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Abstract

Regulation of polyunsaturated fatty acid (PUFA) biosynthesis in proliferating
and .NGF-differ'en‘riated 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 expreésion of several genes involved in the FA
metabolism; Elovl5, Elovl2, Fads2 and Ppara genes encoding, respectively, for
ELOVLS élongase, ELOVL2 elongase, Deltab desaturasg (D6D) and the nuclear
transcription factor PPARa. LA up-regulates the expfession of the above genes,

Whereas ALA specifically up-regulafe§ the mRNA levels of Fads2 and Elovi5.



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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1.1 Ce‘ll 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 ‘Ghe extrdcellular‘ side and the cytosol).
Membrane proteins can be associated within the lipid billayer' in various ways:
-Peripheral membrane proteins are bound to only one side of the membrane.
-Transmembrane profeins 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 prdteins

embedded in a lipid bilayer (Figure 1.1).
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Figure 1.1 The "mosaic fluid model" (Singer-Nicolson 1972): adopted from
hH‘E://ger‘sonal.cicbiomagune.com/ireviakinezcellmembrane.hfml.

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
Mmembrane 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 ehergy and is called diffusion. Only small non-polar molecules such as
carbon dioxide and oxygen can diffuse across the cell membrane (Boxerman et
al., 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 (ATP) that provide; energy for the transport (Glynn, 1968).
Transporters are classified into three types: uniporters, symporters and
antiporters. Uniporters ‘Tr‘anspor'r 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 an‘ripbr'rers
(Lehnart et al., 2007). The Na'/K* pump is a good example of an antiporter; it

exchanges Na* (out of the cells) against K’ (into the cells) while expending ATP
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(Skou, i965). 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 dgscribed in
several cell types such as adipocytes (Kamp et al., 2003), Hep62 cells (Guo et al.
2006), HEK cells (MesHulam et al., 2006), and myocytes (Wu et al., 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
Yo these external stimuli through a sé'r of intracellular mechanisms (chemical,
ionic and electrical events), known as cell signalling. Récepfors are often large
oligomeric transmembrane proteins, with two domains: (1) one facing the
exterior environment, the ligand-binding domain, with high affinity for specific
substra‘res, and (2) an effector domain located on the cytosolic side (Massague
et al., 1980; Huber et al., 2004). Specific ligands (substrates) bind to the
receptor. This event causes confofmational 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 'rr'ansducﬂon cascades), and

Physiological responses are elicited (Berg et al., 2002). Many cellular functions
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and responses are affected when the membrane lipid composition is ‘alferéd.
Receptors are sensitive to the lipid environment within which they interact.
Medifications 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 'r'afts (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 ‘ar'e localized in the exoplasmic leaflet of the plasma membrane

- Inside rafts: phosphoglycerides such as phosphaﬂdylefhanolamine,
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 merﬁbmne 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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profeins 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-OH group of cholesterol. Therefore, the
cholesferol‘con’renf 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 Io#s of
Synapses and spines, whi’ch is a main characteristic of neurodegenerative
diseases (Hering et al., 2003). Ceramides can self-aggregate, resulting in the
formation of ceramide-based microdomains or raft§ (Zhang et al., 2009). These
Structures play several functions during signal transduction (Grassme et al.,

2001). Moreover, they play important roles in regulating apoptosis, cell
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differentiation, transformation and proliferation (Kawamura et al., 2009; Jana
et al.,, 2010). In addition, specific proteins are attached to lipid rafts such as
9|Ycosylphosphaﬁdy|inosifol (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 al., 1992)
(Figure 1.2). Caveolae play a role both in cell signalling (Li et al., 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 al., 1995; Gorodinsky and Harris,

1995),
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Cavcla

Figure 1.2 Model of the organization lipid rafts and caveolae in the plasma
membrane: adopted from Simons and Ikonen (1997).

@) 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).

!-") 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,

Mmotility and signalling. In general, lipids and proteins are found at a ratio of

10
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30% and 70%, respectively. As an example of a sub-cellular membrane, the
mitochondrion outer membrane contains 52% (w/w) proteins, 48% lipids and 2-
4% carbohydrates (Guidotti, 1972). However, these various contents are in
different propor‘ﬂons according to the cell type and animal species. For
instance, the red blood cell membrane is composed of approximately 52% (w/w)
proteins, 40% lipids and 8% carbohydrates (Steck, 1974). Similarly, hepatocyte
membranes consist of 54% proteins, 36% lipids and 8% carbohydrates
(Guidotti, 1972). In contrast, the corresponding proportions in myelin sheaths
- are 20% (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 al.,, 2002). The proportions of these lipids vafy among
different cell types. The neuron membrane is composed of 41% phospholipids,
22% cholesterol and 28% glycolipids (Sastry, 1985). The proportions of
Phospholipids, cholesterol and glycolipids in myelin sheaths are 41%, 22% and
28%, respectively (Bruyn and Garcin, 1969). In comparison, the human
erythrocyte membrane lipid composition represents 61% phospholipids, 22%

cholesterol and 11% glycolipids (Keller et al., 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

11
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hydrocarbon chain (Figuf'e 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
PHOSpholipivds 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 Tkonen, 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 (Payng and Hales, 2004). In addition, iT§ 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 ‘ HE Hy
Hy
CH, Cholesteryl Ester
HiC
1
"0 R-C-0O
P o thmatc dm g,

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:
e a hydrophobic tail containing one or two long chain fatty acids (LCFAs),
e a phosphoric acid, polar head group bearing a negative charge at neutral
PH,
* acomplex 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.

Phosphocholine

Phosphate

Alcohol
(choline)

Hydrophobic tail o H,
i
H,C—O—P—0—CH,—CH,—N'—CH,
CH,

O~

Hydrophilic head
Phosphatidyichobline

Figure 1.4: Phosphoglyceride chemical structure

1.2.2.1 Phosphoglycerides

The glycerol moiety at position 1 (C-1 or sn-1) and 2 (C-2 or sn-2) binds to two
FAs. In general, at C-1 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

Yo phosphoric acid through a phosphate ester bond. The complex amino alcohol

13
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is linked to the phosphate group through a second phosphate ester bond (Figure
14). 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-sn-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.

CH,—OOCR
R'COO~CH .
Cha —O—P —CH
L

-

phosphatidic acid H

Figure 1.5a: Phosphatidic acid chemical structure

Choline phosphoglyceride (CPG)

Phosphatidylcholine or 1,2-diacyl-sn-glycerol-3-phosphorylcholine possesses a
choline group as its complex amino alcohol group (Figure 1.5b). CPG is usually the
Major PL in the cell plasma membrane and is located on the outer leaflet of the
cell membrane (Bretscher, 1972; Verkleija et al., 1973). CP6 can be found in
different proportions, depending on the tissue type. For example, in human grey

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

14
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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 s7-2 with saturated fatty acids most

abundant in position sn-1 (Wood and Harlow, 1969).

Chz—0OCR
R'CO0-CH O .
Il
CH, 0P ~0-CH,CHN(CHok

0" phosphatidyicholine

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
aleohol group (Figure 1.5¢c). 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-1 (Wood and Harlow, 1969).
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?HZ—OOCRI
R"COO—CI,H ] &
Il
CHQ—O-—FI’—-O—CHQCHQNH3

phosphatidyethanolamine

Figure 1.5¢: 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 al., 2003).

CH—00OCR'
R'COO ~CH 0 NH3
Il | =
CHz —0—P —0—CH,CHCOO
o +
phosphatidyiserine

Figure 1.5d: Serine phosphoglyceride (SPG) chemical structure
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Inositql 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
confent 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 78% 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
inv)olved in cell signalling. IPG can be hydrolysed by phospholipase C (PLC) into
two second ‘messengers, namely, inositol 1,4,5-trisphosphate (IP3) and
diacylglycefol (DAG), which are intermediates in the IP3/DAG signalling
Pathway (Fukami et al., 2010). In addition, IPG is the primary soche of the
arachidonate required for eicosanoid biosynthesis (including prostaglandins) in
animals (Smith, 1992; Zhou and Nilsson, 2001; Carlson and Levitan, 1990). IPG is
coﬁsidered to be an anch§r that can link a variety of proteins to the external
leaflet of the plasma membrane via a glycosyl bridge (glycosyl-

Phosphatidylinositol (6PI)-anchored proteins).
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OH
CH,— OOCR" OH
RCOO-CH O
¢H,—0-B-0
H* O- OH OH
phosphatidylinositol

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-I position of the
glycerol is attached to the glycerol backbone by a vinyl ether bond (Figure
L5f). Three major classes of plasmalogens have been identified: choline,
ethanolamine and serine plasmalogens. Usually, the highest proportion of the
P'OSmalogen 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 CP6G species.

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

Neurons in injured brain (Lindsberg et al., 1991), is an active mediator in

18



Chapter 1-General Introduction

ischemic brain damage (Nishida et al., 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.

CHy—0—CH=CH—R'

|
R'CO0-CH O .
|
CHy—0—P—0~CH,CHaNH,
b

plasmalogen

Figure 1.5f: 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 (ceramides; 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).

19



Chapter 1-General Introduction

Sphingomyelins serve as a precursor for ceramides, long-chain bases and
sphingosine-1-phosphate, as part of the 'sphingomyelin cycle', as well as many
other important sphingolipids. Sphingomyelins account for about 10% 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/ dis‘rriBuﬁon (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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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 al., 1999) and scramblases (Sahu
e1" al., 2007). Flippases transport aminophospholipids EPG and SPG from the
Plasma membrane's outer leaflet to the inner leaflet, using ATP (cytofacially-
~directed, ATP dependent) (Seigneuret and Devaux, 1984; Daleke and Huestis,
1985). Floppases 'rranspor'r“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
ATP-independent calcium mechanism (bi-directional, ATP-independent) (Buton
et al., 1996).

Any change in the healfhy cellular state asymmetry plays a critical role in a
variety of biological processes. A loss of asymmetry i_n phospholipids is
associated with many pathological phendmena. For instance, the translocation of
SPG to the outer leaflet is c.1 marker of cell apoptosis and leads to the

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

(Emoto et al., 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 unsaturﬂﬁon (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 d;:uble 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 A* representation, A 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 c1$'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 7 or w) toward the carbonyl
carboﬁ_

DePending on the degree ofx unsafura‘rion, 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 10-40% of the total fatty acids in most natural
lipids. Long-chain saturated FAs (12:0 upwards) have relatively high melting
JPOim‘s oWing to the absence of unsaturation. Such saturated FAs also increase

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

Monounsaturated fatty acids are monoenocic components; they contain one
carbon-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
*rans- or E-double bonds are known. The configuration isomerism has aﬁ
Important effect on the FA physical and chemical properties. The cis-
configuration results in a non-straight structure and enhances membrane
fluidi'ry. In contrast, trans-FAs are straight chains with physical properties
Similar 1o s::'rﬁra'red FAs and consequently increase membrane rigidity. In
@himal tissues, Oleic acid, 18:1(n-9), is by far the most abundant monoehoic FA

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

O

H C\/\/\/\/:\/\/\/\)L
: 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
(allenic), 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 al., 1967: Lie Ken Jie et al., 2003).
One-methylene-interrupted FAs are found in most animal cells. In contrast,
P°ly-mefhylene-inferrupfe’d FAs are found in plants (Berdeaux and Wolff,
1996) and insects (Christie et al., 1988). Conjugated FAs are mostly presgnt in
rumen microorganisms (Bauman etal, 1999‘; Wallace et al., 2007) and therefore
are found in high amounts iﬁ meat and diary products and in individuals who
consume these kinds of food (Chin et al., 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:In-9. OA is’ the most abundant
monounsaturated FA in animal tissues: it is synthesised from a saturated FA,

Stearic acid (€18:0) by a A9 desaturase. A9 desaturase, also called stearoyl CoA
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desa'rurqse (SCD), inserts the first cis-double bond between C-9 and C-10 from
the carboxyl end of the fatty acyl chain (Mahfouz et al., 1980; Corl et al.,‘
2001). OA is first desaturated by a A6 desaturase (A6) into 18:2n-9, then
18:2n-9 is elongated into 20:2n-9, and finally 20:2n-9 is desaturated by a A5
desaturase (A5) 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) cqrbon from the methyl end of the acyl chain, are termed c;mega 3
or n-3 fatty acids, and Thoge 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
-6 family is linoleic acid (LA, 18:2n-6). LA is synthesised from OA by a A12
desaturase, whereas ALA is synthesised from LA by a Al15 desaturase.
Mammalians' metabolism canhof introduce a C=C-bond beyond C-9 in the FA
chain, because of the absence of 'rhé A12 and A15 desaturases. For the same
- Peason, the body cannot convert an n-3 to an n-6 FA, or vice-versa. ALA and LA
Gf‘e 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
al., 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 Eicosa_pem‘aenoic acid (EPA, 20:5n-3) and DHA (22:6n-3),
Synthesised from ALA, and ARA (20:4n-6), from the n-6 family, which
Or_i_ginafes 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 al., 2012).
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Alpha-linolenic acid (ALA)
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Figure 1.9: Chemical structures of ALA, LA, DHA, EPA and ARA.

1.35 Biosynthesis of long-chain n-6 and n-3 polyunsaturated fatty acids
(LCPUF as)

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
Peticulum (ER) and the peroxisome.

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

linoleijc (LA, 18:2n-6) acids by a series of elongation and desaturation steps
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(Hornstra et al., 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 A6 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
(eicosatetraencic) and 20:3n-6 (di-homo-gamma-linolenic, DHGLA), respectively.
Subsequently, 20:4n-3 and 20:3n-6 are desaturated by the A5 desaturase
€nzyme (A5D), A5D 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 A6 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 be‘ra-o*idaﬁon to form 22:6n-3 (DHA) and 22:5n-6‘ (n-6
docosapem‘aenoic, DPA) (Figure 1.10). This peroxisomal befa-oxidaﬁdn reaction
involves 3 enzymes: straight-chain acyl-CoA oxidase (SCOX), dehydrogenase-
bxifunc‘rional protein (DBP) and 3-ketoacyl CoA thiolase. Ffﬁally, 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 Omega-6 Omega-9
a-linolenic acid linoleic acid oleic acid
ALA (18:3n3) LA (18:2n6) OA (18:1n9)
~—— A6 desaturase —> ~¢—— A6 desaturase ——bl
Octadecatetraenoic acid v-linolenic acid octadecadienoic acid
(18:4n3) GLA (18:3n6) (18:2n9)
l —~—— elongase5 ——» l - elongaseS ————3 l
eicosatetraenoic acid dihomo-y-linolenic acid eicosadienoic acid
(20:4n3) DGLA (20:3n6) (20:2n9)
l ~f—— AS desaturase ——p - S desaturase ————p
eicosapentaenoic acid arachidonic acid eicosatrienoic acid
- &
l elongase5S
docosapentaenoic acia docosatetraenoic acid
DPA (22:5n3) (22:4n6)
l elongase2 ) l
(24:5n3) (24:4n6)

l ~—— A6 desaturase ——

(24:6n3) (24:5n6)
| <«—— p-Oxidation ——3 +
docosahexaenoic acid docosapentaenoic acid
DHA (22:6n 3) (22:5n6)

Figure 1.10: Pathway of metabolism and synthesis of omega-3, omega-6, and
OMmega-9 PUFAs (adapted and modified from Le et al., 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 al., |
1976). Fatty acid desaturases are ER membrane-bound enzymes and use fatty
acyl-CoAs as substrates. There are two types of desaturases: A6 (D6D) and A5
(D5D) desaturases, which are involved in the metabolism of both the n-6é and n-
3 families and insert a double bond at posiﬁoﬁs 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 al., 2003).

These desaturases are regulated by their own substrates (PUFAs) and by
Several transcription factors such as sterol regulatory element binding protein-
lc (SREBP-1c) and peroxisome proliferator activated receptor-a (PPARa). For
instance, A6 and A5 desaturases are inhibited by dietary PUFAs (Cho et al.,
1999q; Cho et al., 1999b). In humans, A6 (Fads2) and A5 (Fadsl) desaturase
gene expressions are expressed in most tissues but at higher levels in the liver

(Cho et al., 1999a; Cho et al., 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 frans -2, 3-enoyl-CoA reductase.

Seven fatty acid elongases (ELOVLS) subtypes (ELOVL1-7) have been identified
in the mouse, rat and human. ELOVL1, ELOVL3, ELOVL6 and ELOVL7 elongate
Saturated and monounsaturated fatty acids. On the other hand, ELOVLZ2,
ELOVL4 and ELOVL5 are specific for PUFAs synthesis, whereas ELOVL2 and
ELOVL5 are involved in n-6 and n-3 PUFA biosynthesis. ELOVL2 uses €20-22
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).

Elovl1, ElovI5 and Elovlé gene expression is ubiquitous. Elovl5 gene expresSion is
highest in the liver, testis and adrenal glands. However, Elovi2, Elovi3, Elovl4,
and Elovi7 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 al., 2005). Moreover, the EIovIZ‘ and
Elovi5 expressions are also regulated at the transcriptional Ievel‘by several
transcription factors such as sterol regulatory element binding protein-la

(SREBP-la) and PPARa.
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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 derma’ritis,
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 (sfcn‘ed 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 al., 1989). Feeding rats sunflower oil (low in ALA) led
*°, anomalies in their electroretinogram, behavioural tests, learning and memory
and resulted in premature death (Bourre et al., 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% LA) and also with those
fed soybean oil (53% n-6 and 4% 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 al., 2001). |
F\fevem‘heless, 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 all 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 al, 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 al., 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 al., 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 al.,
2000).

In humans, n-3 FAs play a ;rherapeutic role in neurological disorders; they may
reduce cognitive decline and the risk of dementia including the Alzheimer type

~ (Conquer et al., 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% 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%, EPG 34.1%, SPG 12.2%, 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 al., 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
(cc}'fex) than from the white matter. DHA is highly enriched in neural
Mmembranes constituting approximately 30-40% of the PLs in the grey matter of
the cerebral cortex and the phofor'écepfor cells in the retina (Innis et al., 1991;
Lauritzen et al., 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 dssocia‘red with the
Cerebral capillaries. Glial cells, mainly vas‘rrocytes, play important roles in the
Support and segregation of neurons, the regulaﬂon of neuronal communication,
’nfaurosecreﬁon, synaptic plasticity and activity modula’rion; Membrane lipid E

composition appéars in different proportions according to the brain cell ‘rype;
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DHA and ARA are the major LCPUFAs and exhibit great specificity according
Yo the structure, as illustrated in Table 1.1. Among subcellular fractions of
brain tissue, the highest concentrations of DHA are found in the synaptosomal
Pldsma membranes (Breckenridge et al.,, 1972) and synaptic vesicles |
(Breckenridge et al., 1973). DHA preferentially accumulates in synaptosomes,
astrocytes and myelin (Bourre et al., 1992; Breckenridge et al., 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 ségment 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 (O'Brien and Sampson, 1965).
This is consistent with the fact that the retina is derived from grey matter

(Jampel, 1966).

| Species |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 41 3.1 Sampson
Human | White matter |EPG 6.4 34
SPG 20 5.6 (1965)
——— CPG 1.3 0.1
Human [Retina EPG 134 22.2 Anderson
SPG 5.0 18.5 (1970)
S CPG 41 4.6 ’
Rat Synaptosomal |EPG 14.6 324 Breckenridge
plasma SPG 20 34.1 et al. (1972)
membrane CPG 43 2.7 :
e IPG 36.9 47 ;
Rat Synaptic EPG ~ [167 306 Breckenridge
vesicles SPG 2.8 37.0 et al. (1973)
CPG 6.0 6.9 ‘
S IPG 33.0 2.6
Rat  [Neurons _|TLE 10.3 8.3 Bourre et al.
Rat  |Synaptosomes |TLE 12.2 12.5 i
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Rat Oligodendroglia | TLE 9.3 5.1 (1984)
Rat Myelin TLE 8.6 14
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

Zhosphoglyceride; IPG, inositol phosphoglyceride and TLE, total lipid extract from 6C
ata,

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
uﬂr-. 1994) and it accounts for approximately 0.2% of total FAs in EPG (Philbrick
et al, 1987). In the brain, EPA plays a major role as a precursor for the
biosyn‘rhesis of hydroxy FA derivatives known as eicosanoids. In particular,
Yerram et al. (1989) showed that brain microvessel endothelial cells were able
Yo convert EPA to prostaglandin PGE3, PG13. 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
hiPF’Ocampql cells (Lonergan et al., 2004) and against neurotoxicity-induced by

Staurosporine in SH-SY5Y cells (Kou et al., 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

Pj(r‘edominanﬂy 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 al., 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 al.,
1976; Innis, 2005) and to the newborn via maternal milk (Crawford et al., 1981;
Innis, 2004),
Buring 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
b"Osyn‘rhesis in the liver (Scott and Bazan, 1989) and partially, from local
biosynthesis in the brain (Moore et al., 1991). Work with primary cultures of
‘Gstrocytes and neurons suggested that the main site in fhe brain for The}
biosynthesis of n-3 and n-6 LCPUFAs is the astrocyte cell (Moore et al., 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

(?0=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!36—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 Thé conversion of EPA to DHA and of ARA to n-6DPA; both
im‘ermediary metabolites ended up in the neuronal lipid cache.

In concluding from these in vitro studies on PUFA synthesi‘s,‘ 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 suppliéd

by cerebrovascular endothelium and astrocytes (Moore, 2001).

1.4.2 Role of LCPUFAS in neural membrané

Ontogenetic events such as neurogenesis (the generation of nerve cells) and
SYhaptogenesis (the formation of synapses) in the developing Br'ain, aléng with
nerve regeneration and stem cell differentiation in ’rhé mature brain, are all
biological processes that depend upon essential lipid components as well as on

h‘ighly specific membrane proteins for their proper conclusion (Lauritzen, 2001; |
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Alessandr'i, 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 supporﬁngv cellular signalling including
regulation of gene expression and generation of cell membrane lipid mediators
(eicosanoids). DHA, in particular, facilitates neuronal func’riohs and its
inadequate levels are strongly associated with impaired vision, memory losses

and learning disabilities.

1-4‘-”2.1 DHA and ARA effects on membrane physical properties

The pldsrha membrane is assimilaféd as a dynamic structure, whose physiﬁal
Properties are highly dependenf on its lipid compoSiﬁon. THe organizd‘rion of
Membranes in mfcrodomains (e.g., rafts and caveolae) and its physiéai properties
(eg., fluidity) are highly dependent on the lipid content and in‘Teracﬂons (Day et
al,, 2009),

Membrane fluidity is affec'r’ed ‘by the lipid composition of “rhe membravne‘,
Specifically, the ratio between cholesterol and unsaturated FAs. Cholesterol
reduces the membrane flufdi‘ry index, and conversely, unsaturation (PUFAs)
increases it, N-3 and n-6 PUFAs alter the FA unsaturation index and the
Figidity of the membrane. Dietary PUFAs, in par‘ﬁcﬁlar, DHA and ARA, when
incorpor'cn‘ed, can alter membﬁdne fluidi'ry. 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
Wassall, 2003). The membrane flexibility differs between DHA and ARA
because of their different degrees of conformational flexibility in membranes

(Feller et al., 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 inhibifed or delayed
(Bertrand et al,, 2006) and migration of immature neuronal cells to their final
Position, where they establish permanent synaptic relationships, is delayed,
 following maternal n-3 dietary deficiency (Yavin et al., 2009). PUFAs (ARA and
DHAY) 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 al., 2009).

In vitro studies showed that DHA stimulates neurite outgrowth induced by
NGF in PC12 cells (Tkemoto et al., ‘1997: Dagai et al.,, 2009), whereas ARA
SUppresses this proces#. D’HA also promotes ﬁeuronal differenﬁaﬁon 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

'NCreased spontaneous synaptic activity in mouse hippocampal neurons (Cao et
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al., 2009). Tixier-Vidal et al. (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 al., 2002a), and
heurons in the hippocampus of the human DHA-deficient brain had significantly
smaller cell bédies (Ahmad et al., 2002b). Thus, a DHA deficiency in the brain
induces a reduction in neuron size.

Die‘rary DHA deficiency decreases the NGF content in the rat hippocampus
heurons, so consequently, DHA promotes NGF expression in fhe brain (Ikemoto

et al,, 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
Membrane's biophysical properties, and subsequently the membrane recepfors’y
organization and protein functions.

DHA may interact in specific sites of membrane proteins whebe ff modulates
the activity of channel and transport proteins.

USing patch clamp techniques, Poling et al. (‘1995, 1996) demonstrated that

Membrane 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*-ATPase (Huang et al., 1986), which are the
heurotransmitter and amino acid transporters (Poling et al., 1995). DHA
Promotes optimal function of G-proteins coupled receptor families (GPCRs) in
Neuronal and retinal tissues such as rhodopsin (Litman et al., 2001). GPCRs are
Usually found in membranes rich in PUFAs, specifically in DHA-ri'ch domains
(Brown, 1994). Absorption of light leads to the formation of a photoactivated
rhodopsin meta-II state (MII) in equilibrium with an inactive rhodopsin meta-I
State (MI). The conformational transition from a non-active to active rhodopsin’
(MI-MIT equilibrium) is thought to be favored by lipids with DHA chains
(Mitchell et al., 2003).

Studies carried out with Nuclear Magnetic Resonance (NMR)' revealed that the
DHA-acyl chains bind to rhodopsin (Soubias et al., 2006) to stabilize it and
enhance its kinetics (Grossfield et al., 2006).

BHA can alter the activity of cellular enzymes. It has been shown to enhance
the diacylglycerol-dependent activation of protein kinase C (PKC) when it is
inwrpora‘red into EPG rather than CPG (Chen and Murakami, 1994; Giorgione et
al., 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 al., 1995). DHA also plays a role in the
P?OSphatidylinositol-3 kinase/ Akt (PIK3/Akt) signalling cascades involved in

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

Neuro 24 cells (Akbar et al., 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 al., 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 im‘rqcellular compartments for metabolism, or
to the nucleus, where they interact with transcription factors (Bordoni et al.,
2006). PUF As, 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 fo up-regulate or down-regulate the
transcription of genes by altering the rate of gene transcription (Jump et al.,
1993; Landschulz et al., 1994; Tang et al., 2003) or the transcripts’ stability
(Sessler et al., 1996). Several transcription factors interacting with PUFAs
have been identified.

The first fdmily of nuclear transcription factors are the pero*isome
Proliferator activated receptors (PPARs), which consist of four isoforms:
PPARSs, PPARa, PPAR p/6 and PPAR v. The PPARs are activated by unsaturated

PUFAs (ALA, LA and ARA; Kliewer et al.; Krey et al., 1997) and by eicosanoids
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(Yu et al, 1995), often at micromolar concentrations (Gottlicher et al., 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 al., 1993; Desvergne and Wahli, 1999). Also, DHA (Fan et al., 2003;
Lengquist et al., 2004), n-6DPA and ARA (Lengqvist et al., 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 p-oxidation, such as
carnitine palmitoyltransferase I (Brandt et al., 1998),.and genes involved in lipid
Metabolism, such as acyl-CoA synthetase (Schoonjans et al., 1995), and the FA

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

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

Yo 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 al., 2001) and in HEK 293 cells (Yoshikawa et al., 2002). However,v further

research is needed to clarify whefher PUFAs play a role in modulating LXRa

activity in vivo (Jump et al., 2@05).

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

+al.,2000), including SREBP-1c, lipoprotein lipasé, fatty acid symhqsé (FAS),

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

Qctivated ligand-LXRa complex binds a DNA sequence (LXRE) l‘ocm*ed in the
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Promoter of sterol regulatory element binding protein-1c (SREBP-1c). SREBP-1c
is the predominant SREBP isoform in human and rodent livers. SREBP-1c
transcription is suppressed by PUFAs as a result of their ability to inhibit LXRa
dcﬁvify (as stated before) (Kim et al., 1999). Consequently, transcription of
SREBP-1c target genes containing a sterol response element (SREs) is
decreased. SREBP-1c plays a central role in controlling 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 al., 1986; Fu, 199Q). Iniﬁally, arachidonoyl and
c'C>Cosal'|excnanoyl chains are released fr'c".'m the membrane cholfne'
9'YCer'ophospholipids via the action of phospholipase Az (PLA;) (Clark et al.,
1990) or from the membrane phosphatidylinositol-4,5-biphosphate via the
actions of phospholipase C (PLC) and a diacylglycerol lipase (DAG) (Bell é’r al.,
1979). Then, two families of enzymes, namely, cyclooxygenase (COX; COX1 and
COX2) (Seibert et al., 1995) and Iipdegenase (LOX: 5-LOX, 12-LOX or 15-
- Lox) (Izumi et al., 1991; Jakobson et al., 1992), catalyze the FA oxygenafion
(Tassoni et al., 2008). FAs are metabolised into a variety of oxygenated

derivatives known as eicosanoids (prostaglandins (PGs), thromboxanes (TXs),
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leukotrienes (LTs), hydroperoxyeicosatetraenoic (HPETES),
hydroxyeicosatetraenoic (HETEs), hydroxyeicosapentaenoic acids (HEPEs) and
lipoxins (LXs)) (Figure 1.11). COX catalyzes the biosynthesis of PGs and TXs,
while LOX produces LTs, 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-LTs; 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 résolvins) (Kohli and Levy, 2009). Eicosanoids. are biosynthesized by
Several different cell types. For instance, leukotrienes are mainly sym‘hiesized
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 fﬁncﬁons, such as mediation of
allergic and inflammatory reactions (pro-inflammatory), renal function, as well
Qs vaso- and broncho-constriction (Allen, I. C. et al., 2006; Yu et al., 2009; Xu
et al, 201Q). The docoSanoids are a potent group of anti-inflammatory and
Neuroprotectants found in br;ain tissue under stress conditions (Mukherjee et
al., 2004; Bazan, 2005). Most recenﬂy, 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-

il'lflummafory, anti-apoptotic and neuroprotective compounds.
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Under certain stress conditions, two DHA-oxygenation pathways give rise to
two DHA-derived messengers: On the one hand, to 10,17S-docosatriene
(neuroprofecﬂn D1, NPD1), and on the other hand, to the synthesis of resolvin-
type messengers (17R-series resolvins, 17R-DHA) (Marcheselli et al., 2003).
NPD1 has been shown to possess some protective actions in neural and retinal
Systems under several stress conditions. NPD1 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 (Marcheselli,
2003). A beneficial role of NPD1 in Alzheimer's disease has been also recently
indicated (Bazan, 2009). Experimental studies with human brain cells, exposed
to amyloid beta-42 peptide (Ap-42), have shown that NPD1 down-regulates pro-
ir\flcxmma‘rory events and induces anti-apoptotic and neuroprotective gene
€Xpression that represses Ap-42-induced neurotoxicity. To conclude, NPD1
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
modified from http://www.gustrength.com/health:omega-3-fatty-acids-and-
lnflamma'hon).

15 PC12 cells as a model in neurobiology

In order to study brain lipid dynamics in health and disease, several Vaniny'nal‘
Model systems have been employed over the past decades. From the point of
View of the reductionist, an in vitro cell culture sysfém using pure brain cell
Populations would be advantageous over a structure, an organ or an entire:
@nimal, The advantages of using i vitro cultured cells ar;a financial and ethical
(public opposition of animal experiments). Cell lines are easy to acquire; a large
Selection of cell types (i.e. differ;énfl species, tissues) can now be purchased
from several companies. Cells are easy to culture under controlled
Physiochemical (e.g., temperature, and CO2 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 arﬁficiql

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
(Gollqpudi and Oblinger 19990, 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. Pheochromocyf@ma cells
were first described in the 1970s, when Warren and Chufe as well as others
reported the /n vitro induction and partial chamcferisaﬂon of a transplantable
rat pheochromocytoma, which expressed differentiated properties similar to
adrenal chromaffin cells (Warren and Chute, 1972; Delellis et al., 1973).

An earlier report showed that ‘rumour-derived‘ chromaffin cells extend long,
branching neuronal-like phenotypes after treatment with nerve growth factor
(NGF) protein (Greene and Tischler, 1976). Like chromaffin cells, PC12 cells
also differgntiafe into a neuronal-like phenotype upon treatment with NGF,
including syn“rhesis and s&orage of dopamine (Westerink and Ewing, 2008).
Furthermore, 'rhé PC12 cell line was congidered a suitable model for exploring
the nervous system, since it permits rapid studies of the cellular and molecular
mechanisms pres;‘en'r 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 (Ca®*) signals
Ca* transport in undifferentiated and differentiated PC12 cells displays |
Properties similar to the Ca® transport of sympathetic neurons (Duman ef al.,
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
Fecorded by patch clamp techniques. Another study carried out in PC12 cells by
Ghosh and coworkers (1994) suggested that Ca* can regulate gene expression “
(eg., through the calcium response element (CaRE)) by muHiple signalling
Pathways. Agell et al. (2002) showed that Ca® can modulate the survival of PC12
cells ‘rhr'o.ugh the Ras/Raf/mitogen-activated protein kinase kinase
/extracellular signal-reguldfed kinase (Ras/Raf/MEK/ERK) pathway. Stimulation
with neurotrophins or growth fac'rofs (as described next), increases
intracellular Ca? *, which greatly activates the Ras/Raf/MEK/ERK 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 Vamyloid beta-peptide
(AB) in the brain or amyloidogenesis. Amyloidogenesis is caused by a non-Ap
Component (NAC) and Ap peptides. PC12 cells have been used to investigate the
Neurotoxicity of peptides related to AD. It has been shown that PC12 cells are
Particularly sen#iﬁve to NAC and Ap peptides (Bodles et al., 2001). Some of the
Mechanisms involved in neurotoxic cell death have been investigated. One early
response to Ap, studied in PC12 cells, is the inhibition of cellular redox
Activities and cell death (Shearman et al., 1994). A recent report showed that
PC12 cells, transfected with a mu‘tcn‘ed amyloid precursor protein (app) gene,
became more sensitive to apoptosis induced by reduction of ’rrophic factors,
Such as serum reduction (Leutz et al., 2002). |

Moreover, treatment of PC12 cells with NGF, neuﬁoi‘rophins or cytokines
Stimulated APP expression in all constructs (6e 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
@nalogous 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 (b,FGF)' PC12 cells cease to replicate, extend long nerve-like processes
and express a number of markers reminiscent of differentiated neurons
(Togari et al., 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
heurotrophins, affected cell proliferation and induced several neural gerie
?r'cmscrip‘rs (Cosgaya et al., 1996, 1998; Matsuoka et al., 1989). Similar to
Sympathetic neurons, PC12 cells éxposed to NGF could generate action
Potentials (Dichter et al., 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 al., 1989).

1.5.2 NGF and neurotrophin effects on PC12 cells

The nerve growth factor belongs to a large family of growth factors, known as
the heurotrophin family. The neurotrophin family comprises five members:
NEF, 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 peripherdl 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. VNGF and neurotrophins
(NT-3, NT-4/5) bind with high affinity to a Tyr'osine'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 p‘75A by NGF mediates neurorf\aly :
dpoptotic cell death. The fate of the neuron depends on the ratio of p75 to
TrkaA receptors present on the cell (Davies et al., 1993; Barrett and Bartlett,
1994; Lee et al,, 1994), |

Activation of TrkA receptors by NGF induces the phosphorylation of
downstream signalling molecules V/'a~d 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

€nzymes, 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 al.,, 2011).

Molecular signalling pathways involved in PC12 cell differentiation and survival
have been extensively studied /n vitro. For instance, the Ras/Raf/mitogen-
Activated protein kinase kinase (MEK)/ ERK pathway controls apoptosis,
Proliferation or differentiation in many cell types including PC12 cells. High

Activation of the Ras/Raf/MEK/ERK pathway is associated with neuronal and

56



Chapter 1-General Introduction

PC12 cell differentiation (Vaudry et al., 2002). In contrast, low activation of

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

al., 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
heurobiology to mimic neuronal characteristics and'hvas been instrumental in
enhoncing 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 examiﬁed their endogenous PUFA.
biosynthetic pathway and the relative effect of NGFfdiffer'enﬁaﬂon.
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 ﬁnders’randing fhe 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, CP6 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 'rrariscrip‘rs 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

100 ml 0.5 M Ethylenediamine tetraacetic acid (EDTA) -
Bring final volume to 1L with ddH.0 |
222205 M EDTA

146.125 g EDTA

1000 m| ddH.0

Add 10 M Sodium hydroxide (NaOH), until the pH reaches 8.
2.2.2.3 1X TAE

20 ml from 50X TAE
980 ml ddH,0

2.2.2.4 Agarose 1%

19 Agarose

100 ml 1 TAE

2.5 ul of ethidium bromide (EtBr)
12.2.2.5 6X DNA/RNA loading buffer
30% Glycerol

1X T
Bromophenol blue
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2.2.2.6 1X loading buffer

6X Ioading buffer
IX TAE

2.3 Cell culture

All experiments were carried out with a rat adrenal pheochromocytoma cell
line, PC12 cells. The PC12 cell line was obtained from Dr 6 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 Dulbecco's Modifiea Eagle's Medium (DMEM,
Sigma-Aldrich) supplemented with 2 mM L-glutamine (GIn, PAA), 100 units/ug
Penicillin/streptomycin (Pen/Str, PAA), 10% horse serum (HS, Sigma-Aldrich),
and 5% féefal bovine serum (FBS, PAA) and storedﬂ at 4°C as detailled by

Schonfeld et al., 2007.

2.3.2 Maintaining cell lines

PC12 cells were seeded in 25 cmzsfldlsks (Nunc) pre-coated with poly-L-lysine
(PLL, 50 pg/ml, Sigma-Aldrich). PC12 cells were maintained in 80% growth
| Medium and 20% conditioned medium at 37°C in a humidified atmosphere of 5%
CO; (Incubator Her‘aeus CO,-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 pm 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 af 37°C with 5% CO;; 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

Medium 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% dimefhyl sulfoxide
minimum, DMSO ~(v/v), Sigma-Aldrich) and ‘rran#ferred into cryo-vials (Fisher
Scientific). The cryo-vials were frozen at -80°C in 'speciql 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 mi 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 ¢m? flasks (flasks of the

Same size as had been used prior to freezing) and incubated at 37°C with 5%

COZ.

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 ¢cm? flasks pre-
Coated with PLL (50 pg/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 df 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 BM, Sigma-Aldrich) for designated time periods, at 37°C in a

humidified atmosphere of 5% CO..

2.5 Lipid analysis

2.5.1 Lipid extraction

Br'iefly, at the end of the incubation, cellular lipids were extracted and
Subjected to FA anaiysis using combined thin layer ‘chromafography (TLC,
LAMAG)/gas chromatography (6C, HRGC MEGA Series 2-Fisons, Instruments, |
Ttaly). Medium was removed and the cell mo.nolayer was washed twice wi‘rh
Bulbecco's phosphate buffered saline (PBS, Sigma-Aldrich). 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% butylated
I"Yd'"oxy toluene (BHT, Sigma-Aldrich), as described previously by Hara and
Radin, 1978,

The 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 0.05%
BHT. The lipid extract was subjected to a washing procedure of Folch's
extraction (Folch et al, 1957). The lipid extract in 18 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 separaﬁpn of lipid and non-lipid componenfs
dPpears. 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
Mixture of solvents chloroform/mefhanol/40% methylamine (65/35/15, v/v/v
by vol.) containing 0.01% BHT. Plates were plaéed in the équilibr'a'red tank for
about 20 minutes until the solvent réa‘ched 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 (0.1%
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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 ‘T

. Ethanolamine- P6

: " Choline- P6  Soltent

Migration
L ::ISphingomyeIin

... Serine- P6

PRy e OO
s SRS

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
TLe plate. GLycerophospholipids fractions were separated by
Chloroform/mefhanoI/methylamine (65:30:15, v/v/v), stained with solution of 2'7'-
dlChloroquorescein (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-
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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

G'YCer'ophospholipid fractions were scraped from TLC plates and transferred
direcﬂy into methylating tubes (Corning) with 1 ml of freshly prepar‘ke’d
Methylating reagent (15% acetyl chloride in dry methanol v/v). Tubes were
flushed with nitrogen, and then methylated in an oven at 70°C for 3 hour;. The

tubes were removed from the oven and cooled down.

2.5.3.2 Extraction of fatty acid methyl esters

To each Tubé, 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% 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 -
1o the tube containing 2% potassium bicarbonate. FAMEs in 2 ml of petroleum
ether were removed from fhe tube containing 2% potassium bicarbonafe |
(Fisher Scientific) and dried with 100 mg granular sodium sulphdfc‘ (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% BHT

and stored at -20°C until analysis.

2.5.4 Gas chromatography

FAMEs were separated by a gas chromatograph (6C, HRGC MEGA 2 Series,
Fisons Instruments, Italy) fitted with a capillary column (BPX70 column, SGE,
forte, 0.25 tm diameter) connected to a flame ionisation detector. Hydrogen
Was used as a carrier gas at flow rate of 1 ml/minute. The injector, ove;1, and
d?hc‘ror temperatures were set at 250, 200, and 250 °C, respectively. The
FAMEs were identified by comparing their r'efem‘.idn Timéé 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 Elife chromatography Data System version 3.2,
Scientific Software, Inc., Pleasanton, CA). The percentage area of a particular
FAME was calculated as shown below:

Percentage area of a particular FAME = (Area of a particular FAME /Total 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 €15:0 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 + 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 samplés
following the protocol of the RNeasy purification kif (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 RLT buffer. The resulting lysate was transferred
o 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 Iml RLT buffer was added to each cell
homogenate. The samples were vigorously mixed, frcmsferreci to RNeasy spin
columns in‘a 2ml collecfion tube and centrifuged 3 times for 15 s at 10,060 rpm.
The flow-through was discarded aﬁd the RNA samples were adsorbed on the
Silica gel membrane of the RNeasy spn;n ’column. Unwanted cellular confem‘s such
@S proteins and DNA were washed away by consecutive buffer‘s and
Centrifugations. 700 1l of buffer RW1 was added to the column, the column was

Spinned, and the flow-through was discarded. 500 ul 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 yl 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
Gssessed by spectrophotometry using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies). The relative amounts of RNA were determined by
Measuring the absorbance at 260 nm. The RNA purity was provided by
Measuring the optical density ratio at 260/280 nm (it indicates confaminanfs
Such as proteins) and 260/230 nm (it shows contaminants such as chaotropic
Salfs). 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 cDNA

Total RNA (2 1g) was converted to single-stranded cDNA following the protocol
of the RevertAid™ First Strand cDNA Synthesis Kit (Fermentas) using a
reaction volume of 20 yl, as indicated ih the mahufacfurer's protocol. 1ul oligo-
dT primer (Invitrogen) was added to the RNA samples (in a volumg to r‘eacﬁ

2ug) and the volume was adjusted to 10 pl 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
10mM dNTP Mix 2 u
Nuclease-free water 2.5
RiboLock™ RNase Inhibitor 0.5
Ré;értAid“ M-MuLV Reverse Transcriptase 1 ul

Each sample (20 pl) was incubated at 42°C for 1h followed by 75°C for 10 min.

Summary of the thermal cycle conditions:

Temperature (°C) Time (min)
RNA
Step 1 75 o 5
Step 2 ICE 1
RNA + Master Mix
Step 3 42 60
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Step 4 75 10

Step5 4 oo
To verify complete removal of genomic DNA, the RNA samples were subjected
Yo mock reverse 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-PCR)
Synthesised cDNA was diluted 80 times in nuclease-free water. The dilq'red ;
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 ho template control (the total mix wi‘rhouf |
¢®NA) was run. In order to obtain the dilution curves, 5 different
Concentrations of cDNA were tested and PCR amplification efficiencies were

caleulated for each primer reaction. -
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The primers used for qRT-PCR are listed below (Wang et al., 2006 and Tu et al.,
2010):

Beta Actin fwd, 5'-ACT ATT G6C AAC GAG C6G TT-3'
Beta Actin rev, 5'-T6T CAG CAA TGC CTG GGT ACA-3'
Elovi2 fwd, 5'-TTT G6C T6T CTC ATC TTC CA-3'
Elovi2 rev, 5'-666 AAA CCG TTC TTC ACT TC-3'

Elovi5 fwd, 5'-TAC CAC CAT GCC ACT ATG CT-3'
Elovl5 rev, 5'-GAC GTG GAT GAA GCT GTT GA-3'
Fads2 fwd,5'-TGT CCA CAAGTT TGT CAT T66-3' _
Fads2 rev,5'-ACA CGT GCA 6GC TCT TTA TG-3'

Ppara fwd, 5'-CCT 6T6 AAC ACG ATC TGA AAG-3'

Ppararev, 5'-ACA AAA GGC GGA TTG TTG -3'

The reactions were set in a volume of 15 i as follows:
3 14 cDNA (diluted 1/80)
7.5 pl 2X ABsolute Blue QPCR SYBRVGreen ROX Mix
0.75 ul of 10 uM Forward+Reverse Primers

3.75 ul of Nuclease-free water
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Thermal cycling conditions were set as follows:

Temperature (°C) Time
Step 1 95 ' 15 min
Step 2 94 15s —
60 30s 45 cycles
72 30s ___|
Sfep 3 4 o0

All reactions were performed in triplicate.
PCR products were detected on an ethidium bromide/gel electrophoresis
Gpparatus (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 nurﬁber of cycles) was generated and a-
threshold cycle value, & was calculated from the exponential phqse G 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
9enerate a standard curve for each gene (& 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 1X TAE ina
Microwave. Ethidium bromide (10 mg/ml) was added to kthe 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 Th‘e

electrophoresis apparatus and was completely covered with 1X TAE.

Sample loading on the gel

Briefly, 10 1l of DNA or 5 il of RNA samples were mixed with 2ort ul of V6VX
loading buffer. Each mixture aﬁd 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 (PCR products) were visualised ‘
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under UV light (UVP Bioimaging Systems, UK). PCR 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
(6raphPad Software, San Diego, USA). P<0.05 was considered s'raﬁs’rically’

Significant.
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- 3.1 Introduction
Much work has been conducted on neural-derived clonal cell lines to examine
Spects of PUFA biosynthesis and its consequences on cell function (Murphy
and Horrocks, 1993; Langelier et al., 2005; Martin et al.,, 2006; Kan et al.;
2007). PC12, a neuroendocrine cell line derived from a pheochromocytoma of
rat adrenal medulla (Greene and Tischler, 1976), has been extensively utilized
9s 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 fo neurons by promoting neurite outgrowth and inducing a
Number of neuronal markers (Vaudry et al., 2002). Thus, PC12 cells have often
been used as an /n vitro system for neural cells in order to study biophysical,‘
biochemical, physiological (Williams and McGee, 1981) and neurotoxicological
(Mundy et al, 2010) responses. Specifically, they have been used to study
Calcium homeostasis, neurotransmitter synthesis and exocytosis (Westerink
and Ewing, 2008; Williams and McGee, 1981) as well as neuronal receptor
functions (Sak and Ilies, 2005). These cells have also been used to 's'rudy |
9dSpects of PUFA biosynthesis (Marszalek et al., 2005), as well as the effects
of DHA supplements on cell function (Williams et al., 1982; Dagai et al., 2009;
Tkemoto et al., 1997; Kawashima et al., 2010). Since these evenfs mighf 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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O"'Y 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 al., 1983; Moore et al., 1991); usually the population
from a dissociated culture brain is heterogeneous (neur'ons- 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 (Tkemoto et al., 1997; Williams and
McGee, 1981) and individual phospholipids (Traynor et al., 1982) has been
Studied briefly in PC12 cells. It was originally found that they contain only
limited amounts of DHA (Williams and McGee, 1982), in contrast to neuronal
Cells, which possess a well-diversified lipid profile enriched in DHA and ARA
(Murphy et al., 1993).

One obvious reason for this discrepancy is the inadequate level of nUfriTionai
Components, particularly essential fatty acids, during long-term pr‘opagaﬂon.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 al., 2010).

Therefore, the mere characterisation of the FA phospholipid's composition in
PC12 cells should first provide informc;fion on basal differénces and similarities

between this cell line and the original nervous tissue.

79



Chapter 3-Metabolic conversion of ALA and reversal of n-3 PUFA deficient status

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:

*To analyse the baseline fatty acid (FA) composition of ethanolamine, choline
and serine phosphoglycerides in PC12 cells

* To analyse the effects of PUFA supplements on FA levels in PC12 cells

* 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 cm? flasks and
incubated at 37°C under 5% CO; humidified conditions for 24 h. After oﬁe day,
the growth medium (15% $erum) was removed,the cells were rinsed in DMEM
and the cells were incubated for Thrée days in DMEM supplemented with 1%
foetal bovine serum (FBS) in the absence of any additional FA. After
Incubation, medium was removed and cellular lipids were extracted with

hexcme/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
pr'olifer'aﬁng (no NGF) cells. These three lipid classes constituted the bulk of
GPLs (78.5%) as established by determining The’fp‘ml lipid phosphorus (Pi)
Content. The relative distributions of the GPL _cl.asses were measured by
densitometry, as described in Materials and Methods (section 25.2); they
reached values of 26.3%:+1.21; 43.3%2.65; 8.9%+0.35 and 10.1%:0.4 for the
EPe, CPG, SPG and IPG classes, respectively. |
Substantigl differences in the FA composition have been noted amdng 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 di§'rincf,
With oleic acid (18:1n-9, OA) being the major FA’ in all three GPL species.

The first and most noﬁble 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
14-fold greater than SPG, a relatively minor cellular GPL (9% of the total lipid

Pi). Of the total FAME, profoundly low levels (4.44%:0.17; 0.97%20.04 and
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5.81%10.63) of n-3 PUFA in the EPG, CPG and SPG classes, respectively, were
hoted. Of these, DHA (22:6n-3) comprised the major part, accounting for
3.08%0.07, 0.22%:0.01 and 3.39%:055 of the total FAME, respectively.
Within the n-6 family, ARA (20:4n-6) was fairly high in EPG (14.89%+0.2) but
Was rather low in CPG (1.55%+0.07) and SPG (3.4%%%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 al., 2010; Bourre et al., 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 'rhaf the PC12 cells grew under condifion§
characterized by a marked PUFA deficiency (Chung et al., 2010). We reasoned
that this deficiency may be in part related to the lack of ALA in contrast to -
€xceedingly high levels of LA (>40-fold) in the growth medium (see the

9ppendix 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,
dre averages + SEM of triplicates of triplicate cultures of three independent

experiments.

Phospholipid classes
EPG PG SPG
% lipid phosphorus 26.3%21.21 43.3%12.65 8.9%:0.35
% mean FA t SEM % mean FA & SEM % mean FA ¢ SEM
FA Saturated fatty acids
160 802032 1643:4.1 4171016
18:0 13.07 £0.28 8.74+168 36.8310.66
20:0 0.6110.03 0.49 £ 0.06 1.05 £ 0.07
220 0.25: 002 0.26 +0.02 128003
ED 0.22:0.02 0.23: 001 0.83£ 0,07
: Plasmalogen species
16:0 DMA 277007 0.27:003 <01
18:0 DMA 5.38+0.38 0552 0.03 0.13:0.05
[18:1 oMa 168 £ 0.09 0.02 £ 0.002 01
[ Monounsaturated fatty acids (and Mead acid)
16:1n-7 147021 5.39 £ 045 0.87 +0.07
(18107 7512061 14.96 £ 057 8622017
18109 23.96 £ 049 38.02 £ 046 2252063
20:1n-9 2691010 302+0.12 263012
20:3n-9 5.96 £ 0.42 0.94 +0.06 158 £ 0.41
22:1n-9 053007 0.3 :0.001 <0.1
24:1n-9 0.16:0.01 0.18 :0.003 0.46 £0.01
[ n-6 and n-3 PUFA s
18:2n-6 2631057 278+ 011 257007
20:2n-6 0.03 £ 0.0 0.09 + 0,01 0.06 £ 001
20:3n-6 0.99+0.03 0.57 + 0.003 4492006
20:4n-6 14.89: 0.2 155+ 007 343017
22:4n-6 0.99+0.03 [o07:001 103017
[ 22506 0.56 £0.03 0.04 £ 0002 0.63+0.11
Z n-3 PUFA 4.44%:0.17 0.97%:0.04 5.81%:0.63
20503 052008 068 £ 004 116014
En-s 0.86 £ 0.07 0,07+ 001 126101
22:6n-3 3.08£ 0,07 0.22+0.01 3.39£055

83




Chapter 3-Metabolic conversion of ALA and reversal of n-3 PUFA deficient status

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%
FBs supplements. After one day, the growth medium was removed and after
beiﬁg rinsed in ‘DMEM, 10 uM of LA, ALA, ARA or DHA in serum-deprived (1%
FBs) medium was added (as described in section 2.4.3). Affer‘ 3 days, 'rhe',
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-fold, 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, respec’rively), whereas that of MUFA was
reduced by about 30% 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 13-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
OPpropriate FAs, PC12 cells can reshuffle the FA profile towards aﬁ
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

'NCreasing concentrations.
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Table 3.2: Changes in the FAME composition regarding EPGs, CPGs and SP6s in
PC12 cells after various supplements. PC12 cells were treated for 72 hours with 10
WM of LA, ALA, ARA or DHA. The entire (98.5%) FAME profile of either the EPG, CPG
Or SPG classes, expressed as the % FAMES, are averages + SEM of triplicates. The
€Xperiment was repeated three times. * (p<0.05) indicates a significant difference for
hon-supplemented cells. NS indicates no significant difference compared with non-
Supplemented cells, :

[ ———

~——Suppl. Control ALA [ DHA LA ARA
———
“elipid 24.7+16™ 26.2:09 ™ 239:21" 25.3:1.8™ 27.2:2.1™
-Bhosphorus
~—— %FA + SEM %FA £ SEM %FA £ SEM %FA + SEM %FA + SEM
— EPG
S Saturated fatty acids ,
16:0 8.0+0.32 969+ 174 7.86+171 8.95 + 1.58 953 + 1.87
(180 - 13.07 + 0.28 14.24 +0.76 17.47 + 2.91 1450 + 1.08 14.90 ¢ 1.51
20:0 0.61: 003 0.47 +0.03 0.60 + 0.07 0.50 ¢ 0.05 0.52 + 0.04
22:0 0.25 + 0.02 0.22 +0.02 0.33:0.02 0.30 £ 0.03 0.31+0.02
SAFA 22.16 £ 0.79 25.21:1.31" 266330 25.28:0.83" 28.58:1.74°
60 Plasmalogen species
‘0 DMmA 2.77 £ 0.07 2.75+ 0.36 211:044 - [2.23:018 2.58 + 0.50
18:0 DMA 5.38 + 0.38 4.67 + 055 4.46 + 0.69 415+ 0.32 417+ 072
[ 18:1 Dma 168 + 0.09 1.26 + 0.13 138+ 027 1.18 + 0.09 1.26 £ 0.22
[ DM 9.83:0.38 8.5:0.75™ 8.58+1.51™ 7.84:0.87° 7.59+1.33"
TF‘ Monounsaturated fatty acids
an-7 147 :0.21 0.37 £+ 0.05 0.28 + 0.07 0.44:0.18 0.39 + 0.07
18:1n-7 7.51 £ 0.61 3.62:0.32 3.56 +0.28 3.74:0.28 3.91+0.19
;8:'1"-9 23.96 + 0.49 19.61+1.38 18.41+ 161 20.19 + 1.22 2057+ 1.74
O:ln-g 2.69 : 0.10 172+ 0.25 193022 1.83 + 0.25 2.16 + 0.19
[ MUFA 35.63:0.35 25,33:1.14 24.15:187 26.2:0.78" 25.19+131°
N9 _PUFA 5.96 + 0.42 2.35:0.25 2.8:0.21° 2.3:0.39" 3.35:0.19"
18'\ n-6 and n-3 PUFAs :
> 2n-6 2.63 +0.57 3.9:0.63 2.77+0.87 6:0.74 4.67+1.35
zgfi"-6 0.99 £+ 0.03 148 : 0.14 1.26 + 0.17 161033 1.29+0.14
22:4"-6 14.89 + 0.2 15.01+ 2.21 16.41+ 0.26 19.32 £ 1.37 18.4 + 2.12
> n-6 0.99 + 0.03 122 +0.24 163+0.12 2.430.39 1.87 + 0.47
Sn-6 0.56 +0.03 0.64 + 0.14 1.06 £ 0.02 1.81+0.46 1.08 + 0.29
;;f’s"UFA 190720585 | 22.26:067 | 23.12:077 | 3118:066 26.39:1.61"
22;5"-3 0.5 + 0.08 0.76 £ 0.19 0.04 £ 0.01 0.02 + 0.01 0.08 + 0.01
5 n-3 0.86 + 0.07 3.97+0.29 0.85+0.13 0.88 £ 0.11 110+ 0.12
6n-3 3.08 £ 0.07 8.11¢1.02 9.61+0.1 3.84+0.36 3.94+ 056
13 PUFA 4444017 12.84:0.66" 10.86+0.07" 5.17:0.38™ 5.38:0.53"
[ —— CPG
W Saturated fatty acids
13:0\ 16.43 £ 4.1 24.35 £ 0.94 25.06 £ 2.06 22.85 + 0.86 26.50 + 0.83
W 8.74 + 1.68 8.17 + 1.13 9.72+0.13 8.26 + 0.94 9.16 £ 0.16
W 0.49 £ 0.06 0.54 +0.07 0.60 £ 0.06 053+ 0.07 0.60 ¢ 0.01
% 0.26 +0.02 0.32 £0.06 0.35 1 0.06 0.32 £+ 0.04 0.34 1+ 0.02
=LTA 25.17 + 2.34 33.03:106° | 36.1:2.06" 31,2411 58" 37.02+1.02°
W Plasmalogen species
W 0.27 + 0.03 0.26 +0.03 0.22 + 0.02 0.18 £ 0.02 0.24 £ 0.10
~—DMA_ 0.55 £ 0.03 0.32 +0.1 0.06 £ 0.00 0.22 + 0.08 0.09 + 0.06
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[ ————
[ 18:1 DMA 0.02 + 0.002 0.03 +0.01 0.04 1 0.01 0.03 + 001 0.06 + 0.02
| OMA 0.84:0.02 0.7:0.10" 0.34:0.01" 0.47:0.06 0.41:0.18"
m Monounsaturated fatty acids
T 5.39 + 0.45 4.64 + 141 0.63+0.18 3.61+144 0.91+0.09
m 14.96 + 0.57 13.18 +1.23 9.77+0.14 13.83 + 1.68 9.35 + 0.02
Tolqn; 38.02 £+ 0.46 35.21: 0.9 36.07 + 0.40 32.56 +1.32 35.3 + 0.59
TA& 3.02:0.12 2.8+0.19 2.91+0.35 2.6+023 2.89 + 0.04
T\.%F:‘ 61.39+0.4 55.84+1.66" 48.74:0.89" 52.61:1.94™ 48.46:0.73"
229 PUFA 0.94 :0.06 0.58+0.05" 0.73:0.046" 0.58:0.05" 0.7:0.09"
m n-6 and n-3 PUFAs
m 2.78 + 0.1 2.41:0.04 3.33:0.34 6.64+0.47 4.08+0.26
$ 0.57 + 0.003 0.68 + 0.11 114+ 0.1 1.05+0.1 101+ 0.02
22:4"-6 155 + 0.07 2.014+0.24 3.39:0.08 41011 3.83:0.12
ﬁ 0.07 + 0.01 0.07 + 0.01 0.16 + 0.02 0.23+0.02 0.18 + 0.02
ﬁ 0.04 + 0.002 0.04 + 0.01 0.08 +0.02 0.16 + 0.00 0.14 + 0.02
WFA 4.44 1+ 008 5.22+0.08™ 8.1:0.46 12.18:0.14 9.23:0.14"
ﬁ 0.68 + 0.04 0.8:0.23 0.03:0.01 0.43:0.14 0.02 + 0.01
\256"3\ 0.07 + 0.01 0.49 + 0.04 0.17 £ 0.02 012+ 0.02 0.14 + 0.00
$ 0.22 £+ 0.01 0.73 £+ 0.01 122+0.18 0.4+ 0.06 0.58 + 0.00
—3 PUFA 0.97 + 0.04 2.1:0.29° 1.43:0.17° 0.95:0.07" 0.75:0.01"
[ ———— SPG
W Saturated fatty acids
e 417+ 0.16 9.47 + 2.68 1401+ 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 3176 + 1.71
W 1.05 + 0.07 0.92 +0.02 098:015 - |113+0.35 0.93+0.11
\SA'FA\ 1.28 + 0.03 1.00 + 0.12 0.91+0.22 0.86 +0.27 0.84+0.11
2arA 41.14+0 46 47 .64:1.62" 49.081.68" 38.67:6.91™ 51.03:0.98"
W Plasmalogen species
W 0.02 + 0.00 0.01 £ 0.01 0.05 ¢ 0.02 0.01+ 0.00
W 0.13:0.05 0.08 + 0.01 0.15 + 0.04 0.09 + 0.02 0.12 £ 001
DMA\A 0.04+003 0.07 £0.04 0.05 £ 0.02 0.05 + 0.02
04 0.13:0.05 0.15:0.04 0.23:0.11 0.19:0.05" 0.18:0.04"
W Monounsaturated fatty acids
TW 0.87 +0.07 0.39+0.18 0.06 + 0.03 0.08 + 0.04 0.11+003
W 8.62 £ 0.17 5.41+ 0.94 3.26 £ 0.47 2.52+0.32 3.25 + 0.09
\ZW 22.52:0.63 154072 14.42 + 0.75 2912+ 6.7 1496+ 0.8 -
W 2.63+0.12 17016 _ 116 £ 000 0.87 +004 132008
W 34.64: 0.25 23.38:2.38 18.89:1.26 20.11:0.0° 19.62+0.66
—ZUFA 158:0.41 0.49:0.09 0.79:0.00" 0.21:0.18" 1.01:0.06"
W n-6 and n-3 PUFAs
'm 257 +007 2.05+0.18 19+0.15 6.55 + 0.88 221+ 034
w 4.49 £ 0.06 3.74+ 027 3.46 + 003 2.41+105 412+ 01
W- 341017 2.5110.34 3.52 +0.36 3.43 £+ 054 5.37 + 0.07
~225\-_ | 103:017 0.82 £+ 0.07 0.88 £+ 0.02 0.93:0.1 1.63 + 0.31
% 0.63:0.11 0.4 +0.07 0.6 + 0.04 0.8 + 0.00 1.22 + 0.31
\2()5& 11.50+0.56 9.53:0.19" 10.37:0.46" 1458:1.11" 14.56:0.07"
72;* 116 + 0.14 0.7:+0.22 0.01+ 0.00 0.01+0.00 0.04 £ 0.01
72% 1.26 + 0.1 6.31:1.15 0.71:0.15 0.63:0.04 0.14 + 0.00
T_a'\ 3.39+ 055 7+0.33 6.33£044 108 +0.76 0.58 £ 0.00
3 PUFA 5.81:0.63 14.06+1.6" 7.08+0.61" 172:0.74" 5.76+0.7"
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3.4 Concentration-dependent conversion and esterification of n-3 ALA and
-6 LA metabolites into cellular GPLs

3.4.1 Procedures

After investigating the FA profile of PC12 cells in the absence of NGF,
Xperiments 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 cm® flasks and
incubated at 37°C under 5% €O, humidified condiﬁoﬁs. 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 Method§ ;

(section 2.5)

3.4.2 Results

The Percentage of the major n-3 PUFA intermediates, eicosapentaenoic (EPA,
20:5n-3), docosapentaenoic (DPA, 22:5n-3), and docosahexaenoic (DHA, 22:6n-
3) synthesised from several ALA concentrations (up to 80 uM) 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%, see Table 3.2), as

eS‘rablished by determining the total l‘ipid phosphorus content,

88



Chapter 3-Metabolic conversion of ALA and reversal of n-3 PUFA deficient status

Supplements of ALA resulted in a concentration-dependent increase in EPA
(between 0.58+0.02 basal and 9.27:0.40 at 80 uM: p<0.05), and elevated DPA
levels (between 0.69:0.03 basal and 13.75:0.51 at 80 uM; p<0.05) in the EPG
Species (panel a). In contrast, DHA content reached a maximum level at 40 uM
(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 uM ALA, a robust
Conversion and incorporation of EPA and DPA up to 4.93%:0.3 (p<0.05) and
9.42%:0.2 (p<0.05), respectively, from negligible levels was seen in EPG. At fhis
Cohcentration, 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 é
lower proportion of PUFAs, as shown in Table 3.1; nearly identical
el°"9cn‘ion/d<asa‘rur'm‘ion and esterification took place over a three-day periéd
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 Iévels in
PG wef'e a little over 1%. |

A similar incorporation pattern was seén in the SPG fraction (panel c); PC12
Cells were able to elongate/desaturate ALA’ in a concentration-dependent
fashion, The levels of EPA remained consfam‘ and low (between 1.16+0.14 basal

and 1.3710.09 at 80 uM; 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 uM of ALA. Interestingly, increasing the ALA concentration
to 80 uM caused an increase in DPA (in EPG 13.75:051; p0.05/ in SPG
14.18+0.47; p<0.05) rather than in the DHA levels (in EPG, 8.6£0.19; p<0.05/ in
SPG, 5.63:0.33; p<0.05) in both GPLs, as previously shown in neuroblastoma cells
(Langelier et al., 2005) and in primary astrocyte cultures (Innis et al., 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 puM).
After 3 days, the FAME components in different GPLs was determined. FAME,
€Xpressed as the % of FA in either EPG, CPG and SPG, are averages + SEM of
"_'iPlica‘res. The experiment was repeated three times. * (p<0.05) indicates a significant
difference for FA non-supplemented cells. The values are SEM of triplicate

2Xperiments.
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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
%0 a precursor concentration of 120 uM (Figure 3.2, panels a-c). In contrast to
ALA, LA at 40 uM was esterified into GPLs that reached substantial levels" of
dPproximately 5.73%:0.21 and 7.22%:0.72 (p<0.05) in EPG and CPG,
Fespectively, At 120 uM it continued to rise and reached Ieve‘ls of 10.57%2+0.48
- and 12.15%2158 (p<0.05), respectively. This was accompanied by a 75% and
46.4% 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 ¢).

92



Chapter 3-Metabolic conversion of ALA and reversal of n-3 PUFA deficient status

o
o

201
Y ¢
- e
T U
,E 154 .E
< z
e’ -
& Ay
-
g g
v &
- o
& S
0
LA (uM)
C
10-
g
)
=
<
(]
&
-
5
¥}
)
A

n-6DPA

0204 8 10
LA (uM)

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 % 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,
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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 cm?
flasks in medium containing 15% serum at 37°C and 5% CO; 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% FBS and supplemented with
n-3 ALA, n-6 LA, or n-3 DHA. Cellular lipids were extracted with
hexane/isopr'opcmol (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 LM 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

c°f"‘eSponding to a decrease in the precursor (18:3n-3) was observed in EPG
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Species (panel a), after 6 h and 12 h incubations. Notably, 6 h following 20 uM
ALA addition, 20:5n-3 (from 1.02% to 2.14%; p<0.05) and 22:5n-3 (from 2.39%
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 4.27% to 9.65%; p<«0.05). At 6 h, some ALA
(GPProximately 4.0:0.3) was directly esterified into EPG; by 48 h, however, it
leveled of cdfnpletely. 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 qorﬁprised about 20% of the
FAME in EPG. Since SP6 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, affef
2 days, the percentage of 22:5n-3 (from 0.88% to 5.98%; p<0.05) and 22:6n-3
(from 1.49% to 4.75%; p<0.05) in SPG was at least 3-fold higher than in noﬁ-
Supplemented cells (panel b). These data further confirm Thé previous results
shown in  Figure 3., 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 HM ALA. The conditions were identical to those in Figure 3.1. The
Y“'UP-S, expressed as the % FAMEs, are averages + SEM of triplicates of three
Independent experiments. * (p<0.05) indicates the significant difference for non-

LSUpplemented cells (time 0).

The kinetics of directly incorporating DHA (20 uM) 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%+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<0.05) in the 22:6n-3 levels from preformed 22:6n-3 is
hearly 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 o 48-h incubation period.
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FiQUf‘e 3.4: Time course of esterification of DHA into cellular GPLs. PC12 cells were
Ncubated for designated time periods (up to 48 h), in the presence of 20 uM DHA. The
Xperimental conditions were identical to those in Figure 3.1. The values, expressed as
the % FAMEs, are averages + SEM of triplicates of three independent experiments.
Mindicates a significant difference for non-supplemented cells (time 0).
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The kinetics of LA (20 uM) 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 PUF A 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%30.23: 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%:0.04 to
10.2%10.26, p<0.05 (panel b) at 24 h, but was reduced after the second day.
Thus, a slight increase in ARA from 15.2%:0.27 10 19.0%1+0.12; p<0.05 was seen
in EPG species (panel a) but not in CPG species (panel b). In vline with the
Previous data, little or no changes were noted in the 22:4n-6 and 22:5n-6
mefabﬁlifes in EPG and CPG (panels a and b). Interestingly, ARA nearly reached
q Plrcn‘eau 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 ddys

the LA levels were reduced substantially.

98



Chapter 3-Metabolic conversion of ALA and reversal of n-3 PUFA deficient status

15
Q *
e *+ ' 4]
Z} /\l/' ARA 3
i S 10-
< 15 o
' -
B =
g : .
5 o /\!\, LA ¢
y— y DTA B
f S * DPA
0712 24 48
Incubation time (h) Incubation time (h)

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
the presence of 20 UM LA. The experimental conditions were identical to those in

igure 3.1, The values, expressed as the % FAMEs, are averages + SEM of triplicates of
three independent experiments. * (p<0.05) indicates a significant difference for non-
Supplemented cells (time ).
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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 al., 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,

Mainly 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 al., 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 yM 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 pM ALA, 20:3n-9 is further
decreased whereas n-3 PUFA is increased to 25% 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 UM EPA, 20:3n-9 is reduced by approximately 40% and at 40 uM EPA is
hearly absent, At the latter concentration, the amount of n-3 PUFAs attained is
@t a level of nearly 38%. This strongly suggests that the éul’rure-imposed
deficiency status can be easily reverted by frecn‘ing 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
10 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

1'l”i'?liccme 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
heuronal cells.

To this end, cells were seeded in 25 cm® flasks and incubated in a humidified
fMosphere of 37°C and 5% CO, for 24 h. The following day, the growth

Medium was removed and replaced with DMEM containing 1% 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 FaA profile of EPG and CPG

The first FA cocktail tested in PC12 cells was a co-supplement of n-3 ALA and
"-6 LA together (LA+ALA). PC12 cells were incubated for 72 h in the presence
of 10 uM ALA and/ or 10 UM 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
EP6 Species (panel a), after co-supplementing with 10 uM ALA and 10 M 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 (frorﬁ 9.68 to 3.75; p<0.05),
respectively, as compared with the controls (Con). However, there was ﬁo
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),
Fespectively, as compared with Con. In addition, there was a small increase
(*14-fold) in ARA (4.42:0.22) compared with Con (3.16:0.16; p0.05) and in
BTA (>1.8-fold; 0.25:0.01 compared with Con (0.14:0.01; p<0.05) peréem“ages 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

/desaturation 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 yM
ALA or/and 10 pM LA. The experimental conditions were similar to those detailed in

igure 3.1. The values, expressed as the % FAMEs, are averages + SEM of triplicates of

three independent experiments.

° (p<0.05), °° (p<0.005), °*° (p<0.001) indicate a

Significance difference for control untreated cells (Con) for n-3 EPA or the 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),
oy (p<0.001) indicate a significance difference for control untreated cells (Con) for n-

3 DHA or n-6 DPA percent.

104




Chapter 3-Metabolic conversion of ALA and reversal of n-3 PUFA deficient status

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
@ co-supplement of 10 M ALA and 20 uM or 40 uM 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 0 0.62% at [10 uM ALA+20 pM ARA] and to 0.50% at [10 uM ALA+40 uM
ARAY. p<0.05). DPA increased more than 2-fold (from 0.15 to 2.99% at [10 pM
ALA*20 UM ARA] and to 2.78% at [10 UM ALA+40 UM ARA]. p<0.05). DHA
increased more than 1.5-fold (from 4.3 to 6.46% af’ [10 uM ALA+20 pM ARA]
and to 6.04% at [10 HM ALA+40 pM ARA] p<0.05). In contrast, no change in -

the n-¢ 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 pM
ALA or/and 20 or 40 uM ARA. The experimental conditions were similar to those
detailed in Figure 3.1. The values, expressed as the % FAMEs, are averages + SEM of
f”' iplicates of three independent experiments. ° (p<0.05), °° (p<0.005), °*° (p<0.001)
Indicate q 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 uM or 20 pM
DHA and 20 UM 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 pM) and ARA (20 pM) (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
HM DHA or/and 20 UM 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<0.001) 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

€Xcessive 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
M) 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 yM ALA and 10 pM
DHA did not affect 20:5n-3 generation but instead, reduced conversiqn 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 al., 2005).
This reemphasizes the general consensus (Martin et al., 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 uM
ALA or/and 10 HM 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<0.05) indicates a significant difference for ALA-
SUpplemented cells.

\

3.8 Discussion

The ample use of PC12 in neurobiology and neuropathology research (Vaudry et
al,, 2002: Suggate et al., 2009; Malagelada et al., 2010; Ravni et al., 2006;
Nakamura et al., 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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heurobiology 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 all three major GPLs is composed of saturdted
and monounsaturated FAs. The finding that in comparison with neurons, PC12
cells éxhibit 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 e'r al.,
1984). For example, in neurons and synaptosomal membranes the amount of ARA
is 10.3% and 12.2%, respectively, whereas fﬁaf of DHA is 8.3% and 125%,
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 consﬁ'rufe# a
Marked deficiency that is not uncommon under culture conditions. For example,
°|i9°dendrog|ia-like, OLN93 cells (Brand et al., 2010), septal-derived SN56
cells ana hippocampal-derived HT22 cells (Martin et al., 2006) are all poor in
Membrane PUFA content. The most feasible explanaﬁon 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 cellular

- 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 cn"rainv 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
32). To this end, cultured cells were supplemented with a number of FA
Cocktails (a combinaﬁ)o\n of FAs) at different concentrations for vdrious periods
of time. In addition, ALA and LA precursors were studied when competing with
their respective final products DHA ﬁnd ARA, in order to evaluate the
Metabolic regulation of the endogenous elongation/desaturation pathway. The
latter is common to the n-3 and n-6 PUFA families (Anrtholm and Mohrhaurer', |
1963; Mohrhauer and Holman, 1963). It consists of mutual serial enzymé-
Catalysed elongation/desaturation reactions that occur in the endoplasmic
reticulum (ER) and which culminate in beta oxidation in the peroxisome
(Sprecher et al., 1986; Sprecher et al., 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 (Tkemoto et al., 1997; Traynor et al., 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 al., 2002; Marszalek et al., 2005;
Suggate et al., 2009; Vaisid et al., 2008; Malagelada et al., 2010). The kineﬁés
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_harc?cferisﬂc of Tran;formaﬁon. We show that the conversion of ALA into
DHA was high and reached a maximum with the 40 uM ALA supplement (Figure
3.1). The results show that the ALA products are selectively distributed; most
of the products are esterified .fo 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 ina concentration-dependent manner (Langelier et al., 2005).

From the 'rime course of ALA and EPA accumulation in EPG, a clear precurgor-
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 ‘rhe’ 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% and 10%, respectively), -
Suggesting a maximum capacity (approximately 20% of the 22 carbon PUFA) for

incor'pora'rion in‘rorEPG', independent of ALA availability. The latter was
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ineffective even at 80 uM (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 (~1/40 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 convefsion, was only marginally
elevated under these conditions. Furthermore, only a small conversion into n-6 '
DTA and n-6 DPA (20 uM 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 pa‘rhv&ay,
the physiological needs of n-6 and n-3 families for cell growth may be
different. Based on the data, we concluded that 20 uM 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 culﬂsred PC12 cells prompted us to
Study the optimal conditions for attaining a proper lipid neuronal—liké

Phenotype. Thisbbjecﬁve needs to be considered in light of the ‘endogenous
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conversion of the ALA and LA precursors by the elongation/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 glevated,
Whereas those of n-6 remained unchcmged. (Figure 3.7). This is in agreement
With the notion that under conditions of n-3 deficiency, the metabolic
Mmachinery for PUFA elongation/desaturation in PClé cells showed a preference
for the n-3 precursor in order to meet 'rhe‘ 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 concem‘ra'riéns,
Suggesting that A6 desaturase may exhibit a higher affinity for ALA (Brenner
et al,, 1969). These are obviously in vifro‘ 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 accourﬁ for this intriguing observation exﬁepf to
Suggest that the preferential build-up of GPL with the pr'op'er PUFA

Composition in the endoplasmic retficulum 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 carfied 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 pM (Figure 3.8). Similar findings have been
reported in bone marrow-derived mesenchymal stem cells (Kan et al., 2007) as
Well as in SN56 and HT22 cells (Martin et al., 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 al., 2004; Marszalek et
al,, 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
Combina"?ion of ALA and DHA should serve as a most suitable molecular’ |
repertoire for n-3 PUFA-deficient cells (Figure 3.9) to match levels compamble

Yo 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 atfribu‘rablé to the high levels of LA
present in the medium.

3. LA supplementations do not inhibit ALA conversion to higher n-3 PUFAs
suggesting a lack of compe’riﬁoh for the same elongases and

desaturases.
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4.1 Introduction

The pheochromocytoma clonal cell line, PC12, 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 al., 1976; Fujita et al., 1989), but the acidic
fibroblast growth factor (aFGF) (Rydel and Greene, 1987), the basic fibroblast
growth factor (bFGF) (Rydel and Greene, 1987; Togari et al., 1985) and retinoic
acid (RA) (Scheibe et al., 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 al., 1984; Gospodarowicz et al., 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 al., 1986).

The vitamin A metabolite, all-(frans 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) neur"ons (Haskell et al., 1987) and
dissociated neurons from the neural tube (Cor'cor'aﬁ et al., 2006) 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 al., 1998). It also affects
transformed cultured cells such as neuroblastoma (Petroni et al., 1996a; 1996b; |
Sidell et al., 1983; 1984; 1986; Shea et al, 1985) and teratocarcinoma (Jones-
Villeneuve et al, 1983). In principle, it is believed that ATRA inhibits cell
division, and subsequently this inhibition results in cell differentiation into a
heuronal phenotype. RA induces neurite expansion in subclones of PC12 cells and
the expression of neural markers in the parental PC12 cell line (Scheibe et al.,
1991).

‘Since these events presumably involve alterations in the cell membrane, we
have focused our attention to changes in merﬁbrane 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 ind'ividual
Phospholipids in PC12 cells after a three-day or seven-day exposure to NGF
have been reported in the past (Traynor et al., 1982; Tkemoto et al., 1997).
Howevef, 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 differenﬂaﬂbn toward a neuronal phenbfype
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 al., 1996a, b).

‘Objectives
The objectives of this study were to investigate in I$C12 cells the following:
*The optimal conditions for morphological changes (typical of neuronal
dif ferentiation) 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 cm? flasks and
incubated at 37°C under 5% CO, 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% foetal bovine serum
(FBS) with or without additional effectors: NGF (100 ng/ml), bFGF (50 ng/ml)
or ATRA (1 uM or 10 pM). Images were taken with a Nikon phase contrast

microscope.

4.2.2 Results

The morphological changes of PC12 cells after exposur"e to a number of agents
are illustrated in Figure 4.1.

Prolifera'ring 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 addiﬁon,‘cell flattening and the formation of
short ;yfoplasmic ex‘rehsions (neurites or processes) were observed under
Microscopy. Three days after adding NGF, extended and more robust neurites |
were noted.

Morpholégical 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 ‘rr‘ans‘ien‘r 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 subclone mutant deficient in CAMP-dependent

Protein kinase A (PKA).
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Figure 4.1 Microscopic images of proliferating, NGF-differentiated, bFGF-
differentiated and RA-differentiated PC12 cells. 16 hours: Proliferating cells in
Serum-deprived medium (1%). After NGF (100 ng/ml) or bFGF (50 ng/ml) short
extensions were noted. After ATRA (1 uM or 10 pM), no morphological differentiation
Was observed. Three days after adding NGF, extended and more robust neurites were
hoted. After adding bFGF, the processes regressed. After ATRA, no morphological
differentiation was observed. Scale bar = 100 ym, Scale bar = 50 m.
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4.3 NGF does not alter the FA profile

43.1 Pr'pcedur'es

T§ investigate the FA composition of differentiated (+NGF) PC12 cells,
experiments were set up as described in section 2.4.3. Briefly, PC12 cells were
incubated in DMEM supplemented with 1% 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% in -NGF (table 3.1

10 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% FBS and 100 ng/mL NGF.
After incubation, the FAME components in different GPLs was determined. The values,
expressed as the % FAMEs, are averages + SEM of ftriplicate cultures of three
independent experiments. Control data is found in (-NGF; table 3.1).

. +NGF (100 ng/ml)
. Phospholipid classes
EPG CPG SPG
% mean FA £ SEM % mean FA & SEM % mean FA £ SEM
FA Saturated fatty acids
16:0 8.68 £0.8 24.23:0.73 13.06£1.47
’T&O 11,51 £0.61 5.98+0.28 27.95:2.87
20:0 0.38 +0.04 0.24:0.01 0.63+0.07
22:0 0.24 £0.02 0.16:0.009 0.39+£0.13
24:0 0.15:0.05 0.34:0.006 0.42:0.14
Plasmalogen species
16:0 DMA 3.03:0.43 0.16£0.02 <0.1
18:0 bMA 4,03+£0.35 0.53:0.04 0.21:0.04
(18:1 OMA 157:0.18 0.03:0.003 0.06:003
Monounsaturated fatty acids (and Mead acid)
16:1n-7 1.39:0.08 <0.1 0.16:£0.01
rTBHnJ 8.3:0.84 1473:0.9 6.7+0.82
18:1n-9 29.6:1.09 39.5:0.16 24.1:3.15
20:1n-9 3.18:+0.32 3.35:0.05 2.22:0.42
20:3n-9 4,7:0.28 0.61£0.04 3.02+1.27
22:1n5 0.220.04 0.1 0.1
24:1n-9 0.21:0.02 0.46+0.01 0.44:0.03
[ N-6 and n-3 PUFAs
18:2n-6 3.9:0.79 3.59:0.14 7.02£2.2
20:2n-6 0.03:0.009 0.16:0.003 0.06:0.02
20:3n-6 0.97:0.05 0.58:0.05 3.65+0.33
20:4n-6 12.04:0.54 1.1:0.04 3.17:0.19
22:4n-6 0.67:0.07 0.05:0.009 0.78:0.09
22:5n-6 0.34:0.03 0.05+0.006 0.33:0.1
20:5n-3 0.68:0.05 0.85:0.02 0.82:0.03
22:5n-3 0.6620.11 0.09:0.01 1.03:0.17
22:6n-3 2.07:0.16 0.2+0.01 3.08:0.58
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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 25¢m? flasks, incubated at 37°C and 5% CO..
After one day, the growth medium was removed and replaced with DMEM
Containing 1% 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 coﬁversion and
esterification o;‘ n-3 ALA metabolife§ into cellular EP6 and SPG

For time-course studies, NGF-challenged PC12 cells were subjected to the n-3
ALA precursor (20 pM) for designated time periods (up to 48 h). Cellular lipids
Were extracted and FA con‘rgnfwas‘profiled following the protocol described in
Se’c'rion' 43. In NGF-differentiated PC12 cells, the per'cemage of ALA
incorporated and the n-3 PUFA intermediates EPA, DPA and DHA
biOSyhfhesized from ALA in a time-dependent manner are shown in EPG (Figuré
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 38% and 46% (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 70% (p<0.05).

In contrast, NGF caused only a small reduction (18%) 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.

a b
10- 6-
O v
= & DPA
-j EPA -4
. DPA ;Sf
& ~
S DHA £ % DHA
3 ALA &
= EPA
0 ! T T T T 0‘ T T T T
0 612 24 48 0 612 24 48
Incubation time (h) Incubation time (h)

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 yM ALA and 100 ng/ml NGF. After 3
days, the FAME components in different GPLs was determined. The values, expressed
as the % of FAMESs, are averages + SEM of triplicate cultures of three independent

(exper'irnen'rs. * (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 ﬁM). 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
hon-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)
foeded DHA biosynthesis from ALA. The levels of DPA and DHA synthesised
by ALA+NGF (5%; p<0.05) were reduced 15-fold compared with ALA (8%:
P<0.05) in EPG. This indicates that the last steps in n-3 PUFA biosynthesis,
Namely, 'rhe' elongation of 20:5n-3 into 22:5n-3 and the 22:5n-3 conversidn 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 uM ALA in
the absence or presence of 100 ng/ml NGF in 1% FBS. After 3 days, cellular lipids were
oex‘rmc‘red and the FA profile from EPG was determined. The figure, which depicts the
% 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 uM) 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 uM EPA, 22:5n-3 and 22:6n-3 biosynthesis was
reduced by 24% (p<0.05) and 42% (p<0.05), respectively. On the other hand,
direct incorporation of EPA into EPG remained unchanged in the presence of

NGF.

-NGF

Percent PUFA in EPG
Percent PUFA in EPG

EPA (uM) EPA (uM)

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 uM) in the absence or presence of 100
ng/ml NGF in 1% FBS. After incubation, the FAME components in EPG was determined.
* (p<0.05) indicates a significance difference for control untreated cells (Non-suppl.).
The figure, which depicts the % 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
DHA 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 puM) for 2 days,
and then cellular lipids were extracted as described in section 4.3. Figure 4.5
Pepresents the percentage of DHA in EPG species. After 2 days with direct
DHA supplements, the percentage of DHA reached almost 20% (p<0.001) 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 M DHA in the absence or presence of 100 ng/ml NGF in 1% FBS.
After incubation, the FAME components in EPG was determined. The medium was
"emoved and cellular GPLs were separated and processed as described in Materials and
Methods. The values, expressed as the % of FAMES, are averages + SEM, which were
9bfqined from triplicate cultures of three independent experiments. *** (p<0.001)
Mes 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/desdturaﬁon
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 uM) 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 metabolifes is
by far smaller than that of n-3 metabolites, clearly, adding NGF strongly
inhibited the 20- to 22-hydrocarbon-long FA elongaﬁon-. 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<0.001) reduction. The
conversion of 22:4n-6 to 22:5n-6 via beta-oxidation induced an even stronger
inhibition (approx. 60%, p<0.001) 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 yM LA in the absence or presence of 100 ng/ml NGF in 1% 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 + SEM, which were obtained from
triplicate cultures of three independent experiments. * (p<0.05), ** (p<0.005), ***
(p<. 001) indicate a significant difference for control untreated cells (Non suppl.). +
(p<O. 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
dif ferentiates 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 uM 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 1.7-fold (from 11.35% to 7.11%;
P<0.05) and the DHA level is approximately half (4.28%; p<0.05), compared with
ALA-treated cells (7.5%; p<0.05). 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% 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
20puM 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, ha’s
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‘vi'ramin A, on n-3 FA elongation/desaturation pathway
Was investigated. ATRA at different concentrations (1 or 10 uM) or 100 ng/ml
NGF was added with 20 HM 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 15-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 yM ALA, or a
combination of both ALA and 1 uyM or 10 pM ATRA (ALA+ATRA), 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. °° (p<0.005), °*° (p<0.001) indicate a
Significance difference for ALA- treated cells (ALA) for the percentage of EPA. +++
(p<0.001) 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.

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, Tkemoto and coworkers (1997) showed that NGF treatment increased
EPG synthesis and the sum of n-3 PUFAs and consequently decreaséd ﬂ'\e n-
6/n-3 ratio of the phospholipid acyl chains. For other cell lines, there are
Feports indicating that the udiffer'e‘nﬁaﬁon process is associated with
modif‘i.ca'rions of the Iibid metabolism. For instance, di‘fferenﬁd‘red Cl300 N18
Neuroblastoma cells exhibited elevated EPG and SPG levels, an increqse in the
Saturated FA content in IPG, EPG and CPG and also a decrease in the

Unsaturated FA content compared with undifferentiated cells (Gulaya et al.,
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1989). In a similar study, N1E-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
iP\Ves‘riga‘red. |

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 we‘re unable to elongate and ,
dGSQTur‘aTe’20-hydrocarbon-|ong chains (EPA) to 22-hydrocarbon-long chain
Mmetabolites (DPA and DHA). In particular, conversion of ALA to 22:6n-3, as
Manifested by its levels in both EPG and SP6, was strongly r'ed‘uced.
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 observaﬁon
Strongly suggests that NGF blocked the formation of DPA and DHA but not
that of EPA. The possible site of NGF action is illustrated beiow 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. A6 and A5
represent desaturase enzymes; ELOVL2 and ELOVL5 elongase activities and p-ox
Peroxisomal p oxidation. Abbreviations: ALA, a-linolenic 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 s‘repé
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 generaﬁon 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 affer 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- hydrocqrbon to 20-hydrocarbon chain length elongation, may also enablé the
elongation of the 20-hydrocarbon skeleton (Leonard et al., 2004). From our
Studies, it is Temp‘fing to hypofhesise that NGF may have activated an intrinsic
cellular signal o shut of f the PUFA elongation/desaturation pathway as part of
a phenotypical expression of neuronal characteristics. As such, it is possible
fhaf NGF may affect local signals such as esTroge‘n receptor activation (Merot
et al.,, 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
BHA 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
n the presence of ALA supplémem‘s. ATRA did not induce neurite extension
(Figure 4.1). It was reported to increase the low-affinity receptor (p75)
€Xpression in PC12 cells (Scheibe and Wagner, 1992, Cosgaya et al., 1996)
Similarly to NGF (Miller et al., 1991). Like NGF, RA affected cell pr'olifer'dﬁon
and induced several gene transcripts. ALA conversion into DPA and DHA, i’n the
Presence of ATRAJ (1-10 uM’), slightly enhanced DHA levels in EPG rather than
inhibiféd them (Figure 4.7). In that respect, ATRA cannot mimic The’acfion of
NGF on an ALA elongaﬁon/desaturaﬁon 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 al., 19964, 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
PUFA 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 FA precursors. Upon exposure fo 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

Throughouf life.

Conclusions
1, NGF and bFGF induce a morphological differentiation of PC12 cellls as
observed by the induction of neurite outgrowths. No such behavior
occurred with ATRA freatment.
2, | The addition of’NGF causes a striking inhibition of the last steps in
elongation/desaturation of ALA and LA Suggesﬁng a possible
interference with the last stages of the 2v2—hydroca|’~bon 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 prolifera‘ring 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<0.05) 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 ELOVL?2), a desaturase
(deltap desafurase) and peroxisomal beta oxidation catalytic activity (PPAR«,
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/pr their affinities to substrates. Therefore, in the first sTagé, 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 vand
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desaturase expression are under tight physiological regulation. Wang and co-
workers (Wang et al., 2005; 2006), for example, have shown that the hepatic
Elovi5 expression level was reduced by 50% to 75% in mice fed with a high-fat
diet (60% of calories as fat). However, the abundance of Elovi2 and deltab
desaturase (Fads2) mRNA did not change in mice fed with a hiéh-fo‘r diet
Compared with mice fed with a low fat diet (10% of calories as fat). These
results indicated that Elovi5 expression is regulated by an n-3 PUFA-enriched
diet and q high fat diet, in contrast to Elovi2, which was not physiologically
Controlled (Wang et al., 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 al., 2000).

It is well established that several PUFAs appear as regulators of the gene
€Xpression of key steps in FA metabolism via transcriptional factors and
Per'oxisomeb proliferator-activated receptors (PPARs) (Jump et al., 2005); The
latter are members of the nuclear hormone receptor superfamily. Regarding
this stage, three isofcr‘ms_of PPARs (PPARa, PPARy and PPARp) have been
idCNfified. PPARs possess in their structure two domains: a ligand-binding
domain and a DNA-binding domain. PPARs are acﬁvated by binding to specific
'igﬂnds such as FA (polyunsaturated, conjugated and branched), eicosanoids and
the synthetic ligand (4-Chloro-6-(2,3-xylidino)-2-pyrimidinylthioacetic aéid
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(WY14643). 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
€xpression. PPARa has been shown to regulate a wide variety of genes encoding
those proteins involved in FA transport (Wierzbicki et al., 2009; Martin et al.,
1997; Fourcade et al., 2001), FA binding proteins (Wierzbicki et al., 2009), FA-
acyl-CoA synthesis (Martin et al., 1997), FA uptake and p-oxidation (Ribet et
al., 2010) and peroxisomal fatty acid p-oxidation enzymes, including FA acyl-
CoA oxidase (SCOX) and dehydrogenase-bifunctional protein (DBP) (Reddy et
al., 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
P PARa-defi‘cienT mice, both fed with a diet containing the PPARa lfgcmd,
WY14643, In wild-type mice, WY14643 induces hepatic Elovl5 elongase and
deltab desaturase expressiqn;_however, in PPARa-deficient mice WY14643 had
o effect (Wang et al., 2005; 2006).

The role of n-3PUFA, n-6PUFA and their corresponding eicosanoid metabolites,
func‘rioning as ligands and activators of PPARa, has been previously examined.
Kliewer et al. (1994), using mamrﬁalian cells co-transfected with a PPARa
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€xpression 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 al., 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
mon;)unsqfurafed and saturated FA treatments (Keller et al., 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:

*The basal levels of Elovi5, Elovl2 and Fads2 gene Transbripts encodiﬁg for
ELovLs elongase, ELOVL2 elongase and Delta6 desaturase (D6D), respectively,
and Ppara encoding for the nqclear‘ transcription factor PPARa in proliferating
PC12 célls.

* The levels of Elovi5, Elovi2, 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 #M), 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
ﬂUc‘rua'red, but at 72 and 96 h, the values were stable cmd{ this enabled us to
assess the mRNA abundance‘following exposure to NGF and n-3 PUFA. The
e"Pl"é’ssion level of eac’h target gene in treated and control cells was normalised
Yo 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 ElovI5
(Fig 5.1a), Elovi2 (Fig 5.1b), Fads2 (Fig 5.1c) and Ppara (Fig 5.1d) compared with
hon-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<0.001), and also wi'rh the transcription factor Ppara by
229 £ 0.30-fold (p<0.001).

ALA supplement alone did not significantly increase the expression in two out
of four transcripts, Elovl2 and Ppara (panels b and d). Im‘eresﬂngly,‘ 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 moaified
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 ElovI2 and Ppara mRNA levels compared with 173 £ 0.19-

fold (p<0.05) and 2.29 + 0.30-fold (p<0.001), respectively in NGF-differentiated .

cells,
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Figure 5.1: Transcripts of Elovl5, Elovl2, Fads2 and Ppara expression after ALA
and NGF treatments.PC12 cells were subjected to 20 uM 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
I:iplicates. The experiment was repeated three times on separate occasions.

(p<0.005), *** (p<0.001) 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<0.001) in the expression of the
Elov5 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<0.001), but nevertheless still below the 72 h value (3.10 + 0.39;

P<0.05 vs. 356 + 0.51; p<0.001) was observed when both NGF and ALA were

Present for 4 days.

*k%k

relative to control

IMRNA expression of ElovlS

Figure 5.2 Transcripts of Elovi5 expression after 72h or 96h ALA and NGF
treatments. PC12 cells were subjected to 20 uM 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
I:iP|icafes. The experiment was repeated three times on separate occasions.

(p<0.005), *** (p<0.001) 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 Elovi2 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 Elovi2 mRNA. A major difference with
Elovi5 expression was, however, that ALA was unable to suppress the NGF-

induced expression of the ElovI2 transcript (1.65 + 0.14-fold; p<0.05 vs. 1.43

0.22; p<0.05).

i

a

J
+

mMRNA expression of ElovI2
relative to control

Figure 5.3: Transcripts of Elovi2 after 72h or 96h ALA and NGF
treatments. PC12 cells were subjected to 20 uM ALA for 72h or 96h in the
Presence or absence of 100 ng/ml NGF or a combination of the two. Cells were
arvested 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<0.001) 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 UM 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
hormalised 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 (Elovi5, 2.31 + 0.15-fold; p<0.005 and EIovIZ,v1.71 +
0.71-fold; p<0.05). LA also elevated the desaturase Fads2 and the transcription
factor Ppara MRNA levels by 251 £ 0.41-fold; p<0.005 and 1.82 + 0.08-fold;
p0.005,

Mos’r interesting, however, in NGF-differentiated cells, three out of the four
9ene 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
3.1+ 0.25; p<0.001, respectively). Also, no statistically significant difference in
Elovi2 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<0.001), as shown in LA+NGF-

treated cells (2.56 + 0.31-fold; p<0.005).
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Figure 5.4: Transcripts of Elovl5, Elovl2, Fads2 and Ppara expression after
N-6LA and NGF treatments. PC12 cells were subjected to 20 pyM 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<0.001) 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
€xpression 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
- Fevealed that NGF and its precursor pro-NGF differentially modulate the
€Xpression of genes involved in several cellular mechanisms (D'Onofrio et al.,
2011). Treatment for 1h 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 frecn‘rﬁen’rs. o
However, whereas the transcription factor family is specific for the NGF
*Peafmenf da'rasef, the lipid metabolism genes are specific for the pr‘o-NGF set
(D'Onofrio et al., 2011).

Works by others carried out fn rat sympathetic neurons confirnﬂed 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 (LNGF) receptor and
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tyrosine hydroxylase (TH) and up to 4-fold Tal a-tubulin (Tal) mRNA (Ma et al.,
1992). Treatment with NGF and also with FGF and EGF up-regulated NGF I-A
MRNA in PC12 cells, a transcription factor that is homologous to the TFIIIA

transcription factor (Cho et al., 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 al., 2003) and in Hek293 cells (Pawar et
al, 2003), Elovi5 was found in primary hepatocytes (Wang et al, 2005),
Whereas Fads2 was expressed in the human promyelocytic cell line HL60
(Slagsvold et al., 2007) and in Hep62 cells (Tang et al., 2003). Tissue-specific
expression of these FA elongases, desaturases and PPARa has been revealed by
Northern analysis in rat cmd’ 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 al., 1994). Elovl5, on the other
hand, was detected in a broad array of rat tissues such 05 the liver, lung, brain,
brown adipose tissue, skin and heart (Wang et al., 2005). In contrast, Elovl2
was only expressed in rat liver, lung, brain and kidney. Human delta 6
desaturase mRNA was found to be disfributed in equal proportions in the liver, |
lung and heart but it is present in higher levels in the brain (Cho et al., 1999b).
A second novel finding documented in these studies pértains to the impacf of

FA supplementations on gene expression. Importanﬂy,'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
aie‘rar); effects on the mRNA expression levels for the elongasé, 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 delta, deltaé
desaturases and ElovI5 elongase mRNA expr‘éssion by more than 50%, however,
With no significant effect on Elovl2 expression (Wang et al., 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 wér‘e cqnfir'med in n-3 PUFA-deficient rats, which
displayed an up-regulation of the hepatic Fadsl, Fads2, Elovl2 and Elovi5
Compared with controls fed on an adequate n-3 PUFA diet (Igarashi et al.,
2007). It is not clear as to whether this up-regulation is due fo‘ ofh'er' FA
Components that may stimulate these genes in the deficient diet. Interestingly,
the mRNA expreésion of all ‘rhese enzymes in brain tissue was not affected by
die‘rafy conditions, i.e; the mRNA levels did not differ between adequate and
deficient n-3 PUFA supplements (Igarashi et al., 2007). Nevertheless, Elovl5,
Elovi2, delta5 and deltab 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 al., 1999b). Mice
fed on a high glucose diet affer an intake of LA exhibited a decrease in the
hepatic abundance of deltab desaturase mRNA in comparison with mice fed ona
high glucose diet without LA (Nakamura et al., 2000). More recently (Tu et al.,
2010), rats were fed with different diets containing different ALA
Compositions and several parameters including phospholipid FA composition and
the gene expression of Fadsl (delta5 desaturase), Fads2, Elovi2, 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 al., 2010).
Other studies have shown that deltaé and delta5 desaturase genes may be
regulated ‘by a PPARa-dependent and -independent mechanism. Ma’rsuzakc; et al.
(2002) showed that deltaé and delta5 desaturase gene expression is regulated
Vig another transcription factor, a sterol regulatory element binding protein-1c
(SREQP-IC). In transgenic mice over-expressing SREBP-1c, the suppression of
hepatic delta5 desaturase and deltaé desaturase expressions by fish oil was
abolished. FA desaturase genes are regulated by both PPARa and SREBP-1c
(Nakamura and Nara, 2002) and fish oil activates PPARa (Jump et al., 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. Therefqr'e,
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 exércised 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 chtors and ions (Ross, 1995), which adds up to tissue éulfure
drawbacks. Therefore, we cannot rule out the possibility that sdme of the
transcripts may be Trunsienﬂy‘expressed at the earlier times. Moreover, it has
beén‘s’rm‘ed in many studies that the gene expression program is Tirﬁe-
dependent. Studies by Werner et al. (2005) showed that the number of genes
Up-regulated in response to a stimulus increased with time. After mouse4
embryonic fibroblasts were stimulated for oné hour with tumor necrosis factor
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(TNF), 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 pbincipal finding arising from these experiments
is that a combination of NGF and ALA decreased the expression of the Elovl2
and Elovi5 transcripts. In other words, ALA supplements effecﬁ?ely
Suppressed NGF-stimulated, Elovi2 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
e"Pl”essiorj. Notable in this case is the impact on Elovl2, which is the pr“incipal
elongase to catalyse 22 carbon-long synthesis from the ZC 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 Elovi2 and EloVI5), and
its outcome is the robust suppression of the final step in the generation of 22-
carbon 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
@ppear 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
and n-3 DHA (Chapter 3, Figure 3.7) in ALA-supplemented and NGF-untreated
cells. Importantly, NGF supplement neither co-regulates LA-inducéd gene
€Xpression when added together, nor enhances the production of n-6 DTA and
-6 DPA (Chapter 4, Figure 4.6)

The present data suggest that the Idst 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 al., 2008),
Parkinson disease (Lipman et al., 2006; Abu-Raya et al., 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 composiﬁon 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 dafa 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 ina nearly linear rise in EPA and DPA levels. This biosynthetic
Capability also characterises many transformed cells (Langelier et al., 2005)
and ﬁrimary astrocytes (Williard et al., 2001) but not neuronal cells (Moore et
al., 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 al., 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 pr'esumably 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 ’
dminoethano! 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
observaﬁpns made in other neural cell lines (Langelier et al., v2005).
Nevertheless, the sum of the esterified n-3 DPA and DHA residing in the
aMinoethanol GPLs from ALA conversion, compared with that arising fr‘om}
Preférmed n-3 DHA, is very similar, suggesting that a nearly steady-state
0ccupancy of the sn-2 posiﬂon' exists for these GPLs. This steady-state
Occupancy is also evident by the lack of ARA enrichment either vvia 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
docosapentaencic acid (DPA, 22:5n-6) via a mechanism of reciprocal
r"eplacemen‘r (Bernoud et al., 1998). The molecular basis for this reciprocdl
Substitution and its possible effects on membrane function are not entirely
- clear,

For PC12 cells propagated in ALA-deficient growth medium (~1/40 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 sqbs’ranfially, 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’ sgbjec'r to stringent regulation, it includes any |
im‘réﬁellular cellular regulatory mechanism responsible for GPL biosynthesis in
the endoplasmic reticulum (ER). Whereas at the E’R level a certain f‘eper"roire 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 pM), 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 al., 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 uséd 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
@ cautious approach particularly in neuro-functional attributes of 1hesé cells.
Such caution should also be applied to many neural-derived cell lines including
SN56 and HT22 cells Jorﬁiginaﬂng from the septum and hippocampus,
Fesﬁéctively (Martin et al., 2006), N1E 115 mouse neuroblastoma (Murphy and
Horrocks, 1993), or rat oligodendroglia (Brand et al., 2010) and mesenchymal

cells (Kan et al., 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 me‘rabol'ic 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 m‘e'raboli'res. 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
Conversio‘n 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"rhe. growing list of the biological effects of this particular
9P0W“rh 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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- heuronal 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 elongaﬁoh 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 al., 2004). This enzyme could be largely responsible for the limited
@Mmounts 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 fhe last
Step, as part of phenotypic expression of neuronal characteristics. Under these
Circumstances, the contribution of neuronal and glial cells to the endogenous
Cabdéi‘ry 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, assumé a finite

170



Chapter 6-Genefa| discussion

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 géfminal
cells. This thesis proposes that NGF may constitute such a signal for PC12 cellé
- or for neurons /n vivo (Levi-Montalcini, 1987, Tessler, 2004), whereas |
neurotrophic agents such as BDNF are essential growth factors that appear to
determine neuronal fate (Mattson et al., 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 wﬁereby
Primary rat foetal cerebral cells were able to elongate and desaturate both
ALA and LA to DHA and ARA whén a small population of glia cells was present in
the }rvnixture (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 ql., 1991). In contrast, lere astrocytic cultures
effectively elongated and desaturated ALA to DHA and LA to ARA (Moore et
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al., 1991). Overall, neurotrophic-induced dif ferentiation 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 al., 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 growfh factors or
neuromodulator-induced terminal dif ferentiation, 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 undifferenfiatéd 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 sfudfes
employing cells of transformed or stem cell origin. Unraveling the requirémen‘rs
of n-3 PUFA constituents for membrane synthesis and the temporal code
details of their regulaﬁon should shed light on the conditions needed for
Prbbér ‘neuronal funcfioﬁ 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 ElovI5 and Elovl2), desaturases (Fads2) and peroxisome proliferator-
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acﬁvqfed 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 (LNGF) receptor, tyrosine
hYdr‘oxylasca (TH) and Tal a-tubulin (Tal) (Cho et al.,, 1989; Ma et al., 1992). In
the present studies, PC12 cells supplemented with NGF for 3-4 days
significantly up-regulated several key gene transcripts including Elovi5, Elovi2,
Fads2 and Ppara.

A wide range of studies have reported that mRNA expressions of FA
desaturase (Wang et al., 2005; Nakamura et al., 2004; Igarashi et al., 2007)
and elongase (Wang et al., 2005; Igarashi et al., 27007) are regulated by PUFA
Supplemented or PUFA-deficient diets. In this current study, ALA supplements
did not alter the levels of Elovi2 and Ppara but up-regulated the expreséion of
Elovi5 anq Fads2 in proliferating PC12 cells. In contrast, supplements Qf ‘LA up-
regulated the expression of all (Elpvl5, Elovl2, Fads2 and Ppara) gené
transcripts. This is a surprising observation given the fact that this suppleménf
of éxogenous 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 iné’rance, exposure to LA in Hep62 éells
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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 al., 2009).
Similarly, ALA but not LA up-regulated gene expression of Ppara in the same
System (Harnack et al., 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 al., 2009).

In dietary studies, feeding rats with an n-3 PUFA-deficient diet up-regulated
Fadsz, Elovli2 and Elovi5 mRNA eXpr'essions (Igarashi et al., 2007), whereas a

diet enriched in LA down-regulated Fads2 mRNA levels (Cho et al., 1999b).

In qRT-PCR experiments, higher transcript up-begulaﬁon was attained by LA
compared with ALA (Figures 5.1-5.4) when both were added at the same
Concentration. Furthermore, it appeabs that the enhanced levels of these
transcripts did not reflect a straightforward correlation with the obtained
lipidomic data. As documented by the latter approach, PCIZ cells synthesised
More effectively all the n-3 intermediates from ALA and EPA rather than
Cor‘respoﬁding n-6 intermediates from the LA precursor. For example, after 72
h incubation with ALA, a H?gher percentage of n-3 PUFA metabolites suéh as |
EPA, DPA and DHA were found in the cells. In contrast, incubation with LA
Under the same conditions showved little incorporation of the precursor or its
higher metabolites into the cells. Thus, the regulation of*PUFA b‘iosynThesis’ 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 Elovi2
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 A6 desaturase activity with ALA and LA, and with
24:5n-3 (Gregory et al., 2011). However, substrate competition studies revealed
a higher affinity of A6 desaturase for ALA (Brenner et al., 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-reguléﬁon of A6 desaturase gene transcription might be a
Compensatory response to an increased demand in PUFAs caused by modulation

of Ppara-inducing FA oxidation.

From lipidomic data, the biosyn'rhesis pathway of ALA or LA was working
Properly in proliferating cells (ALA or LA) and was inhibited in NGF-
différenﬁafed 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 hetabolites was inhibited, although both ELOVLZ 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-3EPA/ARA are both ELOVL5 substrates. ELOVL2 has
h-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
(6regory et al., 2011). The blockade during this sfep 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 al., 1981) or during the peroxisomal step.

It was expected that by PCR assay, a down-regulation rather than an up-
f‘egula‘rion of the genes involved in the PUFA pathway in NGF-differehﬂa‘red
cells would be identified. However, an‘up-regulaﬁon in the mRNA expression
does not always mean a translation to an active protein that will act on a
SUbs%raTe. 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% of the proteins exhibited a correlation between their ’mRNA and’ protein
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levels (Chen et al., 2002). Other works using pulse labelling with radioactive
hucleosides or amino acids supported the lack of a correlation between protein
and mRNA half-lives/turnover (Schwanhausser et al., 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 al., 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 al., 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 ‘rhié point
of view, NGF might be a potent inhibifor at the level of ELOVL2 and ELOVL5.
Further experiments shou!d l;e 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 mos’r likely attributed to the already
Sufficient levels of LA in the ;medi.um. LA supplements do not inhibit ALA
Com)érsion to n-3 PUFA metabolites, suggesting a lack of competition for The
same elongation/desaturation énzymes and tight cellular regulaﬂbn 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
?r'anscrip"rs (deltab desaturase, Elovl5 and ElovI2 elongases and Ppara). On the
other hand, ALA, and not LA, seems to down-regulate fhg gene expression of
the Elovl5 and Elovl2 elonga;gs. Therefore, the combination of NGF and ALA
Causés a striking inhibition of the last steps in the elonga'rion/désaturaﬂon of

ALA, suggesting a possible Spetific interference with ELOVL2 elongase.
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Inorder to confirm the results of qRT-PCR, analysis can be done by correlating
the gene levels (Elovl5, Elovi2, Fads2) with the protein levels (ELOVLS5,
ELOVL2, deltab desaturase) by using Western blot techniques. |

To use RNA interference (RNAI) in order to silence Fadsl (encoding for deltab
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 (25cm?)
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 pl

Filter tips 200 ul

Filter tips 1000 pl
Fluorescence microscope (1X81)
FLUOstar Omega plate reader
~ Gas chromatography

6C vials
GC vials caps
3.5 ml glass vial

Incubator Heraeus CO,-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-1000 spectrophotometer
Nikon Inverted Microscope, TS100
Sample concentrator N, gas reservoir
PCR tubes with attached cap 0.2 ml

pH-Meter 766 Calimatic
Rotor-Gene 6000
Spectrometer

Suppliers

SGE, forte, 0.25 tm 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 tm cellulose Spectrometer PerkinElmer
0.1 ml strip tubes and caps VWR

Test tubes Gene Target Solutions
Thermocycler Fisherbrand |
Glass Developing Tank for Thin Layer Biometra T300
Chromatography LAMAG

TLC spray cabinet IT LAMAG

$ TLC silica gel 60 (10x20 cm) MERCK

UVP Chemiluminescence UVP Bioimaging Systems, UK
UV lamp LAMAG

Water-bath ' Grant

218



Appendices

Appendix 2
Chemicals

ABsolute Blue QPCR SYBR Green ROX Mix
Absolute Ethanol
Acetic acid glacial
Acetyl chloride, 98%
Agarose, for routine use
All-trans-retinoic acid
Bromophenol blue
Buffer M-MuLV RT
Buffer RPE
Buffer RW1
Butylated hydroxytoluene
Calcium chloride
Chloroform
" Desoxynucleotide Mix (dNTP)
2',7'-dichlorofluorescein
D(+)-glucose
Dimethy! sulfoxide minimum 99.5% 6C
Dry Methanol
Dulbecco's modified Eagle's medium
Dulbecco's phosphate buffered saline (10x)
Ethidium bromide solution
Ethylenediamine tetraacetic acid, disodium salt
dehydrate
Foetal bovine serum gold
Free Fatty Acid
Heat inactivated,sterile, filtered horse serum
6C individual FA standard
Glycerol (Glycerin)
Hexane
Heptane
Isopropanol
L-glutamine
Methanol
Methylamine
Molybdenum blue spray reagent, 1.3%,
Nerve growth factor
Oligo-dT primer
PCR primers
219

Suppliers

Thermo Scientific
Hayman

Fisher scientific
Acros Organics
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fermentas
Quiagen
Quiagen
Sigma-Aldrich
Sigma-Aldrich
Fisher scientific
Sigma-Aldrich
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, J erusalem IL

Invitrogen

Integrated DNA Technologles
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Penicillin/Streptomycin PAA
Poly-L-lysine Sigma-Aldrich
Potassium chloride ‘ BDH

Potassium hydrogen carbonate Fisher Scientific
Potassium phosphate Sigma-Aldrich
Petroleum ether Fisher Scientific
QIAshredder spin column Qiagen
Quick-Load 100 bp DNA ladder BioLabs
RevertAid™ First Strand cDNA Synthesis Kit ~ Fermentas
RevertAid™ M-MuLV Reverse Transcriptase Fermentas
RiboLock™ RNase Inhibitor Fermentas
RNase-free water Sigma-Aldrich
RNAase Zap Spyglass
RNeasy purification kit Qiagen

RNeasy spin column Qiagen

Sodium chloride VWR

Sodium hydroxide pellets BDH

Sodium sulphate Acros Organics
Tris (hydroxymethyl)aminomethane, ultrapure Sigma-Aldrich
grade

Trypsin/EDTA (1X) 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 Methy! 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 Methy| Ester 18:1 2
Linoleic acid Methyl Ester Octadecadiencic acid Methyl 18:2 2
Ester
Linolelaidic acid 18:2 2
Linoleic acid Methy! Ester Octadecadienoic acid 18:2 2
Linolelaidic acid Methyl Ester 18:2 2
a- linolenic acid Methy! 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-11-eicosenoic acid Methy! 20:1 2
‘ Ester
Cis-11,14-eicosadienoic acid 20:2 2
Methyl Ester
Cis-11,14,17-eicosatrienoic acid | 20:3 2
Methyl Ester
Arachidonic acid Methyl Ester | Eicosatetraenoic acid Methyl 20:4 2
Ester
Timnodonic acid Methyl Ester | Cis-58,11,14,17- 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 Methy! Ester | 24:0 4
Nervonic acid Methy! Ester cis-tetracosenoic acid Methyl 24:1 2

Ester
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Appendices

Appendices 5 & 6

28S rRNA

185 rRNA

Appendix 5: Quality of total RNA extracted from PC12 cells. Total RNA samples
were resolved in 1% agarose gel and visualised with ethidium bromide.

100bp DNA Ladder

bp
1517

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
(nM) (um) (uMm) (nM)
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
, Mo’nouna'rum’red fatty acids
18:1n-9 oleic 0.6k 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 191 2187 4.22
20:4n-6 1291 1’2.25 ; 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 FA+ SEM.

FA Mean % £ SEM
Saturated fatty acids
16:0 17.54 £ 197
18:0 1357+ 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 143+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+ 051
18:1n-9 30.5:0.83
20:1n-9 2.64+ 035
20:3n-9 2421+ 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 6421042
20:2n-6 0.22+0.09
20:3n-6 118+ 0.27
20:4n-6 6221075
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 12+017
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