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Abstract 

Regulation of polyunsaturated fatty acid (PUFA) biosynthesis in proliferating 

and NGF-differentiated PC12 pheochromocytoma cells deficient in n-3 

docosahexaenoic acid (DHA, 22:6n-3) was studied. A dose- and time dependent 

increase in eicosapentaenoic acid (EPA, 20:5n-3), docosapentaenoic acid (DPA, 

22:5n-3) and DHA in phosphatidylethanolamine (EPG) and phosphatidylserine 

(SPG) glycerophospholipids (GPL) via the elongation/desaturation pathway 

following alpha-linolenic acid (ALA, 18:3n-3) supplements was observed.That was 

accompanied by a marked reduction of eicosatrienoic acid (Mead acid, 20:3n-9), 

an index of PUFA deficiency. EPA supplements were similarly converted to 

22:5n-3 and 22:6n-3. On the other hand, supplements of linoleic acid (LA, 

18:2n-6) were not effectively converted into higher n-6 PUFA intermediates 

nor did they impair elongation/desaturation of ALA. A marked decrease in the 

newly syntheSized 22:5n-3 and 22:6n-3 following ALA or EPA supplements was 

observed after nerve growth factor (NGF)-induced differentiation. NGF also 

inhibited the last step in 22:5n-6 formation from LA. 

NGF alters differently the expression of several genes involved in the FA 

metabolism; Elovl5, Elovl2, Fads2 and Ppara genes encoding, respectively, for 

ELOVL5 elongase, ELOVL2 elongase, Delta6 desaturase (D6D) and the nuclear 

transcription factor PPARa. LA up-regulates the expression of the above genes, 

whereas ALA specifically up-regulates the mRNA levels of Fads2 and Elovl5. 
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The results found in this thesis emphasise the importance of overcoming n-3 

PUFA deficiency, and raise the possibility that growth factor regulation of the 

last step in PUFA biosynthesis may constitute an important feature of neuronal 

phenotype acquisition. 
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Chapter 1 

General Introduction 

1 



Chapter l-Generallntroduction 

1 .1 Cell membrane 

1.1.1 Structure 

The accepted membrane model, "the fluid mosaic model", describing the plasma 

membrane structure as a fluid lipid bilayer, was presented in 1972 by Singer 

and Nicolson (Singer and Nicolson, 1972). According to this model, the 

biological membrane is formed by combining two lipidic layers, within which 

various proteins are embedded. These lipidic layers are composed of several 

lipids. Specifically, phospholipids are amphipathic lipids arranged in the bilayer 

with their hydrophobic moieties (fatty acids (FAs)) in the center of the 

. membrane and the hydrophilic head groups point toward the water that 

Surrounds both sides of the bilayer (the extracellular side and the cytosol). 

Membrane proteins can be associated within the lipid bilayer in various ways: 

-Peripheral membrane proteins are bound to only one side of the membrane. 

-Transmembrane proteins span the membrane and interact with the 

hydrophobic tails of the lipid molecules in the interior of the bilayer through 

their hydrophobic regions. Furthermore, the carbohydrates are covalently 

linked to lipids (glycolipids) or proteins (glycoproteins). 

Thus, the membrane is a fluid structure with a "mosaic" of various proteins 

embedded in a lipid bilayer (Figure 1.1). 

2 



! 
8 

Exterior Oligosaccharide Glycoprotein Glycol ipid 

Peripheral proteins 

Chapter l-Generallntroduction 

Peripherel protein 

\ 

L 
Fatty acyl 
tail. 

Hydrophilic polar 
head 

I ~ 

JI 
Figure 1.1 The "mosaic fluid model" (Singer-Nicolson 1972): adopted from 
http ://personal.cicbiomagune.com/ireviakine/cellmembrane.html . 

1.1 .2 Cell membrane functions 

The cell membrane acts as a physical boundary between the internal and the 

external environments of the cell and maintains their respective compositions. 

Moreover, it has two main functions: cellular transport and cellular signalling. 

1.1.2.1 Cellular transport 

The cell membrane consists of a semi-permeable lipid bilayer. As described in 

Section 1.1.1, the membrane is composed of proteins and lipids. Lipids provide 

permeability for the membrane whereas proteins provide selectivity. The 

membrane is permeable to some molecules, depending on their size, polarity and 

charge (Walter and Gutknecht, 1986). The molecules move following a gradient 

concentration (from higher to lower concentrations); this mechanism does not 
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require energy and is called diffusion. Only small non-polar molecules such as 

carbon dioxide and oxygen can diffuse across the cell membrane (Boxerman et 

aI., 1995). All polar molecules such as glucose are transported across the 

membrane by carrier proteins or protein channels (Qutub and Hunt, 2005). This 

process of facilitated diffusion without expending energy is known as 

facilitated transport or passive transport. Here the proteins act as a carrier of 

molecules; they control the entry and exit of molecules in the cell. These 

carrier proteins bind molecules at one side of the membrane, then undergo 

conformational changes and release them on the other side of the membrane 

(Lehnart and Marks, 2007). 

In contrast, larger and polar molecules can be transported against the gradient 

concentration through the membrane by transporter proteins or pumps. This 

mechanism requires an expenditure of energy; it is called active transport 

(Glynn, 1968). Both transporters and pumps present two active sites: one binds 

the molecule to be transported and the other binds a molecule of adenosine 

triphosphate (A TP) that provides energy for the transport (Glynn, 1968). 

Transporters are classified into three types: uniporters, symporters and 

antiporters. Uniporters transport one solute across the membrane. One solute 

is transported simultaneously or sequentially with another in the same direction 

by symporters, or alternatively, in the opposite direction by anti porters 

(Lehnart et aI., 2007). The Na+/K+ pump is a good example of an anti porter; it 

exchanges Na+ (out of the cells) against K+ (into the cells) while expending A TP 
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(Skou, 1965). The mechanism by which solutes are transported across the 

plasma membrane has been the focus of numerous studies, but few of these 

have examined the transport of FAs into cells. 

FAs enter cells through transporters or by diffusion and are transported to 

intracellular compartments. A question under debate is the transport 

mechanism of FAs into all cells and all membranes. Two models of FA transport 

have been proposed. The first mechanism of FA transport across cell 

membranes is protein-mediated (Hui, 1997). Several protein transporters are 

involved in this process, such as plasma membrane fatty acid binding protein 

(FABPpm) (Stremmel, 1985), fatty acid translocase (FAT) (Abumrad, 1993) and 

fatty acid transport protein (FATP) (Schaffer, 1994). Very few studies have 

examined the transport of FAs acrosS the blood brain barrier into brain cells. 

Edmond (2001) proposed a model where lipoproteins from the plasma bind to 

receptors on the luminal surface of the endothelial cell. Then, FAs are released 

from these lipoproteins by lipolysis inside the cell. The second mechanism is the 

diffusion of FAs across cell membranes. FA diffusion has been described in 

several cell types such as adipocytes (Kamp et aI., 2003), HepG2 cells (Guo et al. 

2006), HEK cells (Meshulam et aI., 2006), and myocytes (Wu et aI., 2000). A 

model for FA diffusion into brain cells has been proposed by Halmiton and 

Brunaldi (2007). First, FA-albumin complex binds to the luminal surface of the 

endothelial cell. Second, FAs are ionized and diffuse across the lipid bilayer of 

the blood brain barrier and plasma membrane of neural cells by reversible flip 
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flop. In cytoplasm of endothelial cells and neural cells, FAs diffuse unbound or 

bound to FABP in cytosol. The brain selectively takes up certain FAs such as 

PUFAs (LA, ALA, ARA, EPA or DHA). Whether the brain takes up saturated 

FAs has been the subject of controversy (Noronha, 1990; Freed, 1994; Edmond, 

1998). 

1.1.2.2 Cell signalling 

All cells have protein receptors on their plasma membrane, which receive 

information from their environment. Membrane receptors recognise and 

transmit a variety of extracellular stimuli to the cell. The cell, in turn, responds 

to these external stimuli through a set of intracellular mechanisms (chemical, 

ionic and electrical events), known as cell signalling. Receptors are often large 

oligomeric transmembrane proteins, with two domains: (1) one facing the 

exterior environment, the ligand-binding domain, with high affinity for specific 

substrates, and (2) an effector domain located on the cytosolic side (Massague 

et aI., 1980; Huber et aI., 2004). SpecifiC ligands (substrates) bind to the 

receptor. This event causes conformational changes in the receptor, 

consequently transmitting the signal to the effector domain (Donner and 

Yonkers, 1983). As a result of these conformational changes, the effector site 

is exposed to intracellular signalling proteins or molecules, the signal is 

propagated through the cytoplasm (signalling transduction cascades), and 

physiological responses are elicited (Berg et aI., 2002). Many cellular functions 
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and responses are affected when the membrane lipid composition is altered. 

Receptors are sensitive to the lipid environment within which they interact. 

Modifications in the lipid composition involve conformational changes in the 

receptors (Spector and Yorek, 1985). Lipid rafts and caveolae contain a variety 

of different protein receptors, and are thus considered signal transduction 

centers. 

1.1.3 Rafts and caveolae 

The plasma membranes contain specialized microdomains involved in 

physiological processes associated with the cell surface. These domains are 

ordered regions enriched by the association of certain lipids, cholesterols and 

proteins. They are classified as lipid rafts (Hooper, 1999), which are subdivided 

into the following three types: (Brown and London 2000; Simons and Ikonen 

1997). 

- Outside rafts: sphingomyelin and (glyco) sphingolipid-enriched membranes 

(GEM) that are localized in the exoplasmic leaflet of the plasma membrane 

- Inside rafts: phosphoglycerides such as phosphatidylethanolamine, 

phosphatidylserine or polyphosphoinositol (e.g., PIP2)-rich rafts that are found 

in the cytoplasmic leaflet of plasma membrane glycerolipids 

- Caveolae: sphingolipid-enriched flask-shaped plasma membrane invaginations 

Microdomains are very dynamic; they can form and disperse constantly (Simons 

and Ikonen 1997), allowing lateral and rotational movement of lipids and 
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proteins within the membrane. This biophysical property is attributed to the 

distribution of the asymmetric rafts in the lipid bilayer. In the cytoplasmic 

leaflet, rafts are enriched in phosphoglycerides, which usually contain 

unsaturated acyl chains, whereas in the endoplasmic leaflet the sphingolipids 

contain long, saturated acyl chains (Brown and London, 2000). Because of their 

kinked acyl chains, the unsaturated acyl chains of phosphoglycerides tend to be 

loosely packed with cholesterol molecules and therefore form a liquid­

disordered membrane that enables rapid lateral and rotational lipid movement 

(Edidin, 2003). In contrast, sphingolipids and cholesterol are tightly packed, 

and as a consequence, have very little mobility (liquid-ordered phase). The rigid 

properties in the liquid-ordered phase are attributed to Van der Waals 

interactions between the saturated acyl chains of sphingolipids, the hydrogen 

bonding between neighbouring sphingolipids and the bonding between 

sphingolipid amide and the 3-0H group of cholesterol. Therefore, the 

cholesterol content in the plasma membrane plays an essential role in ensuring 

the stability of rafts. In particular, in neurons, cholesterol stabilizes lipid 

rafts, and depletion of cholesterol/sphingolipid leads to a gradual loss of 

synapses and spines, which is a main characteristic of neurodegenerative 

diseases (Hering et aI., 2003). Ceramides can self-aggregate, resulting in the 

formation of cerami de-based microdomains or rafts (Zhang et aI., 2009). These 

structures play several functions during signal transduction (Grassme et aI., 

2001). Moreover, they play important roles in regulating apoptosis, cell 
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differentiation, transformation and proliferation (Kawamura et aI., 2009; Jana 

et aI., 2010). In addition, specific proteins are attached to lipid rafts such as 

glycosylphosphatidylinositol (GPI) anchored-proteins (Brown and Rose, 1992); 

this emphasises the role of lipid rafts in the participation of signalling 

transduction (Figure 1.2). In contrast, caveolae contain a unique protein, 

caveolin, which exhibits a high affinity for cholesterol (Rothberg et aI., 1992) 

(Figure 1.2). Caveolae playa role both in cell signalling (Li et aI., 1996) and in 

endocytosis and transcytosis events (Parton and Simons, 2007). They are found 

in most cell types, especially endothelial cells, but not in neuronal cells, red 

blood cells, platelets and lymphocytes (Fra et aI., 1995; Gorodinsky and Harris, 

1995). 
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Figure 1.2 Model of the organization lipid rafts and caveolae in the plasma 

membrane: adopted from Simons and Ikonen (1997). 

a) In the exoplasmic leaflet, lipid rafts enriched with sphingomyelin and 
glycosphingolipids (red) contain proteins attached to the leaflet by their acyl tails from 
-glycosylphosphatidylinositol (GPI) anchors (i.e., the Src-family kinase Yes). 

In the cytoplasmic leaflet, lipid rafts are enriched with glycerolipids (green). 

Specific proteins can be attached to the lipid bilayer through their transmembrane 
domains, such as the influenza virus protein haemagglutinin (HA). 

b) Caveolae are formed by self-associating caveolin molecules that form a hairpin loop 
in the membrane. 

1.2 Membrane lipids 

All biological membranes, including organelle sub-cellular membranes, are mostly 

composed of lipids, proteins and some carbohydrates. In addition to acting as a 

permeability barrier for cells and organelles, membrane lipids play an important 

role along with proteins in regulating cellular activities such as cell adhesion, 

motility and signalling. In general, lipids and proteins are found at a ratio of 
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30'Yo and 70'Yo, respectively. As an example of a sub-cellular membrane, the 

mitochondrion outer membrane contains 52'Yo (w/w) proteins, 48'Yo lipids and 2-

4'Yo carbohydrates (Guidotti, 1972). However, these various contents are in 

different proportions according to the cell type and animal species. For 

instance, the red blood cell membrane is composed of approximately 52'Yo (w/w) 

proteins, 40'Yo lipids and 8'Yo carbohydrates (Steck, 1974). Similarly, hepatocyte 

membranes consist of 54% proteins, 36'Yo lipids and 8 'Yo carbohydrates 

(Guidotti, 1972). In contrast, the corresponding proportions in myelin sheaths 

are 20'Yo (w/w), 75% and 5%, respectively (Guidotti, 1972). 

There are three major classes of membrane lipids: phospholipids; sphingo- and 

glycosphingolipids, and cholesterol; the former is the most abundant in the cell 

membrane (Berg et aI., 2002). The proportions of these lipids vary among 

different cell types. The neuron membrane is composed of 41'Yo phospholipids, 

22'Yo cholesterol and 28'Yo glycolipids (Sastry, 1985). The proportions of 

phospholipids, cholesterol and glycolipids in myelin sheaths are 41%, 22'Yo and 

28'Yo, respectively (Bruyn and Garcin, 1969). In comparison, the human 

erythrocyte membrane lipid composition represents 61% phospholipids, 22'Yo 

cholesterol and ll'Yo glycolipids (Keller et aI., 1998). 

1. 2.1 Cholesterol 

Cholesterol is the main non-polar lipid in cell membranes. Structurally, 

cholesterol consists of a steroid ring, a single polar hydroxyl group and a 
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hydrocarbon chain (Figure 1.3). In the membrane, cholesterol is oriented 

between phospholipids molecules with its polar end (hydroxyl group) towards 

the outside surface of the monolayer and with its hydrophobic end projecting 

into the interior of the membrane. Hydrophobic interactions between 

phospholipids and cholesterol contribute to the maintenance of membrane 

fluidity and permeability. In addition, cholesterol is tightly packed, thus 

maintaining membrane microdomains and lipid raft dynamics, and it plays a 

major role in cell signalling (Simons and Ikonen, 1997). Cholesterol has a variety 

of important functions. It is the precursor of steroid hormones (cortisol, 

cortisone and aldosterone), sex hormones (progesterone, estrogen and 

testosterone) and vitamin D (Payne and Hales, 2004). In addition, its hydroxyl 

group can be esterified with a long FA chain, producing cholesterol esters. 

Cholesterol esters are stored in the cytoplasm of the cell and contribute to the 

pool of FAs. 

--..... ,.,. -----------, 
cholesterol 

L_, __ HO __ _ 

Choleste'll Ester 

o 
II 

R-C-O 

Figure 1.3: Cholesterol (a) Cholesteryl ester (b): chemical structures 
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1.2.2 Phospholipids 

Phospholipids (PLs) serve primarily as structural elements of the membrane and 

are formed biosynthetically from four molecular components: 

• a hydrophobic tail containing one or two long chain fatty acids (LCFAs), 

• a phosphoric acid, polar head group bearing a negative charge at neutral 

pH, 

• a complex amino alcohol (ethanolamine, choline, serine or inositol), 

• and a backbone, consisting of glycerol or sphingosine. 

PLs constitute the major class of polar lipids owing to the presence of polar 

head groups. PLs with glycerol backbones are known as 

glycerophospholipids or phosphoglycerides. 

(8) 

Gtyeef"OI -------- Phoephoc:hol,,,. 

Phoepha'e 
~ 

o 
~~-O-CH. 

9 I Ak:ohof 
~e-O-CH (choline' 

Hvdrophobic: , .11 I ? VH., 
H,C - O - r - O - CH. - CH, - N - CH. 

o H. 

Hydroph,lte ~ 

Figure 1.4: Phosphoglyceride chemical structure 

1.2.2.1 Phosphoglycerides 

The glycerol moiety at position I (C-I or sn-1) and 2 (C-2 or sn-2) binds to two 

FAs. In general, at C-l the FA can be saturated (C16 or C18) and at C-2 

unsaturated (C18 to C20), whereas in position 3 (C-3 or sn-3) the glycerol binds 

to phosphoric acid through a phosphate ester bond. The complex amino alcohol 
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is linked to the phosphate group through a second phosphate ester bond (Figure 

1.4). On the basis of the amino alcohol group, phosphoglycerides can be 

classified into choline, ethanolamine, serine and inositol phosphoglycerides. 

Phosphatidic acid 

Phosphatidic acid or 1,2-diacyl-sl1-glycerol-3-phosphate is a PL without an amino 

alcohol group. It is the biosynthetic metabolic precursor of most 

phosphoglycerides and is found in trace amounts under normal circumstances 

(Figure 1.5a). Based on the type of amino alcohol complexes, PLs can be further 

divided into several subclasses. 

CH2-OOCR' 
I 

R"COO-CH 0 
I II 
CH2-0-P - OH 

I 
0 -

H+ phosphatidic acid 

Figure 1 . 5a: Phosphatidic acid chemical structure 

Choline phosphoglyceride (CPG) 

Phosphatidylcholine or 1,2-diacyl-sl1-glycerol-3-phosphorylcholine possesses a 

choline group as its complex amino alcohol group (Figure 1.5b). CPG is usually the 

",ajor PL in the cell plasma membrane and is located on the outer leaflet of the 

cell membrane (Bretscher, 1972; Verkleija et aI., 1973). CPG can be found in 

different proportions, depending on the tissue type. For example, in human grey 

lTIatter, CPG represents 39% of the total GPL content and 48% in human 

14 



Chapter i-General Introduction 

skeletal muscle (Hawthorne and Ansell, 1982). Generally, in animal cells such as 

liver (Wood and Harlow, 1969) and brain grey matter cells (Yabuuchi and 

O'Brien 1968), CPG tends to contain lower proportions of arachidonic acid (ARA) 

and docosahexaenoic acid (DHA) and more of the C18 unsaturated fatty acids 

than does ethanolamine phosphoglyceride (EPG). The polyunsaturated 

components are concentrated in pOSition sn-2 with saturated fatty acids most 

abundant in position sn-l (Wood and Harlow, 1969). 

CH2- 00CR' 
I 

R"COO - CH 0 
I " + 
CH2 - 0 - p - 0- CH2CH2N (CH3h 

I 

0- phosphatidy1ctuline 

Figure 1.5b: Choline phosphoglyceride (CPG) chemical structure 

Ethanolamine PhOSPhOglyceride (EPG) 

Ethanolamine phosphoglyceride or 1,2-diacyl-sn-glycerol-3-

phosphorylethanolamine contains an ethanolamine group as its complex amino 

alcohol group (Figure 1.5c). EPG is the second most abundant phospholipid class 

in animal cells. Although it is found in all living cells, it is particularly abundant 

in nervous tissue such as brain white matter and the spinal cord. EPG is located 

in the internal monolayer of the plasma membrane (Bruce, 1974; Hawthrone and 

Ansell, 1982). In general, it contains higher proportions of ARA and DHA than 

CPG. These PUFAs are mainly linked to pOSition sn-2 whereas saturated FAs 

are most abundant at position sn-l (Wood and Harlow, 1969). 
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Figure 1. 5c: Ethanolamine phosphoglyceride (EPG) chemical structure 

Serine phosphoglyceride (SPG) 

Serine phosphoglyceride or 1,2-diacyl-sn-glycero-3-phospho-L-serine or 

phosphatidylserine contains a serine group as its complex amino alcohol group 

(Figure 1.5d). SPG is the only amino acid-containing phosphoglyceride in animal 

cells. Although it comprises less than 10% of the total phospholipids, the 

greatest concentration appears in myelin found in brain tissue. In animal cells, 

the FA composition of SPG varies from tissue to tissue. In human plasma, 1-

stearoyl-2-oleoyl and 1-stearoyl-2-arachidonoyl species predominate, but in 

brain and many other tissues 1-stearoyl-2-docosahexaenoyl species are very 

abundant (Wood and Harlow, 1969). SPG is located entirely on the inner side of 

the plasma membrane and is involved in cell signalling transduction events such 

as in the protein kinase C pathway (Bolsover et aI., 2003). 

CH2-00CR' 
I 

R"COO-CH 0 NHj 
I II I 

CH2 -O-P -0-CH2CHCOO­
I 
0-

H+ 
Phosphatid'y1set1 ne 

Figure 1.5d: Serine phosphoglyceride (SPG) chemical structure 
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Inositol phosphoglyceride (IPG) 

Inositol phosphoglyceride or 1,2-diacyl-sn-glycero-3-phospho-1-D-myo-inositol 

has an inositol group as its complex amino alcohol group (Figure 1.5e). IPG is 

especially abundant in brain tissue, where it can comprise 10% of the 

phospholipid content. In animal tissues, the characteristic feature is a high 

content of stearic acid and ARA. All the stearic acids are linked to position sn-1 

and all the ARAs are linked to position sn-2. About 7810 of the total lipid may 

consist of a single molecular species sn-1-stearoyl-sn-2-arachidonoyl-glycero­

phoSphorylinositol (Wood and Harlow, 1969; Thompson and MacDonald, 1975; 

1976). 

IPG is located entirely on the inner monolayer of the plasma membrane and is 

involved in cell Signalling. IPG can be hydrolysed by phospholipase C (PLC) into 

two second messengers, namely, inositol 1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG), which are intermediates in the IP3/DAG signalling 

pathway (Fukami et aI., 2010). In addition, IPG is the primary source of the 

arachidonate required for eicosanoid biosynthesis (including prostaglandins) in 

animals (Smith, 1992; Zhou and Nilsson, 2001; Carlson and Levitan, 1990). IPG is 

considered to be an anchor that can link a variety of proteins to the external 

leaflet of the plasma membrane via a glycosyl bridge (glycosyl­

phosphatidylinositol (GPI)-anchored proteins). 
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Figure 1. 5e: Inositol phosphoglyceride (IPG) chemical structure 

Ether lipids 

Ether lipids are lipids in which one of the carbon atoms on the glycerol 

backbone is attached to an alkyl chain by a vinyl ether bond rather than by 

ester linkage. Plasmalogens are a type of ether lipids, they ressemble to 

glycerophospholipids except that the fatty acyl chains at sn-J position of the 

glycerol is attached to the glycerol backbone by a vinyl ether bond (Figure 

1.5f). Three major classes of plasmalogens have been identified: choline, 

ethanolamine and serine plasmalogens. Usually, the highest proportion of the 

plasmalogen form is found in the EPG class, with smaller amounts in CPG, and 

Usually little or none in other phospholipids such as IPG. This is the case in 

brain tissue, and particularly in myelin, where plasmalogens are found in high 

proportion in the EPG class and in lesser amounts in CPG, with little or no 

presence in other glycerophospholipids. In contrast, cardiac tissue plasmalogens 

are found to be enriched in CPG species. 

Another type of ether lipid, platelet-activating factor (PAF) synthesized by 

neurons in injured brain (Lindsberg et aI., 1991), is an active mediator in 
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ischemic brain damage (Nishida et aI., 1996). It is an ether glycerophospholipid 

which has an acetyl group at the sn-2 position instead of a fatty acyl chain. The 

sn-3 position of the glycerol backbone is attached to a phosphocholine head 

group just like CPG. 

CHz-O-CH =CH-R' 
I 

R"COO-CH 0 
I II + 
CHz-O-P-O-CHzCHzNH3 

6-
plasmalogen 

Figure 1. Sf: plasmalogen (pEPG) chemical structure. 

1 .2.2.2 Sphingolipids 

Sphingolipids are composed of a polar head group and two non-polar tails, with a 

long-chain amino alcohol, and a sphingosine backbone instead of glycerol. The 

sphingosine is linked on one side to two FAs through an amide bond and on the 

other side to a phosphate group. The phosphate group can be esterified to a 

hydroxyl group, OH (cerami des; simplest sphingolipid form) (Figure 1.6a), or to 

an ethanolamine, serine or choline group (sphingomyelins) (Figure 1.6b). 

Ceramides can be glycosylated with one or more oligosaccharide residues 

(cerebrosides and gangliosides), so they can be placed in the glycosphingolipid 

family (Figure 1.6c). Cerebrosides are the principal glycosphingolipid in brain 

tissue, and they are found in all nervous tissues, amounting to 2% of the dry 

weight of grey matter and 12% of white matter (Wherret and Cumings, 1963). 
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Sphingomyelins serve asa precursor for ceramides, long-chain bases and 

sphingosine-I-phosphate, as part of the 'sphingomyelin cycle', as well as many 

other important sphingolipids. Sphingomyelins account for about 10CYo of animal 

cellular lipids and are found in particularly large amounts in the myelin sheath 

(O'Brien and Sampson, 1995). Sphingomyelins are localised in the outer leaflet 

of the plasma membrane lipid bilayer (Van Echten-Deckert and Herget, 2006) 

and in particular, in lipid rafts (Ayuyan and Cohen, 2008), where they influence 

cholesterol metabolism/distribution (Slotte and Bierman, 1998). 

In general, all sphingolipids are located on the outer leaflet of the plasma 

membranes and are particularly abundant in neural tissue. 
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Figure 1.6 : Ceramide (a) , sphingomyelin (b) and glycosphingolipid chemical 
structures . 
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1.2.3 Membrane asymmetry and its regulation 

Under normal physiological conditions, cell membrane phospholipids are 

asymmetrically distributed across the bilayer (Bretscher, 1972). As stated 

previously (section 1.2.2.1), CPG and sphingolipids are mainly localised on the 

outer leaflet of the plasma membrane, whereas SPG, EPG and IPG are located in 

the inner layer (Daleke, 2003). Maintenance of the asymmetric structure of 

plasma is regulated through a convoluted balance of transmembrane enzymes: 

flippases (also called aminophospholipid translocase) (Seigneuret and Devaux, 

1984», floppases (P-glycoprotein) (Bevers et aI., 1999) and scramblases (Sahu 

et aI., 2007). Flippases transport aminophospholipids EPG and SPG from the 

plasma membrane's outer leaflet to the inner leaflet, using ATP (cytofacially­

directed, A TP dependent) (Seigneuret and Devaux, 1984; Daleke and Huestis, 

1985). Floppases transport CPG and sphingolipids from the inner to the outer 

leaflet, using ATP (exofacially directed, ATP-dependent) (Bitbol and Devaux, 

1988). Scramblases transport lipids indiscriminately in both directions by an 

A TP-independent calcium mechanism (bi-directional, A TP-independent) (Buton 

et aI., 1996). 

Any change in the healthy cellular state asymmetry plays a critical role in a 

variety of biological processes. A loss of asymmetry in phospholipids is 

associated with many pathological phenomena. For instance, the translocation of 

SPG to the outer leaflet is a marker of cell apoptosis and leads to the 

activation of the phagocytosis by phagocytes (Fadok et aI., 2000). In addition, 
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exposure of EPG to the cell surface is a signal that activates cytokinesis 

(Emoto et aI., 1996). 

1.3 Fatty acid components of plasma membrane phospholipids 

Fatty acids (FAs) constitute the building blocks of two types of lipids: lipid 

storage fats (Triacylglycerols (TAGs)) and structural phospholipids. 

FAs are carboxylic acids with long hydrocarbon chains, whose length varies 

from 4 to 30 carbon atoms. However, commonly the FAs found in plasma 

membrane have 16 to 24 carbons; mostly they have 16 and 18 carbons. This is 

formed by the biosynthesis of FAs, where C2-unities are combined to form 

chains of various lengths. The chemical and biochemical properties such as 

melting point of FAs are mostly dependent upon the chain length of the FAs, 

and the degree of unsaturation (double bond content). The melting point is an 

indicator of the fluidity/rigidity; the higher the melting point is, the greater is 

the rigidity of the structure. 

1.3.1 Fatty acid nomenclature 

Three systems of nomenclature are used for the designation of FAs: the trivial 

name, the systematic name, and the shorthand notation. 

The trivial name is derived from the name of the main source of the FA. For 

example, palmitic acid is a principal constituent from palm oil, and oleic acid is 

obtained mainly from olive oil. 
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The systematic designation follows the rules set by International Union of Pure 

and Applied Chemistry (IUPAC) for the Nomenclature of Organic Compounds. 

The number of carbons is counted from the carboxyl acid end and double bonds 

are annotated following the cis/trans or E/Z notation. 

The shorthand nomenclature consists of the number of carbon atoms, a colon, 

the number of double bonds and their position. The position of the double bond 

is indicated in two different ways. In the ~x representation, ~ indicates the 

double bond, and x gives the position of the double bond counting from the 

carboxyl acid end. Each double bond is preceded by cis and trans. In the n-x, w­

x or omega-x representation, x gives the position of the double bond counting 

from the terminal methyl carbon (designated as nor w) toward the carbonyl 

carbon. 

Depending on the degree of unsaturation, FAs can be either saturated (contain 

no carbon-carbon double bonds in the acyl chain), monounsaturated (one double 

bond) or polyunsaturated (multiple double bonds). 

1.3.2 Saturated fatty acids 

Saturated fatty acids contain no carbon-carbon double bonds (Figure 1.7). 

Saturated components make up 10-4010 of the total fatty acids in most natural 

lipids. Long-chain saturated FAs (12:0 upwards) have relatively high melting 

points owing to the absence of unsaturation. Such saturated FAs also increase 

the rigidity of membranes. In biological systems, the most common saturated 

24 



Chapter l-Generallntroduction 

fatty acids are 16 and 18 carbon fatty acids (palmitic acid C16:0, stearic acid 

C18:0). 

o 

OH 

Figure 1.7: Saturated fatty acid 

1.3.3 AAonounsaturated fatty acids 

Monounsaturated fatty acids are monoenoic components; they contain one 

c~rbon-carbon double bond in their acyl chain. In most animal cell membranes, 

the double bond is of the cis- or z..configuration, although some FAs with 

trans- or €-double bonds are known. The configuration isomerism has an 

important effect on the FA physical and chemical properties. The cis­

configuration results in a non-straight structure and enhances membrane 

fluidity. In contrast, trans-FAs are straight chains with physical properties 

similar to saturated FAs and consequently increase membrane rigidity. In 

animal tissues, Oleic acid, 18:1(n-9), is by far the most abundant monoenoic FA 

(Figure 1.8). It is the biosynthetic precursor of the (n-9) family FAs. 

o 

OH 

Figure 1.8: Monounsaturated fatty acids: Oleic acid, 18:1(n-9) 
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1.3.4 Polyunsaturated fatty acids (PUFAs) 

Polyunsaturated fatty acids (PUFAs) have two or more double bonds. Depending 

on the number of carbon atoms, from the last double bond to the terminal 

methyl group, the PUFAs can be divided into three major families (omega 3, 6 

and 9 or n-3, n-6 and n-9 respectively). The double bonds can be uninterrupted 

(al/enic), conjugated or interrupted by single (one-methylene-interrupted) or 

several methylenes (poly-methylene-interrupted). Allenic FAs are found in some 

plant seeds and in insects (Mikolajczak et a/., 1967; Lie Ken Jie et a/., 2003). 

One-methyl ene-interrupted FAs are found in most animal cells. In contrast, 

poly-methylene-interrupted FAs are found in plants (Berdeaux and Wolff, 

1996) and insects (Christie et a/., 1988). Conjugated FAs are mostly present in 

rumen microorganisms (Bauman et a/., 1999; Wallace et a/., 2007) and therefore 

are found in high amounts in meat and diary products and in individuals who 

consume these kinds of food (Chin et a/., 1992). The presence of several double 

bonds decreases the melting point and confers extremely flexible molecules. 

1.3.4.1 The n-9 FA family 

The family of PUFAs, with a double bond between the C-9 and the C-10 carbon 

from the carboxyl end, are termed omega 9 or n-9 FAs. The precursor for this 

n-9 FA family is Oleic acid, OA, 18:1n-9. OA is the most abundant 

monounsaturated FA in animal tissues; it is synthesised from a saturated FA, 

stearic acid (C18:0) by a ~9 desaturase. ~9 desaturase, also called stearoyl CoA 
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desaturase (SCD), inserts the first cis-double bond between C-9 and C-10 from 

the carboxyl end of the fatty acyl chain (Mahfouz et aI., 1980; Corl et aI., 

2001). OA is first desaturated by a !l6 desaturase (!l6) into 18:2n-9, then 

18:2n-9 is elongated into 20:2n-9, and finally 20:2n-9 is desaturated by a !l5 

desaturase (!l5) into a very important product, named mead acid (20:3n-9). 

Mead acid is a marker of essential fatty acid deficiency; it accumulates under 

conditions of n-6 or n-3 fatty acid deficiency. This unsaturation biosynthetic 

pathway takes place in the endoplasmic reticulum (ER) (Figure 1.10). 

1.3.4.2 The n-3 and n-6 FA family 

The family of PUFAs, with a double bond between the third (C-3) and the 

fourth (C-4) carbon from the methyl end of the acyl chain, are termed omega 3 

or n-3 fatty acids, and those with a double bond between C-6 and C-7 are 

termed omega 6 or n-6 fatty acids. 

The precursor of the n-3 family is alpha-linolenic acid (ALA, 18:3n-3), and the 

n-6 family is linoleic acid (LA, 18:2n-6). LA is synthesised from OA by a !l12 

desaturase, whereas ALA is synthesised from LA by a !l15 desaturase. 

Mammalians' metabolism cannot introduce a C=C-bond beyond C-9 in the FA 

chain, because of the absence of the !l12 and !l15 desaturases. For the same 

reason, the body cannot convert an n-3 to an n-6 FA, or vice-versa. ALA and LA 

are referred to as essential fatty acids (EFA) because they cannot be , 

synthesised in a mammal's body and their absence in the body causes clinical 
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abnormalities (see section 1.3.7). Thus, ALA and LA have to be obtained from 

external sources via the diet. ALA is found in leafy vegetables and certain 

vegetable oils such as flaxseed oil; LA is found in seeds and their oils (Belitz et 

aI., 2004). However, mammals are able to synthesise long-chain polyunsaturated 

fatty acid (LCPUFAs) from these precursor PUFAs. The main LCPUFAs of the 

n-3 family are Eicosapentaenoic acid (EPA, 20:5n-3) and DHA (22:6n-3), 

synthesised from ALA, and ARA (20:4n-6), from the n-6 family, which 

originates from LA. 

Alternatively, EPA and DHA can also be obtained from marine species, such as 

fish (salmon, tuna and trout) and algae, whereas ARA is mostly present in animal 

products, such as red meat and dairy products (Insel et aI., 2012). 
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Alpha-linolenic acid (ALA) 

9 1 2 1 5 

Linoleic acid (LA) 

Eicosapentaenoic acid (EPA) 
<0 

6 3 1 

14 

Docosahexaenoic acid (DHA) 
(., 

7 10 13 16 19 

Arachidonic acid (AA) 

COOH 

CH3 

Figure 1.9: Chemical structures of ALA, LA, DHA, EPA and ARA . 

1.3.5 Biosynthesis of long-chain n-6 and n-3 polyunsaturated fatty acids 

(lCPUFAs) 

According to the pathway elucidated by Sprecher et al. (1986, 1992), the 

synthesis of n-3 and n-6 PUFA occurs in two compartments: the endoplasmic 

reticulum (ER) and the peroxisome. 

ihe n-3 and n-6 PUFA are syntheSised from alpha-linolenic (ALA, 18:3n-3) and 

linoleic (LA, 18:2n-6) acids by a series of elongation and desaturation steps 
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(Hornstra et aI., 1995) which occur in the ER. The final step of this n-6 and n-3 

PUFA pathway takes place in the peroxisomal compartment. 

The n-6 and n-3 families compete for the same enzymes for forming double 

bonds (desaturases) and for lengthening the carbon chain (elongases). 

First, alpha-linolenic (ALA, 18:3n-3) and linoleic (LA, 18:2n-6) are desaturated 

by a il6 desaturase (D6D) enzyme at position 6 from the carboxyl end to form 

18:4n-3 (stearidonic, SA) and 18:3n-6 (gamma linolenic, GLA) FAs, respectively. 

Then, SA and GLA are elongated by ELOVL5 elongase in 20:4n-3 

(eicosatetraenoic) and 20:3n-6 (di-homo-gamma-linolenic, DHGLA), respectively. 

Subsequently, 20:4n-3 and 20:3n-6 are desaturated by the Ll5 desaturase 

enzyme (Ll5D), Ll5D inserts a double bond at position 5 of these FAs to yield 

20:5n-3 (eicosapentaenoic, EPA) and 20:4n-6 (ARA). 20:5n-3 and 20:4n-6 are 

elongated by ELOVL5 or ELOVL2 elongases, which gives rise to 22:5n-3 (n-3 

docosapentaenoic, DPA) and 22:4n-6 (adrenic). Consequently, 22:5n-3 and 

22:4n-6 are elongated by ELOVL2 elongase in 24:5n-3 and 24:4n-6. Then, 

24:5n-3 and 24:4n-6 undergo a second Ll6 desaturation to 24:6n-3 and 24:5n-6 

in ER.The latter two FAs are translocated to the peroxisomes where they 

undergo one cycle of beta-oxidation to form 22:6n-3 (DHA) and 22:5n-6 (n-6 

docosapentaenoic, DPA) (Figure 1.10). This peroxisomal beta-oxidation reaction 

involves 3 enzymes: straight-chain acyl-CoA oxidase (SCOX), dehydrogenase­

bifunctional protein (DBP) and 3-ketoacyl CoA thiolase. Finally, DHA and n-6 

DPA are transported back to the ER for incorporation into phosphoglycerides, 
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whereas an excess of these two products remains in peroxisomes and is 

degraded. The same organelle (peroxisome) is involved in both synthesis and 

degradation. 

Omega-3 
a -linolenic acid 
ALA (18:3'n.3) 

+ ~ 6 deutur.lse 

octadecatetraenoic add 
(18:4n.3) 

+ ~ elonpseS 

Omega-6 
linoleic add 
LA (18:2,n6) 

----11 .. - + ...... .._­
y-linolenic acid 
GLA (18:3n,6) 

----11 .. - + ...... .._-
elcosatetraenolc add dihomo-y-linolenic acid 

(20:4n3) DGLA (20:3'n6) 

6 desatur.lse 

Omega-9 
oleic acid 

OA (18:1'n,9) 

.. + 
octadecadienoic add 

(18:2n,9) 

elonpseS .. + 

+ ~ 5 desatur.lSe .. +.. 5 desatur.lse 

elcosadlenolc add 
(20:2n\9) 

.. + 
elcosapentaenolc acid arachidonic acid 

EPA (20:5'n,3) elonpse2 AA (20:4n.6) 

+ ~ elon~se5 .. + 
docosapentaenofc add docosatetraenofc add 

DPA (22:5n3) (22:4·n6) 

+ ~ elonpse2, .. + 
(24:51n3) (24:4n6) 

+ ~ 6 desatur.lse ..! 
(24:&n3) 

•••••••••••••••••••••••••••••••••••••••••••• + ~ 13·0xldatlon .. + 
docosahexaenolc add docosapentaenolc add 

DHA (22:6'n,3) (22:5'n6) 

elcosatrlenolc add 
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Figure 1.10: Pathway of metabolism and synthesis of omega-3, omega-6, and 
Ornega-9 PUFAs (adapted and modified from Le et aI., 2009). 
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1.3.6 The desaturase process 

The desaturase reaction involves few components: an oxygen molecule, a 

cofactor (NAD(P)H), an electron transport system (cytochrome b5 reductase 

and cytochrome b5 (electron donor)) and a fatty acid desaturase (Enoch et aI., 

1976). Fatty acid desaturases are ER membrane-bound enzymes and use fatty 

acyl-CoAs as substrates. There are two types of desaturases: ~6 (D6D) and ~5 

(D5D) desaturases, which are involved in the metabolism of both the n-6 and n-

3 families and insert a double bond at positions 6 and 5, respectively. Delta 

desaturases are classified as front-end desaturases because they insert a 

double bond at a specific position between a pre-existing double bond and the 

carboxyl (front) end of the acyl chain of LCFAs (Sayanova et aI., 2003). 

These desaturases are regulated by their own substrates (PUFAs) and by 

several transcription factors such as sterol regulatory element binding protein­

lc (SREBP-lc) and peroxisome proliferator activated receptor-a (PPARa). For 

instance, ~6 and ~5 desaturases are inhibited by dietary PUFAs (Cho et aI., 

1999a; Cho et aI., 1999b). In humans, ~6 (Fads2) and ~5 (Fads1) desaturase 

gene expressions are expressed in most tissues but at higher levels in the liver 

(Cho et aI., 1999a; Cho et aI., 1999b). 

1.3.7 Elongation process 

The elongation cycle includes 4 steps: The first step begins with condensation 

by an elongase (ELOVL) of a fatty acyl-CoA to a malonyl-CoA molecule (the 
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donor of two carbon units). The second step consists of a reduction reaction 

where the elongase interacts with 3-keto acyl-CoA reductase. The third step is 

a dehydratation reaction involving a dehydratase. Finally, the fourth step is a 

reduction reaction implicating trans-2, 3-enoyl-CoA reductase. 

Seven fatty acid elongases (ELOVLs) subtypes (ELOVLI-7) have been identified 

in the mouse, rat and human. ELOVL1, ELOVL3, ELOVL6 and ELOVL7 elongate 

saturated and monounsaturated fatty acids. On the other hand, ELOVL2, 

ELOVL4 and ELOVL5 are specific for PUFAs synthesis, whereas ELOVL2 and 

ELOVL5 are involved in n-6 and n-3 PUFA biosynthesis. ELOVL2 uses C20-22 

PUFAs as substrates (ARA, EPA, adrenic and n-3DPA). Substrates of ELOVL5 

consist of 18 and 20 carbons polyunsaturated fatty acyl-coA (18:4n-3, 18:3n-6, 

ARA and EPA) (Figure 1.10). 

Elovll, Elovl5 and Elovl6 gene expression is ubiquitous. Elovl5 gene expression is 

highest in the liver, testis and adrenal glands. However, Elovl2, Elovl3, Elovl4, 

and Elovl7 gene expression is tissue-specific. Elovl2 gene expression is highest 

in the testis and liver and is significant in the kidney, brain, lung and white 

adipose tissue. The Elovl transcript expressions have been shown to be 

regulated by the diet in rat liver (Wang et aI., 2005). Moreover, the Elovl2 and 

Elovl5 expressions are also regulated at the transcriptional level by several 

transcription factors such as sterol regulatory element binding protein-la 

(SREBP-la) and PPARa. 

33 



Chapter l-Generallntroduction 

1.3.8 Essentiality of fatty acids 

In 1929, Burr and Burr discovered the essentiality of two FAs, LA and ALA. 

These FAs were classified as essentials because of their ability to ameliorate 

some classic symptoms of essential fatty acid deficiency, such as dermatitis, 

kidney lesion, infertility, premature death and growth retardation (Burr and 

Burr, 1929). 

Experimental works carried out in rats fed on a fat-free diet showed that the 

rats generated these clinical abnormalities (stated above) and that these 

impairments were reversed by supplementing their diets with LA and ALA (Burr 

and Burr, 1929). Moreover, dietary ALA deficiency has been associated with 

retinal anomalies, but also with alterations in learning and memory 

performances (Bourre et aI., 1989). Feeding rats sunflower oil (low in ALA) led 

to, anomalies in their electroretinogram, behavioural tests, learning and memory 

and resulted in premature death (Bourre et aI., 1989). Okuyama reported 

higher learning ability and retinal function in rats fed perilla oil (53% n-3) 

compared with those fed safflower oil (containing 75~o LA) and also with those 

fed soybean oil (53~o n-6 and 4~o n-3). These general behavioral patterns were 

observed in rats for two generations (Okuyama, 1992). Following an n-3-

deficient diet, rats performed poorer in olfactory-based behavioral tasks and 

Spatial tasks compared with adequately fed animals (Salem et aI., 2001). 

~evertheless, some of the clinical signs of LA and ALA deficiency are due to 

the absence of their respective metabolites. LA is the precursor of the longer 
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chain PUFA ARA, whereas ALA is the precursor of EPA, and DHA. ARA, EPA 

and DHA are present in a" biological membranes. In particular, DHA and ARA 

are especially prominent in neural and retinal tissues (Singh, 2005). These FAs 

are required for proper differentiation and functioning of brain cells (Bourre 

et aI., 1993). Deprivation of ALA in the diet dramatically alters the FA 

Composition of various organs including the brain. ALA deficiency was 

associated with reduced amounts of DHA, which was compensated by an 

increase of n-6DPA in brain cells and organelles of the nervous system: neurons, 

astrocytes, oligodendrocytes, myelin, nerve endings, endoplasmic reticulum and 

retina (Bourre et aI., 1993). Bourre et al. also demonstrated that by switching 

from an n-3-deficient diet to an n-3-containing diet/the speed of recovery 

from these abnormalities is very slow for brain cells compared with other 

organs (Bourre et aI., 1993). Changes in brain membrane PUFA composition are 

directly correlated with changes in cognitive functions. N-3 deficiency 

influences neurotransmitter systems in rats, particularly the dopamine systems 

of the frontal cortex, which is associated with learning ability (Zimmer et aI., 

2000). 

In humans, n-3 FAs playa therapeutic role in neurological disorders; they may 

reduce cognitive decline and the risk of dementia including the Alzheimer type 

(Conquer et aI., 2000). 
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1.4 Lipids and the nervous system 

Nervous tissue has the highest lipid concentration immediately after adipose 

tissue. The dry weight of the adult human brain is composed of 50-60% of 

lipids including 22'Yo of lipids in the cerebral cortex and 24% in the white 

matter, mostly structural lipid in the form of phospholipids (Sastry, 1985). The 

major PLs in the adult rat brain are CPG 35.5'Yo, EPG 34.1 'Yo, SPG 12.2'Yo, SM 

5.7% and IPG 3.1% (Sastry, 1985). The brain is the organ that contains the 

greatest quantities of DHA, an important amount of ARA and very little LA and 

ALA in their glycerophospholipids (Tinoco et aI., 1982; Sastry, 1985). An 

average of one in three FAs in the nervous system is polyunsaturated. In 

humans, DHA is more concentrated in phospholipids from the grey matter 

(cortex) than from the white matter. DHA is highly enriched in neural 

membranes constituting approximately 30-40'Yo of the PLs in the grey matter of 

the cerebral cortex and the photoreceptor cells in the retina (Innis et aI., 1991; 

Lauritzen et aI., 2001). 

The brain is composed of several types of cells: neurons mostly in the grey 

matter (1/4 of the brain weight), glial cells (astrocytes and oligodendrocytes) 

mostly in the white matter and endothelial cells that are associated with the 

cerebral capillaries. Glial cells, mainly astrocytes, play important roles in the 

Support and segregation of neurons, the regulation of neuronal communication, 

neurosecretion, synaptic plasticity and activity modulation. Membrane lipid 
, 

Composition appears in different proportions according to the brain cell type. 
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DHA and ARA are the major LCPUFAs and exhibit great specificity according 

to the structure, as illustrated in Table 1.1. Among subcellular fractions of 

brain tissue, the highest concentrations of DHA are found in the synaptosomal 

plasma membranes (Breckenridge et aI., 1972) and synaptic vesicles 

(Breckenridge et aI., 1973). DHA preferentially accumulates in synaptosomes, 

astrocytes and myelin (Bourre et aI., 1992; Breckenridge et aI., 1973). 

In grey matter, the ARA to DHA ratio is nearly 1:2, whereas the myelin 

fraction has almost a 3:1 ratio. The retina contains a very high level of DHA in 

the rod outer segment of the photoreceptor membrane. The FA compositions 

of the same lipid class from the retina (Anderson, 1970) are similar to those of 

the same class from grey matter of the brain (0' Brien and Sampson, 1965). 

This is consistent with the fact that the retina is derived from grey matter 

(Jampel,1966). 
-. 
S.,.p.eCies Fraction Lipid ARA (% of total FA) DHA (% of total FA) Ref. 
Human Grey matter EPG 13.8 24.3 O'Brien and 

SPG 1.6 36.6 

- CPG 4.1 3.1 Sampson 
Human White matter EPG 6.4 3.4 

SPG 2.0 5.6 (1965) 

- CPG 1.3 0.1 
Human Retina EPG 13.4 22.2 Anderson 

SPG 5.0 18.5 (1970) 
CPG 4.1 4.6 

Rat Synaptosomal EPG 14.6 32.4 Breckenridge 
plasma SPG 2.0 34.1 et al. (1972) 
membrane CPG 4.3 2.7 

IPG 36.9 4.7 
Rat Synaptic EPG 16.7 30.6 Breckenridge 

vesicles SPG 2.8 37.0 et al. (1973) 
CPG 6.0 6.9 

i-- IPG 33.0 2.6 
Rat Neurons TLE 10.3 8.3 Bourre et al. 

.Bat Svnaptosomes TLE 12.2 12.5 

37 



Chapter i-General Introduction 

Rat Oliaodendroqlia TLE 9.3 5.1 (1984) 
Rat Myelin TLE 8.6 1.4 
Rat Astrocytes TLE 10.3 12.1 

Table 1.1 DHA and ARA compositions in different brain lipid classes in selected 
mammalian tissues. ARA and DHA are expressed as the % of total FA content; EPG, 
ethanolamine phosphoglyceride; SPG, serine phosphoglyceride; CPG, choline 
phosphoglyceride; IPG, inositol phosphoglyceride and TLE, total lipid extract from GC 
data. 

Prevalence and role of EPA in brain cells 

In contrast to the predominant n-3 PUFA in brain, DHA; EPA is a relatively 

minor FA in the brain. EPA is found in trace amounts in the cortex (Makrides et 

at, 1994) and it accounts for approximately 0.210 of total FAs in EPG (Philbrick 

et aI., 1987). In the brain, EPA plays a major role as a precursor for the 

biosynthesis of hydroxy FA derivatives known as eicosanoids. In particular, 

Yerram et al. (1989) showed that brain microvessel endothelial cells were able 

to convert EPA to prostaglandin PGE3, PGI3. Several in vitro and in vivo studies 

have shown that EPA supplements have beneficial effects on cell survival 

through the modulation of the neurotrophin receptor expression. EPA has 

protective effects against neurotoxicity-induced by lipopolysaccharide in rat 

hippocampal cells (Lonergan et aI., 2004) and against neurotoxicity-induced by 

staurosporine in SH-SY5Y cells (Kou et aI., 2008). 

1.4.1 Biosynthesis of DHA and ARA in the nervous system 

Accretion of LCPUFAs, especially DHA and ARA, in the brain, takes place 

predominantly during prenatal life and early ageing. LCPUFAs are readily 
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accumulated in the brain during brain development, between the last trimester 

of gestation up to two years of age after birth (Clandinin et aI., 1980; Martinez, 

1992). The developing foetus and the newborn have a limited capability to 

synthesise DHA and ARA and rely mostly on the mother's supply. These two 

PUFAs are maternally supplied to the foetus via the placenta (Crawford et aI., 

1976; Innis, 2005) and to the newborn via maternal milk (Crawford et aI., 1981; 

Innis, 2004). 

During a lifetime, there are several sources of DHA and ARA; they can arise 

through the blood stream and are derived from the diet, from their endogenous 

biosynthesis in the liver (Scott and Bazan, 1989) and partially, from local 

biosynthesis in the brain (Moore et aI., 1991). Work with primary cultures of 

astrocytes and neurons suggested that the main site in the brain for the 

biosynthesis of n-3 and n-6 LCPUFAs is the astrocyte cell (Moore et aI., 1991). 

Neuronal cultures were able to elongate and desaturate ALA (18:3n-3) into 

20:3n-3, 22:5n-3, but only a very small amount of DHA (22:6n-3) was made. In 

contrast, pure cultures of primary astrocytes actively elongated and 

desaturated 18:3n-3 into higher n-3 intermediary metabolites, 20:5n-3, 22:5n-

3 as well as into 22:6n-3. 

Similar patterns were observed for the n-6 PUFA family metabolism. Neuronal 

cultures produced large amounts of 20:2n-6 from LA (18:2n-6) but no ARA 

(20:4n-6), and adrenic acid (n-6DTA, 22:4n-6) was synthesised from direct 
" 
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supplementation with 20:4n-6. In contrast, astrocytes produced 20:2n-6, 

20:3n-6, ARA, n-6DTA and n-6DPA from their n-6 precursor. 

Further studies have suggested that endothelial cells and astrocytes co-

operate in the elongation and desaturation of n-3 and n-6 precursors in the 

brain and in the transfer of their final products, DHA and ARA, to neurons. The 

work of Moore et al. (1990) on cultured murine cerebromicrovascular 

endothelium incubated with n-3 and n-6 precursors showed an 

elongation/desaturation in EPA and ARA, respectively. Astrocytes subsequently 

completed the conversion of EPA to DHA and of ARA to n-6DPA; both 

intermediary metabolites ended up in the neuronal lipid cache. 

In concluding from these in vitro studies on PUFA synthesis, neurons do not 

have the ability to form LCPUFAs from their essential FA precursors. The 

abundance of LCPUFAs (especially ARA and DHA) in neuronal tissue is supplied 

by cerebrovascular endothelium and astrocytes (Moore, 2001). 

1.4.2 Role of LCPUFAs in neural membrane 

Ontogenetic events such as neurogenesis (the generation of nerve cells) and 

synaptogenesis (the formation of synapses) in the developing brain, along with 

nerve regeneration and stem cell differentiation in the mature brain, are all 

biological processes that depend upon essential lipid components as well as on 

highly specific membrane proteins for their proper conclusion (Lauritzen, 2001; 
" 
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Alessandri, 2004). Notable among these essential lipids are the ubiquitous 

LCPUFAs DHA and ARA, which are integral components of neuronal membranes. 

Both of them are presumed to play important roles in providing unique 

membrane biophysical properties supporting cellular signalling including 

regulation of gene expression and generation of cell membrane lipid mediators 

(eicosanoids). DHA, in particular, facilitates neuronal functions and its 

inadequate levels are strongly associated with impaired vision, memory losses 

and learning disabilities. 

1.4.2.1 [)HA and ARA effects on membrane physical properties 

The plasma membrane is assimilated as a dynamic structure, whose physical 

properties are highly dependent on its lipid composition. The organization of 

membranes in microdomains (e.g., rafts and caveolae) and its physical properties 

(e.g., fluidity) are highly dependent on the lipid content and interactions (Day et 

aI., 2009). 

Membrane fluidity is affected by the lipid composition of the membrane, 

specifically, the ratio between cholesterol and unsaturated FAs. Cholesterol 

reduces the membrane fluidity index, and conversely, unsaturation (PUFAs) 

increases it. N-3 and n-6 PUFAs alter the FA unsaturation index and the 

rigidity of the membrane. Dietary PUFAs, in particular, DHA and ARA, when 

incorporated, can alter membrane fluidity. Upon an increase in the DHA and 

ARA or an increase in the overall double bond contents in the membrane, the 
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physical properties including the fluidity of the membranes rise (Stillwell and 

Wassail, 2003). The membrane flexibility differs between DHA and ARA 

because of their different degrees of conformational flexibility in membranes 

(Feller et a/., 2002). 

1.4.2.2 DHA and ARA contributions on neurogenesis 

Both n-3 and n-6 LCPUFAs play crucial roles in neuronal growth and in the 

development of synaptic processes for neuronal cell circuitry. 

In the developing embryonic rat brain, neurogenesis is inhibited or delayed 

(Bertrand et a/., 2006) and migration of immature neuronal cells to their final 

position, where they establish permanent synaptic relationships, is delayed, 

fol/owing maternal n-3 dietary deficiency (Yavin et a/., 2009). PUFAs (ARA and 

DHA) have been shown to be involved in neuronal arborisation, which is the main 

characteristic of neurogenesis and synaptogenesis. N-3 fatty acid deprivation 

during development resulted in marked decreases in neurite growth and 

synaptogenesis (Cao et a/., 2009). 

In vitro studies showed that DHA stimulates neurite outgrowth induced by 

NGF in PC12 cells (Ikemoto et a/., 1997; Dagai et a/., 2009), whereas ARA 

suppresses this process. DHA also promotes neuronal differentiation and 

arborization in hippocampal neurons from rat primary cultures, whereas ARA 

and n-6DPA did not have any effect (Calderon and Kim, 2004). DHA also 
, 

increased spontaneous synaptic activity in mouse hippocampal neurons (Cao et 
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aI., 2009). Tixier-Vidal et a!. (1986) reported that ARA and DHA simultaneously 

permitted the full synaptogenesis of cultured mouse foetal hypothalamic cells. 

ARA and DHA regulate the formation of synaptic vesicles in this system. 

1.4.2.3 DHA influences the size of the neuron 

DHA affects additional neuronal morphological changes. Loss of DHA decreases 

the cell body size of rat hippocampus neurons (Ahmad et aI., 2002a), and 

neurons in the hippocampus of the human DHA-deficient brain had significantly 

smaller cell bodies (Ahmad et a!., 2002b). Thus, a DHA deficiency in the brain 

indUces a reduction in neuron size. 

Dietary DHA defiCiency decreases the NGF content in the rat hippocampus 

neurons, so consequently, DHA promotes NGF expression in the brain (Ikemoto 

et aI., 2000). 

1.4.2.4 DHA interaction with membrane proteins and its involvement in 

signalling transduction cascades 

Enrichment of membranes with PUFAs, in particular DHA, affects the 

lTIembrane's biophysical properties, and subsequently the membrane receptors' 

Organization and protein functions. 

DHA may interact in specific sites of membrane proteins where it modulates 

the activity of channel and transport proteins. 

USing patch clamp techniques, Poling et a!. (1995, 1996) demonstrated that 

lTIembrane DHA modulates the activity of certain ionic channels such as 
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voltage-gated K+ channels by interacting with the external domain of the K+ 

channel. DHA also modulates Na+ / K+ -A TPase (Huang et aI., 1986), which are the 

neurotransmitter and amino acid transporters (Poling et aI., 1995). DHA 

promotes optimal function of G-proteins coupled receptor families (GPCRs) in 

neuronal and retinal tissues such as rhodopsin (Litman et aI., 2001). GPCRs are 

Usually found in membranes rich in PUFAs, specifically in DHA-rich domains 

(Brown, 1994). Absorption of light leads to the formation of a photoactivated 

rhodopsin meta-II state (MIl) in equilibrium with an inactive rhodopsin meta-I 

state (MI). The conformational transition from a non-active to active rhodopsin 

(MI-MII equilibrium) is thought to be favored by lipids with DHA chains 

(Mitchell et aI., 2003). 

Studies carried out with Nuclear Magnetic Resonance (NMR) revealed that the 

DHA-acyl chains bind to rhodopsin (Soubias et aI., 2006) to stabilize it and 

enhance its kinetics (Grossfield et aI., 2006). 

DHA can alter the activity of ce"ular enzymes. It has been shown to enhance 

the diacylglycerol-dependent activation of protein kinase C (PKC) when it is 

incorporated into EPG rather than CPG (Chen and Murakami, 1994; Giorgione et 

aI., 1995). Furthermore, PKC plays a role in neural differentiation and plasticity. 

Activation of PKC enhances neurite outgrowth in several cell lines such as PC12 

cells and in primary neurons (Hundle et aI., 1995). DHA also plays a role in the 

phosphatidylinositol-3 kinase/ Akt (PIK3/ Akt) signalling cascades involved in 
" 

neuronal survival (Akbar et aI., 2005). DHA promotes the PIK3/ Akt pathway, 
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which is involved in preventing apoptotic cell death induced by staurosporine in 

Neuro 2A cells (Akbar et aI., 2002). 

1.4.2.5 N-3 and n-6 PUFAs modulate gene expression 

N-3 and n-6 PUFAs were reported to act as regulators of gene expression 

(Deckelbaum et aI., 2006). 

FAs are delivered to cells either as lipoprotein complexes or as non-esterified 

FAs (NEFAs). Non-esterified FAs enter cells through transporters or by 

diffUSion and are transported to intracellular compartments for metabolism, or 

to the nucleus, where they interact with transcription factors (Bordoni et aI., 

2006). PUFAs, in particular, DHA and ARA, physically bind and activate nuclear 

transcription factors; thereafter, the complex of PUFA-transcription factors 

binds Cis-regulatory elements of target genes and regulates their gene 

expresSion. FAs have been shown to up-regulate or down-regulate the 

transcription of genes by altering the rate of gene transcription (Jump et aI., 

1993; Landschulz et aI., 1994; Tang et aI., 2003) or the transcripts' stability 

(Sessler et aI., 1996). Several transcription factors interacting with PUFAs 

have been identified. 

The first family of nuclear transcription factors are the peroxisome 

proliferator activated receptors (PPARs), which consist of four isoforms: 

PPARs, PPARa, PPAR ~/o and PPAR v. The PPARs are activated by unsaturated 

PUFAs (ALA, LA and ARA; Kliewer et al.; Krey et aI., 1997) and by eicosanoids 
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(Yu et aI., 1995), often at micromolar concentrations (Gottlicher et aI., 1992). 

Upon activation with a specific ligand, the PPARs heterodimerize with the 

retinoid X receptor (RXR), which itself, is itself activated by 9-cis retinoic acid 

(Bardot et aI., 1993; Desvergne and Wahli, 1999). Also, DHA (Fan et aI., 2003; 

Lengqvistet aI., 2004), n-6DPA and ARA (Lengqvist et aI., 2004) have been 

shown to, bind with a low affinity and activate RXR. The activated PPAR-RXR 

complex binds to specific DNA sequences (here, peroxisome proliferators 

response elements (PPREs» on target genes. A number of genes that respond to 

PPAR activation have been reported: genes involved in fl-oxidation, such as 

carnitine palmitoyltransferase I (Brandt et aI., 1998),.and genes involved in lipid 

metabolism, such as acyl-CoA synthetase (Schoonjans et aI., 1995), and the FA 

transporter protein (FATP) (Frohnert et aI., 1999). 

In addition to PPARs, another family of nuclear receptors that has been shown 

to be activated by PUFAs are the liver X receptors (LXR). In vitro studies have 

shown that PUFAs can bind LXRa, and inhibit the LXRa activity in hepatoma (Ou 

et aI., 2001) and in HEK 293 cells (Yoshikawa et aI., 2002). However, further 

research is needed to clarify whether PUFAs playa role in modulating LXRa 

activity in vivo (Jump et aI., 2005). 

LXRs regulate those genes involved in FA and cholesterol metabolism (Repa et 

al.,2000), including SREBP-lc, lipoprotein lipase, fatty acid synthase (FAS), 

acetyl CoA carboxylase (ACC), and stearyl CoA desaturase-1 (SCD1). The 

activated Iigand-LXRa complex binds a DNA sequence (LXRE) located in the 
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promoter of sterol regulatory element binding protein-lc (SREBP-lc). SREBP-lc 

is the predominant SREBP isoform in human and rodent livers. SREBP-lc 

transcription is suppressed by PUFAs as a result of their ability to inhibit LXRa 

activity (as stated before) (Kim et aI., 1999). Consequently, transcription of 

SREBP-lc target genes containing a sterol response element (SREs) is 

decreased. SREBP-lc plays a central role in co'ntrolling the transcription of 

genes involved in FA and triglyceride synthesis (Brown and Goldstein, 1977) 

such as ACC, FAS, glycerol phosphate acyl transferase and SCD1. 

1.4.2.6 Second messenger derivatives of n-3 and n-6 metabolites 

In response to extracellular stimuli (such as stress, endotoxins, hormones, and 

cytokines), cells are able to generate second messenger derivatives of n-3 and 

n-6 metabolites (Zucali et aI., 1986; Fu, 1990). Initially, arachidonoyl and 

docosahexaenoyl chains are released from the membrane choline 

glycerophospholipids via the action of phospholipase A; (PLA2) (Clark et aI., 

1990) or from the membrane phosphatidylinositol-4,5-biphosphate via the 

actions of phospholipase C (PLC) and a diacylglycerol lipase (DAG) (Bell et aI., 

1979). Then, two families of enzymes, namely, cyclooxygenase (COX; COXI and 

COX2) (Seibert et aI., 1995) and lipoxygenase (LOX; 5-LOX, 12-LOX or 15-

LOX) (Izumi et aI., 1991; Jakobson et aI., 1992), catalyze the FA oxygenation 

(Tassoni et aI., 2008). FAs are metabolised into a variety of oxygenated 

derivatives known as eicosanoids (prostaglandins (PGs), thromboxanes (TXs), 
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leukotrienes (L Ts), hydroperoxyeicosatetraenoic (HPETEs), 

hydroxyeicosatetraenoic (HETEs), hydroxyeicosapentaenoic acids (HEPEs) and 

lipoxins (LXs» (Figure 1.11). COX catalyzes the biosynthesis of PGs and TXs, 

while LOX produces L Ts, HPETEs, HETEs, HEPEs and LXs (Schmitz and Ecker, 

2008). Oxygenation of ARA gives origin to 2-PGs, 2-TXs, 5-HETEs, 5- HPETEs, 

and 4-L Ts; DHGLA to 1-PGs; whilst EPA leads to the production of 3- PGs, TXs, 

5-LTs, and HEPEs (Schmitz and Ecker, 2008). In addition, via the sequential 

action of 5-LOX, EPA generates the E-series of resolvins, whilst DHA is "the 

precursor of docosanoids (hydroxy-DHA (HDHAs), neuroprotectins and D­

series resolvins) (Kohli and Levy, 2009). Eicosanoids are biosynthesized by 

several different cell types. For instance, leukotrienes are mainly synthesized 

by immune cells such as leukocytes, macrophages, and mast cells (Funk, 2001). 

The eicosanoids are biologically active substances affecting every tissue of the 

body. They are involved in a wide range of functions, such as mediation of 

allergic and inflammatory reactions (pro-inflammatory); renal function, as well 

as vaso- and broncho-constriction (Allen, I. C. et aI., 2006; Yu et aI., 2009; Xu 

et a/., 2010). The docosanoids are a potent group of anti-inflammatory and 

neuroprotectants found in brain tissue under stress conditions (Mukherjee et 

a/., 2004; Bazan, 2005). Most recently, DHA has been found to serve as a 

precursor of docosanoids that include neuroprotectins, docosatrienes, resolvins 

of the D series (resolvin D1 or RvD1) (Serhan, 2005), a potent group of anti­

inflammatory, anti-apoptotic and neuroprotective compounds. 

48 



Chapter l -Generallntroduction 

Under certain stress conditions, two DHA-oxygenation pathways give rise to 

two DHA-derived messengers: On the one hand, to lO,17S-docosatriene 

(neuroprotectin Dl , NPDl), and on the other hand, to the synthesis of resolvin-

type messengers (17R-series resolvins, 17R-DHA) (Marchese"i et aI., 2003). 

NPDl has been shown to possess some protective actions in neural and retinal 

systems under several stress conditions. NPDl protects human retinal pigment 

epithelial cells (RPE) against cell injury-induced oxidative stress (Bazan 2005; 

Mukherjee, 2004), and human brain cells during brain ischemic stroke, 

presumably by augmenting neuroprotective signalling cascades (Marchese"i, 

2003). A beneficial role of NPDl in Alzheimer's disease has been also recently 

indicated (Bazan, 2009). Experimental studies with human brain cells, exposed 

to amyloid beta-42 peptide (A~-42), have shown that NPDl down-regulates pro-

inflammatory events and induces anti-apoptotic and neuroprotective gene 

expresSion that represses A~-42-induced neurotoxicity. To conclude, NPDl 

promotes cell survival during adverse events such as stroke, neurotrauma and 

neurodegenerative diseases. 
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Figure 1.11: Eicosanoids synthesis pathway from ARA, EPA and DHA (adapted and 
~odified from http://www.gustrength.com/health:omega-3-fatty-acids-and­
Inflammation). 

1.5 PC 12 cells as a model in neurobiology 

In order to study brain lipid dynamics in health and disease, several animal 

model systems have been employed over the past decades. From the point of 

view of the reductionist, an in vitro cell culture system using pure brain cell 

Populations would be advantageous over a structure, an organ or an entire· 

anima/. The advantages of using in vitro cultured cells are financial and ethical 

(public opposition of animal experiments). Cell lines are easy to acquire; a large 

selection of cell types (i.e. different species, tissues) can now be purchased 

from several companies. Cells are easy to culture under controlled 

physiochemical (e.g., temperature, and C02 and pH), and physiological (e.g., 

growth medium and nutrients) conditions. Their doubling time is usually rapid, 

providing a confluent culture in a short period of time. However, these artificial 

systems do not represent the complexity of an entire organism or a tissue 
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(Freshney, 2010). Over the years, many cells resembling neurons, astrocytes, 

oligodendrocytes and microglia have been adapted for short-lived growth 

(primary) or perpetual growth (transformed). For many years, the PC12 cell line 

has been considered a suitable model for studying the molecular mechanisms 

underlying both neuronal differentiation and survival, owing to their ability to 

differentiate into sympathetic-like neurons and to extend neurite outgrowth 

(Gollapudi and Oblinger 1999a, b). The PC12 cell line, established in 1976 

(Greene and Tischler, 1976), is a clonal cell line derived from 

Pheochromocytoma cells of the rat adrenal medulla. Pheochromocytoma cells 

Were first described in the 1970s, when Warren and Chute as well as others 

reported the in vitro induction and partial characterisation of a transplantable 

rat pheochromocytoma, which expressed differentiated properties similar to 

adrenal chromaffin cells (Warren and Chute, 1972; Delellis et aI., 1973). 

An earlier report showed that tumour-derived chromaffin cells extend long, 

branching neuronal-like phenotypes after treatment witli nerve growth factor 

(NGF) protein (Greene and Tischler, 1976). Like chromaffin cells, PC12 cells 

also differentiate into a neuronal-like phenotype upon treatment with NGF, 

including synthesis and storage of dopamine (Westerink and Ewing, 2008). 

Furthermore, the PC12 cell line was considered a suitable model for exploring 

the nervous system, since it permits rapid studies of the cellular and molecular 

mechanisms present in neuronal cells, which can then be confirmed using 

cultUred primary neurons. 
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PC12 cells have been extensively employed in neurobiology and neurochemical 

investigations (such as the role of growth factors associated with receptor 

activation and down-stream events), in cellular physiology and in the 

pathological mechanisms governing stress and cell death. 

Use of PC12 cells in cellular physiology: Calcium (Ca2+) signals 

Ca
2

+ transport in undifferentiated and differentiated PC12 cells displays 

properties similar to the Ca2
+ transport of sympathetic neurons (Duman ef aI., 

2008). Therefore, PC12 cells serve as a useful tool to investigate the cellular 

phYSiology associated with the synaptic activity. Early work conducted in PC12 

cells by Jia et al. (1999) illustrated the effect of neurotrophins on calcium 

uptake. NGF treatment of PC12 cells increased the calcium currents, as 

recorded by patch clamp techniques. Another study carried out in PC12 cells by 

Ghosh and coworkers (1994) suggested that Ca2
+ can regulate gene expression 

(e.g., through the calcium response element (CaRE» by multiple Signalling 

pathways. Agell et al. (2002) showed that Ca2
+ can modulate the survival of PC12 

cells through the Ras/Raf/mitogen-activated protein kinase kinase 

lextracellular Signal-regulated kinase (Ras/Raf/MEKlERK) pathway. Stimulation 

with neurotrophins or growth factors (as described next), increases 

intracellular Ca2 +, which greatly activates the Ras/Raf/MEKlERK pathway 

associated with cell survival. 
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Use of PC12 cells in cell death studies 

Differentiated PC12 cells, as a model for neural cells, have many applications in 

human neurodegenerative diseases such as Alzheimer's disease (AD) (el-Agnaf 

and Irvine, 2002). AD is characterised by deposits of amyloid beta-peptide 

(A~) in the brain or amyloidogenesis. Amyloidogenesis is caused by a non-A~ 

component (NAC) and A~ peptides. PC12 cells have been used to investigate the 

neUrotoxicity of peptides related to AD. It has been shown that PC12 cells are 

particularly sensitive to NAC and A~ peptides (Bodies et aI., 2001). Some of the 

mechanisms involved in neurotoxic cell death have been investigated. One early 

response to A~, studied in PC12 cells, is the inhibition of cellular redox 

activities and cell death (Shearman et aI., 1994). A recent report showed that 

PC12 cells, transfected with a mutated amyloid precursor protein (app) gene, 

became more sensitive to apoptosis induced by reduction of trophic factors, 

such as serum reduction (Leutz et aI., 2002). 

Moreover, treatment of PC12 cells with NGF, neurotrophins or cytokines 

stimulated APP expression in all constructs (Ge and Lahiri, 2002), suggesting 

that different growth factors up-regulate the expression of the app gene. 

1.5.1 Proliferation and differentiation of PC12 cells 

Under regular culture conditions, PC12 cells grow, divide and possess properties 

analogous to those of immature rat adrenal chromaffin cells. After exposure to 

peptide growth factors such as nerve growth factor (NGF) and to a lesser 
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extent to acidic fibroblast growth factor (aFGF), or basic fibroblast growth 

factor (bFGF), PC12 cells cease to replicate, extend long nerve-like processes 

and express a number of markers reminiscent of differentiated neurons 

(Togari et aI., 1983; Wagner and D'Amore, 1986; Rydel and Greene, 1987). PC12 

cells have also been exposed to retinoic acid (RA). RA did not induce any 

morphological differentiation (manifested by the lack of neurites) but like 

neurotrophins, affected cell proliferation and induced several neural gene 

transcripts (Cosgaya et aI., 1996, 1998; Matsuoka et aI., 1989). Similar to 

sympathetic neurons, PC12 cells exposed to NGF could generate action 

potentials (Dichter et aI., 1977; Green and Tischler, 1.976) and have been useful 

in elucidating the mode of action of NGF in particular, and other growth 

factors in general (Fujita et aI., 1989). 

1.5.2 NSF and neurotrophin effects on PC12 cells 

The nerve growth factor belongs to a large family of growth factors, known as 

the neurotrophin family. The neurotrophin family comprises five members: 

NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), 

neurotrophin-4 (NT-4) and neurotrophin-5 (NT-5). The neurotrophic factors 

act on neurons of either the peripheral or central nervous systems by inducing 

neurite growth and specific genes related to neural differentiation. These 

neurotrophic substances are also involved in cell survival. 
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NGF signalling pathway mechanism 

NGF binds to specific cell surface receptors, after which it initiates a variety 

of cellular responses involving a number of signal-transducing proteins that 

undergo activation by phosphorylation. Interestingly, NGF has the ability to 

activate two different receptors that stimulate neuronal cell survival and 

differentiation. NGF and neurotrophins (BDNF, NT-3, and NT-4/5) bind with 

low affinity to Low-Affinity Nerve Growth Factor Receptor (LNGFR) or a 

member of the tumour necrosis factor receptor 1 (p75), which is widely 

distributed on both neuronal and non-neuronal cells. NGF and neurotrophins 

(NT-3, NT-4/5) bind with high affinity to a tyrosine kinase receptor (TrkA). 

These receptors are often present on the same neuronal cell and can generate 

synergic or antagonist effects on neurons when challenged with various 

neurotrophins. Activation of TrkA by NGF mediates the differentiation and 

Survival of neurons, whereas activation of p75 by NGF mediates neuronal 

apoptotic cell death. The fate of the neuron depends o'n the ratio of p75 to 

TrkA receptors present on the cell (Davies et aI., 1993; Barrett and Bartlett, 

1994; Lee et aI., 1994). 

Activation of TrkA receptors by NGF induces the phosphorylation of 

downstream signalling molecules via a Ras-dependent pathway leading to 

activation of the ERK or of the mitogen-activated protein kinases (MAPK) 

(Kaplan and Stephens, 1994; Greene and Kaplan, 1995) and also via other 

enzymes, such as PI-3K (Yao and Cooper, 1995). The phosphorylated MAPK is 
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then translocated in the nucleus where MAPK activates specific transcription 

factors that consequently induce the expression of specific genes involved in 

differentiation and survival (Figure 1.12). 
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Figure 1.12: NGF signalling pathways in PC12 cells and neurons (adapted from 
Niewiadomska et 01., 2011). 

Molecular signalling pathways involved in PC12 cell differentiation and survival 

have been extensively studied in vitro. For instance, the Ras/Raf Imitogen-

activated protein kinase kinase (MEK)I ERK pathway controls apoptosis, 

proliferation or differentiation in many cell types including PC12 cells. High 

activation of the Ras/Raf/MEKlERK pathway is associated with neuronal and 
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PC12 cell differentiation (Vaudry et aI., 2002). In contrast, low activation of 

this pathway is associated with cell proliferation (Agell et aI., 2002; Vaudry et 

01.,2002). 

1.6 Overview and aims 

1.6.1 Overview 

PC12, a neuroendocrine cell line derived from a rat pheochromocytoma that can 

undergo differentiation by NGF into neuronal-like cells, has been widely used in 

neurobiology to mimic neuronal characteristics and has been instrumental in 

enhancing our understanding of several molecular mechanisms specific to nerve 

cells. 

Most of the studies using PC12 cells as a model for neurons have not 

investigated their cell membrane phospholipid FA composition before and after 

NGF-differentiation and have not examined their endogenous PUFA 

biosynthetic pathway and the relative effect of > NGF-differentiation. 

Moreover, regulation of PUFA biosynthesis in neural cells by neural growth 

factors and dietary FAs has, to our knowledge, never been studied before and 

it is of major importance in understanding the features of neuronal phenotype 

acquisition. 
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1.6.2 Aims 

The specific aims of this research programme are as follows: 

1. Profiling PUFA and other FA compositions found in EPG, CPG and SPG PLs 

before and after PC12 cell differentiation. 

2. Profiling PUFA and other FA content of EPG, CPG and SPG PLs in PC12 cells 

before and following essential fatty acid precursors (i.e., LA and ALA) as well 

as other long-chain n-3 and n-6 family supplementations. 

3. Examining the kinetics of the PUFA elongation/desaturation pathway in 

producing endogenous intermediates under competitive and non-competitive 

conditions. 

4. Examining the kinetics of the PUFA elongation/desaturation pathway in 

producing endogenous intermediates before and after differentiation with 

NGF. 

5, Examining the expression of several gene transcripts associated with the 

PUFA elongation/desaturation pathway after NGF and FA supplements. 
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2.1 Technical devices 

Please refer to Appendix 1. 

2.2 Materials 

2.2.1 Chemicals 

Please refer to Appendix 2. 

2.2.2 Buffers 

2.2.2.1 50X TAE 

242 g Tris hydroxymethylaminoethane 
57.1 ml Glacial Acetic Acid 

Chapter 2-Materials and Methods 

100 ml 0.5 M Ethylenediamine tetraacetic acid (EDTA) 
Bring final volume to 1 L with ddHzO 

2.2.2.2 0.5 M EDTA 

146.125 g EDTA 
1000 ml ddHzO 

Add 10 M Sodium hydroxide (NaOH), until the pH reaches 8. 

2.2.2.3 1X TAE 

20 ml from 50X TAE 
980 ml ddHzO 

2.2.2.4 Agarose 1% 

19 Agarose 
100 ml IX TAE 

2.5 JJI of ethidium bromide (EtBr) 

2.2.2.5 6X DNA/RNA loading buffer 

30'Yo Glycerol 
lXTAE 

Bromophenol blue 

60 



2.2.2.6 1X loading buffer 

6X loading buffer 
IX TAE 

2.3 Cell culture 

Chapter 2-Materials and Methods 

All experiments were carried out with a rat adrenal pheochromocytoma cell 

line, PC12 cells. The PC12 cell line was obtained from Dr G Guroff, NIH who 

sUb-cloned it from the original cell line generated by Dr D Schubert (Salk 

Institute, San Diego). 

2.3.1 Cell growth medium 

The growth medium consists of Du/becco's Modified Eagle's Medium (DMEM, 

Sigma-Aldrich) supplemented with 2 mM L-glutamine (Gin, PAA), 100 units/tIg 

penicillin/streptomycin (Pen/Str, PAA), 10'Yo horse serum (HS, Sigma-Aldrich), 

and 5'Yo foetal bovine serum (FBS, PAA) and stored at 4°C as detailled by 

Schonfeld et aI., 2007. 

2.3.2 Maintaining cell lines 

PC12 cells were seeded in 25 cm2 flasks (Nunc) pre-coated with poly-L-Iysine 

(PLL, 50 IJg/ml, Sigma-Aldrich). PC12 cells were maintained in 80% growth 

medium and 20% conditioned medium at 37°C in a humidified atmosphere of 5"0 

CO2 (Incubator Heraeus CO2-Auto-Zero, Thermo Electron Corporation). 

Conditioned medium consists of spent media harvested from cultured cells and 
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filtered through a 0.22 !-1m membrane (VWR). PC12 cells were split, depending 

on confluence every 3 to 5 days. Briefly, cells were incubated with 0.05% (v/v) 

trypsin/EDTA (PAA) for 5 min at 37°C with 5'Yo CO2; the cells were detached 

and growth medium was added to inactivate the trypsin. The trypsin solution 

Was removed by centrifugation (Eppendorf microfuge) at 1000 rpm for 3 min. 

Cell pellets were resupended in the appropriate growth medium-conditioned 

tnedium volume and seeded at the desired concentration into new culture flasks. 

2.3.3 Freezing of cells 

PC12 cells grown to almost 80% confluence were first -trypsinised to bring them 

into Suspension. Suspended cells were washed with growth medium and the 

trypsin solution was removed by centrifugation at 1000 rpm for 3 min. Cells 

Were resuspended in the freeze mix (90% FBS (v/v) + 10% dimethyl sulfoxide 

tninimum, DMSO (v/v), Sigma-Aldrich) and transferred into cryo-vials (Fisher 

Scientific). The. cryo-vials were frozen at -80°C in' special cryo- boxes 

(Nalgene), which ensure a temperature decrease of 1°C per minute. The frozen 

cryo-vials were transferred to liquid nitrogen cell storage tanks (Arpege 70) 

after 24 hours for long-term storage. 

2.3.4 Thawing of cells 

To defrost cells, cryo-vials were removed from liquid nitrogen and immediately 

thawed in a water bath at 37°C (Grant). The cell mixture was transferred to a 
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15 ml centrifuge tube (Fisher Scientific) containing 5 ml of fresh growth 

medium. Cells were centrifuged at 1000 rpm for 5 min. To remove the DMSO, 

the medium was discarded and the sedimented cells were resuspended in fresh 

growth medium. The cells were then placed into 25 cm2 flasks (flasks of the 

same size as had been used prior to freezing) and incubated at 37°C with 5cro 

CO2• 

2.4 Polyunsaturated fatty acid (PUFA) supplementations 

2.4.1 FA-foetal bovine serum solution 

FAs were dissolved in 100% ethanol (Hayman) at a concentration of 100 mM. 

Then, this FA solution was diluted in FBS to achieve a final concentration of 10 

mM. The FA mixture was incubated at 37°C for 30 minutes in order to allow 

the binding of FAs to the FBS. 

2.4.2 Medium for FA treatments 

The medium for FA treatments consists of DMEM supplemented with 2 mM L­

glutamine and 100 units/pg penicillin/streptomycin. 

2.4.3 PUFA supplement procedure 

For preparing PUFA supplements, PC12 cells were seeded in 25 cm2 flasks pre­

Coated with PLL (50 J,Jg/ml) and allowed to divide for 24 hours. The growth 

medium was changed after 1 day to DMEM containing 1% FBS and either 
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supplemented or not with different concentrations of various types of FA 

(Sigma-Aldrich), such as alpha-linolenic acid (ALA, 18:3n-3); linoleic acid (LA, 

18:2n-6); eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic acid (DHA, 

22:6n-3) or arachidonic acid (ARA, 20:4n-6) in the absence or presence of 

nerve growth factor (NGF, 100 ng/ml, Alomone Labs) or all- trans-retinoic acid 

(ATRA, 1 or 10 IJM, Sigma-Aldrich) for designated time periods, at 37°C in a 

humidified atmosphere of 5'}'o C02. 

2.5 Lipid analysis 

2.5.1 lipid extraction 

Briefly, at the end of the incubation, cellular lipids were extracted and 

SUbjected to FA analysis using combined thin layer chromatography (TLC, 

LAMAG)/gas chromatography (GC, HRGC MEGA Series 2-Fisons, Instruments, 

Italy). Medium was removed and the cell monolayer was washed twice with 

Dulbecco's phosphate buffered saline (PBS, Sigma-Aldrieh). In order to collect 

plasma membrane total lipids, PBS was removed, flasks were placed on ice and 

cells were washed and then subjected to 3 ml of lipid extraction solvent, 

hexane/isopropanol (3/2 by vol., Fischer Scientific) containing 0.05,},o butylated 

hydroxy toluene (BHT, Sigma-Aldrich), as described previously by Hara and 

Radin, 1978. 

'he organic layer was collected after 10 min in an Eppendorf microfuge and 

cells were rinsed again with a similar solvent mixture. The combined lipid 
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extract was dried under a stream of nitrogen (Techne Dri-Block DB3), and then 

redissolved in 1.8 ml of chloroform/methanol (2/1 by vol.) containing 0.05cro 

BHT. The lipid extract was subjected to a washing procedure of Folch's 

extraction (Folch et aI., 1957). The lipid extract in 1.8 ml of 

chloroform/methanol (2/1 by vol.) was washed with 0.6 ml of water by 

vortexing, and centrifugation at 4000 rpm for approximately 1 min at 4°C. 

After centrifugation, a clear separation of lipid and non-lipid components 

appears. The aqueous phase (upper layer) is removed, and the organic phase 

(bottom layer) that contains the lipids is transferred into another clean tube. 

2.5.2 Thin layer chromatography 

The separation is based on the principle that different components of total 

lipids have diverse affinities to stationary and mobile phases. 

The total cell lipid extract in chloroform/methanol (2/1 by vol.) was applied 

onto 10x20 cm pre-activated silica gel G plates (MERCK) heated at 100°C for 1 

hour. The thin layer of silica gel is the stationary phase. The mobile phase is a 

tnixture of solvents chloroform/methanol/40cro methylamine (65/35/15, v/v/v 

by vol.) containing 0.01% BHT. Plates were placed in the equilibrated tank for 

about 20 minutes until the solvent reached 1 cm from the top of the plate. 

Plates were removed from the tank, dried and glycerophospholipid bands were 

detected by spraying them with a solution of 2' ,7'-dichlorofluorescein (O.1cro 
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w/v) (Sigma-Aldrich) in methanol and they were visualised under ultraviolet 

light (533 nm) (LAMAG). 

The order of glycerophospholipid fraction separations from the origin is shown 

in the photograph below (Figure 2.1) and consists (starting from the origin) of 

inositol phosphoglycerides (IPG), serine phosphoglycerides (SPG), sphingomyelin 

(SM), choline phosphoglycerides (CPG) and ethanolamine phosphoglycerides 

(EPG). 

Solvent front 

Ethanolamine- PG 

Choline- PG Sol ent 
Mi ration 

J Sphingomyelin 

Serine- PG 

Solvent origin 

Figure 2.1: A representative image of a typical one-dimentional TlC analysis of 
PC12 cell glycerophospholipids: Total lipid extract of PC12 cells were loaded onto the 
iLc plate. GLycerophospholipids fractions were separated by 
chloroform/methanol/methylamine (65:30:15, v/v/v), stained with solution of 2' ,7' ­
dichlorofluorescein (0.1 % w/v) in methanol and visualised under UV light (533 nm). 

PL quantification as detailed previously by Dittmer and Lester (1935) 

Alternatively, in order to quantify the amounts of each GPL ,after TLC 

separation, the TLC plate was stained with ammonium molybdate solution 

(Sigma) instead of 2',7'- dichlorofluorescein. Molybdate stains only the lipid-

66 



Chapter 2-Materials and Methods 

containing phosphorus (Pi). The plate was photographed immediately thereafter; 

the color intensity was recorded and measured by densitometry. 

2.5.3 Fatty acid methyl ester (FAME) procedure 

2.5.3.1 Trans-methylation of fatty acids 

Glycerophospholipid fractions were scraped from TLC plates and transferred 

directly into methylating tubes (Corning) with 1 ml of freshly prepared 

methylating reagent (15,},o acetyl chloride in dry methanol v/v). Tubes were 

flushed with nitrogen, and then methylated in an oven at 70°C for 3 hours. The 

tubes were removed from the oven and cooled down. 

2.5.3.2 Extraction of fatty acid methyl esters 

10 each tube, 1 ml of 5% sodium chloride (w/v, VWR) and 1 ml of petroleum· 

ether (Fisher Scientific) containing 0.01 % BHT were added. Tubes were mixed, 

and the upper layer (petroleum ether) containing methyl esters, was 

transferred into a new tube containing 0.5 ml of 2,},o potassium bicarbonate 

(w/v) to neutralise the acidity. 1 ml of petroleum ether was again added to the 

original tube and mixed vigorously. FAMEs in Iml of petroleum were transferred 

to the tube containing 2,},o potassium bicarbonate. FAMEs in 2 ml of petroleum 

ether were removed from the tube containing 2,},o potassium bicarbonate 

(Fisher Scientific) and dried with 100 mg granular sodium sulphate (Acros 

Organics). The FAMEs in petroleum ether were eventually transferred to a 3.5 
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ml vial and dried down at 37°C under a stream of nitrogen. The resulting FAMEs 

were redissolved in 0.5 ml of heptane (Fisher Scientific) containing 0.01 'ro BHT 

and stored at -20°C until analysis. 

2.5.4 Gas chromatography 

FAMEs were separated by a gas chromatograph (GC, HRGC MEGA 2 Series, 

Fisons Instruments, Italy) fitted with a capillary column (BPX70 column, SGE, 

forte, 0.25 J.IIT\ diameter) connected to a flame ionisation detector. Hydrogen 

Was used as a carrier. gas at flow rate of 1 ml/minute. The injector, oven, and 

detector temperatures were set at 250, 200, and 280°C, respectively. The 

FAMEs were identified by comparing their retention times with those of a 

mixture of individual FA standards (Appendix 1 and 2). Peak areas were 

calculated using data acquisition software from the EZChrom chromatography· 

data system (Agilent EZ Chrom Elite chromatography Data System version 3.2, 

Scientific Software, Inc., Pleasanton, CAl. The percentage area of a particular 

FAME was calculated as shown below: 

Percentage area of a particular FAME = (Area of a particular FAME ITotal area 

of FAMEs) x 100. 

2.5.5 Data analysis 

My protocol was validated with C15:0 and C17:0 standards. The molar 

concentration of each individual FA has been determined by injecting C15:0 and 
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C17:0 standards. The values were similar to the percentage of FA. In the 

thesis, the values will be referred according to the percentage of FA. Data are 

presented as an average of %FA :t standard error of the mean (SEM) of 

triplicate or more experiments. 

2.6 Gene expression 

2.6.1 RNA extraction 

Total RNA was extracted from non-treated and treated PC12 cell samples 

following the protocol of the RNeasy purification kit (Qiagen) according to the 

manufacturer's instructions, as described previously. by Butovsky et al. (2005). 

Medium was removed and the cell monolayer was washed twice with PBS 

followed by lysis with 1 ml of RL T buffer. The resulting lysate was transferred 

to a QIAshredder spin column attached to a 2ml collection tube that was 

Subjected to serial centrifugations (2 times for 2 min at 10,000 rpm). 

SUbsequently, 1 ml of 70% ethanol per 1ml RL T buffer was added to each cell 

homogenate. The samples were vigorously mixed, transferred to RNeasy spin 

columns in a 2ml collection tube and centrifuged 3 times for 15 s at 10,000 rpm. 

The flow-through was discarded and the RNA samples were adsorbed on the 

silica gel membrane of the RNeasy spin column. Unwanted cellular contents such 

as proteins and DNA were washed away by consecutive buffers and 

Centrifugations. 700 JJf of buffer RW1 was added to the column, the column was 

spinned, and the flow-through was discarded. 500 IJI of buffer RPE was added 
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to the column, the column was spinned as before, and the flow-through was 

discarded. The RNeasy spin column was briefly air dried in order to remove all 

traces of ethanol. 30 J,JI RNase-free water (Sigma) was added onto the centre 

of the silica membrane and the RNA was eluted from the columns. 

The quantity and purity of total RNA extracted from each sample were 

assessed by spectrophotometry using a NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies). The relative amounts of RNA were determined by 

lTleasuring the absorbance at 260 nm. The RNA purity was provided by 

lTleasuring the optical density ratio at 260/280 nm (it indicates contaminants 

such as proteins) and 260/230 nm (it shows contaminants such as chaotropic 

salts). Additionally, the integrity of the RNA was checked by separating the 

RNA on an ethidium bromide (EtBr, Sigma-Aldrich) /gel electrophoresis as 

described in section 2.3.8. A representative image of the gel is shown in 

Appendix 3. 

2.6.2 Conversion of RNA into eDNA 

Total RNA (2 119) was converted to Single-stranded cDNA following the protocol 

of the RevertAid17t\ First Strand cDNA Synthesis Kit (Fermentas) using a 

reaction volume of 20 ",I, as indicated in the manufacturer's protocol. lui oligo­

dT primer (Invitrogen) was added to the RNA samples (in a volume to reach 

2ug) and the volume was adjusted to 10 ",I with Nuclease-free water. RNA 
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samples were denaturated at 75°C for 5 min and subsequently cooled on ice for 

1 min. Then, 10 ul of the following Master Mix was added to each RNA sample. 

Reverse transcription (RT) Master Mix composition: 

5X Reaction Buffer 4 pi 

10mM dNTP Mix 2 pi 

Nuclease-free water 2.5 pi 

RiboLock'tM RNase Inhibitor 0.5 pi 

RevertAid'tM M-MuLV Reverse Transcriptase 1 pi 

Each sample (20 ~I) was incubated at 42°C for Ih followed by 75°C for 10 min. 

Summary of the thermal cycle conditions: 

Step 1 

Step 2 

Step 3 

Temperature (OC) Time (min) 

75 

ICE 

42 

5 

1 

RNA + Master Mix 

60 
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Step 4 75 10 

Step 5 4 00 

To verify complete removal of genomic DNA, the RNA samples were subjected 

to rnockreverse transcription (in the absence of reverse transcriptase), and 

Were then run in a quantitative Real-time polymerase chain reaction (qRT-PCR). 

2.6.3 Real-time quantitative polymerase chain reaction (qRT -peR) 

Synthesised cDNA was diluted 80 times in nuclease-free water. The diluted 

cDNA was mixed with ABsolute Blue QPCR SYBR. Green ROX Mix (Thermo 

Scientific) and four sets of gene-specific forward and reverse primers 

(Integrated DNA Technologies) in 0.1 ml strip tubes (Gene Target Solutions). 

The samples were subjected to qRT-PCR using the Rotor-Gene 6000 (Corbett 

Research). For each set of primers a no template control (the total mix without 

cDNA) was run. In order to obtain the dilution curves, 5 different 

concentrations of cDNA were tested and PCR amplification efficiencies were 

calculated for each primer reaction. 
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The primers used for qRT-PCR are listed below (Wang et aI., 2006 and Tu et aI., 

2010): 

Beta Actin fwd, 51-ACT ATT GGC AAC GAG CGG TT-31 

Beta Actin rev, 51 -TGT CAG CAA TGC CTG GGT ACA-3 I 

Elovl2 fwd, 51_TTT GGC TGT CTC ATC TTC CA-3 1 

Elovl2 rev, 51-GGG AAA CCG TTC TTC ACT TC-3 1 

Elovl5 fwd, 51-TAC CAC CAT GCC ACT ATG CT-31 

Elovl5 rev, 51 -GAC GTG GA T GAA GCT GTT GA-3 I 

Fads2 fwd, 51-TGTCCA CAA GTTTGTCATTGG-31 

Fads2 rev, 51-ACA CGTGCA GGCTCTTTA TG-3 1 

Ppara fwd, 51-CCT GTG AAC ACG ATC TGA AAG-3 1 

Ppara rev, 51-ACA AAA GGC GGA TTG TTG -31 

The reactions were set in a volume of 15 JJ/ as follows: 

3 JJ/ cDNA (diluted 1/80) 

7.5 JJ/ 2X ABsolute Blue QPCR SYBR Green ROX Mix 

0.75 J.JI of 10 J.JM Forward+Reverse Primers 

3.75 J.JI of Nuclease-free water 
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Thermal cycling conditions were set as follows: 

Step 1 

Step 2 

Step 3 

Temperature COC) 

95 

94 

60 

72 

4 

All reactions were performed in triplicate. 

Time 

15 min 

15 s 

30 s 45 cycles 

30s 

00 

PeR products were detected on an ethidium bromide/gel electrophoresis 

apparatus (as described in section 2.3.8) and were shown to have the expected 

amplicon size. A representative image of the gel is shown in Appendix 4. 

2.6.4 Data analysis 

Fluorescence was measured at the end of each PCR cycle. An amplification 

CUrve (fluorescence versus the number of cycles) was generated and a· 

threshold cycle value, tt was calculated from the exponential phase (tt is 

defined as the number of cycles required for the fluorescent signal to exceed 

the threshold or background level). The relative amounts or expressions of 
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genes were calculated using the Rotor-Gene 6 software. This software allows to 

generate a standard curve for each gene (tt versus the log DNA concentration) 

and the calculation of each gene concentration present in each unknown sample. 

For each sample, the ratio of the target gene concentration to the 

housekeeping gene concentration was calculated. Beta actin was used as an 

internal standard (housekeeping gene), and all the results were normalized to 

the expression levels of the beta actin gene. 

2.6.5 RNA/DNA gel electrophoresis 

Gel Casting 

The gel was prepared by dissolving 1.5 g of agarose in 100 ml of IX TAE in a 

microwave. Ethidium bromide (10 mg/ml) was added to the melted agarose. 

The gel was poured into a gel cassette to a depth of 0.5 cm and a comb was 

inserted in order to create wells where the samples were loaded. 

The gel solidified and the comb was removed. The gel was placed in the 

electrophoresis apparatus and was completely covered with IX TAE. 

Sample loading on the gel 

Briefly, 10 /JI of DNA or 5 JJI of RNA samples were mixed with 2 or 1 JJI of 6X 

loading buffer. Each mixture and a DNA-ladder marker were loaded in each 

Well. The gel was run at 80 V, until the bromophenol blue reached the end of 

the gel. Bands corresponding to RNA or DNA (peR products) were visualised 
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under UV light (UVP Bioimaging Systems, UK). peR products were identified by 

their size compared to the DNA-ladder marker. 

2.7 Data analysis 

Statistical analysis for lipid analysis and molecular biology data were performed 

by the unpaired t-test for repeated measures (average of 3 or more 

independent experiments) using GraphPad Prism version 5.00 for Windows 

(GraphPad Software, San Diego, USA). P<0.05 was considered statistically 

significant. 
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3.1 Introduction 

Much work has been conducted on neural-derived clonal cell lines to examine 

aspects of PUFA biosynthesis and its consequences on cell function (Murphy 

and Horrocks, 1993; Langelier et aI., 2005; Martin et aI., 2006; Kan et al.; 

2007). PCI2, a neuroendocrine cell line derived from a pheochromocytoma of 

rat adrenal medulla (Greene and Tischler, 1976), has been extensively utilized 

as a model for a variety of neuronal functions. PC12 cells are easily cultured and 

can be differentiated into a neuronal phenotype using nerve growth factor 

. (NGF). In the presence of NGF, the proliferating cells stop dividing and develop 

properties related to neurons by promoting neurite outgrowth and inducing a 

number of neuronal markers (Vaudry et aI., 2002). Thus, PC12 cells have often 

been used as an in vitro system for neural cells in order to study biophysical, 

biochemical, phYSiological (Williams and McGee, 1981) and neurotoxicological 

(Mundy et aI., 2010) responses. Specifically, they have been used to study 

calcium homeostasis, neurotransmitter synthesis and exocytosis (Wester ink 

and Ewing, 2008; Williams and McGee, 1981) as well as neuronal receptor 

functions (Sak and Illes, 2005). These cells have also been used to study 

aspects of PUFA biosynthesis (Marszalek et aI., 2005), as well as the effects 

of DHA supplements on cell function (Williams et aI., 1982; Dagai et aI., 2009; 

Ikemoto et aI., 1997; Kawashima et aI., 2010). Since these events might involve 

cell membrane properties, we reasoned that it is necessary to assess the lipid 

composition of these cultured cells in comparison with that of the normal brain. 
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Only a few and mostly early studies have attempted to analyse the membrane 

lipid content of primary neurons in cultured cells from the brain (Yavin and 

Menkes, 1974; Bourre et aI., 1983; Moore et aI., 1991); usually the population 

from a dissociated culture brain is heterogeneous (neurons and other non-

neuronal cells) and is also short-lived. 

We have little information until now about the lipid composition of PC12 cells. 

The FA composition of total phospholipids (Ikemoto et aI., 1997; Williams and 

MCGee, 1981) and individual phospholipids (Traynor et aI., 1982) has been 

studied briefly in PC12 cells. It was originally found that they contain only 

limited amounts of DHA (Williams and McGee, 19~2), in contrast to neuronal 

cel/s, which possess a well-diversified lipid profile enriched in DHA and ARA 

(Murphy et aI., 1993). 

One obvious reason for this discrepancy is the inadequate level of nutritional 

components, particularly essential fatty acids, during long-term propagation in 

vitro. A second reason could be the lack of external signals associated with cell 

differentiation. Both circumstances may lead to altered membrane lipid profiles 

and impaired terminal differentiation (Chung et aI., 2010). 

Therefore, the mere characterisation of the FA phospholipid's composition in 
"" 

PC12 cells should first provide information on basal differences and similarities 

between this cell line and the original nervous tissue. 
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Furthermore, the addition of PUFAs may supply an indication of the utilisation 

rates of these FAs for the building up of "neuron-like" membrane phospholipids 

in view of the possible deficiencies noted above. 

Objectives 

The objectives of this series of experiments employing lipidomic techniques 

Were as follows: 

eTo analyse the baseline fatty acid (FA) composition of ethanolamine, choline 

and serine phosphoglycerides in PC12 cells 

e To analyse the effects of PUFA supplements on FA levels in PC12 cells 

e To establish a lipid enrichment combination to approximate the FA profiles of 

cellular membranes from the PC12 cell line to the values observed in neurons 

3.2 PC12 cells are deficient in n-3 PUFA 

3.2.1 Procedures 

To investigate the FA composition, PC12 cells were seeded in 25 cm2 flasks and 

incUbated at 37°C under 5-ro CO2 humidified conditions for 24 h. After one day, 

the growth medium (15-ro serum) was removed,the cells were rinsed in DMEM 

and the cells were incubated for three days in DMEM supplemented with l-ro 

foetal bovine serum (FBS) in the absence of any additional FA. After 

incubation, medium was removed and cellular lipids were extracted with 

hexane/isopropanol (3/2 by voL) and subsequently subjected to TLC for major 
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GPL separation. FAMEs in different GPLs were analysed by GC as described in 

section 2.5. 

3.2.2 Results 

Table 3.1 depicts the typical profile of an FA composition determined in the 

three major classes of GPLs, namely, ethanolamine phosphoglycerides (EPGs), 

choline phosphoglycerides (CPGs) and serine phosphoglycerides (SPGs) in 

proliferating (no NGF) cells. These three lipid classes constituted the bulk of 

GPLs (78.5%) as established by determining the total lipid phosphorus (Pi) 

Content. The relative distributions of the GPL _classes were measured by 

densitometry, as described in Materials and Methods (section 2.5.2); they 

reached values of 26.3%:!:1.21; 43.3%:!:2.65; 8.9'}'o:!:O.35 and 10.1,},o:!:0.4 for the 

EPG, CPG, SPG and IPG classes, respectively. 

Substantial differences in the FA composition have been noted among the GPL 

classes: within the saturated FA species, palmitate (C16) and stearate (C18) 

Were the major components; they appeared in variable amounts depending on 

the polar head group. The variability in monounsaturated FAs was also distinct, 

With oleic acid (18:1n-9, OA) being the major FA in all three GPL species. 

The first and most notable fact is that the total PUFA content in EPG is 

23.51%, which is more than 4-fold higher than that of CPG (5.41%) and nearly 

lA-fold greater than SPG, a relatively minor cellular GPL. (9,},o of the total lipid 

Pi). Of the total FAME, profoundly low levels (4.44'}'o:!:O.17; O.97%±O.04 and 
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5.S1'Yo±0.63) of n-3 PUFA in the EPG, CPG and SPG classes, respectively, were 

noted. Of these, DHA (22:6n-3) comprised the major part, accounting for 

3.0S'Yo±O.07, O.22%±O.01 and 3.39%±0.55 of the total FAME, respectively. 

Within the n-6 family, ARA (20:4n-6) was fairly high in EPG (14.S9'Yo±0.2) but 

Was rather low in CPG (1.55%±0.07) and SPG (3.4 'Yo 'Yo±0.17). 

The low levels of DHA in SPG, a GPL important for signal transduction during 

neuronal development, are particularly conspicuous. Overall, these values are by 

far lower when compared with neurons and glia cells isolated from the CNS 

(Kawashima and aI., 2010; Bourre et aI., 1984). The overall deficiency of n-3 

PUFA in the EPG of the PC12 cells is slightly compensated by an increase in 

Mead acid (20:3n-9) (5.96±0.42%), the final elongation product of OA (18:1n-9) 

and a typical marker for n-3 deficiency. 

The levels of 20:3n-9 are an indicator that the PC12 cells grew under conditions 

characterized by a marked PUFA deficiency (Chung et aI., 2010). We reasoned 

that this deficiency may be in part related to the lack of ALA in contrast to 

exceedingly high levels of LA (>40-fold) in the growth medium (see the 

appendix 5 ), or to impaired biosynthesis of n-3 PUFAs. 
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Table 3.1: Major FAME in EPGs, CPGs and SPGs of proliferating PC12 cells. 

PC12 cells were grown for 3 days in growth medium. After 3 days, the FAME 
components in different GPLs was determined. The values, expressed as the % FAMEs, 
are averages :!: SEM of triplicates of triplicate cultures of three independent 
experiments. 

Phospholipid classes 
EPG CPG SPG 

~. lipid phosphorus 26.3%:t1.21 43.3~.±2.65 8.9~.:t0.35 

% mean FA ± SEM ~. mean FA ± SEM % mean FA ± SEM 

FA Saturated fatty acids 

16:0 8.0 ±0.32 16.43 ± 4.1 4.17 ± 0.16 

18:0 13.07 ± 0.28 8.74 ± 1.68 36.83 ± 0.66 

20:0 0.61 ± 0.03 0.49 ± 0.06 1.05 ± 0.07 

22:0 0.25 ± 0.02 0.26 ± 0.02 1.28 ± 0.03 

24:0 0.22 ± 0.02 0.23 ± 0.01 0.83 ± 0.07 

Plasmalogen species 
16:0 DMA 2.77±0.07 0.27:t 0.03 - <0.1 

18:0 DMA 5.38 ± 0.38 0.55:t 0.03 0.13;t0.05 

18:1 DMA 1.68:t 0.09 0.02:t 0.002 <0.1 

Monounsaturated fatty acids (and Mead acicll 
16:1n-7 1.47:t 0.21 5.39:t 0.45 0.87:t0.07 

18:1n-7 7.51:t 0.61 14.96:t 0.57 8.62:t 0.17 

18:1n-9 23.96:t 0.49 38.02:t 0.46 22.52:t 0.63 

20:1n-9 2.69 ± 0.10 3.02 ± 0.12 2.63 ± 0.12 

20:3n-9 5.96:t 0.42 0.94 ;to.06 1.58 ± 0.41 

22:1n-9 0.53:t 0.07 0.3 :to.OOl <0.1 

24:1n-9 0.16±0.01 0.18 ±0.003 0.46 :to.Ol 

n-6 and n-3 PUF A s 
18:2n-6 2.63 ± 0.57 2.78 ± 0.11 2.57 ± 0.07 

20:2n-6 0.03 ± 0.01 0.09 ± 0.01 0.06 ±0.01 

20:3n-6 0.99:t 0.03 0.57:t 0.003 4.49 ± 0.06 

20:4n-6 14.89± 0.2 1.55:t 0.07 3.4 ± 0.17 

22:4n-6 0.99 ± 0.03 0.07 ± 0.01 1.03:t 0.17 

22:5n-6 0.56:t 0.03 0.04:t 0.002 0.63:t 0.11 

I 11-3 PUFA 4.44%;t0.17 0.97%&04 5.81%±0.63 

20:5n-3 0.5:t0.08 0.68 ± 0.04 1.16:t 0.14 

22:5n-3 0.86 ± 0.07 0.07:t 0.01 1.26:t 0.1 

22:6n-3 3.08:t0.07 0.22:t 0.01 3.39 ± 0.55 
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Hence, it appears that a typical proliferating PC12 cell has lower levels of 

endogenous n-3 PUFA species in its membrane, which renders it unsuitable for 

studying many neuronal characteristics that require a proper PUFA profile. 

Therefore, modifying the membrane composition by supplementing the culture 

medium with PUFAs appears to be essential when studying physiological and 

pharmacological responses of PC12 cells. 

3.3 The effects of FA supplementations on FA levels in PC12 cells 

3.3.1 Procedures 

PC12 cells were grown for 1 day in growth medium. containing 10% HS and 5~o 

FBS supplements. After one day, the growth medium was removed and after 

being rinsed in DMEM, 10 IJM of LA, ALA, ARA or DHA in serum-deprived (l~o 

FBS) medium was added (as described in section 2.4.3). After 3 days, the 

medium was removed and cellular lipids were extracted with hexane/isopropanol 

(3/2 by vol) and subsequently subjected to one dimentional TLC for major GPL 

separation followed by GC analysis of the individual FAME in different GPL 

classes as indicated in Materials and Methods (section 2.5.2). 

3.3.2 Results 

As shown in Table 3.2, there were little or no changes in the mass GPL 

composition in the presence of the FA supplements. Following ALA or DHA 

Supplements, however, an overall increase of 2.9- and 2.4-fo/d, respectively, 
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Was noted in n-3 PUFA of the EPG class. At this time, n-6 PUFA slightly 

increased (1.14- and 1.18-fold, respectively), whereas that of MUFA was 

reduced by about 30CYo compared with non-supplemented cells. A similar trend in 

n-3 PUFA elevation was noted in CPG and SPG after ALA or direct DHA 

sUpplementation, in contrast with a decrease in MUFA content. Table 3.2 also 

shows that the n-6 PUFA profile of all three GPL species increased after 3 

days of supplement with LA (1.6-, 2.7- and 1.3-fold for EPG, CPG and SPG, 

respectively). This was accompanied by a reduced MUFA level. The amount of n-

6 PUFA in the three major GPL species also increased after 3 days of 

administering ARA (1.4-, 1.8- and 1.3-fold for EPG,_CPG and SPG, respectively). 

Also notable in Table 3.2 is an overall decrease (between 20 and 40%) in n-9 

PUFA (Mead acid) following these FA supplements. Thus, it appears that given 

appropriate FAs, PC12 cells can reshuffle the FA profile towards an 

unsaturated status. To further examine in detail the dynamic changes in the n-

6 PUFA and n-3 PUFA cellular profile, ALA and LA were added to cells at 

increasing concentrations. 
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Table 3.2: Changes in the FAME composition regarding EPGs, CPGs and SPGs in 
PC12 cells after various supplements. PC12 cells were treated for 72 hours with 10 
~M of LA, ALA, ARA or DHA. The entire (98.5"0) FAME profile of either the EPG, CPG 
or SPG classes, expressed as the 'Yo FAMEs, are averages ± SEM of triplicates. The 
experiment was repeated three times. * (p<0.05) indicates a significant difference for 
non-supplemented cells. NS indicates no significant difference compared with non­
supplemented cells. 

- Suppl. Control ALA DHA LA ARA 
"-

'.lipid 24.7±1.6 "' 26.2±0.9 "' 23.9±2.1 "' 25.3±1.8 "' 27.2±2.1 "' 
....e.ho~horus 
I- ')'.FA ± SEM ,),.FA ± SEM '.FA ± SEM ,),.FA ± SEM ')'.FA ± SEM 
i-- EPG 
i-- Saturated fatty acids 

16:0 8.0 ± 0.32 9.69 ± 1.74 7.86 ± 1.71 8.95 ± 1.58 9.53 ± 1.87 
~8:0 13.07 ± 0.28 14.24 ± 0.76 17.47 ± 2.91 14.50 ± 1.08 14.90 ± 1.51 
.10:0 0.61 ± 0.03 0.47 ± 0.03 0.60 ± 0.07 0.50 ± 0.05 0.52 ± 0.04 
~2:0 0.25 ± 0.02 0.22 ± 0.02 0.33 ± 0.02 0.30 ± 0.03 0.31 ± 0.02 
~AFA 22.16 ± 0.79 25.21±1.31 III 26.63±3.0· 25.28±0.83"' 28.58±1.74· 
I- Plasmalogen species 
~:ODMA 2.n±0.07 2.75 ± 0.36 2.11 ± 0.44 - 2.23 ± 0.18 2.58 ±0.50 
~:ODMA 5.38 ± 0.38 4.67 ± 0.55 4.46 ± 0.69 4.15 ± 0.32 4.17 ± 0.72 
~8:1 DMA 1.68 ± 0.09 1.26 ± 0.13 1.38 ± 0.27 1.18 ± 0.09 1.26 ± 0.22 
~MA 9.83±0.38 8.5±0.75"' 8.58±1.51"' 7.84±0.87· 7.59±1.33· 
I- Monounsaturated fatjy acids 
~:ln-7 1.47 ± 0.21 0.37 ± 0.05 0.28 ± 0.07 0.44 ± 0.18 0.39 ±0.07 
~8:1n-7 7.51 ± 0.61 3.62 ± 0.32 3.56 ± 0.28 3.74 ± 0.28 3.91 ± 0.19 
~8:1n-9 23.96 ± 0.49 19.61 ± 1.38 18.41 ± 1.61 20.19 ± 1.22 20.57± 1.74 
~:ln-9 2.69 ± 0.10 1.72 ± 0.25 1.9 ± 0.22 1.83 ± 0.25 2.16 ± 0.19 
~UFA 35.63:!:0.35 25.33:!:1.14· 24.15:!:1.87· 26.2:!:0.78· 25.19:!:1.31" 
~9 PUFA 5.96 :!: 0.42 2.35 ± 0.25· 2.8:!:0.2t" 2.3:!:0.39· 3.35:!:0.19· 
I- n-6 and n-3 PUF As 
~:2n-6 2.63:!: 0.57 3.9:!:0.63 2.n:!:0.87 6:!:0.74 4.67:1:1.35 
~3n-6 0.99 ± 0.03 1.48:1: 0.14 1.26 ± 0.17 1.61 ± 0.33 1.29 ± 0.14 
~:4n-6 14.89 ± 0.2 15.01 ± 2.21 16.41 ± 0.26 19.32 ± 1.37 18.4 ± 2.12 
t-!?:4n-6 0.99 ± 0.03 1.22:1: 0.24 1.63 ± 0.12 2.43:1: 0.39 1.87:1: 0.47 
~5n-6 0.56:!: 0.03 0.64:1: 0.14 1.06:1: 0.02 1.81:1: 0.46 1.08:1: 0.29 
r--!t6 PUFA 19.07:!: 0.55 22.26:!:0.67"' 23.12:1:0.n· 31.18:1:0.66· 26.39:1:1.61" 
~5n-3 0.5:1: 0.08 0.76:1: 0.19 0.04:1: om 0.02:1: 0.01 0.08:1: 0.01 
r1!:5n-3 0.86:1: 0.07 3.97:1: 0.29 0.85:1: 0.13 0.88:1: 0.11 1.10 ± 0.12 
t-!?:6n-3 3.08:1: 0.07 8.11:1: 1.02 9.61:1: 0.1 3.84:1: 0.36 3.94:1: 0.56 
~PUFA 4.44:1: 0.17 12.84:!:0.66· 10.86:!:0.07· 5.17:1:0.38"' 5.38:1:0.53"' 
r-- CPt; 
r--- Saturated fatty acids 
rltO 16.43 :I: 4.1 24.35:1: 0.94 25.06:1: 2.06 22.85:1: 0.86 26.50:1: 0.83 
~O 8.74:1: 1.68 8.17:!: 1.13 9.72:!: 0.13 8.26:1: 0.94 9.16:1: 0.16 
~:O 0.49:1: 0.06 0.54 :1:0.07 0.60:1: 0.06 0.53 :1:0.07 0.60:1: 0.01 
rE.:.0 0.26:1: 0.02 0.32 :I: 0.06 0.35:1: 0.06 0.32 :1:0.04 0.34 ± 0.02 
~A 25.17:1: 2.34 33.03:1:1.06· 36.1:1:2.06· 31.24:1:1.58· 37.02:1:1.02· 
I---- Plasmalogen species 
rltO DMA 0.27:1: 0.03 0.26:1: 0.03 0.22 :1:0.02 0.18:1: 0.02 0.24:1: 0.10 
-.!!9 DMA 0.55 ± 0.03 0.32 :I: 0.1 0.06 :1:0.00 0.22:1: 0.08 0.09:1:0.06 
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-18:1 DMA 0.02 ± 0.002 0.03 ± 0.01 0.04 ± 0,01 0.03 ± 0.01 0.06 ± 0.02 
~MA 0.84±0.02 0.7±0.10" 0.34±0.01' 0.47±0.06" 0.4ltO.18" 

16:1n-7 
Monounsaturated fattr acids 

5.39 ± 0.45 4.64 ± 1.41 0.63 ± 0.18 3.61 ± 1.44 0.91 ± 0.09 
J..8:1n-7 14.96 ± 0.57 13.18 ±1.23 9.77 ± 0.14 13.83 ± 1.68 9.35 ± 0.02 
18:1n-9 38.02 ± 0.46 35.21 ± 0.9 36.07 ± 0.40 32.56 ± 1.32 35.3 ± 0.59 

~0:ln-9 3.02 ± 0.12 2.8 ± 0.19 2.91 ± 0.35 2.6 ± 0.23 2.89 ± 0.04 
I-MUFA 61.39 ± 0.4 55.84±1.66ns 48.74±0.89" 52.6lt1.94ns 48.46±0.73" 
~-9 PUFA 0.94 ±0.06 0.58±0.05" 0.73±0.046 " 0.58±0.05" 0.7t0.09" 
f- n-6 and n-3 PUF As 

18:2n-6 2.78 ± 0.11 2.41±0.04 3.33±0.34 6.64±0.47 4.08±0.26 
~0:3n-6 0.57 ± 0.003 0.68 ± 0.11 1.14 ± 0.1 1.05 ± 0.1 1.01 ± 0.02 
~O:4n-6 1.55 ± 0.07 2.01 ± 0.24 3.39tO.08 4.1 ± 0.11 3.83 ± 0.12 
~2:4n-6 0.07 ± 0.01 0.07 ± 0.01 0.16 ± 0.02 0.23 ± 0.02 0.18 ± 0.02 
~2:5n-6 0.04 ± 0.002 0.04 ±0.01 0.08 ± 0.02 0.16 ± 0.00 0.14 ± 0.02 
1-'!:6 PUFA 4.44 ± 0.08 5.22±0.08"' 8.1±0.46" 12.18±0.14" 9.23±0.14" 
~O:5n-3 0.68 ± 0.04 0.8 ± 0.23 0.03tO.Ol 0.43 ± 0.14 0.02 ± 0.01 
~:5n-3 0.07 ± 0.01 0.49 ± 0.04 0.17 ± 0.02 0.12 ± 0.02 0.14 ± 0.00 
~2:6n-3 0.22 ± 0.01 0.73 ± 0.01 1.22 ± 0.18 0.4 ± 0.06 0.58 ± 0.00 
t-!!,-3 PUFA 0.97 ± 0.04 2.1±0.29" 1.43±0.17" 0.95±0.07"' 0.75±0.01" 
'- SPG 
'-- Saturated fatty acids 
J.6:0 4.17 ± 0.16 9.47 ± 2.68 14.01 ± 0.83 13.09 ± 0.8 16.94 ± 1.05 
~:O 36.83 ± 0.66 36.91 ± 2.01 32.66 ± 2.14 23.59 ± 4.22 31.76 ± 1.71 
~O:O 1.05 ± 0.07 0.92 ± 0.02 0.98 ± 0.15 - 1.13 ± 0.35 0.93 ± 0.11 
~2:0 1.28 ± 0.03 1.00 ± 0.12 0.91 ± 0.22 0.86 ± 0.27 0.84 ± 0.11 
~AFA 41.14±0.46 47.64±1.62"' 49.08±1.68" 38.67±6.91"' 51.03±0.98" 
I--- Plasmalogen species 
~:ODMA 0.02 ± 0.00 0.01 t 0.01 0.05 t 0.02 0.01 t 0.00 
~:ODMA 0.13±0.05 0.08 ± 0.01 0.15 ± 0.04 0.09 t 0.02 0.12 t 0.01 
r-!!lDMA 0.04 t 0.03 0.07 t 0.04 0.05 t 0.02 0.05 t 0.02 
~MA 0.13±0.05 0.15±0.04" 0.23tO.11" 0.19±0.05" 0.18±0.04" 
t--- Monounsaturated fatty acids 
~:ln-7 0.87 to.07 0.39 ± 0.18 0.06 to.03 0.08 t 0.04 0.11 ± 0.03 
~8:1n-7 8.62 t 0.17 5.41 t 0.94 3.26 t 0.47 2.52 t 0.32 3.25 t 0.09 
~:ln-9 22.52 t 0.63 15.4 ± 0.72 14.42 t 0.75 29.12 t 6.7 14.96 t 0.8 
..!Q:.1n-9 2.63 t 0.12 1.7 t 0.16 1.16 ± 0.00 0.87 t 0.04 1.3 t 0.08 
~FA 34.64± 0.25 23.38±2.38" 18.89±1.26 " 20.11±0.0" 19 .62±0.66" 
...!t9 PUFA 1.58±0.41 0.49±0.09" 0.79±0.00" 0.21±0.18" 1.0ltO.06" - n-6 and n-3 PUFAs 
....!!2n-6 2.57 t 0.07 2.05 t 0.18 1.9 t 0.15 6.55 t 0.88 2.21 t 0.34 
~n-6 4.49 t 0.06 3.74 t 0.27 3.46 ± 0.03 2.41 t 1.05 4.12 t 0.1 
~4n-6 3.4 t 0.17 2.51 t 0.34 3.52 t 0.36 3.43 t 0.54 5.37 ± 0.07 
~:4n-6 1.03 ± 0.17 0.82 t 0.07 0.88 t 0.02 0.93 ± 0.1 1.63 t 0.31 
r!t5n-6 0.63 t 0.11 0.4 t 0.07 0.6 t 0.04 0.8 t 0.00 1.22 t 0.31 
~PUFA 11.50±0.56 9.53±0.19" 10.37±0.46 " 14.58±1.11" 14.56±0.07" 
~5n-3 1.16 t 0.14 0.7 t 0.22 0.01 t 0.00 0.01 ± 0.00 0.04:t 0.01 
r!t5n-3 1.26 t 0.1 6.3lt1.15 0.71 ± 0.15 0.63:!:0.04 0.14 t 0.00 
~6n-3 3.39 ± 0.55 7 ± 0.33 6.33 t 0.44 1.08:t 0.76 0.58 t 0.00 
~PUFA 5.81±0.63 14.06±1.6" 7.08±0.61" 1.72±0.74" 5.76±0.7"' 
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3.4 Concentration-dependent conversion and esterification of n-3 ALA and 

n-6 LA metabolites into cellular GPLs 

3.4.1 Procedures 

After investigating the FA profile of PC12 cells in the absence of NGF, 

eXperiments were set up to examine the potential of the 

elongation/desaturation pathway of ALA (18:3n-3) and LA (18:2n-6) in 

proliferating PC12 cells. Briefly, cells were seeded in 25 cm2 flasks and 

incubated at 3rC under 5~o CO2 humidified conditions. After one day, the 

growth medium (15% serum) was removed, and the cells were incubated for 

three days in 1% FBS medium containing different n-3 ALA and n-6 LA 

concentrations. Cellular lipids were extracted with hexane/isopropanol (3/2 by 

vol) and subsequently subjected to TLC for major GPL separation followed by 

GC analysis of the FA in different GPLs as described in Materials and Methods 

(section 2.5) 

3.4.2 Results 

ihe percentage of the major n-3 PUFA intermediates, eicosapentaenoi~ (EPA, 

20:5n-3), docosapentaenoic (DPA, 22:5n-3), and docosahexaenoic (DHA, 22:6n-

3) synthesised from several ALA concentrations (up to 80 ",M) in the main GPLs: 

EPG (panel a), CPG (panel b) and SPG (panel c) are shown in Figure 3.1. These 

three lipid classes constituted the bulk of GPLs (78.5~o, see Table 3.2), as 

established by determining the total lipid phosphorus content. 
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Supplements of ALA resulted in a concentration-dependent increase in EPA 

(between 0.5S±0.02 basal and 9.27±0.40 at SO \JM; p<0.05), and elevated DPA 

levels (between 0.69±0.03 basal and 13.75±0.51 at SO \JM; p<0.05) in the EPG 

Species (panel a). In contrast, DHA content reached a maximum level at 40 \JM 

(10.47±0.17; p<0.05), followed by a decline in spite of an increase in ALA 

concentration in the medium. In the presence of 40 \JM ALA, a robust 

conversion and incorporation of EPA and DPA up to 4.93«Yo±0.3 (p<0.05) and 

9.42%±0.2 (p<0.05), respectively, from negligible levels was seen in EPG. At this 

concentration, DHA was increased approximately 3-fold from its basal levels 

(from 3 to 10%; p<0.05). Furthermore, after 3 days in the presence of ALA, 

PC12 cells converted and esterified n-3 higher intermediates of ALA such as 

EPA, DPA and DHA into EPG (panel a). 

A similar analysis was carried out in CPG (panel b), which usually contains a 

lower proportion of PUFAs, as shown in Table 3.1; nearly identical 

elongation/desaturation and esterification took place over a three-day period 

for CPG species, which were comparable to EPG. Notable, however, are the 

much lower levels of PUFAs in CPG than in EPG. As anticipated, DHA levels in 

CPG Were a little over 1 «Yo. 

A similar incorporation pattern was seen in the SPG fraction (panel c); PC12 

cells were able to elongate/desaturate ALA in a concentration-dependent 

fashion. The levels of EPA remained constant and low (between 1.16±0.14 basal 

and 1.37±0.09 at SO \JM; p<0.05) after treatment with increasing concentrations 
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of ALA. Moreover, the content of DPA increased in an ALA concentration­

dependent manner and DHA reached a maximum (8.23±0.25; p<0.05) when it was 

saturated with 40 ~M of ALA. Interestingly, increasing the ALA concentration 

to 80 ~M caused an increase in DPA (in EPG 13.75±0.51; p<0.05/ in SPG 

14.18:t0.47; p<0.05) rather than in the DHA levels (in EPG, 8.6±0.19; p<0.05/ in 

SPG, 5.63:t0.33; p<0.05) in both GPLs, as previously shown in neuroblastoma cells 

(Langelier et aI., 2005) and in primary astrocyte cultures (Innis et aI., 2002). 

Overall, the data indicate that an increase (p<0.05) in n-3 PUFA metabolites 

took place, in agreement with a possible reversal of the deficiency status. 
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Figure 3.1: Dose-dependent conversion and esterification of ALA metabolites into 
cellular GPLs. PC12 cells were incubated with various concentrations of ALA (0-80 11M). 
After 3 days, the FAME components in different GPLs was determined. FAME, 
expreSsed as the 'Yo of FA in either EPG, CPG and SPG, are averages ± SEM of 
triplicates. The experiment was repeated three times. '" (p<0.05) indicates a significant 
difference for FA non-supplemented cells. The values are SEM of triplicate 
ex eriments. 

91 



Chapter 3-Metabolic conversion of ALA and reversal of n-3 PUFA deficient status 

As previously mentioned, PC12 cells were also supplemented with LA, a 

precursor of the n-6 family. The n-6 PUFA intermediates, including ARA 

(20:4n-6), docosatetraenoic (DTA, 22:4n-6), and docosapentaenoic (DPA, 22:5n-

6) long-chain FAs, are converted from various LA concentrations (up to 120 

~M), and incorporated into EPG (Figure 3.2 a), CPG (Figure 3.2 b), and SPG 

(Figure 3.2 c) classes. 

Unlike the significant conversion of ALA into higher homologues, little or no 

conversion of LA into higher n-6 PUFA intermediates was noted in PC12 cells up 

to a precursor concentration of 120 J.lM (Figure 3.2, panels a-c). In contrast to 

ALA, LA at 40 J.lM was esterified into GPLs that r~ached substantial levels of 

approximately 5.73%:!:0.21 and 7.22«ro:!:0.72 (p<0.05) in EPG and CPG, 

respectively. At 120 J.lM it continued to rise and reached levels of 10.57%:!:0.48 

and 12.15«ro:!:1.58 (p<0.05), respectively. This was accompanied by a 75«ro and 

46.4 «ro reduction (p<0.05) in ARA levels in EPG and CPG, respectively (panels a, 

b). Thus, it appears that LA conversion into higher intermediates has reached a 

steady state. Similar findings were practically identical in SPG species (panel c). 
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Figure 3.2: Dose-dependent conversion and esterification of LA metabolites into 
cellular GPLs. The experimental conditions were identical to those in Figure 3.1. The 
values are SEM of triplicate experiments. FAME, expressed as the 'Yo of FA in either 
EPG, CPG and SPG, are averages ± SEM of triplicates. The experiment was repeated 
three times . .. (p<O.05) indicates a significant difference for FA non-supplemented 
cells. 
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3.5 Time course of conversion and esterification of n-6 LA, n-3 ALA and 

n-3 DHA metabolites into cellular GPLs 

3.5.1 Procedures 

The striking differences between ALA and LA handling by the PC12 cells 

prompted us to study the time course of the metabolic conversion in more 

detail. The kinetics of elongation/desaturation of n-3 ALA was compared to 

direct DHA supplement over time in culture. Briefly, cells were grown in 25 cm2 

flasks in medium containing 15'Yo serum at 37°C and 5'Yo CO2 for 24 h. After one 

day, the growth medium was removed, and the cells were incubated at different 

time periods (up to 48 h) in medium containing 1'Yo fBS and supplemented with 

n-3 ALA, n-6 LA, or n-3 DHA. Cellular lipids were extracted with 

hexane/isopropanol (3/2 by vol) and were separated by TLC and their FA 

composition was analysed by GC as detailled in section 2.5. 

3.5.2 Results 

PC12 cells were treated with 20 /JM of the n-3 ALA precursor at the times 

indicated up to 48 h (Figure 3.3). Cellular lipids were extracted and the FA 

profile was analysed according to the method described before. The 

percentage of ALA incorporated and the n-3 PUFA intermediates EPA, DPA and 

DHA biosynthesised from ALA in a time-dependent manner are shown in EPG 

(panel a) and SPG (panel b). A gradual rise in the levels of 20:5n-3 and 22:5n-3 

corresponding to a decrease in the precursor (18:3n-3) was observed in EPG 
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Species (panel a), after 6 hand 12 h incubations. Notably, 6 h following 20 \JM 

ALA addition, 20:5n-3 (from 1.0210 to 2.1410; p<0.05) and 22:5n-3 (from 2.3910 

to 5.14%; p<0.05) increased both by approximately 2-fold in EPG (panel a). 

Although at early times, 22:6n-3 remained unchanged, it was nearly 2.5-fold 

higher after 48 h (from 4.2710 to 9.6510; p<0.05). At 6 h, some ALA 

(approximately 4.0±0.3) was directly esterified into EPG; by 48 h, however, it 

leveled off completely. At 48 h, a clear conversion of 20:5n-3 into 22:5n-3 and 

22:6n-3 was observed, thus, indicating that the PC12 cells were able to 

synthesise n-3 intermediates from their precursor, ALA, in a time-dependent 

manner. Notably, by 48 h DHA and DPA together ~omprised about 2010 of the 

FAME in EPG. Since SPG is more enriched with ALA-derived n-3 metabolites, 

We examined the changes as a function of time. In SPG species (panel b), a 

remarkable rise in 22:5n-3 and 22:6n-3 levels was also observed. Indeed, after 

2 days, the percentage of 22:5n-3 (from 0.8810 to 5.9810; p<0.05) and 22:6n-3 

(from 1.4910 to 4.75%; p<0.05) in SPG was at least 3-fold higher than in non­

supplemented cells (panel b). These data further confirm the previous results 

shown in Figure 3.1, which indicated effective endogenous 

elongation/ desaturation reactions in PC12 cells. 
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Figure 3.3: Time course of conversion and esterification of ALA metabolites into 
cellular GPLs. PC12 cells were incubated for designated time periods (up to 48 h), in 
the presence of 20 11M ALA. The conditions were identical to those in Figure 3.1. The 
values, expressed as the ~o FAMEs, are averages ± SEM of triplicates of three 
independent experiments. * (p<0.05) indicates the significant difference for non­
su lemented cells time 0 . 

The kinetics of directly incorporating DHA (20 ~M) into GPLs was followed-up 

Over a period of 48 h. Figure 3.4 shows the levels of esterified DHA and other 

n-3 ALA metabolites (EPA and DPA) in EPG (panel a) and SPG (panel b) cellular 

GPLs. Notably, a striking increase in DHA was attained by 6 hours, and by 12 

hours, uptakes nearly reached the saturation level. As expected, no changes in 

the levels of 20:5n-3 and 22:5n-3 contents were observed over the course of 

time. A 48-h direct supplement of DHA raised the amount of the esterified 
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product in EPG to 19.7'Yo±2.1 (panel a), which is similar to the sum of 22:5n-3 

and 22:6n-3 generated by the ALA-supplemented cells (Figure 3.3 panel a). 

Similar kinetics of n-3 DHA enrichment can be seen in SPG (panel b). A 4-5-fold 

rise (from 1.5 to 8; p<O.05) in the 22:6n-3 levels from preformed 22:6n-3 is 

nearly the same as the sum of 22:5n-3 and 22:6n-3 attained by ALA conversion. 

The results indicate that a powerful uptake of n-3 DHA and its incorporation 

into ethanolamine and serine GPLs occurs during a 6 to 48-h incubation period. 
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Figure 3.4: Time course of esterification of DHA into cellular GPLs. PC12 cells were 
incUbated for deSignated time periods (up to 48 h), in the presence of 20 IJM DHA. The 
eXperimental conditions were identical to those in Figure 3.1. The values, expressed as 
!he 'Yo FAMEs, are averages ± SEM of triplicates of three independent experiments. 

(P<0.05) indicates a significant difference for non-supplemented cells (time 0). 
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The kinetics of LA (20 ~M) directly incorporated into GPLs was followed-up 

over a period of 48 h. The time-dependent course for LA and the subsequent 

higher n-6 PUFA intermediates (ARA, DTA and n-6DPA) are shown in EPG (panel 

a), and CPG (panel b) GPLs (Figure 3.5). In comparison with ALA, the metabolic 

conversion of LA was by far less active (panels a and b). Uptake and conversion 

of LA into EPG (panel a) was moderately increased from 3.41 %±0.17 to 

6.65'Yo±0.23; p<0.05 at 24 h. However, into CPG, the major cellular GPL (see 

Table 3.1), the uptake and conversion of LA was increased from 4.44 'Yo±O.04 to 

lO.2%±O.26; p<0.05 (panel b) at 24 h, but was reduced after the second day. 

Thus, a slight increase in ARA from 15.2'Yo±0.27 to_19.0%±0.12; p<O.05 was seen 

in EPG species (panel a) but not in CPG species (panel b). In line with the 

previous data, little or no changes were noted in the 22:4n-6 and 22:5n-6 

lTIetabolites in EPG and CPG (panels a and b). Interestingly, ARA nearly reached 

a plateau by 12 h in EPG, whereas it gradually declined in CPG species. A 

transient LA esterification was noted both in EPG and CPG, but after 2 days 

the LA levels were reduced substantially. 
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Figure 3.5: Time course of conversion and esterification of LA metabolites into 
cellular GPLs. PC12 cells were incubated for designated time periods (up to 48 h), in 
t~e presence of 20 IJM LA. The experimental conditions were identical to those in 
Figure 3.1. The values, expressed as the % FAMEs, are averages ± SEM of triplicates of 
three independent experiments. 'I< (p<O.05) indicates a significant difference for non­
Supplemented cells (time 0). 

3.6 Recovery from n-3 deficient status in PC12 cells folloWing ALA or EPA 

SUpplements 

The decrease in 20:3n-9 following PUFA supplements (Table 3.2) warranted 

Particular attention since it has been strongly associated with n-6 PUFA 

deficiency (Lerner et aI. , 1995). On the other hand. the well -established index 

of n-3 PUFA deficiency (22:5n-6/22:6n-3) is not suitable in the present study, 

tnainly because PC12 cells synthesise little if any 22:5n-6. 
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Therefore, we used Mead acid, the n-9 PUFA higher metabolite, as an 

alternative index (Lerner et aI., 1995). Figure 3.6 shows the changes in 20:3n-9 

content in EPG (see Table 3.1) after 3 days following ALA supplements. Notably, 

compared with non-supplemented cells, a two-fold decrease in 20:3n-9 (from 

6.06±0.25 to 3.18±0.09; p<0.05) was noted at a 20 ~M ALA concentration. At 

this time, the total amount of n-3 PUFAs in EPG increased by more than 4-fold 

(from 4.23±0.15 to 18.23±0.30; p<0.05). At 40 ~M ALA, 20:3n-9 is further 

decreased whereas n-3 PUFA is increased to 25'Yo of the total FAME. 

A similar reversal of the n-3 PUFA deficiency status emerges when cells are 

provided with EPA, an intermediary metabolite in the course of DHA synthesis. 

At 10 ~M EPA, 20:3n-9 is reduced by approximately 40% and at 40 ~M EPA is 

nearly absent. At the latter concentration, the amount of n-3 PUFAs attained is 

at a level of nearly 38%. This strongly suggests that the culture-imposed 

deficiency status can be eaSily reverted by treating cells with suitable n-3 FA 

precursors. 
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Figure 3.6: Recovery from n-3-deficient status in PC12 cells following ALA or EPA 
Supplements. PC12 cells were incubated for 72 h with the indicated concentrations of 
ALA (closed symbols) or EPA (open symbols). The experimental conditions were similar 
to those detailed in Figure 3.1. FAME±SEM of 20:3n-9 (circles) and the sum of 20:5n-3; 
22:5n-3 and 22:6n-3 (squares), expressed as the percent of EPG, was obtained from 
triplicate cultures. *p<0.05 indicates a significant difference for FA non-supplemented 
cells. 

3.7 Effects of n-6 and n-3 PUFA co-supplements on the FA profile of 

cellular GPLs 

3.7.1 Procedures 

A principal aim of this study was to design a FA cocktail in order to build up a 

proper molecular repertoire of n-3 and n-6 FAs for PC12 cells similar to that of 

neuronal cells. 

10 this end, cells were seeded in 25 cmz flasks and incubated in a humidified 

atmosphere of 3rC and 5i'o COz for 24 h. The following day, the growth 

lTlediulTl was removed and replaced with DMEM containing 1 'Yo FBS in the 
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presence of different n-3 and n-6 PUFA combinations for 48 h or 72 h. Cellular 

lipids were then extracted, purified and subjected to FA analysis by GC. 

3.7.2 Results 

3.7.2.1 Reciprocal effects of co-supplements of n-6 LA and n-3 ALA on 

the FA profile of EPG and CPG 

The first FA cocktail tested in PC12 cells was a co-supplement of n-3 ALA and 

n-6 LA together (LA+ALA). PC12 cells were incubated for 72 h in the presence 

of 10 IJM ALA and/ or 10 IJM LA according to the protocol described in section 

3.7. The n-3 PUFA profile of EPG (panel a) and CPG (panel b) as well as the n-6 

PUFA profile of EPG (panel a') and CPG (panel b') are depicted in Figure 3.7. In 

EPG species (panel a), after co-supplementing with 10 IJM ALA and 10 lJM LA, 

the EPA, DPA and DHA levels rose by approximately 8-(from 0.04 to 0.29; 

P<0.05), 4-(from 1 to 4; p<0.05) and 2-fold (from 9.68 to 3.75; p<0.05), 

respectively, as compared with the controls (Con). However, there was no 

change in the n-6 FA profile in the EPG species (panel a'). In the CPG species 

(panel b), the EPA, DPA and DHA levels were elevated by 5-(from 0.02 to 0.09; 

P<0.05), 4-(from 0.55 to 0.12; p<0.05) and 3-fold (from 1.30 to 0.47; p<0.05), 

respectively, as compared with Con. In addition, there was a small increase 

(>I.4-fold) in ARA (4.42±0.22) compared with Con (3.16±0.16; p<0.05) and in 

DTA (>1.8-fold; 0.25±0.01 compared with Con (0.14±0.01; p<0.05) percentages in 

the n-6 FA profile (panel b'). 
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The two essential FAs, ALA and LA at equimolar concentrations, compete for 

the elongation/desaturation pathway. Figure 3.7 clearly shows that LA did not 

prevent a conversion of ALA into 20:5n-3, nor did it affect the elongation 

Idesaturation into the 22:5n-3 and 22:6n-3 metabolites. 
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Figure 3.7: Effects of LA co-supplements on ALA metabolic conversion and 
esterification in EPG and CPG. PC12 cells were incubated in the presence of 10 \.1M 
ALA or/and 10 \.1M LA. The experimental conditions were similar to those detailed in 
Figure 3.1. The values, expressed as the % FAMEs, are averages ± SEM of triplicates of 
three independent experiments. 0 (p<O.05), 00 (p<O.005), 000 (p<O.OOl) indicate a 
significance difference for control untreated cells (Con) for n-3 EPA or the n-6 ARA 
percent. + (p<O.05), ++ (p<O.005), +++ (p<O.OOl) indicate a significance difference for 
Control untreated cells (Con) for n-3 DPA or n-6 DTA percent."" (p<O.05), """" (p<O.005), 
"''''''' (P<O.OOl) indicate a significance difference for control untreated cells (Con) for n-
3 DHA or n-6 DPA percent. 
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3.7.2.2 Reciprocal effects of n-6 ARA and n-3 ALA co-supplements on the 

FA profile of EPG 

The second FA cocktail tested in PC12 cells was a co-supplement of n-3 ALA 

and n-6 ARA together (ALA+ARA). PC12 cells were incubated for two days with 

a co-Supplement of 10 !-1M ALA and 20 !-1M or 40 !-1M ARA as stated in section 

3.7. As shown in Figure 3.8, there was an increase in all the n-3 intermediary 

metabolites in the EPG species (panel a): EPA increased more than 3-fold (from 

0.15 to 0.62cro at [10 !-1M ALA+20 !-1M ARA] and to 0.50cro at [10 !-1M ALA~40 !-1M 

ARA]; P<0.05). DPA increased more than 2-fold (from 0.15 to 2.99cro at [10 !-1M 

ALA+20 !-1M ARA] and to 2.78% at [10 !-1M ALA+40 !-1M ARA]; p<0.05). DHA 

increased more than 1.5-fold (from 4.3 to 6.46cro at [10 !-1M ALA+20 !-1M ARA] 

and to 6.04cro at [10 !-1M ALA+40 !-1M ARA]; p<0.05). In contrast, no change in 

the n-6 FA profile was observed (panel b). 
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Figure 3.8: Effects of ARA co-supplements on ALA metabolic conversion and 
esterification in EPG. PC12 cells were incubated for 48 h in the presence of 10 IJM 
ALA orland 20 or 40 IJM ARA. The experimental conditions were similar to those 
detailed in Figure 3.1. The values, expressed as the ~o FAMEs, are averages ± SEM of 
:riplicates of three independent experiments. 0 (p<0.05), 00 (p<0.005), 000 (p<0.001) 
Indicate a significance difference for control untreated cells (Con) for n-3 EPA or n-6 
ARA percent. + (p<0.05), ++ (p<0.005), +++ (p<0.001) indicate a significance difference 
for control untreated cells (Con) for n-3 DPA or n-6 DTA percent.* (p<0.05), ** 
(P<0.005), *** (p<0.001) indicate a significance difference for control untreated cells 
(Con) for n-3 DHA or n-6 DPA percent. 

3.7.2.3 Reciprocal effects of n-6 ARA and n-3 DHA co-supplements on 

the FA profile of EPG and CPG 

PC12 cells were incubated for two days with a co-supplement of 10 ~M or 20 ~M 

DHA and 20 ~M ARA (ARA+DHA). Cellular lipids were extracted and the 

Content of FA was analysed (see section 3.7). A combination of both DHA (up to 

20 ~M) and ARA (20 ~M) (Figure 3.9) caused a small rise in ARA levels (>1.3-
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fold) and a 3-fold increase in the percentage of DHA in the EPG (panel a) and 

CPG (panel b) species. A proportional decrease in ARA/DHA or ARA/n-3 ratio in 

a DHA concentration-dependent manner was observed in these two major GPLs. 
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Figure 3.9: Effect of the DHA and ARA supplements on the ARA and DHA profiles 
of EPG and CPG lipids. PC12 cells were incubated for 48 h in the presence of 10 or 20 
~M DHA orland 20 ~M ARA. The experimental conditions were similar to those detailed 
In Figure 3.1. The values, expressed as the ARA/DHA and ARA/n-3 ratio in EPG, were 
obtained from triplicate cultures of three independent experiments. + (p<0.05), ++ 

(P<0.005), +++ (p<0.001) indicate a significance difference for control untreated cells 
(Con) for ARA/DHA percent.* (p<0.05), ** (p<0.005), *** (p<O.OOl) indicate a 
Significance difference for control untreated cells (Con) for the ARA/n-3 percent. 

3.7.4 Reciprocal effects of co-supplements of n-3 ALA and n-3 DHA on 

the FA profile of EPG 

In previous experiments, supplements with LA or ARA did not result in 

excessive accumulation of ARA during the formation of their higher 
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intermediates (22:4n-6 and 22:5n-6). In contrast, the presence of ALA in the 

medium prompted PC12 cells to generate most of the n-3 intermediary 

metabolites including EPA, DPA and DHA. Therefore, a combination of ALA (10 

IJM) and DHA (10 ~M), both completely deficient in the growth medium, should 

reveal the competitive nature of the last intermediate (DHA) with the first 

intermediate (ALA) regarding the final shaping of the GPL species. 

Figure 3.10 also shows that direct co-supplements of 10 ~M ALA and 10 ~M 

DHA did not affect 20:5n-3 generation but instead, reduced conversion into 

22:5n-3 by approximately two-fold (from 2.06:!:0.05 to 0.9:!:0.17; p<0.05), 

indicative of the possible inhibition of 5 elongase activity (Wang et aI., 2005). 

This reemphasizes the general consensus (Martin et aI., 2006) that direct DHA 

sUpplements are preferentially esterified into cellular GPL. 
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Figure 3.10: Effects of DHA co-supplements on ALA metabolic conversion and 
esterification in EPG. PC12 cells were incubated for 48 h in the presence of 10 IJM 
ALA or/and 10 IJM DHA. The experimental conditions were similar to those detailed in 
Figure 3.1. The values are expressed as the relative changes in the major n-3 FAME 
profile of EPG after single or mixtures of FA supplements. Comparisons were made to 
non-supplemented cultures. The values are SEM of triplicate cultures of three 
independent experiments.* (p<O.05) indicates a significant difference for ALA­
Supplemented cells. 

3.8 Discussion 

The ample use of PC12 in neurobiology and neuropathology research (Vaudry et 

aI. , 2002; Suggate et aI., 2009; Malagelada et aI. , 2010; Ravni et aI. , 2006; 

Nakamura et aI., 2001) justified a revisit of these cells in order to examine 

their metabolic capacity to generate synthesized n-3 or n-6 PUFA metabolites 

from added precursors. The lack of information regarding their membrane lipid 

composition and the extensive use of these cells as models for neurons in 
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neurobiology and neuropathology research prompted us to evaluate the validity 

of this in vitro system. 

In the first part of this study, we focused on the detailed FA composition of 

proliferating PC12 cells as they are distributed among the three major 

membrane GPLs, e.g., EPG, CPG and SPG. From the data shown in Table 3.1, it is 

apparent that the bulk of FA in a" three major GPLs is composed of saturated 

and monounsaturated FAs. The finding that in comparison with neurons, PC12 

cells exhibit a very poor PUFA profile, particularly of DHA but also ARA, was 

less expected. This stands in contrast to the FA composition reported for 

various cells and brain structures isolated from the rodent brain (Bourre et aI., 

1984). For example, in neurons and synaptosomal membranes the amount of ARA 

is 10.3'0 and 12.2'0, respectively, whereas that of DHA is 8.3'0 and 12.5'0, 

respectively (see Table 1.1). Thus, compared with neurons, the levels of ARA 

and DHA in PC12 cells were down by 1.5- and 5-fold (p<0.05), respectively (see 

Appendix 6 and Table 1.1). In analogy to animal studies, this constitutes a 

marked deficiency that is not uncommon under culture conditions. For example, 

oligodendroglia-like, OLN93 cells (Brand et aI., 2010), septal-derived SN56 

cells and hippocampal-derived HT22 cells (Martin et aI., 2006) are a" poor in 

membrane PUFA content. The most feasible explanation is the lack of 

Sufficient amounts of essential FAs in the synthetically defined media or the 

serum additives given to these cells, a condition that may alter their ce"ular 

and functional properties. 
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Given the marked PUFA deficiency in PC12 cells, we have explored ways to 

enhance the content of both the n-3 and n-6 PUFA families to attain a proper 

molecular repertoire that resembles that of neuronal cells. Addition of FA 

supplements (ALA, DHA, LA or ARA) did not affect the amount of individual 

GPL under these conditions (Table 3.2). However, supplementing PC12 cells with 

FAs reshuffles the FA profile towards a specific unsaturated status (Table 

3.2). To this end, cultured cells were supplemented with a number of FA 

cocktails (a combination of FAs) at different concentrations for various periods 

of time. In addition, ALA and LA precursors were studied when competing with 

their respective final products DHA and ARA, in order to evaiuate the 

metabolic regulation of the endogenous elongation/desaturation pathway. The 

latter is common to the n-3 and n-6 PUFA families (Anrtholm and Mohrhauer, 

1963; Mohrhauer and Holman, 1963). It consists of mutual serial enzyme­

catalysed elongation/desaturation reactions that occur in the endoplasmic 

reticulum (ER) and which culminate in beta oxidation in the peroxisome 

(Sprecher et aI., 1986; Sprecher et aI., 1992) (see Figure 1.2). The general 

consensus is that both the n-3 and n-6 PUFA families compete for the same 

desaturase and elongase enzymes; however, many aspects of this physiological 

regulation to attain a certain profile of GPL molecular species remain unclear. 

Very few studies have addressed the question of how the FA metabolism is 

regulated in PC12 cells (Ikemoto et aI., 1997; Traynor et aI., 1982), although 

these cells have been widely used in a variety of studies in neurobiology and in 
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human neuropathology research (Vaudry et aI., 2002; Marszalek et aI., 2005; 

Suggate et aI., 2009; Vaisid et aI., 2008; Malagelada et aI., 2010). The kinetics 

of ALA conversion into higher intermediates indicates that PC12 cells possess 

an active elongation/desaturation pathway. Thus, increasing the ALA 

concentration in the culture medium results in a nearly linear rise in EPA and 

DPA levels into all major GPLs. EPA and DPA are usually absent from normal 

neurons. The accumulation of these metabolites in PC12 cells appears to be 

.c.haracteristic of transformation. We show that the conversion of ALA into 

DHA was high and reached a maximum with the 40 11M ALA supplement (Figure 

3.1). The results show that the ALA products are selectively distributed; most 

of the products are esterified to the aminoethanol GPLs (Figure 3.1). A similar 

distribution pattern was observed in human SH-SY5Y neuroblastoma cells. 

Similar to PC12 cells, the SH-SY5Y cells effectively converted ALA into EPA, 

DPA and DHA in a concentration-dependent manner (Langelier et aI., 2005). 

From the time course of ALA and EPA accumulation in EPG, a clear precursor­

product relationship is evident. Thus, the maximum incorporation of the 

precursor ALA into EPG was seen at 6 h, followed by a sharp decline by 48 h 

(Figure 3.3). EPA, on the other hand, gradually increased but unlike ALA, it 

leveled off by 48 h, suggesting a slower turnover. Interestingly, by 48 h, DPA 

and DHA also approached a plateau (approx. 11 cro and 10-;-'0, respectively), 

SUggesting a maximum capacity (approximately 20CYo of the 22 carbon PUFA) for 

incorporation into EPG, independent of ALA availability. The latter was 
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ineffective even at 80 pM (Figure 3.1). Given the fact that direct supplements 

of DHA (Figure 3.4) raised the amount of DHA in EPG to approximately the 

same level (20%), we think that the 22-carbon long-chain PUFAs are tightly 

regulated by the cellular biosynthetic machinery. We also studied the 

conversion of LA into higher members of the n-6 family as serum supplements, 

which are routinely added to most synthetic cell culture media (",1140 for the 

ALA/LA ratio (appendix 5». 

Notably, LA supplements added to the medium of proliferating cells were 

rapidly incorporated without conversion (Figure 3.2) in all three major GPLs, 

namely, the EPG, CPG and SPG classes, in a concentration-dependent manner. 

ARA, the first major intermediate of LA conversion, was only marginally 

elevated under these conditions. Furthermore, only a small conversion into n-6 

DTA and n-6 DPA (20 IJM LA) was evident. This finding is striking because the 

parallel conversion of ALA was far higher (Figure 3.1 vs 3.2). This strongly 

Suggests that although the two precursors share the same metabolic pathway, 

the physiological needs of n-6 and n-3 families for cell growth may be 

different. Based on the data, we concluded that 20 IJM LA is an adequate 

concentration to sustain the metabolic needs of new membranes in proliferating 

PC12 cells. 

The finding of a severe PUFA deficiency in cultured PC12 cells prompted us to 

stUdy the optimal conditions for attaining a proper lipid neuronal-like 

phenotype. This objective needs to be considered in light of the endogenous 
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conversion of the ALA and LA precursors by the elongationl desaturation 

metabolic pathway as well as by the competition that may arise as a result of 

direct final products added to the culture medium. Therefore, in addition to 

studying the metabolic conversion of each precursor in isolation, the influence 

of the reciprocal competition between ALA and LA and between ARA and DHA, 

on the ultimate assembly of the GPL molecular species also warranted a 

thorough investigation. When the simultaneous supplement of the n-3 and n-6 

precursors (ALA+LA) was applied, all n-3 PUFA intermediates were elevated, 

whereas those of n-6 remained unchanged (Figure 3.7). This is in agreement 

with the notion that under conditions of n-3 deficiency, the metabolic 

machinery for PUFA elongation/desaturation in PC12 cells showed a preference 

for the n-3 precursor in order to meet the cell membrane's needs. In other 

Words, there was a clear lack of competition between the two precursors on the 

Same enzymes. In this context, note that rat liver microsomes failed to convert 

LA into 18:3n-6 after being exposed to increasing ALA concentrations, 

SUggesting that !!.6 desaturase may exhibit a higher affinity for ALA (Brenner 

et aI., 1969). These are obviously in vitro studies that lack the complexity and 

functional compartmentalisation of the intact cell or the cell-cell interaction in 

tissues and therefore may not be relevant to PC12 cells. At this time, we do not 

have any molecular clues to account for this intriguing observation except to 

Suggest that the preferential build-up of GPL with the proper PUFA 

CompOSition in the endoplasmic reticulum could be the rate-limiting and 
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regulatory step. This is based on a preliminary data analysis of the molecular 

species, a topic that is currently under investigation. 

Additional competition studies were carried out by us in PC12 cells using dual 

DHA and ALA supplements. Under these conditions, the combination did not 

appear synergistic, presumably because the EPG profile is already enriched with 

long-chain 22-hydrocarbons (i.e., DPA, Figure 3.9). On the other hand, when the 

two final products of the elongation/desaturation pathway, ARA and DHA, were 

added together to the culture medium, preferential uptake and incorporation of 

the latter was noted already at 10 \JM (Figure 3.8). Similar findings have been 

reported in bone marrow-derived mesenchymal stem cells (Kan et aI., 2007) as 

well as in SN56 and HT22 cells (Martin et aI., 2006). One explanation for this 

phenomenon may be related to the preferential activation of DHA by the Acyl 

CoA synthetase long-chain (Acsl) isoform (Marszalek et aI., 2004; Marszalek et 

aI., 2005). Although this mechanism may account for the first step in free 

PUFA activation, the regulatory basis for the actual partition into GPLs or 

other lipid acceptors, depending on the cell lineage or the cell's physiological 

status, still remains unknown. Nevertheless, the present results suggest that a 

combination of ALA and DHA should serve as a most suitable molecular 

repertoire for n-3 PUFA-deficient cells (Figure 3.9) to match levels comparable 

to those observed in nerve cells. 
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Conclusions 

1. PC12 cells are deficient in n-3 metabolites and this deficiency can be 

recovered by the supplementation of n-3 PUFAs. 

2. ALA is taken up, converted into DHA and esterified into phospholipids, 

particularly EPG and SPG, in a process where EPA and DPA are also 

formed. We find this is in marked contrast to neuronal cells which show 

little or no presence of EPA and DPA. 

3. The ALA-converted DHA reaches a level near that obtained after direct 

supplements of DHA. 

4. LA is marginally converted to ARA or its higher n-6 PUFA metabolites 

indicating a plateau most likely attributable to the high levels of LA 

present in the medium. 

5. LA supplementations do not inhibit ALA conversion to higher n-3 PUFAs 

suggesting a lack of competition for the same elongases and 

desaturases. 
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4.1 Introduction 

The pheochromocytoma clonal cell line, PCI2, has been widely used for 

investigating neuronal differentiation and for studying nerve growth factor 

(NGF) actions. PC12 cells originate from chromaffin cells and in response to 

several factors; they differentiate into sympathetic neuron-like cells. The most 

common factor is NGF (Greene et aI., 1976; Fujita et aI., 1989), but the acidic 

fibroblast growth factor (aFGF) (Rydel and Greene, 1987), the basic fibroblast 

growth factor (bFGF) (Rydel and Greene, 1987; Togari et aI., 1985) and retinoic 

acid (RA) (Scheibe et aI., 1991) are also well known. A great deal of our 

understanding about the mode of action of growth factors and their signaling 

cascades has been achieved with NGF. 

AFGF and bFGF are peptide hormones abundant in the nervous tissue (Lobb and 

Fett, 1984; Thomas et aI., 1984; Gospodarowicz et aI., 1984) and play important 

roles during differentiation. BFGF, for example, induces neurite outgrowth in 

cultured dissociated hippocampal and cerebral cortical neurons (Walicke et aI., 

1986; Morisson et aI., 1986). 

The vitamin A metabolite, all- trans retinoic acid (ATRA), plays a crucial role in 

the development of the peripheral nervous system (PNS) and the central 

nervous system (CNS). RA has been shown to stimulate neurite outgrowth of 

sympathetic and dorsal root ganglia (DRG) neurons (Haskell et aI., 1987) and 

dissociated neurons from the neural tube (Corcoran et aI., 2000) derived from 

chick embryo explants. RA promotes neurite extensions of several types of 
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primary neurons in the cortex (Ved and Pieringer, 1993), retina (Mey and 

Rombach, 1999) and olfactory system (Whitesides et aI., 1998). It also affects 

transformed cultured cells such as neuroblastoma (Petroni et aI., 1996a; 1996b; 

Sidell et aI., 1983; 1984; 1986; Shea et ai, 1985) and teratocarcinoma (Jones­

Villeneuve et ai, 1983). In principle, it is believed that ATRA inhibits cell 

division, and subsequently this inhibition results in cell differentiation ,into a 

neuronal phenotype. RA induces neurite expansion in subclones of PC12 cells and 

the expression of neural markers in the parental PC12 cell line (Scheibe et aI., 

1991). 

Since these events presumably involve alterations in the cell membrane, we 

have focused our attention to changes in membrane phospholipids after 

exposure to various differentiation factors including NGF, bFGF and RA. In the 

following experiments, changes in the FA composition and FA biosynthesis in 

individual phospholipids were assessed after adding these agents. 

Changes in the overall phospholipid composition and FA content of individual 

Phospholipids in PC12 cells after a three-day or seven-day exposure to NGF 

have been reported in the past (Traynor et aI., 1982; Ikemoto et aI., 1997). 

~owever, there have been no studies regarding the impact of NGF, bFGF or RA 

on n-3 PUFA or n-6 PUFA biosynthesis in PC12 cells. In other cell lines, such as 

neuroblastoma cells, the effect of differentiation toward a neuronal phenotype 

by several agents (dimethylsulfoxide (DMSO), 5'-bromodeoxyuridine and 

dibutyryl cAMP, RA) on the FA composition has been studied. Gulaya et al. 
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(1989) measured the changes in phospholipid classes and the changes in FA 

content in glycerophospholipids of neuroblastoma CI300 NI8 cells following 

differentiation by different agents (DMSO, 5'-bromodeoxyuridine or dibutyryl 

CAMP). In N1E-115 cells, the effect of DMSO-induced differentiation on the 

phospholipid composition and on the FA content of glycerophospholipids was 

also assessed (Murphy and Horrocks, 1993). In SK-N-BE cells, the effect of 

RA-induced differentiation on the percentage of the levels of major FAs and on 

the conversion of LA and EPA has been also studied (Petroni et aI., 1996a, b). 

Objectives 

The objectives of this study were to investigate in PC12 cells the following: 

• The optimal conditions for morphological changes (typical of neuronal 

differentiation) after challenging cells with NGF, bFGF or ATRA 

• The FA composition before and after differentiation 

• The appearance of individual metabolites generated from linoleic acid (18:2n-

6) and linolenic acid (18:3n-3) precursors and the target phospholipids for their 

incorporation 
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4.2 Effect of NGF, bFGF and ATRA on PC12 cell proliferation 

4.2.1 Procedures 

For morphological observations, PC12 cells were seeded in 25 cm2 flasks and 

incubated at 37°C under 5'Yo C02 humidified conditions for 24 h. After one day, 

the growth medium (15% serum) was removed, and the cells were incubated for 

16 hours or three days in DMEM supplemented with 1 'Yo foetal bovine serum 

(FBS) with or without additional effectors: NGF (100 ng/ml), bFGF (50 ng/ml) 

or A TRA (1 IJM or 10 IJM). Images were taken with a Nikon phase contrast 

microscope. 

4.2.2 Results 

The morphological changes of PC12 cells after exposure to a number of agents 

are illustrated in Figure 4.1. 

Proliferating PC12 cells grown in serum-supplemented (15%) medium and 

incubated in serum-deprived (1% FBS) medium appear small and round and, as 

described by Green and Tischler (1976), they resemble chromaffin-like cells. 

Sixteen hours following NGF addition, cell flattening and the formation of 

short cytoplasmic extensions (neurites or processes) were observed under 

microscopy. Three days after adding NGF, extended and more robust neurites 

Were noted. 

Morphological responses to bFGF treatment are very similar to those seen 

after NGF at the beginning of the process (a 16-hour treatment). After 16 h, 
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with the addition of bFGF, extended robust neurites are observed in PC12 cells. 

However, after 72 h with bFGF, the neurite outgrowth ceased. These 

observations are in concordance with those of Togari et al. (1985), who 

reported that 50 ng/ml pituitary bFGF elicited unstable neurite expansion by 

PC12 cells, which after three days, had deteriorated. Thus, bFGF appears to 

initiate transient neurite outgrowth. 

Three days after adding RA to serum-deprived (1 ~o) medium, no neurite 

processes were noted. Thus, RA did not induce neurite outgrowth in PC12 cells. 

This observation is in line with studies undertaken by Scheibe and co-workers 

(1991), who showed that the parental PC12 cell line did not elaborate neurites in 

response to RA, in contrast to a sub clone mutant deficient in cAMP-dependent 

protein kinase A (PKA). 
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Con NGF bFGF RA 

Figure 4.1 Microscopic images of proliferating, NGF-differentiated, bFGF­
differentiated and RA-differentiated PC12 cells. 16 hours: Proliferating cells in 
serum-deprived medium (l~o). After NGF (100 ng/ml) or bFGF (50 ng/ml) short 
extensions were noted. After ATRA (1 IJM or 10 IJM), no morphological differentiation 
Was observed. Three days after adding NGF, extended and more robust neurites were 
noted. After adding bFGF, the processes regressed. After A TRA, no morphological 
differentiation was observed. Scale bar = 100 JIm, Scale bar = 50 JIm. 
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4.3 NGF does not alter the FA profile 

4.3.1 Procedures 

To investigate the FA composition of differentiated (+NGF) PCl2 cells, 

experiments were set up as described in section 2.4.3. Briefly, PC12 cells were 

incubated in DMEM supplemented with 1 ~o FBS in the presence of NGF (100 

ng/ml) and in the absence of any additional FA for three days. After 

differentiation by NGF, the EPG, CPG and SPG were extracted from PC12 cells 

and analysed for FA composition, as described in section 2.5. 

4.3.2 Results 

Table 4.1 depicts typical profiles of FAs determined in the three major classes 

of GPLs (EPG, CPG 'and SPG) in differentiated (+NGF) cells. This table clearly 

shows that despite the fact that PC12, after 3 days, exhibited a neuronal 

morphology after NGF addition, little or no changes took place in the 

Composition of the bulk of FA especially PUFAs (ARA, 15~o in -NGF (table 3.1) 

to 12% in +NGF; DHA, 3% in -NGF (table 3.1) to 2% in +NGF in EPG). 
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Table 4.1: Major FAME in EPG, CPG and SPG of NGF-differentiated PC12 cells. 
PC12 cells were grown for three days in DMEM containing 1 '}to FBS and 100 ng/mL NGF. 
After incubation, the FAME components in different GPLs was determined. The values, 
expressed as the '}to FAMEs, are averages ± SEM of triplicate cultures of three 
independent experiments. Control data is found in (-NGF; table 3.1). 

+NGF (100 ng/ml) 
Phospholipid classes 

EPG CPG SPG 

'Yo mean FA : SEM 'Yo mean FA : SEM 'Yo mean FA : SEM 

FA Saturated fatty acids 

16:0 8.68 :0.8 24.23:0.73 13.06:1.47 

18:0 11.51 :0.61 5.98:0.28 27.95:2.87 

20:0 0.38 :0.04 0.24:0.01 0.63:1:0.07 

22:0 0.24 :1:0.02 0.16:1:0.009 0.39:1:0.13 

24:0 0.15:1:0.05 0.34:1:0.006 0.42:1:0.14 

Plasmalogen species 
16:0 DMA 3.03:1:0.43 0.16:1:0.02 cO.l 

18:0 DMA 4.03:1:0.35 0.53:1:0.04 0.21:1:0.04 

18:1 DMA 1.57:1:0.18 0.03:1:0.003 0.06:1:0.03 

Monounsaturated fatty acids (and Mead acid) 
16:1n-7 1.39:1:0.08 cO.l 0.16:1:0.01 

18:1n-7 8.3:1:0.84 14.73:1:0.9 6.7:1:0.82 

18:1n-9 29.6:1:1.09 39.5:1:0.16 24.1:1:3.15 

20:1n-9 3.18:1:0.32 3.35:1:0.05 2.22:1:0.42 

20:3n-9 4.7:1:0.28 0.61:1:0.04 3.02:1:1.27 

22:1n-9 0.22:1:0.04 cO.l cO.l 

24:1n-9 0.21:1:0.02 0.46:1:0.01 0.44:1:0.03 

N-6 and n-3 PUFAs 
18:2n-6 3.9:1:0.79 3.59:1:0.14 7.02:1:2.2 

20:2n-6 0.03:0.009 0.16:1:0.003 0.06:1:0.02 

20:3n-6 0.97:1:0.05 0.58:1:0.05 3.65:1:0.33 

20:4n-6 12.04:1:0.54 1.1:1:0.04 3.17:1:0.19 

22:4n-6 0.67:1:0.07 0.05:1:0.009 0.78:1:0.09 

22:5n-6 0.34:1:0.03 0.05:1:0.006 0.33:1:0.1 

20:5n-3 0.68:1:0.05 0.85:1:0.02 0.82:0.03 

22:5n-3 0.66:1:0.11 0.09:1:0.01 1.03:1:0.17 

22:6n-3 2.07:0.16 0.2:1:0.01 3.08:1:0.58 
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4.4 Effect of NGF-induced cell differentiation on n-3 and n-6 PUFA 

metabolism 

4.4.1 Procedures 

To investigate the effect of NGF addition on n-3 PUFA and n-6 PUFA 

metabolism, cells were grown in 25cm2 flasks, incubated at 3rC and 5i'0 CO2• 

After one day, the growth medium was removed and replaced with DMEM 

containing li'o FBS in the presence of NGF (100 ng/ml) and ALA, EPA, DHA or 

LA for short or long incubation periods as described in section 2.4.3. Cellular 

lipids Were extracted with hexane/isopropanol (3/2 by vol) and subjected to FA 

analysis using combined one-dimensional TLC/ GC as detailed in section 2.5. 

4.4.2 Results 

4.4.2.1 Effect of NGF-induced cell differentiation on conversion and 

esterification of n-3 ALA metabolites into cellular EPG and SPG 

For time-course studies, NGF-challenged PC12 cells were subjected to the n-3 

ALA precursor (20 IJM) for designated time periods (up to 48 h). Cellular lipids 

Were extracted and FA content was profiled following the protocol described in 

Section 4.3. In NGF-differentiated PC12 cells, the percentage of ALA 

incorporated and the n-3 PUFA intermediates EPA, DPA and DHA 

biosynthesized from ALA in a time-dependent manner are shown in EPG (Figure 

4.2 panel a), (SPG) (Figure 4.2 panel b). In EPG species (panel a), apart from 

20:5n-3, a drastic decline in 22:5n-3 and 22:6n-3 was noted within the first 12 
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h after adding NGF. After 24 h, the levels of 22:5n-3 and 22:6n-3 were 

reduced by approximately 38i'o and 46i'o (p<0.05) compared with NGF-untreated 

cells (see Figure 3.3), respectively, whereas conversion into 20:5n-3 was not 

affected. By 48 h, the reduction in DHA approached 70i'o (p<0.05). 

In contrast, NGF caused only a small reduction (18i'o) in the level of 22:6n-3 in 

SPG species (panel b), at 24h. Interestingly, ALA levels in SPG of NGF-treated 

cells remained relatively high compared with NGF untreated cells. These data 

Suggest that the elongation/desaturation from 20:5n-3 to 22:6n-3 is robustly 

impaired as a result of adding NGF. 
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Figure 4.2: Time course of conversion and esterification of ALA metabolites into 
cellular GPLs after treatment with NGF. PC12 cells were incubated for deSignated 
time periods (up to 48 h), in the presence of 20 IJM ALA and 100 ng/ml NGF. After 3 
days, the FAME components in different GPLs was determined. The values, expressed 
as the 'Yo of FAMEs, are averages ± SEM of triplicate cultures of three independent 
eXperiments. ,.. (p<0.05) indicates a significant difference for non-supplemented cells 
(time 0). 
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4.4.2.2 Effect of NGF-induced cell differentiation on the conversion and 

esterification of ALA metabolites into cellular EPG after prolonged 

incubation 

In order to confirm the results obtained from the time course studies, PC12 

cells were subjected to >4 days incubation with or without NGF (100 ng/ml) and 

ALA (20 \.1M). The n-3 PUFA profile in EPG was determined as described 

previously (see section 4.3). 

Figure 4.3 illustrates the percentages of EPA, DPA and DHA in EPG species in 

non-Supplemented (non suppl.), NGF-differentiated PC12 cells (NGF), ALA­

treated cells (ALA) and ALA-treated NGF-differentiated PC12 cells 

(ALA+NGF). Long-term exposure of ALA-treated PC12 cells to NGF (ALA+NGF) 

affected DHA biosynthesis from ALA. The levels of DPA and DHA synthesised 

by ALA+NGF (510; p<0.05) were reduced 1.5-fold compared with ALA (810; 

P<0.05) in EPG. This indicates that the last steps in n-3 PUFA biosynthesis, 

namely, the elongation of 20:5n-3 into 22:5n-3 and the 22:5n-3 conversion to 

DHA, appear to be aberrant in NGF-arrested PC12 cells, as already indicated 

above. 
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Figure 4.3: Effect of long-term NGF-induced cell differentiation on the conversion 
and esterification of ALA metabolites into EPG. PC12 cells grown under similar 
conditions as described in Figure 4.2 were supplemented for >4 days with 20 IJM ALA in 
the absence or presence of 100 ng/ml NGF in 1% FBS. After 3 days, cellular lipids were 
extracted and the FA profile from EPG was determined. The figure, which depicts the 
~o of FAMEs in the major n-3 series, are averages ± SEM, which were obtained from 
triplicate cultures of three independent experiments. '" (p<0.05), "'''' (p<0.005), "''''''' 
(P<0.001) indicate a significant difference for control untreated cells (Non suppl.). + 

(P<0.05), ++ (p<0.005), +++ (p<0.001) indicate a significant difference between non-NGF 
and NGF-differentiated cells. 

4.4.2.3 Effect of NGF - induced cell differentiation on the conversion and 

esterification of EPA metabolites into cellular EPG after prolonged 

incubation 

From the previous experiments, we concluded that NGF appears to block the 

conversion step from EPA to DHA when cells were fed with ALA. Therefore, we 

decided to evaluate the generality of this phenomenon by directly adding the 

EPA precursor to the PC12 cells. 

To further examine this issue, increasing supplements of EPA (10-40 IJM) were 

given to PC12 cells in the presence or absence of NGF (100 ng/ml) for 3 days, 

and cellular lipids were extracted as described in section 4.3. As shown in 
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Figure 4.4, there was a general decline in the amount of EPA higher metabolites 

incorporated into EPG. At 25 \JM EPA, 22:5n-3 and 22:6n-3 biosynthesis was 

reduced by 24 'Yo (p<O.05) and 42'Yo (p<O.05), respectively. On the other hand, 

direct incorporation of EPA into EPG remained unchanged in the presence of 

NGF. 
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Figure 4.4: Effect of NGF on the conversion and esterification of EPA into cellular 
EPG. PC12 cells grown under similar conditions as described in Figure 4.2 were 
supplemented for 3 days with n- 3 EPA (0 - 40 IJM) in the absence or presence of 100 
ng/ml NGF in l'Yo FBS. After incubation, the FAME components in EPG was determined. 
lit (P<0.05) indicates a significance difference for control untreated cells (Non-suppl.). 
The figure, which depicts the 'Yo of FAMEs of the major n-3 series, are averages ± 

SEM, which were obtained from triplicate cultures of three independent experiments. '" 
(P<0.05) indicates a significant difference for non-supplemented cells (time 0). 
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4.4.4.4 Effect of NGF - induced cell differentiation on esterification of 

bHA into cellular EPG after prolonged incubation 

From the data above, it is clear that NGF affects the n-3 

elongation/ desaturation pathway; however, NGF could also be interfering with 

DHA esterification into phospholipids. To rule out this possibility, PC12 cells 

Were incubated without or with NGF (100 ng/ml) and DHA (20 ~M) for 2 days, 

and then ce"ular lipids were extracted as described in section 4.3. Figure 4.5 

represents the percentage of DHA in EPG species. After 2 days with direct 

DHA supplements, the percentage of DHA reached almost 20% (p<O.OOl) in 

NGF-differentiated and non-differentiated PC12 cells. It can be concluded 

from this experiment that NGF does not affect DHA incorporation into 

phospholipids. 
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Figure 4.5: NGF does not affect DHA incorporation. PC12 cells were supplemented 
for 2 days with 20 \.1M DHA in the absence or presence of 100 ng/ml NGF in 1 'Yo FBS. 
After incubation, the FAME components in EPG was determined. The medium was 
removed and cellular GPLs were separated and processed as described in Materials and 
Methods. The values, expressed as the 'Yo of FAMEs, are averages ± SEM, which were 
obtained from triplicate cultures of three independent experiments. *** (p<O.OOl) 
indicates a significance difference for control untreated cells (Non suppl.). 
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4.4.4.5 Effect of NGF-induced cell differentiation on the conversion and 

esterification of LA metabolites into cellular EPG after prolonged incubation 

It has been long established that n-3 PUFA and n-6 PUFA share the same 

enzymes for PUFA biosynthesis (Brenner and Peluffo, 1966). Therefore, the 

common metabolic pathway for n-3 PUFA and n-6 PUFA elongation/desaturation 

prompted us to study the biosynthesis of n-6 PUFA from the LA precursor. 

Therefore, PC12 cells were incubated with or without NGF (100 ng/ml) and LA 

(20 ~M) for 3 days, and then cellular lipids were extracted as described in 

section 4.3. 

As illustrated in Figure 4.6, while typically, the conversion of n-6 metabolites is 

by far smaller than that of n-3 metabolites, dearly, adding NGF strongly 

inhibited the 20- to 22-hydrocarbon-long FA elongation. In contrast, the 

conversion of ARA to 22:4n-6 was doubled in the presence of LA, and the 

addition of NGF induced a significant (approx. 33%; p<O.OOl) reduction. The 

conversion of 22:4n-6 to 22:5n-6 via beta-oxidation induced an even stronger 

inhibition (approx. 60"0, p<O.OOl) in the presence of NGF. Reduced elongation of 

20-hydrocarbon to 22-hydrocarbon-LCFAs by NGF was also evident in PC12 

cells supplemented with LA. 
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Figure 4_6: Effect of NGF-induced cell differentiation on the conversion and 
esterification of LA metabolites into EPG_ PC12 cells were supplemented for 3 days 
with 20 !-1M LA in the absence or presence of 100 ng/ml NGF in 1'10 FBS. After 
incubation, the FAME components in EPG was determined. The figure, which depicts the 
% of FAMEs in the major n-6 series, are averages :t SEM, which were obtained from 
triplicate cultures of three independent experiments. '" (p<0.05), ** (p<0.005), "''''''' 
(P<0.001) indicate a significant difference for control untreated cells (Non suppl.). + 

(P<0.05), ++ (p<0.005), +++ (p<0.001) indicate a significant difference between non-NGF 
and NGF-differentiated cells. 

4.5 Effect of bFGF - induced cell differentiation on the conversion and 

esterification of n-3 ALA metabolites into cellular EPG 

The effect of another differentiation factor, basic fibroblast growth factor 

(bFGF), on n-3 biosynthesis was studied. As already noted in Figure 4.1, bFGF 

differentiates PC12 cells morphologically, manifested by a transient outgrowth 

of neurites (after 72h, neurite outgrowth ceased). 

Therefore, bFGF (50 ng/ml) was added along with 20 ~M ALA to cells for 3 

days, and cellular lipids were extracted as described in section 4.3. 
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The levels of each n-3 intermediary metabolite biosynthesised from an n-3 

precursor in EPG in PC12 cells differentiated with bFGF (ALA+ bFGF) are 

similar to undifferentiated PC12 cells (ALA). Again, in the presence of NGF, 

DPA biosynthesised from ALA is reduced by l.7-fold (from 11.35i'0 to 7. 11 i'o; 

P<O.05) and the DHA level is approximately half (4.28i'0; p<O.05), compared with 

ALA-treated cells (7.5i'0; p<O.05). BFGF did not inhibit the DHA biosynthesis in 

PC12 cells as compared with NGF (Figure 4.7). 
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Figure 4.7: bFGF does not inhibit ALA conversion into DHA in EPG fatty acid 
profiles. PC12 cells were pre-incubated in DMEM containing 1"0 FBS medium in the 
presence of 50 ng/ml bFGF (ALA+FGF) or 100 ng/ml NGF for 12 h and for 3 days with 
20IJM ALA and NGF. After incubation, the FAME components in EPG was determined. + 
(P<0.05) indicates a significance difference for ALA-treated cells (ALA) for the 
percentage of DPA. * (p<0.05), ** (p<0.005), *** (p<0.001) indicate a significance 
difference for ALA-treated cells (ALA) for the percentage of DHA. 
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4.6 Retinoic acid (ATRA) slightly enhances ALA conversion to DHA into 

cellular EPG 

Unlike NGF, ATRA, a compound known to induce neuronal differentiation, has 

been shown in PC12 cells to enhance the expression of several neural genes 

Without affecting neurite outgrowth. Therefore, the effect of RA, a naturally 

OCcurring metabolite of vitamin A, on n-3 FA elongation/desaturation pathway 

Was investigated. A TRA at different concentrations (lor 10 ~M) or 100 ng/ml 

NGF was added with 20 ~M ALA to the medium for 3 days, and cellular lipids 

Were extracted as described in section 4.3. 

The level of each n-3 intermediary metabolite in EPG is shown in Figure 4.8. In 

EPG species, the level of DHA biosynthesised is higher in PC12 cells treated 

with ALA and ATRA (ALA+ATRA) than in ALA-treated PC12 cells. Again, in the 

presence of NGF, DPA biosynthesised from ALA is reduced by 1.5-fold (from 

9.07±0.18 to 6.31±0.18; p<0.05) and the DHA level is half (4.82±0.13; p<0.05), 

compared with ALA (10.17±0.2; p<0.05), or with ALA+ATRA-treated cells. ATRA 

did not inhibit the DHA biosynthesis in PC12 cells as compared with NGF; it 

slightly enhanced it. 
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Figure 4.8: Retinoic acid (ATRA) does not inhibit of ALA conversion into DHA in 
EPG fatty acid profiles. PC12 cells was incubated in the presence of 20 \.1M ALA, or a 
Combination of both ALA and 1 \.1M or 10 \.1M A TRA (ALA+A TRA), or a combination of 
both ALA and 100 ng/ml NGF (ALA+NGF) for 72 h. After 3 days, the FAME 
components in different GPLs was determined. 00 (p<0.005), 000 (p<O.OOl) indicate a 
significance difference for ALA- treated cells (ALA) for the percentage of EPA. +++ 
(P<O.OOl) indicates a significance difference for ALA-treated cells (ALA) for the 
percentage of DPA. * (p<0.05), ** (p<0.005), *** (p<O.OO1) indicate a significance 
difference for ALA-treated cells (ALA) for the percentage of DHA. 

4.7 Discussion 

From the morphological point of view, both NGF and bFGF stimulate neurite 

outgrowth in PC12 cells. However, there is a notable dissimilarity in the ways 

PC12 cells respond to these different signalling molecules. The neurites that 

are formed in response to NGF are stable in comparison with those induced by 

bFGF. As in the case of the latter, the neurites started to retract within three 

days. This observation is in agreement with a previous report (Togari et al. 

(1985», although Rydel and Greene (1987) found no evidence of deterioration. 
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With respect to adding RA, we also did not notice any neurite expansion: as was 

also shown by Scheibe and coworkers (1991). 

The characteristics of PC12 cells differentiated by these agents have been 

described. However, we have little information until now about the lipid 

Composition of differentiated PC12 cells. In these original studies, we tackle 

the biosynthesis of PUFA from various essential FA precursors (i.e. ALA and 

LA) in the presence or absence of NGF. 

Clearly, despite the fact that NGF induces morphological changes in PC12 cells 

(i.e. membrane reshuffling) after a three-day exposure with NGF, the overall 

detailed FA profile remains unchanged (Table 4.1). A similar observation was 

reported by Traynor and coworkers (1982). They reported no significant 

modification of the total phospholipid composition of the cells and in the FA 

Content of individual phospholipids, after NGF treatment for 3 days. In 

Contrast, Ikemoto and coworkers (1997) showed that NGF treatment increased 

EPG synthesis and the sum of n-3 PUFAs and consequently decreased the n-

6/n-3 ratio of the phospholipid acyl chains. For other cell lines, there are 

reports indicating that the differentiation process is associated with 

modifications of the lipid metabolism. For instance, differentiated CI300 N18 

neuroblastoma cells exhibited elevated EPG and SPG levels, an increase in the 

saturated FA content in lPG, EPG and CPG and also a decrease in the 

unsaturated FA content compared with undifferentiated cells (Gulaya et aI., 
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1989). In a similar study, NIE-115 neuroblastoma cell differentiation induced by 

DMSO decreased DHA proportions (Murphy and Horrocks, 1993). 

In chapter three, PC12 cells were shown to have the ability to synthesise all the 

n-3 or n-6 (to a lesser extent) metabolites from their precursor. In this 

chapter, we examined whether various differentiation factors such as NGF, 

bFGF or RA could influence this ability. First of all, the consequences of ALA 

and LA metabolism in NGF-treated, n-3 PUFA-deficient PC12 cells were 

investigated. 

SUpplements of ALA were effectively converted to 20:5n-3 by NGF-treated 

cells. Conversion of the precursor to EPA is time-dependent, similarly to the 

results obtained for proliferating cells (Figures 4.1 and 3.3). In marked 

Contrast to the latter, NGF-treated cells were unable to elongate and 

desaturate 20-hydrocarbon-long chains (EPA) to 22-hydrocarbon-long chain 

metabolites (DPA and DHA). In particular, conversion of ALA to 22:6n-3, as 

manifested by its levels in both EPG and SPG, was strongly reduced. 

Incubations of longer duration (4.74±0.86: p<0.05), however, were manifested 

by a slight increase (compared to 3.06±0.29; p<0.05 at 48h), in the production 

of DHA after adding ALA, yet the levels were still below those attained with 

ALA (8.32±0.95; p<0.05) (Figure 4.2 and Figure 4.3). This striking observation 

strongly suggests that NGF blocked the formation of DPA and DHA but not 

that of EPA. The possible site of NGF action is illustrated below in the 

metabolic chart of long-chain FA elongation/desaturation. 
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Figure 4 .9: Schematic illustration of the results obtained for the n-3 PUFA 
metabolism in proliferating and NGF-differentiated PC12 cells. /::"6 and /::,.5 
represent desaturase enzymes; ELOVL2 and ELOVL5 elongase activities and ~-ox 

peroxisomal ~ oxidation. Abbreviations: ALA, a-l inolenic acid; EPA, eicosapentaenoic; 
DHA, docosahexaenoic acid; NGF, nerve growth factor . 

A more refined experiment to determine the possible site of inhibition was 

performed using EPA supplements (Figure 4.3). Notably, EPA was little 

converted to DPA but not to DHA even after 3 days of incubation. Under these 

conditions the peroxisomal decarboxylation of 24-carbon to 22-carbon DHA 

appears impaired. Another possibility would be that esterification of DHA into 
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GPLs is inhibited by NGF. However, this does not seem to be the case because 

direct supplements of DHA were effectively incorporated into EPG (Figure 4.4). 

The possibility of a signal driven by NGF leading to impairment of the last steps 

of elongation/desaturation is supported by recent evidence. 

The conversion of n-6 LA, the precursor that uses the same metabolic route 

for elongation/ desaturation is inhibited in the last step from a 20-carbon to a 

22-carbon skeleton. Similar to n-3EPA and n-3ALA conversion, there is no 

22:5n-6 generation under these experimental conditions (Figure 4.5). 

Supplements of EPA and LA further corroborated the NGF-impaired elongation 

desaturation pathway. 

The appearance of limited amounts of 22:5n-3, both after the ALA and EPA 

supplements in NGF-treated cells, indicates presumably a more intricate 

metabolic regulation. One possible explanation might be that the residual 

activity of ELOVL5, the enzyme present in rodents, which is responsible for the 

18- hydrocarbon to 20-hydrocarbon chain length elongation, may also enable the 

elongation of the 20-hydrocarbon skeleton (Leonard et aI., 2004). From our 

studies, it is tempting to hypothesise that NGF may have activated an intrinsic 

cellular Signal to shut off the PUFA elongation/desaturation pathway as part of 

a phenotypical expression of neuronal characteristics. As such, it is possible 

that NGF may affect local Signals such as estrogen receptor activation (Merot 

et aI., 2009) to regulate PUFA metabolism, a hypothesis that remains to be 

examined. 
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To further examine whether NGF inhibition is a general phenomenon that might 

be shared by other compounds inducing PC12 cell differentiation, we examined 

the impact of another growth factor, bFGF, on PUFA conversion by PC12 cells. 

BFGF induced a neuronal phenotype in PC12 cells, confirmed by the occurrence 

of neurite outgrowth (Figure 4.1). BFGF has been examined in the presence of 

ALA supplements. In bFGF-differentiated cells, ALA conversion into DPA and 

DHA levels in EPG were similar to the ones in undifferentiated cells. Compared 

with NGF-differentiated PC12 cells, bFGF did not inhibit the conversion 

pathway (Figure 4.6). 

ATRA, another compound inducing PC12 cell differentiation, has been examined 

in the presence of ALA supplements. A TRA did not induce neurite extension 

(Figure 4.1). It was reported to increase the low-affinity receptor (p75) 

eXpresSion in PC12 cells (Scheibe and Wagner, 1992, Cosgaya et aI., 1996) 

Similarly to NGF (Miller et aI., 1991). Like NGF, RA affected cell proliferation 

and induced several gene transcripts. ALA conversion into DPA and DHA, in the 

presence of ATRA (1-10 ~M), slightly enhanced DHA levels in EPG rather than 

inhibited them (Figure 4.7). In that respect, ATRA cannot mimic the action of 

NGF on an ALA elongation/desaturation enzymatic cascade. Similar to our 

findings, ATRA increased the elongation/desaturation of n-6LA and induced 

neurite outgrowth in a human neuroblastoma (NB) cell line, whereas the 

conversion of EPA was not affected (Petroni et aI., 1996a, b). 
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In conclusion, the fact that NGF plays a regulatory role in PUFA biosynthesis is 

a unique property for NGF and this can be assessed in a wider context to help 

resolve some controversial findings regarding how neuronal and glial cells 

contribute to the endogenous capacity of the brain in synthesising its own 

PUF A constituents. 

In such a scenario, we hypothesise that all neuroblasts and stem cells in the 

subventricular zone in the developing nervous system have full capacity to 

synthesise PUFA from essential F A precursors. Upon exposure to growth 

factors or neuromodulator-induced terminal neural differentiation, neurons may 

. ceaSe to produce their own DHA and consequently become highly dependent on 

outside Sources such as astrocytes. The latter seems to retain this capacity 

throughout life. 

Conclusions 

1. NGF and bFGF induce a morphological differentiation of PC12 cells as 

observed by the induction of neurite outgrowths. No such behavior 

occurred with A TRA treatment. 

2. The addition of NGF causes a striking inhibition of the last steps in 

elongation/desaturation of ALA and LA suggesting a possible 

interference with the last stages of the 22-hydrocarbon long chain 

biosynthesis. 
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3. BFGF and ATRA did not induce any inhibition in the 

elongation/desaturation of ALA. 
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5.1 Introduction 

In the previous chapters, we provided novel evidence that proliferating PC12 

cells can convert more efficiently ALA into DHA than LA into ARA metabolites. 

On the other hand, we found that NGF-differentiated cells were robustly 

inhibited (p<O.05) in their ability to convert either precursor to its 

corresponding metabolite DHA and ARA, respectively. 

We reasoned that the cause of this inhibition is an interference with the last 

stages of the 22-hydrocarbon-long chain intermediate biosynthesis of the n-3 

and n-6 PUFA families. This biosynthetic pathway consists of several key 

catalytic reactions including two elongases (ELOVL5 and ELOVL2), a desaturase 

(delta6 desaturase) and peroxisomal beta oxidation catalytic activity (PPARa., 

PeroXisome proliferator-activated receptor alpha). Finding such a disparity in 

the conversion of PUFAs in response to different signals may be caused by 

differential regulation of specific genes that encode for the enzymes indicated 

above and/or their affinities to substrates. Therefore, in the first stage, we 

Set out to examine in detail the effects of FA supplements on the expression 

of several of the above transcripts in proliferating or NGF-differentiated cells 

USing quantitative real-time PCR (qRT-PCR) analysis. 

The impact of FA supplements on elongase and desaturase gene expressions has 

been thoroughly evaluated previously in animals fed with different PUFA­

enriched diets. In vivo studies have indicated that both elongase and 
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desaturase expression are under tight physiological regulation. Wang and co­

Workers (Wang et aI., 2005; 2006), for example, have shown that the hepatic 

Elovl5 expression level was reduced by 50~o to 75~o in mice fed with a high-fat 

diet (60~o of calories as fat). However, the abundance of Elovl2 and delta6 

desaturase (Fads2) mRNA did not change in mice fed with a high-fat diet 

compared with mice fed with a low fat diet (10~o of calories as fat). These 

results indicated that Elovl5 expression is regulated by an n-3 PUFA-enriched 

diet and a high fat diet, in contrast to Elovl2, which was not physiologically 

Controlled (Wang et aI., 2005; 2006). In a mouse model, other laboratories 

showed that desaturases were affected by the diet; high PUFA diets 

decreased hepatic delta6 and delta5 desaturase mRNA expression levels and 

correspondingly, their enzymatic activities (Nakamura et aI., 2000). 

It is well established that several PUFAs appear as regulators of the gene 

expression of key steps in FA metabolism via transcriptional factors and 

peroxisome proliferator-activated receptors (PPARs) (Jump et aI., 2005). The 

latter are members of the nuclear hormone receptor superfamily. Regarding 

this stage, three isoforms of PPARs (PPARa, PPARy and PPAR~) have been 

identified. PPARs possess in their structure two domains: a ligand-binding 

domain and a DNA-binding domain. PPARs are activated by binding to specific 

ligands such as FA (polyunsaturated, conjugated and branched), eicosanoids and 

the synthetic ligand (4-Chloro-6-(2,3-xylidino)-2-pyrimidinylthioacetic acid 
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(WYI4643). Upon activation, PPARs heterodimerise with an activated retinoid X 

receptor (RXR), which has been previously activated by binding to its ligand, 9-

cis retinoic acid (vitamin A). The activated PPAR-RXR complex can bind to 

SpeCific DNA sequences (peroxisomal proliferator response elements, PPREs) on 

the promoter of target genes and as such can regulate their transcriptional 

expresSion. PPARa has been shown to regulate a wide variety of genes encoding 

those proteins involved in FA transport (Wierzbicki et aI., 2009; Martin et aI., 

1997; Fourcade et aI., 2001), FA binding proteins (Wierzbicki et aI., 2009), FA­

acyl-CoA synthesis (Martin et aI., 1997), FA uptake and ~-oxidation (Ribet et 

01., 2010) and peroxisomal fatty acid ~-oxidation enzymes, including FA acyl­

CoA oxidase (SCOX) and dehydrogenase-bifunctional protein (DBP) (Reddy et 

aI., 1986). Furthermore, PPARa also plays a crucial role in FA elongation and 

desaturation. Wang et al (2005; 2006) reported that PPARa regulates 

elongases and desaturases. Studies have been carried out in wild-type mice and 

PPARa-deficient mice, both fed with a diet containing the PPARa ligand, 

WY14643. In wild-type mice, WY14643 induces hepatic Elovl5 elongase and 

delta6 desaturase expression; however, in PPARa-deficient mice WY14643 had 

no effect (Wang et aI., 2005; 2006). 

ihe role of n-3PUFA, n-6PUFA and their corresponding eicosanoid metabolites, 

functioning as ligands and activators of PPARa, has been previously examined. 

Kliewer et al. (1994), using mammalian cells co-transfected with a PPARa 
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expression vector containing the luciferase reporter gene, showed that PPARa 

Was highly activated by WY14643 and to a lesser extent by LA. A few years 

later the same group (Kliewer et aI., 1997) demonstrated that saturated 

(palmitic acid), monounsaturated (OA) FAs, PUFAs (LA, ALA, and ARA) and 

eicosanoids (cyclooxygenase and lipoxygenase metabolites) act as ligands for 

PPARa. Other studies, using a similar approach, also demonstrated that the 

activation of PPARa was strongest in response to PUFAs followed by 

monounsaturated and saturated FA treatments (Keller et aI., 1993). They also 

Showed that there was no difference in the activation of PPARa between the n-

6 PUFAs (ARA and LA) and n-3 PUFAs (DHA, EPA and ALA) treatments. 

Objectives 

The objectives of this series of experiments employing molecular biology 

techniques were to investigate the following: 

eThe basal levels of Elovl5, Elovl2 and Fads2 gene transcripts encoding for 

ELOVL5 elongase, ELOVL2 elongase and Delta6 desaturase (D6D), respectively, 

and Ppara encoding for the nuclear transcription factor PPARa in proliferating 

PC12 cells. 

e The levels of Elovl5, Elovl2, Fads2 and Ppara gene expressions following n-3 

ALA and n-6 LA supplements. 
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• The levels of Elovl5, Elovl2, Fads2 and Ppara gene expression following NGF­

induced cell differentiation. 

• The levels of Elovl5, Elovl2, Fads2 and Ppara gene expressions following a 

combination of PUFA and NGF. 

5.2 The effect of NGF and n-3 ALA on the mRNA expression of PUFA 

pathway genes 

5.2.1 Procedures 

In order to determine whether the differentiation growth factor NGF or n-3 

PUFA supplements induced changes in the expression of Elovl5, Elovl2, Fads2 

and Ppara genes, we performed quantitative real-time PCR (qRT-PCR) analysis. 

PC12 cells were exposed for either 72 h or 96 h to NGF (100 ng/ml) and to n-

3ALA (20 \.1M), and the RNA of the cells was extracted, converted to cDNA and 

then qRT-PCR was performed according to the protocol described in Materials 

and Methods (section 2.6). While at 6 and 24 h, the mRNA levels greatly 

fluctuated, but at 72 and 96 h, the values were stable and this enabled us to 

assess the mRNA abundance following exposure to NGF and n-3 PUFA. The 

expression level of each target gene in treated and control cells was normalised 

to the housekeeping gene (beta actin), whereas the expression of genes in 

treated cells was reported relative to control cells (considered as one). 
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5.2.2 Results 

Figure 5.1 illustrates the effects of n-3 ALA supplements on mRNA levels in 

PC12 cells in the absence or presence of NGF. After 3 days following NGF 

supplements, PC12 cells exhibited a substantial elevation in the levels of Elovl5 

(Fig 5.1a), Elovl2 (Fig 5.1b), Fads2 (Fig 5.1c) and Ppara (Fig 5.1d) compared with 

non-supplemented (CON) cells. In NGF-differentiated cells, the gene 

expreSSion level of Elovl5 was up-regulated by 3.10 ± 0.39-fold (3.10 ± 0.39 in 

NGF versus 1 in CON: p<0.005), of Elovl2 by 1.73 ± 0.19-fold (p<0.05), of Fads2 

by 2.66 ± 0.18-fold (p<O.OOl), and also with the transcription factor Ppara by 

2.29 ± 0.30-fold (p<O.OOl). 

ALA Supplement alone did not significantly increase the expression in two out 

of four transcripts, Elovl2 and Ppara (panels b and d). Interestingly, a 

combination of the two supplements (NGF and ALA) was not additive, but in 

Contrast, Elovl5 and Elovl2 gene expressions were suppressed in comparison 

with the stimulation attained by NGF. NGF-differentiated cells with modified 

lipid content exhibited an up-regulation of 1.43 ± 0.22-fold (p<0.05) and 1.84 :!: 

0.39-fold (p<0.005) in Elovl~ and Ppara mRNA levels compared with 1.73 :!: 0.19-

fold (p<0.05) and 2.29 :!: 0.30-fold (p<O.OOl), respectively in NGF-differentiated 

cells. 
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Figure 5.1a: Fatty acid elongase5, 
Elovl5 
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Figure 5.1c: Fatty acid desaturase 6, 
Fads2 
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Figure 5.1b: Fatty acid elongase2, 

Elovl2 
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Figure 5.1d: Peroxisome proliferator­

activated receptor alpha, Ppara 

Figure 5.1: Transcripts of Elovl5, Elovl2, Fads2 and Ppara expression after ALA 
and NSF treatments.PC12 cells were subjected to 20 ~M ALA for 3 days in the 
presence or absence of 100 ng/ml NGF or a combination of the two. Cells were 
harvested and qRT-PCR analysis was performed. Values are average ± SEM of 
triplicates. The experiment was repeated three times on separate occasions . 
...... (P<0.005), *** (p<O.OOl) indicate a significant difference for control untreated cells 
(con). + (p<0.05) indicates a significant difference between non-NGF and NGF­
differentiated cells. 
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Incubating for a longer duration (96 h) in the presence of NGF (Figure 5.2) 

resulted in a sustained increase (3.56 ± 0.51; p<O.OOl) in the expression of the 

Elovl5 transcript compared with a 72 h incubation. In the presence of ALA, no 

further change (1.55 fold ± 0.39; Ns compared with 1.58 ± 0.29-fold p<0.005) 

Was noted. Interestingly, a relative but significant increase (3.05 ± 0.67; p<0.05 

vs. 2.06 ± 0.10 p<O.OOl), but nevertheless still below the 72 h value (3.10 ± 0.39; 

P<0.05 vs. 3.56 ± 0.51; p<0.001) was observed when both NGF and ALA were 

present for 4 days. 

+ 

Figure 5.2 Transcripts of Elovl5 expression after 72h or 96h ALA and NGF 
treatments. PC12 cells were subjected to 20 \.1M ALA for 72h or 96h in the 
presence or absence of 100 ng/ml NGF or a combination of the two. Cells were 
harvested and qRT -PCR analysis was performed. Values are average ± SEM of 
triplicates. The experiment was repeated three times on separate occasions. 
"'''' (P<0.005), *** (p<O.OOl) indicate a significant difference for control 
Untreated cells (con). + (p<0.05) indicates a significant difference between 
non-NGF and NGF-differentiated cells. 
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The Elovl2 mRNA level also was quantified in cells treated for 96 h (Figure 5.3) 

and the values were practically identical to those seen after 72h incubation. 

NGF alone sustained the levels between 1.53 and 1.73-fold, whereas ALA alone 

did not at all change the expression of Elovl2 mRNA. A major difference with 

Elovl5 expression was, however, that ALA was unable to suppress the NGF-

induced expression of the Elovl2 transcript (1.65 ± 0.14-fold; p<0.05 vs. 1.43 ± 

0.22; p<0.05). 
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Figure 5.3: Transcripts of Elovl2 after 72h or 96h ALA and NGF 
treatments. PC12 cells were subjected to 20 \.1M ALA for 72h or 96h in the 
presence or absence of 100 ng/ml NGF or a combination of the two . Cells were 
harvested and qRT-PCR analysis was performed . Values are average:!: SEM of 
triplicates. The experiment was repeated three times on separate occasions. ** 
(P<0 .005), *** (p<O.OOl) indicate a significant difference for control untreated 
cells (con). + (p<0.05) indicates a significant difference between non-NGF and 
NGF-differentiated cells . 
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5.3 The effect of NGF and n-6 LA on mRNA expression of PUFA pathway 

genes 

5.3.1 Procedures 

PC12 cells were incubated with or without 20 \.1M of n-6 LA in the absence or 

presence of 100 ng/ml NGF for 72 h as described in section 2.4.3. The 

expreSSion of these genes was assessed by qRT-PCR as described in section 2.6. 

The expression level of each target gene in treated and control cells was 

normalised to the housekeeping gene (beta actin), whereas the expression of 

genes in treated cells is reported relative to control cells (considered as one). 

5.3.2 Results 

When LA, the precursor for n-6 family was added instead of ALA, the mRNA 

levels of these transcripts exhibited a very significant enhancement above the 

Control levels (Fig 5.4). In LA-supplemented cells, the relative gene expression 

level of the elongases rose (Elovl5, 2.31 ± 0.15-fold; p<0.005 and Elovl2, 1.71 ± 

0.71-fold; p<0.05). LA also elevated the desaturase Fads2 and the transcription 

factor Ppara mRNA levels by 2.51 ± 0.41-fold; p<0.005 and 1.B2 ± O.OB-fold; 

P<0.005. 

Most interesting, however, in NGF-differentiated cells, three out of the four 

gene transcripts (Figure 5.4, panels a, b and d) did not change after LA 

supplements, suggesting that a different regulation mechanism exists for the 
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two FA precursors. There was no significant difference in the Elovl5 mRNA 

levels between the NGF and LA+NGF treatments (3.10 ± 0.39-fold; p<0.005 and 

3.11 ± 0.25; p<0.001, respectively). Also, no statistically significant difference in 

Elovl2 mRNA levels, compared with LA-supplemented undifferentiated (1.71 ± 

0.71-fold; p<0.05) and differentiated (1.95 ± 0.10-fold; p<0.05) cells (Figure 5.6) 

Was observed. Moreover, LA did not significantly change the mRNA level of the 

NGF-up-regulated Ppara (2.29 ± 0.30-fold; p<O.OOl), as shown in LA+NGF­

treated cells (2.56 ± 0.31-fold; p<0.005). 
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Figure 5.4a: Fatty acid elongase5, 
Elovl5 

Figure 5.4c: Fatty acid desaturase 6, 
Fads2 
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Figure 5.4b: Fatty acid elongase2, Elovl2 

Figure 5.4d: Peroxisome proliferator­
activated receptor alpha, Ppara 

Figure 5.4: Transcripts of Elovl5, Elovl2, Fads2 and Ppara expression after 

n-6LA and NGF treatments . PC12 cells were subjected to 20 \.1M LA for 3 

days in the presence or absence of 100 ng/ml NGF or a combination of the two . 

Cells were harvested and qRT -PCR analysis was performed . Values are average ± 

SEM of triplicates. The experiment was repeated three times on separate 

oCcasions. ** (p<0.005), *** (p<O.OOl) indicate a significant difference for 

Control untreated cells (con). + (p<0.05) indicates a significant difference 

between non-NGF and NGF-differentiated cells. 
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5.4 Discussion 

In this chapter, we demonstrated that NGF, one of the most powerful growth 

factors to arrest cell division and induce differentiation in PC12 cells, up­

regulates the expression of gene transcripts associated with PUFA metabolism. 

To the best of our knowledge, there have been no reports concerning the 

expresSion of PUFA-associated genes in PC12 cells or in neuronal cells all 

together. This is the first time such studies have been carried out. 

Not surprisingly, NGF regulates many gene transcripts involved in neuronal 

growth and differentiation. Microarray mRNA expression analysis in PC12 cells 

revealed that NGF and its precursor pro-NGF differentially modulate the 

expresSion of genes involved in several cellular mechanisms (D'Onofrio et aI., 

2011). Treatment for Ih or 4h with NGF modulates the expression of genes in 

the cell cycle, as well as DNA repair, intracellular trafficking/ synaptic activity, 

ionic transport and transcription factors. These sets of genes (except the 

transcription factor set) are common with NGF and pro-NGF treatments. 

However, whereas the transcription factor family is specific for the NGF 

treatment dataset, the lipid metabolism genes are specific for the pro-NGF set 

(D'Onofrio et aI., 2011). 

Works by others carried out in rat sympathetic neurons confirmed the 

regulation of genes by NGF. It was found that after 5 days NGF elevated up to 

7-fold the mRNA levels of the p75 low-affinity NGF (LNG F) receptor and 
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tyrosine hydroxylase (TH) and up to 4-fold Tal a-tubulin (Tal) mRNA (Ma et aI., 

1992). Treatment with NGF and also with FGF and EGF up-regulated NGF I-A 

rnRNA in PC12 cells, a transcription factor that is homologous to the TFIIIA 

transcription factor (Cho et aI., 1989), 

Regulation of genes associated with PUFA metabolism has been studied mainly 

in cells of non-neuronal origin. For instance, PPARa was found to be expressed 

in rat primary hepatocytes (Pawar et aI., 2003) and in Hek293 cells (Pawar et 

aI., 2003), Elovl5 was found in primary hepatocytes (Wang et aI., 2005), 

whereas Fads2 was expressed in the human promyelocytic cell line HL60 

(Slagsvold et aI., 2007) and in HepG2 cells (Tang et aI., 2003). Tissue-specific 

expreSSion of these FA elongases, desaturases and PPARa has been revealed by 

Northern analysis in rat and human species. In the adult rat, it was shown that 

PPARa was widely expressed in tissues with high lipid catabolism such as the 

liver, kidney, heart and adrenal gland (Kliewer et aI., 1994). Elovl5, on the other 

hand, was detected in a broad array of rat tissues such as the liver, lung, brain, 

brown adipose tissue, skin and heart (Wang et aI., 2005). In contrast, Elovl2 

Was only expressed in rat liver, lung, brain and kidney. Human delta 6 

desaturase mRNA was found to be distributed in equal proportions in the liver, 

lung and heart but it is present in higher levels in the brain (Cho et aI., 1999b). 

A second novel finding documented in these studies pertains to the impact of 

FA supplementations on gene expression. Importantly, we showed that 
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significant differences exist between n-6 LA and n-3 ALA supplements with 

respect to the expression of the PUFA elongation/desaturation genes. The 

dietary effects on the mRNA expression levels for the elongase, desaturase 

and Ppara activities have been demonstrated in several in vivo and vitro studies. 

The emerging data reveal strong nutritional regulation, giving rise to the 

relatively novel field of nutrigenomics. Feeding rats with fish oil (diet enriched 

in n-3 PUFA (EPA,DPA and DHA) decreased the expression of delta5, delta6 

desaturases and Elovl5 elongase mRNA expression by more than 50cro, however, 

with no significant effect on Elovl2 expression (Wang et aI., 2005). Nakamura 

et al. (2004) corroborated these studies by showing the suppression of all FA 

desaturase (delta5, delta6 and delta9 desaturases) expression in rats fed with 

a fish oil diet. These results were confirmed in n-3 PUFA-deficient rats, which 

displayed an up-regulation of the hepatic Fads1, Fads2, Elovl2 and Elovl5 

compared with controls fed on an adequate n-3 PUFA diet (Igarashi et aI., 

2007). It is not clear as to whether this up-regulation is due to other FA 

components that may stimulate these genes in the deficient diet. Interestingly, 

the mRNA expression of all these enzymes in brain tissue was not affected by 

dietary conditions, i.e. the mRNA levels did not differ between adequate and 

deficient n-3 PUFA supplements (Igarashi et aI., 2007). Nevertheless, Elovl5, 

Elovl2, delta5 and delta6 expression levels were influenced by different dietary 

conditions. For example, feeding rats with a diet enriched in corn oil (high in 
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LA) Suppressed the hepatic abundance of Fads2 mRNA (Cho et aI., 1999b). Mice 

fed on a high glucose diet after an intake of LA exhibited a decrease in the 

hepatic abundance of delta6 desaturase mRNA in comparison with mice fed on a 

high glucose diet without LA (Nakamura et aI., 2000). More recently (Tu et aI., 

2010), rats were fed with different diets containing different ALA 

Compositions and several parameters including phospholipid FA composition and 

the gene expression of Fads1 (delta5 desaturase), Fads2, Elovl2, Elovl5 and 

Ppara were analyzed in the liver. No significant difference in mRNA levels of all 

these genes involved in PUFA metabolism was observed when the ALA dietary 

concentration was elevated. However, the levels of EPA and DPA in 

phospholipids rose in proportion to ALA. Therefore, this recent study suggests 

that n-3 PUFA biosynthesis is strongly governed by the substrate 

concentration rather than by the levels of the transcripts (Tu et aI., 2010). 

Other studies have shown that delta6 and delta5 desaturase genes may be 

regulated by a PPARa-dependent and -independent mechanism. Matsuzaka et al. 

(2002) showed that delta6 and delta5 desaturase gene expression is regulated 

VIa another transcription factor, a sterol regulatory element binding protein-lc 

(SREBP-1c). In transgenic mice over-expressing SREBP-1c, the suppression of 

hepatic delta5 desaturase and delta6 desaturase expressions by fish oil was 

abolished. FA desaturase genes are regulated by both PPARa and SREBP-lc 

(Nakamura and Nara, 2002) and fish oil activates PPARa (Jump et aI., 2004). 
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The nutritional impact in the intact animal is far more complex than in cells 

maintained under relatively well-controlled in vitro conditions. Therefore, 

taking conclusions from one model to another should be exercised with great 

caution. Equally prominent are the differences in whole animals in relation to 

tissue, organ, age, sex and species. Tissue culture also has its drawbacks, mainly 

related to unforeseen conditions such as n-3 PUFA deficiency, as detailed in 

this work or an accumulation of toxic products in the medium. 

In this respect some caution needs to be exercised regarding the choice of 

time for the expression studies by qRT-PCR. We indicated that at 72 h, a 

greater stability of the mRNA levels as opposed to shorter time periods (6 h 

and 24 h) was found. Thus, at early times, the levels of transcripts were 

inconsistent and were subject to great fluctuations. This may not be surprising 

since mRNA stability is known to be influenced by cell growth rates, 

substratum, as well as cycle and environmental factors such as hormones, 

growth factors and ions (Ross, 1995), which adds up to tissue culture 

draWbacks. Therefore, we cannot rule out the possibility that some of the 

transcripts may be tranSiently expressed at the earlier times. Moreover, it has 

been stated in many studies that the gene expression program is time­

dependent. Studies by Werner et al. (2005) showed that the number of genes 

UP-regulated in response to a stimulus increased with time. After mouse 

embryonic fibroblasts were stimulated for one hour with tumor necrosis factor 
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(TN F), microarray gene expression profiling revealed 176 up-regulated genes, 

but after 8-hour stimulation, 687 genes were up-regulated. Genes are 

expressed at different times and their expression can be transient. This 

phenomenon has been observed during the process of cell differentiation and it 

is called the "temporal control of the gene expression programme" (Verdeil et 

al.,2006). 

The third and presumably the principal finding arising from these experiments 

is that a combination of NGF and ALA decreased the expression of the Elovl2 

and Elovl5 transcripts. In other words, ALA supplements effectively 

sUppressed NGF-stimulated, Elovl2 and Elovl5 gene expression. This is in 

accordance with the lipidomic data (Chapter 4, Figure 4.2), indicating reduced 

DHA levels in the NGF-differentiated, ALA-supplemented cells. This finding 

strongly suggests that NGF and ALA play a complex regulatory role in gene 

expression. Notable in this case is the impact on Elovl2, which is the principal 

elongase to catalyse 22 carbon-long synthesis from the 20 carbon-long (20:4n-

6 and 20:5n-3) intermediate (see the scheme, Figure 1.14 Chapter 1). 

Conclusions 

In Summary, the present data indicate two presumably distinct but mutually 

related routes of signals for stimulation of gene expression. The first route, 
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which is regulated by NGF, results in an increase in the PUFA-associated genes. 

This route, however, is co-regulated by the availability of the ALA precursor to 

induce down-regulation of gene expression (particularly Elovl2 and ElovI5), and 

its outcome is the robust suppression of the final step in the generation of 22-

cQrbon chain products. The second route is regulated by n-6 LA, which also 

results in an increase in the PUFA-associated genes. Although these genes 

QPpear to be up-regulated, they do not necessarily lead to enhanced production 

of n-6 DTA and n-6 DPA (Chapter 3, Figure 3.2) nor do they stimulate n-3 DPA 

Qnd n-3 DHA (Chapter 3, Figure 3.7) in ALA-supplemented and NGF-untreated 

cells. Importantly, NGF supplement neither co-regulates LA-induced gene 

expression when added together, nor enhances the production of n-6 DTA and 

n-6 DPA (Chapter 4, Figure 4.6) 

The present data suggest that the last step in n-3 PUFA biosynthesis is 

probably regulated by the nature of the FA precursor rather than by the 

immediate levels of the transcripts. 
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PC12 pheochromocytoma cells, a widely used in vitro model for NGF-induced 

neuronal differentiation, have been instrumental in investigating many human 

neuropathologies including Alzheimer disease (AD) (Vaisid et aI., 2008), 

Parkinson disease (Lipman et aI., 2006; Abu-Raya et aI., 2000) and bipolar 

disorders (Detera-Wadleigh, 2001). 

The abundant neurite outgrowth and other biochemical characteristics that 

distinguish NGF-induced cell differentiation in these cells highlight the 

importance of examining membrane lipid composition and regulation of PUFA 

metabolism in both proliferating and differentiated cells. The general 

discussion that follows addresses new findings pertaining to PUFA metabolism 

and evaluates their validity or lack thereof in the context of previous studies 

using these cells as models in neurobiology and neuropathology research. 

To this end, the data suggest that PC12 cells possess an active elongation and 

desaturation pathway that converts ALA into all its upstream metabolites, 

particularly DHA. Increasing the ALA concentrations in the culture medium of 

PC12 cells results in a nearly linear rise in EPA and DPA levels. This biosynthetic 

capability also characterises many transformed cells (Langelier et aI., 2005) 

and primary astrocytes (Williard et aI., 2001) but not neuronal cells (Moore et 

aI., 1991). The principal retailored GPLs following ALA conversion by PC12 cells 

are the EPG and SPG GPL classes. That is evident already at low precursor 

concentrations (Figure 3.1) and is dependent on time of exposure (Figure 3.3). 
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Interestingly, LA supplements are also preferentially incorporated into these 

two aforementioned aminoethanol GPLs. However, the majority of the 

retailored FAs including CPG (Figures 3.2 and 3.5) consist of esterified LA 

itself with little or no upstream metabolites (Figure 3.2). Furthermore, ALA 

conversion is not affected by the presence of LA (Figure 3.7), therefore 

reaffirming previous observations that ALA exhibits a higher selectivity than 

does LA in using the elongation and desaturation enzymes for DHA biosynthesis 

(Alessandri et aI., 2008). Thus, in spite of sharing similar enzymes for their 

conversion into upstream metabolites, the biosynthesis of the two essential 

FAs is independently regulated by presumably additional cellular mechanisms 

(Innis and Dyer, 2002). The present study shows that supplements of 

preformed DHA to cells are by far more effectively incorporated into the 

aminoethanol GPL species than are DHA generated from ALA conversion, over 

the same time period (Figures 3.3 and 3.4), which is in accordance with 

observations made in other neural cell lines (Langelier et aI., 2005). 

Nevertheless, the sum of the esterified n-3 DPA and DHA residing in the 

aminoethanol GPLs from ALA conversion, compared with that arising from 

preformed n-3 DHA, is very similar, suggesting that a nearly steady-state 

OCCupancy of the sn-2 pOSition exists for these GPLs. This steady-state 

OCCupancy is also evident by the lack of ARA enrichment either via LA 

conversion or by direct ARA supplements. The rigorous maintenance of the 
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PUFA content under conditions where FA precursors are not rate limiting is 

presumably driven by intracellular regulatory mechanisms underlying GPL 

biosynthesis (Innis and Dyer, 2002). 

The second topic posed in this study addresses the issue of inadequate levels 

of DHA, a genuine n-3 PUFA deficiency. In whole animals, such a deficiency is 

USually resolved by effective elongation-desaturation of LA that gives rise to 

docosapentaenoic acid (DPA, 22:5n-6) via a mechanism of reciprocal 

replacement (Bernoud et aI., 1998). The molecular basis for this reciprocal 

substitution and its possible effects on membrane function are not entirely 

clear. 

For PC12 cells propagated in ALA-deficient growth medium (",1140 for the 

ALA/LA ratio), the inability of LA to serve as substrate to produce 22:5n-6 

[see Figures 3.1, 3.2 and 4.6] is puzzling. Indeed, a small fraction of 22:4n6 is 

converted to 22:5n-6 (Figure 4.6). Also, 22:5n-3 and 22:6n-3 are generated, 

rather substantially, from the ALA precursor via similar enzymes. The most 

favourable explanation is that the reciprocal replacement (i.e. replacement of 

22:6n-3 with 22:5n-6) is subject to stringent regulation, it includes any 

intracellular cellular regulatory mechanism responsible for GPL biosynthesis in 

the endoplasmic reticulum (ER). Whereas at the ER level a certain repertoire of 

FA is attained (Vance and Vance, 2004), it is the local acylation-deacylation 

modifications at specific membrane domains that determine the ultimate FA 
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molecular profile (Brenner and Peluffo, 1966). With PC12 cells and most 

transformed cell lines, this reciprocal rearrangement does not appear to be a 

prerequisite for growth. Interestingly, OA (18:1n-9) appears to serve in the 

reCiprocal substitution because of its abundance in the serum-containing 

culture medium (40 \.1M), and it is more effective than LA in replenishing ALA as 

a substrate for elongation and desaturation. 

This important point, which was discovered in this study, has helped us to 

utilise the levels of Mead acid (20:3n-9) as a surrogate index of n-3 PUFA 

deficiency even though it was originally reported as an indicator of n-6 PUFA 

deficiency (Lerner et aI., 1995). Indeed, when n-3 FA supplements such as ALA 

or EPA were added, the Mead acid index of deficiency was drastically reduced 

(Figure 3.6). This correlation strongly indicates that 20:3n-9 can be used as a 

substitute in either n-6 or n-3 PUFA deficiencies. This deficiency is almost an 

inherent metabolic property characterising transformed cell lines and warrants 

a cautious approach particularly in neuro-functional attributes of these cells. 

Such caution should also be applied to many neural-derived cell lines including 

SN56 and HT22 cells originating from the septum and hippocampus, 

respectively (Martin et aI., 2006), N1E 115 mouse neuroblastoma (Murphy and 

Horrocks, 1993), or rat oligodendroglia (Brand et aI., 2010) and mesenchymal 

cells (Kan et aI., 2007), all of which appear to be deficient in n-3 PUFA. 
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A third issue pursued in this study addresses the ultimate metabolic fate of 

ALA and LA in PC12 cells after treatment with NGF. Within the time frame 

studied (72 h), NGF supplements promoted neurite outgrowth in cells growing in 

regular ALA-inadequate medium (Table 4.1). ALA addition at micromolar 

concentrations was effectively converted to 20:5n-3 by NGF-treated cells. In 

Contrast, NGF-treated cells were unable to elongate and desaturate 20-long 

Chain hydrocarbons to 22-long chain hydrocarbon metabolites. In particular, 

the conversion of ALA to 22:6n-3, as manifested by its levels in both EPG and 

SPG, Was strongly reduced. Supplements of EPA (Figure 4.4) and LA (Figure 4.6) 

further corroborated the findings that NGF impaired the elongation 

desaturation pathway. This work further examines whether NGF inhibition is a 

general phenomenon that might be shared by other compounds that induce PC12 

cell differentiation, such as basic fibroblast growth factor (bFGF) or retinoic 

acid (RA). It allows the conclusion that bFGF or RA did not impair the 

conversion pathway in comparison with NGF-differentiated PC12 cells. The fact 

that NGF played a regulatory role in PUFA biosynthesis appears to be unique to 

NGF. This adds to the growing list of the biological effects of this particular 

growth factor, which is essential to the differentiation of certain populations 

of neuronal cells. Are there other growth factors, in addition to those 

mentioned before (e.g., BDNF) that are essential for PUFA metabolism in other 
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neuronal cell populations (in the cortex, in the hippocampus, Purkinje cells in the 

cerebellum)? This open question remains to be resolved. 

At this time, the role of NGF in PUFA metabolism can only speculated. It has 

been previously established that the production of DHA in mammalian cells is 

regulated by ELOVL2, (Holman, 1998; Vance and Vance, 2004) and is 

responsible for the 20 to 22 carbon elongation. Nevertheless, it is possible that 

a limited amount of DHA may be generated by the second cytosolic enzyme, 

ELOVL5, from the elongation desaturation pathway. Although the main 

substrate for this enzyme is 18:4n-3, it has been suggested that it may 

catalyse, at least in rodents, the elongation of 20 carbons to 22 carbons 

(Leonard et aI., 2004). This enzyme could be largely responsible for the limited 

amounts of 22:5n-3 formed after either ALA or EPA (Figure 4.4) supplements. 

With respect to the large inhibition of DHA biosynthesis, the current studies 

led us to propose that NGF may activate an intrinsic cellular signal (Lands, 

2000) that shuts off the PUFA elongation/desaturation pathway during the last 

step, as part of phenotypic expression of neuronal characteristics. Under these 

circumstances, the contribution of neuronal and glial cells to the endogenous 

capacity of the brain to synthesise its own PUFA constituents may be an 

epigenetically associated phenomenon. 

It is well known that in the course of neurogenesis, immature neuroblasts cease 

dividing and after migration and strong apoptotic elimination, assume a finite 
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position in the neuronal network (Rakic, 2006). It is hypothesised that at some 

point during this sequel, normal neurons appear to lose their capability to 

produce DHA and ARA by themselves. They begin to rely on glia and possibly 

other non-neural cells for continuous provision through effective transport 

systems of these de novo synthesised PUFAs, as has been demonstrated in 

studies carried out by Moore (2001). It is now established that at some crucial 

points in ontogeny certain growth signals are generated that determine the 

course of differentiation from the pluripotent nature of the dividing germinal 

cells. This thesis proposes that NGF may constitute such a signal for PC12 cells 

or for neurons in vivo (Levi-Montalcini, 1987: Tessler, 2004), whereas 

neurotrophic agents such as BDNF are essential growth factors that appear to 

determine neuronal fate (Mattson et aI., 2004). In this scenario, during the 

COurse of differentiation, neurons may cease to produce PUFA by themselves 

and relay DHA and ARA supplies provided directly via the diet or by 

neighbouring astrocytes. This is in accordance with previous studies whereby 

primary rat foetal cerebral cells were able to elongate and desaturate both 

ALA and LA to DHA and ARA when a small population of glia cells was present in 

the mixture (Yavin and Menkes, 1974). When purer preparations of dissociated 

rat cortical and cerebellar neuronal cultures were incubated with ALA, DHA 

Was not formed (Moore et aI., 1991). In contrast, pure astrocytic cultures 

effectively elongated and desaturated ALA to DHA and LA to ARA (Moore et 
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aI., 1991). Overall, neurotrophic-induced differentiation may give rise to one of 

the most fundamental molecular switches in the process of cell lineage 

partition. At this time, this possibility remains to be rigorously studied in view 

of a controversial finding suggesting that hippocampal neurons are able to 

produce DHA under culture conditions (Kaduce et aI., 2008). 

It is suggested that all neuroblasts and stem cells in the subventricular zone in 

the developing nervous system have full capacity to synthesise PUFA from 

essential FA precursors. Upon the introduction of growth factors or 

neuromodulator-induced terminal differentiation, neurons may cease to produce 

their own DHA and become highly dependent on outside sources such as 

astrocytes. The latter seems to retain this capacity throughout life. 

In conclusion, this work demonstrated that undifferentiated PC12 cells possess 

the capability to convert essential FA into higher intermediates and also 

established the necessity to provide ALA or DHA metabolites in future studies 

employing cells of transformed or stem cell origin. Unraveling the requirements 

of n-3 PUFA constituents for membrane synthesis and the temporal code 

details of their regulation should shed light on the conditions needed for 

proper neuronal function or aberrations during disease and aging. 

A fourth objective pursued in this study has been to evaluate the 

transcriptional changes of several key genes involved in FA metabolism (FA 

elongases Elovl5 and ElovI2), desaturases (Fads2) and peroxisome proliferator-
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activated receptor a (Ppara) after NGF-induced differentiation and after ALA 
, 

or LA supplements in PC12 cells. The rationale for these studies was based on 

previous works carried out in rat sympathetic neurons or PC12 cells, where it 

Was shown that NGF up-regulated the mRNA level of several genes such as the 

transcription factor, NGF I-A, p75 low-affinity NGF (LNG F) receptor, tyrosine 

hydroxylase (TH) and Tal a-tubulin (Tal) (Cho et aI., 1989; Ma et aI., 1992). In 

the present studies, PC12 cells supplemented with NGF for 3-4 days 

significantly up-regulated several key gene transcripts including Elovl5, Elovl2, 

Fads2 and Ppara. 

A wide range of studies have reported that mRNA expressions of FA 

desaturase (Wang et aI., 2005; Nakamura et aI., 2004; Igarashi et aI., 2007) 

and elongase (Wang et aI., 2005; Igarashi et aI., 2007) are regulated by PUFA 

supplemented or PUFA-deficient diets. In this current study, ALA supplements 

did not alter the levels of Elovl2 and Ppara but up-regulated the expression of 

Elovl5 and Fads2 in proliferating PC12 cells. In contrast, supplements of LA up-

regulated the expression of all (ElovI5, Elovl2, Fads2 and Ppara) gene 
I 

transcripts. This is a surprising observation given the fact that this supplement 

of exogenous LA is on top of the already high basal levels (0.15 mM 

concentration of basal LA in the growth medium) (see appendix 5). The impact 

of FA supplements on gene expressions has been previously reported and the 

emerging picture is not conclusive. For instance, exposure to LA in HepG2 cells 
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Up-regulated the mRNA levels of Fads2. In contrast, exposure to ALA (at the 

same concentration) did not affect Fads2 mRNA levels (Harnack et aI., 2009). 

Similarly, ALA but not LA up-regulated gene expression of Ppara in the same 

system (Harnack et aI., 2009). Treatment of foam cells with an n-3 ligand such 

as EPA increased PPARa mRNA expression, although an n-6 ligand such as LA 

had no significant effect on PPARa mRNA levels (Reza et aI., 2009). 

In dietary studies, feeding rats with an n-3 PUFA-deficient diet up-regulated 

Fads2, Elovl2 and Elovl5 mRNA expressions (Igarashi et aI., 2007), whereas a 

diet enriched in LA down-regulated Fads2 mRNA levels (Cho et aI., 1999b). 

In qRT-PCR experiments, higher transcript up-regulation was attained by LA 

compared with ALA (Figures 5.1-5.4) when both were added at the same 

concentration. Furthermore, it appears that the enhanced levels of these 

transcripts did not reflect a straightforward correlation with the obtained 

lipidomic data. As documented by the latter approach, PC12 cells synthesised 

more effectively all the n-3 intermediates from ALA and EPA rather than 

corresponding n-6 intermediates from the LA precursor. For example, after 72 

h incubation with ALA, a higher percentage of n-3 PUFA metabolites such as 

EPA, DPA and DHA were found in the cells. In contrast, incubation with LA 

under the same conditions showed little incorporation of the precursor or its 

higher metabolites into the cells. Thus, the regulation of PUFA biosynthesis is 

differential and is clearly dependent on the substrate source, i.e., of n-3 or n-6 
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origin. Gregory and co-workers (2011) reported that the activity of elongase 

and desaturase enzymes is also dependent on the substrate source. The Elovl2 

activity was at least 2.0-fold higher with the n-3 substrates EPA and DPA, 

respectively, compared with their n-6 homologs, ARA and 22:4n-6. Notable in 

this context, Fads2 exhibited D.6 desaturase activity with ALA and LA, and with 

24:5n-3 (Gregory et aI., 2011). However, substrate competition studies revealed 

a higher affinity of D.6 desaturase for ALA (Brenner et aI., 1969). 

It is still unclear whether the changes in the FA composition of cell lipids are 

directly attributable to the increased mRNA expression of genes encoding for 

proteins related to lipid metabolism by FAs or are due to the increased demand 

for substrate availability and/or cellular needs. Song He et al. (2002) 

hypothesised that up-regulation of D.6 desaturase gene transcription might be a 

COmpensatory response to an increased demand in PUF As caused by modulation 

of Ppara-inducing FA oxidation. 

From lipidomic data, the biosynthesis pathway of ALA or LA was working 

properly in proliferating cells (ALA or LA) and was inhibited in NGF­

differentiated cells (ALA+NGF or LA+NGF). In NGF-differentiated cells, the 

last steps in the n-3 and n-6 biosynthesis pathway, the formation of 22-long­

chain hydrocarbon metabolites was inhibited, although both ELOVL2 and 

ELOVL5 could catalyse n-3 EPA to n-3 DPA or n-6 ARA to 22:4n-6. It still 
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remains uncertain whether one or both elongases normally contribute to EPA or 

ARA elongation. ELOVL2 and ELOVL5 each have at least two n-3/n-6 

substrates, suggesting n-3 or n-6 PUFA competition between substrates. SDA 

(18:4n-3)/18:3n-6 and n-3EPAI ARA are both ELOVL5 substrates. ELOVL2 has 

n-3EPA/n-6ARA and n-3DPA/22:4n-6 as substrates. Moreover, ELOVL2 

during the step of elongation of n-3DPA to 24:5n-3 is limited by substrate 

availability and is considered as a control point in the biosynthetic pathway 

(Gregory et aI., 2011). The blockade during this step by NGF raises the 

possibility of competitive inhibition between the substrate (EPA or ARA) and 

the growth factor (NGF). The inability to synthesise DHA from ALA or n-6DPA 

from LA in NGF-differentiated cells could be due to an absolute block by the 

growth factor at the delta-6-desaturase, the rate-limiting enzyme of the 

pathway (Sprecher et aI., 1981) or during the peroxisomal step. 

It was expected that by peR assay, a down-regulation rather than an up­

regulation of the genes involved in the PUFA pathway in NGF-differentiated 

cells would be identified. However, an up-regulation in the mRNA expression 

does not always mean a translation to an active protein that will act on a 

sUbstrate. The literature has reported poor correlations between the level of 

mRNA and the level of protein. For instance, quantitative studies of mRNA and 

protein expressions within the same lung adenocarcinomas showed that only 

17'Yo of the proteins exhibited a correlation between their mRNA and protein 
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levels (Chen et aI., 2002). Other works using pulse labelling with radioactive 

nUcleosides or amino acids supported the lack of a correlation between protein 

and mRNA half-lives/turnover (Schwanhausser et aI., 2011). There are two main 

reasons for the absence of a correlation between mRNA and protein levels 

reported in the literature. First, there are post-transcriptional mechanisms 

involved in turning mRNA into protein. Second, there are post-translational 

mechanisms affecting the proteins' half-lives as the result of cells controlling 

the protein synthesis and degradation (Greenbaum et aI., 2003). The cellular 

abundance of a given protein depends not only on the transcriptional process of 

its gene-it also depends on the balance between post-transcriptional and post-

translational mechanisms (Schwanhausser et aI., 2011). 

In NGF-differentiated cells, it is reasonable to assume that the enzyme 

activities of the PUFA pathway taking place in the ER are fully operant, at least 

until the step of DPA synthesis, whereas the final synthesis of 24:5n-3, 24:6n-

3 and/or the peroxisomal enzyme activities would be inhibited. From this point 

of view, NGF might be a potent inhibitor at the level of ELOVL2 and ELOVL5. 
, 

Further experiments should be carried out to quantify the protein's expression 

and its relative activities. 
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Concluding remarks and future work 

This work has focused on the intriguing regulation of PUFA biosynthesis in 

proliferating and NGF-differentiated PC12 cells. 

The PC12 cell FA profile has been characterised, it has been found to be 

extremely deficient in n-3 metabolites, which were compensated by a high level 

of Mead acid (20:3n-9). Therefore, care should be exercised in interpreting 

data in which these cells are used in studying signal transduction in 

neurobiology or in neuropathology. 

PC12 cells can take up ALA and convert it to higher intermediates, all of which, 

are esterified in EPG and SPG phosphoglycerides. 

PC12 cells can take up LA and incorporate it directly without conversion 

primarily into EPG. LA is marginally converted to ARA or its higher 

intermediates, indicating a plateau most likely attributed to the already 

Sufficient levels of. LA in the medium. LA supplements do not inhibit ALA 

conversion to n-3 PUFA metabolites, suggesting a lack of competition for the 

same elongation/desaturation enzymes and tight cellular regulation for 

preferential ALA conversion. 
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In expanding the current work, one can foresee the following objectives and 

questions that remain to be unravelled: 

1. What is the molecular mechanism driving the preferential utilisation of ALA 

Over LA? 

2. Do PC12 cells share the same enzymes for the ALA and LA conversion 

pathway and if so, how are they regulated? 

3. A detailed kinetic analysis of FA molecular species of membrane 

phospholipids by Q-TOF and stable isotope incorporation is needed. Stable 

isotopes such as ALA, EPA, ARA and LA could be applied in order to follow-up 

the intermediary steps of PUFA biosynthesis. 

4. The mechanism by which intrinsic signals such as growth factors and dietary 

lipid molecules interact to regulate specific gene transcripts in transformed or 

differentiated cells needs to be investigated. We have shown by qRT-PCR 

analysis that LA but not ALA regulates the gene expression of several 

transcripts (delta6 desaturase, Elovl5 and Elovl2 elongases and Ppara). On the 

other hand, ALA, and not LA, seems to down-regulate the gene expression of 

the Elovl5 and Elovl2 elongases. Therefore, the combination of NGF and ALA 

causes a striking inhibition of the last steps in the elongation/desaturation of 

ALA, suggesting a possible specific interference with ELOVL2 elongase. 
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In order to confirm the results of qRT-PCR, analysis can be done by correlating 

the gene levels (ElovI5, Elovl2, Fads2) with the protein levels (ELOVL5, 

ELOVL2, delta6 desaturase) by using Western blot techniques. 

To Use RNA interference (RNA i) in order to silence Fadsl (encoding for delta5 

desaturase) or Elovl2 and to look for the changes at the protein levels 

(Western blot) and at the FA profile (TLC/GC). 

5. Evaluation of neural-related receptors' binding efficiency and the outcome of 

electrical and/or synaptic activity in n-3-deficient and n-3-enriched cells is 

needed. 

In summary, these novel results suggest that phospholipid biosynthesis in 

proliferating cells, after assuming a neuronal phenotype (NGF induction), may 

be Suppressed by the presence of dietary FA (n-3 ALA in particular), which 

changes the course of metabolism in mature neuronal cells. 
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Appendix 1 

Technical devices 

Capillary column, BPX70 
Cell culture flasks (25cm2) 
Centrifuge 5804R 
Centrifuge 5810R 
15 ml Centrifuge tubes 
50 ml Centrifuge tubes 
Cryo-vials 1.8 ml 
Cryo-boxes or Cryo-box 
Electrophoresis 
Filter bottle 150 ml 
Filter bottle 500 ml 
Filter tips 10 ~I 
Filter tips 200 ~I 
Filter tips 1000 ~I 
Fluorescence microscope (IX81) 
FLUOstar Omega plate reader 
Gas chromatography 

GC vials 
GC vials caps 
3.5 ml glass vial 
Incubator Heraeus e02-Auto-Zero 
Liquid nitrogen cell storage tank 
Methylated tubes 
Microplate (48-well) 
Microplate (96-well) 
Microcentrifuge 5417R 
Microcentrifuge tube 1.5 ml 
Microcentrifuge tube 2 ml 
Microcentrifuge tube 0.5 ml 
NanoDrop ND-I000 spectrophotometer 
Nikon Inverted Microscope, TSI00 
Sample concentrator N2 gas reservoir 
peR tubes with attached cap 0.2 ml 
pH-Meter 766 Calimatic 
Rotor·Gene 6000 
Spectrometer 
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Suppliers 

SGE, forte, 0.25 J.IITl diameter 
Nunc 
Eppendorf 
Eppendorf 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Nalgene 
Amersham pharmacia biotech 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Olympus Corporation,Germany 
BMG Labtech,UK 
HRGC MEGA Series 2-Fisons, 
Instruments, Italy 
Kinesis 
Kinesis 
Fisher Scientific 
Thermo Electron Corporation 
Arpege 70 
Corning 
Nunc 
Nunc 
Eppendorf 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
NanoDrop Technologies 
Nikon Eclipse, Japan 
Techne Dri ·Block DB3 
Fisher Scientific 
Jenway 
Corbett Research 
Lambda 35 UV /VIS 
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Sterile syringe filter with 0.2 J.hTl cellulose 
0.1 ml strip tubes and caps 
Test tubes 
Thermocycler 
Glass Developing Tank for Thin 
Chromatography 
TLC spray cabinet II 
i TLC silica gel 60 (10x20 cm) 
UVP Chemiluminescence 
UV lamp 
Water-bath 

218 

Spectrometer PerkinElmer 

VWR 
Gene Target Solutions 
Fisherbrand 

Layer Biometra T300 
LAMAG 
LAMAG 
MERCK 
UVP Bioimaging Systems, UK 
LAMAG 
Grant 
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Appendix 2 

Chemicals 

ABsolute Blue QPCR SYBR Green ROX Mix 
Absolute Ethanol 
Acetic acid glacial 
Acetyl chloride, 9Scro 
Agarose, for routine use 
AII- trans-retinoic acid 
Bromophenol blue 
Buffer M-MuLV RT 
Buffer RPE 
Buffer RWl 
Butylated hydroxy toluene 
Calcium chloride 
Chloroform 

. Desoxynuc/eotide Mix (dNTP) 
2' ,7' -dichlorofluorescein 
D( + )-glucose 
Dimethyl sulfoxide minimum 99.5cro GC 
Dry Methanol 
Dulbecco's modified Eagle's medium 
Dulbecco's phosphate buffered saline (lOx) 
Ethidium bromide solution 
Ethylenediamine tetraacetic acid, disodium salt 
dehydrate 
Foetal bovine serum gold 
Free Fatty Acid 
Heat inactivated,sterile,filtered horse serum 
GC individual FA standard 
Glycerol (Glycerin) 
Hexane 
Heptane 
Isopropanol 
L-glutamine 
Methanol 
Methylamine 
Molybdenum blue spray reagent, 1.3cro, 
Nerve growth factor 
Oligo-dT primer 
PCR primers 
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Suppliers 

Thermo Scientific 
Hayman 
Fisher scientific 
Acros Organics 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Fermentas 
Quiagen 
Quiagen 
Sigma-Aldrich 
Sigma-Aldrich 
Fisher scientific 
Sigma-A Idrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Fisher scientific 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Fisher Scientific 

PAA 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
PAA 
Fisher Scientific 
Acros Organics 
Sigma-Aldrich 
Alomone Labs, Jerusalem, IL 
Invitrogen 
Integrated DNA Technologies 
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Penicillin/Streptomycin 
Poly-L-Iysine 
Potassium chloride 
Potassium hydrogen carbonate 
Potassium phosphate 
Petroleum ether 
QIAshredder spin column 
Quick-Load 100 bp DNA ladder 
RevertAid"17t\ First Strand cDNA Synthesis Kit 
RevertAid"17t\ M-MuLV Reverse Transcriptase 
RiboLock"17t\ RNase Inhibitor 
RNase-free water 
RNAase Zap 
RNeasy purification kit 
RNeasy spin column 
Sodium chloride 
Sodium hydroxide pellets 

PAA 
Sigma-Aldrich 
BDH 
Fisher Scientific 
Sigma-Aldrich 
Fisher Scientific 
Qiagen 
BioLabs 
Fermentas 
Fermentas 
Fermentas 
Sigma-Aldrich 
Spyglass 
Qiagen 
Qiagen 
VWR 
BDH 

Sodium sulphate 
Tris (hydroxymethyl)aminomethane, 
grade 

Acros Organics 
ultrapure Sigma-Aldrich 

Trypsin/EDTA (lX) PAA 
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Appendix 3 

Appendix 3: Lipid Standards: Fatty Acid Methyl Ester (FAME) mixture (100 mg 
ampoule contains a mixture of individual FAMEs; the weight percentages of each 
component are indicated). 

Trivial Name Systematic name Abbreviation Weight (%) 

Butyric acid Methyl Ester Butanoic acid Methyl Ester 4:0 4 
Caproic acid Methyl Ester Hexanoic acid Methyl Ester 6:0 4 
Caprylic acid Methyl Ester Octanoic acid Methyl Ester 8:0 4 
Capric acid Methyl Ester Decanoic acid Methyl Ester 10:0 2 
Lauric acid Methyl Ester Dodecanoic acid Methyl Ester 12:0 4 

Tridecanoic acid Methyl Ester 13:0 2 
Myristic Acid Methyl Ester Tetradecanoic acid Methyl 14:0 4 

Ester 
Myristoleic acid Methyl Ester Tetradecenoic acid Methyl 14:1 2 

Ester 
Pentadecanoic acid Methyl Ester 15:0 2 
Cis-10-Pentadecenoic acid 15:1 2 
Methyl Ester 

Palmitic acid Methyl Ester Hexadecanoic acid Methyl Ester 16:0 6 
Palmitoleic acid Methyl Ester Hexadecenoic acid Methyl Ester 16:1 2 
Margaric acid Heptadecanoic acid Methyl 17:0 2 

Ester 
Cis-10-Heptadecenoic acid 17:1 4 
Methyl Ester 

Stearic acid Methyl Ester Octadecanoic acid Methyl Ester 18:0 4 
Oleic acid Methyl Ester Octadecenoic acid Methyl Ester 18:1 4 
Elaidic acid Methyl Ester 18:1 2 
Linoleic acid Methyl Ester Octadecadienoic acid Methyl 18:2 2 

Ester 
Linolelaidic acid 18:2 2 
Linoleic acid Methyl Ester Octadecadienoic acid 18:2 2 
Linolelaidic acid Methyl Ester 18:2 2 
a- linolenic acid Methyl Ester 18:3 2 

y- linolenic acid Methyl Ester 18:3 2 
Arachidic acid Methyl Ester Eicosanoic acid Methyl Ester 20:0 4 
Gadoleic acid Methyl Ester Cis-ll-eicosenoic acid Methyl 20:1 2 

Ester 
Cis-ll,14-eicosadienoic acid 20:2 2 
Methyl Ester 
Cis-ll,14,17-eicosatrienoic acid 20:3 2 
Methyl Ester 

Arachidonic acid Methyl Ester Eicosatetraenoic acid Methyl 20:4 2 
Ester 

Timnodonic acid Methyl Ester Cis-5,8,U,14,17- 20:5 2 
eicosapentaenoic acid Methyl 
Ester 
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Heneicosanoic acid Methyl 21:0 2 
Ester 
Behenic acid Methyl Ester Docosanoic acid Methyl Ester 22:0 4 

Erucic acid Methyl Ester Docosenoic acid Methyl Ester 22:1 2 
Brassic acid Methyl Ester Cis-13.16-docosadienoic acid 22:2 2 

Methyl Ester 
Docosahexaenoic acid Methyl Cis-4.7.10.13,16.19- 22:6 2 
Ester docosahexaenoic acid Methyl 

Ester 
Tricosanoic acid Methyl Ester 23:0 2 
Lignoceric acid Methyl Ester Tetracosanoic acid Methyl Ester 24:0 4 

Nervonic acid Methyl Ester cis-tetracosenoic acid Methyl 24:1 2 
Ester 
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Appendices 5 & 6 

285 rRNA 

185 rRNA 

Appendix 5: Quality of total RNA extracted from PC12 cells. Total RNA samples 
were resolved in 1,},o agarose gel and visualised with ethidium bromide. 

l00bp DNA Ladder 

bp 
1,517 

1,000 

500 

100 

Appendix 6: Validation results of qRT -PCR. PCR products were resolved in 1% 
agarose gel and visualised with ethidium bromide. 
Ba (beta actin), Elovl (Elongation of very long-chain fatty acids) 
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Appendix 7 

Appendix 7: The fatty acid compositions of DMEM medium, foetal bovine serum (FBS), 
horse serum (HS) and growth medium (GM; 5%FBS and 10% HS) used in this study were 
as follows: 

DMEM FBS HS GM 

(J-lM) (J-lM) (J-lM) (J-lM) 

FA Saturated fatty acids 

16:0 palmitic 6.18 68.62 285.22 64.35 

18:0 stearic 3.25 32.99 338.15 62.8 

;' Monounaturated fatty acids 

18:1n-9 oleic 0.6 53.31 182.56 39.66 

n-6 and n-3 PUFAs 

18:2n-6 LA 0.12 21.73 767.91 154.89 

18:3n-3 ALA 1.91 21.87 4.22 

20:4n-6 12.91 12.25 3.50 

20:5n-3 0.06 3.48 0.35 

22:6n-3 8.19 0.29 
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Appendix 8 

Appendix 8: Fatty acid profile of proliferating PC12 cells' total lipid extract (TLE). 
PC12 cells were grown for three days in serum under semi-starvation (1% FBS) 
conditions and lipids were extracted and processed for GC as described in Materials 
and Methods. Data are reported as mean percentage of total F A:t SEM. 

FA Mean 'Yo ± SEM 

Saturated fatty acids 
16:0 17.54 ± 1.97 

18:0 13.57 ± 1.40 

20:0 0.68 ± 0.07 

22:0 0.45 ± 0.072 

24:0 0.33 ± 0.15 

Plasmalogen species 
16:0 DMA 1.43 ± 0.34 

18:0 DMA 1.33 ± 0.6 

18:1 DMA 0.38 ± 0.24 

Monounsaturated fatty acids 
16:1n-7 0.93 ± 0.23 

18:1n-7 7.3 ± 0.51 

18:1n-9 30.5 ± 0.83 

20:1n-9 2.64 ± 0.35 

20:3n-9 2.42 ± 0.29 

22:1n-9 0.47± 0.15 

24:1n-9 0.58 ± 0.16 

N-6 and n-3 PUFAs 
18:2n-6 6.42 ±0.42 

20:2n-6 0.22 ± 0.09 

20:3n-6 1.18 ± 0.27 

20:4n-6 6.22 ± 0.75 

22:4n-6 0.36 ± 0.03 

22:5n-6 0.33 ± 0.20 

20:5n-3 0.22 ± 0.11 

22:5n-3 0.34 ± 0.046 

22:6n-3 1.2 ± 0.17 
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