processed 
supernatant (PNS1-3) and the resulting mix 
PNS. Peroxisomes (PO; marker PEX14), 
mitochondria (MITO, marker ATP-Synthase), 
synaptosomes (SYNAPTO, marker 
Synaptophysin) and endoplasmic reticulum 
(ER, marker ERP29) decreased from PNS1 to 
PNS3. Peroxisomes appeared to be decreased 
even stronger than the other organelles. Myelin 
(marker MBP) approximated the organelle 
distribution but was enriched in the second 
cycle.  
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3.2.3 Myelin removal and by sucrose step-gradients 

3.2.3.1 Gradient composition 

Several myelin removal gradient 
compositions were tested (Methods, 
protocol 1 and 2) In brief, an 850mM 
sucrose layer containing the sample 
(figure 19, PNS) was overlaid with a 
250mM sucrose buffer solution (protocol 
1). After centrifugation, the myelin 
enriched on top of 850mM sucrose layer 
as a fluffy white layer (figure 19, My) 
below a clear supernatant (figure 19, SN).  
Below the myelin layer, the 850mM 
sucrose turned into a yellowish 
transparent layer (U). At the bottom of the 
tube, a pellet with a brownish core and 
ochre surrounding was formed, when no 
2M sucrose solution was used. The pellet 
was suspendend in fraction U (U+P). The 
formed layers were removed separately, 
special care was taken for the complete 
removal of all visible white particles of the 
myelin layer to achieve best myelin 
removal.  
The supernatant (SN) contained only little 
protein. In western blot analysis, the intensity of all organelle markers was low. This 
observation might derive from the dominance of cytosolic proteins and other light 
membrane components, which were not analysed by antibodies in this fraction. As 
expected, myelin was clearly enriched in the myelin layer. However, low concentrations 
of the organelles were present as well. Peroxisomes, mitochondria, ER and 
synaptosomes enriched in the region below the myelin layer (U and U+P). In the 
yellowish layer below the myelin layer, only little ATP-synthase was found. As the total 
protein amount in the yellowish layer was low, the fraction was complemented with the 
underlying pellet (U+P). When the pellet was added peroxisome, synaptosome and ER 
concentrations increased. According to the ATP-signals, mitochondria were almost 
exclusively contained in the pellet at the bottom of the myelin removal gradient. 
However, also myelin levels increased to some extent in the pellet fraction (U+P).  
In summary, the myelin removal gradient lead to a substantial but not absolute 
depletion of myelin in the lower fractions of the gradient. Remaining myelin might either 
derive from inaccuracies in removal of the myelin layer or attachment to the 
membranes of organelles, which is further discussed in paragraph 4.2.3. 

3.2.3.2 Positioning of the myelin removal step 

In the majority published isolation protocols for brain peroxisomes, myelin removal 
was performed after an initial mitochondria removal (Cimini et al., 1993; Kovacs et 
al., 2001; Posset et al., 2015; Singh et al., 1993) but its use as an initial centrifugation 
step was also described (Lazo et al., 1991). To assess gradient position we 
compared post-nuclear supernatant (PNS) and mitochondria depleted samples 
(PMS) before and after myelin removal (PNSZ and PMSZ respectively) concerning 
myelin and organelle content. Direct mitochondria removal from the PNS at 5,500 x g 

 
Figure 19: Myelin removal gradient 
Fraction PNS was split up on myelin removal 
gradient. Myelin (MBP) was enriched in myelin 
fraction, PO (PEX14), MITO (ATP-Synthase), 
ER (ERP29) and Synaptosomes 
(Synaptophysin) enriched below. As no 
peroxisome enrichment step precedes myelin 
removal, peroxisome signal had to be detected 
with binning. Myelin signal in SN and U is 
lacking due to lack of sample material as 
analysis was derived on a different blot. 
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significantly removed mitochondria 
forming the PMS (Figure 20). Signal 
intensity of mitochondrial marker, ATP-
Synthase, was clearly depleted. 
However, in comparison to PNS 
peroxisome concentration and 
synaptosome concentration and in 
particular ER were as well slightly 
increased in the mitochondrial fraction 
(M). Nevertheless, peroxisomes, 
synaptosomes were more enriched in 
the PMS. Thus, in comparison, an initial 
myelin removal step as described in 
paragraph 3.2.4, efficiently enriched 
peroxisomes, with mitochondria and 
synaptosomes. When myelin was 
removed from the PMS, peroxisomes 
were less efficiently enriched in the 
resulting fraction (PMSZ) Of note, ER 
content signified by ERp29 signals in 
figure 20 were in parallel increased in 
the PMSZ. In addition, myelin 
contamination is higher, when 
mitochondria depletion was performed in 
the initial separation step.  Taking the 
organelle separating gradient into 
account (figure 27), dense peroxisomes 
and mitochondria were depleted in 
PMS-derived gradients (figure 27 
gradient A and B), leading to an 
overlap of peroxisome and mitochondria 
maxima. The little existing separation 
capability of synaptosomes from peroxisomes was lost, as synaptophysin signal 
stretched in PMS derived fractionation over whole gradient length. ER signal of PMS-
derived fractionation extends over the whole gradient length or forms similar peaks 
as PEX14 dependent on gradient constitution. 
Hence position of myelin gradient crucially affects organelle composition and 
separation capability in the subsequent gradients. In summary, myelin depletion before 
the differential centrifugation procedure to be advantageous compared to an initial 
mitochondria-depletion step. 
 

3.2.4 Optimization the differential centrifugation procedure 

According to the results show above, myelin depletion was performed with a step 
gradient containing layers of 2M, 0.88M and 0.32/ 0.25M sucrose. Organelles and 
myelin enriched according to figure 19.  
The “organelle” layer from the myelin removal gradient was further purified by series 
of centrifugation steps of 900 x g (depletion of erythrocytes, debris, nuclei), 11,000 x g 
(mitochondria), 70,000 x g (heavy peroxisomal fractions) and 100,000 x g (light 
peroxisomal fractions) (figures 6 and 21).  
 

 
Figure 20: Test concerning the position of 
myelin gradient. 
Western blot describing organelle and myelin 
distribution depending on the position of myelin 
removal gradient: Peroxisomes (PO, PEX14), 
mitochondria (MITO, ATP-Synthase), 
synaptosomes (SYNAPTO, Synaptophysin), 
endoplasmic reticulum (ER, ERP29) and 
myelin (MBP). 
Post-nuclear supernatant fraction (PNS), 
which is derived by debris removal (1,000 x g) 
from the homogenate is either directly applied 
on myelin removal gradient or further 
processed by after mitochondria removal as 
described in literature (Cimini et al., 1993; 
Kovacs et al., 2001; Posset et al., 2015; Singh 
et al., 1993). By this centrifugation (5,500 x g) 
mitochondria are pelleted (M) and the 
supernatant (PMS) is applied on myelin 
removal gradient. PNSZ and PMSZ are the 
organelle fractions harvested after myelin 
removal gradient, My denotes for the fluffy 

myelin layer. 
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While mitochondria were efficiently separated in the 11.000 x g pellet (figure 21 B), 
peroxisomes could be found enriched in substantial amounts in two subsequent pellets 
from the 70,000 x g (D) and the 100,000 x g (G) centrifugation. However, both fractions 
contained differing contaminations. According to the synaptophysin signal, 
synaptosomes could be found substantial concentration in fraction D, microsomes 
enriched together with peroxisome in the 100.000 x g pellet. 
In summary, organelles were separated into three major fractions: Fraction (B) 
contained most mitochondria.  Fraction D, containing organelles sedimenting at forces 
among 11.000 x and 70.000 x g, had the highest peroxisome concentration. In the 
lightest fraction (G), pelleting between 70.000 x g and 100.000 x g, ER was enriched. 
Synaptosomes and peroxisomes were also abundant but in lower concentrations than 
in D. Mitochondria were depleted. Consequently, fraction D was chosen for further 
purification of peroxisomes via density gradient centrifugation. 
  

  
Figure 21: Myelin removal gradient (A) and following differential centrifugation steps 
(B) and fractions derived by differential centrifugation (C) 
Myelin was enriched as a fluffy layer at the border between the 0.32 and the 0.88M sucrose 
step (figure 19). A yellowish cytosol layer was found below the myelin layer. At the border to 
2M sucrose a reddish erythrocyte layer below the brownish “organelle” layer could be found. 
This was further purified by debris removal to A and mitochondria depletion to the fractions 
D and G. Peroxisomes (PEX14) were enriched in fractions D and G. While D contained a 
higher mitochondria (ATP-Synthase) and synaptosome (Synaptophysin) concentration, ER 
(ERp29) concentration was higher in G. 
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3.2.5 Protocol 2: adaptations aiming to improve peroxisome isolation capacity 
by differential and gradient centrifugation 

After an initial gradient for myelin removal, the sample was fractionated by differential 
centrifugation. The peroxisome-enriched sample from the differential centrifugation 
procedure was further separated by a density gradient, for which different gradient 
media were tested and compared. 
 
Since the method for PO isolation published by Kovacs (Kovacs et al., 2001) failed to 
purify PO from adult mouse brain, we attempted to adjust centrifugation parameters 
for a more successful purification protocol. The order and parameters of the differential 
centrifugation procedure were varied. A crucial step of the isolation procedure is the 
elimination of myelin. To avoid that the hydrophobic myelin interacts with organelle 
membranes in the pellets produced by differential centrifugation, the myelin removal 
step was transferred to the beginning of the isolation procedure. 

3.2.6 Analysis of different gradient media in the final purification steps 

Due to the incomplete separation from other organelles the fractionations described 
above (paragraph 3.2.1. and 3.2.4), had to be further purified to remove remaining 
contaminating organelles. The adaptation of centrifugation parameters in the 
differential centrifugation with changes in the centrifugation forces did not sufficiently 
improve the composition of the pelleted fractions towards a better enrichment of 
peroxisomes. Peroxisomes, mitochondria, ER and synaptosomes appear to exist in 
broad spectrum of sizes, densities and weights extending beyond the borders of the 
fractions achieved by differential centrifugation. By gradient centrifugation different 
separation parameters are introduced with density and sedimentation speed. To use 
possible effects of the density generating medium, the media Optiprep, sucrose and 
Nycodenz were tested and compared. 

3.2.6.1 Optiprep 

Gradient centrifugation with Optiprep has been successfully used in peroxisome 
isolation from liver (Islinger et al., 2012a) and cultured cells (paragraph 3.1). Hence, its 
applicability for the purification of brain peroxisome was assessed. Sample distribution 
in Optiprep gradients, spread across the whole gradient length from 1.04g/ml to 
1.13g/ml (figure 22 and 23A). A prominent double band and two single bands were 
formed after centrifugation. The double band was located at the top of the gradient and 
is attributed to two fractions (#4, #5). This double layer was followed by a clear 
intermediate and a broad whitish, partly transparent layer. This layer was split up into 
two fractions for investigation. Bordered from this layer by another clear interphase, a 
weak, but clearly distinguishable layer was found close to the ground of the gradient. 
To identify organelle position, gradient was eluted at constant volumes of 1 ml (figure 
23). and band-wise orientating on visible turbidity. 
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In line with the band pattern, majority of proteins accumulated at approximately 1.07 - 
1.09 g/ml (#4/5) – the position of the double band.  

Band intensities for the peroxisome marker PEX14 peaked just below the major protein 
band at approximately 1.103 / 1.106g/ml e. A second, lower peroxisomal signal peak 
appeared on top of the main protein band. It appeared at densities around 1.07g/ml. 
In experiments with band-wise harvesting (figure 23), this second peak could not be 
detected, which derives most probably from averaging with surrounding less enriched 
gradient. Both PEX14 peaks exhibited enrichment compared to fraction D, which was 
also present in surrounding fractions. In the fractions lighter than 1.05g/ml only little 
PEX14 was found.  
According to the ATP-Synthase signal, most mitochondria gradually accumulated in 
the high-density fractions (maximum between 1.113/1.116 g/ml).  
Synaptophysin signal differences among the fractions were low. Synaptophysin 
predominantly enriched in the lighter fractions of the gradient and peaked at 1.058g/ml. 
However, it remained present for the whole range of the gradient. In band-wise 
harvesting hardly any differences in intensity were found. 

 
Figure 22: Fraction D separated on Optiprep gradient 
The sample was split into different fractions which accumulated in 3 bands (#2, #4/#5, #7) on 
the gradient. Peroxisomes (PEX14) tended to accumulate in fraction 3-6 with Maximum in 
fraction 6, while mitochondria (ATP-Synthase) increased in content towards the denser 
factions. Synaptosomes (Synaptophysin) was enriched towards the top of the gradient but 
extended over the whole gradient length. ER (ERP29) was not separated from peroxisomes.  
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In band-wise harvesting, ERP29 signal appeared to be highest in the lower part of the 
broad band and the top-part of the double layer. 

Those clear differences between results from ml-wise and band-wise harvested 
gradients hinted, that the visible bands did not necessarily go all along with single 
enriched organelles. The band appearing at highest density seemed to derive mainly 
from mitochondria. The large, semi-transparent band might be due to ER over the 
whole band and, mainly at the upmost part of this layer, peroxisomes and 
synaptosomes, which accumulated there in higher concentrations but were present 
throughout it. Highest concentrations of peroxisomes were found below this large layer 
together with a high concentration of mitochondria. The upmost layers were constituted 
of ER, peroxisomes and synaptosomes but of none in extraordinary amounts. None of 
these bands was attributed to only a single organelle. Hence layer-wise harvesting 
seemed not to be advantageous. Peroxisomes appeared to be separated to 2 
fractions. Separation capability concerning mitochondria from heavier peroxisomes 
appeared to be low, the same was the case for light mitochondria from ER and 
synaptosomes. 
  

 
Figure 23: organelle distribution on continuous Optiprep gradients 
Fraction D (part A) and fraction G (part B) were applied on continuous Optiprep gradients 
(1,03-1,14g/ml). Gradients were harvested ml-wise. Organelle distribution was demonstrated 
by ATP-Synthase(mitochondria), PEX14 (peroxisome) and Synaptophysin (synaptosome). In 
G-gradient (B), ATP-Synthase fluorescence did not exceed background activity. To grant 
comparability, starting fractions were applied on both blots. In both gradients (part A and B), 
peroxisomes exhibited a peak around 1.07g/ml(#8/#9), while an additional peak at 1.10g/ml 
(#12) was only found in ml-wise harvested D-gradient. 
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3.2.6.2 Sucrose 

As sucrose served already as medium in the preceding differential centrifugation, 
sucrose was investigated concerning its suitability in differential centrifugation. 
According to the idea that sucrose is capable of penetrating organelles, an extended 
gradient range from 1.04g/ml, corresponding to 300-320mM sucrose solution, to 
1.18g/ml was chosen. To avoid attachment on the ground a 2M sucrose cushion was 
added below the gradient. 
After centrifugation, an untransparent, clearly distinguishable white band appeared in 
the lowest third of the gradient. Directly below it, a second band formed, which 
contained several white clusters. Further towards the bottom the gradient appeared 
clear. Above, the white band was less distinguishable. Towards the top of the gradient 
the gradient was semi-transparent turbid. Turbidity decreased towards the top of the 
gradient, leaving the upper third of the gradient clear.  

In Bradford assay, relevant protein concentrations were only detected in layers with 
higher density than 1.09g/ml, where no turbidity was visible. These fractions were 
hence only examined in summary (figure 24 #1) via western blot due to insufficient 
protein content. The gradient part with highest density, deriving from the 2M sucrose 
cushion, also appeared clear and contained no measurable protein content.  
PEX14-signal had its maximum at a density of 1.105 g/ml (figure 24 #2). It was clearly 
enriched compared to fraction D in this fraction and the neighbouring fraction. Towards 
heavier fractions, signal decreased. ERP29 exhibited a similar signal distribution as 
PEX14 with a peak in the same fractions and a decrease in concentration at heavier 
fractions. ATP-synthase peaked at 1.151g/ml and 1.165 g/ml with concentrations 
similar or slightly elevated compared to D. In the two fractions with maximum PEX-
signal, no ATP-Synthase signal was detectable. Synaptophysin, however, showed an 
almost even distribution throughout the fractions. 
  

 
Figure 24: Saccharose gradient  
Fraction D derived from pre-purification (paragraph 2.3.9) applied on continuous sucrose 
gradient. The sample formed various bands (A). Harvested band-wise (B), peroxisomes 
(PEX14) accumulated at densities around 1.1 g/ml, while mitochondria (ATP-Synthase) 
accumulated at the densest fractions. Concerning ER (ERP29) and synaptosomes 
(synaptophysin) only little differences among the fractions could be observed.  
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Majority of organelles appeared to accumulate in heavier fractions, indication diffusion 
inside organelles. Whereas peroxisomes could be clearly separated from 
mitochondria, the gradient exhibited a similar distribution pattern of peroxisomes and 
ER and showed hardly any focussing effect on synaptosomes. 
 

3.2.6.3 Nycodenz 

The Nycodenz gradient ranging from 1,04g/ml to 1,14g/ml exhibited turbidity along the 
whole gradient apart from a small area on top (figure 25). The density range of the 
gradient was reduced according to results achieved in protocol 1 (paragraph 3.2.1.2). 
The two untransparent bands corresponded to comparatively high protein 
concentrations. They were located at densities of approximately 1.07 and 1.11g/ml. 

The upmost fractions with protein concentrations below 0.03mg/ml were not 
investigated in Western blot. 
PEX 14 signal had 2 clearly distinguishable maxima, hinting at 2 different fractions: 
The first at a density of 1.10-1.11g/ml and the second at 1.13-1.14g/ml. The first 
maximum at 1.10-1.11g/ml clearly exceeded D in signal intensity - thus hinting at clear 
enrichment. In the lightest fractions, hardly any PEX14-signal was detectable. ER-
marker, ERP29 exhibited a split distribution. Whilst in the lightest fractions above 
1.08g/ml, ERP29 was present at levels slightly below that of fraction D, it was enriched 
at fractions above 1.11g/ml. Peak ERP29 level was only a single fraction heavier than 
that of PEX14. ATP-Synthase signal rose with density of the fraction. Above 1.09g/ml 
hardly any signal could be detected, at 1.11g/ml it reached concentration of D and rose 
till the dense end of the gradient(#14). The synaptophysin signal stretched across a 
broad range of the gradient but tended to enrich towards the lighter fractions of the 
gradient (1.04-1.08g/ml and coinciding PEX14 maximum). All synaptophysin signal 
maxima appeared in similar intensity.  
  

 
Figure 25: Nycodenz gradient 1.04-1.14 g/ml 
Band-distribution on Nycodenz gradient after centrifugation (A). With less pronounced bands 
than in sucrose and Optiprep, gradients were harvested ml-wise. Results of ml-wise harvested 
Nycodenz-gradient (B). While peroxisomes (PEX14) accumulated mainly around 1.10 g/ml 
(#11) and 1.13 g/ml (#14), Mitochondria (ATP-Synthase) increased towards the densest 
fraction, Synaptosomes (Synaptophysin) could be separated from peroxisomes as they 
enriched at the top of the gradient. ER (ERP29) remained present throughout the gradient. 
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Whilst peroxsiomes were separated into three fractions, of which the two lightest were 
close to ER and synaptosomal signals. The third and heaviest fraction contained 
mitochondria and ER as major contaminants. Majority of synaptosomes appeared to 
accumulate towards the top of the gradient, mitochondria to the bottom. ER also tended 
to accumulate towards the lighter fractions of the gradient but remained present 
throughout it.  
 

3.2.6.4 Comparison among the gradient media 

Overall organelle distribution and the distribution of the single organelles differed 
clearly among the gradient media. In sucrose, cellular organelles enriched at higher 
densities than in Optiprep and Nycodenz. Whereas hardly any protein content was 
present above 1.09g/ml in sucrose gradients, major protein amounts were found in 
concentrations until 1.04g/ml in both Nycodenz and Optiprep gradients, which in turn 
reached only until 1.13g/ml compared to sucrose, where proteins could be measured 
up to densities of 1.17g/ml. 
PEX 14 exhibited a single peak signal at 1.105g/ml in sucrose gradient. In Optiprep 
gradient - apart from this maximum - a second maximum at 1.07g/ml appeared. And 
in Nycodenz a third peak at 1.13-1.14g/ml appeared (figures 22-25). Surprisingly, main 
PEX14 signal remained at the same position. 
In all gradient media, ATP-Sythase signal rose towards heavier fractions. Whereas it 
rose to the level of fraction D in the neighboring fraction to PEX14 maximum in 
Nycodenz and Optiprep, it reached the signal intensity of fraction D at 1.151g/ml in 
Sucrose. This was a difference of approximately 0.05g/ml, and by far more than the 
0.01g/ml distance in the other two media (figures 22-25). Thus, sucrose gradient 
permits the best separation of peroxisomes from mitochondria. 
ERP29 signal distribution in sucrose was similar to that of PEX14. Peaks were in the 
same fractions. In Optiprep, ERP29 signal was mainly orientated in lighter layers than 
PEX14 signal. IN ERP29 however ERP29 exhibited a split with presence in light and 
heavy fractions but little presence in the middle (figures 22-25). Concerning disposal 
of ER, Optiprep and Nycodenz appear to be advantageous. 
In both, sucrose and Optiprep gradient, synaptophysin signal differences among the 
fractions were lower than in Nycodenz gradient. In Optiprep and Nycodenz, 
synaptophysin appeared to enrich predominantly in the lighter fractions of the gradient, 
in sucrose the distribution appeared even. Nycodenz seemed to be slightly 
advantageous compared to Optiprep in separation from synaptosomes as differences 
among fractions were clearer (figures 22-25). 
In summary, Nycodenz appears to be the most advantageous gradient medium for the 
separation of peroxisomes from synaptosomes. As sucrose permitted best the 
separation from mitochondria, a combination of both gradients appears advantageous. 
  



Results 

58 

3.2.6.5 Transfer of the continuous sucrose gradient to a step-gradient 

To gain a better reproducible and faster separation, i.e. for further use in combination 
with a Nycodenz gradient, continuous sucrose gradient was transferred into a step 
gradient. The protein distribution in the step gradient was assessed in respect to the 
continuous gradient (figure 22 and 23). The step gradient consisted of fraction D in 
250mM sucrose solution on top of layers of 1.08g/ml (625mM), 1.137g/ml (1,07M) and 
2M sucrose solution, whose densities derived from results in paragraph 3.2.6.2 (figure 
26 A). The gradient was balanced with 250mM sucrose solution. After centrifugation, 
the gradient exhibited three distinguishable bands (figure 26 B). An untransparent 
white band appeared at the border of 1.137g/ml and 2M sucrose solution, a double 
band consisting of a more optically dense and a less optically dense band at the border 
of 1.08g/ml to 1.137g/ml dense sucrose solution. This double band extended over a 
wider range than the others. A third band appeared at the border of 250mM to 1.08g/ml 
dense sucrose solution. The top of the gradient with 250mM sucrose solution and the 
2M sucrose solution remained clear, in the rest of the gradient – also among the bands 
– turbidity was visible. Due to the clearly visible bands, this gradient was harvested 
band-wise, as highlighted in figure 26. Protein content increased with density. PEX14 
signal peaked in S3, which conforms to the expected position from continuous 
gradient. It was clearly enriched compared to fraction D. Elevated signal levels 

 
 
Figure 26: sucrose step gradient 
Constitution of the sucrose gradient and application site of fraction D (A). Gradient after 
centrifugation and definition of the further fractions 1-5, henceforth named S1-S5 (B). 250mM 
sucrose supernatant and the clear 2M sucrose cushion were discarded. First band formed 
fraction S1, the double band fraction S3, which was also investigated in two separate sub-
bands (S3a and S3b) and the third band formed fraction S5. The intermediate parts of the 
gradient formed fraction S2 and fraction S4. Western blot of the differential centrifugation (A-
G) and sucrose gradient (1-5) with peroxisomal (PEX14), mitochondrial (ATP-Synthase), 
synaptosomal (synaptophysin) and ER markers (ERP29) (C). Peroxisomes enriched at S3, 
mitochondria towards S5, synaptosomes in S3-S5 and ER in S2-S3. 
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compared to D were also present in S4 and S5. ATP-Synthase signal increased 
towards denser fractions. Its peak was in fraction S5 with slight elevation compared to 
fraction D. Signal decreased strongly towards lighter fractions. From S3 on only light 
signal was visible. This distribution went also along with that in continuous gradient. In 
difference to the continuous gradient, synaptophysin signal followed PEX14 signal, but 
with less clear enrichment compared to fraction D. Peak synaptophysin appeared in 
fraction S4 just below PEX14 peak. The ERP29 signal enriched in fraction S2 and S3. 
The tendency to the lighter fractions appeared to be more emphasized than in the 
continuous gradient. 
In summary, fraction S3 had the highest peroxisome concentration with clear 
mitochondrial depletion and less clear ER deplete. Synaptosomes were less clearly 
separated from peroxisomes. The split of fraction S3 into two drastically reduced yield 
in the two fractions. Peroxisome to synaptosome-ratio appeared unaffected by the 
split. Hence fraction S3 was best suited for further processing. Apart from the 
procedure’s inherent advantages, sucrose step gradients appeared to be superior to 
continuous gradients in organelle separation, which was further emphasized in 
paragraph 3.2.7. 
 

3.2.7 Protocol 3: improvement of the isolation protocol by serial step gradient 
centrifugation 

Based on the findings (paragraph 3.2.6.5), that sucrose step gradients are capable to 
separate the respective cellular organelles from peroxisomes, their use as replacement 
for the previously described differential centrifugation and combinations of gradient 
centrifugations with different gradient media was tested. These gradients were 
combined with an improved homogenisation according to paragraph 3.2.2 and an 
extended debris removal procedure. The necessity of myelin removal step was tested, 
as well as the myelin removal procedure was altered as described in paragraph 3.2.3. 
These preliminary centrifugations were combined with a Nycodenz gradient, as 
Nycodenz gradients proofed best to be capable to separate peroxisomes from 
synaptosomes. 

3.2.7.1 Organelle separation gradient (sucrose) 

Various compositions of and sample applications on this sucrose step gradient were 
tested. Distribution pattern differed widely and was highly affected by the steps (figure 
27).  
Most peroxisomes were capable to migrate until into 950mM sucrose solutions 
independent of the density of the applied sample. Here the maximum peroxisome 
concentration was found. Less peroxisomes were capable to penetrate denser layers, 
i.e. 1M or 1.1M sucrose. Confronted with denser layers, they accumulated at the 
borders to these denser solutions. The peroxisome maximum concentration 
equilibrated in 900mM / 950mM sucrose layer, which corresponds to densities of 
approximately 1.12g/ml. This density was similar to that in continuous sucrose gradient 
(paragraph 3.2.6.2; figure 24), where peroxisomes peaked at 1.11 g/ml. Sample 
application affected mainly peroxisome content in lighter and denser fractions than the 
peak fraction. The denser the applied sample was, the higher relative content in dense 
fractions and the lower that in lighter fractions. The position of the peak was hardly 
affected. The best distribution was achieved by sample application at 700mM and 
collection at 900mM sucrose (Figure 27, gradient D and G).  
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Mitochondria, marked by ATP-synthase, were usually found at the bottom of the 
gradient. Their maximum concentration was usually found at the border to the 2M 
sucrose cushion. While in 900mM and 950mM sucrose solution hardly any 
mitochondria were found or signal was not detectable, mitochondria concentration rose 
in the band below 950mM sucrose solution and further to the bottom. Mitochondria 
exhibited a second, but by far smaller peak at about 1.09 - 1.10g/ml, corresponding to 
700mM – 800mM sucrose, i.e. the band on top of the 900mM sucrose layer. The major 
peak corresponded to that expected from continuous gradients, while the lighter one 
exhibited no equivalent in continuous gradient. This lighter peak might derive as 
remains from the application.  
ER signal was present over the whole length of the gradient. The distribution pattern 
appeared to be highly dependent on the application density and the gradient 
constitution. In separations with application in 850mM sucrose ER concentration 
peaked at the bottom of the gradient independent of constitution A second, but less 

 
Figure 27: Organelle distribution in different OSGs 
Peroxisome (A-PEX14), mitochondria (B-ATP-Synthase), ER (C-ERP29) and synaptosome 
(D-synaptophysin) distribution on different OSGs. The localization of the different fractions 
on the gradient in respect to the different layers (in sucrose molarity) is noted above the 
respective blot. Application site is highlighted with blue. 
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elevated peak was located at a density of about 1.08g/ml at the border among 850mM 
and 320mM sucrose. An alteration to 500mM on top of the application permitted 
penetration of this layer. The third and smallest signal elevation was found at the border 
from 850mM to 1M or higher concentrated sucrose. The insertion of a 900mM or 
950mM sucrose layer led to an enrichment or even a peak in this layer and at the 
bottom of it leading to a more even distribution in the gradient and enlarged the 
concentration at the bottom of the gradient. With decreasing density of application site, 
concentration above 900mM sucrose layer increased. If an application in 700mM 
sucrose was chosen, ER was concentrated in the upper part of the gradient on top of 
900mM sucrose layer. A minor peak was found underneath the 900mM layer. 
Concentration was slightly decreased compared to the starting fraction in 900mM 
sucrose layer, which was confirmed by both ERP29 and GRP78 signal. If the sample 
was applied in lighter fractions, i.e. 650mM sucrose, the denser peak was shifted 
towards 900mM sucrose layer. This dependency on the application site hints that ER-
vesicles are apparently highly permeable to sucrose and hence gain weight dependent 
on the application density. 
 
Synaptophysin appeared to fairly uniformly distributed over the whole length of the 
gradient in similar concentration as PNS. In most gradient compositions, a slight 
increase towards denser gradient fractions was found. In gradients with application on 
700mM sucrose, a layer of 900mM and 1,1M sucrose underneath, synaptophysin 
concentration peaked with strong increase in the bottom fraction. In 900mM sucrose, 
slight depletion compared to PNS was found.  
 

3.2.7.2 Optimised organelle separation gradient 

According to the results from the different OSGs shown in the preceding paragraph, a 
discontinuous gradient with the following sucrose concentration was chosen for 
organelle prefractionation. This gradient consisted of 5 layers with sucrose 
concentrations of 500mM, 700mM, 900mM, 1.1M and 2M (figure 28 A). The sample 
was applied into the second layer of 700 mM sucrose. The 1.1M sucrose layer gave 
the fraction 4 more reproducibility as it separated the peroxisome-enriched fraction 
from the bottom fraction with high protein content. The gradient was harvested band 
wise with each band differing visibly (figure 28 B). Protein content increased 
exponentially towards the bottom of the gradient.  
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PEX14 peaked in 900mM sucrose at 1.12g/ml (figure 28 C fraction 4) and decayed 
towards lighter and heavier fractions. Signal intensity enriched in average 3-4 times in 
fraction 4. In heavier fractions, a plateau formed at 2-fold starting concentration. Being 
both present in mitochondria and peroxisomes in brain, ACAD11 signal differed from 
PEX14 signal with enrichment in the densest layer (figure 28) – thus indication a mainly 
mitochondrial localization in our sample. 
In 900mM sucrose layer, hardly any ATP-synthase was detectable, forming a 
minimum. Below, ATP-Synthase increased in fraction 5 to starting concentration 
reaching a maximum with multiple signal enrichment in the bottom fraction. Compared 
to other separations, peroxisome-fraction 4 contained little mitochondria through the 
separation of 900mM and 2M sucrose layer. In the band above peroxisomes, at the 
border among 700mM and 900mM sucrose, a second, less pronounced ATP-Synthase 
peak was located.  
Synaptophysin signal followed PEX14-Signal peaking at 1.12g/ml. Though peak was 
less pronounced than in PEX14, separation of peroxisomes and synaptosomes seems 
insufficient. 
ER concentration was enriched at the top and the bottom of the gradient. The highest 
concentrations were in the bottom fraction (#6) and fractions 1 and 3. In the peroxisome 
fraction 4, ER was slightly enriched. 
  

 
Figure 28: final OSG blot and quantification of the main markers 
Gradient steps (A). By centrifugation 2 white bands (#1 and #3) and an ochre and brownish 
double layer appeared (#5 and #6). At the top was a clear supernatant, between the two white 
bands a further fairly colored layer, and between the lower white and the ochre band the 
yellowish 900mM sucrose layer, which was further processed. The double-band consisted of 
an upper ochre part and a brownish lower part (B). Marker proteins in the harvested bands 
(C): While peroxisomes (PEX14, ACOX and Catalase) enriched at fraction 4, Mitochondria 
(ATP-Synthase) accumulated towards fraction 6. ACAD11, which is reported to be expressed 
in mitochondria and peroxisomes, appeared to be present mainly on mitochondria. As 
observed in experiments with sucrose gradients, synaptosomes (Synapto; Synaptophysin) 
could not be separated from peroxisomes. ER distributed mainly towards the bottom of the 
gradient. Fraction 4 was applied twice on the gradient.  
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3.2.7.3 Separation of the bottom fraction of gradient for further peroxisomal 
subpopulations 

The bottom fractions of separation shown in figure 28 (paragraph 3.2.7.2) contained 
the vast majority of proteins of the separation. Absolute protein content was about 10 
times higher than in the peroxisome-enriched fraction 4 (figure 28). Peroxisome and 
synaptosome concentration were lower than in fraction 4 but both elevated compared 
to PNS. The bottom fraction contained the majority of mitochondria. Enrichment of 
mitochondrial marker compared to PNS signal was 3,5 to 16 times, compared to 
fraction 4 even more. ER concentration was slightly reduced compared to PNS to 
similar levels as fraction 4. As the amount of proteins was by far higher than in the 
other fractions, and as - deviating from PEX14 signal – ACOX1 was enriched in this 
fraction, a split up of this fraction might reveal further peroxisomal fractions. The 
peroxisomes contained might deviate from those observed in fraction 4 concerning 
enzyme composition. 
The fractions were split up on a gradient consisting of 0.7M, 0.9M, 1.1M, 1.2M, 1.3M, 
1.4M and 2M sucrose with application at 0.7M sucrose. By centrifugation six bands 
formed (figure 29). The upmost band was located at the border among application site 
and 0.9M sucrose (1.113g/ml, 0.887M), the second at border among 0.9M and 1.1M 
sucrose (1.125g/ml, 0.976M), the third in the 1.1M sucrose solution (1.139g/ml, 
1.086M), the fourth at the border 1.2 to 1.3 M sucrose solution (1.157g/ml, 1.23M), the 
fifth in the 1.3M sucrose solution (1.157g/ml, 1.284M) and the last at the border 
1.3/1.4M sucrose solution (1.169g/ml, 1.322M). The gradient was harvested band-
wise.  

ATP-Synthase was not present at the two top bands, increased at band 3 to the level 
of PNS and peaked at band 4. Below signal formed a plateau over the other 2 bands 
with an increase to almost double the starting concentration (figure 29). 

Figure 29: split-up of OSG bottom fraction 
In order to distinguish the peroxisomes present in the bottom fraction of the OSG, fraction 5 

and 6 (SF) - containing highest Catalase and ACOX-Signal in figure 27 - were further 
separated on a sucrose step gradient. The resulting band wise harvested fractions revealed 
two peroxisomal signal peaks at fraction 2 (1.125g/ml, PEX14 and ACOX1) and at fraction 6 

(1.169g/ml, catalase and ACOX1, only little PEX14). The different abundancy of peroxisomal 
proteins hints at different peroxisomal subpopulations.  
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ERP29 was mainly present at fraction 2 and 6 with maximum at fraction 2 (1.125g/ml). 
The heavy ER vesicles appeared to enrich at 1.169. Signal however was lower than 
that of the starting fraction (SF) (figure 29). 
Synaptophysin signal reached its maximum in 1.14g/ml and 1.16g/ml band. Below it 
decreased to the same concentrations as in PNS (figure 29). 
PEX14 and ACOX 1 peaked at band 2 and 3 but remained present throughout the 
fractions with similar intensity as the applied fraction. Peroxisomes of various densities 
were present throughout the bands, which hints at different subpopulations. 
Catalase differed from PEX14 and ACOX signal. Catalase peaked at band 6 
(1.169g/ml) of the gradient (figure 29). The presence of an ACOX signal in the same 
fraction can be seen as proof of their peroxisomal allocation, as catalase might also 
appear in cytosol and ACOX might appear in mitochondria. Peroxisomes are the only 
location where both are present. Taking the differences from PEX14 pattern into 
account, this observation could be attributed to a peroxisomal subpopulation of heavy 
peroxisomes with catalase and ACOX. The presence of peroxisomal subpopulation fits 
to observations in publications and immuno-fluorescence microscopy.  

3.2.7.4 Combination of two serial sucrose organelle separation gradients (OSG) 

Further purification of peroxisomes in sucrose was tested by two serial sucrose 
gradients. Fraction with maximum peroxisome concentration derived in the OSG was 
hence applied on a second gradient. To shorten the protocol, myelin removal was 
performed on the OSG. 

The 2nd gradients organelle distribution resembled the first gradient (figure 30-32): 
Alike in the 1st gradient, peroxisomes enriched in 900mM sucrose layer at 1.117g/ml 
and in the layers additionally added below in the 2nd gradient (950mM). Signal in the 

 
Figure 39: Combination of 2 OSGs by repetition of OSG D (figure 10) 
Peroxisome enriched fraction derived by Gradient D (composition figure 27) was applied on 
an identical gradient. This led to an elevation of peroxisomal signal (PEX14, #4b) and 
synaptosomal signal (Synaptophysin) and depletion of ER (ERP29), Myelin (MBP) and 
mitochondrial (ATP-Synthase) signal in the gradient. In contrast to the other organelles and 
Myelin, peroxisomal signal became more focused, while other organelles signal tended to 
spread more over the gradient indication a purification effect of the second OSG. 
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less dense parts of the gradient and at the bottom was comparatively lower in the 2nd 
gradient. The higher signal intensity of the peak peroxisomal fraction indicated further 
peroxisome enrichment by the second gradient.  

All organelles were comparatively low concentrated at the less dense fractions of the 
2nd gradient. 
ER signal peaked at lighter layers (1.083g/ml) than in the 1st gradient, where signal 
peaked at 1.12g/ml. Below 1.09g/ml signal decreased strongly and reached PNS level 
at 1.117g/ml.  

 
Figure 31: Combination of 2 OSGs with G-Gradient as OSG1 and a second OSG focussiong 
on spreading signal towards the denser fractions until 1.2M sucrose layer (layers: figure 10). 
Fraction 4 of the first OSG was applied on OSG 2. ER enriched towards the top of the gradient, 
synaptophysin peaked slightly below. At denser fractions (0,95-1.1M sucrose) peroxisomes 
denoted by PEX14 and ACOX11 were enriched. Mitochondria were deriched by OSG 1 and 

were found mainly in the densest fractions of the subsequent gradient. 

 
Figure 32: 2 OSGs with 0,95M and 1,1,M sucrose layers (gradient H, figure 10) 
Fraction 4 from gradient 1 was applied on gradient 2. Adding the additional layers of 0.95M  
and 1.1M sucrose to the gradient an even further purification of fraction 4 could be achieved 
(#6). However, compared to the combination of 2 OSGs with less bands, peroxisomes were 
less focussed. 
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Synaptophysin signal was spread up at the bottom of the gradient. It reached a plateau 
below the peroxisome peak.  
ATP-Synthase maximum was found at the bottom, whose position corresponds 
enrichment in the 1st gradient. Signal level exhibited no enrichment compared to PNS 
in the maximum and clear derichment over the rest of the gradient. 
All organelle patters were shifted towards the density of the starting fraction (900mM). 
Addition of layers approximating the density of the starting fraction improved 
separation of the organelles. In summary, the 2nd gradient increased peroxisome 
concentration and purification from ER and mitochondria. However, with sucrose 
alone, organelles could not be sufficiently purified. As experiments described in 
paragraph 3.2.6 showed improvement of separation capability with the use of different 
gradient media, we pursued this approach. 

3.2.8 Further purification on Nycodenz gradients 

Compared to sucrose, Nycodenz separated mitochondria less efficiently from 
peroxisomes. By contrast synaptosome and ER separation were more efficient in 
Nycodenz (paragraph 3.2.6). Thus, we evaluated if a Nycodenz-gradient could be 
efficiently used for the further separation of the peroxisome-enriched fraction (figure 
28 #4 - 1.115g/ml) of the sucrose-based OSG.  

Independent from application site or continuity of gradient, peroxisomes accumulated 
at 2 major densities: The lighter peak was exhibited at about 1.10 – 1.11g/ml, the 
heavier at 1.14 – 1.17g/ml (figures 25 and 33, 34). Peroxisomal membrane protein 
PEX14, a quite ubiquitous peroxisomal marker, identified the peroxisomal peaks at 
1.10 – 1.11 and 1.15 – 1.17g/ml. As both, ACOX and PEX14 were detectable in the 

 
Figure 33 Final separation on continuous Nycodenz gradient 1.09 – 1.14 g/ml 
Continuous Nycodenz gradient 1.09-1.14g/ml with application from the bottom of the gradient 
in 1,2g/ml Nycodenz. Weight was adjusted with gradient buffer (A). Peroxisomes (PEX14, 
ACOX1) enriched at the bottom of the gradient (1.14g/ml; #1 and #2) together with 
mitochondria (ATP-Synthase). A second peak was at 1.10-1.12mg/ml (#6 and #7), which 
coincided with synaptosome and ER maxima (B). ER (ERP29) and synaptosomes 
(synaptophysin) extend over the whole gradient. Peroxisome maxima are highlighted with a 
red box respectively.  
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two signal peaks, these could be attributed to intact peroxisomes. The fraction applied 
on the Nycodenz - gradient did not contain catalase peak signal in the preceding OSG 
(paragraph 3.2.7.2), which hints at a further peroxisomal subpopulation, that was not 
split up in the Nycodenz – gradient (paragraph 3.2.7.3). Though localization of peaks 
remained consistent, the different gradients however differed in how pronounced the 
peaks were.  
Mitochondria, determined by ATP-Synthase, tended to accumulate at the bottom of 
gradients. In some gradients, this dense ATP-Synthase peak overlapped with the 
denser PEX14 peak. 
ER and synaptosomes tended to accumulate around 1.08-1.09g/ml - further towards 
the top of the gradient than peroxisomes and mitochondria. With by far lower intensities 
signal remained present until the bottom of the gradient. In single experiments peak 
differed and were also present in the denser parts of the gradient but signal was less 
than 2-times enriched compared to the starting fraction. 

The loss of weight in synaptosomes, ER and myelin lighter in sucrose-free Nycodenz-
gradient seemed to derive from sucrose leaving the organelles and Nycodenz being 
incapable to enter them. As mitochondria and some peroxisomes gained weight, an 
uptake of Nycodenz appeared plausible. 

3.2.8.1 Testing for peroxisomal “ghosts” 

Peroxisomal marker pattern differed among the membrane protein PEX14 and the 
matrix proteins catalase and ACOX1 (figures 28, 29 and 33), which might be explained 
either by dissociation from peroxisomal membrane and matrix – i.e. the formation of 

 
Figure 34: Nycodenz step gradient 
(A) Nycodenz step gradient 1.09-1.21g/ml with application of fraction I4 from the top of the 
gradient. Application in sucrose (250mM) enriched fraction. Steps were derived from the 
densities at which the organelles enriched on continuous gradients. (B) Peroxisomes (PEX14, 
ACOX1) enriched in the second densest fraction of the gradient (1.12g/ml) slightly above 
mitochondria (ATP-Synthase 1.18g/ml). In comparison to the continuous gradient, only a 
slight signal increase at 1.10mg/ml was detected. Synaptosomes and ER both enriched in the 
fractions further to the top of the gradient. Whilst peroxisomes were enriched compared to the 
fraction derived by OSG, mitochondria concentration remained at a similar level, thus giving 
further proof of the incapability of Nycodenz gradient to separate mitochondria from 
peroxisomes. On the step gradient, a better separation from synaptosomes and ER could be 
achieved than on continuous gradient (figure 33). 
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peroxisomal “ghosts” or derive from truly ACOX1 and catalase-free peroxisomes, 
which have been described in immunofluorescence studies (Ahlemeyer et al., 2007). 
A third explanation might be the spontaneous release of peroxisomal core enzymes 
(Antonenkov et al., 2004a). 
To differ peroxisomal “ghosts” formed by osmolysis of peroxisomes or osmolarity-
dependent spontaneous release of matrix enzymes (Antonenkov et al., 2004a) from 
ACOX1 or catalase-free peroxisomes, peroxisomes were applied in hypoosmolar 
solution (figure 34). Peroxisomes were reported to exhibit no further release of core 
enzymes when exposed to pure 16-40% Nycodenz solution (Antonenkov et al., 
2004a).  When applied in hypoosmolar solution, peroxisomal membrane protein 
PEX14 enriched at a second peak at 1.05-1.07g/ml apart from the peak at 1.10-
1.11g/ml. To a comparatively lower degree synaptosomes and mitochondria were also 
present. Exhibiting no enrichment of peroxisomal core enzyme ACOX and being only 
present in gradients, where sample was applied hypoosmolar solutions, these PEX14 
signals were likely to derive from peroxisomal “ghosts” (figure 34). 

 
 

 
Figure 35: effect of osmolarity on peroxisomes 
To further investigate the effect of peroxisomal “ghosts” formed by osmolysis of peroxisomes 
and differ it from peroxisomes spontaneously releasing their core enzymes (Antonenkov et 
al., 2004a), peroxisomes were applied in hypoosmolar solution. Peroxisomes were reported 
to exhibit no further release of core enzymes when exposed to pure 16-40% Nycodenz 
solution (Antonenkov et al., 2004a). (A) Sample derived by OSG was applied in hypoosmolar, 
sucrose-free 10% Nycodenz solution on a gradient ranging from 10 to 40% Nycodenz in 
gradient buffer. (B) Apart from the peak at 1.10-1.11g/ml peroxisomal membrane protein 
PEX14 enriched at a second peak at 1.05-1.07g/ml. To a comparatively lower degree 
synaptosomes (Syn, synaptophysin) and mitochondria (ATPS, ATP-Synthase) and ER 
(GRP78) were also detectable at these low densities. Exhibiting no enrichment of peroxisomal 
core enzyme ACOX and being only present in gradients, where sample was applied 
hypoosmolar solutions, these PEX14 signals were likely to derive from peroxisomal “ghosts”. 
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4 DISCUSSION 

Proteomic studies in isolated organelles and interaction assays play an important role 
in the understanding of organelle function.  The isolation protocols described in the 
previous sections of this thesis should contribute to the deciphering peroxisomal 
functions. For each protocol separately, integrity of peroxisomes is discussed, and 
results are compared to published data and integrated into existing knowledge. 

4.1 Peroxisome isolation from cultured cells 

The developed purification procedure of peroxisomes from cultured cells differs from 
published procedures (Hosoi et al., 2017) by the use of a continuous gradient as final 
centrifugation step. The isolation protocol was optimized for the analysis of the 
interaction between two individual organelles peroxisomes and the ER using a 
transfection based density-shift-assay.  

4.1.1 Resulting marker and organelle pattern in Nycodenz and Optiprep 
gradients 

The identical pattern of the applied peroxisomal markers, PEX14 (surface), PMP70 
(surface), Catalase (matrix) and ACOX1 (matrix) in the density gradient and the 
preceding centrifugations indicates intact peroxisomes. Hence the homogenisation 
procedure with its frictional force produces intact organelles. During differential 
centrifugations the majority of mitochondria was removed, whereas ER and 
peroxisomes accumulated mainly in the fraction applied on density gradient (figure 16).  
ER markers in Optiprep gradient enriched at the less dense fractions of the gradient. 
They overlapped with the peroxisomal markers. In Nycodenz gradient, peroxisomes 
enriched at approximately the same density as in Optiprep gradient. ER was enriched 
mainly at the lighter fractions with more distance to peroxisomes but also partly at 
denser fractions. The wide range of densities over which ER signal was present in both 
media might derive from the fractionation of ER tubules and resealing of ER into 
vesicles of different sizes during homogenisation (Burden, 2008; de Araujo et al., 
2015).  
While in Optiprep gradient of untransfected cells, signal of mitochondrial, ER and 
peroxisomal markers widely overlap, the enrichments of these markers are better 
separated in Nycodenz gradient and exhibit less overlapping signal. In the peroxisomal 
peak fractions, even no mitochondrial signal could be detected. Hence, Nycodenz is 
better suited as gradient medium for the final continuous gradient. Optimum gradient 
range could be determined to 1.14 to 1.19g/ml, which is denser than the gradients used 
in brain tissue. 

4.1.2 Peroxisome-ER interaction – application of the new developed protocol 

Among ER and peroxisomes a close interaction is known. Several metabolic pathways, 
e.g. ether phospholipid and polyunsaturated fatty acid biosynthesis, include reactions 
located in peroxisomes and ER. Furthermore, peroxisomes can form by growth and 
division (fission) from pre-existing organelles and by de novo synthesis through vesicle 
formation from the ER (Costello and Schrader, 2018; Dimitrov et al., 2013; Islinger et 
al., 2012b). As peroxisomal membrane lipids derive in majority from ER and several 
peroxisomal membrane proteins appear to be translated on ER-bound ribosomes, 
direct contact might be required for peroxisome biogenesis as well.  
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Ultrastructural studies confirmed that peroxisomes are often located close to ER 
tubules and suggest of a physical interaction (Fahimi et al., 1993; Gulyas and Yuan, 
1977; Novikoff et al., 1972; Zaar et al., 1987).  
Proteins mediating this interaction and association and the exact interaction sites were 
not completely known yet. A genome-wide interaction study (Huttlin et al., 2015) 
identified a potential binding of the exclusively peroxisomal protein ACBD5 and the 
protein VAPB located on ER:  
VAPB is a member of the VAP-family of ER membrane proteins. They are known to 
be involved in membrane contact of ER to mitochondria (De Vos et al., 2012), Golgi 
apparatus (Kawano et al., 2006; Mesmin et al., 2013), vesicles directed to plasma 
membrane (Jansen et al., 2011) and endosomes (Rocha et al., 2009). All members of 
this protein family consist of a C-terminal trans-membrane domain, indicating its nature 
as a tail-anchored transmembrane protein, and an N-terminal major sperm protein 
(MSP) domain (Lev et al., 2008). A highly conserved sequence contained in the MSP-
domain (Lev et al., 2008) indicates its crucial role in VAP function. The MSP-domain 
in VAP-proteins interacts with SNAREs, viral proteins and FFAT (double phenylalanine 
in an acidic tract)-motif-containing proteins (Kawano et al., 2006; Lev et al., 2008; 
Loewen et al., 2003; Murphy and Levine, 2016). Colocalization of VAPB with 
peroxisomal proteins in fluorescence microscopy studies indicate an interaction with 
peroxisomes (Hua et al., 2017). 
The exclusive peroxisomal protein ACBD5 contains such a FFAT-motif. Hence it is a 
possible binding partner for VAPB mediating peroxisome-ER-interaction. Loss of 
binding when FFAT-motif is mutated (Costello et al., 2017a) and persistence in 
mutations of Acyl-CoA-binding site indicate an interaction via the FFAT-motif 
(Kragelund et al., 1999; Nazarko et al., 2014). Interaction was also shown by an 
increase in peroxisome mobility in ACBD5 or VAP depleted cells (Costello et al., 
2017a; Hua et al., 2017). 
 
Furthermore, a direct interaction between ACBD5 and VAPB was shown in in vitro 
binding assays (Costello et al., 2017a). 
 
Both these independent experiments confirmed the results we achieved in our 
experiments: After co-expression of GFP-ACBD5 and Myc-VAPB in HepG2 cells we 
were able to demonstrate a shift in density of ER and peroxisomes towards a common 
fraction on the final Nycodenz gradient of our isolation protocol. Experiments with 
single expression of one of these proteins did not result in the density shift described. 
Hence the shift could only be attributed to an interaction and not to a gain in density 
through e.g. a higher protein load of the organelles or a change in organelle 
morphology.  
 
Interestingly, peroxisomes purified from livers of ACBD5-deficient mice, show a 
converse behavior. In this situation, considerably higher amounts of peroxisomes were 
found in the high-density region of Optiprep gradients if compared to wild-type controls 
(Darwisch et al., 2020). The results suggest an intricate interaction between 
peroxisomes and the ER facilitated by the tethering proteins ACBD5 and VAPB, which 
influence the density of peroxisomes by attached fragments of the ER, which can even 
be found in isolated peroxisomes analyzed by electron microscopy (Zaar et al., 1987) 
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4.1.3 Function of interaction 

Proof of interaction among ER and peroxisomes via VAPB and ACBD5 gives an 
explanation to the observed close ultrastructural association among peroxisomes and 
ER (Costello et al., 2017a). Increased peroxisomal mobility and lower peroxisomal 
membrane growth in absence of VAPB and/or ACBD5 suggest, that the interaction 
could play an important role in organelle positioning and delivery of membrane lipids 
required for peroxisome growth (Costello et al., 2017a; Hua et al., 2017; Wang et al., 
2018). Concerning shared metabolic pathways among ER and peroxisomes a direct 
interaction would be increase the efficacy of these metabolic pathways. So, 
plasmalogen synthesis is impaired when the VAPB-ACBD5 tether is disrupted (Hua et 
al., 2017). ACBD5 appears also to be involved in VLCFA metabolism, as it is reported 
that ACBD5 can bind VLCFAs in vitro (Yagita et al., 2017). In case reports, cytosolic 
VLCFA-accumulation was reported in ACBD5 deficiency (Abu-Safieh et al., 2013; 
Ferdinandusse et al., 2017; Yagita et al., 2017). With ACBD5 involved in ER-PO-
binding (Costello et al., 2017a), interaction in lipid metabolism appears possible. 
 
Between VAPB and ACBD4 a similar protein interaction was demonstrated (Costello 
et al., 2017b). As ACBD5-knockdown affected peroxisomal mobility and lowered 
peroxisomal membrane growth even in the presence of ACBD4 (Hua et al., 2017), the 
tether appears not to be capable to replace VAPB-ACBD5 interaction. 
 

4.2 Peroxisome isolation from murine brain 

Organelle isolation from tissue gives additional insights to organelle function. In 
contrast to cell culture, where cells are grown in a defined environment, organelles 
separated from a tissue are influenced by the interactions among the different cell 
types in the tissue and the whole animal’s metabolism. While cultured cells are best 
suited for experiments involving a single or few cell types, organelles isolated from 
tissue can be used to examine the organelles’ role in the interaction with various cell 
types forming the tissue. 
Brain tissue consists of various cell types and subtypes with specific distinct functions: 
Metabolic pathways of glial cells and neuronal cells are intertwined with each other, 
e.g. in the regulation of released neuronal transmitters, or are only exerted in a specific 
cell type like myelin formation, D-serine degradation (Wolosker et al., 2008), ROS-
metabolism, VCFLA formation and metabolism. 
Peroxisome derived diseases, e.g. peroxisomal biogenesis disorders (PBD) or single 
enzyme deficiencies often go along with a pronounced neuronal phenotype 
(Braverman et al., 2016; Darwisch et al., 2020; Schrader et al., 2015; Steinberg et al., 
2006; Trompier et al., 2014; Wanders, 2014; Wanders et al., 2015; Waterham et al., 
2016). CNS manifestation includes abnormal myelination (Baes and Aubourg, 2009), 
demyelination (Steinberg et al., 2006), axonal degeneration and neuronal migration 
defects (Faust et al., 2005; Power and Moser, 1998; Waterham et al., 2016). These 
alterations associated with peroxisome malfunction hint at the crucial role of 
peroxisomes in brain, making brain peroxisomes an important field in peroxisome 
research. 
To be of use in disease models and in brain research, mice were chosen for the 
development of brain peroxisome isolation protocol. 
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Organelle isolation from tissue bears different difficulties than isolation from cultured 
cells. In a first step the tissue must be disrupted and in addition to the separation from 
cellular contents organelles must be purified from the extracellular matrix contained in 
the sample. Furthermore, tissue specific properties must be incorporated in the 
organelle separation protocol.  
Pre-existing protocols were developed for use in nascent or new-born mouse or rat 
brain, before the onset of the major steps in myelinisation of the axons (Cimini et al., 
1993; Gaunt and de Duve, 1976; Kovacs et al., 2001; Lazo et al., 1991; Posset et al., 
2015; Singh et al., 1989; Singh et al., 1993). Our protocol was intended to extend the 
field of investigation on the use in a fully developed brain. 

4.2.1 Comparison of peroxisome isolation from adult mice with those 
published for young mice 

As a starting point, we tested the peroxisome purification protocol developed for young 
mice from 0 to 25 days of age by Kovacs et al (Kovacs et al. 2001) for effectivity in 
adult mice. The comparison of the results derived by us (paragraph 3.2.1) to those 
published by Kovacs et al (Kovacs et al., 2001) indicated differences among adult and 
infant mice.  
The homogenisation used by Kovacs et al maximized yield but at the cost of relative 
peroxisome concentration, which was higher after the first centrifugation than in the 
mixed fraction (paragraph 3.2.2). 
In the differential centrifugation steps, our results resembled those described by 
Kovacs et al: Like published by Kovacs for young mice, the majority of mitochondria 
was concentrated in the “mitochondrial fraction” M (Kovacs et al., 2001). Maximum 
myelin concentration determined by myelin basic protein (MBP) antibody in our 
experiments and by proteolipid protein antibody and 2',3'-Cyclic-nucleotide 3'-
phosphodiesterase (CNPase) activity by Kovacs et al. (Kovacs et al., 2001) was 
obtained in the “mitochondrial fraction” M. 
Both fractions L and P were described to obtain some myelin proteolipid protein 
(Kovacs et al., 2001). Even after removal of myelin by the myelin removal gradient, 
fractions were reported to contain still little myelin (Kovacs et al., 2001). Majority of 
myelin was detected in the 0.25M/0.85M sucrose interphase, (Kovacs et al., 2001) but 
even in the final supernatant (FS) some myelin was still detected (Kovacs et al., 2001). 
This distribution pattern coincided with the results presented in this work for adult mice. 
In contrast to the experiments published by Kovacs et al (Kovacs et al., 2001), highest 
peroxisome concentration in our experiments could not be determined in the fractions 
L and its derivate L2 but in P and its derivate P2. While fraction L2 contained 
peroxisomes sedimenting among 5.500 x g and 18.000 x g, fraction P2 contained 
peroxisomes sedimenting among 18.000 x g and 106.401 x g.  
Sedimenting at higher centrifugal force, most peroxisomes of adult mice appear to 
have a lower sedimentation rate than those of mice aged less than 14 days. With the 
sedimentation rate correlating with particle size and weight, this demonstrates that 
adult mice’s peroxisomes appear to be smaller and lighter.  
 
This observation of lighter peroxisomes in differential centrifugation in sucrose 
coincides with the results of the Nycodenz gradient: On the Nycodenz gradient,  
peroxisomes obtained by preparation from adult mice were found at maximum 
densities between 1.154 to 1.173g/ml and were, hence, much lighter than those 
described for infant mice, (1.167-1.2 g/ml) (Kovacs et al., 2001). A 40-fold enrichment 
of peroxisomes (Kovacs et al., 2001) could not be reproduced as enzyme activity of 
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marker enzyme catalase was not strong enough detectable in adult mice brain 
samples.  
In our experiments also peroxisomal markers (PEX14, ACOX1) extended over the 
whole gradient length and exhibited less distinct enrichment than reported in young 
mice (Kovacs et al., 2001).Together these peroxisomal markers indicate that the 
preexisting procedure appears not to be capable to focus peroxisomes. This might 
derive from a higher variability of peroxisomes. 
The observed ACOX signal, which enriched more clearly at the denser fractions of the 
gradient, suggests heterogeneity of peroxisomal protein content, i.e. the presence of 
peroxisomal subpopulations, containing less of beta-oxidation enzymes. A different 
explanation might be a partial disruption of peroxisome membranes during the isolation 
procedure resulting in a dissociation of matrix proteins. As peroxisomal membrane 
protein (PEX14) and non-membrane bound peroxisomal enzymes (i.a. ACOX) were 
not enriched in cytosolic fractions disruption appears implausible. Furthermore, it 
would remain unclear why only peroxisomes from adult mice should be affected, when 
identical frictional forces in homogenisation, centrifugation forces and solutions are 
used (paragraph 3.2.1 and 3.2.2). Additionally, the intentionally produced peroxisomal 
“ghosts” appear to enrich in less dense fractions (paragraph 3.2.8.1). Hence 
peroxisomal subpopulations appear to be more plausible. This hypothesis is supported 
by the results published (Ahlemeyer et al., 2007; Kovacs et al., 2001), which describe 
an alteration is protein expression and hence peroxisomal function during brain 
development. 
 
As peroxisomes in our experiments were less dense than described, the relative 
position to mitochondria was changed in the gradient: While in the results published by 
Kovacs et al peroxisomes were denser than mitochondria (Kovacs et al., 2001), in our 
experiments mitochondria reached equilibrium at slightly higher densities than 
peroxisomes in adult mice. With maxima so close, signals of mitochondria and 
peroxisomes partially overlapped. 
 
Whereas ER signal in our experiments extended over the whole length of the gradient, 
only the lighter half of the gradient was described to contain the majority of the 
immunoreactivity for Grp94 (ER) with decreasing intensity towards the denser fractions 
(Kovacs et al., 2001). 
Synaptosomes, which were not investigated by Kovacs et al (Kovacs et al., 2001), 
enriched clearly towards the top of the gradient and separated well from peroxisomes. 
They might have been a part of the CNPase determined membranes, amongst others 
myelin, which were described to be only abundant in the light parts of the gradient 
(Kovacs et al., 2001).  
While ER and mitochondria were most efficiently separated from peroxisomes in the 
differential centrifugation series, the Nycodenz gradient was better suited to deplete 
peroxisomes from Synaptosomes. 
 
In summary, the procedure published by Kovacs et al. did not achieve an appropriate 
separation of peroxisomes from other organelles in adult mice. The fractions with 
highest peroxisomal content were still contaminated by mitochondria and ER. Only 
synaptosomes could be sufficiently separated from peroxisomes.  
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4.2.2 Differences in physical properties of peroxisomes 

Though peroxisomes could not be sufficiently purified, differences in physical 
properties of peroxisomes were observed.  
Sedimenting at higher centrifugal force, most peroxisomes of adult mice have a lower 
sedimentation rate than those of mice aged less than 14 days. With the sedimentation 
rate correlating with particle size and weight, this demonstrates that adult mice’s 
peroxisomes are smaller and lighter. This is also supported by the peroxisome marker  
maximum on Nycodenz gradient, which is also shifted to less dense fractions than 
described by Kovacs et al (Kovacs et al., 2001).  
The observed lower sedimentation rate in differential centrifugation, which hints at a 
higher peroxisome content of lower size and weight in adult brain might represent 
changes in enzyme content: Catalase positive-peroxisomes are larger than catalase-
negative ones (Holtzman, 1982). A further size difference exists among catalase-
positive neuronal and glial peroxisomes (Holtzman, 1982). As catalase content 
decreases with the end of myelination during adolescence (Ahlemeyer et al., 2007; 
Arnold and Holtzman, 1978; Lazo et al., 1991), relative content in these large 
peroxisomes decreases. With Kovacs et al focus on isolation of peroxisomes at the 
peak of myelination (Kovacs et al., 2001), the leading peroxisomal subpopulation might 
represent peroxisomes in oligodendrocytes containing proteins involved in myelin 
formation. 
 
The observed differences in physical properties hint, that peroxisomes, organelles and 
brain composition differ between juvenile and adult mice. Peroxisomal function seems 
to alter during adolescence and with them peroxisomal protein composition. In 
addition, the abundance of peroxisomes decreases by half during postnatal 
development, also exhibiting prominent differences between distinct brain regions and 
cell types (Ahlemeyer et al., 2007). Whereas peroxisome content decreases in 
neurons, it remains constant in ependyma, epithelial cells of the choroid plexus and 
glial cells (Ahlemeyer et al., 2007). In hippocampal neurons a decrease in neuronal 
peroxisome content could also be observed with aging (Fanelli et al., 2013). With lower 
peroxisome content in the brain of adult mice will therefore lead to higher contamination 
rates in the peroxisome enriched fractions. 
Kovacs et al determined catalase enzyme activities to identify peroxisomal fractions 
(Kovacs et al., 2001). Of note, catalase abundance exhibits a clear age-dependent 
decline, which explain why catalase activities could not be successfully performed in 
adult brain samples in this work. Whereas Kovacs et al. detected significant catalase 
concentrations (Kovacs et al., 2001), catalase could only be detected in samples with 
high protein concentration in our experiments. Signal intensity per protein content is 
extraordinarily low, which hints at a decrease in content of catalase-positive 
peroxisomes or catalase expression. This decrease of catalase-positive peroxisomes 
has been reported for neurons in cerebrum and cerebellum (Arnold and Holtzman, 
1978), oligodendrocytes (Lazo et al., 1991) and white matter in general (Ahlemeyer et 
al., 2007). Two distinct hypotheses address the change in catalase content: Houdou 
et al. suggest a close relationship among myelinogenesis in the developing human 
brain and catalase-positive glia (Houdou et al., 1991), which is supported by the 
decrease of catalase-positive particles in oligodendrozytes with aging (Lazo et al., 
1991).  
The decrease of high levels of catalase at birth and during postnatal brain 
development, are hypothesized to protect the neurons from oxidative injury during birth 
(Ahlemeyer et al., 2007). Ahlemeneyer et al were able to relate the high abundance of 
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peroxisomes and the observed peak of catalase around birth to the course of nerve 
growth factor expression (Ahlemeyer et al., 2007; Nikolaou et al., 2006), which has 
been shown to stabilize the catalase mRNA level in the brain (Sampath and Perez-
Polo, 1997) and to induce peroxisomal proliferation in Hep-G2 cells (Schrader et al., 
1998). 
Other peroxisomal enzymes also alter with aging. Number of ACOX1-positive 
peroxisomes decreases almost ubiquitinously in postnatal murine brain (Ahlemeyer et 
al., 2007). The number of peroxisomes stained with immunofluorescence by 
peroxisomal thiolase decays too apart from ependyma (Ahlemeyer et al., 2007). The 
extent varies among tissue and area in the central nervous system (Ahlemeyer et al., 
2007). 
These observations in PEX14, catalase, ACOX1 and peroxisomal thiolase 
immunofluorescence indicate a decrease of peroxisome content and shift in 
peroxisomal enzyme constitution, which denotes for a functional change. Hence it 
appears plausible, that physical properties, such as mass, size, and density, which 
affect behaviour in centrifugation, alter as well. This explains the shift of the density 
maximum to lighter fractions as well as the differing peroxisomal pattern. The broader 
extent of peroxisomal signal in the gradient, however, might also be explained by the 
change in detected peroxisomal proteins (paragraph 4.2.4).  

4.2.3 Other alteration in aging 

Apart from changes in peroxisomes, the general molecular composition of murine brain 
alters as well. Myelin content, marked by MBP and CNPase of oligodendrocytes, 
increases during postnatal development (Ahlemeyer et al., 2007; Cuzner and Davison, 
1986). Myelin is the major contaminant, which can inhibit organelle separation on 
Nycodenz gradient (Kovacs et al., 2001). Its removal is the major difficulty in brain 
peroxisome purification(Lazo et al., 1991).The phase of myelin and membrane 
production during growth is also reflected by the increased ER content (Silvestre et al., 
2009). The expression of ER markers increases in situations of high proliferation and 
membrane expansion (Silvestre et al., 2009). Raised chaperone expression in 
proliferative situations is thought to reflect protein synthesis for membrane proteins and 
proteins for secretion (Silvestre et al., 2009).  
As response to a lack of need for active membrane biogenesis by the cell, ER shrinks 
by autophagy (Silvestre et al., 2009). In accordance with the decrease, relatively more 
ER membrane marker proteins are present in embryonic brain cells than in adult cells 
(Silvestre et al., 2009). This change, however, only affects abundance, nor size, mass 
or density. As the tubular ER network is also fractionated by homogenisation, particle 
size depends mainly on homogenisation. Though antibody testing results vary, the 
broader distribution pattern in our experiments coincide partly with the enzyme assay 
results by Kovacs et al. (Kovacs et al., 2001). 
Mitochondria are reported to undergo activity-dependent alterations (Williams et al., 
1998). With stimulation via NMDA receptors, close mitochondria alter their shape and 
size (Peng et al., 1998). Other alterations concerning mitochondrial shape and 
abundance have been reported in response to stimulation with glucocorticoids and 
estrogen (Ahmad et al., 2013; Hara et al., 2014; Picard and McEwen, 2014). Age and 
redox state dependent mitochondrial alterations include a shift from tubular to blob or 
donut-shaped form (Ahmad et al., 2013; Hara et al., 2014; Liu and Hajnoczky, 2011; 
Picard and McEwen, 2014). Increase of donut-shaped mitochondria has been reported 
to be associated with decline of working memory (Hara et al., 2014). In summary, adult 
brain mitochondria show a higher variability in morphology than those of infant mice.  
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Hence, the differences in most organelles can be attributed to changes during aging. 
The broader distribution pattern of peroxisomes over almost the whole gradient length 
might more probably derive from the abundance of peroxisomes of different density 
than from the use of a different antibody. 
 

4.2.4 The issue of different antibodies 

Kovacs and coworkers identified peroxisomes by the peroxisomal enzymes catalase, 
acyl-CoA oxidase, sterol carrier protein 2 and HMG-CoA-reductase (Kovacs et al., 
2001). In our experiments, we preferentially used the peroxin PEX14, which is an 
inherent part of peroxisome formation machinery (Grant et al., 2013). Whereas enzyme 
content varies, peroxines are present on all peroxisomes. I.e., catalase and DAAO 
expression are lower in adult than in nascent mice (Ahlemeyer et al., 2007; Holtzman, 
1982). Hence, the intensity of the PEX14 immunofluorescence staining in neurons and 
astrocytes is higher than that of peroxisomal enzymes (Ahlemeyer et al., 2007). With 
PEX14 and additional to peroxisomal enzymes, most peroxisomes are labelled. This 
enables the detection of further peroxisomal subpopulations, for example from Purkinje 
cells, which are neither detectable with catalase nor ACOX or peroxisomal thiolase 
(Ahlemeyer et al., 2007). High signal intensity and ubiquitous abundance make Pex14 
a suitable marker protein for identification of all peroxisomes in the central nervous 
system, especially those in neurons (Ahlemeyer et al., 2007). However, distinguishing 
among peroxisomal subpopulations is not possible with PEX14 labelling. As all 
subpopulations are labelled, the detected signal is a summarized signal and is broader 
than that of an enzyme expressed in a subpopulation. Signal differences observed 
among PEX14 and the peroxisomal enzymes in our experiments affirm this hypothesis. 
However, the alteration in density maximum cannot be fully explained by this effect. A 
more plausible explanation might be an alteration in the peroxisomal subpopulation 
pattern with age as described in fluorescence microscopy studies (Ahlemeyer et al., 
2007).  
The antibodies used for detection of the other organelles vary as well but exhibit less 
significant differences. In both experiments established markers and antibodies were 
used. Mitochondrial markers glutamate dehydrogenase is located on mitochondria and 
nuclei (Lai et al., 1986), whereas ATP-Synthase is solely located in mitochondria (Lee 
et al., 1990).  As nuclei are removed early in the centrifugation, this double expression 
is of minor importance. ER markers Grp94 (Glucose-regulated protein 94) (Marzec et 
al., 2012) and ERP29 (Sargsyan et al., 2002) are both chaperones located in the lumen 
of ER and do not contain trans-membrane domains. With ER being fractionated during 
homogenisation, differences are more likely to derive from this procedure. Hence, the 
main differences in signal pattern of mitochondria and ER appear not to derive from 
the antibodies. As Kovacs et al did not screen for synaptosomes (Kovacs et al., 2001), 
these results could not be compared. 
  



Discussion 

77 

4.2.5 Peroxisome separation from adult mice’s brain tissue 

To overcome the insufficient purification of peroxisomes from adult mice with the 
protocol developed for pups, new protocols were developed investigating each single 
step of the isolation protocol. 
 

4.2.5.1 Homogenisation 

Brain tissue is homogenised mechanically as brain tissue is not sufficiently disrupted 
chemically (Burden, 2008). Containing a complex extracellular matrix, tissue is not 
primarily sensitive to chemicals  (Burden, 2008). Introducing unwanted molecules in 
the lysate and/or denaturing proteins (Burden, 2008), they render them undesirable in 
organelle or protein purification schemes. 
Multiple rounds of mechanical homogenisation allow a better disruption of tissues 
(Burden, 2008; Graham, 2002a), however, the applied shearing forces will as well 
destroy intracellular membrane sounded particles (Graham, 2002a). Furthermore, 
shear forces my cause nuclear rupture and DNA release causing aggregation and loss 
of material into the nuclear pellet (de Araujo et al., 2015). 
Thus, it is required to establish a homogenisation strategy balancing efficient tissue 
dissociation and organelle preservation. In this study, it was demonstrated that in adult 
brain repeated rounds of homogenisation to increase organelle yield is at a high cost 
in peroxisome preservation (figure 16). Hence this procedure was reduced to a single 
homogenisation and a centrifugation with 1000 x g, sufficient to remove nuclei (Sporn 
et al., 1962) and debris. 
 

4.2.5.2 Myelin removal 

With the increase in myelin content (Cuzner and Davison, 1986; Kovacs et al., 2001) 
myelin removal gains utmost importance. As the presence of myelin impairs 
peroxisome (Kovacs et al., 2001) and other organelle isolation (Islinger et al., 2011), 
this step is crucial. The myelin removal gradient described by Cimini et al (Cimini et al., 
1993) and used in further publications (Kovacs et al., 2001) was adapted, to decrease 
the remaining myelin concentration in the subcellular fractions. The alteration in lipid 
composition of myelin with aging starting at day 15-20 in rat brain and the appearance 
of a new dense subfraction of myelin might cause this effect (Cuzner and Davison, 
1986). Starting with day15-20, the dense myelin fraction increase compared to the light 
one (Fujimoto et al., 1976). 
 
As described in literature (Cimini et al., 1993; Kovacs et al., 2001), in our experiments 
myelin enrichment in a fluffy layer floating above at least 700mM sucrose could be 
examined. Organelle markers enriched mainly at denser layers. Fractions above the 
700 mM sucrose layer contained a substantial amount of myelin, but low 
concentrations were still present in denser layers. Variation in density of the lighter 
layer, to which the boarder was formed did not affect the formation of the visible myelin 
layer. This corroborates with the observations in myelin subfractionation, where myelin 
was found in bands at 0.4, 0.5-0.6 and 0.7M sucrose, of which the visible fluffy main 
layer was the one in 0.5-0.6M sucrose (Cuzner and Davison, 1986). Similar 
subpopulations were also described by Cruz et al. (Cruz and Moscarello, 1985). As 
morphological correlate of the different myelin fractions, electron microscopy showed 
that the lighter myelin fractions contained multilamellar, compact myelin, whereas the 
denser fractions contained smaller myelin fragments with fewer lamellae (Cruz and 
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Moscarello, 1985; Fujimoto et al., 1976). To avoid myelin contamination the further 
processed fraction was the 0.9M or denser fraction. 
 
However, some remaining myelin could be still found in the 0.9 M sucrose fraction. In 
summary, the myelin depletion gradient leads to a relative but not absolute reduction 
of myelin in the organelle layers (and pellet) of the gradient. Remaining myelin might 
be associated to the lipid bilayer of other organelles. A further explanation is that during 
homogenisation in sucrose myelin forms distinct subpopulations with different 
composition which enrich at different densities (Cruz and Moscarello, 1985). To further 
decrease myelin content, we repeated the myelin removal step by addition of a 500mM 
sucrose layer on top of the subsequent organelle separation gradient (OSG). Hereby, 
a distribution of myelin to similar densities like in the myelin depletion gradient could 
be detected, which supports the hypothesis that remaining myelin derives from a 
saturation effect in myelin removal gradient. 
 

4.2.5.3 Addressing the issue of peroxisome isolation by differential 
centrifugation 

Tests with differential centrifugation were performed according to the following 
approach: initial myelin removal (Cimini et al., 1993) and several differential 
centrifugation steps were combined with a final density gradient centrifugation. Major 
differences in procedure compared to protocol 1 (Kovacs et al. 2001) were - in addition 
to the change in order of debris and myelin removal - the forces applied in differential 
centrifugation steps. After mitochondria removal, sample was split into a heavy and a 
light peroxisomal fraction, which were purified by further centrifugation.  
 
To reduce the mitochondria concentration by differential centrifugation, centrifugation 
velocity was elevated if compared to protocol 1 (Kovacs et al. 2001). While 
mitochondria could be indeed successfully reduced by these changes, the separation 
of peroxisomes from other organelles was not increased. The low effect on 
synaptosome and ER concentration might derive from the fact, that the observed ER-
particles and synaptosomes are generated by fractionation and resealing of ER- and 
cell-membranes during homogenisation. More promising results for the separation of 
ER and synaptosomes could be observed on continuous gradients after the differential 
centrifugation (paragraph 3.2.6 and 3.2.8), thus, gradient centrifugation seems to be 
advantageous. As a similar purification from mitochondria could also be achieved by 
the organelle separation gradient and as each centrifugation step bears the risk of 
organelles sticking together, a differential centrifugation for mitochondria removal was 
omitted in subsequent protocols. 
 

4.2.6 Density gradient centrifugation in adult mice’s brain peroxisome isolation 
- differences among the gradient media 

As the exact density and sedimentation properties of brain peroxisomes have not been 
determined so far, peroxisome purification was amended by density gradient 
centrifugation. It was carried out after preliminary centrifugation steps to optimize 
peroxisome yield in relation to applicable organelle amounts.  
 
The separation medium-dependent differences in the densities at which organelles 
enrich highlight the important role of the separation medium for organelle purification. 
Percoll, which is also used in organelle separation was not tested because 
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peroxisomes and endoplasmic reticulum band at the same densities and cannot be 
resolved (Graham, 2002b).  
The tested gradient media, sucrose, Nycodenz and Optiprep are the gradient media 
commonly used in density gradient centrifugation (Graham, 2015). The three gradient 
media differ in molecular mass. With a molecular mass of 342.30 g/mol sucrose is by 
far lighter and smaller than Nyodenz (821 g/mol) (Rickwood et al., 1982) and Optiprep 
(1550 g/mol) (Graham, 2015).   
As peroxisomes are osmotically sensitive particles (Antonenkov et al., 2004a), 
osmolarity of medium plays an important role. According to van’t Hoff equation osmotic 
pressure depends on the molar concentration (n/V) of the solution and the absolute 
temperature (T) (Rasouli, 2016). R denotes for the general gas constant 

𝑃 =
𝑛

𝑉
∗ 𝑅 𝑇 

Density of a solution does not affect its molarity, so that solutions of a certain density 
made from molecules of different molecular mass exert a different osmotic pressure 
(Graham, 2015; Manner and Islinger, 2017; Rasouli, 2016):  
Nycodenz has about the 2.4-fold molecular mass of sucrose, Optiprep about the 4.5-
fold. Hence a sucrose solution contains the 2.4-fold number of molecules per litre than 
a Nycodenz solution of the same density. In the case of an Optiprep solution it is even 
the 4.5-fold.  Using van’t Hoff equation, this would result in a 2.4-fold or 4.5-fold osmotic 
pressure, which would be exerted on the organelles. This would result in a higher 
water-flow out of the organelles and a shrinking of those. The shrinking of the 
organelles results in a higher concentration of the solid parts of the organelles and 
hence a gain of weight per volume – a gain of density. According to the medium 
properties organelles are supposed to enrich at higher densities in sucrose solutions 
than in the other solutions.  
The problem going along with the osmotic pressure is osmolysis, to which peroxisomes 
are quite sensitive (Antonenkov et al., 2004a)In order to overcome problems 
concerning osmolysis, as Nycodenz and Optiprep solutions with little density would 
lead to hypoosmolar solutions, 250mM sucrose was added to these solutions 
(Graham, 2015). When buffered with sucrose isoosmolar solutions, optiprep solutions 
remain isoosmolar (Graham, 2015). 
 

4.2.6.1 Sucrose 

Brain peroxisomes, like other organelles, are freely permeable to sucrose  (Gaunt and 
de Duve, 1976). Hence, organelles increasingly take up gradient medium during 
centrifugation and consequently enrich at higher densities than in other media (Ford et 
al., 1982).  Compared to the other gradient media, the highest concentrations of 
sucrose are needed to reach a certain density (Graham, 2015). Hence, sucrose 
solutions have the highest osmolarity and excert highest osmotic pressure (Graham, 
2015). Hypoosmotic solutions causing cells to disrupt were not applied. 
 
In continuous sucrose gradients, the peroxisomal marker PEX 14 enriched at a 
maximum of 1.105g/ml with signal decrease towards the denser fractions of the 
gradient. Mitochondria enriched at 1.151g/ml and 1.165g/ml. Endoplasmic reticulum 
signal peaked at 1.105g/ml but was present form the lightest fractions of the gradient 
and decreased towards the denser fractions. Synaptosomal marker synaptophysin 
exhibited an even distribution. In summary, sucrose gradients were capable to clearly 
separate mitochondria from peroxisomes but failed in separation from ER and 
synaptosomes. 
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Peroxisomes in our experiments hence were by far lighter than the DAAO-positive or 
catalase-positive peroxisomes of newborn mice purified on sucrose gradients, which 
enriched at 1.18g/ml and 1.16g/ml (Gaunt and de Duve, 1976). This coincides with the 
findings of a lower sedimentation rate in differential centrifugation which points to a 
lower peroxisome size and density than that of newborn mice. With the density on 
continuous sucrose gradient corresponding the 0,9M sucrose layer at which 
peroxisomes enrich in OSG and myelin depletion gradient and the presence of 
peroxisomal matrix proteins in these fractions (paragraph 3.2.7.1) the detected signal 
is probable to derive from intact peroxisomes and not from peroxisomal ghosts.  As 
peroxisomes are reported to remain intact at that osmolaritiy (Cimini et al., 1993; 
Kovacs et al., 2001) hyperosmolar damage appears improbable. 
 
The mitochondrial peak observed in this study (1.151g/ml -1.165g/ml. ) coincides with 
former values published for brain tissue of about 1.165g/ml (Whittaker, 1967). This is 
lighter than the equilibrium density in other tissues, for example 1.19-1.21g/ml in 
jejunum  (Ford et al., 1982).  
The broad distribution of synaptophysin corresponds well to the results by Whittaker et 
al, where synaptosomes enriched between 1.11-1.19g/ml (Whittaker, 1967).  
As well, ER is was reported to equilibrate at the broad range of 1.09-1.15g/ml in 
sucrose gradients (Ford et al., 1982). Even though these published densities do not 
derive from brain tissue, the broad distribution of ER, which might derive by the 
fractionation of the ER during homogenisation, could also be observed in our samples 
as well as the relative orientation of mitochondria towards the denser parts of the 
gradient. 
 

4.2.6.2 Optiprep  

In Optiprep gradient, peroxisomes enriched at 1.103-1.107g/ml. Mitochondria enriched 
at the same densities and below, which approximates the reported densities of brain 
mitochondria (1.12g/ml) (Bergemalm et al., 2010). In comparison to organelles isolated 
from rat liver tissue (Graham, 2002b; Islinger et al., 2010; Islinger et al., 2006), 
peroxisomes and mitochondria were both less dense. Synaptosomes predominated in 
the lighter fractions of the gradient but were present throughout it, ER signal only 
slightly differed from peroxisomal signal. While peroxisomes and mitochondria could 
not be separated, it worked well for the separation of synaptosomes from peroxisomes. 
With peroxisomes not osmotically disrupted in Optiprep solutions without major 
osmoles (Antonenkov et al., 2004a) and Optiprep remaining isoosmolar when buffered 
with sucrose isoosmolar solutions (Graham, 2015), osmolar cell damage in our 
experiments is implausible. 
 

4.2.6.3 Nycodenz 

In Nycodenz, the peroxisomal marker PEX14 can be found across a wide density 
range: 1.06-1.14g/ml. 
All these peroxisomal fractions are by far lighter than those achieved by protocol 1, 
which peak between 1.154 to 1.173g/ml or those described by Kovacs et al for nascent 
mice (Kovacs et al., 2001). This difference might derive from the difference in 
sedimentation rate in the preparation of the fractions applied on the gradients. While 
in the tests of gradient media performed after pre-processing with differential 
centrifugation peroxisomes sedimenting between 11.000 x g and  70.000 x g were 
tested, the peroxisomes according to the protocol described by Kovacs et al (Kovacs 
et al., 2001) (protocol 1), peroxisomes sedimenting between 5.500 x g and 18.000 x g 
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were applied. As a higher sedimentation rate equals a higher density and particle size, 
it is plausible, that the peroxisomes, which were pre-processed according to protocol 
1, enrich at higher densities than those derived by protocol 2. 
A similar difference could be observed in mitochondria, which are enriched towards 
the bottom of the gradient. In preparations derived from protocol 2, mitochondria are 
accumulated in fractions denser than 1.11g/ml, in those derived from protocol 1 
mitochondrial marker peaks at densities from 1.167 to 1.193g/ml.  The latter fits well to 
the equilibrium density for jejunal mitochondria (Ford et al., 1982).  
Endoplasmic reticulum tends to accumulate in the lighter fractions of the gradients 
which was also reported by Kovacs et al (Kovacs et al., 2001). 
These findings confirm those from oligodendrocyte culture, where peroxisomes could 
be well separated from ER and mitochondria (Singh et al., 2000). 
Synaptosomes also tended to the less dense fractions at the gradient. 
 

4.2.6.4 Differences among the gradient media due to medium uptake 

Tests exhibited differences in the densities at which the organelles enriched dependent 
on gradient medium: Overall organelle distribution and the distribution of the single 
organelles differ clearly among the gradient media. In sucrose, cellular organelles 
enrich at higher densities than in Optiprep and Nycodenz, and corroborate previous 
publications (Ford et al., 1982) . As the used gradient media do not affect protein weight 
(Ford et al., 1982; Rickwood et al., 1982) , and as isolated proteins, e.g. catalase, 
exhibit far higher equilibrium densities (Ford et al., 1982), the separated organelle 
markers have to be organelle-bound. 
As separation length, centrifugation force and time are kept constant, these 
parameters could not be made responsible for the differential outcome. Frictional 
forces should also play only a minor role in a liquid compound. 
Assuming that the fractions, loaded upon the gradient, are of the same composition, 
the densities of the organelles must be changed in at least one gradient medium. This 
could either happen through medium uptake into the organelles or through interaction 
of the organelle and the medium, e.g. by osmotic pressure. 
Organelles are compartments separated by at least one lipid bilayer from the 
surrounding liquid. Lipid bilayers act as semi-permeable membranes and permit a flow 
of water and the passing of selected small molecules through the lipid membrane. 
Hereby membrane permeability, i.a. membrane pores determine organelle density by 
medium uptake. Sucrose is known to permeate into mitochondria, synaptosomes and 
ER (Sambasivarao and Sitaramam, 1983; Sitaramam and Sarma, 1981). A sucrose 
uptake is also described in peroxisomes (Gaunt and de Duve, 1976).  
Sensitivity to osmosis and osmolarity-dependent density changes are described for 
peroxisomes (Antonenkov et al., 2004a): Peroxisomal membranes permit free diffusion 
for particles up to 300 to 400 Dalton (Rokka et al., 2009), which coincides with the size 
of sucrose molecules. This might explain the observed shift in the gradient as all 
observed organelles seem to be permeable for sucrose. Assuming, that the organelle 
permeability for larger molecules like Nycodenz and Optiprep is more limited, it seems 
plausible, that organelles enrich at lighter positions in these media.  
The second factor influencing organelle densitiy is osmotic pressure and its effect on 
water content and hereby the relative size of the isolated organelles. As shrinking of 
the organelles results in a higher concentration of the solid parts of the organelles and 
hence a gain of weight per volume – a gain of density – differences among the gradient 
media might be explained. 
The observed differences in density might be result of an interplay of these factors. 
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4.2.7 Peroxisome pre-purification using a series of sucrose density-gradients 

Apart from gradient medium, gradient composition, centrifugation and application site 
on the gradient, results of gradient centrifugation are highly affected by the sample pre-
processing. As separation capability of the continuous sucrose gradient could be 
successfully transferred to a step gradient and separation differed most among 
sucrose and Nycodenz medium, a sequence of gradient centrifugations was assessed 
using sucrose step gradients as pre-purification procedure. For the choice of the steps 
pre-existing separations were considered. 
 
Alike described, myelin was first removed to avoid contamination of the sample 
(Kovacs et al., 2001), using an interphase among 700-900mM sucrose and 250-
500mM sucrose. This procedure was stepwise developed from one described by 
Cimini et al (Cimini et al., 1993). On the same gradient, peroxisomes were separated 
from mitochondria and other organelles. 
As described in literature, the majority of synaptosomes enriched along the border of 
0.9 and 1,2M sucrose (Whittaker, 1967) or 0.8M and 1.2M sucrose (Bai and Witzmann, 
2007). Mitochondria enriched at 1.5M sucrose (Whittaker, 1967). Booth and Clarke 
also observed a synaptosome enrichment at less dense fractions than mitochondria in 
sucrose gradients (Booth and Clark, 1978). Peroxisomes were present both in 0.9M 
sucrose layer and the phase below, a 1.1.M interphase above a 2M sucrose cushion. 
Here also most mitochondria enriched. Synaptosomes were also present in both layers 
but with a clear enrichment in the denser layer. 
 

4.3 Peroxisomal subpopulations derived 

With a series of sucrose gradients followed by a Nycodenz gradient different 
peroxisomal fractions – characterized by PEX 14 enrichment - were separated. On 
sucrose step gradient, peroxisomes enriched in 0.9M and 1.1M sucrose solution, of 
which the latter was characterized by catalase maximum. Colocalization of ACOX, 
catalase and PEX14 signal indicates intact peroxisomes. With its density equilibrating 
in 1.1M sucrose solution (1.139g/ml, 1.086M) and at the border 1.2 to 1.3 M sucrose 
solution (1.157g/ml, 1.23M) in subsequent fractionation on step gradient, this fraction 
corresponds to the densest peroxisomes purified in this protocol. These densest 
peroxisomes enriched at similar densities as DAAO-positive or catalase-positive 
peroxisomes of new-born mice purified on sucrose gradients, which enriched at 
1.18g/ml and 1.16g/ml (Gaunt and de Duve, 1976).  
 
Majority of peroxisomes enriched in 900mM sucrose and were hence by far lighter than 
the DAAO-positive or catalase-positive peroxisomes of new-born mice (Gaunt and de 
Duve, 1976). These peroxisomes were further purified on Nycodenz gradients, where 
they enriched at 1.09g/ml and 1.13g/ml and were hence at similar densities as those 
described by Singh et al (Singh et al., 1989). Presence of low levels of ACOX1 though 
not of catalase indicates intact peroxisomes as well as the reproducibility independent 
of step or continuous gradient.   

4.3.1 Assessing for peroxisomal “ghosts” 

As described by Antonenkov et al peroxisomes released their core enzymes and 
formed empty “ghosts” even at isoosmolar solution (Antonenkov et al., 2004a). 
Especially when exposed to hypoosmolar solutions these ghosts were formed 
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(Antonenkov et al., 2004a). To distinguish the fractions, we purified from peroxisomal 
“ghosts” we applied our pre-purified peroxisomes intentionally on hypoosmolar levels 
of Nycodenz. This led to the appearance of a an increased peroxisomal membrane 
protein signal without detection of peroxisomal core enzymes in fractions at 1.05-
1.07g/ml. This supports the hypothesis that the beforementioned peroxisomal fractions 
consisted indeed of intact peroxisomes.  
 

4.3.2 peroxisomal subpopulations 

Apparently the peroxisomal fractions isolated on sucrose density gradient and 
Nycodenz gradient (paragraph 3.2.7 and 3.2.8) differ in protein constitution, which hints 
at different peroxisomal subpopulations. Only in the densest peroxisomes catalase 
could be detected via western blotting. Thus this fraction could be the correlating 
fraction to that isolated in nascent mice (Kovacs et al., 2001). Considering the large 
difference in peroxisomal size described (0,1-0,52µm) (Lazo et al., 1991) and the fact 
that catalase positive peroxisomes are described to be comparatively large (Holtzman, 
1982), this densest fraction might derive from those catalase-positive peroxisomes. 
Considering that this densest fraction could not be purified to a similar extent as in 
nascent mice using protocol 1 (paragraph 4.2.1), this subpopulation might represent 
the peroxisomes in myelination, hence the oligodendrocytes’ peroxisomes. Further 
support is given by the fact that catalase content decreases over time in brain after 
myelin formation (Ahlemeyer et al., 2007; Kovacs et al., 2001). 
Being clearly denser than peroxisomal “ghosts” (paragraph 4.3.1) the other 2 
subpopulations separated on Nycodenz gradient might derive from further peroxisomal 
subpopulations. Apart from a decrease in peroxisome content with age (Ahlemeyer et 
al., 2007; Antonenkov et al., 2004a; Arnold and Holtzman, 1978; Holtzman, 1982; 
Nagase et al., 2004) a decrease of catalase positive peroxisomes has also been 
reported (Ahlemeyer et al., 2007; Houdou et al., 1991; Kovacs et al., 2001) , which 
might highlight less abundant peroxisome subpopulations - apart from the myelin 
components (i.e. squalene) producing peroxisomes - after myelin formation. 
Diversification of brain peroxisomes was also reported in immunofluorescence studies 
(Ahlemeyer et al., 2007; Antonenkov et al., 2004a; Arnold and Holtzman, 1978; 
Holtzman, 1982; Houdou et al., 1991; Nagase et al., 2004). Diversification apparently 
results in differences in peroxisome density, which might explain the spread of 
peroxisomes over different densities, which is supported by the described catalase-
correlated differences of peroxisome size in neurons and glia (Ahlemeyer et al., 2007; 
Arnold and Holtzman, 1978). The change in protein/enzyme content might also explain 
the change in density of peroxisomes. 
The peroxisomal diversification during aging can be seen in the elevated peroxisome 
concentration in fractions with less detectable catalase content, which also could be 
correlated to alterations in overall catalase content during aging 
The hypothesis of the presence of various peroxisomal subpopulations is supported 
by the presence of peroxisomal subpopulations in other tissues (Angermüller and 
Fahimi, 1988; Islinger et al., 2012a; Islinger et al., 2010; Schrader et al., 1994). 
 
In summary, with our isolation procedure in brain peroxisome isolation we are capable 
to isolate different peroxisomal subpopulations. Furthermore, we further assessed the 
physical properties of brain peroxisomes and gave further evidence of the 
osmosensitivity of peroxisomes (Antonenkov et al., 2004a). 
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5 SUMMARY 

This study aimed to provide tools for the investigation of peroxisomes in adult brain 
tissue and in cell culture. 
In cultured cells, we developed a procedure capable to deal with transfected 
peroxisomes and able to perform density-shift-assays. Using this procedure, we were 
able to demonstrate ER-peroxisome interaction mediated through VAPB and ACBD5 
using co-precipitation.  
With our studies on brain peroxisome purification and the developed procedures we 
were capable to differ peroxisomal subpopulations and to assess the density of brain 
peroxisomal “ghosts”. Furthermore, we further assessed the physical properties of 
brain peroxisomes considering the enrichment in different gradient media and gave 
further evidence of the osmosensitivity of peroxisomes. 
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