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V Abstract.

Ageing is associated with an increase in reactive oxygen species production and an 

increase in the concentration of the pro-inflam m atory cytokine in terleukin-1(3 in the 

hippocampus. These have both been shown to have deleterious effects on the brain and 

specifically on a model of learning and memory, long-term potentiation. The ability of 

aged animals to maintain LTP is impaired and it is postulated that the increases in ROS 

accumulation and IL-1|3 concentration may affect one factor which contributes to the 

expression of LTP in perforant path granule cell synapses, glutamate release. It has been 

shown that dietary manipulation with antioxidants or essential fatty acids reverses some of 

the age-related changes observed in the rat brain. In the present study, the ability of the 

antioxidants, a-lipo ic  acid and vitamins E and C, and the polyunsaturated fatty acid, 

eicospentanoic acid, in reversing certain age-related changes in the hippocampus and 

cortex was assessed.

The evidence suggests that the age-related increase in ROS production in rat cortex 

occurs as a consequence of an increase in the activity of superoxide dismutase in the 

absence of concom itant increases in the activities of glutathione peroxidase and catalase. 

These changes were reversed by dietary supplementation with a-lipoic acid. The increase 

in ROS was coupled with an increase in lipid peroxidation and a decreased concentration 

o f arachidonic acid; dietary m anipulation also reversed these changes. The evidence 

suggested that the increase in IL -ip  concentration in the aged brain may trigger many of 

the observed changes; dietary manipulation with a-lipo ic  acid reversed the age-related 

increase in ICE activity and IL-1|3 concentration.

Dietary supplem entation with EPA reversed the age-related increases in IL-1(3 

concentration, ROS accumulation and p38 activation; these changes were coupled with a 

restoration of KCl-stimulated glutamate release. Consequently the age-related decrease in 

LTP was reversed and the pivotal importance of IL-I(3 in the inhibition of LTP, as well as 

the efficacy of the diet in reversing the age-related increase in IL -lp , was underscored by 

the finding that irradiation and LPS increased IL-1(3 concentration and inhibited the 

maintenance of LTP. Significantly dietary manipulation reversed this effect.

xiv



In parallel experiments in the cortex, supplementation with a diet enriched in EPA 

led to a reversal o f the age-related increase in IL-1|3 concentration and p38 activation. 

Evidence from in vitro experiments suggested that the increase in p38 activation triggered 

cytochrome c translocation from the mitochondria and consequently increased the activity 

of caspase-3. These findings, which are indicative off cell death, were coupled with an 

increase in PARP cleavage and TUNEL staining while all these measures were absent in 

the cortex o f aged rats fed on the EPA diet. The study indicates that IL-1(3 plays a 

significant role in promoting deleterious effects in the brain and the evidence suggests that 

these effects are mediated by activation of p38.
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Chapter 1
Introduction



1.1 Ageing.

Ageing can be defined as a “progressive accumulation of changes with time that 

are associated with or responsible for the ever-increasing susceptibility to disease and 

death which accompanies advancing age” (Harman, 1981). The changes that occur in a 

multicellular organism over time are vast, though the reasons for the changes are poorly 

understood. M any hypotheses o f ageing have been presented but few meet the 

necessary criteria. Reasons why organisms age, why life expectancy or rate of ageing 

differs between individuals and species are open to debate. How certain experimental 

procedures appear to prolong life or improve the quality of life also remain unclear. 

The membrane hypothesis of ageing (Zs-Nagy, 1994) and the free radical theory of 

ageing (Harman, 1981) fulfil at least some of these criteria. Individually they are 

adequate hypotheses of ageing, how ever, com bining the basic principles of both 

theories may be more beneficial. The membrane theory of ageing suggests that there is 

an age-related decrease in membrane fluidity, which may give rise to many problems 

such as altered receptor signalling and impaired membrane plasticity. The free radical 

theory of ageing suggests that the sum of deleterious free radical reactions is a major 

contributory factor to the ageing process. The free radical theory of ageing offers both a 

molecular and mechanistic explanation for ageing (Yu, 1994). As will be described 

later, free radical attack on the cell membrane leads to the reduction o f membrane 

fluidity, therefore, combining both hypotheses.

1.2 Reactive Oxygen Species.

All mammalian cells require molecular oxygen (Oj) for energy production in 

oxidative phosphorylation. However, reactive oxygen species (ROS) are by-products of 

chemical reactions that contain oxygen and are damaging to the cell. ROS are formed 

in all aerobic organisms by both enzymatic and non-enzym atic reactions. They may 

also be formed by ionising irradiation and during disease states. The main type of ROS 

are free radicals but other reactive species exist, which are not free radicals, such as 

hydrogen peroxide (H 2 O 2 ), hypochloric acid (HOCl), singlet oxygen ('O j) and ozone 

(O 3). They can inflict damage on many targets molecules in vivo including proteins, 

lipids and DNA (Halliwell, 1994). The body has developed a defence system to combat 

the accumulation of ROS, which is made up o f both enzym atic and non-enzymatic 

components. The antioxidant enzymes actively convert ROS into safe or less harmful



m olecules and the non-enzym atic antioxidants (or antioxidant scavengers) scavenge the 

radicals and, therefore, terminate the chain reaction that arises from ROS production.

1.2.1 Chemistry of ROS.

A free radical is defined  as an atom or m olecu le  that contains one or more 

unpaired electrons (e‘; B ergendi et  al . ,  1999) and is capable o f  ex istin g  independently  

(hence the term “free”). H ydrogen is the sim plest o f  free radicals w ith one unpaired 

electron. M olecular oxygen  itse lf  is b iradical, as it p o ssesses  tw o unpaired electrons 

situated in d ifferent orbitals, w hich  g iv es  it its reactiv ity . T he usual route for the 

m etabolism  o f  m olecular o xygen  is its com plete reduction to w ater (HjO) by the 

addition o f  4  electrons. H ow ever, reduction by the addition o f  on ly  one electron can 

form many free radicals and H 2 O 2 .

The superoxide radical (Oj" ) is the best-know n free radical as it is the first 

intermediate in the reduction o f  m olecular oxygen . It is form ed as fo llow s:

O 2  + e Oj'

M itochondria utilise 90% o f the total Oj consum ed and cytochrom e oxidase converts it 

to H 2 O by the addition o f  the 4  e' from an N A D H  or F A D H 2  source. It is thought that 

betw een 2 and 5% o f  the total O 2  consum ed may leak out into the cytoso l in the form o f  

the superoxide radical. The reactivity o f  O 2 itse lf is relatively lo w , with a h alf-life o f  

10‘̂ s, how ever, it is unique in that it can lead to the formation o f  other RO S.

The formation o f  H 2 O 2  can com e from the natural dism utation o f  0 2 ''.

O2' + O2' + 2Ĥ  H2O2 + O2

The antioxidant enzym e superoxide dism utase (SO D ; described in greater detail later) 

acts as a catalyst for this reaction and increases the dism utation rate by a factor o f  about 

10'̂ . H 2 O 2  may also be created by other reactions but this is the major source. Though  

H 2 O 2  is not a free radical, it is o f  a great b iological im portance because o f  its ability to 

d iffu se  through hydrophobic m em branes, such as the m itochondrial and cellu lar  

m em branes (Y u , 1994). H 2 O 2  has som e m etabolic roles such as in the thyroid gland  

w here it is used by a peroxidase enzym e to iodinate the thyroid horm ones (H alliw ell,
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1994). Due to its ability to diffuse through m em branes and relatively  stable state (its 

m olecular structure resem bles w ater) it has been ex tensively  researched  and is also 

frequently  used as a source o f ROS in experim ents in vitro. H 2 O 2  is also biologically  

im portant because o f its ability to produce further RO S such as the h ighly reactive 

hydroxyl radical ( ’OH).

The hydroxyl radical is considered to be the m ost potent o f free radicals but has 

a very short half-life  (10 ‘̂ s) and, therefore, can only m ove tw o m olecular diam eters 

before reacting (Y u, 1994). As stated above, it can be form ed from  H jO j via the Fenton 

reaction, which involves the reduction o f iron as follows:

Fe^^ + H 2 O 2  -> Fe^^ + 'O H  + OH

It can also be form ed through the H aber-W eiss reaction, which involves the reaction o f 

the superoxide radical and hydrogen peroxide as follows:

0 2 " + H 2 O 2  -> 0 2  + H 2 O + 'O H

The hydroxyl radical readily reacts with m any m olecules especially  those found in 

organic lipids by the removal or addition o f hydrogen to unsaturated bonds (Yu, 1994).

O ther free  rad icals m ay be form ed from  'O H , such as the peroxyl radical 

(R O O “) and alkoxyl radical (R O '), w ith differing degrees o f  reactivity . A nother source 

o f dam age from  m olecules involving oxygen are reactive n itrogen interm ediates such 

as nitric oxide (NO ) and peroxynitrite (ONO O ). These m ay also be form ed from  ROS 

such as the superoxide radical. It is, therefore , c lear that a h ighly  dam aging chain 

reaction o f free radical production occurs from  the initial ROS produced.

1.2.2 Biological sources of ROS.

A m ajor source o f  ROS is leakage from  the m itochondria  during oxidative 

phosphorylation. The normal conversion o f O 2  to H 2 O by the oxidase process requires 

the transfer o f e ', w hich, therefore, is associated  w ith free rad ical p roduction (Y u, 

1994). The m ajor source o f 02*‘ generation w ithin the m itochondria  is ubiquinone- 

cytochrom e b, but other sources include the oxidation o f ubisem iquinone and NA DH 

dehydrogenase activity in autoxidisable e' carriers (Y u, 1994). O ther sources o f 0 2 ' '
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include phagocytic c e lls , such as m acrophages, w hich  active ly  produce O 2 ’' by the 

en zym e N A D PH  oxidase to com bat viruses and bacteria. It m ay also  be produced by 

other cells such as lym phocytes and fibroblasts and used in ce ll signalling and growth  

regulation (H alliw ell, 1994). 0 2 '’ may also  be produced by autoxidation reactions in 

which com pounds such as catecholam ines and reduced flavins can react directly with  

O 2 to form 0 2 ’’. It has been estim ated that humans may produce up to 1.72kg o f  0 2 ' per 

year (H alliw ell, 1994).

H 2 O 2 is produced by the SO D  catalysed  dism utation o f  O 2 ’', how ever it m ay  

also be generated by the activity o f  xanthine oxidase . Xanthine ox idase catalyses the 

oxidation  o f  hypoxanth ine to xanth ine, and xanthine to uric acid  but during this 

reaction O 2 is reduced to both 02*' and H 2 O 2 . X anthine ox id ase activ ity  increases 

fo llo w in g  stresses such as trauma and oxygen  deprivation therefore, increasing the 

am ount o f  ROS produced (H a lliw e ll, 1994). P h agocytic  ce lls  a lso  are b elieved  to 

produce large amounts o f  H 2 O 2 as w ell as m icrosom al and nuclear m em branes where 

cytochrom e P -450  and N A D PH  oxidation increases the generation o f  this non-radical 

(Y u, 1994).

The harm ful e ffec ts  o f  io n isin g  irradiation are thought to be due to the 

generation o f  'O H . Ionising irradiation exposure is thought to cause fiss io n s o f  0 -H  

bonds in water to g ive  both ’H and ’OH. A long with generation through the Fenton and 

H aber-W eiss reactions, 'OH can also be generated by phagocytic ce lls  and by catalytic  

enzym es.

1.23 Cellular damage caused by ROS.

ROS and, in particular, ‘OH can react with b io logica l m acrom olecules. Proteins 

may undergo substantial m odifications when attacked by R O S. A m ino acids are targets 

as w ell as the larger m acrom olecule. H 2 O 2 can ox id ise  essentia l -S H  groups on many 

en zym es inactivating them  (H alliw ell, 1994). Three w ays in w hich  proteins may be 

affected  are due to fragm entation , aggregation  and su scep tib ility  to proteolytic  

digestion . O xidation o f  the polypeptide backbone m ay result in protein fragmentation. 

This is initiated w hen the 'OH rem oves the a -h yd rogen  atom  from  an am ino acid  

residue to form a carbon-centred radical (Berlett and Stadtman, 1997). T his then reacts 

rapidly with Oj to form  alkoxyl and a lkylperoxide radicals, w hich  b eg in s a chain  

reaction o f  destruction. In proteins such as co llagen  and album in, 'OH attacks proline.
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histidine and arginine residues due to their close association with transition metals 

which may act as catalysts (Yu, 1994). Aggregation occurs by denaturation where "OH 

has the ability to form cross-bridges with other proteins where, in the absence of O 2 , the 

carbon-centred radical reacts with another radical of the same type to form the cross

bridge (Berlett and Stadtman, 1997). Finally, due to dam age and conform ational 

changes, proteins may come under attack from proteolytic enzymes in order to remove 

dysfunctional proteins from the cell.

ROS attack of lipids, or lipid peroxidation (discussed in greater length below), 

is widely studied, however, the exact mechanism of lipid peroxidation in vivo is not yet 

fully elucidated. Lipid peroxidation causes damage to the lipid molecular structure and 

disrupts the cohesive lipid bilayer arrangem ent. M olecular oxygen does not readily 

react with unsaturated bonds of fatty acids due to spin forbidden reactions. However, 

attack by ROS readily occurs. Polyunsaturated fatty acids, such as arachidonic acid 

(AA) and docosahexaenoic acid (DHA), with more double bonds than monounsaturated 

fatty acids, are more open to attack from ROS. There are three processes involved in 

lipid peroxidation, initiation, propagation and term ination. Initiation involves the 

removal of a hydrogen atom from the double bond resulting in a carbon-centred radical 

as follows where -L H  is the side-chain, R ' is any free radical and -L‘ is the carbon 

centred radical:

-LH + R ' ^  -L ' +RH

The propagation stage occurs when the -L’ reacts readily with O 2  to form the peroxyl 

radical (-LO 2 *) as follows

-L' + 0 2 ^  -L02‘

The -LO 2 " may then be able to react with the double bond adjacent to it. This forms a 

lipid peroxide (-L O 2 H) as follows

-L02" + -LH ^  -LO 2 H
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Lipid peroxides accumulate in membranes destabilising them and making them leaky to 

ions (Halliwell, 1994). Lipid peroxidation can form aldehydes, which can be cytotoxic. 

4-hydroxynonenal is a by-product of 1,6-arachidonic acid and is both cytotoxic and 

mutagenic (Yu, 1994). Some metals may act as catalysts in the decomposition of the 

m em brane and it has been shown that zinc (Zn^^), w hich is present in high 

concentration in the brain following excitation o f certain glutam atergic neurons, 

promotes lipid peroxidation in brain homogenate (Diaz-Arrastia and Hashemi, 2000). 

Term ination only occurs when two peroxyl radicals com bine binding both free 

electrons halting propagation.

ROS have also been shown to attack deoxyribonucleic  acid (D NA ). 

Approximately 20 types of oxidatively altered DNA molecules have been identified 

(Yu, 1994) and the free radical that inflicts most of the damage is ‘OH. It can attack 

both deoxyribose sugars and pyridine and pyrimidine bases with thymine and cytosine 

being the most susceptible. ‘OH attack on the deoxyribose moiety leads to release of 

free bases from DNA which generate strand breaks with various sugar modifications, 

simple abasic sites and DNA-protein cross-links (Brennan et al., 2000). Xanthine 

oxidase has been shown to produce strand breaks in plasmids and it does this through 

the actions of ‘OH as inhibitors of ‘OH prevent the strand breaks (Yu, 1994). 

Mitochondrial DNA (mtDNA) is especially susceptible to free radical damage as it is 

the site of a large production o f ROS. It also has fewer repair enzym es and this, 

together with the increased free radical production, probably explains why the mutation 

rate for mtDNA is 10-20 times greater than for nuclear DNA (Johnson et al., 1999).

13 The antioxidant defence system.

The body has developed a system to counteract the production of ROS. The 

antioxidant defence system comprises antioxidant enzymes and antioxidant scavengers 

(see figure 1.1 for antioxidant schematic). The activity or concentration of these is 

maintained at a level that deals with the normal production o f ROS, however, increased 

damage occurs when the generation of ROS is increased or the defence mechanisms are 

compromised.



Figure 1.1 The antioxidant defence system.

A simple schematic showing the roles played by the antioxidant enzymes and scavengers 

in protecting the body from ROS-inflicted damage. SOD converts the superoxide radical 

into hydrogen peroxide, which is then metabolised by catalase and Gpx into water and 

m olecular oxygen. GSH is utilised during G px’s m etabolism o f hydrogen peroxide. 

Hydrogen peroxide may be converted to the hydroxyl radical through the Fenton reaction, 

which involves the reduction of iron. The hydroxyl radical, and other ROS, are scavenged 

by the vitamins E and C.
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13.1 The antioxidant enzymes.

The main antioxidant enzymes active in the detoxification of ROS within the 

body are SOD, catalase and glutathione peroxidase. As will be shown, they work in 

conjunction with each other and their activities relative to each other are very 

important.

The SOD enzyme is sometimes referred to as the primary defence as it catalyses 

the dismutation of the superoxide radical to hydrogen peroxide as follows

O '̂ + 02*- + 2H^ ^  H A  + O 2

It does this conversion at a rate 4 times greater than natural dismutation (Yu, 1994). Its 

activity varies between tissues and is found in highest levels in the liver, adrenal 

glands, kidney and spleen of mammals (Yu, 1994). There are 3 isoenzymes known to 

exist in mammalian tissue and are distinct from each other depending on which metal is 

present at the active site or location. All types of SOD bind single charged anions such 

as azide and fluoride (Mates et al., 1999).

Cu/Zn-SOD (or SOD-1) is made up of two identical subunits of 32kD and has 

both copper and zinc at its active site bridged by a histamine residue (Mates et al., 

1999). It resides in the cytosol of mammalian cells and high immunoreactivity was 

found in the cerebral cortex and hippocam pus o f m ice, hum ans and m onkeys 

(Przedborski et al., 1996). Cu/Zn-SOD is the most widely used form o f SOD in 

experiments developed to further understand the dam aging effects of ROS on cells. 

Transgenic mice, with a 2.5 to 3-fold increase in brain Cu/Zn-SOD activity, were 

shown to be protected in the nigrostriatal dopaminergic pathway against the neurotoxin 

1-methy 1-4-phenyl-1,2,3,6-tetrahydropyridine (Przedborski et al., 1996). They were 

also shown to have reduced infarct volume following focal cerebral ischemia (Chan et 

al., 1996) and were protected from ischemia-reperfusion injury (Wilson 1997). As well 

as being neuroprotective, a greater than 4-fold increase in Cu/Zn-SOD activity may be 

neurodegenerative causing cell death and lipid peroxidation (Przedborski et al., 1996).

Mn-SOD (or SOD-2) is a 96kD tetramer and contains one manganese atom per 

subunit that cycles from Mn(III) to Mn(II) and back to M n(III) during dismutation 

(Mates et al., 1999). Mn-SOD resides in the mitochondria and its expression is greatly 

induced by cytokines, such as tumour necrosis factor-a (TN F-a), but is weakly induced
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by oxidants (M ates, et  al. ,  1999). There is half the amount o f  M n-SO D  as C u/Zn-SO D  

present in human tissue and M n-SO D  transgenic m ice live for on ly  about 3 w eeks  

whereas C u/Z n-SO D  transgenic m ice show  no abnorm alities until com prom ised with  

traumatic injury (M ates et  al . ,  1999). T ransfection  o f  ce lls  w ith  M n -S O D  leads to 

resistance to paraquat (a know n O 2 *' producer), T N F -a , and radiation induced  

neoplastic transformations (M ates et al. ,  1999).

Extracelluar SO D  (E C -SO D  or SO D -3) has copper and zinc at its active site. It 

accounts for the majority o f  SO D  activity in plasm a, lym ph and synovial flu ids and is 

regulated by both cy tok in es and oxidants (M ates et a l . ,  1999). It is prom inently  

expressed in the hilar region o f  the hippocam pus in m ice (Oury and Klann, 1999).

H 2 O 2  readily d iffuses through m em branes easily  and because o f  its ability to 

form dam aging R O S, it represents a threat to ce lls  therefore, its further m etabolism  is 

important to cell hom eostasis. G lutathione peroxidase and catalase carry out this further 

m etabolism , converting H 2 O 2  into H 2 O. C atalase (2 4 0 k D ) is a tetram eric en zym e  

consisting o f  4  identical tetrahedrally arranged subunits. Each subunit contains a single  

ferriprotophorphyin group (M ates et al . ,  1999) and is found in h ighest lev e ls  in the 

liver, k idney and red b lood ce lls  (Y u , 1994). W ithin m am m alian ce lls  it is present 

within peroxisom es but it is also found in m icrosom es and the cytoso l o f  hepatocytes 

(Y u , 1994). It reacts very efficien tly  with H 2 O 2  and is also associated  with peroxidase  

activity (ROOH; in the presence o f  H donors such as m ethanol and ethanol (A H 2 )) as 

fo llow s

2H 2O 2 ^  2 H 2 O  +  O2

or

ROOH +A H 2  ^  H 2 O +RO H  + A

(M ates et  al. ,  1999). At high H 2 O 2  concentrations, organic peroxides are m etabolised by 

catalase (Y u, 1994). Survival o f  rats exp osed  to 100% O 2  increased w hen they w ere  

pre-treated with liposom es containing SO D  and catalase (M ates et  al . ,  1999). Catalase 

activity was found to be increased in the rat brain fo llow in g  cortical contusion (W ilson, 

1997).

Glutathione peroxidase (80kD ) contains a single se len ocysteine residue in each  

o f  4  identical subunits (M ates et  al.,  1999). It is found in the cytoso l and mitochondrial
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matrix o f  m am m alian ce lls  and is considered to be the m ost im portant antioxidant 

en zym es responsible for the breakdown o f  H 2O 2 (Y u , 1994). G lutathione peroxidase  

catalyses the reduction o f  hydroperoxides using glutathione (GSH; d iscussed  in greater 

detail later) as fo llow s

2G SH  + H A  ^  G SSG  + 2 H 2O

where G SSG  (disulphide G SH ) is the oxid ised  form o f  G SH . G lutathione peroxidase  

can also breakdown lipid peroxides (LO O H) as fo llow s

2G SH  + LOOH ^  G SSG  + LOH + H^O

(H a lliw e ll, 1994). There are 5 iso en zy m es o f  g lu tath ion e p erox id ase found in 

m am malian tissue with glutathione peroxidase 1 and 4  found in m ost tissues (M ates et  

al .,  1999). C ancer patients have been show n to have low er glutath ione peroxidase  

activ ity  com pared w ith healthy p eop le  and it is thought to be im portant in the 

prevention o f  lipid peroxidation (Y u , 1994). G lutathione peroxidase knockout m ice  

appear to have normal phenotype, but are more susceptib le to toxins such as paraquat 

and their hearts are more sensitive to hypoxia-reperfusion  injury (H a lliw ell, 1999). 

M elatonin (a pow erful scavenger o f  free radicals) increases g lutathione peroxidase  

activity in maternal and foetal brains o f  Sprague-D aw ley rats (Okatani et  al . ,  2000).

13.2 The antioxidant scavengers.

The three main types o f  antioxidant scavengers are G SH , vitam in E and vitam in  

C. T hey act to scavenge free radicals and, therefore, term inate chain reactions. The  

m ost abundant scavenger is G SH . Its intracellular concentration is about 0 .5m M , but it 

m ay reach concentrations as high as lOmM . In its reduced form , y-glutam yl-cysteine- 

g ly c in e , it is a n ucleoph ile and e ffec tiv e  reductant reacting with H 2O 2 , 0 2 ’’, 'OH and 

carbon radicals neutralising them by donation o f  a hydrogen atom (Y u, 1994). G SH  is 

syn th esised  by y-g lu tam ylcysteine synthase, w hich  u ses glutam ate and cysteine as 

substrates. The product is then com bined with glycine (catalysed  by G SH  synthase) to 

form  G SH  (D ringen et al . ,  2 0 0 0 ). It is a reaction partner for the detoxification  o f  

xen ob iotics  and it m aintains the thiol redox potential in ce lls  by keep ing the -S H
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groups of cystolic proteins in a reduced form (Dringen et al., 2000). The actions of 

glutathione peroxidase oxidises GSH, but this can be reduced to form GSH as follows

GSSG + NADPH + ^  2GSH + NADP^

(H alliw ell, 1994). Inhibition of GSH synthesis leads to death o f cultured cortical 

neurons within one day. Death occurs as a result of free radical production as it is 

prevented by the addition of the antioxidant Trolox (W ilson, 1997). Ionising radiation 

increases GSH concentration in the hem icerebrum of rabbits (Shimizu et al., 1998), 

however, stress, as accomplished by immobilisation for 21 days and 6hr/day, causes a 

depletion in GSH concentration and an increase in lipid peroxidation in the brain of 

W istar rats (Madrigal et al., 2001).

Vitamin E is the most widely distributed antioxidant in nature, being found in 

both the animal and plant kingdom. There are about 8 isomers of vitamin E with a -  

tocopherol (a-TH ) the most potent (Yu, 1994). a-T H  is highly lipophilic and is found 

in high levels in selected tissues such as the adrenal glands, heart, testes and liver. This 

selectivity is probably due to its high lipid solubility where within the cell a-T H  is 

associated with the mitochondrial membrane and endoplasmic reticulum (Yu, 1994). a -  

TH is essential in the human diet and severe deprivation may lead to neurological 

damage (Halliwell, 1994). In the context of this study, an important finding is that the 

induction of long-term potentiation (LTP; described later) in hippocam pal slices is 

impaired in a-T H  deficiency (Vatassery et al., 1999) A decrease in a-T H  within the 

cell ultimately imposes structural and functional damage (Martin et al., 1999). Due to 

its lipophilic characteristics a-T H  is highly effective in protecting membranes against 

lipid peroxidation by reacting with the lipid peroxyl and alkoxyl (LOO*) radical as 

follows

a-T H  + LOO' ^  a -T ' + LOOH

where the a-T H  radical (a-T*) is a lot less reactive than the peroxyl radical (Halliwell, 

1994). In male Fischer 344 rats, supplementation with a-T H  for 2 months increased the 

concentration of a-T H  in the brain with high concentrations found in the hippocampus 

and cortex. H ow ever, a high dose (250 or 500m g/kg) o f a -T H  reduced the
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concentration of vitamin C in these same brain areas (Martin et al., 2000). Extensive 

research on a -T H  supplementation has shown great benefits to hum ans. A dose of 

600IU  per day for 6  weeks increased  a -T H  concen tra tion , reduced  superoxide 

production and reduced lipopolysaccharide- (LPS) induced production o f  the cytokines 

in terleukin-1 (3 and T N F -a  in isolated leukocytes (van Tits, 2000). A dose o f  800mg of 

a -T H  per day reduced the H 2 O 2  induced D N A damage seen in isolated peripheral blood 

lymphocytes (Brennan et al., 2000).

V itam in C or ascorbic acid is hydrophilic . It is an effective antioxidant in 

aqueous environments especially for protection against lipid peroxidation arising from 

activated neutrophils (Yu, 1994). Its main function is as a free radical scavenger where 

it reacts  directly with O 2 and ‘OH but also scavenges H O C l and O 3  (which is 

especially  important in lung-lining fluids; H alliwell, 1994). Ascorbic  acid has an 

important role in the synthesis o f  collagen and can scavenge radicals arising from 'OH 

attack on uric acid (Halliwell, 1994). It can restore the antiox idant properties o f  

oxidised a -T H  as a consequence o f  the following reaction

a T ‘ - I -  ascorbate a T H  + ascorbate'

(H all iw ell ,  1994). It is w idely  d istr ibu ted  in m am m als  but it is found in high 

concentrations in adrenal and pituitary glands. It is found to a lesser degree in the liver, 

sp leen, pancreas and brain (Yu, 1994). As well as having antiox idant properties 

ascorbic acid may also have pro-oxidant properties. Excess concentrations (around 

Im M ) in the presence o f  the transition metals Fe^”̂ and generates co-factors of 

activated oxygen radicals during promotion o f  lipid peroxidation (Yu, 1994). It can 

easily reduce Fe '̂" to Fe '̂^, which is known as a potent free radical inducer and it has 

been shown to increase oxidative m odification o f  D N A  bases (Yu, 1994). Lipid 

peroxidation  o f  m icrosom al m em brane lipids has been show n to be enhanced by 

asco rb ic  acid  in a - to co p h ero l-d e f ic ien t  an im als ,  but in norm al anim als l ipid 

peroxidation is suppressed by ascorbic acid (Yu, 1994). Ascorbic acid can be oxidised 

to dehydroasorb ic  acid (D H A A ), which has been found to be both cytotoxic and 

neurotoxic (W ilson, 1997). Ascorbic acid has been shown to be the first antioxidant 

oxidised under certain conditions, even in mitochondria where its concentration is low 

(Vatassery, 1995). As stated above, high doses o f  a -T H  reduce the concentration of



ascorb ic  acid  in the h ip p ocam p u s and cortex  (M artin  et  a l . ,  2 0 0 0 ) . D ietary  

supplem entation with ascorbic acid has been show n to act as an antioxidant towards 

lip ids in the p lasm a o f  guinea p igs and even  protects p lasm a lip id s during iron  

overload, which has been shown to enhance lipid peroxidation (Chen et  al . ,  2000).

In this laboratory, dietary supplem entation with vitam ins E and C has been  

show n to reverse the age-related impairment in LTP and the age-related increases in 

in ter leu k in -ip  (IL-1(3; d iscu ssed  in greater deta il later) con centration  and RO S  

production  in the h ippocam pus o f  rats (M urray and L y n ch , 1 998b ). V itam in  

su pp lem entation  a lso  reversed  the age-rela ted  in crease in S O D  a ctiv ity , lip id  

peroxidation and IL-1(3 in the cortex (O ’D onnell and L ynch, 1998).

13>3 a-Lipoic acid.

a -L ip o ic  acid is a potent antioxidant and is found in tissue that has high  

m etabolic activ ity , such as the heart (B iew en g a  et  a l . ,  19 9 7 ). It is a lip op h ilic  

d isu lp h id e-con ta in in g  co-factor required for reactions ca ta ly sed  by a -k e to  acid  

dehydrogenase en zym e com plexes. It has three main antioxidant properties (a) it has 

metal chelating ab ilities, which are important for sequestering ex c ess  free iron and 

copper, (b) it can scavenge R O S, and (c) it can regenerate en d ogen ous antioxidants 

such as vitam in E , vitam in C and G SH  (Packer et  al . ,  1997). D ih ydro lip o ic acid  

(D H L A ), the reduced form o f  a -lip o ic  acid, has more potent antioxidant properties than 

the non-reduced form and in com bination the 2 form s are very effec tiv e  (B iew enga  et  

al. ,  1997). D H L A  and a -lip o ic  acid have been show n to scavenge O 2 * , H O ', H 2 O 2 , the 

peroxyl radical (R O O ‘), HO Cl, NO' and singlet oxygen  (Packer et  al . ,  1997).

a -L ip o ic  acid has been show n to be very potent in com bating the increase in 

lipid peroxidation in patients with diabetic neuropathy (N ickander et  al . ,  1996; Z iegler  

et  al . ,  1999). In a study by Arivazhagan and Panneerselvam  (2000) it w as observed that 

intraperitoneal injection  o f  a - lip o ic  acid  reversed the age-related  increase in lipid  

peroxidation in the cortex and hippocam pus. In the sam e study a - lip o ic  acid also  

reversed the age-related decreases observed in the antioxidant scavengers G SH , vitamin  

E and vitam in C (A rivazhagan and Panneersalvam , 2 0 0 0 ). a -L ip o ic  acid has been  

sh ow n  to reverse the age-related  d ec lin e  in ascorb ic acid  concentration  in rat 

hepatocytes (L ykkesfeld t et al . ,  1998). T hese studies confirm  the suggestion  that a -  

lipoic acid can act to regenerate the antioxidant scavengers, h ow ever, its ability to
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regenerate vitamin E is probably indirect and achieved at the expense of GSH and 

vitamin C (Biewenga et al., 1997).

a-L ipoic acid has been shown to reverse the age-related changes in long-term 

potentiation (LTP) and the down-regulated antioxidant status in the rat hippocampus 

(McGahon et al., 1999b). One factor that may contribute to the reduced ability of aged 

rats to sustain LTP is a reduction in glutamate release; it was reported that a-lipoic acid 

reversed this age-related decrease (McGahon et al., 1999b). It has been shown that a -  

lipoic acid can reverse the age-related decline in mitochondrial function (Hagan et al., 

1999). This is not surprising as a-lipoic acid is readily taken up into mitochondria 

where it acts as an essential co-factor in the oxidative phosphorylation of a-keto  acids 

and confers antioxidant capabilities within the mitochondria (Biewenga et al., 1997).

1.4 ROS in disease and ageing.

Oxidative stress has been suggested as being a cause or a consequence of many 

diseases. Oxidative stress occurs after all tissue injury and is a secondary phenomenon 

of most human diseases (H alliwell, 1994). In neuronal tissue oxidative stress is 

associated with alcoholism , A lzheim er’s disease (AD), HIV infection, amyotrophic 

lateral sclerosis (ALS), dem entia, multiple sclerosis, D ow n’s syndrom e, epileptic 

seizures, Parkinson’s disease, schizophrenia, shock and tardive dyskinesia (Packer et 

al., 1997). It has been shown that the familial dominant form of ALS is related to 

mutations in Cu/Zn-SOD, which not only results in a decrease in the activity of the 

enzyme but also results in the enzyme becoming toxic (Halliwell, 1994). It is thought 

that atherosclerosis is caused by an increase in oxidised low -density lipoproteins 

(LDLs) and cholesterol, which in turn causes an increase in fatty acid, deposits on cells 

lining the arterial walls. The increase in oxidised LDLs and cholesterol is thought to be 

related to oxidative stress (Yu, 1994). Oxidative stress is also im plicated in cancer. 

ROS induced damage to DNA and regulators of cell division may cause uncontrolled 

proliferation of cells. Carcinogen- and radiation-induced tum our production may be 

caused by an increase in ROS. Tumour cells show reduced activities of Mn and Cu/Zn- 

SOD and catalase, which results in an increase in Oj"' (Yu, 1994). An increase in lipid 

peroxidation has been implicated in both hepatitis C in adults and HIV infection in 

children (Romero et al., 1998). In both cases a decrease in GSH concentration has been 

detected and this may cause the increase in lipid peroxidation (Romero et al., 1998).
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A D  has been associated  with oxidative stress. RO S are thought to cause the 

aggregation o f  (3-amyloid which in turn causes a further increase in RO S and this is 

confirm ed  in stud ies w hich  sh ow  that |3-am yloid  to x ic ity  is e lim in ated  by RO S  

scavengers (C hristen , 2 0 0 0 ). T he les io n s  found in the brain o f  A D  patients are 

associated  with dam age to D N A , protein oxidation , lipid peroxidation and advanced  

glycosylation  end products, all o f  which may be caused by R O S. A D  is also associated  

with a decrease in m itochondrial cytochrom e c oxidase activ ity , w hich  results in an 

increase in ROS production. It has been show n that there is a 25-30%  decrease in its 

activity in post-m ortem  cortex, dentate gyrus and hippocam pus taken from A D  patients 

(Christen, 20 0 0 ). This change may explain  the low  levels  o f  oxidative phosphorylation  

associated with A D  and why oxidation o f  m tD N A  has been seen  in the parietal cortex  

o f A D  sufferers. F2-isopropane, a by-product o f  A A  peroxidation, has been shown to 

be increased in the cerebrospinal fluids o f  A D  patients (Christen, 2000).

An age-related increase in ROS production is know n to ex ist. This may be due 

to a number o f  reasons, including a reduction in the e ffic ien cy  o f  the m itochondria  

leading to an increase in the leakage o f  Oj*’ into the cytoplasm  from the m itochondria. 

R O S-inflicted  dam age builds up within the m itochondria inactivating en zym es and 

cau sin g  m utations in m tD N A . C hanges in protein  con form ation  occur and the 

mem brane may lo se  its flu idity due to polyunsaturated fatty acid peroxidation. The 

appearance o f  age pigm ents serves as a putative link betw een  free radical injury and 

lipid dam age in ageing (Y u, 1994). L ipofuscin  is thought to derive from peroxidatively  

dam aged cell organelles that have been p hagocytised  by lip osom es. It is thought to 

con sist o f  a heterogeneous mixture o f  cross-linked polym erised  lip ids and undigested  

protein products that accum ulate w ith age in various areas o f  the central nervous 

system  (C N S) (Y u , 1994; Harman, 1981). Free radical production may also be used as 

a determinant o f  a rate o f  ageing theory. M etabolic rate and free radical production are 

c lo se ly  linked, h ow ever, a relationship also  ex ists  b etw een  antioxidant activ ity  and 

m axim um  life  span. For instance, rats have a h igher activ ity  o f  liver g lutathione  

peroxidase and catalase than hum ans, yet their m axim um  life  span is a lot shorter than 

hum ans (Perez-C am po et al. ,  1998). Their m etabolic rate is also higher and this m ay 

result in the production o f  higher concentrations o f  ROS and, therefore, require a higher 

activity o f  antioxidants. There is a negative correlation betw een  H 2 O 2  production by
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liver m itochondria and m axim um  life  span in m am m alian sp ec ie s , w hich  further 

supports this theory (Perez-Cam po et al . ,  1998).

There is con flictin g  ev id en ce  relating to antioxidant status in age. In this 

laboratory, previous studies have show n that there is an increase in S O D  activ ity , a 

d ecrease in the activ ity  o f  catalase and no change in the activ ity  o f  g lutathione  

peroxidase in the hippocam pus o f  aged rats (O ’D onnell et  al . ,  2 0 0 0 ). T his m ight be 

interpreted as dam aging since there is an increased activ ity  in total (M n-SO D  and 

C u/Zn-SO D ) SO D  increases the conversion o f  Oj  to H 2 O 2 , but w ithout the appropriate 

concom itant changes in activities o f  glutathione peroxidase and catalase resulting in an 

accum ulation o f  HjOj. This result is confirm ed by som e studies (Carrillo et  al. ,  1992), 

how ever, other studies have show n that no change in total SO D  activity occurs in the 

hippocam pus o f  aged rats (Danh et  al. ,  1983). Sim ilar discrepancies are seen with age- 

related changes in the antioxidant scavengers. Previous findings in this laboratory have 

show n that there is no change in the concentrations o f  vitam in E and C and a decreased  

concentration  o f  G SH  in the h ippocam pus o f  aged  rats (O ’D on n ell et  al . ,  2 0 0 0 ).  

H o w ev er , Z hang and co llea g u es  (1 9 9 3 ) have sh ow n  that no ch an ges in G SH  

concentration occur in the hippocam pus o f  the aged gerbil w hereas Arivazhagan and 

P anneerselvam  (2 0 0 0 ) reported an age-related  d ecrease in all scavengers in the 

hippocam pus o f  the rat. In som e stud ies, the age-related decrease in G SH  has been  

su ggested  to be related to its increased  ox idation , together w ith a decrease in the 

activ ities o f  glutathione peroxidase and G SH  transferase. T hese enzym es are needed in 

the reduction o f  oxidised  GSH  (Y u , 1994). The reason for the d iffering results quoted  

by these studies is unclear but m ay be due to sp ecies  or strain d ifferen ces or the 

condition o f  the aged rats.

1.5 Polyunsaturated fatty acids and cell membranes.

Fatty acids have 4 major p h ysio log ica l roles. They are the building b locks o f  

phospholip ids and g lycolip ids, they act as fuel m olecu les, they may act as horm ones or 

intracellular m essengers or, attached to proteins, they target proteins to mem brane 

locations. Fatty acids in b iological system s usually contain an even  number o f  carbon  

atom s and the nomenclature assigned to each fatty acid reveals the number o f  carbons it 

contains and also the number o f  carbon-carbon double bonds. For instance, A A  has a 

nom enclature o f  20:4 , m eaning that it has 20  carbon atom s and 4  double bonds. The
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position of the first double bond from the carboxy terminal relates to whether a fatty 

acid is named an omega 3 or omega 6 (o)-3 or o)-6) fatty acid. AA and its precursor, y- 

linolenic acid (yLA; 20:3) are co-6 fatty acids and DHA (22:6) and its precursor, 

eicosapentaenoic acid (EPA; 20:5) are a)-3 fatty acids. The properties of fatty acids are 

dependent on their chain length and degree of saturation. The more unsaturated fatty 

acids, and specifically polyunsaturated fatty acids (PUFA), present in a membrane the 

more fluid it is. Fluidity refers to the physical state of the fatty acyl chains comprising 

the membrane bilayer structure, as well as a measure of the different rates of motion of 

elements within the membrane (Youdim et al., 2000). A more rigid membrane contains 

more saturated fatty acids in which the carbon-carbon bonds have a trans conformation, 

whereas a more fluid membrane contains more unsaturated fatty acids and has a gauche 

conformation.

Another factor in determining the fluidity of a membrane is the concentration of 

cholesterol present in the membrane. Cholesterol moderates the fluidity of membranes 

by sterically blocking large motions of fatty acyl chains, which makes membranes less 

fluid. Roughly 30% of the total lipid content o f neuronal membranes is comprised of 

cholesterol. An appropriate lipid environm ent o f membranes is required for proper 

functioning of membrane proteins such as receptors, enzym es, ion channels and ion 

pumps (Lynch, 1998). AA and DHA are both very prominent in neuronal membranes 

and are important for many signalling pathways and in plasticity. PUFAs, such as AA, 

EPA and dihomo-yLA are important precursors of eicosanoid biosynthesis (Youdim et 

al., 2000). The replacement of even a single double bond in these PUFAs is sufficient 

to have a profound effect on the physical properties of the membrane.

AA concentration in the membrane of the hippocampus is high and it has been 

im plicated as playing a role in synaptic plasticity. It has also been proposed as a 

retrograde messenger in LTP (W illiams et al., 1989). The concentration o f AA has 

been shown to be increased in potentiated tissue and an age-related impairment in LTP 

has been shown to be correlated with a decreased concentration of AA in the membrane 

(Lynch and Voss, 1994). The decrease in AA concentration was also correlated with a 

decrease in the activity of phospholiase Aj (PLAj), which, when stimulated by calcium, 

causes liberation of AA from membrane phospholipids (Lynch and Voss, 1994).

An age-related decrease in DHA in the rat hippocampus has also been shown 

(M cGahon et al., 1999a). The reason for the decrease in PUFAs and, therefore, for the
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problems that arise with age, such as an inability to maintain LTP, is probably due to an 

increase in ROS production (McGahon et al., 1999a). It is proposed that an increase in 

ROS production leads to increased lipid peroxidation due to the susceptibility of 

PUFAs to ROS attack. Dietary manipulation with either AA (M cGahon et al., 1999a) 

or DHA (McGahon et al., 1999c) restores the concentration of these fatty acids in the 

brain; it has been shown that this effect is accompanied by a restoration of the ability of 

aged rats to maintain LTP (M cGahon et al., 1999a and c). A study by Itokazu and 

colleagues (2000) showed that slices transfused with DHA exhibited a decrease of 

about 30% in the field excitatory postsynaptic potential (fEPSP) slope in the C A l 

region of the hippocampus while LTP was also inhibited. In contrast in the dentate 

gyrus the fEPSP slope was increased by DHA and LTP was not affected. This shows 

that DHA exerts regionally different effects on hippocampal transmission (Itokazu et 

a l . ,2000).

A  study using Greenland Eskimo subjects showed that a correlation exists 

between low incidence of coronary heart disease and high consumption of fish products 

(Foulon et al., 1999). Fish products contain high proportions o f EPA and DHA and 

these are the major lipid constituents of cod liver oil. In a study where human subjects 

were fed a diet enriched in these fatty acids there was an increase in the concentration 

of these lipids and a decrease in the concentration of to-6 fatty acids in the plasma of 

the volunteers (Foulon et al., 1999). A similar result was also found in the brain of rats, 

where feeding AA decreased DHA and feeding DHA decreased AA concentrations 

(W ainwright et al., 1999). This suggests that incorporation o f both saturated and 

unsaturated fatty acids into the membrane is rapid (Lynch, 1998). In a report by Liu and 

colleagues (2001) DHA and EPA were shown to inhibit the phorbol 12-teradecanoate 

13-acetate-induced activation o f activator p ro tein-1 (AP-1) in JB6 mouse cell line 

whereas A A had no effect.

1.6 Long-term potentiation.

1.6.1 The hippocampal formation and LTP

The hippocampal formation consists of the dentate gyrus, hippocampus and 

subiculum and is part of the limbic system. It is located on the medial aspect of each 

hem isphere and lies at the floor of the lateral ventrical and beneath the cortical 

structures. There are two main pathways linking the hippocampus and the rest of the
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brain. The fornix links the hippocampus with the septal area, the thalam us and the 

hypothalamus while the perforant pathway links the hippocampus with the temporal 

lobe, specifically with the entorhinal cortex. The perforant pathway runs from the 

subiculum to the granule cells in the hilus of the dentate gyrus (see figure 1.2). The 

axons of the granule cells form the mossy fibre pathway, form the afferent input to the 

pyramidal cells in the CA3 region of the hippocampus. The pyramidal cell axons form 

the Schaffer collateral pathway and inputs to the pyramidal cells in the C A l region. 

The hippocampus is known to be important for storage of memory (Kandel et al., 1992) 

and neurons within the hippocampus show plasticity of a sort required for associative 

learning (Bliss and L0m o, 1973). Around the turn of the 20* century the Spanish 

neurologist Santiago Ramon y Cajal stated that neurons communicate with each other 

at specialised junctions which Sherrington later called synapses.

Bliss and Collingridge (1993) stated that LTP is expressed as “a persistent 

increase in the size of the synaptic component of evoked response, recorded from 

individual cells or from populations of neurons” . LTP was first described by Bliss and 

L0mo (1973) in the dentate area of the hippocampus in anaesthetised rabbits. The 

authors showed that the population response recorded from granule cells in the dentate 

gyrus to single perforant path stimulations, was potentiated for periods ranging from 

30min to lOhr following one or more conditioning trains of stimuli at 10-20/s for 10- 

15s or 100/s for 3-4s. They suggested that 2 independent mechanisms were responsible 

for LTP: an increase in the efficiency of synaptic transmission at the perforant path 

synapses and an increase in the excitability of the granule cell population (Bliss and 

L0mo, 1973). LTP can be expressed in the dentate gyrus, CA3 and C A l regions of the 

hippocampus and in other areas of the brain (Andersen et al., 1977). However, LTP is 

not similar in each area, for example LTP in the C A l and dentate gyrus is associative 

LTP and in the CA3 is non-associative (Kandel et al., 1992). LTP in the C A l and 

dentate gyrus has three fundam entally  im portan t p roperties: co-operativ ity , 

associativity and input-specificity (M cNaughton et al., 1978; Andersen et al., 1977; 

Lynch et al., 1977; Bliss and Collingridge, 1993).

Co-operativity describes the existence of an intensity threshold for induction of 

LTP, which im plies that more than one fibre must be activated to obtain LTP 

(McNaughton et al., 1978). The threshold needed to induce LTP depends on intensity 

and pattern of tetanic stimulation. Associativity means that a weak tetanus may be able
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Figure 1.2 The hippocampus.

The diagram  depicts a transverse section o f the hippocampus, illustrating the various 

regions and inputs. The perforant path (1) inputs to the granule cells of the dentate. The 

granule cells project via the mossy fibres (2) to the CAS pyramidal cells. These cells input 

via the Schaffer collaterals (3) to the C A l pyramidal cells. These cells project to the 

subiculum (4).
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to induce LTP if, at a separate but convergent input, a strong tetanus is active at the 

same time as the weak tetanus (McNaughton et al., 1977). Finally, input-specificity of 

LTP means that inputs that are not active at the time of tetanus are not potentiated, 

implying that LTP is specific to the active pathway (Andersen et al., 1977; Lynch et al., 

1977).

1.6.2 Induction of LTP.

Induction of LTP depends on the depolarisation o f the postsynaptic cell. In 

hippocampal synapses this relies on the presynaptic release of the excitatory amino acid 

neurotransm itter L-glutamate, upon potentiation and the opening o f am ino acid 

receptors on the postsynaptic membrane. In the present study, presynaptic release of 

glutamate is achieved by a tetanic stimulation protocol of 3 trains of stimuli at 250Hz 

for 200msec with an inter-burst interval of 30sec (see figure 1.3). There are 4 subtypes 

of glutamate receptor: N-methyl-D-aspartate (NM DA), kainate, kainate-quisqualate A 

(also known as a a-am ino-3 hydroxy-5 methyl-4 isoxazole propionic acid (AMPA) 

receptor) and quisqualate B (a metabotropic, second-messenger linked receptor; Kandel 

et al., 1992). NMDA receptors play a key role in the induction of LTP and are clustered 

on the heads of the spines and not the shafts of the dendrites (Kandel et al., 1992). The 

receptors consist of binding sites for glutam ate and an associated cation channel 

(MacDermott et al., 1986). Under resting conditions ion movement, especially through 

the channel, is prevented by the presence of a magnesium ion (Mg^" )̂. Under conditions 

of strong depolarisation, Mĝ "̂  is displaced from the channel allowing the movement of 

Na^ and Ca^”̂ into the cell and K”" out of the cell (M cDerm ott et al., 1986). It is, 

therefore, called a double-gated channel. Mg^”" acts as a block on the channel and is 

only removed when the cell is depolarised and glutam ate is bound to the receptor 

(Collingridge et al., 1983). Co-operativity is, therefore, the need for depolarisation to 

reduce the level of the Mg^”̂ block of the NMDA channel. A stimulus from a weak 

tetanus cannot depolarise the cell sufficiently to remove the Mĝ "̂  block (McNaughton 

et al., 1978). Associativity is, therefore, the ability of the depolarisation to come from 

another input. Experimentally this can come from electrical stimulation of the pathway 

(McNaughton et al., 1978). Input-specificity is the need for a sufficient concentration 

of glutam ate to activate adequate numbers o f NM DA receptors to induce LTP 

(Andersen et al., 1977; Lynch et al., 1977). Blocking the NMDA receptor with 2-
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Figure 13 Long-term potentiation.

A) Depicts a drawing of LTP in the dentate gyrus in vivo. The stimulating (stim) electrode 

stimulates the perforant path axons and the recording (rec) electrode receives the electrical 

activity produced by the granule cells.

B) The graph depicts the evoked response the population EPS? before and after high 

frequency stimulation recorded from the dentate gyrus granule cells. A base line is 

normalised at 0% change in the EPSP taken from recordings one hour before high 

frequency stimulation and the increase in the % change of the EPSP slope is shown.

Taken from “A synaptic model of memory: long-term potentiation in the hippocampus.” 

(1993) Bliss, T.V.P. and Collingridge, G.L. Nature, 361 , 31-39.
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am ino-5-phosphonopentanoate (AP5) prevents LTP induction, but, application of 

NMDA alone does not induce LTP (Collingridge et al., 1983).

It has been demonstrated that the key event is Ca influx (Lynch et al., 1983). It 

is suggested that LTP is caused by a modification of the postsynaptic neuron and that 

its induction depends on the level of free Ca (Lynch et al., 1983). It has been shown 

that intracellular injection of the Câ "̂  chelator, EGTA, prevents the induction of LTP 

(Lynch, et al., 1983). Ca^  ̂entry into the cell through the NMDA receptor is augmented 

by release of Ca^”" from intracellular stores of Ca^^. This is probably aided by the 

formation of the second-messenger inositol 1,4,5-triphosphate (InsPj), which occurs 

through glutamate-induced activation of the metabotropic glutamate receptor (mGluR; 

Sugiyam a et al., 1987). Activation of the mGluR activates a G-protein, which then 

binds to phospholipase C (PLC) that leads to the formation of InsPj (Curtis, et al., 

1960).

1.63 Maintenance of LTP.

Once Câ "" has entered the postsynaptic cell it in itia tes the persistent 

enhancement of synaptic transmission by activating 2 Ca^'^-dependent protein kinases; 

Ca^7calmodulin kinase II (CaMKII) and Ca^Vphospholipid-dependent protein kinase C 

(PKC; Kandel et al., 1992). Inhibitors of PKC are known to inhibit LTP and a-CaM KII 

knockout mice show severely impaired LTP (Silva et al., 1992). It has been reported 

that PKC activation, following the blockade of NMDA receptors, rescued LTP in 

anaesthetised mice (Kleschevnikov and Routtenberg, 2001) indicating a pivotal role for 

PKC activation. However, although activation of PKC is necessary for LTP it may not 

be sufficient to induce it (Bliss and Collingridge, 1993). Activation o f PKC and 

CaM KII enhances the phosphorylation o f other receptors such as AMPA and ion 

channels (M alinow et al., 1989). To ensure the long lasting maintenance of LTP, 

protein synthesis must occur (Krug et al., 1984). It has been shown that protein 

synthesis is increased in the rat brain following high frequency stimulation (Fazeli et 

al., 1993; Mullany and Lynch, 1997). Pre-treatment with protein synthesis inhibitors, 

such as cycloheximide and anisomycin (which prevents the transcription of mRNA 

from DNA), not only block protein synthesis but also block maintenance of LTP (Otani 

et al., 1992; M ullany and Lynch, 1997). Pre-existing mRNA is required for the 

maintenance of LTP during the first phase of LTP whereas newly synthesised mRNA
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appears to be required for the more persistent phase (Otani et al., 1989). The identity of 

the proteins which are newly synthesised and which are essential for LTP, is not 

known. However, certain lEGs like c-fos upregulation, occurs following induction of 

LTP in unanaesthetised rats and may be important for the most persistent form of LTP 

(Dragunow etal., 1989).

An increase in neurotransmitter release from the presynaptic terminal occurs 

during LTP at least in perforant-path granule cell synapses (Lynch and Voss, 1994). If 

an increase in release is required for maintenance of LTP it must be hypothesised that a 

signal from the postsynaptic cell will be passed to the pre-synaptic cell. Therefore, the 

existence of a retrograde messenger has been proposed (Williams et al., 1989). In order 

for a substance to be considered as a potential retrograde messenger, the following 

criteria must be fulfilled: it must be released from the postsynaptic cell in response to 

tetanic stimulation or following application of glutamate; it must appear in the 

perfusate following induction of LTP and it must act on the presynaptic terminal to 

evoke an increase in neurotransmitter release. One such candidate is AA (Williams et 

al., 1989). Weak activation of the perforant path leads to a persistent increase in 

synaptic efficiency when administered in the presence of AA (Williams et al., 1989). 

This potentiation was accompanied by an increase in glutamate release (Williams et al., 

1989). Inhibitors of PLAj, which removes AA from phospholipids, were shown to 

block the induction of LTP (Williams and Bliss, 1989) consistent with a role for AA. In 

the postsynaptic terminal, along with the activation of PLC through mGluR activation, 

PLA2 is also activated. This may result in the liberation of AA from phospholipids, 

which leads to the release of AA into the synaptic cleft which may then stimulate the 

presynaptic cell and eventually lead to the release of glutamate (Williams et al., 1989).

1.6.4 Age and LTP.

It is generally accepted that age is associated with memory failure and a deficit 

in spatial memory (Barnes, 1987). It has also been shown that there is an impairment in 

the maintenance of LTP in the aged brain (Barnes, 1979; Landfield et al., 1978; Lynch 

and Voss, 1994; McGahon et al., 1997; McGahon et al., 1999a, b and c). However, the 

magnitude of LTP has been found to be similar in both young and aged rats where LTP 

studies were carried out in freely moving rats (Barnes, 1979). While it is generally 

accepted that there is an impairment in the ability of aged animals to sustain LTP there
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are conflicting views over whether the induction of LTP is impaired in the aged animal. 

Some research groups suggest that induction of LTP is unaffected by age but that the 

rate of decay of LTP is accelerated in aged animals (Barnes, 1979 and Deupree et al., 

1993). Lynch and Voss (1994) showed that the mean percentage increase in the EPSP 

slope following tetanic stimulation of the perforant path in aged rats was reduced and 

this was supported by more recent studies (McGahon et al., 1997 and 1999c). This may 

be due to the impairment in temporal summation of m ultiple EPSPs during high 

frequency stimulation (Rosenzweig et al., 1997).

The underlying cause of the impairment in the maintenance of LTP is not 

known, however, several important findings have been reported. Firstly, there is an 

age-related decrease in the concentration of AA in the hippocampus o f rats (Lynch and 

Voss, 1994) which impacts on both membrane fluidity and the ability of AA to act as a 

retrograde messenger. It has been proposed that this may be a consequence of the 

increase in lipid peroxidation in the hippocampus of the aged rat (M cGahon et al., 

1999a; Arivazhagan and Panneerselvam, 2000). IL-1(3 has been shown to inhibit LTP 

in the CA l of the rat (Bellinger et al., 1993), the CA3 region of the mouse (Katsuki et 

al., 1990) and in the rat dentate gyrus in vitro (Cunningham et al., 1996) and in vivo 

(Murray and Lynch, 1998a). It has been shown to be increased in the hippocampus of 

aged rats (Murray and Lynch, 1998b; O ’Donnell et al., 2000; M cGahon, et al., 1999a 

and b). Decreases in glutamate release (Lynch and Voss, 1994 and M cGahon et al., 

1997) and calcium  channel num bers and activity have been described in the 

hippocampus o f aged rats (Verkhratsky et al., 1994). In addition protein synthesis in 

the entorhinal cortex is reduced in the aged rat (M ullany and Lynch, 1997). If it is 

argued that LTP relies on an appropriate activity o f each of these then the finding that 

LTP is inhibited with age is not surprising.

1.7 Interleukin-1.

One of the most abundant cytokines in mammalian systems are the interleukins. 

There are, to date, 18 characterised interleukins, which variously possesses both anti

inflammatory and pro-inflammatory cytokines. The most studied of these is interleukin- 

1 (IL-1). IL-1 affects nearly every cell type and is induced by nearly all microbial 

products (Dinarello, 1996). There are three members of the IL-1 family. IL - la  and IL- 

ip  are agonists of the specific IL-1 receptor types I and II (IL-IRI and IL-IRII) and IL-
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1 receptor antagonist (IL -lra) is, as its name suggests, an antagonist o f IL -IR I 

(Dinarello, 1996). Both IL - la  and IL-1(3 are synthesised as precursors with a molecular 

weight of 31kD and IL-1|3 is cleaved by a specific cellular protease called interleukin- 

1|3 converting enzyme (ICE), to form the mature 17kDa protein. IL -lra  is produced as a 

single protein and is transported into and out of cells. IL -IR I has a larger intracellular 

domain than the IL-IR II and induces a cascade o f signalling events once stimulated. 

IL -IR II is thought to be a decoy receptor as binding o f IL-1 does not induce any 

intracellular signalling and this is probably due to its short intracellular domain (Colotta 

et al., 1994). Both receptors can exist as soluble forms in health and disease. Binding of 

IL-1 to IL-IR I induces the intracellular binding of IL -IR  accessory protein (IL-IR - 

AcP), which forms a tightly bound complex with IL-1 and IL -IR I (Greenfeder et al., 

1995).

1.7.1 IL-la.

P ro-IL -la  is fully active when translated and remains intracellular. It shares 19- 

26% homology with IL-1(3, which is the predominant form of IL-I in the brain and 

other tissues (Ayala et al., 1994), but they are derived from different gene products 

(Feghali and W right, 1997). In humans, blood monocytes do not process or secrete 

mature IL - la ,  however, murine IL - la  is more widespread (Dinarello, 1996). Pro-IL- 

l a  is cleaved by extracellular proteases and can also be cleaved by calpain. It is 

believed that p ro -IL -la  may be involved in cell differentiation and is found in high 

concentrations in keratinocytes of the skin (Hauser et al., 1986). IL - la  binds to IL-IR I, 

which is then internalised and the complex may act as transcription factor by binding to 

DNA (Mizel etal.,  1987).

1.7.2 IL-1 p.

Constitutive expression of IL -ip  in brain occurs in neurons, astrocytes, 

oligodendrocytes and endothelial cells. However, another source of IL-1 (3, following 

brain insult maybe invading macrophages (Touzani et al., 1999). IL -ip  contains a clear 

TATA box sequence, unlike the IL - la  gene, and other promoter regions are found over 

several thousand base pairs (Touzani et al., 1999). P ro-IL-ip remains in the cytosol and 

is only marginally active. Release of mature IL-1 (3 is linked to processing by ICE 

(Black et al., 1988) but pro-IL-l(3 can also be cleaved by trypsin, elastase and

23



chym otrypsin at different amino acid sites (D inarello, 1996). There are many non- 

microbial inducers of IL-1|3, which include hypoxia, ultraviolet B, y-irradiation, kainic 

acid, melatonin, collagen and phorbol esters (D inarello, 1996). D epending on the 

stimulus, IL-1|3 mRNA levels can increase within 15 minutes but in general start to 

decline after 4 hours (Jarrous and Kaempfer, 1994). Once released from cells, mature 

IL -ip  can trigger the IL-IRI on neighbouring and distant cells from the site of release, 

and it is this characteristic that implicates IL-1|3 in systemic disease (Dinarello, 1996). 

The cells in the brain, which have been shown to produce IL-1,(3 are neurons and glial 

cells (Eriksson et al., 1999).

1.73 ICE.

ICE (also known as caspase-1) cleaves IL-1(3 at the aspartic acid-alanine 

position, which corresponds to amino acids 116-117 (Black et al., 1988). It is part of a 

growing group of cysteine proteases called the caspases. It is highly conserved among 

rodents and humans, suggesting that rodent models of neuroinflam m ation may be 

predictive of efficacy of ICE inhibitors in humans (Vasilakos and Shivers, 1996). ICE 

exists as a 45kD precursor and requires two internal cleavages to form the active 

heterotetram er consisting of two lOkD and 20kD hom odim ers (D inarello, 1996; 

H engartner, 2000). This cleavage is achieved by another caspase, caspase-11 

(Friedlander and Yuan, 1998). It is a mammalian homologue of CED-3, which is a 

protein involved in cell suicide in the nematode Caenorhabditis elegans (Friedlander 

and Yuan, 1998). ICE also regulates the secretion o f interferon-y indirectly through the 

regulation of IL-18 (Friedlander and Yuan, 1998). There are 5 human isoforms of ICE 

(IC E a, (3, y, 6, and e). ICEe is a truncated form o f ICE and is thought to inhibit ICE 

activity by binding to the p20 chain (Dinarello, 1996). ICE is also known to cleave 

poly- (ADP- ribose) polymerase (PARP), which is a DNA repair enzym e, however, 

cleavage of PARP requires 50 to 100 times the activity of that needed for IL-1|3 (Gu et 

al., 1995). Agents inhibiting ICE activity have been shown to reduce IL-l(3-induced 

damage (Dinarello, 1996).

1.7.4 IL-lra.

As described above, IL -lra  is the endogenous antagonist o f IL-1. Three 

different isoforms exist. The secreted form (IL -lra l)  is a glycosylated extracellular
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protein with a molecular weight of 22kD (Palin et al., 2001). IL -lra2  (18kD) and IL- 

lra3  (16kD) are intracellular unglycosylated proteins (Palin et al., 2001). IL -lra  

inhibits cellular responses to IL-1 by binding to IL -IR I w ithout inducing cellular 

transduction. IL -lra  has two binding sites, which are similar to IL-1|3. However, it is 

thought that one site is more homologous to IL-1 (3 than the other and it binds to the 

receptor by this part of the protein (Grutter et al., 1994). Lacking the second binding 

site, to which the IL-lRI-AcP is thought to bind on IL-1|3, prevents signal transduction 

(Dinarello, 1996).

1.75 Biological actions of IL-ip in the brain.

Expression of IL-1 (3 has been shown to be induced by both systemic and local 

insult (Rothwell and Luheshi, 1994). An increased expression o f IL-1(3 has been 

observed in many neurodegenerative conditions, including AD (Holden and Mooney, 

1995; Griffin et al., 1989; Blum-Degen et al., 1995), Parkinson’s disease (Blum-Degen 

et al., 1995) and Down’s syndrome (Griffin et al., 1989). Kainic acid administration 

has been shown to lead to the downstream production of IL-1 (3 and it has been used to 

localise the expression of IL-1 (3 in the brain. Increased expression of IL-1|3 was 

observed in the CAl field and dentate gyrus of the hippocampus, the entorhinal and 

perirhinal regions of the cortex and in the hypothalamus, 12 hours after intraperitoneal 

injection o f kainic acid (Eriksson et al., 1999). IL -ip  has also been shown to be 

produced by excitotoxic stimulation, for example by microglial cells 4 hours following 

infusion of the NMD A agonist 2,4-methanoglutamate into the cortex while expression 

was increased in astrocytes 2 days after stimulation (Pearson et al., 1999). Sim ilar 

increases in ICE mRNA and expression have been observed in the hippocampus of 

guinea pigs following global forebrain ischemia (Bhat et al., 1996).

IL-1 (5 has been found to be increased in the hippocam pus (M cGahon et al., 

1999a and b) and in the cortex (O ’Donnell and Lynch, 1998) of aged rats and was 

found to be elevated in the urine of older humans (Dinarello, 1996). It has been shown 

to increase ROS production and lipid peroxidation in the hippocampus (Murray and 

Lynch, 1998a) and lipid peroxidation in the cortex (O ’Donnell and Lynch, 1998) in 

vitro. IL-1|3 has been shown to inhibit LTP in the dentate gyrus of rats both in vivo 

(Murray and Lynch, 1998a) and in vitro (Cunningham et al., 1996) and has been shown 

to inhibit glutamate release in synaptosomes prepared from the dentate gyrus in vivo
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(Vereker et al., 2000a). Low concentrations of IL-1|3 (1-lOng/ml) have been shown to 

inhibit the K^-induced rise in intracellular Câ "̂  in cortical synaptosomes prepared from 

rats (Campbell et al., 1998). However, higher concentrations of IL-1(3 (100-500ng/ml) 

were shown to markedly increase intracellular Ca^* concentrations in young and middle 

aged rats but not in aged rats (Campbell et al., 1998).

1.8 p38 mitogen activated protein kinase.

Once a stimulus, such as the binding of IL-1(3 to IL -IR I, has been received by a 

cell, a cascade of signalling events occurs which co-ordinate appropriate responses. A 

group o f proteins called the mitogen activated protein kinases (M APK) have been 

shown to been involved in this cascade (Robinson and Cobb, 1997). The MAPKs can 

be divided into 2 categories; extracellular signal regulated protein kinases (ERKs), 

which are activated by growth factors promoting survival, and the stress activated 

protein kinases (SAPKs), which include p38 and c-Jun N-terminal kinase (JNK) and 

are activated by stresses such as cytokines and irradiation and initiate apoptosis (Legos 

et al., 2001). These MAPKs are activated by MAPK kinase (MEK), which is activated 

by MEK kinase (MEKK). They afford this activation by dual tyrosine/threonine 

phosphorylation in subdomain VIII of the catalytic domain (Robinson and Cobb, 1996; 

Kyriakis and Avruch, 1996).

p38 has been extensively studied in relation to its ability to promote cell death 

following exposure to stressors such as cytokines, irradiation, osmotic shock, UV 

protein synthesis inhibitors and DNA-damaging agents (Robinson and Cobb, 1996). 

Stimulation of the cell by these stressors leads to an activation of GTP binding proteins, 

such as Cdc42, activate Ste20p-related kinases. These activate M EKK 1-3, which in 

turn activates MEK3 and 6. These are the kinases that phosphorylate p38 (Robinson 

and Cobb, 1996). Like the yeast H O G IP, p38 contains the m otif TGY whereas JNK 

and ERK have the motif TEY (Kyriakis and Avruch, 1996). p38 has four isoforms with 

p38a and |3 being relatively ubiquitous, p38y is expressed in muscle and p386 is 

expressed in the lung and kidney (Maruyama et al., 2000).

Inhibition studies have revealed the involvement of p38 in many models of cell 

death. SB203580 has been shown to block apoptosis induced by nerve growth factor 

(NGF) withdrawal from CESS B cells (Rosini et al., 2000) and was also shown to 

block apoptosis induced by sodium arsenite in cultured cortical neurons (Namgung and
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X ia, 2000). p38 has been im plicated as playing a pivotal role in the changes associated  

with neuronal injury caused by focal ischem ia (L egos et  al . ,  2001; Barone et  al . ,  2001) 

and has a lso  been im p licated  in the IL-1(3 in d u ced  im pairm ent o f  L T P . p38  

phosphorylation  has been show n to be increased  in the dentate gyrus o f  rats in 

circum stances in which LTP was inhibited by intracerebroventricular (icv) injection o f  

IL -lp  (Vereker et al. ,  2000a). H ow ever, S B 203580  has been show n to block the IL-1(3- 

induced inhibition o f  LTP in dentate gyrus o f  the rat in vi t ro  (C oogan  et  a l . ,  1999). 

ROS has also been im plicated in p38 activation. H 2 O 2  has been show n to increase p38 

activation in hippocampal synaptosom es in vitro (O ’D onnell et  al. ,  2000).

1.9 Apoptosis.

C ells undergoing ap optosis exh ib it d istinct m orph olog ica l ch a n g es. T hese  

in c lu d e m em brane b leb b in g , ce ll sh rink age, protein  fragm en ta tion , chrom atin  

condensation  and D N A  degradation. T he rem ains o f  the ce ll are then en gu lfed  by 

neighbouring c e lls , activated m acrophages and m icroglia . A p op tosis is a necessary  

phenom enon during developm ent and optimal body m aintenance requires that about 10 

m illion  ce lls  d ie per day to balance the num bers o f  new  ce lls  produced by m itosis  

(H eem els, 2000). H ow ever, in the C N S , neuronal ce ll death is a feature o f  acute and 

chronic neurodegenerative d iseases, including A D  and Parkinson’s d isease (Yuan and 

Yankner, 2 0 0 0 ). T he trigger w hich  initiates apoptosis is unknow n but requires the 

activation  o f  a fam ily  o f  cystein e proteases ca lled  casp ases. A ll casp ases contain  a 

cyste in e active site and c lea v e  other proteins at aspartic acid residues. There are at 

present 14 known caspases with roughly tw o thirds proposed to play a role in cell death 

(Thornberry and L azebnik, 1998). T hey are synthesised  as inert zym ogen s and pro- 

caspases contain 3 dom ains; an N-term inal dom ain, a p20 subunit and a plO  subunit 

(Hengartner, 20 0 0 ). They can cleave structural proteins such as lam ins and fodrins, as 

w ell as D N A  repair enzym es such as PARP (Thomberry and L azebnik, 1998).

There are at least three possib le w ays in which caspases can becom e activated  

(Hengartner, 2000). First they can be processed  by upstream caspases - this infers that 

at least one type o f  caspase is already activated . It is p o ss ib le  that autocatalytic  

activation occurs; c leavage betw een  the p20 and plO  dom ains and betw een  the pro

dom ain and the p20 domain is required, and this occurs betw een  aspartic acid and its 

neighbouring residues on the pro-caspase (Thom berry et  al . ,  1997). C aspase-3 , -6  and
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-7  are effector caspases and are probably activated in this way (Hengartner, 2000). 

Secondly, activation can occur by the process known as induced proximity. This occurs 

when a ligand binds to the CD95 receptor, which aggregate and form a membrane 

bound signalling complex. Pro-caspase-8 and pro-caspase-10 contain a death effector 

domain that binds to the aggregated receptors. Due to the close proximity they can then 

mutually cleave and activate each other (Hengartner, 2000). Thirdly, association with 

regulatory subunit can occur. The most complex activation of a caspase is that of 

caspase-9 which requires the persistent binding of apoptotic protease-activating factor- 

1 (APAF-1; Li et al., 1997). Depletion of caspase-9 from cell extracts prevents the 

cytochrome c-inducible activation of other caspases such as caspase-3, -6, -7 and -1 0  

(Slee et al., 1999). Caspase-9 contains a caspase activation and recruitment domain 

(CARD), which allows caspase-9 to activate the effector caspases especially caspase-3 

(Hengartner, 2000).

Neuronal apoptosis, like other cell types, requires the activation of APAF-1. In 

the nematode Caenorhahditis elegans the Bcl-2 hom ologue, CED -9, binds to the 

APAF-1 homologue, CED-4, although this has not been observed in mammals (Yuan 

and Yankner, 2000). In mammals, the Bcl-2 family o f mitochondrial proteins regulates 

the translocation of mitochondrial proteins such as cytochrome c. They may effect 

release by forming channels, interacting with other proteins to form channels, or may 

rupture the outer mitochondrial membrane (Yuan and Yankner, 2000). Cytochrome c 

forms a complex with APAF-1, which then activates caspase-9.

The Bcl-2 family all contain one or more Bcl-2 homology domains and are 

either pro-apoptotic or anti-apoptotic. Bcl-2 and Bc1-Xl are anti-apoptotic and are 

localised on the mitochondrial outer membrane whereas Bax and Bcl-Xs are pro- 

apoptotic and reside in the cytosol (Yuan and Yankner, 2000). Bax is widely expressed 

in the nervous system while Bcl-2 expression is high in the CNS during development 

but declines after birth; this contrasts with the periphery where the expression remains 

high during life (Yuan and Y ankner, 2000). Bcl-2 and Bax can hom o- or 

heterodimerise and each can neutralise the other’s effect suggesting that their relative 

concentration in mitochondrial membranes can determine whether or not cell death will 

occur (Kannan and Jain, 2000). It has also been shown that the both p38 and JNK are 

involved in regulating apoptosis (Legos et al., 2001). One possible way in which they 

might achieve this is through the activation of Ribosomal S6 Kinase (RSK). RSK can
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phosphorylate B ad, another pro-apoptotic B cl-2  fam ily m em ber (Y uan and Yankner, 

2 0 0 0 ). H ow ever, R SK  can also phosphorylate C R E B , w hich  prom otes ce ll survival 

through the transcription o f  B cl-2  (Yuan and Yankner, 2000). It, therefore, appears that 

the SA PK s may have a dual role in apoptosis.

H 2 O 2 , and trimethyltin, a organometal shown to induce neuronal apoptosis, have 

been shown to increase cytochrom e c translocation and increase caspase-3 activation in 

Jurkat T ce lls  w ithin 2hr o f  treatment (Stridh et  al . ,  1998). C leavage o f  caspases-1 and 

- 3  and an increase in D N A  fragm entation have been  sh ow n  in the hum an brain 

fo llo w in g  traumatic brain injury (Clark et  al . ,  1999). A n inhibitor o f  casp ase-3 , N - 

b enzyloxycarbonyl-A sp-G lu-V al-A sp-fluorom ethyl ketone, has been show n to block  

neuronal death fo llow in g  traumatic brain injury in rats (Clark et  al. ,  2000). This adds to 

the ev idence that caspase-3 mediates neuronal apoptosis.

1.10 Y-Irradiation.

W hole-body y-irradiation can result in one o f  the m ost devastating form s o f  

dam age that can be inflicted in the C N S. A large range o f  apoptosis-inducing agents are 

stim ulated and even  low  doses o f  irradiation can affect cellu lar activity, y-, x-ray-, U V - 

and ionising-irradiation all cause dam age to ce lls  and tissu es. Irradiation can cause an 

increase in ROS production, especially  increasing the production o f ‘OH (Packer et  al. ,  

1997). Ionising irradiation has been linked to an increase in lipid peroxidation (T olliver  

and Pellm ar, 1987; Varshney and K ale, 1995) perhaps as a consequence o f  an increase 

in ROS accum ulation. Irradiation can also stim ulate IL-1|3 production (D inarello , 1996) 

and p38 activation (R obinson and C obb, 1996). y-Iiradiation w as show n to increase 

JNK activation and D N A  fragmentation in Jurkat T cells (Chen et  al. ,  1996a and b). IL- 

1(3 concentration w as shown to be increased in the presence o f  m acrophages isolated  

from  irradiated an im als (Ibuki and G o to , 1 999) and a lso  sh ow n  to increase  

cyclooxygenase-2  and prostaglandin E 2  in PC-3 ce lls  (Steinauer et al. ,  2000).

An increase in certain markers o f  apoptosis, such as casp ases, cytochrom e c , 

B cl-2  fam ily  and PA R P have also been observed fo llo w in g  irradiation. W hole-body  

ion isin g  irradiation has been show n to increase the exp ression  o f  the precursors o f  

casp ase-1 , -2 , -3 and - 8  in the cerebellum  o f  neonatal rats (Ferrer, 1999). In the sam e 

study the author reported that an increase in the activity o f  caspase-3 was observed but 

that injection o f  the caspase-3 inhibitor Y -D E V -cm k prevented this increase. H ow ever,
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no change was observed in the biochemical characteristics of apoptosis in the rats that 

were irradiated and treated with the inhibitor (Ferrer, 1999). This would imply that 

apoptosis was not reliant on caspase-3 activation. An increase in the 89kD (cleaved 

form) PARP protein was seen following irradiation in this same study (Ferrer, 1999).

An increase in cytochrome c release was reported in RPM I-8226 (a myeloma 

cell line) following y-irradiation (Filippovich et al., 2001) and in the same study an 

increase in Bcl-2/Bax heterodimerisation in irradiated com pared with non-irradiated 

cells was observed (Filippovich et al., 2001). mRNA expression of Bcl-2 was shown to 

be increased in spleenocytes isolated from irradiated mice fed an antioxidant diet 

containing vitamins E and C compared with mice that did not receive the antioxidant 

supplement (Ushakova et al., 1999). In the same study, expression of SOD and catalase 

mRNA was shown to be decreased in spleenocytes isolated from irradiated mice fed on 

the control diet. The antioxidant diet was shown to be effective in preventing the 

decrease in catalase mRNA expression (Ushakova et at., 1999).

It has been reported that the hippocampus is particularly sensitive to irradiation 

(Tolliver and Pellmar, 1987). Apoptosis was shown to be increased in dentate gyrus 

granule cells of x-ray-irradiated mice (Nagai et al., 2000) while w hole-body y- 

irradiation was reported to disturb hippocampal cellular activity in the rabbit (Bassant 

and Court, 1978). This was corroborated by data presented by Pellmar and Lepinski 

(1993) who reported that irradiation exerted dam aging effects in C A l and dentate 

gyrus. The authors reported that 5Gy of ionising irradiation impaired the acquisition of 

new learning tasks while lOGy of radiotherapy induced altered firing patterns and 

modified synaptic potentials in human patients (Pellmar and Lepinski, 1993).

1.11 Lipopolysaccharide.

LPS is an integral part of the cell wall of gram-negative bacteria. In healthy 

subjects, gram-negative bacteria reside mostly in the gut, and only after antibiotic 

agents or host immune modulators lyse the bacteria, is the host exposed to LPS. LPS 

contains a lipid A moiety and two 3-deoxy-D-manno-octulosonic acid residues (Marsh 

and W ewers, 1996). LPS activates cells by binding to a 55kD protein called CD14 

th rough  its lip id  A m oiety  (M arsh  and W ew er, 1996). C D 14 is a 

glycosylphosphatidylinositol (GPI)-anchored membrane bound protein, however, it is 

not the signalling receptor (O ’Neill and Dinarello, 2000). LPS is known to bind to a
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LPS binding protein (LBP) which accelerates its binding to CD 14 (Hailman et al., 

1994). This complex, consisting of LPS, LBP and CD 14, then binds to the signalling 

receptor, toll-like receptor-4 (TLR-4; O ’Neill and D inarello, 2000). This recruits 

MyD88 within the cell and an intracellular signalling cascade commences (O ’Neill and 

Dinarello, 2000).

Intracerebroventricular injection of LPS has been shown to increase p38, JNK 

and caspase-1 activity, ROS production and IL-1(3 concentration in the hippocampus of 

rats (Vereker et al., 2000b). The increase in IL-1(3 concentration and JNK activity in 

the hippocampus of the same study was reversed with pre-treatment with icv injection 

of the caspase-1 inhibitor Ac-YVAD-cmk (V ereker et al., 2000b). Intraperitoneal 

injection of rats was also reported to increase the concentration of IL -lra  in neurons 

and microglia in the hippocampus (Palin et al., 2001). LPS-induced changes have also 

been shown in the periphery. An increase in the activation of p38 was seen in human 

neutrophils following LPS challenge in vitro (Nick et al., 1996). It has also been shown 

to induce IL-1(3, IL-6 and corticosterone production in the serum of Sprague-Dawley 

rats that received intraperitoneal injection of LPS (Hansen et al., 2000).

LPS has been shown to im pair LTP in perforant-path granule cells in rats 

following icv injection (Vereker et al., 2000b). This LPS-induced im pairm ent was 

associated with a decrease in glutamate release, however, the LPS-induced impairment 

in LTP was blocked by pre-treatm ent with the caspase-1 inhibitor Ac-YVAD-cmk 

(Vereker et al., 2000b). In the same study, the caspase-1 inhibitor also prevented the 

LPS-induced increases in IL-1(3 concentration, caspase-1 activity, PARP cleavage and 

cytochrome c translocation in the entorhinal cortex (Vereker et al., 2000b).
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1.12 Objectives.

The main objectives of this study are:

• To assess the age-related changes that occur in the cortex o f the rat and to 

determine whether dietary manipulation with the antioxidant a-lipoic acid has the 

ability to reverse any of these age-related changes.

• To assess the ability of the (o-3 fatty acid eicosapentaenoic acid to reverse age- 

related changes in the hippocam pus and cortex, specifically  the age-related 

increases in ROS production and IL-1(3 concentration and the age-related 

impairment in LTP.

• To assess the effect of whole-body y-irradiation on LTP and on hippocampal IL-1(3 

concentration and ROS accumulation

• To assess the ability of EPA and vitamins E and C to protect the hippocampus 

against the deleterious effects of y-irradiation.

• To assess the ability of EPA and vitamins E and C to protect the hippocampus 

against the deleterious effects of LPS challenge.
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Chapter 2:
Materials and Methods



2.1 Materials

M aterials Source

Acetic acid Sigma

Acetonitrile Lennox

Acrylamide Sigma

7-Amino-4-(trifluoromethyl) coumarin Sigma

Anti-rabbit IgG Amersham

Anti-rat Bax antibody Santa Cruz

Anti-rat Bcl-2 antibody Santa Cruz

Anti-rat cytochrome c antibody Santa Cruz

Anti-rat glutamate antibody Sigma

Anti-rat p38 antibody Santa Cruz

Anti-rat PARP antibody Santa Cruz

Aprotinin Sigma

Ascorbic acid (Diet) Beeline Healthcare

Bio-Rad Bio-Rad

Laboratories

Bovine serum albumin Sigma

Butylated hydroxytoluene Sigma

Calcium chloride Lennox

Catalase Sigma

Cobalt Chloride Sigma

Copper sulphate Lennox

Cumene hydroperoxide Sigma

DeadEnd™ Colorimetric Apoptosis Detection System kit Promega

DEVD peptide Alexis

T T  Dichlorofluorescein Sigma

2 ’7 ’ Dichlorofluorescin diacetate M olecular Probes

Diethylenetriaminepentaacetic acid Sigma

Dimethyl sulphoxide Sigma

Dinitrophenylhydrazine Sigma

5,5’-Dithio-bis(2-nitrobenzoic acid) Sigma

dL-a-tocopheryl acetate (Diet) Beeline Healthcare
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DNAse Sigma

Docosahexaenoic acid (Diet) Laxdale Research

DuoSet ELISA IL -113 kit Genzyme

Eicosapentaenoic acid (Diet) Laxdale Research

Enhanced Chemiluminescence Detection kit Amersham

Ethanol Lennox

Ethylenediaminetetraacetic acid Sigma

1 -Ethyl-3-(3-dimethylaminopropyl)carbo-diimide hydrochloride Sigma 

Ethylene glycol bis ((3-aminoethylether) ‘tetraacteic acid Sigma 

Ferrous Sulphate Sigma

Glucose Lennox

Glutathione Sigma

Glutathione reductase Sigma

Glycine Sigma

HEPES Sigma

Hexane Lennox

Hydrochloric acid Lennox

Hydrogen peroxide Sigma

Hyperfilm Amersham

IL-1|3 antibodies R&D Systems

Leupeptin Sigma

a-Lipoic acid (Diet) Laxdale Research

Lipopolysaccharide Sigma

Magnesium sulphate Lennox

Malondialdehyde Sigma

P'Marcaptoethanol Sigma

Methanol Lennox

Nicotinamide Adenine Dinucleotide Phosphate Sigma

Nitroblue tetrazolium Sigma

Nitrocellulose extra blotting membrane Sartorius

2-Nitrophenylhydrazine hydrochloric acid Sigma

Paraformaldehyde Agar Scientific Ltd.

Pepstatin Sigma
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Phenylmethylsulphonyl Fluoride Sigma

Potassium chloride Lennox

Potassium hydroxide Sigma

Potassium phosphate Sigma

Potassium thiocyanate Sigma

Protease X Sigma

Protease XIV Sigma

SB203580 Calbiochem

Sodium azide Sigma

Sodium carbonate Sigma

Sodium chloride Sigma

Sodium dodecylsulphate Sigma

Sodium hydrocarbonate Sigma

Sodium hydroxide Lennox

Sodium phosphate Sigma

Sucrose Lennox

Sulphuric acid Lennox

SuperSignal Pierce

T etramethoxypropane Sigma

Thiobarbituric acid Sigma

T N F-a Immunoassay kit Biosource

Trichloroacetic acid Sigma

T riethy lenetetraamine Sigma

Tris acid Sigma

Tris base Sigma

Triton X-100 Sigma

Tween-20 Lennox

Urethane Sigma

Whatman filter paper Lennox

Xanthine oxidase Sigma

Xanthine Sigma

YVAD peptide Alexis
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2.2 Animals. 

2.2.1 Housing of animals.

All animals used were male W istar rats. “Young” rats were aged between 2 and 

4 months and were an inbred strain supplied by the BioResources Unit (BRU) of 

Trinity College Dublin or Bantham and Kingman, UK and weighed between 250 and 

350g. Anim als were housed in groups of 6 unless otherw ise stated. In some 

experiments the effects of age were assessed and male W istar rats were used. “Aged” 

rats were between 20 and 24 months old and were an inbred strain supplied by 

Bantham and Kingman, UK. These weighed between 500 and 600g and were generally 

housed in pairs unless otherwise stated. All rats were maintained under a 12-hour light- 

dark cycle in the BRU and food (normal laboratory chow, unless otherwise stated) and 

water was available ad libitum. Ambient temperature was controlled between 22 and 

23°C.

2.2.2 Dietary manipulation

In all but one series of experiments rats were fed on specific diets (see below). 

Animals were randomly divided into subgroups and were housed in pairs, in groups of 

3 or in groups of 6.

In one series of experiments young and aged rats were fed for 8 weeks a diet 

enriched in a-lipoic acid. One subgroup of rats received the experimental diet which 

consisted of the following-in terms of lipid content: 20% y-linolenic-lipoic acid diol 

(racem ic mixture), 40% tuna oil containing 24% docosahexaenoic acid and 1.7% 

arachidonic acid and 40% microbial oil containing 40% arachidonic acid, 3% y- 

linolenic acid and 4% dihomo-y-linolenic acid (Laxdale Research, Stirling, Scotland). 

The overall composition of the diet, in terms o f polyunsaturated fatty acids, was, 

therefore, 20mg y-linolenic-lipoic acid diol, 9.6mg docosahexaenoic acid, 16.4mg 

arachidonic acid, 1.2mg % y-linolenic acid and 1.6mg dihomo-y-linolenic acid. One 

group of both aged and young rats received normal laboratory chow supplemented with 

lOOmg experimental lipid/rat/day (100% a-L P A  diet). A further group of aged rats 

received laboratory chow supplemented with 50mg experimental lipid/rat/day (50% a-  

LPA diet). A third group of rats were fed a control diet consisting of normal laboratory 

chow to which corn oil was added to ensure isocaloric content to all diets. Food intake 

was measured for 2 weeks before the start of the dietary period to establish daily food
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and water intake. Sufficient diet was then prepared for 2-3 days and daily allowances 

w ere stored in airtight containers at -80°C and rats were offered their full daily 

requirement each day.

In a second series of experiments young and aged rats were fed for 8 weeks a 

diet enriched in docosahexaenoic acid (DHA; lOmg/rat/day). Rats were randomly 

divided into groups and received either the DHA diet (26% w/v in tuna oil; Laxdale 

Research, Stirling, Scotland) or the control diet to which corn oil was added to ensure 

isocaloric intake. Food intake was measured for 2 weeks before the start of the dietary 

period to establish daily food and water intake. Sufficient diet was then prepared for 2- 

3 days and daily allowances were stored in airtight containers at -80°C and rats were 

offered their full daily requirement each day. Animal husbandry in these two dietary 

m anipulation experim ents was supervised by Dr. Bernadette M cGahon who kindly 

provided me with samples for the experiments described in this thesis.

In a further series of experim ents, young and aged animals were randomly 

divided into groups which were fed for 8 weeks an experim ental diet of normal 

laboratory chow enriched with ethyl-eicosapentaenoic acid (EPA diet; lOmg/rat/day for 

5 weeks and 20mg/rat/day for 3 weeks; EPA) or a control diet of normal laboratory 

chow. Both diets had an isocaloric value. The composition of the EPA diet was 20:5(n- 

3) eicosapentaenoate (ethyl eicosapentaenoate), which was greater than 95% pure with 

0.2% dl-tocopherol as an antioxidant. Food and water intake was measured for 2 weeks 

before the start of the dietary period to establish daily food and water intakes. Sufficient 

diet was then prepared for 2-3 days and daily allowances were stored in airtight 

containers at -80°C and rats were offered their full daily requirement each day.

In a further series of experim ents, young rats were divided random ly into 

groups and fed for 4 weeks a diet enriched in EPA at a concentration o f either 1% or 

2% of daily intake of food. The EPA and control diet was the same as described 

previously (see above).

In the final series of dietary manipulation experiments, young rats were fed a 

diet enriched in vitamins E and C. The rats were divided into groups and were fed an 

experimental diet of laboratory chow to which dL-a-tocopheryl acetate (vitamin E; 

250mg/rat/day; Beeline Healthcare, Dublin, Ireland) dissolved in vegetable oil enriched 

in monounsaturated fatty acids. Rats received drinking water ad libitum  in which L- 

ascorbic acid (vitamin C; 205mg/rat/day; Beeline H ealthcare, Dublin, Ireland) was
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d isso lv ed . C on tro l g roups w ere g iven  norm al lab o ra to ry  chow  to w hich  the 

m onounsaturated  oil was added to ensure both groups received an isocaloric  intake. 

Food intake was m easured for 2 weeks before the start o f the dietary period to establish 

daily food and w ater intakes. Sufficient diet was then prepared for 2-3 days and daily 

allow ances were stored in airtight containers at -80°C and rats w ere offered their full 

daily requirem ent each day.

2.23 Irradiation experiments.

In som e experim ents rats were subjected to w hole body y-irradiation. This took 

place in the D epartm ent o f B iology, N ational U niversity o f Ireland , M aynooth. In the 

first series o f experim ents young rats w ere irradiated at a dose o f lOGy @ 20G y/m in 

using a N ordion G am m acell Caesium  Irradiator. The rats were left to recover for 4 days 

before long-term  potentiation (LTP) was assessed. In the second series o f experim ents 

involving y-irradiation a dose o f lOGy @ lOGy/min was used. Again rats were allowed 

to recover for 4 days before LTP studies were carried out.

23  Preparation of tissue.

Rats were k illed by cervical d islocation and decapitation  and the brains were 

rapidly rem oved and dissected  on ice. The h ippocam pus, dentate  gyrus, entorhinal 

cortex and cortex were dissected free. This procedure took approxim ately 2 m inutes.

23.1 Preparation of slices for freezing.

Freshly d issected  tissue was sliced b id irectionally  to a th ickness o f 350/<m 

using a M cllw ain tissue chopper and placed in m icrofuge tubes containing 1ml Krebs 

solution (com position in mM; NaCl 136, KCl 2.54, K H 2PO 4 1.18, M gS 0 4 .7 H 2 0  1.18, 

NaH COj 16, g lucose 10) with added C aC l2 (2m M  final concen tration). S lices w ere 

allow ed to settle and were rinsed once m ore with Krebs solution containing C aC l2. The 

slices were rinsed a further two tim es with Krebs solution containing C aC l2 containing 

10% D M SO  and stored at -80°C until required for later analyses.

23.2 Preparation of cytospun cells.

Freshly d issected  and, in som e cases, frozen en torh inal cortical and cortical 

slices were dissociated and spun onto glass m icroscope slides. Slices were allow ed to
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equilibrate in oxygenated Krebs solution containing C aC l2 for 30m in at 30°C and then 

incubated in Krebs solution containing CaC lj containing protease X (1 m g/m l), protease 

XIV (1 m g/m l) and DN Ase (1600 K unitz) for 30m in at 30°C. W ashed slices w ere 

resuspended in 1ml D ulbecco’s m odified essential m edium  containing D N A se (1600 

K unitz), triturated with a glass pasteur pipette and passed through a nylon m esh filter to 

rem ove tissue clum ps. Suspensions o f d issociated  ce lls  w ere cy tospun  (Shandon 

cytospin II) at 600rpm  for 2m in to facilitate adherence onto  glass m icroscope slides. 

T he slide-m ounted cells were im m ersed gently into m ethanol in order to fix the cells 

and were stored at room tem perature, in the dark until required for analysis.

2.4 Protein quantification using the Bradford protein assay.

Protein quantification was assessed accord ing  to B radford  (1976). Sam ples 

(10//1) were added to 150;/1 dH jO  in a 96-w ell plate (m icrotest plate; Sarstedt, Ireland) 

in duplicate. Standards were prepared from  a stock solution o f 200//g/m l Bovine Serum  

A lbum in (BSA ). This was diluted in dH 20 to prepare a range o f standards (including a 

blank o f dH 20) ranging from  200//g/m l to 3.125/<g/ml. D uplicate aliquots (160//1) o f 

standard were added to the 96-w ell plate and B io-Rad (B io-R ad, H ertfordshire, UK) 

reagent (40//1) was added to both sam ples and standards. A bsorbance was assessed at 

630nm  using a 96-w ell plate reader (EIA  M ultiw ell reader, S igm a, D orset, U K ). A 

regression  line was p lotted and the concen tra tion  o f  p ro te in  w as ca lcu la ted  and 

converted to mg protein/m l.

2.5 Induction of LTP in vivo.

2.5.1 Preparation of rats.

Rats were anaesthetised by an intraperitoneal in jection o f urethane (1.5g/kg). 

The absence o f a pedal reflex was used to confirm  deep anaesthesia and if needed a 

further top-up dose was adm inistered (to a m axim um  o f 2g/kg). Fur on the scalp was 

clipped and the head was positioned in a head holder in a stereotaxic fram e. A  m idline 

incision was m ade by a scalpel and the skin pulled  back  to  reveal the skull. The 

periosteum  was scraped clear and a dental drill was used to rem ove a w indow  o f  skull 

that w ould allow  correct p lacem ent o f the e lectrodes. The dura m ater was carefully  

peeled away so as to expose the brain. The recording cham ber consisted o f a stereotaxic 

unit attached to the laboratory bench and surrounded by a Faraday cage to isolate it
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from interference from the external environm ent. All instrum ents in the cage were 

grounded to eliminate 50Hz cycle noise.

2.5.2 Electrode implantation.

Bipolar stim ulating electrodes and unipolar recording electrodes (Clark 

Electromedical, UK) were used in this study. The stimulating electrode was placed on 

the surface of the brain, 4.4mm lateral to lambda. The recording electrode was placed 

on the surface of the brain 2.5mm lateral and 3.9mm posterior to bregma. The positions 

of the electrodes were carefully monitored as they were lowered through the cortical 

and hippocampal layers to the perforant path granule cell layer of the dentate gyrus. 

This was carried out by generating 0.1msec duration, 2msec delay, 4V pulse through 

the stimulating electrode at a frequency of 0.1 Hz. Evoked responses were picked up by 

the recording electrode and displayed on an Apple M acintosh com puter (Performa 

200). The stimulating electrode was lowered in increments into the perforant path. The 

recording electrode was lowered into the dentate gyrus until the characteristic perforant 

path granule cell synapse response was observed. The electrodes were finely adjusted 

so as to maximise the response. The final depth o f the recording electrode was between 

2.5 and 3.5mm and for the stimulating electrode was between 2.5 and 3mm. Stimuli 

were then delivered at 30sec intervals.

2.53 EPSP recordings.

The population field post-synaptic potential (field EPSP) was used as a measure 

of excitatory synaptic transmission in the dentate gyrus. EPSPs were achieved by 

passing a single square wave of current at low frequency (0.033H z, O .lsec, 2msec 

delay) generated by a constant isolation unit (IsoFlex, UK), to the bipolar stimulating 

electrode. The evoked response was transm itted via a pre-am plifier (DAM 50; 

Differential Amplifier; gain 75, World Precision Instruments, USA) to an analogue-to- 

digital converter (Maclab/2e, Analog Digital Instruments). This was a digitised system 

linked to an Apple Macintosh computer (Performa 200), which interfaced with the 

converter via a specifically written software package (Scope, Version 3.36). This was 

customised to control both the generation of the square wave pulses and recording of 

the evoked potentials. The field EPSPs were displayed on-line and could be analysed at 

the time of recording or in the case of these studies at a later date.
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The slope of the EPSP was taken as the main indicator of excitatory synaptic 

transmission. After a period of stabilisation, test shocks at l/30sec were recorded for a 

lOmin control period to establish stable baseline recordings. This was followed by 

delivery of 3 trains of stimuli (250Hz for 200msec) at 30sec intervals. Recording at test 

shock frequency then resumed for 40min.

In one series of experiments young rats were treated intraperitoneally with 

either lipopolysaccharide (LPS; 1ml; 100/ig/kg) or saline (1ml; 0.9%) 3hr before the 

induction of LTP.

2.6 Analysis of samples.

2.6.1 Analysis of fatty acid concentration

Fatty acid concentrations were measured as previously described (Miwa et al., 

1986). Slices prepared from hippocampal tissue were homogenised in Krebs solution 

containing CaClj and aliquots (150;/1) were added to chloroform:methanol (2:1 v/v; 

1ml) and the fatty acids and lipids were extracted by vigorous shaking for lOmin 

followed by centrifugation at 2000rpm for 2min to separate the phases. The aqueous 

layer was discarded and the top (chloroform) layer was removed and evaporated under 

nitrogen, samples were frozen at -80°C until required. When required for analysis, 

samples were resuspended in ethanol and the fatty acids were analysed as their 2- 

nitrophenolhydrazine derivatives. The samples (10/<1) were derivatised by adding 20}i\ 

2-nitrophenolhydrazine-HCl (0.02M; 2-NPH-HCl in 40mM HCl-ethanol (3:1, v/v)) to 

40/11 EDC solution (l-ethyl-3-(3-dimethylaminopropyl)carbo-diimide hydrochloride; 

0.25M EDC in ethanol mixed in equal volumes with 3% ethanolic pyridine) and 

incubated at 60°C for 20min. KOH (10/^1; 15% w/v in M e0H:H20, 80:20) was added 

and samples were incubated for 15min at 60°C. After cooling, n-hexane (300//1) and 

phosphate buffer (400/<l; 0.033M, pH6.4 in 0.5M HCl) were added and samples were 

vortex mixed for 30sec. They were centrifuged at 2000rpm for 2min and the hexane 

layer was removed and evaporated to dryness under nitrogen. For HPLC analysis, the 

samples were resuspended in methanol and were placed in an autosampler 

(SpectraSYSTEM AS3000), from which aliquots (30/<l) were automatically injected. 

The HPLC machine consisted of a SP8800 Ternary HPLC pump linked to a Hypersil 

BDS C18 column. This, in turn, was connected to a UV detector (Spectra 100 Variable 

Wavelength Detector) attached to a computer (Dell Optiplex PC 5133L), which
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allow ed record ing  and analysis o f  data. Fatty  acid derivatives w ere separated  in 

isocratic m ode w ith a m obile phase o f  85%  ACN: 15% w ater (m ain tained  at pH4.5 

w ith H C l) and detected  by UV spectroscopy at 230nm . Individual fatty  acids w ere 

determ ined from  a standard curve prepared by plotting the area under the peak against 

the corresponding  standard concentration. Individual fatty  acid concentrations w ere 

expressed  as /^m ol/m g o f tissue correc ted  fo r pro tein  (see section 2 .4  for protein  

analysis and appendix II and III for list o f  solutions used and addresses o f com panies).

2.6.2 Analysis of lipid peroxidation.

Lipid  perox ida tion  was m easured  by analysis o f  th io b arb itu ra te  reac tive  

substances (TEA R S) as previously describes by D exter et al. (1989). Slices prepared 

from  hippocam pal and cortical tissue were hom ogenised in K rebs solution containing 

CaC lj and aliquots (30//1) were incubated for Ih r at 90°C in an assay buffer (570/<l; 

3.95m l acetic acid added to 15ml w ater pH 3.5). Sodium  dodecylsulphate (0.213g) and 

thiobarbituric acid (0.158g)w ere added and w ater was subsequently  added to bring the 

assay buffer volum e to 50m l. S tandards o f tetram ethoxypropane (30//1; 6 .25 -I00 //M ) 

were also incubated in assay buffer for Ih r at 90°C. Sam ples were allow ed to cool and 

duplicate aliquots (200//1) were rem oved and placed in a 96-w ell plate  and read at 

545nm  on a S igm a D iagnostics EIA  M ultiw ell R eader (D orset, U K ). T E A R S were 

expressed  as nm ol m alondialdehyde (M D A )/m g tissue co rrec ted  fo r pro tein  (see 

section 2.4 for protein analysis).

2 .63  Analysis of vitamin E concentration.

V itam in E was assessed by H PLC according to a m odification o f the m ethod of 

V atassery  et al., 1994. Slices prepared from  hippocam pal and cortical tissue w ere 

thaw ed and hom ogenised in Krebs solution containing C aC l2 . Sam ples o f hom ogenate 

(I50/<1) w ere in cuba ted  in the p resence  o f  e thano l co n ta in in g  0 .025%  bu ty l- 

hydroxytoluene (E H T , 150//1), 25% ascorbic acid (70/<l) and 10% potassium  hydroxide 

(I3 5 /il)  for 30m in at 60°C. H exane (540//1) contain ing 0.025%  B H T was added and 

vortex-m ixed for Im in  before centrifuged at 1500 rpm  for 6m in. The upper hexane 

phase was rem oved and evaporated to dryness under nitrogen; the recovery o f vitam in 

E under this procedure was betw een 70%  and 80%  (correction for recovery  was not 

m ade). For H PLC  analysis, dried sam ples w ere resuspended  in m ethanol (150/^1)
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containing 0.025%  BHT and were placed in an autosam pler (SpectraSY STEM  

AS3000). Aliquots (30/il) volumes of standard and samples were automatically injected 

into the column. The HPLC machine consisted of a SP8800 Ternary HPLC pump 

linked to an Inertsil C l 8  column. This in turn was connected to a UV detector (Spectra 

100 Variable Wavelength Detector) attached to a com puter (Dell Optiplex PC 5133L) 

to allow recording and analysis of data. Separation of a -T H  was achieved using a 

mobile phase of 75% acetonitrile (ACN):25% methanol at a flow rate of 1.2ml/min and 

samples were detected by UV spectroscopy at 292nm. Vitamin E concentration was 

estim ated by the external standard method (6.25-100/<g/ml) and expressed as piglg 

tissue corrected for protein (see section 2.4 for protein analysis).

2.6.4 Analysis of vitamin C concentration.

Vitamin C concentrations were analysed by a modification o f the method 

previously described by Om aye et al., 1997. Slices prepared from  cortical and 

hippocampal tissue were homogenised in Krebs solution containing CaClj containing 

5% TCA and centrifuged at 15,000 rpm for lOmin at 4°C and the supernatant (100/^1) 

added to a 2 ,4-d initrophenylhydrazine/th iourea/copper (DTC) solution (50mM  

thiourea, 2mM copper sulphate and 150mM dinitrophenylhydrazine in 9N H 2 SO 4 ; 

20/<l) and incubated for 3h at 37°C. Ice-cold H 2 SO 4  (65%; 150//1) was added to stop the 

reaction. Samples were vortex mixed and incubated at room temperature for 30min and 

aliquots (100//1) were transferred to 96-well plates for assessment by UV spectroscopy 

at 545nm (Sigma Diagnostics El A Multiwell Reader, Dorset, UK). The 96-well plates 

were loaded and read within 5min. Results were expressed as ;<mol/g tissue corrected 

for protein (see section 2.4 for protein analysis) with reference to a standard curve of 

ascorbic acid (6.25-100/<g/ml) prepared in 5% TCA.

2.6.5 Analysis of glutathione concentration.

Total glutathione concentration was measured as previously described (Tietze, 

1969) with some modifications. Slices prepared from cortical tissue were homogenised 

in Krebs solution containing CaClj containing 5% TCA and centrifuged at 15,000rpm 

for lOmin at 4°C. Samples o f supernatant (30/<l) were incubated for Imin on ice with 

sample buffer (lOOmM potassium phosphate containing 5mM EDTA, pH 7.5; 450}i\), 

in the presence of glutathione reductase (100;/1; 5U/ml) and lOmM 5,5'-dithiobis-2-
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nitrobenzoic  acid  (50;<1). N A D PH  (2.4m M ; 100;<1) was added  and tlie absorbance 

m onito red  for 2m in at 412nm  using a co lo rim eter linked  to a M acL ab 2E D ata 

A cquisition  System  connected to a M acintosh Perform a 5200. A standard  curve o f 

change o f absorbance with tim e was constructed using glutath ione (6.25-100/<M) and 

the  slope o f trace was calcu la ted . R esults w ere expressed  as /^mol G SH /g tissue 

corrected for protein (see section 2.4 for protein analysis).

2.6.6 Analysis of superoxide dismutase activity.

Total superoxide dism utase (SOD) activity was m easured by a m odification o f 

the m ethod described by Spitz and O berley , 1989. Slices prepared from  hippocam pal 

and cortica l tissue  w ere hom ogen ised  in K rebs so lu tion  co n ta in in g  C aC lj and 

centrifuged  at 15,000rpm  for lOmin at 4°C. In som e experim ents cortical tissue was 

incubated  w ith IL-1(3 (In g /m l) for 15min at 31°C. The sam ples w ere centrifuged at 

2 0 0 0 rpm  for 2 m in and the supernatant d iscarded and the slices w ere resuspended in 

K rebs solution con tain ing  C aC lj and treated  as above. In all cases the resu lting  

supernatan t was d iluted in a reaction m ixture contain ing  1.8 mM  xanth ine, 2.24m M  

nitroblue tetrazolium  (NBT) 40 units o f catalase, 7/^1/ml xanthine oxidase and 1.33mM 

diethylenetriam inepentaacetic acid (D ETA PA C) in 50m M  potassium  buffer to achieve 

the d ilu tions; 1:2, 1:5, 1:10, 1:20 and 1:30. A liquots (100//1) o f each sam ple were 

added  to the reaction m ixture (900//l)in  a 1.5ml cuvette. Potassium  phosphate buffer 

(100//1; lOOmM K H 2 PO 4  and lOOmM K 2 HPO 4  pH 7 .0) w as used as a b lank. The 

absorbance was m easured at 560nm  for 5m in using a UV spectrom eter (Phillips Pye 

U nicam  8625 U V /V IS S pectrom eter, P h illips, UK ) linked  to a M acL ab  2E D ata 

A cquisition System  connected to a M acintosh Perform a 5200. Results w ere calculated 

as the  rate o f reduc tion  o f  N B T , w hich  w as inh ib ited  w ith  increasing  p ro te in  

concentrations. The data was plotted as percentage inhibition o f N B T reduction (100- 

((sam ple slope/blank slope)* 100)) versus protein concen tration . O ne unit o f activity 

was defined as the am ount o f  protein necessary to decrease the rate o f the reduction o f 

N BT by 50% . Results were expressed as units o f SO D activity per mg protein (U /m g; 

see section 2.4 for protein analysis).



2.6.7 Analysis of catalase activity

Catalase activity was determined as previously described (Cohen et al., 1996) 

with modifications. Slices prepared from cortical tissue were homogenised in Krebs 

solution containing CaClj and centrifuged at 15,000rpm for lOmin at 4°C. The resulting 

supernatant ( 100/<1) was added to microfuge tubes containing phosphate buffer (800//1). 

W ater was used as controls. The reaction was initiated by the addition of 60mM H2O2 

(diluted from stock 30% H2O2, 100/<I) followed by gentle mixing. At 2 and lOmin 

intervals, duplicate aliquots ( 100/^1) were rem oved and quenched by addition of 

samples to 0.6N H2SO4 (4ml) and lOmM ferrous sulphate (FeS0 4 .7H2 0 ; 1ml) at room 

tem perature. Colour was developed by addition o f 2.5mM  potassium  thiocyanate 

(400/<l). Two aliquots of 200/<l from each tube were transferred to a 96-well plates 

(Sarstedt) and absorbance read at 492nm (Sigma Diagnostics EIA M ultiwell Reader, 

Dorset, UK). The results were expressed in terms o f the first order reaction rate 

constant (k) and protein, as follows: enzyme units=k/protein=[ln(Al/A2)/t]/protein, 

where A1 and A2 represent the absorbance at the two time points and t is the difference 

between these points. Results are expressed as enzyme units per gram of protein (see 

section 2.4 for protein analysis).

2.6.8 Analysis of glutathione peroxidase activity.

Glutathione peroxidase activity was measured according to the method of 

Lawrence and Burk, 1976. Slices prepared from cortical tissue were homogenised in 

Krebs solution containing CaCl2 and centrifuged at 15,000rpm for lOmin. Samples of 

supernatant (100//1) were added to an incubation medium (900/il) consisting of 50mM 

potassium  phosphate buffer (pH 7.0), Im M  ED TA , Im M  sodium  azide, 0.2mM  

N A D PH, 1 unit g lutathione reductase, Im M  glutathione and 1.5mM cum ene 

hydroperoxide (15mM; lOO/il). Absorbance was recorded at 340nm for 5min using a 

UV spectrom eter (Phillips Pye Unicam 8625 UV/VIS Spectrom eter, Phillips, UK) 

linked to a MacLab 2E Data Acquisition System connected to a M acintosh Performa 

5200. The activity was calculated from the slope o f the trace obtained. A standard 

curve of NADPH (6.25-100//M ) was used to translate the results to /<mol NADPH 

oxidised/mg protein/min (see section 2.4 for protein analysis).



2.6.9 Analysis of interleukin-ip concentration.

T he Enzym e L inked Im m unoSorben t A ssay (E L ISA ) m ethod w as used to 

determ ine the concentration o f in terleukin-113 (IL -1 (3) as described before (M urray and 

Lynch, 1998a; IL-1(3; Genzym e D iagnostics, M A , U SA ). 96-w ell plates (N alge N unc, 

In ternational) were coated with 100//1 capture antibody (2 .0 /ig /m l, d ilu ted  in O.IM  

sodium  carbonate buffer, pH 9.5; m onoclonal ham ster anti-m ouse IL-1(3 antibody) and 

incubated overnight at 4°C. W ells w ere w ashed three tim es with phosphate buffered 

saline-Tw een 20 (PBS-T; 80mM  N a2H P0 4 , 20m M  N aH 2? 0 4 , lOOmM N aC l; containing 

0.05%  Tw een 20) and blocked for 2h at 37°C with 250/^1 blocking buffer, (PBS, pH7.3; 

O.OIM with 4%  bovine serum album in (BSA )). Slices prepared from  hippocam pal and 

cortical tissue were hom ogenised in Krebs solution containing C aC lj. In a separate set 

o f  experim ents hippocam pal tissue prepared from  young, untreated rats was incubated 

in the presence o f HjOj (200//M) or a control buffer (K rebs solution containing CaClj) 

for 15min at 37°C. The tissue was hom ogenised in Krebs solution containing CaC lj and 

the sam ples treated as follow s. The plates w ere again w ashed in PBS and triplicate 

aliquots o f hom ogenate or IL -ip  standard (100//1; O-lOOOpg/ml) w ere added to each 

well and incubated for Ih at 37°C. A fter the plates had been w ashed again , secondary 

antibody (100//1; final concentration 0.8//g/m l in PBS containing 0.05%  Tw een 20 and 

1% BSA; biotinylated polyclonal rabbit anti-m ouse IL-1|3 antibody) was added to each 

w ell and the plates were incubated at 37°C for Ih . The plates w ere w ashed and the 

detection agent ( 100/<1; horseradish peroxidase conjugated streptavidin; 1:10 dilution in 

PB S-T  and 1% BSA) was added to all wells and incubated for 15min at 37°C. Plates 

w ere w ashed and substrate (100/<1; te tram ethy lbenzid ine  (TM B ) liqu id  substrate; 

Sigm a, D orset, UK) was added to each well and w ere incubated at room  tem perature 

fo r lOmin. A bsorbance was read at 450nm  w ithin  30m in (S igm a D iagnostics EIA 

M ultiwell R eader, Dorset, UK).

Due to a changeover in m anufacturers a second IL-1(3 ELISA  assay was used 

(IL-1(3 antibodies, R&D system s, O xford , UK) in som e experim ents. B riefly , 96-w ell 

p lates were coated in the capture antibody (anti-rat IL -IP ; 100/^1; 0.1 m g/m l in PBS 

(137m M  N aC l, 2.7m M  K C l, 8.1m M  N a2H P0 4 , and 1.5m M  K H 2PO 4) pH 7.4) and 

incubated overnight at room tem perature. The plates were w ashed in PB S-T  3 tim es, a 

blocking buffer was added to the wells (300/<l; 1% BSA , 5%  sucrose and 0.05%  N aN j 

in PBS) and the plates were incubated for Ih r at room  tem peratu re . S tandards (0-
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lOOOpg/ml) w ere m ade from  recom binant rat IL-1(3 diluted in 1% BSA in PBS (R& D 

system s, O xford, UK ). The plates were washed 3 tim es in PB S-T and 100//1 standard or 

sam ples (as prepared above) were incubated for 2hr at room  tem perature. A fter this 

incubation period the plates were w ashed 3 tim es in PB S-T and the detection antibody 

was added (100^1; biotinylated anti-rat IL-1(3; 350ng/m l in d iluent) and incubated for 

2hr at room  tem perature. The plates w ere w ashed 3 tim es in PB S-T  and streptavidin- 

HR P conjugate (100//1) was added and incubated for 20m in at room  tem perature. The 

plates were w ashed 3 tim es in PB S-T  and Substrate Solution (100/<1; 1:1 reagent A 

(H 2 0 2 ):reagent B (TM B); R& D System s, O xford , UK ) w as added  to the w ells and 

incubated in the dark for 20m in, which created a colour change to blue. Stop solution of 

IM  H 2SO 4 (50|<1) was added and the plates w ere read at 450nm  w ithin 30m in (Sigm a 

D iagnostics EIA M ultiw ell Reader, D orset, U K ). A standard curve was constructed by 

plotting the standards against their absorption. Results are expressed as pg IL-I(3/m g 

tissue corrected for protein (see section 2.4 for protein analysis).

3.6.10 Analysis of tumour necrosis factor-a. concentration.

T he co m m erc ia lly  av a ilab le  rat T N F -a  Im m u n o assay  K it (B io so u rce  

International, F leurus, Belgium ) ELISA  system  was used. Slices prepared from  cortical 

tissue were hom ogenised in Krebs solution containing C aC l2 and w ere added (50;/1) to 

the p re-coated  (T N F -a  capture an tibody) 96-w ell p late . S tandards (O-lOOOpg/ml 

recom binant rat T N F -a ; 50;/1) were added and to this bio tinylated  an ti-T N F -a  (50//1) 

w as added. Plates were incubated for Ih r 30m in at room  tem perature and then w ashed 

in the wash buffer provided. Strepavidin-H R P W orking Solution (100//1) was added to 

the w ells and incubated for 45m in at room  tem perature. The plates w ere w ashed and 

the Stabilised C hrom ogen (I00//1) was added to the w ells and incubated for 30m in at 

room  tem perature. The Stop Solution (100//1) w as added and the plates w ere read at 

450nm  (Sigm a D iagnostics EIA M ultiw ell R eader, D orset, U K ). A standard curve was 

constructed by plotting the standards against their absorption. Results are expressed as 

pg T N F -a /m g  tissue corrected for protein (see section 2.4 for protein analysis).

2.6.11 Analysis of reactive oxygen species production.

The p roduction  o f  reactive  oxygen species w as assessed  in the im pure 

synaptosom al p reparation  (P2) as prev iously  described  (L ebel and B ondy , 1990).
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B riefly , synaptosom es were prepared by hom ogenising slices (15 up and down strokes) 

prepared from  hippocam pal and cortical tissue in 500/^1 ice -co ld  sucrose (0 .32M ). 

H om ogenate was centrifuged at 5 ,000rpm  for 5m in at 4°C  and the supernatant was 

placed in another m icrofuge tube and centrifuged at 15,000rpm  for 15m in at 4°C . The 

resulting pellet, Pj, was an impure synaptosom e-enriched preparation. The supernatant 

w as rem oved and the resultant pellet w as resuspended in 1ml ice-co ld  40m M  Tris 

buffer (pH 7 .4 ). In a separate experim ent ? 2  prepared from  the cortex o f  you n g , 

untreated rats was resuspended in either Krebs solution  contain ing C aC l2  (v eh ic le ), 

in t e r le u k in - 113 (IL-1(3; I n g /m l) ,  th e  s u p e r o x id e  d is m u ta s e  in h ib ito r ,  

triethylenetetraam ine (TETA; 100/<M; D e Man et  al . ,  1996) or both IL-1|3 and T E T A , 

and incubated for 15min at 37°C. After incubation sam ples w ere centrifuged at 2000  

rpm for 2m in at 4°C and the supernatant w as d iscarded. T he resultant pellet w as 

resuspended in 1ml Tris. In all experim ents, the sam ples were incubated with the non- 

f lu o resc en t p rob e, 2 ',7 -d ich lo ro flu o re sc in  d ia ceta te  (D C F H -D A , 10/<1; fin a l 

concentration 5//M  from a stock o f  500/<M in m ethanol), at 37°C for 15min in the dark. 

The reaction w as stopped by centrifuging the sam ples at 13,000 rpm for 8m in at 4°C. 

The pellet was resuspended in 40m M  Tris buffer (1 .5m l; pH 7 .4 ). The sam ples were 

stored at 37°C in the dark until the fluorescence w as m onitored at a constant 37°C at 

488n m  excitation  (bandwidth 5nm ) and 525nm  em issio n  (bandw idth  20nm ) in a 

fluorescent spectrometer linked to a M acLab 2E Data A cquisition  System  connected to 

a M acintosh Performa 5200. R eactive oxygen  species production was quantified from a 

standard curve o f  d ichlorofuorescein  (D C F) in m ethanol (range 0.05-1/^M ). R esults 

w ere expressed  as nmol D C F/m g tissue corrected for protein (see  section  2 .4  for 

protein analysis).

3.6.12 Analysis of interleukin-ip converting enzyme activity.

Interleukin-1(3 converting enzym e (ICE) activity w as measured by the cleavage  

o f  the ICE substrate, Y V E D  (A lex is  Corporation, N ottingham , U K ), to its fluorescent 

product. S lices prepared from hippocam pal and cortical tissue w ere hom ogen ised  in 

ly s is  buffer (400;<1; 25nM  H E PE S, 5m M  M gC lj, 5m M  D T T , 5m M  E D T A , 2m M  

P M SF , 10/<g/ml leupeptin and 10;/g/m l pepstatin, pH 7 .4) and subjected to 4 freeze- 

thaw actions. The sam ples were centrifuged at 15,000 rpm for lOmin at 4°C and the 

resulting supernatant (90/<l) was added to ICE substrate (10^/1; 5/<M; D E V D  peptide).
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T hese were incubated at 37°C for 60m in. The resulting 100;<1 w as added to 900 /il o f  

incubation buffer (lOOmM HEPES containing lOmM DTT; pH 7 .4 ) and transferred to 

cuvettes to measure the fluorescence at excitation and em ission  w avelengths o f  400nm  

and 505nm , respectively on a fluorescent spectrom eter (L absystem s Fluorskan A scent 

FL, M edical Supply Com pany Ltd. D ublin , Ireland). Standards o f  AFC (6.25-100/<M ) 

w ere measured at the sam e w avelengths and a standard curve w as constructed. Results 

are expressed as nmol A FC /m g tissue corrected for protein (see  section  2 .4  for protein  

analysis).

2.6.13 Analysis of caspase-3 activation.

S lices prepared from cortical tissue were incubated in lysis buffer (as above) for 

20m in  and hom ogenised  in the lysis buffer. They w ere centrifuged at 15,000rpm  for 

lOmin at 4 °C . In one experim ent cortical tissu e prepared from  you n g  rats w as 

incubated in the control buffer (HEPES; 145m M  N aC l, 5m M  K C l, Im M  M gC l2 , 2m M  

C aClj, ImM  M g2S 0 4 , Im M  K H 2PO4 , lOmM g lu cose and 30m M  HEPES; pH 7 .4 ), in 

the p resen ce  o f  IL-1(3 (3 .5 n g /m l) , in terleukin-1 |3  receptor an tagon ist (IL -lra ; 

350n g /m l), the p38 inhibitor S B 2 0 3 5 8 0  (SB; 50 /iM ) or a com bination o f  IL-1(3 +  IL- 

lra or IL -ip  -f- SB for 2hr at 37°C . In another experim ent cortical tissue prepared from  

young rats was incubated in the presence o f  H2O 2 (200/^M ), S B 203580  (SOfiM), H2O 2 +  

S B 2 0 3 5 8 0  or the control buffer for Ihr at 37°C . A fter incubation the s lices  w ere 

allow ed  to settle and the supernatant w as rem oved and the sam ples w ere treated as 

d escrib ed  first. For all sam ples the supernatant (90//1) w as rem oved  fo llo w in g  

centrifugation and added to caspase-3 substrate (10//1; 100//M ; D E V D  peptide; A lex is  

C orporation, N ottingham , U K ) and the so lu tion  w as incubated  for Ihr at 37°C . 

Incubation buffer (900/<l; lOOmM H E PE S, 5m M  D T T , pH 7 .4 ) w as added to the 

so lu tion  and the sam ples w ere transferred to cu v ettes . E m issio n  at 505n m  w as 

m easured upon excitation  at 400nm  in a fluorescent spectrom eter. Standards o f  AFC  

(6.25/<M  to 100//M ) w ere prepared and a standard curve o f  absorbance against 

concentration was plotted. R esults w ere expressed  as nm ol A F C /m g protein/m in (see  

section 2 .4  for protein analysis).
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2.6.14 Analysis of glutamate release.

The synaptosomal preparation P2 was prepared as described in section 2.6.11. 

The pellet was resuspended in oxygenated Krebs solution containing CaClj, which had 

been brought to the assay temperature of 37°C. In one experim ent dentate gyri from 

young rats were preincubated in the control buffer (Krebs solution containing CaClj), in 

the presence of IL-1(3 (lO pg/m l), SB203580 (50;iM ) for 20min at 37°C. A fter 

incubation these samples were treated as before. For all experiments, aliquots (25/<l) of 

synaptosomes were transferred onto a filtration manifold in which cellulose acetate 

strips (pore size 0.45/<m) were placed. Samples were washed under vacuum at least 10 

times with oxygenated Krebs solution containing CaCl2 (250/<l) maintained at 37°C. 

Synaptosomes were incubated for 3min at 37°C with either Krebs solution containing 

CaClj or Krebs solution containing CaCl2 and KCl (50mM ), to depolarise the synaptic 

plasma membrane. Filtrates were collected under vacuum and stored at -20°C for later 

analysis of glutamate concentration by immunoassay. This work was carried out by 

M artina Gooney and the in vitro work by Emily Vereker.

2.6.15 Analysis of glutamate concentration by immunoassay.

Endogenous glutamate was measured in stored samples (see 2.6.14) according 

to the method of Ordronneau and colleagues (1991). 96-well plates were coated with 

coating buffer (250/y1; lOOmM NaH 2? 0 4 , 0.5%  glutaraldehyde v/v pH 4.5) and 

incubated for Ihr at 37°C, after which time plates were washed twice with NaH2P0 4  

buffer (250/<1; lOOmM, pH 8.0). Samples of filtrate (50^^\) and glutamate standards 

(12.5nM to 500nM) were added to the coated wells. Plates were covered and incubated 

for 2hr at 37°C and washed 4 times with the NaH2P0 4  buffer. Non-specific binding was 

blocked in 2 steps; firstly for Ihr at 37°C with ethanolamine (250/<l; O.IM in Na2HP0 4  

buffer) and then for Ihr at 37°C with normal donkey serum (250/^1; 3% v/v in PBS-T). 

Plates were washed in PBS-T thereafter.

Anti-glutamate antibody (Sigma, Dorset, UK) was diluted 1:5,000 with normal 

donkey serum (3% v/v in PB-T) and 100/<1 was added to each well. To assess 

background absorbance, normal donkey serum (3% v/v in PBS-T) was added in the 

absence of anti-glutamate antibody. Plates were covered and incubated overnight at 

4°C. The plates were washed and the secondary antibody (100//1; HRP-linked anti

rabbit IgG, Am ersham , Buckingham shire, UK) was diluted 1:10,000 with normal
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donkey serum (3% v/v in PB S-T ) and added to the plates. This w as incubated for Ihr at 

room  temperature. The plates w ere w ashed and TM B liquid substrate (100/<1; S igm a, 

D orset, UK ) solution w as added to each w ell and incubated until a colour change to 

blue occurred. T he reaction w as stopped by the addition o f  H 2 SO 4  (50//1; 4M ). The 

plates were agitated for 15sec and the absorbencies w ere read at 450n m  using S igm a  

D iagnostics EIA M ultiw ell Reader (D orset, U K ). The concentration o f  glutamate in the 

sam ples w as calculated with reference to the standard curve and the concentration o f  

glutam ate w as expressed  as //m o l glutam ate/m g protein (see  section  2 .4  for protein  

analysis).

2.6.16 Analysis of TUNEL positive cells.

The DeadEnd™  C olorim etric A poptosis D etection  System  w as used and this 

system  end-labels the fragm ented D N A  o f  apoptotic ce lls  using a m odified  T U N E L  

(T dT-m ediated  dU T P N ick-E nd L abelling) assay. C ytospun ce lls  w ere prepared as 

described in section 2 .3 .2 , circled with a pap pen and fixed  with 4% paraform aldehyde 

for 30m in at room  temperature by placing a drop o f  the solution on top o f  the cells. The 

ce lls  were w ashed by incubating in PBS for 5m in. This procedure w as repeated tw ice. 

The ce lls  w ere perm eablised with PBS-Triton (1//1 Triton: 1ml PBS; 1:500 d ilu tion), 

and w ashed three tim es with PB S. E xcess liquid was rem oved gently  from  the slide , 

ce lls  w ere covered with equilibration buffer (50//1; 200m M  potassium  cacodylate (pH  

6 . 6  at 25°C ), 25m M  Tris-H Cl (pH 6 . 6  at 25°C ), 0 .2m M  D T T , 0 .25m g/m l B S A  2.5m M  

cob alt ch loride) and equilibrated  for 5m in at room  tem perature. T he ce lls  w ere  

incubated with 30//1 o f  Term inal deoxynucleotidyl transferase reaction m ixture (TdT; 

98//1 equilibration buffer, 1//1 biotinylated nucleotide m ix , 1//1 TdT en zym e) at 37°C  

for Ihr and the slides w ere covered  to prevent desiccation . The reaction w as terminated 

by covering  ce lls  w ith 100//1 2X SC C  (1:10; 2X SC C : d eion ised  water) for 15m in at 

room  temperature. C ells w ere w ashed 3 tim es in P B S , en d ogen ous peroxides w ere  

blocked with 100//1 0.3%  HjOj for 5m in at room  temperature and ce lls  w ere w ashed 3 

tim es in PB S. Streptavidin-H RP solution , diluted in PBS (100//1; 1:500), w as added to 

the ce lls  and incubation continued at room  temperature for 30m in to a llow  binding to 

the b io tin y la ted  n u c le o tid e s . T he s lid e s  w ere w a sh ed  3 tim es in P B S . A  

diam inobenzidine (D A B ) solution was used to stain apoptotic nuclei brown by binding 

to the streptavidin-H R P. D A B  solution (1m l; 50//1 D A B  substrate 20 X  buffer, 50//1
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DAB 20X chromogen, 50ia\ HjOj 20X, 950pi\ deionised water) was added to the cells 

for a lOmin incubation period. The cells were washed several times with deionised 

water. The slides were mounted with glycerine jelly (lOg gelatine, 60ml distilled water; 

70ml glycerine; 0.25g phenol). The cells were counted using a light microscope and the 

proportion of positively stained cells was calculated and expressed as the percentage of 

the total cells counted.

2.6.17 Analysis of protein synthesis.

Protein synthesis was estimated by assessing [^^S]-methionine incorporation 

into proteins. Slices prepared from entorhinal cortical tissue were pre-incubated in 

oxygenating Krebs solution containing CaClj (500/^1) for lOmin at 37°C. The 

supernatant was removed and the reaction buffer was added (500/^1; Krebs solution 

containing CaClj, ATP (3.5mM) and [^^S]-methionine (specific activity 37 TBq/mmol; 

0.2//l/mI)). Samples were incubated for Ihr at 37°C under continuos oxygenation. Ice- 

cold trichloroacetic acid (TCA; 10%; 50//1) was added and the samples placed on ice. 

Slices were homogenised and aliquots (50//1) were placed on filters (cellulose acetate 

strips, pore size 0.45/<m) in a manifold. Samples were washed under vacuum 10 times 

with excess TCA (5% w/v). Filter papers were removed and placed in scintillant (4ml) 

and [^^S]-methionine incorporation into TCA-precipitated proteins was analysed by 

liquid scintillation counting.

2.7 SDS-PAGE.

2.7.1 Gel electrophoresis.

12.5% and 14% gels (see Appendix III) were cast by setting them between 2 gel 

plates, which were mounted on an electrophoresis unit (Sigma Techware, Dorset, UK) 

using spring clam ps. The upper and lower reservoirs o f the unit were filled with 

electrode running buffer (25mM Tris Base; 200mM glycine; 17mM SDS). Slices were 

homogenised in lysis buffer (400/<l; 25nM HEPES, 5mM M gClj, 5mM DTT, 5mM 

ED TA , 2mM PM SF, 10//g/ml leupeptin and 10;/g/ml pepstatin , pH 7.4) or Krebs 

solution containing CaClj. In some experiments, cortical tissue prepared from young, 

untreated rats was incubated in the control buffer (HEPES), in the presence o f IL-1(3 

(3.5ng/ml), interleukin-1|3 receptor antagonist (IL -lra ; 350ng/m l), the p38 inhibitor 

SB203580 (SB; 50/yM) or a combination of IL-1|3 + IL -lra  or IL-1|3 + SB203580 for
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2hr at 37°C . In another experim ent hippocampal or cortical tissue prepared from young, 

untreated rats was incubated in the presence o f  H 2 O 2  (200/<M ), S B 2 0 3 5 8 0  (SOpiM),  

H 2 O 2  + S B 2 0 3 5 8 0  for Ihr at 37°C . In a further experim ent, h ippocam pal tissue was 

incubated in the presence o f  IL-1(3 (lOOng/ml) or in the control buffer (Krebs solution  

containing CaClj) for 15min at 37°C . This final in vitro  experim ent w as carried out by 

Em ily Vereker. Follow ing these experim ents the sam ples w ere hom ogen ised  in Krebs 

so lution  contain ing C aC l2  or ly s is  buffer and treated as fo l lo w s . T he protein  

concentrations were assessed (see section 2.4) and were equalised. An equal volum e o f  

sam ple buffer (0.5M  Tris-H Cl pH 6.8; 10% g lycero l (v /v ); 10% SD S  (w /v); 5% P- 

m arcaptoethanol (v /v); 0.05%  brom ophenol b lue (w /v )) to sam ple w as added and 

sam ples boiled  for 5m in. The sam ples (10;<1) w ere loaded into the w e lls , a 32m A  

current w as applied to the gel apparatus and m igration o f  the brom ophenol blue was 

m onitored. The current was sw itched o ff  when the blue dye band reached the bottom o f  

the gel (approximately 30m in).

2.7.2 Western immunoblotting.

T he gel was rem oved from the gel apparatus and w ashed  gently  in transfer 

buffer (25m M  Tris-Base; 192mM  glycine; 20% m ethanol (v /v); 0.05%  SD S (w /v )). It 

was placed on top o f  a sheet n itrocellu lose blotting paper (Sartorius, D ublin , Ireland) 

w etted  in the transfer buffer, cut to the s ize  o f  the g e l. O ne p iece  o f  filter paper 

(W hatman N o.3) was placed on top o f  the gel and one p iece  w as p laced beneath the 

nitrocellu lose paper forming a sandw ich. The sandw ich was soaked in transfer buffer 

and placed on the graphite electrode (anode) o f  a sem i-dry blotter (B iom etra, U K ). Air 

bubbles were rem oved from the sandw ich by gently  rolling a pasteur pipette over it. 

The lid o f  the blotter (cathode) w as p laced  dow n firm ly on top o f  the sandw ich. A  

constant current o f  250m A  for Ihr 15min w as applied. T he n itrocellu lose membrane 

was b locked  (either non-fat dry m ilk or B S A  w as used; see b elow ) for non-specific  

binding and probed with an antibody raised against the protein sought. T his w as 

washed o f f  and a secondary antibody w as added w hich  w as H R P-linked. A chem i- 

lu m in escen ce  detection  ch em ical (either S uperSignal U ltra (P ierce , L eid en , The  

Netherlands) or Enhanced C hem ilum inescence (ECL) detection  reagent (A m ersham , 

B uckingham shire, U K ) was used; see  b e lo w ) w as added and the m em brane w as
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exposed to photographic (H yperfilm , Am ersham , Buckingham shire, UK) film and 

developed using a Fuji Processor.

In the case of p38 phosphorylation, non-specific binding was blocked by 

incubating the nitrocellulose membrane in Tris buffered saline-Tween 20 (TBS-T; 

20mM Tris-HCl; 150mM NaCl; containing 0.05% Tween 20; pH 7.6; 15ml) containing 

5% BSA overnight at 4°C. The membrane was washed for 15min 3 times in TBS-T 

(10ml) and the primary antibody added (anti-phospho-p38; Santa Cruz, CA, USA; 

1:500 dilution in TBS-T containing 0.1% BSA; 10ml). This was incubated for 2hr at 

room temperature and it was washed for 15min 3 times in TBS-T. The secondary 

antibody was added (anti-rabbit IgM-HRP linked; Sigma, Dorset, UK; 1:5000 dilution 

in TBS-T containing 0.1% BSA; 10ml) and incubated for 2hr at room temperature. The 

membrane was washed for 15min 6 times in TBS-T. SuperSignal Ultra (Pierce, Leiden, 

The N etherlands) was added for 5min and m em branes w ere exposed to the 

photographic film for 2min in the dark after which time the film was developed.

In the case of cytochrome c expression the non-specific binding was blocked by 

incubating the membrane in PBS-T containing 6% non-fat dry milk (Marvel) for 2hr at 

room temperature. The membrane was washed for 15min 3 times in PBS-T and the 

primary antibody was added (rabbit anti-rat polyclonal cytochrome c; Santa Cruz, CA, 

USA; 1:250 dilution in PBS-T containing 2% non-fat dry milk) and incubated 

overnight at 4°C. The membrane was washed for 15min 3 times and the secondary 

antibody added (sheep an ti-rabb it po lyclonal IgG -H R P linked; A m ersham , 

Buckinghamshire, UK; 1:1500 dilution in PBS-T containing 2% non-fat dry milk). 

Membranes were incubated for Ihr at room temperature and washed for 15min 8 times 

in PBS-T. ECL detection reagent (Amersham, Buckinghamshire, UK) was added to the 

membrane for Imin and exposed to the photographic film for Ihr at 4°C in the dark 

before being developed.

In the case of Poly-(ADP-ribose)-polymerase (PARP) expression, non-specific 

binding was blocked by incubating the membrane in PBS-T containing 6% non-fat dry 

milk overnight at 4°C. M embranes were washed for 15min 3 times in PBS-T and the 

primary antibody added (CSSA PARP; Santa Cruz, CA, USA; 1:250 dilution in PBS-T 

containing 2% non-fat dry m ilk) and incubated for 2hr at room  tem perature. 

Membranes were washed for 15min 3 times and the secondary antibody added (sheep 

anti-rabbit polyclonal IgG-HRP linked; Am ersham , Buckingham shire, UK; 1:2000
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dilution in PBS-T containing 2% non-fat dry milk). M embranes were incubated for Ihr 

at room temperature and washed for 15min 4 times in PBS-T. EC L  detection reagent 

was added to m em branes, incubated for Im in  and exposed  to photographic  film 

overnight at 4°C in the dark before being developed.

In the case o f  Bax and Bcl-2  expression , m em branes  w ere probed using 

antibodies against both proteins. The non-specific binding was blocked by incubating 

m em branes in TB S-T  containing 5 % non-fat dry milk for 2hr at room  temperature. 

M embranes were washed for 15min 3 times in TBS-T , the primary antibodies added 

(anti-Bax, 1:150 dilution and anti-Bcl-2, 1:400 dilution in TB S-T  containing 2% non

fat dry milk; Santa Cruz, CA , USA) and incubated overnight at 4°C. M embranes were 

washed for 15min 3 tim es and the secondary  antibody added  (sheep anti-rabbit 

polyclonal IgG -H RP linked; A m ersham , B uckingham shire , UK; 1:1000 dilution in 

TB S-T  containing 2% non-fat dry milk). M embranes were incubated for Ihr at room 

temperature and washed for 15min 6 times in TBS-T. SuperSignal Ultra reagent was 

added for 5min and the m em brane was exposed to the photographic film for 2min in 

the dark after which time the film was then developed.

In all cases the intensity o f  the bands exposed onto the photographic film was 

measured by densitometry using a ZeroDscan package. The values are expressed as 

arbitrary units.



Chapter 3:
Results



ANALYSIS OF CHANGES IN CORTICAL TISSUE PREPARED FROM  

YOUNG AND AGED RATS FED ON A DIET SUPPLEMENTED WITH a -  

LIPOIC ACID.

The putative antioxidant a-lipoic acid was assessed for its ability to reverse the 

age-related changes in the cortex. Previous studies in this laboratory have assessed the 

antioxidant capabilities of polyunsaturated fatty acids such as AA (M cGahon et al., 

1999a) and DHA (McGahon et al., 1999c) in the aged rat. For the present study a -  

lipoic acid was chosen as it has been reported to have important antioxidant properties. 

The three main antioxidant properties are: (a) it has metal chelating abilities, which are 

important for sequestering excess free iron and copper, (b) it can scavenge ROS, and 

(c) it can regenerate endogenous antioxidants such as vitamin E, vitamin C and GSH 

(Packer et al., 1997). Dihydrolipoic acid (DHLA), the reduced form of a-lipoic acid, 

has more potent antioxidant properties than the non-reduced form and in combination 

the 2 forms are very effective (Biewenga et al., 1997). a-L ipoic acid has been shown to 

be very potent in combating the increase in lipid peroxidation in patients with diabetic 

neuropathy (Nickander et al., 1996; Ziegler et al., 1999) and in reversing the age- 

related increase in lipid peroxidation in the cortex and hippocam pus o f rats 

(Arivazhagan and Panneerselvam, 2000). a-L ipoic acid has also been shown to reverse 

the age-related changes in long-term  potentiation (LTP) and the down-regulated 

antioxidant status in the rat hippocampus (McGahon et al., 1999b).

The following data was obtained from the cortical tissue prepared from the rats 

of the same study. Young (4 months old) and aged (22 months old) were fed on a 

control diet (corn oil) or an experimental diet enriched in a-lipoic acid (lOOmg/rat/day; 

100% a-L PA  diet or 50mg/rat/day; 50% a-L PA  diet) for 8 weeks. At the end of the 

dietary period the following biochemical analyses were assessed in cortical tissue (see 

Appendix I for mean data).

3.1 Age is associated with an increase in cortical Reactive Oxygen Species 

production.

Reactive Oxygen Species (ROS) production in cortical synaptosomes prepared 

from young and aged rats fed on the control diet was found to be markedly increased, 

however, this increase did not reach statistical significance. There was no significant
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increase seen in tissue prepared from aged rats fed the 50% or 100% a-LPA diet 

compared with tissue prepared from young rats fed on the 100% a-LPA diet, although 

in the case of the 100% a-LPA diet this may be due to the large standard error. A 

significant increase in ROS production was seen in tissue prepared from aged rats fed 

on the control diet compared with young rats fed on the 100% a-LPA diet (*p<0.01 b v

c, Student’s t-test for independent means). The age-related increase in ROS production 

was reduced by the a-LPA diet.

3.2 Age is associated with an increase in the activity of superoxide dismutase, but 

not in the activities of cataiase or glutathione peroxidase in the cortex.

In an effort to explain the age-related increase in ROS production, the 

antioxidant capabilities of the rats within the dietary groups were assessed. In Figure

3.2 the activities of the antioxidant enzymes, superoxide dismutase (SOD), cataiase and 

glutathione peroxidase (Gpx), are presented. Figure 3.2A shows that SOD activity is 

significantly increased in cortical tissue prepared from aged rats fed on the control diet 

compared with tissue prepared from young rats fed on the control diet (*p<0.01 a \  c. 

Student’s t-test for independent means). The activity of SOD was similar in tissue 

prepared from young rats fed the a-LPA diet and aged rats fed on both a-LPA diets. 

The age-related increase in SOD activity was not seen in tissue prepared from those 

rats fed the 50% and 100% a-LPA diets with a significant difference between tissue 

prepared from aged rats fed the control and those fed the 50% a-LPA diet (*p<0.05 c v

d. Student’s t-test for independent means). The age-related increase in SOD activity 

was reduced by the 50% a-LPA diet and possibly by the 100% a-LPA diet.

Cataiase activity in tissue prepared from young and aged rats fed on control and 

100% a-LPA diet is shown in Figure 3.2B; there was insufficient tissue obtained from 

the aged rats fed on the 50% a-LPA diet to analyse enzyme activity. Cataiase activity 

was similar in cortical tissue prepared from aged rats fed the control diet compared 

with tissue prepared from young rats fed the control diet. The activity of cataiase was 

also similar in tissue prepared from young and aged rats fed the 100% a-LPA diet. A 

significant increase was seen in aged rats fed the 100% a-LPA  diet compared with 

those fed on control diet (*p<0.05 c v d. Student’s t-test for independent means).

A significant decrease in Gpx activity in cortical tissue prepared from the aged 

rats fed the control diet compared with the young rats fed the 100% a-LPA diet is
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shown in Figure 3.2C (*p<0.05 b v c. Student’s t-test for independent means). This 

significant difference was not seen in tissue prepared from young rats fed control diet. 

Although a decrease in Gpx activity was evident between the tissue prepared from the 

young rats and the tissue prepared from the aged rats fed the 50% or 100% a-LPA diet 

there was no significant difference between them, indicating a possible restoration of 

enzyme antioxidant capability in aged rats following dietary supplementation with a - 

lipoic acid.

3 J  The activity of superoxide dismutase in the hippocampus.

Figure 3.3 shows that in addition to the observed changes in cortical tissue 

(above) there was a marked age-related increase in SOD activity in the hippocampus of 

the same rats. This increase was also seen in the tissue prepared from aged rats fed on 

the 50% a-LPA diet but was absent in the tissue prepared from the aged rats fed the 

100% a-LPA diet.

3.4 The antioxidant scavengers in the cortex of young and aged rats.

The concentrations of vitamin C, vitamin E and glutathione (GSH) in cortical 

tissue prepared from aged and young rats fed on control and a-LPA diets are shown in 

Figure 3.4. The concentration of vitamin C (Figure 3.4A) was similar in the cortical 

tissue prepared from all dietary groups. There was no age-related or diet-related change 

observed. The concentration of vitamin E was similar in the tissue prepared from all 

dietary groups (Figure 3.4B) although a slight increase was seen in the tissue prepared 

from the aged rats fed on the 100% a-LPA diet compared with all other groups.

The concentration of GSH was significantly increased in cortical tissue 

prepared from the aged rats fed on the 100% a-LPA  diet compared with the tissue 

prepared from the young rats fed the control diet (*p<0.05 a v  e. Student’s t-test for 

independent means; Figure 3.4C). As there was no significant difference between the 

tissue prepared from young rats fed either the control or a-LPA diet the data were 

pooled which resulted in achieving a significant difference between this value and the 

value obtained in tissue prepared from the aged rats fed the 100% a-LPA diet (p<0.05. 

Student’s t-test for independent means, data not shown). No other changes were 

observed.



3.5 Age is associated with an increase in cortical lipid peroxidation.

An increase in ROS may cause an increase in lipid peroxidation and so this 

measure was assessed and the results are shown in Figure 3.5. Lipid peroxidation was 

increased in cortical tissue prepared from aged rats fed on the control diet compared 

with the tissue prepared from the young rats fed either the control or 100% a-LPA  diet. 

This difference was not significant but as there was no significant difference between 

the tissue prepared from young rats fed either the control or a-L PA  diet the data were 

pooled which resulted in achieving a significant age-related increase (p<0.05, Student’s 

t-test for independent means, data not shown). The age-related increase was not seen in 

those aged rats fed the 50% and 100% a-LPA  diets.

3.6 Age is associated with a decrease in cortical arachidonic acid concentration.

Polyunsaturated fatty acids, like A A, are substrates for lipid peroxidation. The 

concentration was assessed in the cortical tissue and the data are shown in Figure 3.6. 

There was a decrease in AA concentration in cortical tissue prepared from aged rats fed 

the control diet compared with young rats fed the control diet although this did not 

reach statistical significance. There was a significant decrease in the tissue prepared 

from aged rats fed the control diet compared with the young rats fed the 100% a-LPA  

diet (*p<0.05 h v c, ANOVA). This age-related decrease was not seen in the tissue 

prepared from the rats fed the 50% and 100% a-L PA  diets with a significant difference 

existing between the tissue prepared from the aged rats fed the control and 100% a -  

LPA diet (*p<0.05 c \ e ,  ANOVA).

3.7 IL-ip increases SOD activity and ROS production in cortical tissue in vitro.

The ability of the pro-inflammatory cytokine interleukin-113 (IL-1|3) to increase 

ROS production and SOD activity in vitro was assessed in tissue prepared from young 

untreated rats and the results are shown in Figure 3.7A and B respectively. Addition of 

IL-1(3 (Ing/m l) to the incubation medium significantly increased ROS production 

(*p<0.05 a y  h,  ANOVA). The SOD inhibitor triethylenetetraamine (TETA; 100/^M) 

was assessed for its ability to prevent the IL -ip  induced increase in ROS and the data 

indicate that there was no increase in ROS production in the tissue incubated in the 

presence of TETA or IL-1(3 -i- TETA. However there was a significant difference in 

SOD activity between the tissue incubated in IL-1(3 and that incubated in IL-1(3 +

59



TETA (p<0.05 b V d, ANOVA), suggesting that the IL-1(3 induced increase in ROS 

may be mediated through an increase in SOD.

This observation was consolidated by the finding that IL-1(3 (Ing/m l) 

significantly increased SOD activity in cortical tissue (*p<0.05 a v b. Student’s t-test 

for independent means).

3.8 The activity of Interleukin-ip Converting Enzyme in cortical tissue.

As IL-1(3 increased ROS production, IL-1|3 concentration and the activity of 

Interleukin-1|3 Converting Enzyme (ICE) were assessed in cortical tissue. The results 

are shown in Figures 3.8 and 3.9. ICE activity was increased in cortical tissue prepared 

from aged rats fed the control diet compared with young rats fed the control or 100% 

a-LPA diet. This did not reach statistical significance but as there was no significant 

difference between the tissue prepared from young rats fed either the control or a-LPA 

diet the data were pooled which resulted in achieving a significant difference (p<0.05. 

Student’s t-test for independent means, data not shown). This increase was not seen in 

the tissue prepared from aged rats fed the 50% or 100% a-LPA diets. In the case of the 

values from the 50% diet, large standard errors were observed and probably contributed 

to the lack of effect.

3.9 Age is associated with an increase in cortical interleukin-ip concentration.

IL-ip concentration was significantly increased in cortical tissue prepared from 

aged rats fed the control diet compared with tissue prepared from young rats fed either 

the control or 100% a-LPA diet (*p<0.05 a v c. Student’s t-test for independent 

means). This increase was not seen in the tissue prepared from aged rats fed either the 

50% or 100% a-LPA diet with a significant difference existing between the tissue 

prepared from the aged rats fed the control and the 50% a-LPA  diets (p<0.01 c v d. 

Student’s t-test for independent means).

3.10 Age is associated with an increase in interleukin-ip concentration in the 

hippocampus.

IL-1P concentration was assessed in the hippocampus of the same rats and the 

results are shown in Figure 3.10. IL -ip was significantly increased in hippocampal 

tissue prepared from aged rats fed the a-LPA diet compared with tissue prepared from

60



young animals fed the control and 100% a-LPA diets (*p<0.01 a v c & b v c, Student’s 

t-test for independent means). This significant increase was not seen in the tissue 

prepared from aged rats fed either the 50% or 100% a-LPA diets with a significant 

difference existing between the tissue prepared from the aged rats fed the control and 

the 100% a-LPA diets (*p<0.05 e v e .  Student’s t-test for independent means).
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Figure 3.1: Age is associated with an increase in cortical reactive oxygen species 

production.

Reactive oxygen species (ROS) production in cortical tissue prepared from aged rats fed 

the control diet (n=7) was significantly increased compared with tissue prepared from 

young rats fed the 100% experimental (n=6), but not the control (n=4), diet (*p<0.01 b w c, 

Student’s t-test for independent means). In contrast, there was no significant difference in 

tissue prepared from the 50% (n=5) or the 100% (n=5) a-LPA diet. The values are 

expressed as //mol DCF/mg tissue corrected for protein and are the means ± the standard 

error of the means.
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Figure 3.2: Age is associated with an increase in the activity of superoxide dismutase, 

but not in the activities of catalase or glutathione peroxidase in the cortex.

A) Superoxide dismutase (SOD) activity was significantly increased in tissue prepared 

from the young (n=4) compared with aged (n=7) rats fed on the control diet (*p<0.01, 

Student’s t-test for independent means). SOD activity in the cortex prepared aged rats fed 

on the 50% (n=8) and 100% (n=8) a-LPA diet was decreased compared with the tissue 

prepared from aged rats fed the control (*p<0.05 c v d. Student’s t-test for independent 

means). Values are expressed as units of SOD activity/mg tissue corrected for protein and 

are the means ± the standard error of the means.

B) Catalase activity was similar in cortical tissue prepared from the aged rats fed on the 

control diet (n=10) compared with the young rats fed on the control (n=3) and the 100% a- 

LPA diet (n=5). A significant increase was seen in tissue prepared from aged rats fed the 

100% a-LPA diet (n=6) compared with the aged rats fed the control diet (*p<0.05 c v d. 

Student’s t-test for independent means). Values are expressed as units of catalase 

activity/mg tissue corrected for protein and are the means ± the standard error of the 

means.

C) Glutathione peroxidase (Gpx) activity was decreased in cortical tissue prepared from 

aged rats fed on the control diet (n=l 1) compared with tissue prepared from young rats fed 

on the control (n=6) or 100% a-LPA  diet (n=7; *p<0.05 b v c. Student’s t-test for 

independent means). Dietary manipulation with the 50% diet (n=l l )  only partially 

reversed this effect whereas the 100% diet (n=12) had no effect. Values are expressed as 

//mol Gpx activity/mg tissue corrected for protein/min and are the means ± the standard 

error of the means.
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Figure 33: The activity of superoxide dismutase in the hippocampus.

Superoxide dism utase (SOD) activity was markedly increased in hippocam pal tissue 

prepared from aged rats fed the control (n=10) and 50% experim ental (n=9) diets 

com pared with tissue prepared from  young rats fed the control (n=4) and 100% 

experimental (n=4) diets. This increase did not reach statistical significance and was not 

seen in tissue prepared from aged rats fed the 100% a-L PA  diet (n=13). The values are 

expressed as units o f SOD activity/mg tissue corrected for protein and are the means ± the 

standard error of the means.
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Figure 3.4: The antioxidant scavengers in the cortex of young and aged rats.

A) There was no change in vitamin C concentrations observed in the cortices prepared 

from any of the groups (n=4 and 6 for young rats fed the control diet and 100% a-LPA diet 

and n=7,7 and 8 for aged rats fed the control diet, 50% and 100% a-L PA  diet 

respectively). Values are expressed as ;<mol vitamin C/mg tissue corrected for protein and 

are the means ± the standard error of the means.

B) There were no change in vitamin E concentrations observed in the cortices prepared 

from any of the groups (n=4 and 6 for young rats fed the control diet and 100% a-LPA diet 

and n= 12 ,ll and 13 for aged rats fed the control diet, 50% and 100% a-LPA  diet 

respectively). Values are expressed as pmol vitamin E/mg tissue corrected for protein and 

are the means ± the standard error of the means.

C) Glutathione (GSH) concentration was significantly increased in the tissue prepared 

from aged rats fed the 100% a-LPA  diet (n=l l )  compared with tissue prepared from 

young rats fed the control diet (n=7; *p<0.05 a v e. Student’s t-test for independent 

means). There was no significant difference in tissue prepared from either young rats fed 

the 100% a-LPA diet (n=4) or aged rats fed the control (n=10) or 50% a-LPA diet (n=8). 

Values are expressed as pimo\ GSH/mg tissue corrected for protein and are the means ± the 

standard error of the means.
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Figure 3.5: Age is associated with an increase in cortical lipid peroxidation.

Lipid peroxidation was increased in tissue prepared from aged rats fed on the control diet 

(n=9) compared with tissue prepared from young rats fed either the control (n=8) or 100% 

a-LPA diet (n=5) although these did not reach statistical significance. This increase was 

not observed in tissue prepared from aged rats fed either the 50% (n=9) or 100% (n=8) a -  

LPA diets. The values are expressed as nmol MDA/mg tissue corrected for protein and are 

the means ± the standard error of the means.
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Figure 3.6: Age is associated with a decrease in cortical arachidonic acid 

concentration.

Arachidonic acid concentration was decreased in cortical tissue prepared from aged rats 

fed the control diet (n=8) compared with tissue prepared from young rats fed either the 

control (n=5) or 100% experimental (n=4) (*p<0.05 b w c,  ANOVA). This decrease was 

not observed in tissue prepared from aged rats fed the 50% (n=6) and 100% (n=8) a-LPA  

diets, with values from the 100% a-L PA  diet being significantly different compared with 

values from the aged rats fed the control diet (*p<0.05 e v e ,  ANOVA). The values are 

expressed as /<mol arachidonic acid/mg tissue corrected for protein and are the means ± the 

standard error of the means.
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Figure 3.7: IL-ip increases SOD activity and ROS production in cortical tissue in 

vitro.

A) IL-1(3 (Ing/m l) significantly increased Reactive oxygen species (ROS) production in 

cortical tissue prepared from young untreated rats compared with samples treated with the 

control buffer, Krebs Câ "̂  (*p<0.05, paired ANOVA). Triethylenetetraam ine (TETA; 

100//M) did not increase ROS production when incubated alone or in the presence of IL- 

1(3 (Ing/m l; +p<0.05, paired ANOVA; n=6 for all groups). The values are expressed as 

nmol DCF/mg tissue corrected for protein and are the means + the standard error of the 

means.

B) In terleuk in-ip  (IL -ip ; Ing/m l) significantly increased the activity of Superoxide 

dism utase (SOD) in cortical tissue prepared from young untreated rats com pared with 

samples treated with the control, Krebs Câ "̂  (n=10 and 11 respectively; *p<0.05. Student’s 

t-test for independent means). The values are expressed as units o f SOD activity/mg tissue 

corrected for protein and are the means ± the standard error of the means.
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Figure 3.8: The activity of interleukin-ip converting enzyme in cortical tissue.

In terleuk in -1(3 converting enzyme (ICE) activity was increased in tissue prepared from 

aged rats fed on the control diet (n=l 1) compared with tissue prepared from young rats fed 

the control (n=5) or a-L P A  diet (n=6), although neither reached statistical significance. 

This increase was not seen in tissue prepared from aged rats fed either the 50% (n=10) or 

100% (n=12) a-L P A  diets. The values are expressed as pmol ICE activity/mg tissue 

corrected for protein/min and are the means ± the standard error of the means.



I  I  Control Diet

50% a-LPA Diet 

^  100% a-LPA Diet

22 months



Figure 3.9: Age is associated with an increase in cortical interleukin-ip concentration.

Interleukin-1 (3 (IL-1 (3) concentration was significantly increased in cortical tissue prepared 

from aged rats fed the control diet (n=7) compared with young rats fed either the control 

(n=5) or 100% a-LPA diet (n=6; *p<0.05 a w e .  Student’s t-test for independent means). 

This increase was not seen in tissue prepared from age rats fed the 50% (n=10) or 100% 

(n=9) diet with a significant difference observed between tissue prepared from the aged 

rats fed the control diet and the 50% a-LPA diet (*p<0.01 c v d, Student’s t-test for 

independent means). The values are expressed as ng IL-ip/mg tissue corrected for protein 

and are the means ± the standard error of the means.
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Figure 3.10: Age is associated with an increase in interleukin-ip concentration in the 

hippocampus.

Interleukin-1(3 (IL -ip) concentration was significantly increased in hippocampal tissue 

prepared from aged rats fed the control diet (n = ll)  compared with young rats fed the 

control and 100% a-LPA diets (*p<0.01 a y c & b v c, Student’s t-test for independent 

means, n=8 for each young group). This significant increase was not seen in tissue 

prepared from aged rats fed the 50% (n=9) and 100% (n=l l )  a-LPA diets with a 

significant difference between the tissue prepared from aged rats fed the control diet and 

those fed the 100% a-LPA diet (*p<0.05 e v e .  Student’s t-test for independent means). 

The values are expressed as ng IL-ip/m g tissue corrected for protein and are the means ± 

the standard error of the means.
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ANALYSIS OF CHANGES IN HIPPOCAMPAL TISSUE PREPARED FROM 

AGED AND YOUNG RATS FED ON A DIET SUPPLEMENTED WITH 

EICOSAPENTAENOIC ACID.

The polyunsaturated fatty acid eicosapentaenoic acid (EPA) was assessed for its 

ability to reverse the age-associated changes in the hippocampus. It has been previously 

shown that aged rats have an im paired ability to m aintain LTP (Barnes, 1979; 

Landfield et al., 1978; Lynch and Voss, 1994; M cGahon et al., 1997; McGahon et al., 

1999a, b and c). These second series of experiments were designed to further elucidate 

the factors that lead to an impaired ability to maintain LTP in the aged brain. A possible 

link between the previously observed increases in both ROS production and IL -ip  

concentration in the aged rat was also sought. Previous studies in this laboratory have 

successfully shown the ability of PUFAs such as AA (M cGahon et al., 1999a) and 

DHA (McGahon et al., 1999c) to reverse the age-related im pairm ent in LTP. In this 

experiment EPA was also assessed for its ability to not only reverse the age-related 

impairment in LTP but also whatever factors may lead to this impairment.

Young (4 months old) and aged (22months old) rats were fed a control diet (oil 

enriched in monounsaturated fatty acids) or an experim ental diet enriched in EPA 

( lOmg/rat/day for 3 weeks and then 20m g/rat/day for 5weeks). Follow ing dietary 

supplementation the rats underwent LTP studies (see Appendix I for mean data).

3.11 Body weights.

The mean body weights of the young rats significantly increased during the 

course of the dietary period (*p<0.001 aw  b & c v d,  ANOVA; Figure 3.11) to a similar 

extent in both dietary groups, which was as expected with young rats still growing. The 

body weights of the aged rats were significantly greater compared with the young rats 

but their mean body weight remained unchanged during the course of the experiment so 

that at the end of the 8 weeks o f dietary supplem entation, the body weights were 

sim ilar (in both groups of aged rats) to the mean body weights at the start o f the 

experiment.



3.12 Age is associated with an impairment in long-term potentiation in the dentate 

gyrus.

After the 8 week dietary period, rats were anaesthetised by intraperitoneal 

injection of urethane. There was no significant difference in the amount o f urethane 

needed to induce deep anaesthesia in the different age and dietary groups (1.89 ± 0.08 

and 2.13 ± 0 .1  g/kg for young rats fed the control and EPA diet respectively and 1.7 ± 

0.1 and 1.71 ±0 . 1  g/kg for aged rats fed on control and EPA diet respectively). The 

mean stimulus strength was similar in all groups of rats (0.461 ± 0.065 and 0.539 ± 

0.071 V for young rats fed the control and EPA diet respectively and 0.506 ± 0.084 and 

0.505 ± 0.084 V for aged rats fed on control and EPA diet respectively). Figure 3.12 

shows that delivery of a high frequency train of stimuli to perforant path granule cell 

synapses (at time point 0) resulted in an immediate increase in the mean population 

EPSP slope in all groups of rats.

3.13 Age is associated with a decrease in the percentage change in the EPSP slope 

in the dentate gyrus.

The mean percentage change in the EPSP slope in the first 2min following 

tetanic stimulation (compared with the mean value in the 5min prior to stimulation) in 

the young rats fed on control and EPA diets were 190.62 ± 11.01 and 184.41 ± 7.95 

respectively. The corresponding values in aged rats were 134.76 ± 4.59 and 176.60 ± 

6.42 for those fed on control and EPA diet respectively. The mean percentage change 

in the EPSP slope in the last 5min o f recording follow ing tetanic stim ulation 

(compared with the mean value in the 5min prior to stimulation) in the young rats fed 

on control and EPA diets were 143.83 ± 2.63 and 152.09 ± 5.43 respectively. The 

corresponding values in aged rats were 109.80 ± 1.84 and 148.73 ± 2.91 for those fed 

on control and EPA diet respectively (Figure 3.13).

3.14 Reactive oxygen species production in the hippocampus.

In hippocampal tissue prepared from aged rats fed on the control diet there was 

a trend towards an increase in ROS production compared with tissue prepared from 

young rats fed either the control or EPA diet (Figure 3.14). This increase did not reach 

statistical significance (Figure 3.14). The EPA diet was not successful in reversing this 

age-related increase in ROS production.
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3.15: The effects of a diet enriched in docosahexaenoic acid on hippocampal ROS 

production.

ROS was also assessed in rats fed a diet enriched in docosahexaenoic acid, of 

which EPA is a precursor (Figure 3.15). ROS production was marginally increased in 

hippocampal tissue prepared from aged rats fed on the control diet (com oil) compared 

with tissue prepared from young rats fed either the control or DHA diet. The absence of 

significance may be due to the fact that the standard errors of both young groups were 

quite large. This is probably as a result of the small n number in each group (n=4 

control and =5 EPA diet). This increase was not seen in tissue prepared from aged rats 

fed on the DHA diet.

3.16 Activity of the antioxidant enzymes is unchanged with age in the 

hippocampus.

In an attempt to explain the age-related increase in ROS, the activities of the 

antioxidant enzymes were assessed in the hippocampus. Figure 3.16A indicates that 

SOD activity was similar in both age and dietary groups. Similarly the activity of 

catalase was unchanged by age or diet (Figure 3.16B). The activity of Gpx was 

significantly increased in the tissue prepared from aged rats fed the control diet 

compared with the tissue prepared from young rats fed the EPA diet (*p<0.05 b v c. 

Student’s t-test for independent means; Figure 3.16C). Gpx activity was similar in all 

other groups.

3.17 Correlation between reactive oxygen species and superoxide dismutase in the 

hippocampus.

A significant positive correlation exists with a r̂  value of 0.25 between the 

activity of SOD and ROS production (Figure 3.17). This implies that (in the absence of 

other changes) with increasing SOD activity there is a theoretical concomitant increase 

in ROS production.

3.18 Age is associated with an increase in hippocampal lipid peroxidation.

One cause of increased ROS production is an increase in lipid peroxidation, 

which was analysed in parallel with the change in ROS production. Figure 3.18 shows 

that lipid peroxidation was significantly increased in hippocampal tissue prepared from
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aged rats fed on the control and EPA diet compared with tissue prepared from young 

rats fed both diets (*p<0.05 alb v d d ,  ANOVA). Therefore the diet was unsuccessful in 

reversing the age-related increase in lipid peroxidation in the hippocampus

3.19 Age is associated  w ith an increase in h ippocam pal in ter leu k in -ip  

concentration.

IL-1(3 concentration was assessed, as it has been shown to increase ROS 

production. Figure 3.19 shows that IL-1(3 concentration was increased in hippocampal 

tissue prepared from aged rats fed the EPA diet compared with tissue prepared from 

young rats fed the control diet, although this did not reach statistical significance. 

However, a significant increase in IL-1|3 concentration was observed between aged rats 

fed on the control diet and young rats fed on the EPA diet (*p<0.01 b v c. Student’s t- 

test for independent means). This increase was not seen in tissue prepared from aged 

rats fed the EPA diet.

3.20 Effect of HjOj on IL -ip  concentration in hippocampal tissue in vitro.

To further assess the relationship between IL-1|3 and ROS, the effect of H 2 O 2  

(which increases ROS) was assessed on IL-1(3 concentration in vitro. Hydrogen 

peroxide (HjOj; 200/^M) slightly increased IL -lp  concentration in hippocampal tissue 

prepared from young untreated rats com pared with tissue incubated in the control 

buffer although this did not reach statistical significance (Figure 3.20).

3.21 H 2 O 2  increases p38 phosphorylation in hippocampal tissue in vitro.

H 2 O 2  was assessed for its ability to increase the activity o f mitogen-activated 

protein kinase p38 in vitro. Figure 3.21A one sample immunoblot indicates that in lane 

2 (H 2 O 2 ; 200;/M) p38 expression was increased in hippocampal tissue compared with 

lane 1 (untreated tissue). D ensitom etric analysis reveals that H 2 O 2  significantly 

increases p38 phosphorylation. (*p<0.05 a \  b. Student’s t-test for independent means. 

Figure 3 .2IB).

3.22 Interleukin-ip increases p38 phosphorylation in hippocampal tissue.

IL -ip  (lOOng/ml) was assessed for its ability to increase p38 phosphorylation in 

hippocampal tissue. One sample immunoblot indicates that in lane 2 (H 2 O 2  treated;
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200/<M) p38 phosphorylation was increased compared with lane 1 (control; Figure 

3.22). Figure 3.22B shows the mean data obtained following densitometric analysis of 

the immunoblots and shows that IL-1(3 significantly increased p38 (*p<0.05 a w b. 

Student’s t-test for independent means).

3.23 Age is associated with an increase in p38 mitogen-activated protein kinase 

phosphorylation in the hippocampus.

Since age is associated with an increase in IL-1|3 concentration and ROS 

production and since both were shown to stimulate p38 activity in vitro the age-related 

and dietary-related effects on p38 phosphorylation were assessed. In Figure 3.23A a 

sample immunoblot shows that p38 phosphorylation was increased in hippocampal 

tissue prepared from aged rats fed the control diet (lane 3) compared with tissue 

prepared from young rats fed the control (lane 1) and experimental (lane 2) diets and 

the aged rats fed the experimental (lane 4) diet. Densitometric analysis revealed that 

mean p38 phosphorylation was significantly increased in aged rats fed the control diet 

compared with tissue prepared from the young rats fed the control diet (*p<0.05 a v c. 

Student’s t-test for independent means; Figure 3.23B). This age-related increase is not 

seen in the tissue prepared from the aged rats fed the EPA diet.

3.24 Interleukin-1 p inhibits glutamate release in dentate gyrus tissue in vitro.

Previous data showed that age was associated with a decrease in glutamate 

release and similarly IL-1|3 has been shown to decrease glutamate release. It was 

considered that the effect of IL-1(3 may be related to its ability to increase p38 

phosphorylation. Therefore, IL-1(3 (lOpg/ml) in the presence and absence of the p38 

inhibitor SB203580 (SB) was assessed for its ability to inhibit glutamate release in 

Figure 3.24. Addition of KCl (40mM) significantly increased glutamate release in 

synaptosomes prepared from the dentate (*p<0.05 a w b.  Student’s t-test for 

independent means). Pre-treatment with IL-1(3 attenuated this KCl-stimulated 

glutamate release. This effect was probably due to the increased basal concentration of 

glutamate released. This may occur due to excess leakage of glutamate from IL-1|3 

affected cells. Synaptosomes pre-treated with both IL-1|3 and SB (SOpiM) restored the 

response to KCl such that KCl-stimulated glutamate release was significantly increased



compared with the unstimulated release (*p<0.05 e v / ,  Student’s t-test for independent 

means).

3.25 The effect of age and dietary manipulation on glutamate release in the 

dentate gyrus.

The data shown in Figure 3.24 suggests that IL -ip  may inhibit glutamate 

release by stimulating p38 activity. It was predicted that glutamate release would be 

decreased in aged rats in parallel with the increase in IL-1|3 concentration and p38 

activity. KCl-stimulated glutamate release was increased in tetanized tissue compared 

with untetanized tissue in tissue prepared from dentate gyri of young rats fed on the 

control and EPA diet and aged rats fed on the EPA diet, although this does not reach 

statistical significance (Figure 3.25). No increase was observed in tissue prepared from 

aged rats fed on the control diet. Data presented are means of KCl (40mM )-stimulated 

release minus unstimulated release in each case.

3.26 The effect of age and dietary manipulation on p38 phosphorylation in the 

entorhinal cortex.

The cell bodies of the perforant path synapses of the dentate gyrus are found in 

the entorhinal cortex and, therefore, age-related changes were assessed in this brain 

area. One sample immunoblot shows that p38 phosphorylation appears to be increased 

in tissue prepared from aged rats fed on the control (lane 3) and experimental (lane 4) 

diet com pared with tissue prepared from young rats fed the control (lane 1) and 

experimental (lane 2) diet (Figure 3.26A). Figure 3.26B shows the mean data derived 

from densitom etric analysis and indicates that p38 phosphorylation was slightly 

increased in tissue prepared from aged rats fed either the control and EPA diet 

compared with tissue prepared from young rats fed both the control and EPA diet, 

however, this increase did not reach statistical significance.

3.27 Age is associated with an increase in the proportion of TUNEL positive cells 

in the entorhinal cortex.

TUNEL staining which allows identification of cells containing nicked DNA is 

considered to be one indicator of cell death. Figure 3.27 shows that the percentage of 

TUNEL positive cells was significantly increased in cells prepared from the entorhinal



cortex of aged rats fed the control diet compared with cells prepared from young rats 

fed the control diet and young and aged rats fed the EPA diet (*p<0.001 albid v c, 

ANOVA). This suggests dietary manipulation with EPA has the ability to spare cells of 

the entorhinal cortex from cell death, which is associated with age.
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Figure 3.11: Body weights.

Mean body weight of young rats was significantly greater at the end compared with the 

start of the experimental period (*p<0.001 a v b & c v d, ANOVA). Body weights of aged 

rats remained unchanged.
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Figure 3.12 Age is associated with an impairment in long-term potentiation in the 

dentate gyrus.

Long-term potentiation (LTP) in the dentate gyrus is significantly attenuated in aged rats 

fed on the control diet compare with young rats fed either the control or EPA diet. Dietary 

manipulation restored the ability of aged rats to maintain LTP.

The mean slope o f the population EPSP evoked by test stimuli delivered at 30s intervals 

before and after tetanic stimulation is shown. Population EPSP slope is expressed as a 

percentage of the slope recorded in the 5min immediately prior to tetanic stimulation and 

values are expressed as the means ± the standard error o f the means. Standard errors are 

included for every tenth response and some are so small in some cases as to be obscured.
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Figure 3.13: Age is associated with a decrease in the percentage change in the EPSP 

slope in the dentate gyrus.

A) The percentage change in the EPSP slope in the first 2min post tetanic stimulation was 

significantly decreased in aged rats fed on the control compared with all the other groups 

(*p<0.01 alhid V d, ANOVA). The values are expressed as the percentage change in the 

EPSP slope and are the means ± the standard error of the means.

B) The percentage change in the EPSP slope in the last 5min of recording post tetanic 

stimulation was significantly decreased in aged rats fed the control diet compared with the 

all other groups (*p<0.001 albid v d, ANOVA). The values are expressed as the percentage 

change in the EPSP slope and are the means ± the standard error of the means.
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Figure 3.14: Reactive oxygen species production in the hippocampus.

Reactive oxygen species (ROS) production was slightly increased in hippocampal tissue 

prepared from aged rats fed the control diet (n=12) compared with tissue prepared from 

young rats fed either the control (n=8) or experimental (n=7) diets, although this did not 

reach statistical significance. Dietary manipulation did not reverse this increase (n=13). 

Values are expressed as //m ol DCF/mg tissue corrected for protein and are the means ± the 

standard error of the means.
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Figure 3.15: The effects of a diet enriched in docosahexaenoic acid on hippocampal 

ROS production.

Reactive oxygen species (ROS) production in hippocampal tissue prepared from aged rats 

fed the control diet (n=10) was increased compared with tissue obtained from young rats 

fed either the control (n=4) or EPA diet (n=5) or in tissue prepared from aged rats fed the 

EPA diet (n=10), although this did not reach statistical significance. Values are expressed 

as nmol DCF/mg tissue corrected for protein and are the means ± the standard error of the 

means.
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Figure 3.16: Activity of the antioxidant enzymes is unchanged with age in the 

hippocampus.

A) Superoxide dismutase (SOD) activity was similar in hippocampal tissue prepared from 

all dietary groups (n=6 for both young dietary groups and n=7 and 8 for aged rats fed the 

control and EPA diet respectively). Values are expressed as units of SOD activity/mg 

tissue corrected for protein and are the means ± the standard error of the means.

B) Catalase activity was similar in hippocampal tissue prepared from all dietary groups 

(n=9 and 7 for young rats fed the control and EPA diet respectively and n=12 for both aged 

dietary groups). Values are expressed as units of catalase activity/mg tissue corrected for 

protein and are the means ± the standard error of the means.

C) Glutathione peroxidase (Gpx) activity was significandy increased in hippocampal tissue 

prepared from aged rats fed the control diet (n = ll)  compared with tissue prepared from 

young rats fed the EPA diet (n=6; *p< 0.05 b v c. Student’s t-test for independent means). 

There was no significant difference in enzymatic activity in tissue prepared from young 

rats fed the control diet (n=8) or aged rats fed the EPA diet (n=13). Values are expressed as 

/<mol Gpx activity/mg tissue corrected for protein/min and are the means ± the standard 

error of the means.
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Figure 3.17: Correlation between reactive oxygen species and superoxide dismutase 

in the hippocampus.

A significant positive correlation exists between reactive oxygen species (ROS) and 

superoxide dismutase (SOD; p<0.01; r^=0.25). The values are expressed as nmol DCF/ mg 

and units of SOD activity/mg of protein.
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Figure 3.18: Age is associated with an increase in hippocampal lipid peroxidation.

Lipid peroxidation was significantly increased in hippocampal tissue prepared from aged 

rats fed either the control ( n = l l )  or experim ental (n=12) diets com pared with tissue 

prepared from young rats fed either the control (n=9) or experimental (n=7) diet (*p<0.05 

in both cases, ANOVA). Values are expressed as /<mol M DA/mg tissue corrected for 

protein and are the means ± the standard error of the means.
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Figure 3.19: Age is associated with an increase in hippocampal interleuliin-ip 

concentration.

Interleukin-ip (IL-1|3) concentration was increased in hippocampal tissue prepared from 

aged rats fed the control diet (n=l l )  compared with tissue prepared from young rats fed 

either the control (n=9) or experimental (n=10) diets with only the values from the EPA 

diet reaching statistical significance (*p<0.05 b v c, ANOVA). This effect was not 

observed in tissue prepared from aged rats fed the EPA diet (n=12). Values are expressed 

as pg IL-ip/m g tissue corrected for protein and are the means ± the standard error of the 

means.
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Figure 3.20: Effect of H 2 O2  on IL -ip  concentration in hippocampal tissue in vitro.

H ydrogen peroxide (H 2 O 2 ; 2 0 0 ;/M ) increased IL-1(3 concentration in hippocam pal tissue  

prepared from young untreated rats but this effect was not statistically significant. V alues 

are expressed as ng IL-l(3/m g protein and are the means ±  the standard error o f  the m eans.
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Figure 3.21: HjOj increases p38 phosphorylation in hippocampal tissue.

A) A sample immunoblot shows that p38 phosphorylation is increased in tissue incubated 

in the presence of H 2 O2  (200//M; lane 2) compared with tissue incubated in the presence of 

the control buffer (Krebs Câ "̂ ; lane 1).

B) H2 O2  significantly increases p38 phosphorylation in hippocampal tissue compared with 

tissue incubated in the control buffer (*p<0.05 a v b. Student’s t-test for independent 

means). The values are expressed as arbitrary units of p38 phosphorylation and are the 

means ± the standard error of the means.
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Figure 3.22: Interleukin-ip increases p38 phosphorylation in hippocampal tissue.

A) A sample immunoblot shows that p38 phosphorylation is increased in tissue incubated 

in the presence of interleukin-1 (3 (IL-1(3; lOOng/ml; lane 2) compared with tissue incubated 

in the presence of the control buffer (Saline; lane 1).

B) IL-1|3 significantly increased p38 phosphorylation in hippocampal tissue compared with 

tissue incubated in the control buffer (*p<0.05 a v b.  Student’s t-test for independent 

means). The values are expressed as arbitrary units of p38 phosphorylation and are the 

means ± the standard error of the means.
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Figure 3.23: Age is associated with an increase in p38 mitogen-activated protein 

kinase phosphorylation in the hippocampus.

A) One sample immunoblot shows that p38 phosphorylation was increased in hippocampal 

tissue prepared from aged rats fed on the control diet (lane 3) compared with tissue 

prepared from young rats fed on the control (lane 1) or experimental (lane 2) diet or tissue 

prepared from aged rats fed the EPA diet (lane 4).

B) Densitometric analysis showed that p38 phosphorylation was increased in hippocampal 

tissue prepared from aged rats fed the control diet compared with tissue prepared from 

young rats fed the control and EPA diet and aged rats fed the EPA diet (n=8 for all groups; 

*p<0.05 a v c .  Student’s t-test for independent means). Values are expressed as arbitrary 

units of p38 phosphorylation and are the means ± the standard error of the means.



A
rb

itr
ar

y 
un

its

A

□  Control Diet

4 months 22 months



Figure 3.24: Interleukin-ip inhibits glutamate release in dentate gyrus tissue in vitro.

Glutam ate release in synaptosomes prepared from the dentate gyrus was significantly 

increased in tissue incubated in the control buffer (Krebs Ca^”") following stimulation with 

40mM KCl (*p<0.05 a v  b, Student’s t-test for independent means). Interleukin-ip (IL-1(3; 

lOpg/ml) prevented this KCl stimulated increase but co-incubation with IL -lp  and the p38 

inhibitor SB203580 (SB; 50/iM) restored the effect of KCl (*p<0.05 e v f .  Student’s t-test 

for independent means). Values are expressed as /<mol glutamate/mg and are the means ± 

the standard error of the means.
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Figure 3.25: The effect of age and dietary manipulation on glutamate release in the 

dentate gyrus.

In tissue prepare from dentate gyri o f young rats fed on the control (n=5) and experimental 

(n=6) diet and aged rats fed the EPA diet ( n = l l )  glutamate release was increased in 

tetanized tissue compared with basal concentrations of glutamate released from untetanized 

tissue, although this does not reach statistical significance. This increase is not seen in 

tissue prepared from aged animals fed the control diet (n=10). Data presented are means of 

KCl (40mM ) stim ulated release (minus unstim ulated release) in each case. Values are 

expressed as //m ol glutamate/mg protein and are the means ± the standard error o f the 

means.
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Figure 3.26: The effect of age and dietary manipulation on p38 phosptiorylation in 

the entorhinal cortex.

A) One sample immunoblot shows that p38 phosphorylation was increased in entorhinal 

cortical tissue prepared from aged rats fed on the control (lane 3) and experimental (lane 4) 

diet com pared with tissue prepared from  young rats fed on the control (lane 1) or 

experimental (lane 2) diet.

B) Densitometric analysis shows p38 phosphorylation was increased in entorhinal cortical 

tissue prepared from aged rats fed the control and EPA diet compared with tissue prepared 

from  young rats fed the control or EPA diet, although it did not reach statistical 

significance (n=5 for all groups). V alues are expressed as arbitrary units o f p38 

phosphorylation and are the means ± the standard error of the means.
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Figure 3.27: Age is associated with an increase in TUNEL positive cells in the 

entorhinal cortex.

A) The percentage of TUNEL positive cells was significantly increased in entorhinal 

cortical cells prepared from aged rats fed the control diet (n=5) compared with cells 

prepared from young rats fed on either the control (n=5) or experimental (n=4) diet 

(*p<0.001 alhid  V c, ANOVA). There was also a significant difference between tissue 

prepared from aged rats fed the control and the EPA diet (n=6; '^p<0.001, ANOVA). 

Values are expressed as the percentage of TUNEL positive cells and are the means ± the 

standard error of the means.

B) Two sample photographs of cortical cells following TUNEL staining. The photograph 

on the left depicts cells that are negative for TUNEL staining and the photograph on the 

right depict cells that are positive for TUNEL staining (arrows).
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ANALYSIS OF CHANGES IN CORTICAL TISSUE PREPARED FROM 

AGED AND YOUNG RATS FED ON A DIET SUPPLEMENTED WITH 

EICOSAPENTAENOIC ACID.

As an increase in apoptosis was observed in the entorhinal cortex of aged rats, 

the pathway that may lead from an increase in ROS production or IL-1|3 concentration 

to cell death was assessed in the cortex of young and aged rats. Apoptotic signals been 

suggested to lead to an increase in the release of cytochrome c from the mitochondria 

(Wang and Cortopassi, 1998) which, in turn, may lead to an increase in the activation 

of caspase-3. The ability of the EPA diet to reverse any observed changes was assessed. 

This may be due to a possible anti-inflammatory role, thereby reducing the age-related 

increase in IL-1(3.

Analysis of the cortical tissue obtained from same aged and young rats fed the 

EPA diet (lOmg/rat/day for 3 weeks and then 20mg/rat/day for 5weeks) is shown in the 

next set of results (see Appendix I for mean data).

3.28 Reactive oxygen species production in the cortex.

ROS production was marginally increased in cortical tissue prepared from aged 

rats fed the control (oil enriched in monounsaturated fatty acids) compared with tissue 

prepared from young rats fed on either diet, although this did not reach statistical 

significance (Figure 3.28). The EPA diet did not affect this marginal increase, and this 

was also seen in the hippocampus of the same study.

3.29 Age is associated with an increase in cortical interleukin-Ip concentration.

IL -lp  concentration was assessed in cortical tissue and was shown to be 

significantly increased in cortical tissue prepared from aged rats fed the control diet 

compared with tissue prepared from young rats fed the control diet (*p<0.05 a v c. 

Student’s t-test for independent means; Figure 3.29). There was no increase seen in 

tissue prepared from the aged rats fed on the EPA diet. Although the diet did not seem 

to be effective in reversing the marginal age-related increase in ROS production in the 

cortex it was effective in reversing the age-related increase in IL -ip  concentration.



3 JO Tumour Necrosis Factor-a concentration in the cortex.

The concentration of a second proinflammatory cytokine Tum our Necrosis 

Factor-a (TN F-a) was assessed in tissue prepared from young and aged rats fed either 

diet as a concom itant increase in T N F -a and IL-1|3 has been reported in several 

conditions. However, as Figure 3.30 shows, the concentration of T N F-a was similar in 

ail dietary and age groups.

331 Age is associated with an increase in cortical p38 phosphorylation.

IL-1(3 concentration and p38 phosphorylation were found to be closely linked in 

other studies (see section 3.23 and 3.24) and, therefore, p38 activity was assessed in 

this study. Figure 3.31 A shows one sample immunoblot indicating an increase in p38 

phosphorylation in tissue prepared from aged rats fed the control diet (lane 3) compared 

with tissue prepared from young rats fed the control (lane 1) or young (lane 2) or aged 

(lane 4) rats fed the EPA diet. Figure 3.31B shows the data obtained following 

densitometric analysis; this reveals a significant increase in p38 phosphorylation in 

cortical tissue prepared from aged rats fed the control diet compared with young rats 

fed on the EPA diet (*p<0.05 b v c. Student’s t-test for independent means). The EPA 

diet appeared to be successful in reversing this age-related increase, however, due to a 

large standard error the statistical difference between the cortical tissue prepared from 

aged rats fed on the control diet and those fed on the EPA diet did not reach 

significance.

332  Interleukin-ip increases p38 phosphorylation in cortical tissue in vitro.

Since IL-1(3 has already been shown to increase p38 phosphorylation in 

hippocampal tissue its ability o f IL-1(3 to increase p38 phosphorylation was assessed in 

cortical tissue in vitro. One sample immunoblot indicates that IL-1(3 (3.5ng/ml; lane 2) 

increased p38 phosphorylation in cortical tissue prepared from young untreated rats 

com pared with tissue incubated in the control buffer (Krebs Ca^”"; lane 1; Figure 

3.32A). M ean data obtained from  densitom etric analysis revealed that IL-1(3 

significantly increased p38 phosphorylation in cortical tissue (*p<0.05 a v b .  Student’s 

t-test for independent means; Figure 3.32B).



3 Age is associated with an increase in cortical cytochrome c translocation.

Cytochrome c, a protein of the inner membrane of the mitochondria, is released 

into the cytosol during times of cellular stress. To assess stress in tissue prepared from 

aged rats cytochrome c translocation to cytosol (hereafter called “cytochrome c 

expression”) was assessed in cytosolic fractions prepared from cortical tissue. Figure 

3.33A shows one sample immunoblot indicating that cytochrome c was increased in 

cortical tissue prepared from aged rats fed the control diet (lane 3) compared with 

tissue prepared from young rats fed the control diet (lane 1) and young (lane 2) and 

aged (lane 4) rats fed the EPA diet. Mean data obtained from densitometric analysis 

shows that cytochrome c was significantly increased in cortical tissue prepared from 

aged rats fed the control diet compared with tissue prepared from young rats fed the 

control diet (*p<0.05 a v c, Student’s t-test for independent means; Figure 3.33B). This 

significant increase was not seen in tissue prepared from aged rats fed the EPA diet.

3.34 Interleukin-ip increases cytochrome c translocation in cortical tissue in vitro; 

inhibition by the interleukin-Ip receptor antagonist.

IL-ip in the presence and absence of the IL-1(3 receptor antagonist (IL-lra) was 

assessed for its ability to increase cytochrome c expression in cytosolic fractions of 

cortical tissue. In Figure 3.34 (A) one sample immunoblot indicates that IL-1(3 

(3.5ng/ml; lane 2) increased cytochrome c expression in cortical tissue prepared from 

young untreated rats compared with tissue incubated in the control buffer (lane 1), IL- 

lra (350ng/ml; lane 3) or IL -lp + IL -lra (lane 4; Figure 3.34A). Mean data obtained 

from densitometric analysis shows that IL-1(3 significantly increased cytochrome c 

expression in cytosolic fractions of cortical tissue compared with tissue incubated in the 

control buffer, IL-lra or IL-1|3 + IL-lra (*p<0.01 alcid v b, ANOVA; Figure 3.50B).

3.35 Interleukin-ip increases cytochrome c translocation in cortical tissue in vitro; 

inhibition by a specific p38 inhibitor.

The effect of the p38 inhibitor SB203580 (SB) was assessed on IL-l(3-induced 

change in cytochrome c expression in cytosolic fractions of cortical tissue. One sample 

immunoblot indicates that IL-1(3 (3.5ng/ml; lane 2) increased cytochrome c expression 

in cortical tissue prepared from young untreated rats compared with tissue incubated in 

the control buffer (lane 1), SB (50/^M; lane 3) or IL -lp  -i- SB (lane 4; Figure 3.35A).
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Mean data obtained from densitometric analysis shows that IL-1(3 significantly 

increased cytochrome c expression in cortical tissue compared with tissue incubated in 

the control buffer, SB or IL-1(3 + SB (*p<0.05 alcid v b, ANOVA; Figure 3.35B). 

These findings suggest that one way in which IL-1(3 increases cytochrome c expression 

in the cytosol of cortical tissue is via the actions of p38.

3 3 6  H 2 O 2  increases cytochrome c translocation in cortical tissue in vitro.

The effect of HjOj on cytochrome c expression in cytosolic fractions of cortical 

tissue was assessed. One sample immunoblot indicates that HjOj (200/<M; lane 2) 

increased cytochrome c expression in cortical tissue prepared from young untreated rats 

compared with tissue incubated in the control buffer (lane 1; Figure 3.52A). Mean data 

obtained from densitometric analysis shows that H 2 O2  significantly increased 

cytochrome c expression compared with tissue incubated in the control buffer (*p<0.05 

a \  b. Student’s t-test for independent means).

3>37 Expressions o f Bcl-2 or Bax are unchanged with age or dietary manipulation  

in cortical mitochondrial preparations.

Two proteins which may contribute to the release of cytochrome c from the 

mitochondria into the cytosol are Bcl-2 and Bax. The expression of these proteins was 

assessed in mitochondrial fractions prepared from cortical tissue of the young and aged 

rats. One sample immunoblot indicates that the expression of Bcl-2 was similar in 

tissue prepared from young rats fed the control (lane 1) and EPA diet (lane 2) and aged 

rats fed the control (lane 3) and EPA (lane 4; Figure 3.37A) diet. Figure 3.37B shows 

the mean data obtained from densitometric analysis and these data confirm that the 

expression of Bcl-2 was similar in all groups. One sample immunoblot indicates that 

the expression of Bax was similar in tissue prepared from young rats fed the control 

(lane 1) and experimental (lane 2) and aged rat fed the control (lane 3) and 

experimental (lane 4; Figure 3.37C) diet. Figure 3.37D shows the mean data obtained 

from densitometric analysis and these data confirm that the expression of Bax was 

similar in all groups.
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3.38 The ratio of Bcl-2 to Bax is also unchanged in cortical mitochondrial 

preparations.

The ratio of Bcl-2, which is anti-apoptotic, and Bax, which is pro-apoptotic, is 

considered to be important in determining cell survival. Densitometric analysis of the 

individual bands in the separate experiments allowed ratios of Bcl-2 to Bax to be 

calculated. Figure 3.38B shows that the ratio of Bcl-2:Bax was similar in all groups.

339  Age is associated with an increase in cortical caspase-3 activation.

Figure 3.39 shows that caspase-3 activation was significantly increased in 

cortical tissue prepared from aged rats fed the control diet compared with tissue 

prepared from young rats fed either the control or EPA diet and tissue prepared from 

aged rats fed the EPA diet (*p<0.05 albid v d, ANOVA). The diet was effective in 

reversing the age-related increase in cortical caspase-3 activation.

3.40 Interleukin-ip increases caspase-3 activation in cortical tissue in vitro', 

inhibition by the receptor antagonist.

The ability of IL-1|3 to increase caspase-3 activation was assessed in cortical 

tissue prepared from young untreated rats. Figure 3.40 shows that IL-1(3 (3.5ng/ml) 

significantly increased caspase-3 activation in cortical tissue compared with tissue 

incubated in the control buffer (*p<0.05 a \  b. Student’s t-test for independent means). 

The ability of the receptor antagonist to block this increase was also assessed and the 

data show that the IL-l(3-induced increase in caspase-3 activation was attenuated in 

tissue incubated with both IL -ip and IL-lra (350ng/ml).

3.41 Interleukin-Ip increases caspase-3 activation in cortical tissue in vitro; 

inhibition by the p38 inhibitor.

The effect of the p38 inhibitor SB203580 (SB) was assessed on the IL-1(3- 

induced increase in caspase-3 activation was assessed. Figure 3.41 shows that IL-1(3 

(3.5ng/ml) significantly increased caspase-3 activation in cortical tissue prepared from 

young untreated rats compared with tissue incubated in the control buffer (Krebs Câ "̂ ) 

and with the p38 inhibitor SB (*p<0.05 a/c/d v b. Student’s t-test for independent 

means). This increase was not seen in tissue incubated in the presence of both IL-1(3 -f-



SB. Therefore, one way in which IL-1(3 increases caspase-3 activation is likely to be 

via the actions of p38.

3.42 H 2 O 2  increases caspase-3 activity in cortical tissue in vitro', inhibition by a p38 

inhibitor.

The effect of H 2 O 2  (200/^M) on caspase-3 activity in the presence and absence 

of the p38 inhibitor was assessed. Figure 3.42 shows that H 2 O 2  significantly increases 

caspase-3 activation in cortical tissue prepared from young, untreated rats compared 

with tissue incubated in either the control buffer (Krebs Ca^" )̂, the p38 inhibitor 

SB203580 (SB) or H2 O 2  -f- SB (*p<0.05 a/c/d v b, ANOVA).

3.43 Age is associated with a decrease in poly-(ADP-ribose) polymerase expression 

in cortical tissue.

Poly- (ADP-ribose) polymerase (PARP) is a I16kD protein that can be cleaved 

by caspase-3 resulting in its inactivation which in turn prevents its ability to act as a 

DNA repair enzyme. With an age-related increase in caspase-3 already shown, PARP 

expression was assessed. One sample immunoblot indicates that the 116kD PARP 

expression was decreased in cortical tissue prepared from aged rats fed the control diet 

(lane 3) compared with tissue prepared from young rats fed the control (lane 1) and 

young (lane 2) and aged (lane 4) rats fed the EPA diet (Figure 3.43A). Mean data 

obtained from densitometric analysis shows that there was a significant decrease in 

PARP expression in cortical tissue prepared from aged rats fed the control diet 

compared with young rats fed the control diet (*p<0.05 a \  c. Student’s t-test for 

independent means; Figure 3.43B). This age-related decrease was not seen in the tissue 

prepared from the aged rats fed the EPA diet suggesting that the EPA-diet attenuates 

the aging effect on PARP.

3.44 Age is associated with an increase in TUNEL positive cortical cells.

TUNEL staining is considered to be an indicator of cell death. With a 

compromise in the ability of PARP to carry out its role as a DNA repair enzyme, cells 

may undergo cell death; this was assessed in cells prepared from young and aged rats 

fed either the control or EPA diet. Figure 3.44 shows that the mean percentage of 

TUNEL positive cells was significantly increased in the cortex prepared from aged rats
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fed the control diet compared with cells prepared from young rats fed either the control 

or EPA diet (*p<0.05 alh v c, ANOVA). This increase was not seen in the cells 

prepared from aged rats fed the EPA diet and suggests that dietary manipulation may 

spare the cells from DNA nicking.
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Figure 3.28: Reactive oxygen species production in the cortex.

Reactive oxygen species (ROS) production was marginally increased in cortical tissue 

prepared from aged rats fed the control (n=12) and experimental (n=13) diets compared 

with tissue prepared from young rats fed either the control (n=10) or experimental (n=10) 

diets. These values did not reach statistical significance. Values are expressed as nmol 

DCF/mg tissue corrected for protein and are the means ± the standard error of the means.
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Figure 3.29: Age is associated with an increase in cortical interleukin-1 P 

concentration.

Interleukin-1P (IL -1 (3) concentration was significantly increased in cortical tissue prepared 

from aged rats fed the control diet (n=10) compared with tissue prepared from young rats 

fed the control diet (n=8; *p<0.05 a  v c. Student’s t-test for independent means). There 

was no significant difference between the tissue prepared from the young rats fed the 

control diet and the tissue prepared from the young (n=7) and aged (n=7) rats fed the EPA 

diet. Values are expressed as pg IL-l|3/mg tissue corrected for protein and are the means ± 

the standard error of the means.
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Figure 330: Tumour necrosis factor-a concentration in the cortex was not effected by 

age or dietary manipulation.

Tumour necrosis factor-a (TNF-a) concentration was similar in cortical tissue prepared 

from young rats fed the control or EPA diets (n=8 for each) and the tissue prepared from 

the aged rats fed the control or EPA diets (n=l l  for each). Values are expressed as pg 

TNF-a/mg tissue corrected for protein and are the means ± the standard error of the means.
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Figure 331: Age is associated with an increase in cortical p38 phosphorylation.

A) One sample immunoblot shows that p38 phosphorylation was increased in cortical 

tissue prepared from aged rats fed on the control diet (lane 3) compared with tissue 

prepared from young rats fed on the control (lane 1) or experimental (lane 2) and tissue 

prepared from aged rats fed the EPA diet (lane 4).

B) Densitometric analysis showed that p38 phosphorylation was increased in cortical tissue 

prepared from aged rats fed the control diet compared with tissue prepared from young rats 

fed on the control and the EPA diet and the aged rats fed the EPA diet (*p<0.05 b v c. 

Student’s t-test for independent means; n=8 for all groups). Values are expressed as 

arbitrary units of p38 phosphorylation and are the means ± the standard error of the means.
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Figure 332: Interleukin-ip increases p38 phosphorylation in cortical tissue in vitro.

A) A sample immunoblot shows that p38 phosphorylation was increased in cortical tissue 

following incubation with interleukin-1(3 (IL-1(3; 3.5ng/ml; lane 1) compared with tissue 

incubated in the control buffer (Krebs Câ "̂ ; lane 2).

B) IL -ip  (Ing/ml) significantly increased p38 phosphorylation in cortical tissue obtained 

from young untreated rats compared with tissue incubated in the control buffer (Krebs 

Ca^^; n=6 for both groups; *p<0.05 a v  b. Student’s t-test for independent means).
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Figure 333: Age is associated with an increase in cortical cytochrome c translocation.

A) One sample immunoblot shows that cytochrome c translocation was increased in 

cortical tissue prepared from aged rats fed on the control diet (lane 3) compared with tissue 

prepared from young rats fed on the control (lane 1) or experimental (lane 2) diet or aged 

rats fed the EPA diet (lane 4).

B) Densitometric analysis showed that cytochrome c translocation into the cytosol was 

increased in cortical tissue prepared from aged rats fed the control diet when compared 

with tissue prepared from young rats fed the control and EPA diet or aged rats fed the EPA 

diet (*p<0.05 a v c .  Student’s t-test for independent means; (n=7 for all groups). Values 

are expressed as arbitrary units of cytochrome c expression and are the means ± the 

standard error of the means.
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Figure 334: Interleukin-ip increases cytochrome c translocation in cortical tissue in 

vitro', inhibition by the interIeukin-1 receptor antagonist.

A) A sample immunoblot shows that interleukin-1(3 (IL-1(3; 3.5ng/ml; lane 2) increased 

cytochrome c expression in cortical tissue compared with tissue incubated in the control 

buffer (Krebs Ca^^; lane 1), the interleukin-1 receptor antagonist (IL-lra; 350ng/ml; lane 3) 

or co-incubation with IL-1(3 -i- IL-lra (lane 4)

B) IL-1(3 significantly increased cytochrome c expression when incubated in tissue 

prepared from young untreated rats compared with tissue incubated in the control buffer 

(n=7 for both) or IL -lra or co-incubation with IL-1(3 (n=4 for both; *p<0.01 alcid v b, 

ANOVA). Values are expressed as arbitrary units of cytochrome c expression and are the 

means ± the standard error of the means.
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Figure 335: Interleukin-ip increases cytochrome c translocation in cortical tissue in 

vitro; inhibition by a specific p38 inhibitor.

A) A sample immunoblot shows that interleukin-1(3 (IL-1|3; 3.5ng/ml; lane 2) increased 

cytochrome c expression in cortical tissue compared with tissue incubated in the control 

buffer (Krebs Câ "̂ ; lane 1), the p38 inhibitor, SB203580 (SB; 50/iM; lane 3) or co

incubation with IL-1(3 (lane 4)

B) IL-1|3 significantly increased cytochrome c expression when incubated in tissue 

prepared from young untreated rats compared with tissue incubated in the control buffer 

(n=7 for both) or SB or co-incubation with IL -ip  (n=4 for both; *p<0.05 a/c/d v b, 

ANOVA). Values are expressed as arbitrary units of cytochrome c expression and are the 

means ± the standard error of the means.
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Figure 336: HjOj increases cytochrome c translocation in cortical tissue in vitro.

A) A sample immunoblot showing that cytochrome c expression is increased in cortical 

tissue incubated in the presence of H2 O2  (200//M) compared with tissue incubated in the 

control buffer (Krebs Câ "̂ ).

B) H2 O2  significantly increases cytochrome c expression when incubated in cortical tissue 

prepared from young untreated rats compared with tissue incubated in the control buffer 

(*p<0.05 a V b,  ANOVA; n=12 for each group). Values are expressed as arbitrary units of 

cytochrome c expression and are the means ± the standard error of the means.
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Figure 3.37: Expressions of Bcl-2 or Bax are unchanged witli age or dietary 

manipulation in cortical mitochondrial preparations.

A) A sample immunoblot shows that no change was observed in the Bcl-2 expression in 

cortical tissue prepared from young rats fed the control (lanel) or experimental (lane 2) or 

tissue prepare from aged rats fed the control (lane 3) or the experimental (lane 4) diets 

(Bcl-2=25kD).

B) Densitometric analysis showed similar Bcl-2 expressions in cortical tissue prepared 

from all the groups (n=12 for each group). Values are expressed as arbitrary units of Bcl-2 

expression and are the means ± the standard error of the means.

C) A sample immunoblot shows that no change was observed in the Bax expression in 

cortical tissue prepared from young rats fed the control (lanel) or experimental (lane 2) or 

tissue prepare from aged rats fed the control (lane 3) or the experimental (lane 4) diets 

(Bax=23kD).

D) Densitometric analysis showed similar Bax expression in cortical tissue prepared from 

all the groups (n=12 for each group). Values are expressed as arbitrary units of Bax 

expression and are the means ± the standard error of the means.
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Figure 3.38: The ratio of Bcl-2 to Bax is also unchanged in cortical mitochondrial 

preparations.

A) A sample immunoblot shows that no change was observed in the ratio of Bcl-2 to Bax 

in cortical tissue prepared from young rats fed the control (lanel) or experimental (lane 2) 

or tissue prepare from aged rats fed the control (lane 3) or the experimental (lane 4) diets 

(Bax=23kD and Bcl-2=25kD).

B) Densitometric analysis showed similar ratios of Bcl-2 to Bax were expressed in cortical 

tissue prepared from  all the groups (n=12 for each group). Values are expressed as 

arbitrary units of the ratio of Bax to Bcl-2 expression and are the means ± the standard 

error of the means.
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Figure 339: Age is associated with an increase in cortical caspase-3 activation.

Caspase-3 activation was significantly increased in cortical tissue prepared from aged rats 

fed the control diet (n=12) compared with tissue prepared from young rats fed either the 

control (n=9) or experimental (n=10) diet and aged rats fed the EPA diet (n=10; *p<0.05 

alhid  v d, ANOVA). Values are expressed as nmol Caspase-3 activation/mg tissue 

corrected for protein/min and are the means ± the standard error of the means.
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Figure 3.40: Interleukin-ip increases caspase-3 activation in cortical tissue in vitro; 

inhibition by the receptor antagonist.

Interleukin-ip (IL-1(3; 3.5ng/ml) significantly increased caspase-3 activation in cortical 

tissue prepared from young untreated rats (n=5) compared with tissue incubated in the 

control buffer (Krebs Câ "̂ ; n=8), with the interleukin-1 receptor antagonist (IL-lra; 

350ng/ml; n=6) or with IL-1(3 + IL -lra  (n=5; *p<0.05 a v b.  Student’s t-test for 

independent means). Values are expressed as nmol Caspase-3 activation/mg tissue 

corrected for protein/min and are the means ± the standard error of the means.
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Figure 3.41: Interleukin-1^ increases caspase-3 activation in cortical tissue in vitro; 

inhibition by the p38 inhibitor.

Interleukin-1(3 (IL-lp; 3.5ng/ml) significantly increased caspase-3 activation in cortical 

tissue prepared from young untreated rats (n=5) compared with tissue incubated in the 

control buffer (Krebs Ca '̂ ;̂ n=8), with the p38 inhibitor SB203580 (SB; 50//M; n=4) or 

with IL-1|3 - I -  SB (n=5; *p<0.05 a/c/d v b. Student’s t-test for independent means). Values 

are expressed as nmol Caspase-3 activation/mg tissue corrected for protein/min and are the 

means ± the standard error of the means.
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Figure 3.42: HjOj increases caspase-3 activity in cortical tissue in vitro; inhibition by 

a p38 inhibitor.

H2 O 2  (200/<M) significantly increased caspase-3 activation in cortical tissue prepared from 

young untreated rats (n=6) compared with tissue incubated in the control buffer (Krebs 

Câ "̂ ; n=4), p38 inhibitor SB203580 (SB; n=6) or co-incubation of SB with H 2 O 2  (n=6; 

*p<0.05 alcid V b, ANOVA). Values are expressed as nmol caspase-3 activity/mg tissue 

corrected for protein/min and are the means ± the standard error of the means.
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Figure 3.43: Age is associated with a decrease in poly-(ADP-ribose) polymerase 

expression in cortical tissue.

A) A sample immunoblot shows that the 116kDa poly-(ADP-ribose) polymerase (PARP) 

was decreased in cortical tissue prepared from aged rats fed on the control diet (lane 3) 

compared with tissue prepared from young rats fed on the control (lane 1) or experimental 

(lane 2) diet or aged rats fed the EPA diet (lane 4).

B) Densitometric analysis showed that the 116kDa PARP was decreased in cortical tissue 

prepared from aged rats fed the control diet compared with tissue prepared from young rats 

fed the control diet or young and aged the rats fed the experimental (n=7 for all groups; 

*p<0.05 a V c, Student’s t-test for independent means). Values are expressed as arbitrary 

units o f PARP (1 16kDa) and are the means ± the standard error of the means.
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Figure 3.44: Age is associated with an increase in TUNEL positive cortical cells.

A) The percentage of TUNEL positive cells was significantly increased in cortical cells 

prepared from aged rats fed the control diet compared with tissue prepared from young rats 

fed either the control or EPA diet or aged rats fed the EPA diet (n=4 for all groups; 

*p<0.05 a/b V c, ANOVA). Values are expressed as the percentage of TUNEL positive 

cells and are the means + the standard error of the means.

B) Two sample photographs of cortical cells following TUNEL staining. The photograph 

on the left depicts cells that are negative for TUNEL staining and the photograph on the 

right depicts cells that are positive for TUNEL staining.
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ANALYSIS OF CHANGES IN HIPPOCAMPAL TISSUE THAT OCCUR  

FOLLOWING WHOLE-BODY IRRADIATION AND LPS TREATMENT.

In the final series of experiments insults other than age were assessed for their 

ability to im pair LTP. W hole-body y-irradiation can result in one o f the m ost 

devastating forms of dam age that can be inflicted in the CNS. A large range of 

apoptosis-inducing agents may be stimulated and even low doses o f irradiation can 

affect cellular activity. Irradiation has been shown to stim ulate IL-1|3 production 

(Dinarello, 1996) and p38 activation (Robinson and Cobb, 1996). It has also been 

shown to increase caspase-3 activation and decrease PA R ? activity (Ferrer, 1999). It 

has been reported that the hippocampus is particularly sensitive to irradiation (Tolliver 

and Pellmar, 1987) and it has been shown that irradiation exerts damaging effects in 

CA l and the dentate gyrus (Pellmar and Lepinski, 1993). y-Irradiation was assessed for 

its ability to inhibit the maintenance of LTP in rats and biochemical changes were 

analysed for their possible impact on the inhibition of LTP.

LPS was also assessed for its ability to affect LTP. LPS is an integral part of the 

cell wall of Gram-negative bacteria. It has been shown previously in this laboratory to 

impair LTP and this may be due to increases in p38 and JNK activation as well as an 

increase in ROS production and IL-1(3 concentration (Vereker et al., 2000b). The 

ability of EPA to reverse the expected impairment in LTP caused by both y-irradiation 

and LPS w as assessed . EPA has been show n to reduce U V B -induced  

immunosuppression in mice (Moison and Beijersbergen Van Henegouwen, 2001). As 

both irradiation (Ibuki and Goto, 2000) and LPS (Vereker et al., 2000b) have been 

shown to increase ROS production, the ability of the antioxidant scavengers, vitamins 

E and C, were also assessed for their ability to reverse the expected im pairment in 

LTP.

The results of an initial study on the effects o f y-irradiation on LTP and 

subsequent biochem ical analyses on the hippocam pal tissue obtained from  these 

animals are shown below. The effects of diets enriched in either EPA or the vitamins E 

and C on y-irradiation- and LPS-induced impairm ents in LTP is also shown, (see 

Appendix I for mean data).



3.45 Long-term potentiation in the dentate gyrus is attenuated in rats that 

received y-irradiation.

In the first set of experiments whole-body y-irradiation was assessed as a model 

system, which might allow evaluation of changes as a consequence of an increase in 

ROS production. Two doses of irradiation were used in these studies. The first dose 

was lOGy @20Gy/min. Young rats were subjected to whole-body irradiation and 

allowed to recover for 4 days. LTP was assessed after this time and Figure 3.45 shows 

the result of these experiments. It shows that delivery of a high frequency train of 

stimuli to the perforant path (at time point 0) resulted in an immediate increase in the 

mean percentage change in the EPS? slope in both rats that received the y-irradiation 

and those that were sham irradiated.

3.46 Y-Irradiation affects the percentage change in the EPSP slope.

Analysis of the data indicated that y-irradiated rats were unable to maintain this 

increase whereas sham irradiated rats maintained LTP for the duration of the test. There 

was a significant difference in the percentage change of the EPSP slope in the first 

2min and in the last 5min of recording post tetanic stimulation between y and sham 

irradiated rats (100.8 ± 0.5 and 103.3 ± 2.0 % for sham and y-irradiated rats 

respectively in the first 2min post stimulation and 125.5 ± 0.5 and 84.2 ± 1.3 for sham 

and y-irradiated rats respectively in the last 5min of recording post stimulation; Figure 

3.46).

3.47 y-Irradiation is associated with an increase in hippocampal reactive oxygen 

species production.

In order to elucidate the factors that may have caused the impairment in LTP, 

hippocampal tissue was assessed for changes in a number of measures. ROS production 

was significantly increased in hippocampal tissue prepared from young rats which were 

exposed to whole-body irradiation compared with tissue prepared from rats which were 

sham irradiated (*p<0.01 a v  b. Student’s t-test for independent means Figure 3.47).

3.48 Lipid peroxidation in the hippocamus is not affected by y-irradiation.

Earlier experiments (see section 3.5 and 3.18) indicated that an increase in ROS 

production was coupled with an increase in lipid peroxidation and, therefore, lipid



peroxidation was assessed in hippocampal tissue prepared from sham-irradiated and 

irradiated rats. Figure 3.48 shows that lipid peroxidation was similar in both groups.

3.49 Activity of interleukin-ip converting enzyme in the hippocampus.

ICE activity was markedly increased in hippocampal tissue prepared from y- 

irradiated rats compared with tissue prepared from rats that were sham irradiated 

however, this difference did not reach statistical significance (Figure 3.49).

3.50 Y-Irradiation is associated with an increase in hippocampal IL -ip  

concentration.

Figure 3.50 shows that IL-113 concentration was significantly increased in hippocampal 

tissue prepared from rats that were subjected to y-irradiation compared with tissue 

prepared from sham irradiated rats (*p<0.05 a v b. Student’s t-test for independent 

means).

3.51 Correlation between interleukin-ip and long-term potentiation.

Figure 3.51 shows that a significant negative correlation existed between IL-ip 

concentration in the hippocampus and the mean percentage change in the EPSP slope in 

the last 5min of the experiment; the r̂  value was 0.65 (*p<0.005, Student’s t-test for 

independent means). This implies that the irradiation-induced increase in IL-1 (3 

concentration is likely to be a major contributing factor in the impairment in LTP 

observed in these rats.

3.52 Y'lri'adiation is associated with a decrease in protein synthesis in the 

entorhinal cortex.

As the entorhinal cortex contains the cell bodies of the perforant path granule 

cell synapses, protein synthesis in the entorhinal cortex was assessed using ^̂ S 

methionine labelling of proteins. Figure 3.52 shows that protein synthesis was 

significantly decreased in tissue prepared from rats which were exposed to y-irradiation 

compared with tissue prepared from rats that were sham irradiated (*p<0.05 a v b. 

Student’s t-test for independent means).



3.53 LTP is impaired by y-irradiation but restored by dietary manipulation.

As EPA was successful in reversing some key age-related changes observed in 

the hippocampus, its ability to reverse the y-irradiation-related impairment in LTP was 

assessed. Young rats were fed for 4 weeks on a control diet (oil enriched in 

monounsaturated fatty acids) or an experimental diet enriched in 1% or 2% (of their 

daily food intake) EPA. After 4 weeks the rats were exposed to a lower dose of y- 

irradiation than previously (lOGy @ 10Gy/min) and allowed to recover for 4 days 

before assessing their ability to maintain LTP. Figure 3.53 shows that delivery of a high 

frequency train of stimuli to perforant path (at time point 0) resulted in an immediate 

increase in the EPSP slope in both rats that received the y-irradiation and those that 

were sham irradiated in all dietary groups.

3.54 Y-Ii*radiation affects the percentage change in the EPSP slope in the dentate 

gyrus.

Analysis of the data indicates that there was a significant increase in the mean 

percentage change in the population EPSP slope in the first 2min post tetanic 

stimulation (compared with the last 5min pre-stim ulation) in the sham irradiated rats 

that were fed the 1 % EPA diet compared with those that were fed either the control or 

2% diet (*p<0.05 a/c v b, ANOVA). This significant increase also was seen in the y- 

irradiated rats that were fed the control diet compared with those that were fed either 

EPA diet (*p<0.05 d  v elf, ANOVA; Figure 3.54A). There was a significant decrease in 

the percentage change in the population EPSP slope in the last 5min of recording post 

tetanic stimulation (compared with the last 5min pre-stim ulation) in sham irradiated 

rats that were fed the 1% and 2% EPA diet compared with those that were fed the 

control diet (+p<0.001 g v h/j, ANOVA). This significant decrease was also seen in the 

y-irradiated rats fed on the control diet compared with those fed the 1% and 2% EPA 

and all sham irradiated dietary groups (*p<0.001 k v m/n, ANOVA; Figure 3.54B). The 

EPA diet was effective in reversing the irradiation-induced impairment in LTP.

3.55 LTP is attenuated by y-irradiation but restored by dietary vitamins in the 

dentate gyrus.

The antioxidant scavenger vitamins E and C were assessed for their ability to 

m im ic the polyunsaturated fatty acid diet in restoring the y-irradiation-related



impairment in LTP. Young rats were fed for 4 weeks on an experimental diet enriched 

in 250mg/day vitamin E and C or on a control diet (oil enriched in monounsaturated 

fatty acids) and received the same dose of y-irradiation as the previous experiment. 

Figure 3.55 shows that delivery of a high frequency train of stimuli to perforant path 

granule cells (at time point 0) resulted in an immediate increase in mean EPSP slope in 

both rats that received the y-irradiation and those that were sham irradiated in all 

dietary groups.

3.56 y-Irradiation affects the percentage change in the EPSP slope in the dentate 

gyrus, reversal by dietary vitamins.

Analysis of the data indicates that the percentage change in the population 

EPSP slope in the first 2min post tetanic stimulation (compared with the last 5min pre

stimulation) was significantly increased in the y-irradiated rats fed the control diet 

compared with those fed the vitamin diet and both sham irradiated dietary groups 

(*p<0.01 albid  V c, ANOVA Figure 3.56A). The percentage change in the population 

EPSP slope in the last 5min of recording (compared with the last 5min pre-stimulation) 

was significantly decreased in the y-irradiated rats fed on the control diet compared 

with those fed the vitamin diet and the sham irradiated rats from both dietary groups 

(*p<0.001 e/f/h V g, ANOVA). There was a significant difference between the sham- 

irradiated rats fed the control diet and all other groups (*p<0.001 e v fig ih , ANOVA, 

Figure 3.56B). The vitamin-enriched diet was effective in reversing the irradiation- 

induced impairment in LTP.

3.57 LTP is impaired by LPS in the dentate gyrus, but restored by dietary 

manipulation with EPA.

The insult used in the second set of experiments was lipopolysaccharide (LPS), 

a integral part of Gram negative bacteria that causes an inflammatory response in the 

host animal. Young rats were fed for 4 weeks on a control diet (oil enriched in 

monounsaturated fatty acids) or an experimental diet enriched in 1% or 2%  (of their 

daily food intake) EPA. After the 4 weeks the rats were injected intraperitoneally with 

either a control buffer (1ml; 0.9% saline) or LPS (1ml; 100/ig/ml) and allowed to 

recover for 3 hours before assessing their ability to maintain LTP. Figure 3.57 shows 

that delivery of a high frequency train of stimuli to perforant path granule cells (at time
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point 0) resulted in an immediate increase in the mean percentage change in the EPSP 

slope in both rats that received the saline or LPS treatment in all dietary groups.

3.58 LPS affects the percentage change in the EPSP slope in the dentate gyrus.

Analysis of the data shows that the percentage change in the population EPSP 

slope in the first 2min post tetanic stimulation (compared with the last 5min pre

stimulation) was significantly decreased in the saline treated rats fed the 1% EPA diet 

com pared with those fed the control and 2%  EPA diet (+p<0.05 a/c v b, ANOVA). 

This significant decrease was also seen in the LPS treated rats fed the 2%  EPA diet 

(*p<0.05 d/e v / ,  ANOVA; Figure 3.58A). The percentage change in the population 

EPSP slope in the last 5min of recording post tetanic stimulation (compared with the 

last 5min pre-stimulation) was significantly decreased in LPS treated rats fed the 

control diet compared with all other treatment and dietary groups (*p<0.001 glh/jimln v 

k, ANOVA). There was a significant increase seen in saline treated rats fed the 2% 

EPA diet compared with all other treatment and dietary groups (*p<0.001 glhlk/m/n v j ,  

ANOVA; Figure 3.58B). The EPA diet was effective in reversing the LPS-induced 

impairment in LTP.

3.59 LTP is impaired by LPS in the dentate gyrus, but restored by dietary 

vitamins.

The vitamin diet was also used to try to restore the LPS-related impairment in 

LTP. The same procedure was used as before. Figure 3.59 shows that delivery of a high 

frequency train of stimuli to perforant path granule cells (at time point 0) resulted in an 

immediate increase in the mean percentage change in the EPSP slope in both rats that 

received the saline or LPS treatment in all dietary groups.

3.60 LPS affects the percentage change in the EPSP slope in the dentate gyrus, 

reversal by dietary vitamins.

Analysis of the data shows that the percentage change in the EPSP slope in the 

first 2min post tetanic stimulation (compared with the last 5min pre-stimulation) was 

significantly increased in saline treated rats fed the vitamin diet compared with those 

fed the control diet and both LPS treated dietary groups (*p<0.05 alcid  v b, ANOVA; 

Figure 3.60A). The percentage change in the population EPSP slope in the last 5min of
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recording (compared with the last 5min pre-stimulation) was significantly decreased in 

LPS treated rats fed the control diet compared with those fed the vitamin diet and both 

saline treated dietary groups (*p<0.001 elflh v g, ANOVA). There was a significant 

increase in the percentage change in the EPS? slope in the saline treated rats fed the 

vitamin diet compared with the saline treated rats fed the control diet and both LPS 

treated dietary groups (+p<0.001 elgih v f ,  ANOVA; Figure 3.60B). The vitamin diet 

was effective in reversing the LPS-induced impairment in LTP.
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Figure 3.45: Long-term potentiation in the dentate gyrus is attenuated in rats which 

received y-irradiation.

Long-term potentiation (LTP) in the dentate gyrus is significantly attenuated in rats which 

received a dose o f y-irradiation compared to sham irradiated rats. The mean slope of the 

population EPSP evoked by test stimuli delivered at 30s intervals before and after tetanic 

stimulation is shown. Population EPSP slope is expressed as a percentage o f the slope 

recorded in the 5min immediately prior to tetanic stimulation and values are expressed as 

the means ± the standard error of the means. Standard errors are included for every tenth 

response and some are so small in some cases as to be obscured.
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Figure 3.46: y-Irradiation affects the percentage change in the EPSP slope.

A) The percentage change in the EPSP slope in the first 2min post tetanic stimulation was 

similar in both irradiated and sham irradiated rats. The values are expressed as the 

percentage change in the EPSP slope and are the means ± the standard error of the means.

B) The percentage change in the EPSP slope in the last 5min of recording post tetanic 

stimulation was significanUy decreased in the irradiated compared with the sham irradiated 

rats (*p<0.001 c w d, ANOVA). The values are expressed as the percentage change in the 

EPSP slope and are the means ± the standard error of the means.
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Figure 3.47: y-Irradiation is associated with an increase in iiippocampal reactive 

oxygen species production.

Reactive oxygen species (ROS) production was significantly increased in hippocampal 

tissue prepared from rats which received a dose of y-irradiation compared with those that 

were sham irradiated (n=6 for both groups; *p<0.01 a v b. Student’s t-test for independent 

means). Values are expressed as nmol DCF/mg protein and are the means ± the standard 

error of the means.
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Figure 3.48: Lipid peroxidation in the hippocampus is not afl'ected by y-irradiation.

Lipid peroxidation was similar in hippocampal tissue prepared from both groups (n=5 and 

7 for sham and irradiated groups respectively). Values are expressed as /^mol MDA/mg 

protein and are the means ± the standard error of the means.
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Figure 3.49: Activity of interleukin-ip converting enzyme in the hippocampus.

In te rleu k in -1P converting enzym e (ICE) activity was increased in hippocampal tissue 

prepared from rats which received a dose of y-irradiation (n=6) comXpared with those that 

were sham irradiated (n=5), although this did not reach statistical significance. Values are 

expressed as nmol ICE activity/mg protein/min and are the means ± the standard error of 

the means.
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Figure 3.50: y-Irradiation is associated with an increase in hippocampal interleukin- 

ip  concentration.

In terleuk in -1(3 (IL-1(3) concentration was significantly increased in hippocampal tissue 

prepared from rats which received a dose of y-irradiation compared with those that were 

sham irradiated (n=6 for both groups; *p<0.05 a v b. S tudent’s t-test for independent 

means). Values are expressed as ng IL -lp /m g  protein and are the means ± the standard 

error of the means.
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Figure 3^1: Correlation between interleukin-Ip and long-term potentiation.

A significant negative correlation exists between interleukin-113 (IL-1(3) concentration and 

long-term potentiation (LTP; p<0.005; r^=0.65). The values are expressed as ng IL -ip /m g 

protein and the percentage change in the EPSP slope in the last 5min of recording after 

tetanic stimulation.
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Figure 3.52: Y-Irradiation is associated with a decrease in protein synthesis in the 

entorhinal cortex.

Protein synthesis is significantly decreased in entorhinal cortical tissue prepared from rats 

which were exposed to a dose of y-irradiation compared with those that were sham 

irradiated (n=6 for both groups; *p<0.05 a \  b. Student’s t-test for independent means). 

Values are expressed as counts per minute and are the means ± the standard error of the 

means.
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Figure 3^3: LTP is impaired by y-irradiation but restored by dietary manipulation in 

the dentate gyrus.

A) L ong-term  p o ten tia tion  (LTP) in the den ta te  gyrus is sligh tly  im paired  in sham  

irradiated rats fed the 1% and 2%  EPA diet com pared with those fed the control diet.

B) LTP in the dentate gyrus is significantly  im paired in rats w hich received  a dose o f y- 

irradiation com pared w ith those that were sham  irradiated but is restored in irradiated rats 

fed the 1% and 2%  EPA  diet.

For both figure A and B the m ean slope o f  the population E PS P evoked by test stimuli 

delivered at 30s in tervals before and after tetanic stim ulation is show n. Population EPSP 

slope is expressed as a percentage o f the slope recorded in the 5m in im m ediately  prior to 

tetan ic stim ulation  and values are expressed  as the m eans ± the standard  erro r o f  the 

m eans. S tandard  errors are included for every  tenth response and som e are so sm all in 

som e cases as to be obscured.
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Figure 3.54: y-Irradiation affects the percentage change in the EPSP slope in tke 

dentate gyrus.

A) The percentage change in the EPSP slope in the first 2min post tetanic stimulation wis 

significantly increased in sham irradiated rats fed on the 1% experim ental rats aid 

irradiated rats fed the control diet compared with all the other groups (*p<0.05 alcleljv  

b/d, ANOVA). The values are expressed as the percentage change in the EPSP slope aid 

are the means ± the standard error of the means.

B) The percentage change in the EPSP slope in the last 5min o f recording post tetaric 

stimulation was significantly decreased in the irradiated rats fed the control experimental 

diets and sham irradiated rats fed the experimental diets compared with the sham irradiated 

rats fed the control diet (+p<0.001 g v h/j, ANOVA). There was a significant difference tie 

y-irradiated rats fed the control diet and all other groups (*p<0.001 k v m/n, ANOVA). Tie 

values are expressed as the percentage change in the EPSP slope and are the means ± tie 

standard error of the means.
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Figure 3.55: LTP is attenuated by Y-irradiation but restored with dietary vitamins in 

the dentate gyrus.

LTP is impaired in the dentate gyrus of y-irradiated rats fed on the control diet compared 

with the sham irradiated rats fed both diets and irradiated rats fed the vitamin diet. The 

mean slope of the population EPSP evoked by test stimuli delivered at 30s intervals before 

and after tetanic stimulation is shown. Population EPSP slope is expressed as a percentage 

o f the slope recorded in the 5min immediately prior to tetanic stimulation and values are 

expressed as the means ± the standard error o f the means. Standard errors are included for 

every tenth response and some are so small in some cases as to be obscured.
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Figure 3.56: y-Irradiation affects the percentage change in the EPSP slope in the 

dentate gyrus, reversal by dietary vitamins.

A) The percentage change in the EPSP slope 2min post tetanic stim ulation was 

significantly increased in y-irradiated rats fed on the control diet compared with all other 

groups (*p<0.01 alhid v c, ANOVA). The values are expressed as the percentage change in 

the EPSP slope and are the means ± the standard error of the means.

B) The percentage change in the EPSP slope in the last 5min o f recording post tetanic 

stimulation was significantly decreased in y-irradiated rats fed on the control and vitamin 

diet and sham irradiated rats fed on the vitamin diet compared with sham irradiated rats fed 

the control diet C^p<0.001 elflh v g, ANOVA). There was a significant difference between 

the y-irradiated rats fed the control diet and all other groups (*p<0.001 e v f/g/h,  ANOVA). 

The values are expressed as the percentage change in the EPSP slope and are the means ± 

the standard error of the means.
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Figure 3.57: LTP is impaired by LPS in the dentate gyrus, but restored by dietary 

manipulation with EPA.

A) Long-term potentiation (LTP) in the dentate gyrus is not effected in saline treated rats 

fed on the control and the 1% and 2% EPA diet.

B) LTP in the dentate gyrus is significantly impaired in rats treated with LPS and fed the 

control diet compared with those that were saline treated but is restored in LPS treated rats 

fed the 1% and 2% EPA diet.

For both figure A and B the mean slope of the population EPSP evoked by test stimuli 

delivered at 30s intervals before and after tetanic stimulation is shown. Population EPSP 

slope is expressed as a percentage of the slope recorded in the 5min immediately prior to 

tetanic stimulation and values are expressed as the means ± the standard error of the 

means. Standard errors are included for every tenth response and some are so small in 

some cases as to be obscured.
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Figure 3.58: LPS affects the percentage change in the EPSP slope in the dentae 

gyrus.

A) The percentage change in the EPSP slope in the first 2min post tetanic stimulation wis 

significantly decreased in saline treated rats fed on the 1% EPA diet and LPS treated nts 

fed the 2% EPA diet compared with all the other groups (*p<0.05 alcldle v d/f, A NO V /). 

The values are expressed as the percentage change in the EPSP slope and are the means± 

the standard error of the means.

B) The percentage change in the EPSP slope in the last 5min o f recording post tetaric 

stimulation was significantly decreased in the LPS treated rats fed the control experimenal 

diets com pared with all other groups (*p<0.001 glhljimln v k, ANOVA). There was a 

significant increase observed in the percentage change in the EPSP slope in the saliie 

treated rats fed the 2% diet com pared with all other groups Cp<0.001 glhlklm/n \ j ,  

ANOVA). The values are expressed as the percentage change in the EPSP slope and a-e 

the means ± the standard error of the means.
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Figure 3.59: LTP is impaired by LPS in the dentate gyrus, but restored by dietary 

vitamins.

LTP is impaired in the dentate gyrus of LPS treated rats fed on the control diet com pand 

with saline treated rats fed both diets and LPS treated rats fed the vitamin diet. The mem 

slope of the population EPSP evoked by test stimuli delivered at 30s intervals before aid 

after tetanic stimulation is shown. Population EPSP slope is expressed as a percentage of 

the slope recorded in the 5min immediately prior to tetanic stimulation and values a-e 

expressed as the means ± the standard error of the means. Standard errors are included ior 

every tenth response and some are so small in some cases as to be obscured.
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Figure 3.60: LPS affects the percentage change in the EPSP slope in the dentate 

gyrus, reversal by dietary vitamins.

A) The percentage change in the EPSP slope in the first 2min post tetanic stimulation was 

significantly increased in saline treated rats fed on the vitamin diet compared with all the 

other groups (*p<0.05 alcid v b, ANOVA). The values are expressed as the percentage 

change in the EPSP slope and are the means ± the standard error of the means.

B) The percentage change in the EPSP slope in the last 5min of recording post tetanic 

stimulation was significantly decreased in the LPS treated rats fed the control vitamin diets 

compared with all other groups (*p<0.001 e/f/h v g, ANOVA). There was a significant 

increase observed in the percentage change in the EPSP slope in the saline treated rats fed 

the vitamin diet compared with all other groups (+p<0.001 e/g/h v / ,  ANOVA). The values 

are expressed as the percentage change in the EPSP slope and are the means ± the standard 

error of the means.
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Chapter 4:
Discussion



4 Discussion.

The main aim of this thesis was to assess the changes that occur in the brains of 

aged rats and rats that have been challenged with other stresses such as y-irradiation 

and LPS. In all cases an increase in ROS production and IL-1|3 concentration was 

observed and, therefore, the role played by such an increase in neuronal stress was 

examined. The ability o f certain putative antioxidants and the scavenger antioxidants 

vitamin C and E were assessed for their ability to reverse the observed changes in ROS 

and IL-1(3. In order to achieve these aims four separate series o f experiments were 

undertaken and the results of these are discussed in the following pages.

4.1 Analysis of changes in cortical tissue prepared from young and aged rats fed 

on a diet supplemented with a-lipoic acid.

The objective of the first series o f experiments was to assess the age-related 

changes that occur in the cortex o f the rat and to establish  w hether dietary 

supplementation with the putative antioxidant a-lipoic acid could reverse the changes 

observed. The main finding was that dietary supplementation reversed the age-related 

increases in reactive oxygen species production, interleukin-1|3 concentration and lipid 

peroxidation. Although it does not directly address the question, the evidence obtained 

was consistent with the idea that IL-1(3 increases ROS; there is some evidence that the 

action involves an increase in the activity of superoxide dismutase (SOD).

In a review of age-related changes, Harman stated that there is "accumulating 

evidence that aging is largely due to free radical damage" (Harman, 1981) and it is 

widely accepted that damage caused by free radicals results in the production of more 

free radicals. Therefore, it seemed reasonable to predict that ROS might be increased in 

the brain with age. The results of this study demonstrate that this increase occurs in the 

aged cortex. However, this increase was not seen in cortical tissue prepared from the 

aged anim als fed on diet enriched in a - lip o ic  acid. It appeared that a low er 

concentration of the diet was more effective than a higher one in reversing the age- 

related increase in ROS. One possible explanation for this might be the more profound 

increase in the concentration of the n-3 polyunsaturated fatty acid, docosahexaenoic 

acid (DHA) with the higher concentration diet since it has been shown that when 

weanling rats were fed a diet enriched in this fatty acid, there was a significant increase 

in the production of ROS in the hippocampus (M cGahon et al., 1999c). It is possible



that the increased free D H A , which can be easily  attacked by R O S, leads to a further 

increase in the production o f RO S. T herefore, reducing the concentration o f this PU FA 

in the diet may prevent this effect and, therefore, be m ore beneficial.

The present data, which indicate an age-related increase in ROS in the cortex, is 

consisten t with data  p rev iously  obtained  in the h ippocam pus (M urray and L ynch, 

1998a) and an increase in ROS has been observed  in m any disease states such as 

atherosclerosis, diabetes and cancer (Y u, 1994). The ability o f a -lip o ic  acid to reverse 

the increase in ROS is not surprising since it is a recognised scavenger o f m any reactive 

oxygen and nitrogen species such as sing let oxygen , hydrogen  perox ide , hydroxyl 

rad icals, nitric ox ide, peroxynitrite  and hydrochlorous acid. In addition its reduced 

fo rm , d ihydro lipo ic  acid , is know n to scavenge superox ide  and peroxy l rad icals 

(B iew enga er a /., 1997; Packer er a /., 1997).

C hanges in the ac tiv ity  o f  the an tio x id an t enzym es SO D , ca ta lase  and 

glutathione peroxidase were analysed to try to explain the age-related increase in RO S. 

The data show that there was an increase in the activity o f SO D  in the cortical tissue 

prepared from the aged rats fed the control diet. A sim ilar increase in SOD activity was 

seen in the h ippocam pus o f  the sam e aged rats, w hich concurs with the results o f 

O ’Donnell and Lynch (1998) thereby indicating an age-related increase in SOD activity 

in the cortex prepared from  aged rats. The present study show s that there was an age- 

related  decrease in the activ ity  o f the o ther an tiox idan t enzym es assessed , nam ely 

catalase and glutathione peroxidase; the decrease in glutathione peroxidase is consistent 

with previous findings (O 'D onnell and Lynch, 1998). The age-related increase in SOD 

activity and concom itant decrease in glutath ione peroxidase and catalase activity are 

likely to lead to an increase in the accum ulation o f H 2 O 2 . This m ay explain why there 

was an increase in ROS production because if there is a reduction in the activities o f 

g lu tath ione peroxidase and ca talase , H 2 O 2  w ill not be m etabo lised  in to  w ater and 

m o le c u la r  o x y g e n , th e reb y  lea d in g  to  the  a c cu m u la tio n  o f  H 2 O 2 . D ie ta ry  

supplem entation with lipoic acid reversed these age-related  changes, w hich may also 

explain the reduction in ROS in the aged anim als that received a -lip o ic  acid.

The find ings o f  this study show  that the concen tra tions o f the an tiox idan t 

scavengers in the cortex  w ere unaffected  by age. T his is consisten t w ith results 

p resen ted  by Z hang  and co lleag u es  (1993) w ho rep o rted  no change  in the 

concentrations o f  GSH  and v itam in  C in the cortex  o f the gerbil brain w ith age.
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However, this is inconsistent with the findings o f Arivazhagan and Panneerselvam 

(2000) who report a significant age-related decrease in the concentrations o f the 

antioxidant scavengers in the cortex and hippocampus of rats. Therefore, the literature 

is conflicting. However, the concentrations of vitamin E and GSH in the present study 

were increased in the cortical tissue prepared from the aged rats fed the 100% a-LPA  

diet and this correlates more with the findings of Arivazhagan and Panneerselvam 

(2000) who showed that dietary supplementation with a-lipo ic  acid reversed the age- 

related decrease in the antioxidant scavengers. This may be due to the ability of a -  

lipoic acid to regenerate the endogenous antioxidants suggested by previous studies 

(Biewenga et al., 1997; Packer et al., 1997; Nickander et al., 1996).

The consequences of the increase in ROS were sought, and the age-related 

increase in lipid peroxidation that was observed in this study confirms data obtained in 

previous studies (O'Donnell and Lynch, 1998; M cGahon et al., 1999a; Arivazhagan 

and Panneerselvam, 2000). The findings are also in agreement with the observation that 

ROS increases lipid peroxidation in several other cell types (Yu, 1994; Packer et al., 

1997; Harman, 1981). In the present study, dietary supplementation with a-lipoic acid 

was shown to reverse the age-related increase in lipid peroxidation. This is consistent 

with results presented by Arivazhagan and Panneerselvam (2000) who also showed that 

with a-lipoic acid in the cortex, as well as in the hippocam pus, reversed the aged- 

related increase in lipid peroxidation.

Substrates for lipid peroxidation include the polyunsaturated fatty acids, one of 

which is AA. The age-related decrease in AA, which accompanied the increase in lipid 

peroxidation observed in this study, has been docum ented before in both the 

hippocampus (McGahon et al., 1999a,b and c; Lynch and Voss, 1994) and cortex of the 

rat (O'Donnell and Lynch, 1998). However, the significance of the present data is that 

dietary supplementation with a-lipoic acid reversed this effect in cortical tissue. It 

seems reasonable to propose that this is due to the fact that a-lipoic acid reversed the 

age-related increase in ROS. It should be considered that reversal of this change in 

ROS may also be a consequence of the small concentration of AA that is present in the 

diet. Similar changes in AA concentration were also seen in hippocam pal tissue 

prepared from these animals, including reversal of the age-related decrease with the a -  

lipoic acid diet (McGahon et al., 1999b).



The ability of the pro-inflammatory cytokine IL-1(3 to increase ROS production 

was assessed in cortical tissue in vitro. The data indicate an IL-1 |3-induced increase of 

ROS production. It has been shown previously that IL-1 (3 also increases ROS in the 

hippocampus in vitro (Murray and Lynch, 1998a). The finding that the SOD inhibitor, 

triethylenetetraamine blocked the effect of IL-1|3 implies that IL-1 (3 increases ROS 

production via the action of SOD. This idea was supported by the observation that IL- 

1|3 significantly increased SOD activity.

IL-1|3 is activated by interleukin-113 converting enzyme (ICE) and so the effect 

o f age on ICE activity was analysed. The data show that there was a significant age- 

related increase in ICE activity. The a-LPA  diet was effective in reversing this increase 

suggesting that the antioxidant may act by downregulating the activity of ICE in aged 

animals. Since a-lipoic acid has been shown to act as an antioxidant in this study, and 

previously by others (Biewenga et al., 1997, Packer et al., 1997 and Nickander et at., 

1996), it seems reasonable to propose that ICE activation may be downstream of ROS 

production.

A significant age-related increase in IL-1|3 concentration was found in the 

cortex of rats fed on the control diet and both 50% and 100% a-L P A  diets were 

effective in reversing this increase. The increase in ICE activity correlates with, and is 

likely to explain, the increase in the concentration o f IL-1 (3. This increase in IL-1|3 

confirms previous reported data, which indicated that there was an age-related increase 

in IL-1|3 in the hippocampus (Murray and Lynch, 1998a) and in the cortex (O ’Donnell, 

et al., 2000) of rats. The lower concentration of a-L PA  diet was found to be more 

effective than the higher concentration and, as suggested before, this may be explained 

by the increased intake of DHA in this dietary group. It has been shown that incubating 

hippocampal tissue in the presence of HjOj significantly increased ROS production 

(O 'Donnell et al., 2000) and, therefore, the increase in dietary DHA concentration, 

which the data show to enhance ROS in weanling rats (M cGahon et al., 1999c), may 

increase ROS which in turn may increase IL-1|3. These findings are also consistent with 

those found in the hippocampus of the present study. IL-I|3 has also been shown to 

increase lipid peroxidation in cortical tissue in vitro (O ’Donnell and Lynch, 1998) and 

this may be used to explain the age-related increase in lipid peroxidation.

Thus, several related changes occur in the cortex of the aged brain and several 

of these can be reversed by dietary supplem entation with a-lipo ic  acid. Age is
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associated with an increase in ROS production and the evidence indicates that this is 

due to the age-related increase in IL -1 (3 concentration which has been shown to lead to 

an increase in the activity of SOD. Age is also associated with a decrease in the 

activities of catalase and glutathione peroxidase and it is proposed that this decrease, 

combined with the increase in SOD activity, results in an increase in ROS. The data is 

consistent with the suggestion that increased ROS production leads to an increase in 

lipid peroxidation and a decrease in the concentration of AA. This results in a loss of 

membrane fluidity that is thought to be responsible for the decline in synaptic function 

which in turn is likely to significantly contribute to the decline in cognitive function 

associated with age.

a-L ipoic acid was shown to be an effective antioxidant, in the first instance, by 

its ability to reverse the age-related increase in ROS production. The ability of the diet 

to reverse the age-related increase in IL-1(3 concentration, which is likely to be 

responsible for the increased SOD activity, may be a key factor in this. The dual 

reduction in ROS accumulation and IL-1|3 concentration may lead to the reduced lipid 

peroxidation and thus, effect a reversal in the age-related decrease in the concentration 

of AA in the cortex of the rat.

4.2 Analysis of changes in hippocampal tissue prepared from aged and young rats 

fed on a diet supplemented with eicosapentaenoic acid.

Subsequent experim ents assessed the ability  o f a diet enriched in the 

polyunsaturated fatty acid and putative anti-inflammatory eicosapentaenoic acid (EPA) 

in reversing the age-related changes observed in the rat brain. One objective of this 

study was to assess the ability of the EPA diet to reverse age-related changes in LTP. 

The second objective was to assess age-related changes in certain factors that may 

cause an im pairm ent in LTP and to assess the ability o f the diet to reverse this 

irr.pairment.

The main findings of the study were that there was an age-related impairment in 

LTP and the EPA -enriched diet reversed this im pairm ent. The im pairm ent was 

ac:om panied by age-related increases in ROS, lipid peroxidation and IL-1(3 in the 

hippocampus, which are possible contributing factors in the impairment of LTP. Some, 

but not all, of these changes were reversed by dietary supplementation.



In the dentate gyrus, LTP was successfully induced and maintained in young 

rats fed either the control or EPA-enriched diet but aged rats fed on the control diet 

were unable to maintain LTP in the present study. W hile it is generally accepted that 

there is an im pairm ent in the ability of aged animals to sustain LTP, there are 

conflicting views over whether the induction of LTP is impaired in the aged animal. 

Some research groups suggest that induction of LTP is unaffected by age but that the 

rate of decay of LTP is accelerated in aged animals (Barnes, 1979; Deupree et al.,

1993). Lynch and Voss (1994) showed that there was an attenuation in the percentage 

increase in the EPSP slope in aged rats following tetanic stimulation o f the perforant 

path. Other reports have shown that the attenuation may not be significant but does 

exist (M cGahon et al., 1997 and 1999c). This may be due to the im pairm ent in 

temporal summation of multiple EPSPs during high frequency stimulation (Rosenzweig 

et al., 1997). The present study does not address the question of whether an age-related 

impairment in the induction of LTP exists as the recording equipment used was set up 

for this measurement.

It has previously been shown by Landfield and colleagues (1978) that an age- 

related im pairm ent in the maintenance of LTP exists in C A l slices follow ing 

stimulation of the Schaffer collaterals and this has been repeatedly shown to occur in 

the dentate gyrus in vivo in this laboratory (M cGahon et al., 1997; M cGahon et al., 

1999a,b and c; O ’Donnell et al., 2000 and Kelly et al., 2000). This impairment may be 

due to a number of factors but, importantly, it has been shown previously that it is 

probably due to an age-related decrease in glutamate release in synaptosomes prepared 

from either the dentate gyrus or hippocampus (Lynch and Voss, 1994; McGahon et al., 

1997; McGahon et al., I999a,b and c, and Murray et al., 1997). The presynaptic release 

of glutamate is necessary for the maintenance of LTP. The induction of LTP requires 

an influx of Ca^^ into the postsynaptic terminal and it has also been shown that a 

decrease in Ca^"^-channel numbers and activity is seen in aged rats (Verkhratsky et al.,

1994). Protein synthesis has been shown to be necessary for the maintenance of LTP, 

since the protein synthesis inhibitor anisomycin prevents LTP, and protein synthesis is 

also reduced in the aged rat (Mullany and Lynch, 1997).

In the present study, aged rats fed on the EPA-enriched diet had their ability to 

maintain LTP restored. This correlates with findings by M cGahon and colleagues 

(1999a and c) who showed that dietary supplementation with other polyunsaturated
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fatty acids such as AA and docosahexaenoic acid (DHA) reversed the age-related 

impairment in LTP. In the present study, considering the above findings, an explanation 

for the ability of EPA to reverse the age-related impairment in LTP was sought.

An age-related im pairm ent in LTP is known to be associated with several 

measures as discussed above. Another of these factors is an increase in ROS production 

(M urray and Lynch, 1998a) and, therefore, ROS production was assessed in the 

hippocam pus. An age-related increase in ROS production was found and dietary 

m anipulation with EPA only partially reversed this increase. This observation is 

contrary to results reported by M urray and Lynch (1998b) where a diet enriched in 

vitam ins C and E reversed the age-related increase in ROS production in the 

hippocam pus. However, a sim ilar result, to that reported by M urray and Lynch 

(1998b), was found when the age-related increase in ROS production was reversed in 

aged rats fed on a diet enriched in DHA. The inability o f the EPA diet to completely 

reverse the age-related changes may be due to the relatively low concentration of EPA 

added to the diet. The approximate percentage of EPA added to the laboratory chow 

was 0.05% of the daily food taken per rat. In a review by Youdim and colleagues 

(2000) the recommended intake of EPA per day was 0.4% of food consumed per day or 

around 900mg/day for humans. The dose o f 10 to 20mg/rat/day which was used in this 

study falls short of this recommendation.

Antioxidant enzyme status was assessed in an effort to explain the age-related 

increase in ROS production. The literature appears to be contradictory in this respect. 

D ata presented by Danh and colleagues (1983) showed that SOD activity was 

unchanged in the hippocampus prepared from aged rats, but this differs from previous 

studies carried out in this and other laboratories where SOD activity was increased 

(O ’Donnell et al., 2000 and Carrillo et al., 1992). In the present study SOD activity was 

similar in both young and aged rats and supports the findings o f Danh and colleagues 

(1983). A significant, positive correlation exists between the activity of SOD and ROS 

production implying that (in the absence o f other changes) with increasing SOD 

activity there is a theoretical concomitant increase in ROS production. The explanation 

for the differing results is unclear as the animals used by Danh and colleagues (1983) 

were of the same species, sex and strain as those used in this laboratory. One plausible 

explanation for this discrepancy would be the condition of the aged rats. Although they
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were o f the same age, the conditions of a set o f aged rats may d iffer causing 

discrepancies between findings.

Catalase activity was similar in the cortex o f aged and young rats, as found 

previously in this laboratory, but not in the hippocampus of aged rats (O ’Donnell et al., 

2000 and O ’Donnell and Lynch, 1998). The present study, in the hippocampus, shows 

that catalase activity was similar in all groups. An age-related increase in glutathione 

peroxidase activity was found in the present study and again, this differs from previous 

findings where no change in activity was seen in the hippocam pus o f aged rats 

(O ’Donnell et al., 2000). The differing results may be explained again by a possible 

difference in the condition of the different groups of aged rats. Therefore, the activity 

of the antioxidant enzymes does not provide an explanation for the age-related increase 

in ROS production in this study. However, it has been shown previously in this 

laboratory that there is an age-related decrease in the concentrations of vitamin E and C 

and GSH in the hippocampus and this may explain the increase in ROS accumulation 

in the present study (O ’Donnell et al., 2000).

Parallel changes in ROS and lipid peroxidation were observed in the cortex and 

similar changes have been found in the hippocampus of aged rats (Murray and Lynch, 

1998b). An age-related increase in lipid peroxidation was found in the hippocampus in 

this study, which confirms findings of other studies (Arivazhagan and Panneerselvam, 

2000; M cGahon et al., 1999a). If lipid peroxidation is causally related to ROS 

accumulation, then the prediction from the ROS data in this study, might be that dietary 

manipulation with EPA would not affect the age-related increase in lipid peroxidation. 

In agreem ent with the prediction the experim ental EPA diet was found to be 

unsuccessful in reversing this increase in lipid peroxidation correlating with the limited 

ability of the diet to reverse the age-related increase in ROS production. In a study by 

Moison and Beijersbergen Van Henegouwen (2001) rats fed a diet enriched in EPA 

also failed to reverse the UVB radiation-induced increase in lipid peroxidation. Thus, 

the strong link between the ROS production and lipid peroxidation is maintained.

The ability of the EPA diet to reverse the age-related impairment in LTP does 

not parallel with its lack of ability to reverse the age-related increase in ROS. 

T herefore, since IL-1|3 has been shown previously to im pair LTP follow ing 

intracerebroventricular (icv) injection (Vereker et al., 2000a; M urray and Lynch, 

1998a) the concentration of the cytokine was assessed in the hippocampus. An age-
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related increase in IL-1|3 was observed in the h ippocam pus and this result has been  

reported before in the rat h ippocam pus (M cG ahon et  a l . ,  1999a and b ), cortex  

(O ’D onnell and L ynch, 1998) and dentate gyrus (M urray and L ynch , 1998a). This 

increase w as not seen in tissue prepared from aged rats fed on the EPA  diet. Previous 

studies carried out in this laboratory sh ow ed  that dietary supplem entation  w ith a 

com bination o f  A A and y-linolenic acid also reversed the age-related increase in IL-1(3 

(M cG ahon et  al . ,  1999a). In the A A  diet study, the age-related  increase in lipid  

peroxidation  w as a lso  reversed and parallel ch an ges in IL-1(3 concentration  and 

oxidative stress were observed which contrasts w ith data obtained in the present study 

as the EPA diet had no effect on the age-related increase in lipid peroxidation. Babcock  

and co lleagues (2000) proposed one plausible explanation for how  E PA -enriched diets 

might reverse the age-related increase in IL -ip . The authors propose that substitution o f  

EPA for A A  in phospholipids reduces the production o f  cytokines such as IL-1(3. This 

occurs through the phospholipase Aj-dependent m etabolism  o f  A A  (w hich  leads to an 

increase in free A A ), which may result in an increase in the cyclooxygenase-dependent 

conversion  o f  free A A  to prostaglandin Ej  (PG E j). PG E 2  is an e ico sa n o id , w hich  is 

capable o f  producing an increase in cytokines such as IL-1(3. Therefore, substitution o f  

EPA for A A reduces free A A , which may in turn reduce PG E 2  production and, hence, 

IL -ip  production (Babcock et al. ,  2000).

In an effort to understand a possible interaction betw een IL-1|3 and R O S, H 2 O 2 , 

a known R O S, was shown to increase IL -ip  concentration in hippocam pal tissue in 

vi tro.  On the basis o f  this it might be suggested  that the age-related increase in ROS  

m ay lead to the increase in IL -lp  concentration in h ippocam pii prepared from aged  

rats. H ow ever, the relationship betw een IL -ip  and ROS is m ore com p lex  since the 

converse has also been shown where IL -ip  significantly  increased ROS production in 

hippocam pal tissue in vitro  (O ’D onnell et al . ,  2 0 0 0 ). It is reasonable to presum e, 

therefore, that a feed-back loop exists betw een  IL-1|3 and R O S w here, when one is 

increased it leads to the increase o f  the other.

The m itogen-activated protein kinase, p38 is involved  in receiving signals from  

upstream activators and transferring them downstream  to other target proteins. It can be 

activated by m any stim uli including the proinflam m atory cy to k in es, irradiation and 

oxidative stress (Egan and W einberg, 1993). In the present study an experim ent in vitro 

in hippocampal tissue, IL-1|3 was shown to increase p38 phosphorylation. H 2 O 2  was



also shown to increase p38 phosphorylation in vitro. This is consistent with work 

reported by Badger and colleagues (2000) who showed that the p38 inhibitor SB 

242235 blocked the IL -lp  induced increase in PGEj in both bovine and human 

chondrocyte cultures. In another study, which highlights the ability o f p38 to affect 

LTP, SB203580, another selective p38 inhibitor, was shown to block the inhibitory 

effects of IL-1(3 and |3-amyloid on LTP in the dentate gyrus in vitro (Coogan et al., 

1999; Saleshando and O ’Connor, 2000).

Since age is associated with an increase in IL-1(3 concentration and ROS 

production, and since both were shown to stimulate p38 activity in vitro, the age-related 

and dietary-related effects on p38 phosphorylation were assessed. An age-related 

increase in p38 phosphorylation was found in hippocam pal hom ogenate and this 

confirmed data from a previous study in which p38 phosphorylation was increased in 

vivo  as well as in vitro (O ’Donnell et al., 2000). Dietary supplementation with EPA 

reversed this age-related effect on p38 and it is suggested that this may be attributed to 

the ability of the EPA diet to reverse the age-related increase in IL-1|3 concentration.

Previous studies have shown an age-related decrease in glutamate release in the 

dentate gyrus (Vereker et al., 2000a; McGahon et al., 1999a, b and c; McGahon et al., 

1997) and it has been reported that the age-related im pairm ent in LTP is closely 

associated with a decrease in glutamate release. Indeed a positive correlation between 

LTP and glutamate release has been shown (Martin et al., 2001). It is significant that 

IL -ip  exerts an inhibitory effect on glutamate release. Thus, icv injection of IL -ip , 

which blocks LTP, inhibits LTP-associated increase in glutamate release (Vereker et 

al., 2000a). The possibility that the IL -ip  induced reduction in glutamate release was 

related to its ability to increase p38 phosphorylation, was, therefore, assessed. In the 

present study IL -1 (3 was shown to impair glutamate release in dentate gyrus tissue in 

vitro and the p38 inhibitor SB203580 blocked this effect. It was therefore predicted that 

glutamate release would be decreased in aged rats in parallel with the age-related 

increases in IL-1|3 concentration and p38 activity. This prediction was confirmed in this 

study where an age-related decrease in glutamate release was observed. This confirms 

previous studies (Vereker et al., 2000a; McGahon el al., 1999a, b and c; McGahon et 

al., 1997) and it has also been shown that an age-related decrease in other transmitters, 

such as 5-hydroxytryptamine, exists (Friedman and W ang, 1989). Dietary manipulation 

with EPA reversed the age-related decrease in glutamate release; this may be secondary
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to the ability of the diet to reverse the increases in both IL-1|3 and p38 in the 

hippocampus prepared from aged rats. Significantly, dietary supplementation with a-  

lipoic acid (McGahon et al., 1999b) and the polyunsaturated fatty acids AA and DHA 

also reversed the age-related decrease in glutamate release (M cGahon et al., 1999a and 

c). These data add weight to the argument that LTP and an increase in glutamate 

release are closely linked.

The cell bodies of the perforant path synapses are located in the entorhinal 

cortex, therefore, any changes in these may impact on presynaptic activity in the 

dentate gyrus and so the activity of p38 was assessed in this region. An age-related 

increase in p38 activity was found which parallels changes in the hippocampus reported 

here and in previous studies (O’Donnell et al., 2000). Dietary manipulation with EPA 

did not appear to be successful in reversing this age-related change. However, it should 

be acknowledged that the number of observations was low, due to the relatively small 

am ount of tissue that was obtained from the entorhinal cortex. The num ber of 

experiments needs to be Increased to provide more convincing evidence o f age-related 

and diet-related changes.

TUNEL staining allows identification of cells containing nicked DNA and it is 

considered to be one indicator of programmed cell death. Cell death (or apoptosis) is 

associated with DNA fragmentation, chromatin condensation, mitochondrial damage 

and formation of apoptotic bodies (Thornberry and Lazebnik, 1998). It is widely known 

that cell death is triggered by insults such as ROS (Harman, 1981), IL-1(3 (Hu et al., 

1997), LPS treatment (Vereker et al., 2000b) and traumatic brain injury (Clark et al., 

1999). The percentage o f TUNEL positive cells was increased in aged rats fed on 

control diet and dietary supplementation with EPA reversed this age-related increase in 

the entorhinal cortex. Unfortunately, the reason for this observation can only be 

surmised, again because of the lack of tissue. It is possible that EPA exerts its effect by 

reversing the age-related increase in IL-1|3. In a study by Holmin and M athiesen 

(2000), intracerebroventricular injection of IL-I(3 increased the percentage o f TUNEL 

positive cells in Sprague-Dawley rats suggesting that the increase in cell death in the 

present study may be due to an increase in IL-1(3. The increase in cell death in the 

region of the brain that contains the cell bodies of perforant path-granule cell synapses 

(i.e. :he pathway in which LTP experiments were carried out) might be expected to 

have a deleterious effect on the ability of aged rats to maintain LTP. The positive
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influence of the diet in sparing these cells from death is likely to have an impact on the 

potential of the aged rats to maintain LTP. Therefore, the capacity o f dietary EPA to 

reverse the age-related impairment in LTP is probably due to its inhibition of the 

increases observed in IL-1|3 concentration as described by Babcock and colleagues 

(2000). This, in turn, may prevent an increase in p38 phosphorylation. This is 

significant because p38 phosphorylation has been shown to cause cell death. It has also 

been shown that arsenite-induced apoptosis was mediated through the activation of p38 

(Namgung and Xia, 2000).

Based on several experiments from various laboratories, including those in the 

present study, it can suggested that the ability of the EPA diet to reverse the age-related 

decrease in glutamate release impacts greatly on the aged rats potential to maintain 

LTP. Similarly, protecting the cells that play a role in synaptic plasticity from apoptosis 

will allow the aged rat to maintain LTP. This protection may be afforded by both a 

reduction in p38 activity and IL-1(3 concentration. This may, in turn, reverse the 

decrease in glutamate release observed with ageing.

4 3  Analysis of changes in cortical tissue prepared from aged and young rats fed 

on a diet supplemented with eicosapentaenoic acid.

Due to the limited amount of tissue available from the hippocampus of these 

rats, further investigations into the effects that the EPA diet had on the aged brain were 

carried out in cortical tissue prepared from the same rats. ROS production was assessed 

initially to observe if the findings in the cortex were sim ilar to those found in the 

hippocampus. This was confirmed to be the case; an age-related increase in ROS 

accumulation in the cortex was found and, as observed in the hippocam pus, dietary 

manipulation was unsuccessful in reversing this increase.

Several studies (Murray and Lynch, 1998 a and b; O ’Donnell et al., 2000), 

including this one, have shown that parallel changes in ROS and IL-1(3 occur in the 

hippocampus. An age-related increase in IL-1(3 concentration was found in cortical 

tissue and this confirms previous studies in the cortex (O ’Donnell and Lynch, 1998). 

Dietary manipulation with EPA was successful in reversing this increase in IL-1(3. 

These data are, therefore, similar to the results found in the hippocampus. The action 

whereby EPA has the ability to reduce cytokine production was alluded to earlier in the 

report by Babcock and colleagues (2000).
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TN F-a is another cytokine which can be released during inflammation and cell 

stress. T N F-a mRNA levels were found to be increased in the hippocampus of mice 

following intraperitoneal injection of the trimethyltin, which is an organometal known 

to induce neuronal necrosis (Bruccoleri et al., 1998). T N F-a has also been shown to be 

increased in peritoneal macrophages and spleen cells of aged mice (Han et al., 1995). It 

was thought possible that concomitant increases in T N F-a and IL-1(3 may occur in the 

cortex of aged rats. However, the present study shows that T N F-a concentration is not 

altered with age or with dietary supplementation. The literature suggests that T N F-a 

can be both neuroprotective (Tamatani et al., 1999) and neurodegenerative (Loddick 

and Rothwell, 1999).

As changes in IL-1|3 concentration and p38 phosphorylation were found to be 

closely linked in the hippocampus (O’Donnell et al., 2000; see above) p38 activity was 

assessed in the cortex to establish w hether a sim ilar link was specific to the 

hippocampus or more widespread. The data revealed an age-related increase in p38 

phosphorylation. This increase was not observed in tissue prepared from aged rats fed 

the EPA diet, indicating that in the cortex, like the hippocampus, a coupling of these 

param eters occurs. This coupling was confirm ed by the observation that IL -ip  

increased p38 phosphorylation in cortical tissue in vitro, which parallels data from the 

hippocam pus. Therefore, it can be postulated that dietary m anipulation with EPA 

reverses the age-related increase in p38 phosphorylation in cortical tissue by reducing 

the concentration of IL-1(3.

Features of cell stress that can lead to cell death are often associated with the 

mitochondria. A mitochondrial transmembrane potential exists (AW„) and disruption of 

this potential signals an early event in apoptosis (Cortopassi and W ong, 1999). A 

second related detectable event that occurs is the release o f cytochrome c from the 

mitochondria to the cytosol of the cell (for review see Cortopassi and W ong, 1999). In 

an attempt to assess the degree of cell stress in the cortex, cytochrome c translocation in 

aged rats was examined and an age-related increase in this m easure was found in 

cortical tissue prepared from aged rats fed on control diet. However, this increase was 

reversed by dietary supplementation with EPA.

Apoptotic signals have been shown to increase cytochrom e c translocation 

(Yang and Cortopassi, 1998) and there is evidence to suggest that IL-1(3 acts as an 

apoptotic agent in some circumstances (Touzani et al., 1999). It is not clear whether
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p38 p lays such a role, and to address this question  in cortical tissu e, sam ples were 

incubated w ith IL-1(3 and the p38 inhibitor S B 2 0 3 5 8 0 . It w as found that IL-1(3 

increased  cy toch rom e c exp ression  in the c y to so l su g g estin g  that it induced  

translocation. S ign ificantly, its ability induce translocation w as b locked  by the IL-1(3 

receptor antagonist (IL -lra). IL -lra  com petes with IL-1(3 for binding sites on the IL-1 

type I receptor (for review  see D inarello , 1996) and, therefore, it appears that the 

interaction o f  IL-1|3 with its receptor is required for the translocation o f  cytochrom e c. 

The IL -ip  induced increase in cytochrom e c translocation in vitro  was blocked by the 

actions o f  the p38 inhibitor S B 203580. T hese observations suggests that binding o f  IL- 

113 to its receptor leads to dow nstream  activation  o f  p38 w h ich  then instigates  

cytochrom e c translocation from the m itochondria to the cy to so l. T he present results 

are the first to show  that p38 directly interacts w ith m itochondrial proteins such as 

cytochrom e c in the cortex.

This study also showed that incubation in vitro  w ith H 2 O 2  increased cytochrom e  

c translocation in cortical tissue. It has p reviously  been show n that HjOj increased  

cytochrom e c translocation in Jurkat T ce lls  w ith in  2hr o f  treatm ent (Stridh e t  a l . ,  

1998). T his is not surprising as o x id a tiv e  stress is know n to disrupt the 

(Cortopassi and W ong, 1999). H ow ever, in the present study it is more likely that IL-1(3 

has the greater effect on the mitochondria due to the fact that EPA did not reverse the 

age-related increase in ROS production, w h ile  it w as e ffec tiv e  in reversing the age- 

related increase in IL -lp  concentration.

Tw o mitochondrial membrane proteins that m odulate the release o f  cytochrom e  

c into the cytoso l are B cl-2 , which is thought to be anti-apoptotic, and B ax , w hich is 

thought to be pro-apoptotic. B cl-2  and B ax can hom o- or heterodim erise and each can 

neutralise the other’s effect suggesting that their relative concentration in mitochondrial 

m em branes can determ ine w hether or not ce ll death w ill occur (Kannan and Jain, 

2 0 0 0 ). B cl-2  is localised  on the cytop lasm ic face o f  the m itochondria and seem s to 

m aintain  the m em brane integrity o f  the m itochondria  by p reven tin g , d irectly  or 

indirectly, the release o f  cytochrom e c. H eterodim erisation o f  B cl-2  with B ax or large 

concentrations o f  the Bax hom odim er, can inhibit the ab ility  o f  B c l-2  to prevent 

cytoch rom e c release (Kannan and Jain, 2 0 0 0 ). It w as con sid ered  that altered  

exp ression  o f  Bax and/or B cl-2  m ay contribute to the increase in cytoch rom e c 

translocation in the present study, therefore, the exp ression  o f  these proteins w as

96



assessed in cortical tissue prepared from young and aged rats. However, no clear-cut 

age-related or diet-related change was observed in either protein or in the ratio of one to 

the other. This was unexpected, as in a report by Savory and colleagues (1999) where 

aged rabbits were treated intracistemally with aluminium maltolate, which is thought to 

induce oxidative stress, in hippocampal neurons after 72hr the immunoreactivity for 

Bcl-2 was low and high for Bax. This finding was not observed in the young rabbits 

(Savory et al., 1999). It may be a case that other members of the Bcl-2 family, that are 

known to be both anti- and pro-apoptotic, such as Bad, B c1-Xl and p53, may be 

responsible for the observed translocation in cytochrome c

One downstream consequence of increased cytochrome c translocation into the 

cytosol is an increase in caspase-3 activation. This occurs due to the ability of 

cytochrome c to activate Apoptotic Protease-Activating Factor-1 (APAF-1), which in 

turn activates the caspase cascade (Kannan and Jain, 2000). Caspase-9, known as an 

initiator caspase, is activated first and this is followed by activation o f caspase-3, 

known as an effector caspase (Kannan and Jain, 1999; Slee et al., 1999). Caspases are 

cysteine proteases that cleave target proteins at aspartate residues.

Consistant with the view that cytochrome c can activate the pathway leading to 

an increased caspase-3 activation, an age-related increase in the enzyme was observed. 

This result provides further evidence o f an age-related activation o f a cascade of 

biochemical events which may ultimately lead to cell death. Dietary supplementation 

with ERA reversed this age-related increase in caspase-3. In order to assess whether 

caspase-3 was activated primarily due to an increase in IL - lp , experiments in vitro 

were performed on cortical tissue incubated in the presence and absence of IL -ip . The 

data from these experiments show that IL-1(3 increased caspase-3 activity in cortical 

tissue in vitro and this was blocked by the binding of IL -lra  to the receptor (as 

discussed above) The IL-l|3-induced increase in caspase-3 activation was also blocked 

by the p38 inhibitor SB203580. This implies that IL-1(3 activates caspase-3 through the 

phosphorylation of p38. Although the findings were made in vitro, the data provides 

strong circumstantial evidence that the age-related increase in caspase-3 activation 

observed in this study was activated by IL-1(3 and relied on the ability of IL-1|3 to 

phosphorylate p38. This work concurs with results presented by Zhuang and colleagues 

(2000) who reported that HL-60 cells were saved from  singlet oxygen-induced 

apoptosis through incubation with SB203580. Incubation of SB203580 also prevented



the increase in caspase-3 , which is usually associated  w ith sin g let oxygen -in du ced  

apoptosis (Zhuang et a i ,  2000). A recent study by M cLaughlin and co lleagu es (2001)  

confirm ed this finding. They show ed that another p38 inhibitor, S B 2 3 9 0 6 3 , prevented  

caspase activity in thiol-oxidant-induced apoptosis in forebrain neuronal-enriched cell 

cultures. The ability o f  the EPA diet to reverse the age-related increase in IL-1(3 m ay, 

therefore, exp la in  its capacity to reverse the age-rela ted  increase in casp ase-3  

activation.

H 2 O 2  w as also  tested for its ability  to increase ca sp a se-3  activation . Its 

stim ulating effect on caspase-3 activation in cortical tissue in vi tro w as also blocked by 

the p38 inhibitor, S B 203580 . This finding apparently contradicts the work o f  Zhuang 

and colleagues (2000) who reported that singlet oxygen , but not H 2 O2 , induced caspase- 

3 activation. H ow ever, their work was carried out in H L -60 ce lls  and not rat cortical 

tissue as was the case in this study. Other work by Stridh and colleagu es (1998) show ed  

that H 2 O 2  induced caspase-3 activation in Jurkat T ce lls  3 to 4  hr after treatment. These 

findings suggest that activation o f  caspase-3 is m odulated by different m echanism s in 

different cell types.

Poly- (A D P-ribose) polym erase (PARP) is a D N A  repair en zym e that plays an 

important role in determ ining cell survival. It is know n to be a cellu lar substrate for 

caspase-3 and has a defined m otif D X X D  which is the key site for c leavage (Kannan  

and Jain, 2 0 0 0 ). PARP cleavage is considered  to be another ce ll marker that is 

detectable during apoptosis. In an effort to consolidate the findings which indicate age- 

related cell death in cortical tissue, cleavage o f  the 116kD  PA R P w as assessed . The 

data show ed that there was an age-related decrease in the 116kD  PA R P protein. This 

im plies that either PARP expression is downregulated in aged rats or that it is cleaved. 

The age-related increase in caspase-3 activity suggests that the latter is more probable. 

In parallel with the changes in caspase-3 activation, dietary supplem entation with EPA  

w as successful in reversing this decrease in PARP. T he data point to the likelihood that 

this m ay also be due to the effectiveness o f  dietary m anipulation with EPA in reversing  

the age-related increase in IL-1|3. This is consisten t w ith  previous find ings in this 

laboratory, w hich  show ed that the caspase-1 (or ICE) inh ib itor, A c-Y V A D -C M K  

blocked LPS-induced increase in IL-1|3 concentration and the LPS-induced decrease in 

the 1 16kD PARP protein (Vereker et al. ,  2000b).
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Reduced activation of PARP, increased activation of caspase-3 and increased 

cytochrome c translocation are strong indicators, particularly when taken together that 

apoptotic processes are in progress. Therefore, it can be proposed that there is an age- 

related increase in cell death in the cortex. In an effort to consolidate this, TUNEL 

staining of cortical cells was assessed The percentage o f TUNEL positive cells was 

increased in cortical cells prepared from aged rats fed on the control diet. This age- 

related increase was reversed by dietary EPA supplementation. The reason for this is 

likely to be a consequence of the effect of the diet on IL-1 (3 concentration.

This study has shown that, at least in vitro, IL-1(3 by acting on IL -IR I can 

increase cytochrome c translocation and caspase-3 activation through the actions of 

p38. Cytochrome c, as a consequence o f its interaction with APAF-1 and subsequent 

activation of caspase-9, activates caspase-3 which, in turn, can cleave the DNA repair 

enzyme PARP. The inactivation of PARP is likely to contribute to an increase in cell 

death. The reversal of the changes observed in these param eters by dietary 

manipulation with EPA can be linked back to the diet-related reversal of the increase in 

IL -ip .

4,4 Analysis of changes in hippocampal tissue that occur following whole-body 

irradiation and LPS treatment.

In the final series of experiments, stresses other than age were assessed for their 

ability to change some of the same factors assessed in the age studies. The experiments 

focused on changes in the hippocampus and specifically on LTP induced by y- 

irradiation and LPS treatment. Both have been shown previously to affect changes in 

synaptic plasticity (Bassant and Court, 1978; Vereker et al., 2000b).

In one series of experiments, young rats were subjected to one dose of whole- 

body y-irradiation and allowed to recover for 4 days. A dose of lOGy at 20Gy/min was 

chosen because a study by Pellmar and Lepinski (1993) showed that guinea pigs 

irradiated with this dose showed a reduction in both the population spike and synaptic 

efficacy in C A l in vitro. In the present study, the results showed that LTP in perforant 

path-granule cell synapses was inhibited following irradiation and that there was a 40% 

reduction in the mean percentage EPSP slope in the last 5min of recording post-tetanic 

stimulation in rats which received irradiation com pared with rats that were sham- 

irradiated. This corroborates data obtained previously (Pellmar and Lepinski, 1993) and
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shows that irradiation exerted similar effects in C A l and the dentate gyrus. The authors 

also reported that 5Gy of ionising irradiation impaired the acquisition of new learning 

tasks while lOGy of radiotherapy induced altered firing patterns and modified synaptic 

potentials in patients (Pellmar and Lepinski, 1993). The present study, together with the 

others quoted, show that y-irradiation impairs synaptic plasticity and LTP.

In order to elucidate the factors that may have caused the y-irradiation induced 

impairment in LTP, hippocampal tissue was assessed for changes in a number of 

measures. Firstly, the ability of y-irradiation to induce an increase in ROS production 

was assessed as this was suggested to be a significant contributing factor to the effects 

of irradiation (Ibuki and Goto, 2000). The data show that ROS production was 

increased in hippocampal tissue prepared from irradiated rats compared with sham- 

irradiated rats. This result is in agreement with previous studies which showed that 

low-dose y-irradiation induced an increase in the superoxide anion in resident 

peritoneal macrophages and this was found not to be due to an increase in phagocytotic 

activity (Ibuki and Goto, 2000). It was also reported that y-irradiation used in 

prevention of graft-versus-host disease in transfusion patients induced increased ROS 

production in circulating red blood cells (Anand et al., 1997).

Lipid peroxidation, which often results from increased ROS production, was 

similar in hippocampal tissue prepared from irradiated, compared with sham-irradiated, 

rats. This is contradictory to two studies which reported that lipid peroxidation was 

increased after ionising irradiation (Tolliver and Pellmar, 1987; Varshney and Kale, 

1995). However, 0.5Gy of X-ray irradiation was shown to decrease lipid peroxidation 

in the brain and thymus of Fischer rats (Yamaoka et al., 1991). However, low doses of 

X-radiation used in the study by Yamaoka and colleagues (1991) do not compare with 

the high dose used in the present study. The reason for the lack of change in lipid 

peroxidation in hippocampal tissue following irradiation in the present study may be 

due to the 4 day recovery period. In a study by M orcillo and colleagues (2000) the y- 

irradiation (20Gy)-induced increase in lipid peroxidation peaked at 24hr in the liver of 

Sprague-Dawley rats, while another study, where the cervico-thoracic spinal chords of 

F344 rats were irradiated, showed that one week following irradiation there was no 

change in lipid peroxidation (Gutin et al., 1992). These data indicate tim e-related 

changes in lipid peroxidation and it is possible that allowing a 4 day recovery period.
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such as in the present study, may have meant that the peak in lipid peroxidation was 

missed.

IL-1(3 concentration was increased in the hippocam pus o f y-iiradiated, 

compared with sham-irradiated, rats. This confirms work presented by Ibuki and Goto 

(1999) who showed that IL-1(3 concentration was increased in the presence of 

m acrophages isolated from  rats which received w hole-body irradiation (4Gy). An 

increase in the activity o f ICE has been associated previously, with radiation induced 

apoptosis (Dewey et al., 1995). However, although the increase in IL -ip  concentration 

was accompanied by an increase in ICE in this study the increase did not reach 

statistical significance. Therefore, the increase in ICE activity cannot be considered to 

be responsible for the increase in IL-1(3 concentration. However, few assessments (n=6) 

were made in this study and the data, which revealed a 25% increase in ICE activity, 

showed a large standard error of the mean. Therefore, more estimations are required to 

provide definitive data. Significantly, it has been shown that an increase in ICE mRNA 

expression has been found previously in macrophages following irradiation both in vivo 

and in vitro (Dewey et al., 1995).

To stress the importance of the inhibitory effect of IL -lp  on LTP, a correlation 

between these two factors was assessed using data from both sham- and y-irradiated 

rats. A significant negative correlation was found between IL-1(3 concentration in the 

hippocampus and the mean percentage change in the EPSP slope in the last 5min of the 

experiment. A similar correlation was previously shown using data obtained from the 

studies in which LTP and IL -113 were assessed in the hippocampus of aged and young 

rats and from stressed and unstressed rats (Murray and Lynch, 1998a).

It was shown previously that pre-treatment with protein synthesis inhibitors, 

such as cycloheximide and anisomycin, not only block protein synthesis but also block 

the ability of rats to maintain LTP (Otani et al., 1992; M ullany and Lynch, 1997), 

thereby stressing the close relationship between LTP and protein synthesis. To obtain 

further support for the relationship between LTP and protein synthesis the latter was 

examined in the entorhinal cortex prepared from y-irradiated and sham-irradiated rats. 

Protein synthesis was found to be decreased in tissue prepared from the y-irradiated rats 

com pared with the sham -irradiated rats. This result is sim ilar to results shown 

previously where a decrease in protein synthesis is seen in aged rats along with a 

concomitant decrease in the ability to maintain LTP (Mullany and Lynch, 1997).
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As EPA was successful in reversing some key age-related changes observed in 

the hippocampus, its ability to reverse the y-irradiation-induced impairment in LTP was 

assessed. Young rats were fed for 4 weeks on a control diet or a diet enriched in 1% or 

2% EPA. After the dietary period the rats were sham-irradiated or exposed to lOGy at 

lOGy/min y-irradiation and allowed to recover for 4 days before assessing their ability 

to maintain LTP. The results showed that both 1% and 2% EPA diets were successful 

in reversing the irradiation-induced impairment in LTP. This finding, together with the 

data indicating a beneficial effect of EPA in ageing, provide strong evidence that 

dietary m anipulation with EPA can limit or prevent at least some stress-induced 

changes in LTP.

Why EPA had this effect on the y-irradiation-induced impairment in LTP was 

not elucidated by biochemical analysis of the tissue obtained from this LTP study. 

However, the results discussed previously indicated that y-irradiation increased the 

concentration of IL-1(3 while dietary manipulation with EPA has been shown to reverse 

the age-related increase in IL-1|3. Interestingly it has been shown that the UVB 

radiation-induced im munosuppression (as quantified by contact hypersensitivity 

response to dinitrofluorobenzene) is prevented in mice fed a diet enriched in EPA 

(Moison and Beijersbergen Van Henegouwen, 2001).

Dietary manipulation with the antioxidant scavengers vitamins E and C for 4 

weeks was also assessed for its ability to reverse the irradiation-induced impairment in 

LTP. The results show that these vitamins were also successful in reversing the 

irradiation-induced impairment in LTP in a striking parallel with the effect of dietary 

manipulation with EPA on the age-related and irradiation-induced impairment in LTP. 

Previous studies in this laboratory have shown that dietary supplem entation with 

vitamins E and C have reversed the age-related (Murray and Lynch, 1998b) as well as 

the isolation stress-related impairment in LTP (O’Donnell, 1999).

The mechanism underlying the vitamin-induced reversal of the impairment in 

LTP remains to be elucidated. However, the age-related increases in both ROS 

production and IL-1(3 concentration were shown previously to be reversed by dietary 

supplementation with vitamins E and C (Murray and Lynch, 1998b) and it might be 

speculated that a similar effect occurs with irradiation. It is o f interest to note that 

irradiation-induced increase in apoptosis was reduced by dietary supplementation with 

an antioxidant diet that contained both vitamins E and C (Ushakova et al., 1999). In the
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sam e study, the diet w as show n to increase B c l-2  m R N A  expression  in sp lenocytes  

isolated  from irradiated m ice com pared with m ice w hich  w ere irradiated but did not 

receive the EPA diet and where only trace am ounts o f  B cl-2  m R N A  expression  was 

detected (Ushakova et al . ,  1999).

A s a further assessm ent o f  the effectiven ess o f  dietary m anipulation with EPA  

and the antioxidant vitam ins, LPS w as assessed  for its e ffec t on LTP in rats fed on  

control and supplem ented diets. LPS is an integral part o f  Gram negative bacteria that 

causes an inflammatory response in the host anim al. It is know n to increase both IL-1(3 

concentration and ROS production in hippocampal tissue (V ereker et  al. ,  2000b). After 

the 4  w eek dietary period rats were challenged  w ith an intraperitoneal injection o f  

sa lin e  or L PS, and after 3hr w ere assessed  for their ab ility  to sustain  LTP. A s  

previously  show n, LTP w as inhibited in LPS-treated rats (V ereker et  al . ,  2 000b ), but 

dietary m anipulation with EPA (both 1% and 2 %  d iets) and the vitam ins E and C 

reversed the LPS-induced impairment in LTP. T he L PS-induced im pairm ent in LTP  

has been shown to be associated with an increase in both ROS production and IL-1(3 

concentration (Vereker et  al . ,  2000b ). Previously d iscussed  results in this thesis have 

sh ow n  that EPA w as u n su ccessfu l in reversing an age-related  increase in RO S  

production and, therefore, the ability o f  EPA to reverse the LPS-induced impairment in 

LTP is perhaps more likely to be due to its ability to reverse the L PS-induced increase 

in IL -ip . As the vitam ins E and C have been show n to reverse age-related increases in 

both ROS production and IL-1(3 concentration, the ability o f  these vitam ins to reverse 

the LPS-induced impairment in LTP may reflect their capacity to reverse the increase 

in both these harmful agents.

Thus, stressors like y-irradiation and LPS cause an impairment in LTP and, like  

agein g , it is postulated that this may be due to increases in both ROS production and 

I L- i p  concentration in the hippocam pus. D iets enriched in EPA and in antioxidants 

vitam ins were successful in reversing the irradiation- and L PS-induced impairment in 

LTP and it is further postulated that this was probably due to their abilities to reverse 

the increases in either IL-1|3, or R O S, or both.

In both the hippocam pus and cortex o f  aged rats and the h ippocam pus o f  y- 

irradiated rats, parallel increases in ROS production and IL-I(3 concentration have been  

d escrib ed . The relationship  b etw een  these tw o  param eters has not been clearly  

elucidated. IL-1(3 leads to an increase in ROS and H 2 O 2  leads to an increase in IL-1(3 in
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vitro.  This suggests that a positive feedback loop exists betw een these 2 agents. In the 

cortex the IL-l(3-induced increase in ROS was found to be through the activity o f  SO D . 

In parallel with the findings in vitro,  an increase in SO D  activity (w ith decreases in the 

activities o f  catalase and glutathione peroxidase) were postulated to be responsible for 

the increase in ROS in aged rats. H ow ever, sim ilar results w ere not found in the 

hippocam pus; no sign ifican t changes in activ ity  o f  the antioxidant en zym es w ere  

observed. It is, therefore, suggested  that an increase in IL-1|3, perhaps by increasing  

lipid  peroxidation , m ay lead to the increased R O S. It is p ossib le  that the observed  

increase in ICE activity is responsible for the increase in IL-1(3 concentration.

Both IL-1(3 and H 2 O 2  (as agents which increases R O S) w ere show n to increase 

p38 phosphorylation in the cortex and the hippocam pus in vi tro.  B lock ing the actions 

o f  p38 prevented the IL-1(3 induced decrease in glutam ate release in the hippocam pus 

and in the cortex; it a lso  prevented the IL -ip *  and R O S -ind u ced  translocation  o f  

cytochrom e c and the activity o f  caspase-3 in vitro.  Therefore, it may be speculated that 

IL -ip  and ROS exert their deleterious actions through the phosphorylation o f  p38. An  

age-related increase in p38 activity, cytochrom e c translocation and caspase-3 activity, 

probably as a result o f  increased IL -ip  concentration and ROS production, resulted in a 

increase in the cleavage o f  PARP. The inability o f  PAR P to perform its task as a D N A  

repair enzym e leads to an increase in cell death and this w as confirm ed by the observed  

increase in TU N E L  positive ce lls  in the cortex and entorhinal cortex o f  aged rats. It is 

postulated that sim ilar changes occur in tissue prepared from  irradiated rats as were 

found in the cortex o f  aged rats.

An impairment in LTP in the dentate gyrus w as found with age, y-irradiation  

and LPS ch allen ge. A p ossib le explanation for this is RO S inflicted  dam age on the 

m em branes o f  the perforant path-granule ce ll syn apses or, but m ost probably in 

conjunction  w ith , the IL -ip -in d u ced  decrease in glutam ate release. It is p lausib le  

enough to presum e that a ROS or IL-1|3 induced an increase in ce ll death w hich  may 

also  contribute to the impairment in LTP.

The ability o f  the putative antioxidant a -lip o ic  acid to reverse the age-related  

changes observed in the cortex was probably due to its actions as an antioxidant. In its 

natural and reduced form it can scavenge m ost R O S. B y reducing ROS production a 

d ecrease in the activ ity  in ICE probably occu rs, resu lting  in a reduction in the 

concentration o f  IL-1(3. The ability o f  the polyunsaturated fatty acid , E PA , to reverse
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the age, y-irradiation and LPS induced impairment in LTP and the changes observed in 

the cortex of aged rats is probably due to its ability to reverse the observed increase in 

IL -ip . Finally, it is also postulated that the actions of the dietary vitamins E and C in 

reversing the LPS and irradiation-induced impairment in LTP are probably due to their 

ability to scavenge ROS and thereby reduce the concentration of IL-1|3. Figure 4.1 

shows a simple schematic depicting one possible pathway whereby age and irradiation 

may affect cell function.
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Figure 4.1 One possible pathway whereby age and irradiation affect cell function.

A simplified schematic showing one possible pathway whereby age and irradiation affect 

cell function. Age and irradiation have been shown to increase ICE activity and ROS 

production. ICE, in conjunction with pro-IL-l(3 and ROS, increases IL-1(3 concentration. 

IL-1(3 binds to the IL -IR I and results in the activation of p38. ROS also increase p38 

activity . IL -lra  com petes with IL - ip  for binding to the IL -IR I. p38 affects the 

m itochondria, which may lead to an increase in cytochrome c translocation into the 

cytosol. This, in conjunction with APAF-1 and caspase-9 (not shown here), might lead to 

an increase in caspase-3 activity. This may inhibit PARP from functioning as a DNA repair 

enzym e, which in turn may lead to apoptosis.
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4.5 Future Work:

Several questions arise from the data presented here. Among them is whether 

similar changes observed in the hippocampus with respect to ageing also occur in the 

hippocampus of the rats that were subjected to irradiation or LPS challenge. Although 

parallel changes in IL -ip  concentration and ROS accumulation are repeatedly shown, 

the exact relationship between these two needs to be fully elucidated. Is it the case that 

the relationship between them is similar in both the cortex and the hippocampus? And 

is it the case that IL-1|3 is the trigger or vice versal The data presented, together with a 

great deal of evidence from the literature, clearly indicate that various stressors lead to 

an increase in IL-1|3. Is it the case that stressors such as age, irradiation and LPS induce 

an upregulation in the expression of mRNA for both IL-1(3 and ICE or is it the case that 

the stressors induce the release of endogenous IL -1 p and activation of endogenous pro- 

ICE? Although the evidence indicates that the age-related alterations in mitochondrial 

m em brane patency, the precise m echanism s underly ing the changes requires 

clarification. For example, further analysis of the relationship between Bcl-2 and Bax is 

required. Is it the case that there is no age-related change in the expressions of these 

and other related proteins or might an age-related change occur in the translocation of 

one or more of these mitochondrial membrane proteins? Finally, the beneficial effects 

o f dietary manipulation with EPA appear to be w ithout question but, the precise 

mechanism by which these effects are achieved remain to be established.

4.6 Possible clinical implications of this study:

The diets used in this study have been shown to have possible antioxidant and 

anti-inflammatory properties. This may have important implications in the treatment of 

disease states in which oxidative stress or inflammation is a cause or symptom of the 

disease. a-L PA  has previously been highlighted as being very beneficial in the 

treatment of diseases such as Diabetic Neuropathy. Diabetic Neuropathy has been 

linked to an increase in oxidative stress and clinical trials have shown some beneficial 

effects of a-LPA  treatment (Zeigler et al., 1999). People with other disease states in 

which oxidative stress is an important factor may also benefit from a-L PA  and a recent 

review has highlighted some of these, which include Parkinson’s D isease and AD 

(Lynch, 2001). Findings in this thesis have shown the advantages of reducing oxidative 

stress by a-LPA and this may also aid human aging especially with an ever-increasing
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aged population. Vitamins, especially vitamin E, have also been shown to be o f great 

advantage to the aged, but vitamin E has also been used in the treatment of AD with 

some success (Vatassery et al., 1999).

The anti-inflammatory role of fish oils was first investigated in the 1970s and 

EPA has been used, with some success, in the treatm ent o f Rheum atoid Arthritis 

(Curtis et al., 2000). It has been suggested that EPA may be beneficial in the treatment 

of Huntington’s Disease, Sepsis, Myalgic Encephalomyelitis and M ultiple Sclerosis. It 

may also be of aid in the treatment of AD (McCarthy, 1999). Again, the use of EPA or 

other fish oils may be of use to healthy humans in a society of ever-increasing age.
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VIII Appendix I:

Mean data

Table 1. The effect of age and dietary supplementation with a-lipoic acid in the cortex and hippocampus (values are the mean ± the 

standard error of the mean).

Table 1 Young rats Aged rats
Cortex Control Diet 100% a-L P A  diet Control diet 50% a-L PA  diet 100% a-L PA  diet

units

ROS 0.35 ±0 .087 0.22 ±0 .036 0.705 ±0 .138 0.462 ±0 .118 0.654 ± 0 .23 //m ol/m g
SOD 215.1 ± 50 .6 441.1 ± 97 .7 672.2 ± 59.4 468.4 ± 68 .2 453.9 ± 83 .0 U/mg

Catalase 0.118 ±0 .058 0.205 ± 0.06 0.128 ± 0 .02 N/A 0.262 ± 0 .0 7 U/mg
Gpx 0.408 ±0.121 0.412 ±0 .077 0.211 ±0 .029 0.294 ±0.031 0.237 ± 0.045 /im ol/m g/m in

Vitamin C 0.834 ± 0.256 0.76 ±0 .103 0.585 ±0 .118 0.69 ± 0 .176 0.756 ±0 .196 /<mol/g
Vitamin E 9.231 ± 1.03 9.174 ± 1.02 9.249 ± 1.47 10.21 ± 1.15 13.483 ± 2 .2 7 pmol/g

GSH 7.13 ± 2 .2 2 12.22 ± 3 .15 12.99 ± 3 .0 12.39 ± 3 .26 16.16 ± 2 .22 /<mol/g
Lipid peroxidation 32.0 ± 8 .4 33.3 ± 10.9 90.7 ± 31 .7 49.4 ± 23 .9 58.1 ± 16.4 nmol/mg
Arachidonic acid 3.14 ± 0 .65 4.14 ± 0 .7 8 1.24 ± 0 .3 2.75 ± 0.38 3.42 ± 0 .65 fi mol/mg

ICE 9.41 ± 2 .7 2 17.38 ± 3 .88 24.28 ± 5 .2 4 19.05 ± 5 .87 12.13 ± 3 .22 pmol/mg/min
IL-1(3 9.98 ± 4.23 12.76 ± 3 .33 21.64 ± 3 .53 12.61 ± 1.76 19.07 ± 4 .1 6 ng/mg

Hippocampus
SOD 73.04 ± 11.54 84.79 ± 15.83 129.05 ± 17.72 157.39 ±27.11 93.38 ± 13.08 U/mg
IL -ip 0.26 ± 0 .0 2 0.28 ± 0.03 0.5 ± 0.09 0.42 ± 0 .07 0.25 ± 0 .03 ng/mg
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Table 2a. The effect of age and dietary supplementation with EPA in the hippocampus, cortex and entorhinal cortex (values are the 

means ± the standard error of the means).

Table 2a Young rats Aged rats
Hippocampus Control diet EPA diet Control diet EPA diet

units

ROS 0.399 ±0.043 0.373 ±0.045 0.505 ±0.04 0.483 ± 0.047 mol/mg
SOD L ll  ±0.24 0.87±0.18 0.96 ± 0.24 1.03±0.14 U/mg

Catalase 0.286 ± 0.037 0.288 ±0.055 0.306 ±0.061 0.251 ±0.034 U/mg
Gpx 0.025 ± 0.002 0.018 ±0.003 0.028 ±0.004 0.029 ±0.003 //mol/mg/min

Lipid peroxidation 2.2 ±0.25 1.9 ±0.38 4.52 ±0.59 4.44 ±0.68 mol/mg
IL-ip 2511 ±291 1975 + 235 3349 ± 388 2223 ± 383 pg/mg
p38 10.47 ±0.92 12.59 ± 1.57 15.67 ±2.04 11.69 ±3.0 Arbitrary units

Entorhinal cortex
p38 9.94 ± 1.94 14.81 ±2.99 19.66 ±4.66 18.78 + 4.67 Arbitrary units

TUNEL 7.18 ± 1.78 5.80 ±2.12 16.84 ± 1.31 4.25 + 0.64 % TUNEL +ve cells

Cortex
ROS 0.088 ± 0.005 0.084 ±0.006 0.104 ±0.01 0.104 + 0.009 nmol/mg
IL-ip 3770 ± 890 4864 ± 754 7081± 1013 5083 ± 994 pg/mg
TNFa 40.9 ±7.9 36.4 ± 4.4 35.4 ±6.1 44.4 ±5.7 pg/mg

p38 22.15 ±4.92 14.35 ±5.31 36.04 ± 8.29 28.13 ±8.77 Arbitrary units
Cytochrome c 1.97 ±0.02 2.18±0.12 2.35±0.12 2.03 ±0.15 Arbitrary units

Bcl-2 10.4 ± 1.57 7.63 ±0.75 9.15 ±0.9 8.73 ±0.99 Arbitrary units
Bax 9.5 ± 1.07 7.09 ± 1.12 8.0 ± 1.0 8.09 ± 1.74 Arbitrary units

Bcl-2/Bax 2.37 ± 0.49 3.20 ±0.86 2.89 ±0.72 2.87 ±0.66 Arbitrary units
Bax/Bcl-2 0.69 ±0.18 0.702 ±0.16 0.65 ± 0.07 0.62 ±0.11 Arbitrary units
Caspase-3 0.23 ± 0.025 0.166±0.015 0.349 ±0.046 0.192 ±0.026 nmol/mg/min

PARP 2.51 ±0.05 2.33 ±0.25 1.81 ±0.17 2.34 ± 0.37 Arbitrary units
TUNEL 33.5 ±5.81 31.25 ±2.87 69.75 ± 8.87 49.75 ± 9.58 % TUNEL +ve cells
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Table 2b. The effect of age and dietary supplementation with EPA on glutamate release in tetanized (Tet) and untetanised (Untet) 

tissue prepared from the dentate gyri (values are the mean ± the standard error of the mean).

Table 2b Young rats Aged rats
Hippocampus Control Diet EPA diet Control Diet EPA diet Units

Untet Tet Untet Tet Untet Tet Untet Tet
Glutamate release 0.15 ±0.02 0.20 ± 0.03 0.02 ±0.03 0.25 ± 0.05 0.24 ±0.05 0.24 ± 0.08 0.15 ±0.03 0.21 ±0.02 l i m o M m g

Table 2c. The effect of age and dietary supplementation with EPA on LTP in the first 2min (2min) and last 5min of recording (5min) 

post tetanic stimulation (values are the mean + the standard error of the mean).

Table 2c Young Aged
Hippocampus Control Diet EPA Diet Control Diet EPA Diet Units

2min 5min 2min 5min 2min 5min 2min 5min

LTP 190.5 ± 
4.8

147.7 ± 
1.2

184.0 + 
3.2

154.8 ± 
0.9

136.5 ± 
3.9

111.8±
0.8

181.3±
3.1

149.1 ± 
0.8 EPSP slope (%)
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Table 3. The effect of certain experimental conditions in vitro on cortical and hippocampal tissue (values are the mean ± the standard 

error of the mean).* In the case o f glutamate release Unstim=Unstimulated tissue and Stim=Stimulated tissue.

Table 3 Control IL-ip SB203580 IL-1P+SB203580 IL-lra IL -ip+lL -lra Units
Cortex

Cytochrome c 
Caspase-3 

p38 
SOD

3.213±0.172 
0.513 ±0.043 

38.99 ±2.6  
3.78 ±0.15

4.342 ± 0.339 
0.7 ±0.07 

49.05 ±3.4 
4.46 ±0.24

3.384 ±0.192 
0.387 ±0.057

2.963 ±0.437 
0.527 ±0.067

2.279 ±0.184 
0.573 ±0.08

2.767 ±0.292 
0.514 ±0.081

Arbitrary units 
nmoles/mg/min 
Arbitrary units 

U/mg

Hippocampus

p38 5.04 ± 1.2 8.82 ±0.9 Arbitrary units

Cortex

Caspase-3 
Cytochrome c

Hippocampus
p38

IL-ip

Cortex

ROS

Hippocampus

Glutamate
release*

Control IL-ip IL-1P+SB203580 Units
Unstim Stim Unstim Stim Unstim Stim

0.54 ± 0.06 0.83 ±0.09 0.81 ±0.1 0.84 ± 0.22 0.61 ±0.06 0.85 ±0.1 fimoUmg

Control IL-ip TETA IL-ip+TETA Units

0.044 ±0.007 0.071 ±0.014 0.054 ± 0.008 0.046 ± 0.007 nmol/mg

Control HjO, SB203580 H,0,+SB203580 Units

0.360 ±0.180 
5.94 ±0.31

0.530 ±0.044 
7.14 ±0.4

0.343 ± 0.043 0.373 ± 0.033 nmol/mg/min 
Arbitrary units

5.01 ±0.9  
0.95 ±0.1

9.1 ±0.3 
1.21 ±0.15

Arbitrary Units 
ng/mg
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Table 4a. The effect o f y-irradiation on hippocampal and entorhinal cortical tissue (values are the mean ± the standard error of the 

mean).

T a b le  4 a Sham-irradiated Irradiated
Units

H ippocam pus
ROS 0.035 ±0 .002 0.076 ±0.01 nmol/mg

Lipid peroxidation 2.33 ± 0 .2 1.92 ± 0 .4 6 ;<mol/mg
ICE L 3 4 ± 0 .1 3 1.68 ± 0 .2 6 nmol/mg/min

IL -ip 4.31 ± 0 .7 6 8.12 ± 0 .99 ng/mg

E n to rh in a l cortex
Protein synthesis 12.58 ± 1.86 7.59 ± 1.25 Cpm xlO'^

Table 4b. The effect o f y-irradiation and dietary supplementation with EPA on LTP in the first 2min (2min) and last 5min of 

recording (5min) post tetanic stimulation (values are the mean ± the standard error of the mean).

T a b le  4 h  
H ippocam pus

LTP

Sham irradiated Irradiated
Control Diet 1% Diet 2% Diet Control Diet 1% Diet 2% Diet Units

2min 5min 2min 5min 2min 5min 2min 5min 2min 5min 2min 5min
99.3 ± 134.9 ± 106.0 ± 123.7 ± 100.5 120.0 ± 106.5 ± 98.5 ± 101.8± 115.4± 102.5 ± 116.1 ± EPSP

1.1 0.8 1.7 0.7 ±0.7 0.5 1.3 0.5 1.3 0.6 0.5 0.3 slope (%)

Table 4c. The effect o f y-irradiation and dietary supplementation with the vitamins E and C on LTP in the first 2min (2min) and last 

5min of recording (5min) post tetanic stimulation (values are the mean ± the standard error of the mean).

T a b le  4c Sham irradiated Irradiated
H ippocam pus Control Diet Vit. E/C Diet Control Diet Vit. E/C Diet Units

2min 5min 2min 5min 2min 5min 2min 5min

LTP 99.3 ± 1.1 134.9 ± 0 .8 99.8 ± 0.5 120.2 ± 0 .4 106.5 ± 1.3 98.5 ± 0 .5 99.3 ± 1.3 121.6 ± 0 .9
EPSP 

slope (%)
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Table 5a. The effect of LPS treatment and dietary supplementation with EPA on LTP in the first 2min (2min) and last 5min of 

recording (5min) post tetanic stimulation (values are the mean ± the standard error of the mean).

Table 5a Saline treated LPS treated
Hippocampus Control Diet 1% Diet 2% Diet Control Diet 1% Diet 2% Diet Units

2min 5min 2min 5min 2min 5min 2min 5min 2min 5min 2min 5min

LTP 103.3 ± 
1.0

120.0 ± 
0.6

97.8 ± 
0.5

123.2 ± 
0.6

104.5 ± 
0.9

136.1 ± 
0.6

103.3 ± 
0.5

86.5 ± 
0.4

102.3 ± 
1.3

124.6 ± 
0.4

97.5 ± 
0.5

114.0±
0.4

EPSP 
slope (%)

Table 5b. The effect of LPS treatment and dietary supplementation with the vitamins E and C on LTP in the first 2min (2min) and last 

5min of recording (5min) post tetanic stimulation (values are the mean ± the standard error of the mean).

Table 5b Saline treated LPS treated
Hippocampus Control Diet Vit. E/C Diet Control Diet Vit. E/C Diet Units

2min 5min 2min 5min 2min 5min 2min 5min

LTP 103.3 ± 1.0 120.0 ±0 .6 106.3 ±0.3 130.5 ±0.5 103.3 ±0.5 86.5 ±0.4 102.0 ± 1.1 116.5 ±0.7 EPSP 
slope (%)
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Company:

Alexis

Amersham

Beeline Healthcare

Biosource

Bio-Rad

IX Appendix II

Address:

Alexis Corporation (UK) Ltd., 

3 Moorbridge Court,

Bingham,

Nottingham NG13 8QG,

UK.

Amersham International pic, 

Lincoln Place,

Green End,

Aylsebury,

Buckinghamshire HP20 2TP, 

UK.

Beeline Healthcare Ltd., 

Clondalkin Rd.,

Clondalkin,

Dublin 24,

Ireland.

Biosource Europe SA,

Avenue De L ’esperance, 

Zoning Industriel B-6220, 

Fleurus,

Belgium.

Bio-Rad Laboratories Ltd., 

Bio-Rad House,

Maylands Ave.,

Hemel Hempstead,
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Hertfordshire HP2 7TD, 

UK.

Calbiochem

Genzyme Diagnostics

Laxdale Research

Lennox

Molecular Probes

Calbiochem/Novabiochem, 

European Distribution Centre, 

Boulevard Industrial Park, 

Nottingham NG9 IBR,

UK.

Genzyme Diagnostics,

1 Kendall Square,

Cambridge,

M A 2139,

USA.

Laxdale Research Ltd.,

Kings Park Hse.,

Laurelhill Buisness Pk., 

Polmaise Rd.,

Stirling FK7 9JQ,

Scotland.

Lennox Laboratory Supplies, 

John F Kennedy Drive,

Naas Rd.,

Dublin 12,

Ireland.

Molecular Probes Europe B.V., 

PoortGebouw,

Rijnsburgerweg 10,

xxvi



Pierce

Promega

R&D Systems

Sartorius

Santa Cruz

2333 AA Leiden,

The Netherlands.

Pierce,

3747 N. Meriden Rd.,

PO Box 117,

Rockford,

IL61105,

USA.

Promega Corporation,

2800 Woods Hollow Rd., 

Madison,

Winsconsin,

USA.

R&D Systems Ltd.,

4-10 The Quadrant,

Barton Lane,

Abingdon,

Oxford 0X 14 3YS,

UK.

Sartorius AG,

5 Sussex St.,

Dun Laoghaire,

Co. Dublin,

Ireland.

Santa Cruz Biotechnology, Inc., 

2161 Delaware A ve..
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Santa Cruz, 

CA 95060 

USA.

Sigma Sigma-Aldrich Company Ltd.,

Fancy Rd.,

Poole,

Dorset BH 12 4QH,

UK.
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Solutions used:

X Appendix III

Krebs solution
N aC l, 136mM

K C l,2 .54m M  

K H 2PO 4 , l.lS m M  

M gS0 4 .7 H 2 0 , 1.18mM  

N aH C O j, 16mM 

G lucose, lOmM 

C ontaining C aC lj, 2m M

Lysis Buffer. pH 7.4
H E PE S,25m M

M gC lj, 5mM 

D TT, 5mM 

ED TA , 5mM  

PM SF, 2mM  

Leupeptin , 10//g/ml 

Pepstatin , 10;<g/ml

Phosphate-Buffered Saline (PBS). pH 7.4
N a2H P 0 4 , 80mM

N aH 2P 0 4 , 20m M  

N aC l, lOOmM

PBS-Tween 20 (PBS-T)
0.05%  Tw een 20 solution in PBS

Potassium Phosphate Buffer. pH 7.0
K 2H PO 4 , lOOmM added to

KH 2P O 4 , lOOmM

xxix



Incubation medium for Gpx assay

Potassium phosphate buffer, 50mM (pH 7)

EDTA, ImM

NaN3, ImM

N A D PH ,0.2m M

Glutathione reductase, 1 unit

GSH, ImM

Cumene hydroperoxide, 1.5mM

Reaction mixture for SOD assay. pH 7.8

Xanthine, 1.8mM

Nitroblue tetrazohum, 2.24mM

Catalase, 40 units

Xanthine oxidase, 7/̂  1/ml

DETAPAC, 1.33mM

dissolved in Phosphate buffer, 50mM

Assay Buffer for Lipid peroxidation
Acetic acid, 3.95ml

added to dHjO, 15ml (pH 3.5) 

added to SDS,0.213g 

and TBA, 0.158g 

brought up to 50ml in dHjO

Incubation Buffer
HEPES, lOOmM

DTT, 5mM

HEPES Buffer. pH 7.4
NaCl, 145mM

KCl, 5mM 

-MgClj, ImM
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C aC lj, 2mM  

M gS0 4 , ImM  

K H 2PO4, Im M  

G lucose, lOmM 

H E PE S,30m M

SD S-PA G E solutions:

Sample Buffer
Tris-H C 1,0.5M  (pH 6 .8)

G lycerol, 10% v/v 

S D S ,0 .05%  w/v 

(3-M arcaptoethanol, 5% v/v 

Brom ophenol blue, 0.05%  w/v

Stacking gel
A rcylam ide/Bis-acrylam ide (30% stock) 6.5%  v/v 

Tris-H C l, 0.5M  (pH 6 .8)

SDS, 1% w/v

Am m onium  persulphate, 0.5%  w/v 

dHjO

T E M E D ,0 .1%  v/v 

Separating gel
A rcylam ide/Bis-acrylam ide (30% stock) 33% v/v 

Tris-H C l, 1.5mM (pH 8 .8)

SD S, 1% w/v

A m m onium  persulphate, 0.5%  w/v 

dH20

T E M E D ,0 .1%  v/v

Electrode Running Buffer
T ris  base, 25mM
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Glycine, 200mM 

SDS, 17mM

Transfer Buffer. pH83
Tris base, 25mM

Glycine, 192mM 

MeOH,20% v/v 

SDS, 0.05% w/v 

dĤ O



XI List of Publications.

McGahon, B.M., Martin, D.S.D., Horrobin, D.F. and Lynch, M.A. (1999) Age-related 

changes in synaptic function; analysis of the effect of dietary supplementation with to-3 

fatty acids. Neuroscience. 94, 305-314.

McGahon, B.M., Martin, D.S.D., Horrobin, D.F. and Lynch, M.A. (1999) Age-related 

changes in LTP and antioxidant defenses are reversed by an a-lipoic acid enriched diet. 

Neurobiology o f Aging. 20, 655-664.

Martin, D.S.D., Towey, M., Horrobin, D.F. and Lynch, M.A. (2000) A diet enriched in a -  

lipoic acid reverses the age-related compromise in antioxidant defences in rat cortical 

tissue. Nutritional Neuroscience. 3 , 193-206.

Martin, D.S.D., Spencer, P., Horrobin, D.F. and Lynch, M.A. (2001) Long-term 

potentiation in aged rats is restored when the age-related decrease in polyunsaturated fatty 

acid concentration is reversed. Prostagladins, Leukotrienes and Essential Fatty Acids. (In 

Press)

Martin, D.S.D., Spencer, P., Horrobin, D.F. and Lynch, M.A. (2000) Eicosapentanoic acid 

restores the age-related impairment in long-term potentiation in the dentate gyrus. Society 

fo r Neuroscience Abstracts. 26 , 334.6.

xxxiii



P e r g a m o n

PIl: 50306-4522(99)00219-5

N v u rn s iie n c c  Vol. 94. Ni>. 1. pp. .M )5-3!4. IWQ 
C opyrifiht I99 ‘) IBRO . Publishctl by IfN ovicr S cience Ltd 

Prim ed in Gre;il Briiain. All n iih i’i reserved 
().V)f)-4522/99^S:().{XW).()()
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A b s t r a c t— D ep o lariz a tio n -in d u ced  tra n sm itte r  re le a se  in sy n ap to so m es p rep a red  from  the h ip p o cam p u s  o f  a ged  ra ts is decreased  
co m p a red  w ith  re lease  from  you n g  an im a ls. A lth o u g h  th e  u n d eriy in g  cau se  o f  th is defic it is not k n ow n , so m e  e v id e n ce  suggests  that 
inc reased  m em b ran e  rig id ity  m ay  c o n trib u te  to th ese  ag e-re la ted  synap tic  changes . O ne p o ssib le  co n seq u en ce  o f  the decreased  
tran sm itte r re lease  in the h ip p o cam p u s  o f  ag ed  ra ts  is a  red u c ed  ab ility  to .sustain long -term  po ten tia tio n  in p e rfo ran t p a th -g ra n u le  
cell synapses, a pa th w ay  in w hich  m a in te n an ce  o f  lo n g -te rm  p o ten tia tio n  and  inc reased  g lu tam a te  re lease  h ave  b een  c oup led . T he 
observation  th a t there  is an a g e -d ep en d en t im p a irm en t in lo ng -term  p o ten tia tio n  is co n sis ten t w ith  th is  v iew . If  the ag e-re la ted  
defic its  in re lease  and  long -term  p o te n tia tio n  are a  c o n seq u en ce  o f  inc reased  m em brane  rig id ity , it m ust be p re d ic te d  that any 
m ano eu v re  w hich  reve rses  m em b ran e  rig id ity  sh o u ld  reve rse  these  func tiona l defic its. In the  pre.sent s tudy , w e in v estig a ted  the 
effec t o f  d ie ta ry  m an ip u la tio n  o f  ag ed  ra ts  w ith  w -3  fa tty  a cid s  on synap tic  func tion .

T h e  da ta  o b ta in ed  ind ica te  th a t an  e ig h t-w e ek  m od ified  feed in g  sch ed u le  re v e rsed  the a g e -re la ted  im p a irm en ts  in long-term  
p o ten tia tio n  and  d ep o la riz a tio n -in d u ced  g lu tam a te  tra n sm itte r re lease . W e a lso  re p o n  that the  c o n cen tra tio n s  o f  bo th  docosahex - 
ano ic  acid  and  arach id o n ic  acid , tw o  m ain  p o ly u n sa tu ra ted  fa tty  a cid s  in neuronal m em b ran es, w ere  d ecreased  in the h ippocam pus 
o f  ag ed  ra ts, and  w ere  re s to red  by  d ie ta ry  m an ip u la tio n . T h e  da ta  a re  co n sis ten t w ith  the  h y p o th e sis  th a t th ese  defic its  resu lts  from  a 
change  in m em b ran e  co m p o sitio n . ©  1999 IB R O . P u b lish ed  by  E lse v ie r S c ien ce  Ltd

Key words: long-term  potentiation, dentate gyrus, ageing, arachidonic acid, docosahexanoic acid, g lutam ate release.

Ageing is accompanied by a variety of changes in synaptic 
function. One of these changes is a deficit in hippocampal 
long-term potentiation (LTP), which is one of the most 
impressive forms of synaptic plasticity.^ While there is 
some debate with regard to the biological significance of 
LTP,'’ the bulk of the evidence supports the view that it 
may represent a biological substrate for learning and/or 
memory. In this context, it is not surprising that
ageing, which is known to be associated with a blunting of 
cognitive function in rats, is also associated with impaired
L Y p  1,I9,24,:6,3:,33

The underlying cause of the age-related impairment in LTP 
is not known, although since maintenance of LTP in perforant 
path-granule cells is closely coupled with, and may even be 
dependent upon, an increase in glutamate r e l e a s e , o n e  
possible cause of the deficit in LTP is the age-related decrease 
in depolarization-induced transmitter release. Impairments in 
both LTP and transmitter release have been linked with a 
decrease in membrane fluidity, which is typified by a decrease 
in membrane concentration of polyunsaturated fatty acids, 
such as arachidonic acid,"'’-'̂ -̂ '-̂  ̂ Interpretation of the conse
quences of an age-related decrease in arachidonic acid 
concentration is somewhat confounded by the proposed 
retrograde messenger role of this fatty acid in LTP in perfor
ant path-granule cell synapses. Evidence consistent
with this role is the observation that arachidonic acid can 
induce a form of potentiation*''”-’’ which resembles tetanically

?To whom correspondence should be addressed. Tel.; + 35 3 -1 -6 0 8  1770;
fax; -3 5 3 -1 -6 7 9  3545.

E-m ail address: lynchm a@ tcd.ie (M. A. Lynch)
Abbreviations: ACPD. irans-1 -am ino-cyclopentyl-1,3-dicarboxylate;

EPSP. excitatory postsynaptic potential; LTP. long-term  potentiation; 
PBS-T, phosphate-buffered saline containing 0.2% Tw een-20.

induced LTP, at least in some respects.^’ Further support 
includes evidence that arachidonic acid concentration is 
increased in a postsynaptic preparation,^ and in the synaptic 
cleft following induction of LTP.-- In addition, arachidonic 
acid exerts a stimulatory effect on glutamate release under 
certain circumstances.

It must be considered that a decrease in the concentration of 
polyunsaturated fatty acids other than arachidonic acid might 
also contribute to changes in membrane fluidity; one such 
polyunsaturated fatty acid is docosahexanoic acid, which is 
present in high concentrations in brain tissue.

The age-related change in membrane composition, which 
decreases membrane fluidity,*-^* might be predicted to affect 
membrane-associated functions such as transmitter release, 
which requires fusion of the synaptic vesicle and synaptic 
plasma membranes. Several other changes in membrane-asso- 
ciated functions, which are likely to play a role in release, are 
affected by age; examples include calcium handling by 
cells-”"’'’ and changes in activity of kina.ses.--^'

If it is proposed that alterations in membrane composition, 
specifically a decrease in concentration of polyunsaturated 
fatty acids, are responsible for age-related deficits in gluta
mate release and LTP, it is reasonable to expect that reversing 
these alterations should reverse the age-related deficits. We 
have already assessed the ability of arachidonic acid and its 
precursor, 7-linolenic acid, to restore age-related impairments 
in synaptic function in the hippocampus.-* The data have 
indicated that dietary supplementation with these fatty acids 
reverses the age-related decrease in arachidonic acid concen
tration. the decrease in transmitter release and the impairment 
in LTP. To address the possibility that this effect can also bef 
achieved by other polyunsaturated fatty acids, groups of aged 
and young rats were fed for eight weeks on a control diet or a 
diet enriched in docosahexanoic acid. The ability of rats to
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sustain L T P  in perforant p a th -g r a n u le  c e ll  sy n a p ses  w as 
assessed, w h ile  g lu tam ate  re lea se  and fatty acid  co n cen tra 
tions w ere a n a ly sed  in tissu e  prepared  from  the den tate gyru s.

EX P ER IM EN TA L PROCEDLRE.S

inimals

Ased (22 months old) and young (four months old) male W istar rats 
iBantham & Kingm an. U.K.) were housed in groups o f  two to four 
under a I2-h light schedule, with the am bient tem perature controlled 
between 22 and 23°C. Rats were m aintained in the BioR esources Unit 
inTnnity College. Dublin, under veterinary supervision. Every elTort 
was made to reduce discom fort and the m inim um  num ber o f  rats was 
used. One subgroup of aged anim als and one subgroup of young 
animals were fed for eight w eeks on an experim ental diet o f laboratory 
chow supplemented with a daily dose o f  10 mg docosahexanoic acid 
(269c w/v in tuna oil: Laxdale Research, U.K.). The other subgroups 
received standard laboratory chow  to w hich com  oil w as added; in this 
way, the different groups o f  rats received an isocaloric intake. Food 
intake was m easured for two w eeks before the com m encem ent o f  the 
experiment. Sufficient diet w as prepared for three o r four days at a time 
and daily allow ances were stored in ain igh t containers at — 80°C.

In a separate experim ent, weanling rats were subdivided into a group 
which was fed for eight w eeks on the experim ental diet (10 mg doco
sahexanoic acid per day; 26% w/v in tuna oil; Laxdale Research, U.K.) 
and a control group which received standard laboratory chow to which 
com oil was added.

htduction o f  h n g - te n n  poientiation in the dem ote gyrus

All rats were anaesthetized by intraperitoneal injection o f urethane. 
Young anim als initially received 1.5 g/kg urethane and a funher incre
ment. if required (which did not exceed 0.5 g/kg in any experim ent), 
for induction o f  deep anaesthesia (the absence o f  a pedal reflex); the 
mean doses adm inistered to young rats given the control and experi
mental diets were 2 .07± 0 .11  and 2 . I 0 ± 0 .1 1 g/kg, respectively. Aged 
animals received 1.2 g/kg urethane and this was topped up when neces- 
san" the m ean doses adm inistered to aged rats given the control and 
experimental diets were 1.76 ± 0 .0 5  and 1.98 ± 0 .0 9  g/kg, respectively.

LTP was induced in perforant pa th -g ran u le  cell synapses as 
described prev iously .^-*  In brief, rats were placed in a stereotaxic 
frame, a w indow o f skull was rem oved, and a bipolar stim ulating 
electrode and a unipolar recording electrode were placed in the perfor
ant path (4.4 mm lateral to lam bda) and the dorsal cell body region of 
Ihe dentate gyrus (2.5 mm lateral and 3.9 m m  posterior to bregma). 
The depths o f  the stim ulating and recording electrodes were adjusted to 
ma.ximize the slope o f the excitatory postsynaptic potential (EPSP) and 
(lie stimulus intensity was adjusted to the value which was ju st suffi
cient to produce a population spike. A stabilization period o f  up to 
30 min follow ed and then recording com m enced; test shocks were 
gi\en at 30-s intervals for 10 min before and 40 min after three trains 
of stimuli (250 Hz for 200 ms; inter-train interval: 30 s). Previous 
experiments indicated that this stim ulation paradigm  produced satura
tion of LTP in perforant pa th -g ran u le  cell .synapses. The slope in the 
middle third o f the rising phase o f  the EPSP was taken as the m easure 
of the population EPSP slope in these experim ents.

Tissue preparation

■At the end o f  the recording period, rats were killed by decapitation, 
the dentate gyri were dissected and cross-chopped slices (350 x  
350 p.m) were prepared using a M cllw ain tissue chopper. Sam ples of 
control and potentiated dentate gyri were frozen separately in 1 ml 
Krebs solution (com position o f Kxebs in mM: NaCI 136, KCl 2.54, 
KH;P04 1.18, M gS0 4 -7H: 0  1.18, N aH C O , 16. glucose 10, C aCl; 
1.13) containing 10% d im ethylsulphoxide ‘̂ ~‘ and stored at - 8 0 ° C  
until required.

For analysis, slices were thaw ed rapidly (1 .5 -2  m in) by agitation at 
37°C and rin.sed four tim es in exce.ss fresh oxygenated Krebs solution. 
Fatty acid concentrations and reactive oxygen species production were 
assessed in sam ples o f  hom ogenate prepared from dentate gyri o f  aged 
ajid young rats and weanling rats fed on either the control or experi
mental diets. The crude synaptosom al pellet. Pi, was used for analysis 
of glutamate release; thi.s analysis was not perform ed in tissue prepared 
from weanling rats. Synaptosom es were prepared by hom ogenizing

tissue in 0.32 M ice-cold sucrose and centrifuging al 5000 r.p.m. for 
5 min; the resulting supernatant was then centrifuged at 15,000 r.p.m. 
for 15 min.

Assessm ent o f  glutam ate release

Sam ples o f  .synapto.somal tissue were re.suspended in ice-cold Krebs 
solution containing 2 mM CaCN. T issue was aliquotted on to Millipore 
fillers (0.45 jim ) and rinsed under vacuum , and the filtrate was 
discarded. T issue was incubated in 250 p.1 oxygenated Krebs solution 
at 37°C for 3 min, and filtrate was collected and stored. Relea.se of 
transm itter was then stim ulated by the addition o f 40 mM KCl to 
Krebs .solution.

Glutam ate was analy.sed as described previously.'*-'^ Glutaralde- 
hyde (0.5% in 100 mM  N aH iPO j buffer, pH 4.5; 320 p.1) was added 
to wells in a 96-well plate, incubated for 60 min at 37°C and washed 
with 100 mM N aH iPO j buffer. T riplicate sam ples (50 jil) or glutamate 
standards (50 j j l I ;  50 nM to 10 p.M. prepared in 100 mM Na^HPOj 
buffer, pH 8.0) were added, incubated for 2 h at 37°C and washed in 
100 mM N a2HP04 buffer. To bind any unreacted aldehydes, ethanol- 
am ine (320 pil; 0.1 M in 100 mM N aiH P04 buffer) was added to each 
well and incubated for 60 min at 3 T C .  Plates were washed with phos- 
phate-butTered saline containing 0.2%  T w een-20 (PBS-T). To block 
non-specific binding, donkey serum  was added (200 ĵ.1; 3% in PBS-T), 
incubated for 60 min and washed with PBS-T. A nti-glutam ate anti
body (raised in rabbit; 100 jjlI; 1:5000 in PBS-T; Sigma. U.K.) was 
added to each plate, incubated overnight at 4°C and washed with PBS- 
T. A nti-rabbit horseradish peroxidase-linked secondary antibody 
(95 fj-l: 1:10,000 in PBS-T; A m ersham , U.K.) was added, incubated 
for 60 min at room tem perature and washed. 3 .3^5,5 '-Tetram ethylben- 
zidine liquid .substrate was added as chrom ogen and incubation con
tinued for exactly 60 min at room  tem perature. H2SO4 (4 M; 50 p.1) 
was added to stop the reaction and optical densities were determ ined at 
450 nm using a m ultiwell plate reader. Values were calculated with 
reference to the standard curve, corrected for protein^ and expressed as 
nmol glutam ate/m g protein.

A nalysis o f  fa tty  acid  concentration

Thaw ed slices prepared from  the dentate gyrus were rinsed three 
tim es and then hom ogenized in 200 n l fresh Krebs solution. Fatty acids 
were extracted into ch lo roform -m ethanol (2:1 v/v; 1 ml) by vigorous 
shaking for 10 min. follow ed by centrifugation at 1000 X g for 5 min to 
separate the phases. The aqueous layer was discarded and the chloro
form  phase was evaporated under nitrogen and resuspended in ethanol 
for analysis. Fatty acid concentrations were analysed as their 2-nitro- 
phenylhydrazine derivatives by reverse-phase high-perform ance liquid 
chromatography.'* Derivatization was achieved by adciing 2-nitrophenyl- 
hydrazine hydrochloride solution [0.02 M 2-nitrophenylhydrazine 
hydrochloride in 0.25 M H C I-ethano l (1:1, v/v)] and a solution o f  1- 
ethyl-3-(3-dim ethylam inopropyl)carbodiim ide hydrochloride (0.25 M; 
in ethanol m ixed in equal volum e with 3% ethanolic pyridine), and 
incubated at 60°C for 20 min. A fter addition o f  KOH (15% w/v in 
m ethano l-w ater. 80:20), sam ples were incubated at 60°C for 15 min 
and cooled in running water. Fatty acid derivatives were concentrated; 
n-hexane and phosphate buffer (0.033 M, pH  6.4 in 0.5 M HCI) were 
added, sam ples were vortex m ixed for 30 s and centrifuged for 5 min at 
1500 X g, and the hexane phase was evaporated to dryness under 
nitrogen. For high-perform ance liquid chrom atography analysis, 
sam ples were resuspended in m ethanol and injected on to a Microsorb 
C l 8 colum n (m aintained in a colum n oven at 30°C), and fatty acids 
were separated in isocratic m ode with a m obile phase o f 85% metha- 
no l-1 5 %  water (m aintained at pH 4.5 with HCI) and detected by UV 
spectroscopy at 230 nm. A liquots o f tissue were taken for protein 
analysis and concentrations were estim ated according to standard 
curves and expressed as nm ol/m g protein.

A nalysis o f  reactive oxygen species form ation

The form ation o f  reactive oxygen species was assessed in hippo
cam pal tissue (m inus dentate gyrus) as described previously.-' The 
method relies on oxidation o f the non-fluorescent probe, 2 ',7 '-dichloro- 
fluorescin diacetate, by reactive oxygen species, to the highly fluores
cent 2 ',7 '-d ichlorofluorescein . To assess reactive oxygen species 
production, hippocam pal hom ogenate wa.s resuspended in 1 ml ice- 
cold 40 mM Tris buffer (pH 7.4). A liquots (1 ml) o f homogenate 
were incubated with 2 ',7 '-d ichlorofluorescin  diacetate (lOpLl; final
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co ncen tra tion  5 (j.M; from  a  stock  so lu tion  o f  50 0  jiM  in m e th a n o l) at 
37°C  for 15 m in. T o  te rm in a te  the reac tio n , the d y e -lo ad ed  synap to - 
som es w ere  cen trifu g ed  at 13.(XX) x  /; fo r 8  m in. T h e  pe lle t wa.s resus- 
pended  in 3 ml ice-co ld  4 0  m M  T ris  bu ffer (pH  7 .4 ) and  fluo rescence  
w as m onito red  a t a co n stan t te m p e ra tu re  o f  37°C  at 48 8  nm  ex c ita tio n  
(band  w idth  5 nm ) and  525  nm  em ission  (band  w id th  20  nm ). R eac tive  
o.xy^en spec ies fo rm ation  w as q u an tita ted  from  a .standard cu rv e  o f 
2 '.7  -d ich lo ro ftuo resce in  in m ethano l (range : 0 .0 5 -1  fxM). R esu lts  are 
expres.sed as n m o l/m g  tis.sue co rrec ted  fo r p ro te in .

S ta tis tica l a n a lysis

A one-w ay  A N O V A  w as p e rfo rm ed  to d e te rm in e  w h e th e r there  
w ere  s ign ifican t d ifferences  be tw een  c o n d itio n s . W h en  th is  analy sis  
ind ica ted  sign ificance  (a t the 0 .05  level), post hoc S tu d e n t N e w m a n -  
K euls test analy sis  w as used  to d e te rm in e  w h ich  c o n d itio n s  w ere  
s ign ifican tly  d ifferen t from  each  o ther. In som e ca.ses (e .g ., w hen 
da ta  deriv ed  from  con tro l tissue  w ere  c o m p a re d  w ith  d a ta  d e n ie d  
from  tissue  in w hich  L T P  w as induced  in v ivo ). S tu d e n t 's  f-test for 
independen t m eans w as used  to  estab lish  s ta tis tic a l s ign ificance .

RESULTS

The average food intake per rat for four-month-old rats was 
25 g/rat/day, compared with 18 g/rat/day for 22-month-old 
rats; these values did not vary for the duration of the experi
ment. Mean body weights at the end of the experimental 
period were 442±10,2  and 447 ±7.1 g in the four-month- 
old rats fed on the control and experimental diets, and 
512 ±10,5 and 496 ±  9,6 g in the 22-month-old rats fed on 
the control and experimental diets, respectively.

In the study in which age-related changes in LTP were 
assessed, the stimulus strength required to induce a spike 
w'as similar in the two groups of four-month-old rats 
(4 ,14 r0 ,15  and 4,28±0,12 V for those fed on control and 
experimental diets, respectively). It was also similar in both 
groups of 22-month-old rats (3 .96±0.16 and 3 ,83±0,12  V 
for those fed on control and experimental diets, respectively). 
Similarly, there were no significant differences in the mean 
EPSP slopes, generated at this stimulus strength, in the differ
ent subgroups; values ranged from 0.9 to 1,16 mV/ms.

Figure lA  indicates that there was a marked increase in 
mean population EPSP slope immediately following tetanic 
stimulation in four-month-old rats fed on the control or 
experimental diet. Dietary manipulation did not affect either 
the early or later response to the tetanus. The mean percentage 
increases in EPSP slope in the last 5 min of the experiment 
(compared with the 5 min immediately prior to tetanic stimu
lation) were 128.88±2,89%  and 126.86±3,13%  in the 
control (n= l)  and experimental (/i=7) dietary groups, 
respectively.

Figure IB indicates that the amplitude of LTP in 22-month- 
old rats fed on the control diet was attenuated; the mean 
percentage change in population EPSP slope in the last 
5 min of the experiment was 110,35 ±2,08%  (/!=13), which 
was significantly lower than the corresponding value 
observed in four-month-old rats (P < 0 .01 , Student's f-test 
for independent means). In contrast, LTP in 22-month-old 
rats which received the experimental diet was similar to that 
in four-month-old rats; the mean percentage increase in EPSP 
slope in the last 5 min of the experiment was 131.67 ±  3.59% 
(«=13), Of the 13 rats fed on the control diet, LTP (i.e. a 
consistent increase in population EPSP slope of 10% or more 
in the last 10 min of the experiment) was observed in five but 
not in the remaining eight rats. Of the 13 aged rats which 
received the experimental diet, LTP was observed in 11. All 
four-month-old rats sustained LTP.

Table 1. The age-related decrease in 7 -linolenic acid concentration was 
reversed by dietary m anipulation

Four m onths months

Both diets Control diet Experim ental diet

a-L ino len ic  acid 0.28 (0.03) 0.16* (0 .0 2 ) 0.23 (0.03)
Linoleic acid 1.46 (0.19) 0.96* (0.17) 0.98* (0.19)
7 -L inolenic acid 0.94 (0.10) 0.43* (0.03) 0.42* (0.09)
Palm itic acid 1.23 (0.18) 1.67 (0.31) 0.80 (0 . 1 2 )
D ocosahexanoic acid 1.52 (0.27) 0.62* (0.27) 1.36 (0.38)
A rachidonic acid 0.70 (0.10) 0.35* (O.IW) 0.45 (0.07)

Concentrations o f  linoleic acid, 7 -linolenic acid, a -lino len ic  acid and 
palm itic acid w ere sim ilar in both groups o f four-m onth-old rats and 
therefore the data were pooled. Significant age-related decreases in the 
concentrations o f  'y-linolenic acid, a-lino len ic  acid, linoleic acid, doco- 
sahexanoic acid and arachidonic acid were observ'ed in tissue prepared 
from 22-m onth-old rats w hich received the control d iet (*P < 0.05 . 
S tuden t's  r-test for independent means). D ietary .supplementation with 
docosahexanoic acid  fully restored the concentration o f docosahexanoic 
acid and partially  restored the concentrations o f a -lino len ic  acid and 
arachidonic acid to those observed in four-m onth-old rats. Dietary 
m anipulation did not affect the concentrations o f  either y-linolenic 
acid o r linoleic acid. There w ere no significant changes in the concentra
tion o f  palm itic acid with age or diet. D ata are means (S.E.M .I.

Analysis o f fatty acids in homogenates prepared from 
dentate gyri indicated that concentrations were similar in 
the two four-month-old dietary groups and therefore the 
data were pooled. Figure 2A shows that the concentration 
of docosahexanoic acid was significantly decreased in 
samples prepared from dentate gyri of 22-month-old rats 
fed on the control diet compared with four-month-old rats 
(P<0.05, ANOVA), but was similar to that in 22-month- 
old rats fed on the experimental diet. Regression analysis 
indicated that there was a positive correlation between ability 
to sustain LTP and docosahexanoic acid concentration, but 
the correlation failed to reach statistical significance 
(P=0.064; Fig, 2B),

Figure 3A shows that the concentration of arachidonic acid 
was significantly decreased in samples prepared from dentate 
gyri of 22-month-old rats fed on the control diet compared 
with four-month-old rats (P < 0 .05 , ANOVA). While the 
concentration of arachidonic acid was partially re.stored in 
22-month-old rats fed on the experimental diet, this value 
was still significantly decreased compared with the arachi
donic acid concentration in tissue prepared from four- 
month-old rats. Regression analysis revealed that there was 
a significant positive correlation between ability to sustain 
LTP and arachidonic acid concentration (P=0.012; Fig. 3B).

Table 1 shows that there were significant age-related 
decreases in the concentrations of a-linolenic. linoleic and 
•y-linolenic acids (P < 0 .05 , ANOVA), but no significant 
change was observed in the case of palmitic acid (18:0). Diet
ary supplementation of aged rats with 26% docosahexanoic 
acid in tuna oil fully restored the concentrations of docosa
hexanoic acid (Fig. 2A) and its precursor, a-linolenic acid 
(Table 1), to those observed in four-month-old rats. However, 
the age-related decreases in 7 -linolenic and linoleic acids 
were unaffected by dietary manipulation (Table 1).

Endogenous glutamate release was assessed in synapto- 
somes prepared from the dentate gyrus in each of the experif 
mental groups. Figure 4A shows that unstimulated and KCl- 
stimulated glutamate release were similar in synaptosomes 
prepared from untetanized and tetanized dentate gyri of
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Fig. 1. The age-related im pairm ent in ability to sustain LTP is restored in rats fed on a diet supplem ented w ith docosahexanoic acid. The m ean slope o f the 
population E P S ? evoked by test stim uli delivered at 30-s intervals before and after tetanic stim ulation (arrow ) is shown for four- (A) and 22-m onth-old fB ) rats 
fed on a control diet (open sym bols) or an experim ental diet (filled sym bols). Population EPSP slope is expressed as a percentage o f  the slope recorded in the 
5 min im m ediately prior to tetanic stim ulation and results are presented as means (~ S .E .M .) . S tandard errors are included for every 10th response and are so

small as to be obscured in som e cases.

four-monih-old rats. KCl significantly enhanced release in 
untetanized tissue (P < 0 .0 5 , A N O V A ), but the enhancem ent 
was more marked in synaptosom es prepared from dentate 
gyri in which LTP was sustained (P < 0 .0 1 , ANOVA). A ddi
tion of arachidonic acid and fra/i5-l-am ino-cyclopenty 1-1.3- 
dicarboxylate (ACPD) significantly increased KCl-stim ulated 
release o f glutam ate in synaptosom es prepared from

untetanized tissue, but this effect was occluded in synapto
somes prepared from tetanized tissue (Fig. 4A. B). KCl- 
stim ulated release o f glutam ate was markedly attenuated 
in synaptosom es prepared from untetanized dentate gyri 
o f 22-m onth-old rats fed on the control diet, and there 
was no evidence o f a K Cl-induced enhancem ent o f release 
in synaptosom es prepared from tetanized dentate gyrus
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Fig. 2. The age-related decrease in docosahexanoic acid concentration is 
restored by dietary supplementation. (A) The concentration of docosahex
anoic acid was similar in both groups o f four-month-old rals and therefore 
the data were pooled. There was a significant age-related decrease in doco
sahexanoic acid concentration in the dentate gyrus (*P<0.Q5. ANOVA), 
but this was reversed by dietary supplementation. (B) Regression analysis 
revealed that there was a positive correlation between docosahexanoic acid 
concentration and the percentage change in EPSP slope following tetaniza- 

tion, but this correlation did not reach statistical significance.

(Fig. 4C). Addition of arachidonic acid and ACPD failed to 
affect KCl-induced release in either untetanized or tetanized 
tissue. In contrast to the lack of response in tissue pre
pared from 22-month-oid rats fed on the control diet, KCl 
significantly increased glutamate release in synaptosomes 
prepared from unietanized dentate gyri of 22-month-old rats 
fed on the experimental diet (P<0.05, ANOVA). A further 
enhancement of release was observed in synaptosomes 
prepared from tetanized tissue (P<0.01,  ANOVA). Addition
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Fig. 3. The age-related decrease in arachidonic acid concentration was 
partially restored by dietary supplementation. (A) The concentration of 
arachidonic acid was similar in both groups of four-month-old rats and 
therefore the data were pooled. There was a significant age-related decrease 
in arachidonic acid concentration in the dentate gyrus (“ P<0.05. 
ANOVA); this effect was partially reversed by dietary supplementation, 
but remained significantly lower than the value in the dentate gyrus of 
four-month-old rats (*P<0.05. ANOVA). (B) Regression ana)ysis revealed 
that there was a significant positive correlation between arachidonic acid 
concentration and the percentage change in EPSP slope following tetaniza- 

tion (P=b.0\2).

of arachidonic acid and ACPD to the incubation medium 
significantly increased KCl-induced release in synaptosomes 
prepared from untetanized dentate gyri (P<0.01, ANOVA), 
but this effect was occluded in synaptosomes prepared from 
tetanized tissue (Fig. 4D).

Regression analyses revealed that there was a significant 
positive correlation between arachidonic acid concentration 
and KCl-stimulated glutamate release (f= 0 .024 ; Fig. 4E),- 
while the correlation between docosahexanoic acid concen
tration and KCl-stimulated glutamate release was not signifi
cant (iP=0.135; Fig. 4F).
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fig. 4. Dietar\’ manipulation reversed the age-related impairment in glutamate release. KCl-stimulated release o f endogenous glutamate was assessed in 
synapto.somes prepared from dentate gyri o f four-(A. B) and 22-month-old (C. D) animals fed on control and experimental diets. KCl (40 mM ) increased 
release to a significantly greater degree in tetanized ( * * f ’ <0.01. A N O VA ). compared with untetanized (*P <0 .05 , A NO VA), tissue prepared from four-month- 
old rats which were fed either on the control or experimental diet, and while arachidonic acid (A A ) and ACPD significantly enhanced KCl-stimulated release in 
nntetanized tissue ( 'P < 0 .0 1 , A N O VA ). this effect was not obsened in tetanized tissue. KC l failed to increase glutamate release in synaptosomes prepared 
from either untetanized or tetanized tissue obtained from 22-month-old rats fed on the control diet. In 22-month-old rats fed on the experimental diet. KCl 
(40 mM) increased release to a significantly greater degree in tetanized tissue (**P < 0 .01 , AN O VA ), compared with untetanized tissue ( * / ’ <0.05. AN O VA). 
while arachidonic ac id (A A ) and ACPD significantly enhanced KCl-stimulated release in untetanized < 0 .0 1. A N O V A ) but not tetanized tissue. Regression 
analysis revealed that there was a positive correlation between KCl-stimulated release and concentration o f arachidonic acid (E) and docosahexanoic acid (F); 

the correlation was statistically significant in the case o f arachidonic acid but not docosahexanoic acid.

Analysis of reactive oxygen species production in hippo
campal tissue prepared from these rats revealed no differences 
between the two groups of young rats (0.21 ±0.06 vs 
0.20 = 0.04 nmol/mg in hippocampal tissue prepared from 
rats fed on the control and experimental diets, respectively;.

There was an age-related increase in reactive oxygen species 
production in tissue prepared from aged rats which were fed 
on the control diet (0.32±0.04 nmol/mg; P<0.05, Student’s 
f-test: data compared with values from either group of 
young rats), but this was reversed in aged rats fed on the
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Fig. 5 . D ietary supplem entation  w ith  d ocosah exan o ic  acid  attenuates LTP in w ean lin g  rats. W ean ling  rats w ere fed  on  control or experim ental diet for eight 
w eeks and w ere then analysed  for their ab ility  to  sustain  LTP. B oth the early and late ch an ges in E PSP slop e fo llo w in g  tetanic stim ulation (arrow) were 
attenuated; in  the ca se  o f  the late com p on en t, the attenuation w as sign ificant (A ). Thus, the m ean percentage increases in E PSP s lop e in the last 5 min o f  the 
experim ent (com pared w ith the 5 min im m ed iate ly  prior to tetan ic stim ulation) w ere 1 3 0 .7 2 ± 1 .5 5 %  and 1 2 0 .6 3 ± 1 .3 0 %  in rats fed  on the control and 
experim ental d iets, resp ectively  ( / ’ < 0 .0 1 ,  S tud en t’s /-test for in dependent m eans). (B ) D ietary m anipulation  increased  d ocosah exan o ic  acid  concentration  and 
slightly decreased arachidonic acid  con cen tfa tion , but these ch an ges did not reach statistica l s ign ificance. (C ) D ietary m anipulation  sign ificantly  increased

reactive o x y g en  sp ec ie s  production.

experim ental diet (0.025 ± 0 .0 4  nm ol/m g). The age- and diet- 
related clianges in reactive oxygen species production there
fore parallel changes in arachidonic acid concentration.

The data presented identify a strong correlation betw een 
arachidonic acid concentration and ability to sustain LTP, and 
also betw een arachidonic acid concentration and KCl-stim u- 
lated release, rather than betw een docosahexanoic acid and 
either measure. A lthough the oil added to the experim ental 
diet contains 1.7% arachidonic acid, dietary m anipulation 
only partially reversed the age-related decrease in arachidonic 
acid concentration; therefore, it was considered that high 
concentrations o f docosahexanoic acid m ight prevent incor
poration o f  arachidonic acid. To address this possibility, 
weanling rats fed on the control or experim ental diet for 
eight weeks were analysed for their ability to sustain LTP, 
while tissue prepared from dentate gyri o f these rats was 
assessed for concentrations o f arachidonic and docosahexa
noic acids.

Figure 5 shows that there was a m arked increase in mean 
EPSP slope im m ediately follow ing tetanic stim ulation in both 
groups o f rats; the mean percentage increases in the 2 min 
im m ediately follow ing tetanic stim ulation (com pared with 
the 5 min im m ediately prior to tetanic stim ulation) were 
154 .76± 2 .54%  and 145 .16± 2 .90%  in rats fed on the control 
and experim ental diets, respectively. D ietary manipulation 
attenuated the more persistent aspect o f LTP; thus, the 
m ean percentage increases in EPSP slope in the last 5 min 
o f  the experim ent (com pared w ith the 5 min im mediately 
prior to tetanic stim ulation) were 130 .72± 1.55%  and 
120.63 ± 1 .3 0 %  in rats fed on the control and experimental 
diets, respectively. W e analysed fatty acid concentrations and 
reactive species production in tissue prepared from rats fed on 
the control and experim ental diets. The data showed that,* 
while there was an increase in concentration o f docosahexa
noic acid in rats fed on the experim ental diet com pared with 
the control diet, the difference betw een the two groups was
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noi .statistically significant (Fig. 5B). There was also no 
significant difference in arachidonic acid concentration in 
tissue prepared from rats fed on control and experimental 
diets (Fig. 5B). Dietary manipulation did not significantly 
affect concentrations of other fatty acids analysed. 7-linolenic 
acid, a-linolenic acid, linoleic acid or oleic acid (data not 
shown). Analysis of reactive oxygen species production 
revealed that this measure was significantly enhanced in 
(issue prepared from rats fed on the experimental diet 
compared with rats fed on the control diet (P < 0 .01 ; Fig. 5 0 .

The mean initial body weights of the weanling rats were 
63,92 ±2.01 and 64.43 ± 2 .07  g in the control and experi
mental groups; at the end of the experimental period, the 
mean values were 333.44±7.84 and 352 .16± 9 .89g . Food 
intake was adjusted each day to ensure that rats received 
the full daily dose of unsaturated fatty acids.

DISCUSSION

The objective of this study was to establish whether certain 
age-related neuronal deficits could be reversed by dietary 
supplementation with a)-3 fatty acids. The data presented 
demonstrate that the age-related decreases in LTP and gluta
mate release were reversed in 22-month-old rats which were 
fed on an o)-3 fatty acid-enriched diet for eight weeks.

We report that arachidonic acid concentration was signifi
cantly decreased in dentate gyri prepared from the hippo
campus of aged, compared with young, rats; this observation 
confirms earlier reports in the hippocampus"'* and dentate 
gyrus.-* The present data also indicate that there was a marked 
age-related decrease in the concentration of docosahexanoic 
acid in the dentate gyrus; this is, to our knowledge, the first 
indication of such a change. While age-related decreases in 
the concentration of a-linolenic acid, -y-linolenic acid and 
linoleic acid were observed, the data indicate that there was 
an increase, although not significant, in the concentration of 
palmitic acid.

Addition of io-3 fatty acids to the diet of 22-month-old rats 
completely reversed the age-related decreases in membrane 
docosahexanoic acid and partially reversed the age-related 
decrease in arachidonic acid concentration. The restoration 
of membrane polyunsaturated fatty acid concentrations in 
aged brain to concentrations found in young brains indicates 
the ability of brain tissue to incorporate fatty acids, although 
this process has been reported to be down-regulated with 
agg 11.14 5 jj,Qe the oil added to the diet investigated in this 
study contained 26% docosahexanoic acid and only 1.7% 
arachidonic acid, it is perhaps not surprising that reversal of 
the age-related decrease in docosahexanoic acid was 
complete, but was partial in the case of arachidonic acid. 
Dietar\' manipulation also reversed the age-related decrease 
in Q-linolenic acid, which is a precursor o f docosahexanoic 
acid.

Data from this laboratory have suggested that the age- 
related decrease in arachidonic acid concentration is asso
ciated with an increase in lipid peroxidation and that this, in 
turn, is due to an increase in reactive oxygen species produc
tion. In support of this hypothesis, we report here that 
reactive oxygen species production was enhanced in hippo
campal tissue prepared from aged rats fed on the control diet; 
the observation that dietary manipulation reversed this effect, 
in parallel with restoring arachidonic acid concentration, 
offers further support for this hypothesis.

Associated with the changes in fatty acid concentration and 
reactive oxygen species production, the data demonstrate that 
dietary manipulation reversed the age-related impairment in 
ability to sustain LTP. In these experiments, we observed that 
the initial changes in EPS? slope and amplitude following 
tetanic stimulation were attenuated in aged rats fed on the 
control diet; this finding, which suggests that induction of 
LTP might be impaired, supports data described by 
some,-*-^^ but not other,' groups. However, while there is 
some debate relating to the induction of LTP. there is agree
ment that maintenance of LTP is impaired in aged 
rats;'-i9---*-f'-’-J3 the data described here provide further confir
mation of this robust finding. In contrast to the attenuated 
response to tetanization in aged rats fed on the control diet, 
the responses of aged rats fed on the experimental diet were 
indistinguishable from those observed in young rats fed on 
either diet.

Regression analysis was performed in an effort to establish 
a possible correlation between ability to sustain LTP (i.e. the 
percentage change in EPSP slope in the last 5 min of the 
experiment) and fatty acid concentration. The data demon
strated a significant positive correlation between LTP and 
arachidonic acid concentration, but not docosahexanoic acid 
concentration. The correlation between arachidonic acid 
concentration and LTP, which is consistent with previous 
o b s e rv a t io n s ,m ig h t  be considered surprising, since rever
sal o f the age-related decrease in arachidonic acid concentra
tion was only partial. This partial reversal may be due to 
limited availability of arachidonic acid, since the diet 
contained only 1.7% arachidonic acid, or because incorpora
tion of arachidonic acid into membranes is reduced with 
age It may also occur because the high concentration of 
docosahexanoic acid (26%) in the diet might inhibit incor
poration of arachidonic acid.

To examine the latter possibility, groups of weanling rats 
were fed for eight weeks on the control or experimental diet 
and analysed for ability to sustain LTP, while fatty acid 
concentration were assessed. The data showed that dietary 
manipulation increased the concentration of docosahexanoic 
acid by about 60%, while arachidonic acid concentration was 
decreased by 10%. A similar increase in docosahexanoic acid 
in brain tissue has been described following dietary manipu
lation of adult rats'* '  ̂and aged rats'^ with fish oil, although in 
these studies significant decreases in n-6 fatty acids, including 
arachidonic acid, were reported. The fact that an insignificant 
decrease in arachidonic acid concentration was observed in 
the present study, compared with a significant change in the 
other studies, might indicate differences between brain areas, 
or differences in the specific diet or period of dietary supple
mentation. Ingestion of high doses of fish oil has been asso
ciated with oxidative stress in membranes,'" a factor recently 
shown to impact negatively on expression of LTP,^"^^ and in 
this experiment we observed that reactive oxygen species 
production was markedly enhanced in tissue prepared from 
rats which had been fed on the experimental diet. We set 
out to establish whether a diet enriched in docosahexanoic 
acid oflfered to weanling rats affected (i) LTP, (ii) concentra
tions of arachidonic acid and docosahexanoic acid, and (iii) 
reactive oxygen species production. The evidence indicates 
that tetanic stimulation exerted no effect on the early change 
in the population EPSP slope; a decrease was observed only in 
the last 10 min of the experiment. This attenuation in LTP 
was coupled with increased concentration of docosahexanoic
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acid, without a change in arachidonic acid. Rats fed on the 
diet enriched with docosahexanoic acid showed an increase in 
reactive oxygen species production in the hippocampus, 
which may be responsible for the compromise in LTP. since 
such a change has already been associated with an impairment 
in LTP in aged rats and rats treated with interleukin-1(3.

Transmitter release relies on several membrane-associated 
functions, e.g.. influx of calcium through voltage-.sensitive 
channels, docking of synaptic vesicles and the fusion of 
synaptic plasma and synaptic vesicle membranes; therefore, 
an age-related decrease in membrane fluidity might be 
expected to impact on glutamate release. The data presented 
show that synaptosomes prepared from the dentate gyrus of 
aged rats failed to respond to added KCl, which was in 
contrast to the stimulatory effect of KCl in tissue prepared 
from four- and 22-month-old rats fed on the experimental 
diet. The fact that glutamate release was not stimulated by 
KCl in tissue prepared from aged rats is surprising, but it 
confirms earlier findings in which this deficit was also 
o b s e r v e d . T h e  present data also indicate that, while 
KCl-induced release was further enhanced in tissue prepared 
from four-month-old rats in which LTP was sustained, this 
effect was absent in tissue prepared from aged rats fed on the 
control diet. This finding is consistent with the view that 
maintenance of LTP is, at least in part, dependent on 
increased glutamate release. However, it should be
recognized that the decreased ability o f aged rats to release 
glutamate might result in decreased depolarization during 
tetanic stimulation, one consequence of which might be the 
impairment in maintenance of LTP and the associated 
compromise in release after 40 min. The finding that dietary 
manipulation reversed this age-related impairment suggests 
that membrane composition is an important determinant in 
the release response to KCl. It may also be an important factor 
in determining responses to agonists, since arachidonic acid 
and ACPD interacted to significantly increase KCl-stimulated 
release in untetanized tissue prepared from young rats and 
aged rats fed on the experimental, but not the control, diet.

The present data also confirm the previous finding that the 
interaction between arachidonic acid and ACPD was 
occluded in synaptosomes prepared from tissue in which 
LTP was induced in We have interpreted this finding
as being consistent with the hypothesis that this interaction 
plays a role in increasing glutamate release following induc
tion of LTP.

CONCLUSIONS

We have reported previously that reversing the age-related 
decrease in membrane arachidonic acid by dietary' manipula
tion with 7-linolenic acid and arachidonic acid reversed the 
age-related impairments in expression of LTP and the age- 
related decrease in glutamate release.-^ This study extends 
these findings by indicating that similar effects can occur by 
dietary manipulation with other polyun.saturated fatty acids. 
However, regression analysis revealed that there was a signifi
cant positive correlation between arachidonic acid and 
release, but not between docosahexanoic acid and release. 
This observation suggests that, in relation to the release 
respon.se to KCl, there may be a specific requirement for 
arachidonic acid. Similarly, the correlation between LTP 
and arachidonic acid, but not docosahexanoic acid, is consis
tent with the idea of a specific requirement for arachidonic 
acid in expression of LTP. These observations therefore 
provide indirect evidence supporting a role for arachidonic 
acid in LTP, adding to the existing body of evidence.
Despite these indications of a special role for arachidonic acid 
in release and in LTP, it must be emphasized that the present 
data demonstrate that age-related decreases in LTP and trans
mitter release were reversed when the decrease in docosa
hexanoic acid was completely reversed, while the decrease 
in arachidonic acid was only partially reversed. This finding is 
consistent with the view that membrane fluidity is likely to be 
a significant factor in determining expression of LTP and 
maintaining transmitter release in aged rats.
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A b s tra c t

A m ong the age-re la ted  c h an g es  iden tified  in ra t h ippocam pus are im pairm en ts  in L T P  and  g lu tam ate  re lease . T h ese  defic its  have been 
coup led  w ith decreased  a rach id o n ic  acid  co n cen tra tio n . In this study we co m p ared  L T P  and  g lu ta m a te  re lease  in g roups o f  aged and young  
rats fed fo r 8 w eeks on a  con tro l d ie t o r on a d ie t en riched  in a - lip o ic  acid . D ie ta ry  su p p lem en ta tio n  in aged  ra ts  re s to red  h ippocam pal 
arach idon ic  acid co n ce n tra tio n  to leve ls  ob serv ed  in tissue  p repared  from  y o u n g  ra ts. W e o b serv ed  th a t aged  ra ts  that received  the 
experim ental d iet su sta ined  L T P  in p e rfo ran t pa th -g ran u le  cell synapses in a m a n n e r in d is tin g u ish ab le  from  you n g  ra ts w hereas the 
age-re la ted  im pairm en t in g lu tam a te  re lease  w as reversed  in synap tosom es p rep ared  from  d en ta te  gy rus  ob ta in ed  from  these  rats. T he 
ev idence  presen ted  suppo rts  the  h y p o th e sis  that the a - lip o ic  acid -en riched  d ie t has a n tio x id a n t p ro p erties , b ecause  the ag e-re la ted  increase  
in superox ide d ism u tase  ac tiv ity  and  d ecrease  in a -to co p h e ro l concen tra tion  w ere  rev e rsed . T h e  find ing  that the age-re la ted  increase  in 
interleukin-1  ( I L - l ) b  co n cen tra tio n  w as a lso  rev e rsed  suggests  a p ossib le  ro le  fo r this cy to k in e  in ageing . ©  20 0 0  E lsev ie r S c ience  Inc. All 
rights reserved.

Keywords: Long-term  potentiation; a -L ip o ic  acid; A rachidonic acid; G lutam ate release; H ippocam pus; IL-I

1. In troduction

It is has been show n repeated ly  that m aintenance of 
long-term  potentiation (L TP) is im paired  in aged rats [1,2, 
12.13,18,21,25,28,29]. In con trast to this agreem ent the 
effects o f  age on induction  o f  L T P  rem ain unclear, with 
evidence of a deficit reported  by som e groups [21,25,29] but 
not others [1,14].

Am ong the age-related  changes that correlate  with the 
im pairm ent in L TP in den ta te  gyrus is a decrease in arachi
donic acid concentration [21 ,25,28,29], a proposed retro
grade m essenger in L TP [11,19]. B ecause arachidonic acid 
contributes to m em brane fluidity, a decrease in its concen
tration is likely to be accom panied  by a decrease in m em 
brane fluidity, and this, in turn, is likely to im pact on several 
m em brane-associated functions that play a role in expres
sion o f LTP [19], One o f  these m em brane-associated  func
tions is transm itter release, an increase o f  w hich has been

•C orrespond ing  author. Tel.; 11 -353 -1 -6 0 8 -1 7 7 0 ; fax: 1 1-353-i-
679-3545.

E-m ail address: iynchm a@ tcd.ie (M .A . Lynch)

coupled w ith m ain tenance o f LTP in perforant path syn
apses [6 ,8 ,24,25]. E v idence from  this laboratory has con
sistently show n that there is an age-related  decrease in 
K C l-stim ulated release o f g lu tam ate in synaptosom es pre
pared from  dentate  gyrus, w hereas an attenuated release 
response to KCl has been observed in synaptosom es pre
pared from  aged rats in w hich L T P  was com prom ised [21. 
25]. It is significant that the im pairm ent in LTP and :he 
com prom ise in transm itte r release w ere reversed  when ara
chidonic acid concentra tion  was restored in aged rats fed on 
a diet supplem ented  w ith arachidonic acid and g-linolenic 
acid [25], It is therefore  a m ajor objective to establish  the 
underlying cause  o f the age-related  decrease in arachidonic 
acid concentra tion .

R ecent ev idence  is consisten t with the idea that increased 
lipid peroxidation  is prim arily  responsible for the decrease 
in arachidonic acid concen tra tion  and that this is likely to be 
triggered by the proinflam m atory  cytokine. IL - lh  or in
creased production  o f reactive oxygen species [28.29]. 
T hese proposals are consisten t with the findings that (a) 
these age-re la ted  changes are reversed by dietarv’ supp le
m entation w ith the an tioxidant v itam ins E and C [28] and

0197-4.^80/00/S -  see front m atte r © 2000 E lsevier Science Inc. All rights reserved. 
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(b) that a number o f age-related changes in neuronal func
tion have been attributed to accumulation o f  reactive oxy
gen species, arising from either increased formation o f  re
active oxygen species, compromised ability o f  the aged 
brain to cope with oxidative stress, or both [10.35,40].

In an effort to establish a causal relationship between  
age-related changes in synaptic function and age-related 
changes in handling of oxidative processes in cells, we 
assessed the ability o f  a diet, enriched in a-lip o ic  acid, to 
reverse age-related changes in a number o f  parameters. 
a-Lipoic acid is a naturally-occurring free radical scavenger 
that has been shown to regenerate endogenous antioxidants 
like vitamins E and increase formation o f  glutathione [4]. 
Consistent with its role as an antioxidant, a-lipoic acid 
reversed the oxidative stress-induced activation o f  NFJcB 
[5,33] and the increased lipid peroxidation [30] that are 
associated with diabetic neuropathy. It has also been shown  
to reverse the damage induced by ischem ia in C A l pyra
midal cells [9] and also the damage that accom panies reper
fusion [34],

In this study, groups o f  aged and young rats were fed 
either on a control diet or on a diet enriched in a-lip o ic  acid 
and assessed for their ability to sustain LTP. Tissue obtained 
from dentate gyri o f  these rats w as analyzed for fatty acid 
concentration and assessed for glutamate release. W e ob
served that dietary manipulation reversed age-related im 
pairment in LTP and glutamate release and these changes 
were accompanied by restoration o f  fatty acid, IL - lb  and 
a-toeopherol concentrations to values observed in young 
rats.

2. Experimental procedures

2.1. Anim als

Aged and young male Wistar rats (Bantham and King
man, UK) were housed in groups o f  2 - 4  under a 12-h light 
schedule, with the ambient temperature controlled between  
22 and 23°C. Rats were maintained in the BioResources 
Unit in Trinity C ollege, Dublin, were checked daily and 
were subject to veterinary supervision throughout the ex 
periment. Young and aged rats were divided into groups that 
were fed on ‘control’ or 'experimental’ diet. TTie com posi
tion o f  the experimental diet was as follows: 20% g-linole- 
nic-lipoic acid diol, 40% tuna oil containing 24% docosa- 
hexanoic acid and 1.7% arachidonic acid and 40% microbial 
oil containing 40% arachidonic acid, 3% g-linolenic acid 
and 4% dihom o-g-linolenic acid (Laxdale Research, UK). 
The overall com position o f the diet, in terms o f  polyunsat
urated fatty acids, was therefore 20% o f  g-linolenic-lipoic  
acid diol, 9.6% o f docosahexanoic acid. 16.4% o f  arachi
donic acid, 1.2% o f  g-linolenic acid and 1.6% o f  dihomo- 
g-linolenic acid. One group of aged and one group o f  young 
animals were fed for 8 weeks on 100 mg/rat/day experi
mental diet, referred to hereafter as ‘ 100% experimental

diet’. A second group o f  young and aged animals received 
standard laboratory chow  to which com  oil was added to 
ensure an isocaloric intake for all rats. A third group o f aged 
rats received 50 mg/rat/day o f  experimental diet (hereafter 
referred to as ‘50% experimental d iet’). Food intake was 
measured for 2 weeks before the com m encem ent of the 
experiment, sufficient diet was prepared for 3 or 4 days, 
daily allow ances were stored in airtight containers at 2 80°C  
and rats were offered their full daily requirement each day. 
At the end o f  the period o f  dietary manipulation the average 
ages o f  the aged and young rats were 22 months and 4 
months respectively.

2.2. Induction o f  long-term  poten tia tion  in dentate gym s

Rats were anesthetized with urethane; young animals 
initially received 1.5 g/kg o f  urethane intraperitoneally 
(i.p.). and a further increment, if  required (that did not 
exceed 0.6 g/kg in any experim ent) for induction o f deep 
anesthesia, that was assessed by the absence o f a pedal 
reflex. The mean doses (6 SEM ) administered to young rats 
given the control and experimental diets were 1.92 g/kg 
(6 0 .08) and 1.82 g/kg (6 0 .05) respectively. Aged animals 
received 1.2 g/kg o f  urethane initially and topped up when 
necessary; the mean doses administered to aged rats given 
the control, 50% lipoic acid and 100% lipoic acid diets were 
1.44 g/kg (6 0.05), 1.37 g/kg (6  0 .04) and 1.48 g/kg 
(6 0.06), respectively.

LTP was induced in perforant path-granule cell synapses 
as described previously [24]. Briefly, a bipolar stimulating 
electrode was placed in the perforant path (4.4 mm lateral to 
Lambda) and a unipolar recording electrode was placed in 
the dorsal cell body region o f  the dentate gyrus (2.5 mm 
lateral and 3.9 mm posterior to Bregm a). The depths of the 
stimulating and recording electrodes were adjusted to max
im ize the amplitude o f  the response; the stimulus intensity 
was adjusted to the value that was just sufficient to induce 
a population spike. Test shocks were given at 30 s intervals 
for 10 min before and 40  min after, 3 trains o f stimuli (250  
Hz for 200 ms, with a 30  s intertrain interval) that was 
shown previously to produce saturation o f  LTP in perforant 
path-granule cell synapses.

2.3. Tissue preparation

At the end o f  the recording period, rats were killed by 
decapitation, the hippocampus proper and the dentate gyri 
were dissected, and cross-chopped slices (350 mm 3 350  
mm) were prepared using a M cllw ain tissue chopper. Sam
ples o f hippocampus and control and potentiated dentate 
gyri were frozen separately in 1 ml o f  Krebs solution (com 
position o f Krebs in mM: NaCI 136, KCl 2.54. KH^POj 
1.18, M gS04 .7H, 0  1.18, NaH CO j 16, glucose 10, CaCU 
1.13) containing 10% dim ethylsulphoxide [15] and stored at 
2 80°C until required.

For analysis, slices were thawed rapidly (1 .5 -2  min) by
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agitation at 37°C and rinsed 4 times in excess fresh oxy
genated Krebs solution. Fatty acid concentrations were as
sessed in samples of homogenate prepared from dentate 
gyrus of aged and young rats, whereas the crude synapto
somal pellet, P ;, prepared as previously described [24] was 
used for analysis o f glutamate release. Homogenate pre
pared from hippocampal tissue was used for analysis of 
a-tocopherol and IL -lb  concentrations and activity of su
peroxide dismutase.

2.4. Assessment o f  glutamate release

Samples of synaptosomal tissue were resuspended in 
ice-cold Krebs solution containing 2 mM of CaCU. Tissue 
was aliquotted onto Miliipore filters (0.45 mm), rinsed under 
vacuum and the filtrate was discarded. Tissue was incubated 
in 250 ml of oxygenated Krebs solution at 37°C for 3 min 
and filtrate was collected and stored. Release o f transmitter 
was then stimulated by the addition of 40 mM of KCl to 
Krebs solution. In some cases, arachidonic acid (1 mM) and 
ACPD (50 mM) were added to the incubation medium to 
assess the effect o f these agents on KCl-stimulated release.

Glutamate was analyzed as described [26,32]. Briefly, 
96-well plates were coated with glutaraldehyde (0.5% in 
100 mM of NaH2P04 buffer, pH 4.5; 320 ml) by incubation 
for 60 min at 37°C. Plates were then washed with 100 mM 
of NaH2P04 buffer. Triplicate samples (50 ml) or glutamate 
standards (50 ml; 50 nM to 10 mM prepared in 100 mM of 
N32HP04 buffer, pH 8.0) were added, plates were incubated 
for 2 h at 37°C and washed with 100 mM of N aH jPO j 
buffer. To bind any unreacted aldehydes, ethanolamine (320 
ml; 0.1 M in 100 mM of Na2H P04  buffer) was added to 
each well and incubated for 60 min at 37°C. Plates were 
washed with phosphate-buffered saline (PBS) containing 
Tween-20 (0.2% Tween; PBS-T), To block non-specific 
binding, samples were incubated with donkey serum for 60 
min (200 ml; 3% in PBS-T). Antiglutamate antibody (raised 
in rabbit; 100 ml; 1:5,000 in PBS-T; Sigma, UK) was added 
to each plate, incubated overnight at 4°C and washed with 
PBS-T. Anti-rabbit horseradish peroxidase (HRP)-linked 
secondary antibody (95 ml; 1:10,000 in PBS-T; Amersham, 
UK) was added, incubated for 60 min at room temperature 
and plates were again washed with PBS-T. 3 ,395,59-Tetra- 
methylbenzidine (100 ml) liquid substrate was added as 
chromogen and incubation continued for 60 min at room 
temperature. H2SO4 (4 M; 50 ml) was used to stop the 
reaction and optical densities were determined at 450 nm 
using a multiwell plate reader. Values were calculated with 
reference to the standard curve, corrected for protein [7] and 
expressed as nmol glutamate/mg protein.

2.5. Analysis o f  fa tty  acid concentration

Thawed slices prepared from dentate gyrus were rinsed 3 
times and then homogenized in 200 ml o f fresh Krebs 
solution. Fatty acids were extracted into chloroform:metha

nol (2:1 v/v; 1 ml) by vigorous shaking for 10 min followed 
by centrifugation at 1000 3 ^  for 5 min to separate the 
phases. The aqueous layer was discarded and the chloro
form phase was evaporated under nitrogen and resuspended 
in ethanol for analysis. Fatty acid concentrations were an
alyzed as their 2-nitrophenylhydrazine (NPH) derivatives 
by reverse phase HPLC [22]. Derivatization was achieved 
by adding 2-NPH-HCl solution (0.02 M 2-nitrophenylhydr- 
azine-HCl in 0.25 M HCI-ethanol (1:1. v/v) and EDC so
lution (l-ethyi-3-(3-dim ethylam inopropyl) carbodiimide 
hydrochloride; 0.25M  EDC in ethanol mixed in equal vol
umes with 3% ethanolic pyridine), and incubated at 60°C 
for 20 min. After addition of KOH (15% w/v in MeOH: 
H2O, 80:20) samples were incubated at 60°C for 15 min and 
cooled in running water. Fatty acid derivatives were con
centrated; n-hexane and phosphate buffer (0.033 M. pH 6.4 
in 0.5 M HCl) were added, samples were vortex mixed for 
30 s, centrifuged for 5 min at 1500 3 g and the hexane 
phase evaporated to dryness under nitrogen. For HPLC 
analysis, samples were resuspended in methanol, injected 
onto a Microsorb C l 8 column (maintained in a column oven 
at 30°C) and fatty acids were separated in isocratic mc'de 
with a mobile phase of 85% methanol: 15% water (main
tained at pH 4.5 with HCl) and detected by UV spectros
copy at 230 nm. Aliquots o f tissue were taken for protein 
analysis and concentrations were estimated according to 
standard curves and expressed as nmol/mg protein.

2.6. Analysis o f  a-tocopherol

a-Tocopherol was analyzed according to the method of 
Vatassery [38]. Briefly, aliquots o f hippocampal homoge
nate (150 ml) were incubated in the presence of ethanol 
containing 0.025% butyl-hydroxytoluene (150 ml), 25% 
ascorbic acid (70 ml) and 10% potassium hydroxide (135 
ml) for 30 min at 60°C. Hexane (540 ml) containing 0.025% 
butyl-hydroxytoluene was added, samples were vortex- 
mixed for 1 min and centrifuged at 1500 3 g for 6 min. TTie 
hexane phase was removed and evaporated to dryness under 
nitrogen; the recovery o f a-tocopherol using this procedure 
was between 70 and 80%. For HPLC analysis, dried sam
ples were resuspended in methanol (150 ml) containing 
0.025% butyl-hydroxytoluene and 30 ml volumes were in
jected onto an Intersil C l 8 column. Separation of a-iocoph- 
erol was achieved using a mobile phase of 75% acetonitrile: 
25% methanol at a flow rate o f 1.2 mL/min and samples 
were detected by uv spectroscopy at 292 nm. a-Tocopherol 
concentration was estimated by the external standard 
method and expressed as mg/mg tissue.

2.7, Analysis o f  superoxide dismutase activity

Superoxide dismutase activity was determmed in sam
ples of hippocampal homogenate [36]. Aliquots (800 ml) of 
incubation buffer (50 mM potassium buffer (pH 7.8) con
taining 1.8 mM xanthine, 2.24 mM nitroblue tetrazolium
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(NBT), 40 units of catalase, 7 ml/ml xanthine oxidase and 
1.33 mM diethylenetriaminepentacetic acid) were added to 
1.5 ml microfuge tubes containing samples of supernatant 
(100 ml) at different dilutions (1:2, 1:5, 1:10, 1:20, 1:50 and 
1:100) and analyzed by uv spectroscopy at 560 nm. Activity 
of superoxide dismutase was assessed as the rate o f reduc
tion of NBT, that was inhibited with increasing concentra
tions of protein. One unit of activity was defined as the 
amount of protein necessary to decrease the rate o f the 
reduction of NBT by 50%. Results were expressed in units 
of superoxide dismutase activity per mg protein.

2.8. Analysis o f  IL -Ib

IL - lh  (IL -lb ; Genzyme Diagnostics, USA) concentra
tions in hippocampal homogenate were analyzed by ELISA 
as previously described [28]. Briefly, 96-well plates were 
coated with 100 ml o f capture antibody (2.0 mg/ml o f final 
concentration, diluted in 0.1 M of sodium carbonate buffer, 
pH 9.5; monoclonal hamster anti-mouse IL - lb  antibody), 
incubated overnight at 4°C, washed with PBS containing 
0.05% Tween 20 and blocked for 2 h at 37°C with 250 ml 
of blocking buffer, (PBS, pH 7.3; 0.1 M with 4% bovine 
serum albumin (BSA)). Aliquots (50 ml) o f samples or 
IL -lb  standards (O-IOOO pg/ml) were incubated for 1 h at 
37°C. Plates were washed and secondary antibody (100 ml; 
final concentration 0.8 mg/ml in PBS containing 0.05% 
Tween 20 and 1% BSA; biotinylated polyclonal rabbit anti
mouse IL - lb  antibody) was added and incubated for 1 h at 
37°C. Detection agent (100 mi of horseradish peroxidase- 
conjugated streptavidin; 1:1000 dilution in PBS containing 
0.05% Tween 20 and 1% BSA) was added, incubated for 15 
min at 37°C. Substrate (100 ml; tetramethylbenzidine liquid 
substrate; Sigma, UK) was added, incubated at room tem
perature for 10 min and absorbance read at 450 nm. Results 
were expressed as pg IL -lb /m g tissue.

2.9. Statistical analysis

Data were analyzed, as appropriate, using either the 
Student’s /-test for independent means, or by using a one
way analysis o f variance (ANOVA) followed by post hoc 
analysis using the Newmann-Keuls test.

3. Results

The average food intake per rat for young rats was 22 
g/rat/day compared with 18 g/rat/day for aged rats; these 
values did not vary for the duration of the experiment. Mean 
body weights (6 SEM) at the end of the experimental 
period were 481 g (6 28.4) and 481 g (6 16.1) in the young 
rats fed on the control and experimental diets and 525 g (6 
15.5), 516 g (6 9.8) and 479 g (6 14.8) in the aged rats fed 
on the control, 50% and 100% diets respectively.

In these experiments, the stimulus strength used was that

which was just sufficient to induce a spike; the mean values 
(6 SEM; V) were 1.53 (6 0.31) and 4.69 (6 0.19) in young 
and aged rats respectively. The mean values for EPSP slope 
(6 SEM; mV/ms) in young rats fed on control and exper
imental diets were 1.83 (6 0.10) and 1.82 (6 0.08) respec
tively. In aged rats, the values were significantly lower (p , 
0.05; student’s /-test for independent means); the means 
were 1.30(6 0 .03 ), 1.29 (6 0.07) and 1.63 (6 0.11) for the 
groups fed on control, 50% and 100% diets respectively. 
The corresponding values for the mean amplitude of the 
response (mV) in young rats fed on control and experimen
tal diets were 4.42 (6 0.14) and 4.40 (6 0.13). These values 
were higher than those recorded from aged rats, that were 
3.62 (6 0.07), 4.11 (6 0.27) and 3.37 (6 0.09) for rats fed 
on control, 50% and 100% experimental diets respectively.

Fig. la  indicates that there was a marked increase in 
mean EPSP slope immediately after tetanic stimulation in 
young rats fed on control or experimental diet; an increase 
in mean EPSP slope was observed for the duration of the 
experiment though dietary manipulation attenuated the 
more persistent EPSP response (see Table 1). Fig. lb  indi
cates that LTP was compromised in aged rats fed on the 
control diet, whereas aged rats fed on either experimental 
diet demonstrated an ability to sustain LTP that was similar 
to that o f young rats; we observed an age-related attenuation 
in both the early and later response (see Table 1).

Analysis o f several fatty acids in homogenate prepared 
from dentate gyri indicated that there were no significant 
differences in concentrations between the young rats fed on 
control and experimental diets (Fig. 2). The data indicate 
that the concentration o f arachidonic acid was markedly 
decreased in tissue prepared from aged rats fed on the 
control diet (n S 11) compared with tissue prepared from 
young rats (p , 0.05; ANOVA; n 5 8 in both dietary 
groups). Fig. 2 shows that dietary manipulation with either 
the 50% diet (n 5 9) or the 100% diet (n 5 11) completely 
reversed the age-related decrease in arachidonic acid con
centration. In contrast to the age- and diet-related changes in 
arachidonic acid, the concentration o f the arachidonic acid 
precursor, g-linolenic acid was unchanged. Analysis of the 
ratio of g-linolenic acid to arachidonic acid indicated values 
of 0.15 (6 0.03) and 0.20 (6 0.06) in the young rats fed on 
control and experimental diets respectively. The corre
sponding values were 0.38 (6 0.06), 0.17 (6 0.02) and 0.11 
(6 0.02) in aged rats fed on the control, 507c and 1009? 
diets respectively.

The concentration of docosahexanoic acid was markedly 
decreased in tissue prepared from aged rats fed on the 
control diet compared with tissue prepared from young rats 
{p , 0.05; ANOVA). Dietary manipulation partially re
versed this decrease, though concentrations were still sig
nificantly lower then those in tissue prepared from young 
rats. In contrast, the concentrations of linoleic and palmitic 
acids were significantly increased with age (p , 0.05; 
ANOVA), whereas there was no significant age-, or diet- 
related change in the concentration of a-linolenic acid. The
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Fig. 1. The age-relaied impairment in LTP is restored by dietary supplementation. The mean slope o f the population EPSP was markedly mcreased alter 
tetanic stimulation (arrow) in both groups o f young rats (n 5 8 in each case). In contrast, there was a marked impairment in maintenance o f LTP in aged 
rats that received the control diet (;j 5 I I ) .  Dietary manipulauon w ith either diet (m 5 9 for the 50% diet and /i 5 11 for the lOO^r diet) reversed tlic 
age-relaied impairment in LTP. Mean EPSP slopes are expressed as a percentage o f the values recorded in the 5 min immediately before tetanic stimulation. 
Standard errors are included for every tenth response and arc so small as to be obscured in some cases. Sample waveforms are included for young rats (lefi 
hand panel) fed on the control ( I )  and experimental (2) diets, and for aged rats (right-hand panel) fed on the control (1). 50% (2) and 100% (3) diets; in each 
case responses obtained after tetanic stimulation are supenmposed on responses obtained before tetanic stimulation. The scale bars represent 1 mV and 2 ms 
refer to responses for both aged and young rats.

concentrations of palmitic and linoieic acids were also not 
significantly affected by diet.

Endogenous glutamate release was assessed in synapio- 
somes prepared from dentate gyrus in each of the experi
mental groups. Fig. 3a shows that unstimulated glutamate 
release was similar in synaptosomes prepared from unteta- 
nized and tetanized dentate gyri of both groups of young 
rats. Addition of 40 mM of KCl to the incubation medium 
significantly enhanced release in untetanized tissue prepared 
from both groups of young rats (p , 0.05; ANOVA), but 
the enhancement was more marked in synaptosomes pre
pared from dentate gyrus in which LTP was sustained (p , 
0.01; ANOVA). Addition of arachidonic acid and ACPD 
significantly increased KCl-stimulated release of glutamate 
in synaptosomes prepared from untetanized tissue, but this 
effect was occluded in synaptosomes prepared from teta-

Table 1
Mean percentage change in epsp slope”

0 -2  min posttentanus 35-^0  min posttetanus

4 months
Control diet 157.64 (6.34) 127.01 (2.09)
Experimental diet 159.22 (5.09) 116.80(1.22)

22 months
Control diet 117.76 (2.99) 98.88(1.04)
50% diet 145.68* (6.10) 130.26* (2.07)
100% diet 155.33* (5.88) 137.01* (4.66)

* Mean percentage changes in epsp slope in two time intervals post- 
tetanus (0 -2  min and 35-40  m in) in young and aged rats fed on control or 
expenmenial diets. The early mean percentage change in epsp slope was 
sim ilar in both groups o f young rats, through dietary manipulation atten
uated and later response. LTP was attenuated in aged rats fet on the control 
diet, but this was not observed in aged rats fed on either the 50% or 1007c 
dieL The astensks indicate significant differences between values in rats 
fed on control and expenmcntal diets (p , 0.05; A N O V A ).

nized tissue (Fig. 3a and 3b). KCl-.stimulated release of 
glutamate was markedly attenuated in synaptosomes pre
pared from untetanized dentate gyrus of aged rats fed on the 
control diet and there was no evidence of a KCi-induced 
enhancement of release in synaptosomes prepared from 
tetanized dentate gyrus (Fig. 3c). Addition of arachidonic 
acid and ACPD failed to affect KCl-induced release in 
either untetanized or tetanized tissue. In contrast to the lack 
of response in tissue prepared from aged rats fed on the 
control diet, KCl significantly increased glutamate release 
in synaptosomes prepared from untetanized dentate gyrus of 
aged rats fed on either experimental diet (p , 0.05;
ANOVA). A further enhancement of release was observed 
in synaptosomes prepared from tetanized tissue {p , 0.01; 
ANOVA). Addition of arachidonic acid and ACPD to the 
incubation medium significantly increased KCl-induced re
lease in synaptosomes prepared from untetanized dentate 
gyrus (p , 0.01; ANOVA), but this effect was occluded in 
synaptosomes prepared from tetanized tissue (Fig. 3d and 
3e).

Because a-lipoic acid has been shown to have antioxi
dant properties and because antioxidative defenses have 
been shown to be compromised with age [31], we analyzed 
age-related changes in 3 parameters in hippocampal tissue 
prepared from the young and aged rats that received control 
or experimental diets. The data indicated that dietary ma
nipulation in young rats exerted no effect on a-tocopherol 
concentration, IL -lb  concentration or superoxide dis- 
mutase, therefore data from the two groups of young rats are 
pooled in Fig. 4. We observed that the concentration of 
a-tocopherol was decreased in the hippocampus of aged rats 
fed on the control diet, compared with young rats (p , 0.05; 
ANOVA; Fig. 3a). Dietary manipulation with lOO'/c diet
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Fig. 2. Dietary manipulation reverses age-related changes in concentrations o f arachidonic acid and docosahexanoic acid. Concentrations of arachidonic acid, 
docosahexanoic acid. linolenic acid, g-linolenic acid, linoleic acid and palmitic acid were sim ilar in both groups o f young rats (« 5 8 in each easel. The 

concentrations o f arachidonic and docosahexanoic acids were significantly decreased in tissue prepared from dentate gyrus o f aged rats that received the 

control diet (n 5 11), whereas significant increases in the concentrations o f linoleic acid and palmitic acid were observed (*/? , O.O.'i; Student's /-test for 

independent means). Dietary supplementation with either the 50%  (;i 5 9) or 100% (« 5 11) diets reversed the age-related changes in arachidonic acid and 

linolenic acid.

panially reversed this effect, but reversal was almost com
plete in tissue prepared from rats that received the 50% diet.

An age-related increase in hippocampal concentration o f 
I L - lb  was also observed {p , 0.05; A N O V A ; Fig. 4b). We 
found that this effect was completely reversed by supple
mentation w ith the 100% lipoic acid diet, whereas the 50% 
diet was less effective. S im ilarly, the activ ity o f superoxide 
dismutase was significantly increased in the hippocampus o f 
aged rats (/? , 0.05; A N O V A ; Fig. 4b); this effect was 
completely reversed in hippocampal tissue prepared from

rats that received the 100% lipoic acid diet. Enzyme activ
ity, however, was sim ilar in tissue prepared from aged rats 
that received the control diet and those that received the 
50% diet.

4. Discussion

The objective o f this study was to establish whether 
certain age-related changes in hippocampal synaptic func-
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Fig. 3. D ietary m anipulation reverses age-related changes in K C l-stim ulated  g lutam ate release. KCI (40  m M ) increased re lease  to a significantly  greater 
degree in te tanized (**p , 0 .01; A N O V A ), com pared w ith untetanized (,*p , 0 .05; A N O V A ), tissue p repared  from  young rats that w ere fed cither diet (/i 5 
8 in each  case); arachidonic acid (A A) and A CPD  significantly  enhanced K C l-stim ulated release in unte tanized  tissue (1 p  , O.OI; A N O V A ). but not in 
tetanized tissue. KCI failed to increased g lutam ate release in synaptosom es prepared from  e ither un te tam zed or te tan ized  tissue ob ta ined  from  aged rats fed 
on the control diet (« 5 11). In aged rats fed on either expenm enta l diet (h 5 9  for 50%  die t and /i 5 II fo r 100% diet). KCI (40 inM ) increased release 
to  a significantly  g reater degree in tetanized tissue { '* p  , 0.01; A N O V A ). com pared with un te tanized  tissue (* p  , 0.05; A N O V A ); arach idon ic acid (A A) 
and A C PD  significantly enhanced K Cl-stim ulated release in unte tanized  (1 p  , 0.01; A N O V A ), but not te tan ized  tissue.

tion m ight be reversed by supplem entation with a d iet en 
riched in a-Iipoic acid. T he data show  that dietary m anip
ulation reversed the age-related im pairm ent in ability  o f  
aged rats to sustain L TP in perforant path-granule cell 
synapses.

In this study we observed that dietary m anipulation o f 
aged rats with either experim ental diet com pletely reversed  
the age-related  attenuation in the initial tetanus-induced 
enhancem ent o f the synaptic response. Sim ilarly, the 
m arked attenuation in the later response, that reflects im 
paired m aintenance o f  L TP was also com pletely reversed  by 
dietary m anipulation.

W e have previously reported that aged rats that received 
a diet enriched in arachidonic acid and its precursor g-lin- 
olenic acid exhibited an ability to sustain LTP that was 
com parable to young rats [25]; this was accom panied  by a 
reversal o f  the age-related  decrease in arachidonic acid 
concentration. A nalysis o f  fatty acids in dentate gyrus o f  the 
young and aged rats in the present study dem onstrated  that 
the age-related decrease in arachidonic acid concentration 
was also reversed by dietary m anipulation with an a-Iipo ic  
acid-enriched diet. T h is may be a direct effect, due to 
incorporation of arachidonic acid, because the diet con
tained arachidonic acid (16.4% ). It may also be an indirect 
effect because the antioxidant properties o f  a-lipo ic  acid  [4]

have been show n here to be effec tive  in hippocam pal, as 
well as other, tissues. O ne reported  an tiox idan t effect o f 
a -lip o ic  acid is its ab ility  to regenerate  v itam in E [4]; this 
effect o f  a -lip o ic  acid  m ay con tribu te  to the observed ef
fects, because  we have reported  that d ietary  m anipulation 
with v itam ins E and C reverse  the age-re la ted  im pairm ent in 
LTP [28]. It is also  possib le  that d ieta ry  m anipulation  af
fects the activ ity  o f  D  5 -desaturase  that catalyzes form ation 
o f a rach idonic  acid from  g-lino len ic  acid. A ctivity  o f  this 
enzym e is decreased  with age [3,17]. T h is possibility  is 
consistent w ith the finding that the ra tio  o f g -linolenic  acid 
to arachidonic acid w as increased  w ith age and reversed by 
dietary m anipulation .

The data  indicate that there is a lso  an age-related  de
crease in the concentra tion  o f  d o cosahexano ic  acid, that was 
partially , but not com plete ly , reversed  by d ietary m anipu
lation. T h is suggests that, a lthough docosahexano ic  acid is 
present in the diet, it is unlikely  to be p rim arily  responsible 
for reversing the age-re la ted  decrease  in LTP. a finding that 
is consistent with o ther observations from  this laboratory 
indicating  a lack o f corre lation  betw een docosahexanoic 
acid concentra tion  and L TP [27]. T he concentra tions o f  a 
less unsaturated  fatty acid, linoleic acid, as well as the 
saturated fatty acid, palm itic  acid, w ere increased in h ip
pocam pal tissue prepared  from  aged ra ts com pared with
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Fig. 4. Dieiary supplem eniaiion  reversed age-related changes in a -tocophero l, I L - lb a n d  superox ide d isrnutase. T he concen trations o f v itam in  E (a) and IL-1 b  
(b) and the activity  o f  superoxide dism utase (SOD: c) were sim ilar in hippocam pal tissue p repared  from  both groups o f  young rats and therefore the data 
are pooled (h 5 16 in total). T he age-related decrease in a-tocophero l concentration and the age-re lated  increase in I L - lb  concen tration  in tissue prepared 
from  aged rats fed on the control diet (*p , 0.05: S tuden t's  /-test for independent m eans; n 5 I I )  w ere reversed  in tissue p repared  from  aged rats fed on 
the experim ental diets (h 5 9 fo r 50%  diet and ;i 5 11 for 100% d iet). Superoxide dism utase activ ity  w as sign ifican tly  increased in aged rats fed on the control 
diet (*p , 0.05: S tuden t's  /-test for independent m eans) but d ie tary  m anipulation reversed the age-re lated  change.

young rats. T hese data m ay indicate that during ageing there 
is a gradual replacem ent o f  highly unsaturated fatty acids 
with less unsaturated and saturated fatty acids, accounting 
for the increase in m em brane rigidity that has been  de
scribed in aged tissues [40],

K C l-stim ulated release o f endogenous g lutam ate in syn- 
aptosom es prepared from  either subgroup o f young rats, was 
significantly greater in tetanized  tissue com pared w ith un- 
tetanized tissue, confirm ing previous results [8,24], w hereas 
the occlusion o f the stim ulatory effect arachidonic acid  and 
ACPD enhanced K C l-stim ulated release in synaptosom es 
prepared from  tetanized dentate gyrus has also been  re
ported [24], D ietary m anipulation in young rats did not 
affect these m easures, K C l-stim ulated release was a ttenu
ated in synaptosom es o f dentate gyrus prepared from  either 
untetanized or tetanized tissue o f aged rats fed on the con
trol diet, w hereas arachidonic acid and A C PD  were w ithout 
effect. In m arked contrast to these findings, the stim ulatory 
effect o f  KCl, and the enhancing effect o f arachidonic acid 
and ACPD on K C l-stim ulated release, were clearly evident 
in synaptosom es prepared from untetanized dentate gyrus of 
aged rats that had been fed on the experim ental diets. S im 
ilarly, the increase in K C l-stim ulated release and the occlu 
sion o f  the effect o f  arachidonic acid and ACPD. w ere both 
evident in synaptosom es o f  tetanized dentate gyrus prepared  
from aged rats that received the dietary supplem ent. It is 
likely that the im paired responses are a consequence of 
decreased m em brane fluidity, because fusion o f synaptic  
plasm a and synaptic  vesicle m em branes, that is a necessary 
step leading to release, is likely to be sensitive to fluidity 
changes in m em brane.

Although an age-related  decrease in arachidonic acid

(and docosahexanoic  acid) is likely to affect m em brane 
fluidity, its putative role as re trograde m essenger in LTP 
[6,39], suggests o th er actions m ight be predicted. It has been 
proposed that a rach idonic  acid is re leased  from  a postsyn- 
aptic site [11] into the synaptic  cleft [20] and acts presyn- 
aptically to increase  g lu tam ate  release [16 ,23,24], upon ac
tivation o f  P L C g  and P L C b  [26], T h u s an age-related  
decrease in a rach idonic  acid  concen tra tion  is likely to lim it 
tetanus-induced liberation  o f arach idon ic  acid from  m em 
brane phospholip ids and therefore  con tribu te  to the age- 
related co m prom ise  in g lu tam ate  release.

In view  o f the ev idence  suggesting  that a -lip o ic  acid 
exerts an tiox idan t effec ts [4], we considered  that the bene
ficial effects o f  this d iet m ight be a consequence o f such 
action. W e report here that there w as an age-re la ted  de 
crease in a -to co p h ero l concen tra tion , that was com pletely 
reversed by d ietary  m anipulation  w ith the 50%  diet, and 
partially reversed  by the 100% diet. T h e  m echanism  under
lying this effect rem ain  to be estab lished ; possib ilities are 
that a -lip o ic  acid, acting  as a free-radical scavenger [4], 
prevents accum ulation  o f  reactive oxygen species, but it has 
also been show n to regenerate  a -to co p h ero l [4] and to 
decrease lipid perox idation  [30], that m ight lim it oxidation 
o f a -tocophero l.

Previous experim ental da ta  ind icated  that the age-related 
decrease in a -to co p h ero l concen tra tion  w as accom panied 
by an increase  in concentra tion  o f the proinflam m atory 
cytokine, I L - lb  (28), w hereas in vitro ev idence indicated 
that I L - lb  induced an increase in R O S [28.31], The present 
results confirm  that there was an age-re la ted  increase in 
IL - lb  concen tra tion  in h ippocam pus [28.29]; such a 
change, that has the capacity  to increase  ROS, coupled with
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decrease in the scaven ger a -tocop h ero l. is con sisten t w ith  
reports off ox id ative  ch an ges in the aged brain [3 5 ,3 7 .4 0 ],  
W e ob serv ed  that dietary m anipulation reversed the age- 
related in crea se  in I L - lb  concentration  in h ippocam pus. W e  

have recemtly found that I L - lb  stim ulates activ ity  o f  super
ox id e  dis;m utase in vitro and, con sisten t w ith this, is the 
present fiinding that the age-related  increase in I L - lb  co n 
centration! is accom panied  by an increase in su p erox id e  
dism utase; activ ity , w hereas both e ffe cts  are absent in tissue  

prepared :from aged rats fed on the experim ental d iet. T he  
action o f  tihe diet on superoxide d ism utase activ ity  id entifies  
another p o ten tia l antioxidant e ffe c t o f  a - lip o ic  acid  because  
an in crea se  in activity o f  superoxide dism utase in the ab
sen ce  o f  para llel ch an ges in g lutath ione peroxidase or cata- 
lase, m ig h t a llow  accum ulation  o f  hydrogen  p eroxide that, 
in the pressence o f  m etal ions, leads to form ation o f  hydroxyl 
radicals.

T he p resen t findings do not identify  the primary action  o f  
the a -lip o)ic  acid-rich diet but are con sisten t w ith the v iew  
that it exejrts an antioxidant effec t. T he data a lso  indicate  
parallel d ecrea ses  in a -tocop h ero l and arachidonic acid  con- 
centration:s that are coup led  w ith increased  I L - lb  c o n cen 
tration an(d increased superoxide d ism utase activ ity  in the 
aged  braim. A causal relationship betw een  these param eters 
is suggestted by the d iet-induced  reversal o f  th ese  age- 
related e f fe c ts .

The priimary finding o f  this study is that supplem entation  
w ith a die;t enriched in a - lip o ic  acid  reverses severa l age- 

relatgd chianges in synaptic function in rat h ippocam pus. 
Thus a i;e-re lated  im pairm ents in LT P and glutam ate release  
w ere reverrsed adding to the p revious ev id en ce  that these  
m easures aire tightly coup led . T he data are con sisten t w ith  
the propos;al that these com p rom ises in synaptic function  
m ight be ai con seq u en ce o f  age-related  decreases in m em 
brane fiuidlity and antioxidative d efen ses , possib ly  triggered  
by increasted I L - lb  concentration.
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In  th is  stu d y  we set ou t to estab lish  w h e th e r age- 
re la ted  changes in reactive oxygen species p ro duc tion  
in  cortical tissue  m ig h t be m o d u la ted  by a d iet 
enriched  in  the p roposed  an tiox idan t, a -lipo ic  acid. 
T w enty-tw o m onth -o ld  and  4 m on th -o ld  rats w ere 
fed on control d iet or a-lipo ic  acid -en riched  d ie t for 
2 m onths. We report that cortical tissu e  p repared  
from  rats fed on contro l d iet revealed  an  age-related  
increase in reactive oxygen species p ro d u c tio n , w hich  
w as accom panied by an increase in ac tiv ity  of su p e r
oxide d ism u tase  activ ity  and decreases in  activ ities of 
g lu ta th io n e  perox idase  and  catalase. T hese  changes 
w ere a tten u a ted  in  ra ts fed on the experim en ta l diet. 
T here w as an age-related  increase in the concen tra tion  
of interleukin-1/3 (IL-lyS), w h ich  w as reversed  by 
d ietary  m an ip u la tio n . IL-l/S increased reactive oxygen 
species p ro duc tion  in vitro, suggesting  th a t it m ay  also 
exert th is effect in vivo.  We observed  an  age-related  
increase in  lip id  perox idation  accom pan ied  b y  a 
decrease in arach idon ic  acid concen tra tion  and  su g 
gest that these changes are a consequence  of increased  
reactive oxygen species production . D ietary  m an ip 
u la tion  w ith  a -lipo ic  acid reverses th e  age-related  
changes in  activ ities of superox ide d ism u tase , cata
lase and  g lu ta th io n e  perox idase and  accum ula tion  of 
reactive oxygen species p roduc tion  a d d in g  su p p o r t to 
the h y p o thes is  tha t a-Iipoic acid exerts an tiox idan t 
effects.

Ke\/U'ords: Ageing, ri-Lipoic acid. Reactive oxygen species, 
In terleuk in -1 .A n tiox idan t defences. Diet

INTRODUCTION

It has been suggested that some of the functional 
deficits associated with ageing are due to an age- 
related decrease in membrane fluidity (Zs-Nagy, 
1994) one potential cause of vi ĥich is a decrease in 
the concentration of the polyunsaturated fatty 
acid, arachidonic acid. In the hippocampus, 
decreased arachidonic acid concentration is 
accompanied by deficits in long-term potentiation 
(Lynch and Voss, 1994; McGahon et  a i ,  1997; 
Murray and Lynch, 1998a,b; McGahon et  al .,  
2000a,b) and glutamate release (Lynch and Voss, 
1994; McGahon et  al . ,  1997; 2000a,b). It is signif
icant that the impairment in LTP and the com
promise in transmitter release were reversed 
when arachidonic acid concentration was re
stored in aged rats fed on a diet supplemented
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with arachidonic acid and its precursor -.-linole- 
nic acid (McGahon et a l., 1997; 2000a). It is 
therefore a major objective to establish the under
lying cause of the age-related decrease in arachi
donic acid concentration.

It is likely that the decrease in concentration of 
arachidonic acid (and other polyunsaturated fatty 
acids) is due to increased lipid peroxidation, 
which in turn is triggered by an accumulation of 
reactive oxygen species (Zs-Nagy, 1994; M urray 
and Lynch, 1998a,b). The findings of recent 
studies have indicated that the proinflammatory 
cytokine, interleukin-1,9 (IL-1.'?) might play a role 
in generation of reactive oxygen species in 
hippocampal tissue (Murray and Lynch, 1998a; 
M urray et a l., 1999), while further evidence in 
support of this suggestion was obtained in a 
recent study which indicated that dietary m anip
ulation with the antioxidant vitamins E and C 
reversed the age-related increase in lipid perox
idation and decrease in arachidonic acid concen
tration in cortical tissue (O'Donnell and Lynch, 
1998). This suggests that enhancing the concen
tration of scavengers inhibits reactive oxygen 
species accumulation and therefore overcomes 
some of the changes associated with ageing.

In an effort to further probe the putative rela
tionship between age-related changes in arachi
donic acid concentration and age-related changes 
in handling of oxidative processes in cells, we 
assessed the ability of a diet enriched in Q-lipoic 
acid to reverse age-related changes in reactive 
oxygen species production, lipid peroxidation 
and arachidonic acid concentration in cortical 
tissue. Q-Lipoic acid is a naturally-occurring free 
radical scavenger which has been shown to 
increase formation of glutathione and regenerate 
antioxidants like vitamin E (Bienwenga e t a l., 
1997), to reverse oxidative stress-induced activa
tion of NFkB associated with diabetic neuropathy 
(Bierhaus et al., 1997; Packer, 1998) and to reverse 
the increased lipid peroxidation associated with 
diabetic neuropathy (Nickander et a l., 1996).

We observed that dietary m anipulation re
versed the age-related changes in reactive oxygen

species accumulation, lipid peroxidation and ara
chidonic acid concentration to values observed in 
4 month-old rats and propose that in cortical 
tissue, the trigger leading to these changes may be 
an increase in concentration of IL-l£J.

METHODS

Animals

Male Wistar rats (Bantham and Kingman, UK; 
aged 22 and 4 months at the end of the experi
mental period) were housed in groups of 2 -4  
under a 1 2 -h light schedule, with the ambient 
tem perature controlled between 22“C and 23"'C. 
Rats were under veterinary supervision, checked 
daily and maintained in the BioResources Unit 
in Trinity College, Dublin. Rats were randomly 
divided into groups which were fed on either 
the 'control' or 'experimental' diet. The composi
tion of the lipid component of the experimental 
diet was as follows: 2 0 % 7 -linolenic-lipoic acid 
diol (racemic mixture), 40% tuna oil containing 
24% docosahexanoic acid and 1.7% arachidonic 
acid and 40% microbial oil containing 40% 
arachidonic acid, 3% 7 -linolenic acid and 4% 
dihomo-7 -linolenic acid (Laxdale Research, UK). 
The overall composition of the diet, in terms of 
polyunsaturated fatty acids, was therefore 2 0  mg 
7 -linolenic-lipoic acid diol, 9.6 mg docosahexa
noic acid, 16.4 mg arachidonic acid, 1.2 mg 7 - 
linolenic acid and 1 .6  mg dihomo-7 -linolenic acid. 
One group of young and one group of older 
animals were fed for 8  weeks on laboratory chow 
supplem ented with 1 0 0 mg experimental lip id / 
ra t/day, referred to hereafter as ' 1 0 0 % experi
mental diet', while two corresponding groups of 
animals received standard laboratory chow to 
which corn oil was added to ensure an isocaloric 
intake for all rats. A third group of older rats 
received laboratory chow supplem ented with 
50 mg experimental l ip id /ra t/d a y  (hereafter 
referred to as '50% experimental diet'). Food 
intake was measured for 2  weeks before the
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commencement of the experiment, sufficient diet 
was prepared for 3 or 4 days, daily allowances 
were stored in airtight containers at - 8 0 ‘C and 
rats were offered their full daily requirem ent each 
day. At the end of the eight-week period of dietary 
manipulation the average ages of the rats were 22 
and 4 months.

Rats were anaesthetized with urethane 
(1.5g/kg), analysed for their ability to sustain 
long-term potentiation in hippocam pus (not 
reported here; see McGahon et a i ,  2000b) and at 
the end of a 1 h recording period were killed by 
decapitation. Cortices were removed and divided 
into portions from which homogenate or slices 
were prepared. Some tissue was homogenized in 
either Krebs solution containing 2m M  CaCK, 
or in 5% trichloroacetic acid (TCA) for later 
analysis of ascorbic acid and glutathione. Ali
quots of homogenate were transferred to micro- 
fuge tubes and stored at —80°C until required for 
analysis. The remaining tissue was cross-chopped 
(350 |im  X 350 nm) using a Mcllwain tissue chop
per and stored at -80°C in Krebs solution contain
ing DMSO (10%; Haan and Bowen, 1981) until 
required for analysis. In some experiments, s)m- 
aptosomes were used and these were prepared 
from the frozen slices. The composition of the 
Krebs solution was (in mM) NaCl 136, KCl 2.54, 
KH2PO4 1.18, MgS0 4  -7H2 0  1.18, NaHCOs 16, 
glucose 10, CaCl2 1.13.

Analysis of Reactive Oxygen Species

The formation of reactive oxygen species was 
assessed in the impure synaptosomal prepara
tion, P2, as previously described (Lebel and 
Bondy, 1990). The method relies on oxidation of 
the non-fluorescent probe, 2',7-dichlorofluores- 
cin diacetate (DCFH-DA), by reactive oxygen 
species, to the highly-fluorescent 2',7-dichloro- 
fluorescein (DCF). To assess reactive oxygen spe
cies production, synaptosomes were prepared as 
previously described (McGahon et a i ,  1997) from 
cortical slices obtained from 22 and 4 month-old 
rats treated with either diet. The resultant pellet

was resuspended in 1 ml ice-cold 40 mM Tris 
buffer (pH 7.4). In some experiments, aliquots of 
synaptosomal preparations from 4 month-old 
untreated rats were incubated for 15min in the 
absence or presence of IL -IJ (1 ng /m l) to which 
either the superoxide dism utase inhibitor, trieth- 
ylenetetraamine (TETA; 100 )iM) or vehicle (Krebs 
solution) was added. In all experiments, aliquots 
(1 ml) of homogenate were incubated with DCFH- 
DA (10|il; final concentration 5|.iM; from a stock 
solution o f500 in methanol) at 37°C for 15 min.
To terminate the reaction, the dye-loaded synap
tosomes were centrifuged at 13000x^ for 8 min. 
The pellet was resuspended in 3 ml ice-cold 
40 mM Tris buffer, pH 7.4 and fluorescence was 
monitored at a constant tem perature of 37°C at 
488 nm excitation (bandwidth 5 nm) and 525 nm 
emission (bandwidth 20 nm). Reactive oxygen 
species formation was quantified from a standard 
curve of DCF in methanol (range 0.05-1 nM). 
Results were expressed as nm ol/m g tissue 
corrected for protein (Bradford, 1976).

Analysis of Vitamin C Concentration

Vitamin C concentrations were determined as 
previously described (Omaye et ah , 1979). Sam
ples of supernatant (100^1) were added to a 2,4- 
din itrophenylhydrazine/thiourea/copper (DTC) 
solution (50 mM thiourea, 2 mM copper sulphate 
and 150 mM dinitrophenylhydrazine in 9N  
H 2SO4; 20 nD and incubated for 3 h at 37°C. Ice- 
cold H 2SO4 (65%; 150 |il) was added to stop the 
reaction, samples were vortex-mixed, incubated 
at room tem perature for 30 min and aliquots 
(100 |il) were transferred to 96-welI plates for 
assessment by UV spectroscopy at 545 nm. The 
96-well plates were loaded and read within 5 min 
and for this reason time-related changes in sta
bility of vitamin C were not assessed. Results were 
expressed as jim ol/g tissue with reference to a 
standard curve prepared in 5% TCA and were of 
the same order as those reported for whole brain 
(Omaye et a i ,  1979).



1% D.S.D . M A R T IN  cl nl.

A nalysis of V itam in E

Vitamin E was analysed by HPLC (Vatassery ct nl., 
1994). A liquots of hom ogenate (150 |il) were 
incubated in the presence of ethanol containing 
0.025% butyl-hydroxytoluene (150 jil), 25% ascor
bic acid (70)il) and 10% potassium  hydroxide 
(135^1) for 30m in at 60'^C. H exane (540|.il) con
taining 0.025% butyl-hydroxytoluene was added , 
sam ples w ere vortex-m ixed for 1 m in and cen
trifuged at 1500 rpm  for 6 min. The hexane phase 
w as rem oved and evaporated  to dryness under 
nitrogen; the recovery of vitam in E using this 
procedure w as betw een 70% and  80%. (We d id  not 
correct for recovery). For HPLC analysis, dried 
sam ples w ere resuspended  in m ethanol (150 |il) 
containing 0.025% buty l-hydroxytoluene and 
30 |il volum es w ere injected onto an Intersil C l8 
colum n. Separation of Q-tocopherol w as achieved 
using  a mobile phase of 75% ace ton itrile : 25% 
m ethanol at a flow rate of 1.2 m l/m in  and sam ples 
w ere detected by UV spectroscopy at 292 nm. 
Vitamin E concentration w as estim ated by the 
external standard  m ethod and  expressed as Mg/g 
tissue.

A nalysis of G lu ta th ione

Total g lutathione w as m easured  as described 
previously (Tietze, 1969). Briefly, aliquots of 
supernatan t prepared  from hom ogenate (30|il) 
w ere incubated for 1 min on ice w ith sam ple 
buffer (100 mM potassium  phosphate  containing 
5 mM EDTA, pH  7.5; 450 jil), in the presence of 
g lu tath ione reductase (100 nl; 5 U /m l)  and 10 mM 
5,5'-dithiobis-2-nitrobenzoic acid (50 ^1). NA D PH  
(2.4 mM; 100 |il) was added  and  the absorbance 
m onitored for 2 m in at 412 nm. Results were 
expressed as |imol G S H /g  tissue.

A nalysis of Superoxide D ism u tase  A ctivity

Superoxide d ism utase activity w as determ ined 
according to the m ethod described by Spitz and 
O berley (1989). A liquots (800 |il) of incubation

buffer (50 mM potassium  buffer (pH  7.8) contain
ing 1.8 mM xanthine, 2.24 mM nitroblue tetrazo- 
lium  (NBT), 40 units of catalase, 7 |i l /m l xanthine 
oxidase and 1.33 mM diethylenetriam inepentace- 
tic acid) w ere added  to 1.5 ml m icrofuge tubes 
containing sam ples of su p erna tan t (100 |il) at 
different d ilutions (1 ;2 , 1 :5 , 1:10, 1:20, 1:50 
and 1:100) and analysed by UV spectroscopv at 
560 nm. In som e experim ents sam ples were 
prepared  follow ing incubation of tissue in the 
presence of IL -IJ  (1 n g /m l)  for 15 m in at 37°C. 
Activity of superoxide d ism utase w as assessed 
as the rate of reduction of NBT, w hich w as inhi
bited w ith increasing concentrations of protein. 
One unit of activity w as defined as the am ount of 
protein necessary to decrease the rate of the 
reduction of NBT by 50%. Results w ere expressed 
as units of superoxide d ism utase activity per mg 
protein (U /m g).

A nalysis of C atalase A ctivity

Catalase activity w as determ ined  as previously 
described (Cohen et al., 1996); we had insufficient 
tissue from 22 m onth-old  rats treated w ith 50% 
experim ental diet for this analysis, therefore 
results from  aged and 4 m onth-old rats fed on 
control and  100% diet only are presented. D upli
cate aliquots of su p ern a tan t (50 |il) w ere added  to 
m icrofuge tubes containing buffer (10 mM  potas
sium  phosphate, pH  7.0; 800 )il) and  kept on 
ice. The reaction w as initiated by the addition 
of ice-cold H 2O2 (60 mM; 100 |il), sam ples were 
mixed and  incubated on ice for 2 or 10 m in after 
w hich tim e aliquots (100 |il) w ere rem oved and 
quenched by addition  to H 2SO4 (0.6 N; 4 ml) and 
10 mM PeS04 (1 ml) at room  tem perature. Colour 
w as developed at room  tem peratu re  by addition 
of 2.5 M potassium  thiocyanate (400 fil). Aliquots 
(200 |il) w ere transferred im m ediately  to 96-well 
plates, absorbance w as read at 492 nm  and results 
w ere expressed in term s of the first o rder reac
tion rate constant (k), corrected for protein  using 
the form ula: enzym e units =  k /p ro te in  =  (ln(/\l /  
.4 2 )/t)/p ro te in , w here A l  and  A2  represented the
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absorbance at the two selected time points (i.e. 
2 and lOmin), and t, the time difference between 
the two points (i.e. 8min). Results are expressed 
as enzvme units per gram of protein.

Analysis of Glutathione Peroxidase Activity

Glutathione peroxidase activity was measured 
according to the method of Lawrence and Burk 
(1976). Samples of supernatant (100 fil) were 
added to incubation buffer (50 mM potassium 
phosphate (pH 7), containing 1 mM EDTA, 1 mM 
sodium azide, 0.2 mM NADPH, 1 unit of glu
tathione reductase, 1 mM GSH glutathione and 
1.5 mM cumene hydroperoxide; 800 pi) and 
incubated for 5min at room temperature. The 
reaction was initiated by addition of cumene 
hydroperoxide (15 mM; 100 |il). Absorbance was 
recorded at 340 nm for 5 min; activity was calcu
lated from the slope (i.e. change in absorbance 
with time) and the results were expressed as 
nmoles NADPH oxidised/m g/m in.

Analysis of IL-1^ Concentration

We used an ELISA for analysis of interleukin-13  
(Murray and Lynch, 1998a; IL-1/?; Genzyme 
Diagnostics, USA). Briefly, 96-well plates were 
coated with 100 |il capture antibody (2.0|ig/ml 
final concentration, diluted in 0.1 M sodium 
carbonate buffer, pH 9.5; monoclonal hamster 
anti-mouse IL-1/? antibody) and incubated over
night at 4°C. Wells were washed several times 
with phosphate buffered saline (PBS) containing 
0.05% Tween 20 and then blocked for 2 h at 37°C 
with 250^1 blocking buffer, (PBS, pH 7.3; 0.1 M 
with 4% bovine serum albumin). Blocking buffer 
was aspirated and aliquots (50 pi) of samples or 
IL-1,0 standards (0-1000 pg/m l) were added to 
each well and incubated for 1 h at 37°C. Plates 
were washed, secondary antibody (100^1; final 
concentration 0.8 ng/m l in PBS containing 0.05% 
Tween 20 and 1% bovine serum albumin; bio- 
tinylated polyclonal rabbit anti-mouse IL-1/3 anti
body) was added to each well and incubation

continued for 1 h at 37°C. The plates were washed 
and 100 |il detection agent (horseradish perox
idase conjugated streptavidin; 1:1000 dilution in 
PBS containing 0.05% Tween 20 and 1% bovine 
serum albumin) was added to each well, incuba
tion continued for a further 15 min at 37°C and 
plates were again washed. Aliquots of substrate 
(100^1; tetramethylbenzidine (TMB) liquid sub
strate; Sigma, LfK) were added and the samples 
were incubated at room temperature for 10 min. 
Absorbance was read at 450 nm within 30 min. 
Results were expressed as pg IL-15/mg tissue.

Analysis of IL-1^ Converting Enzyme 
(ICE) Activity

Cleavage of the ICE substrate (DEVD, Alexis 
Corporation, USA) to its fluorescent product 
was used as a measure of ICE activity. Slices of 
tissue were washed three times in fresh oxygen
ated Krebs solution and then homogenized in 
lysis buffer (400 |il; 25 nM HEPES, 5 mM MgCli, 
5mM DTT, 5mM EDTA, 2mM PMSF, lOpg/ml 
ieupeptin, 10|ig/m l pepstatin; pH 7.4). Samples 
were subjected to 4 freeze-thaw cycles and then 
centrifuged at 15000 rpm for 20 min at 4°C. 
Samples of supernatant (90^1) were added to 
500 pM ICE substrate (lOjil; DEVD peptide) and 
incubated at 37°C for 60 min. Incubation buffer 
(900 [il; 100 mM HEPES containing lOmM DTT; 
pH 7.4) was added and the samples were trans
ferred to cuvettes to measure fluorescence at excit
ation and emission wavelengths of400 and 505 nm 
respectively. ICE activity was expressed as pmol 
fluorescent product/m g/m in.

Analysis of Lipid Peroxidation

Lipid peroxidation was determined by a pre
viously described method in which analysis of 
thiobarbiturate reactive substances (TBARS) 
was made (Dexter et a i ,  1989). Aliquots (10^1) of 
homogenate were incubated at 37°C for 60 min, at 
which time 8.1% (wt/vol) SDS (30^1), 20% 
acetic acid (pH 3.5 with NaOH; 225 pi) and 0.8%
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(w t/v o l)  th io b a rb itu ric  acid  (225 |ii) w ere  a d d e d . 
T he vo lu m e w as ad ju s te d  w ith  H 2O  to 600 |il, the 
sam ples  incubated  for a fu rth e r  60 m in  a t 95 'C , 
cooled a t room  te m p e ra tu re  a n d  ab so rb an ce  a s 
sessed a t 532 nm  w ith  reference to a s ta n d a rd  
c u r\'e  m a d e  u sin g  1 ,1 ,3 ,3 -te tram ethoxypropane . 
TEARS w ere  ex p ressed  as n m o l M D A /m g .

A n a ly s is  o f A ra ch id o n ic  A cid  C o n c e n tra tio n

A rach idon ic  acid co n cen tra tio n  w as assessed  as 
prev’iously  d escribed  (M iw a et a i ,  1986). A liquo ts 
(150|.il) of cortical h o m o g e n a te  w ere  a d d e d  to 
c h lo ro fo rm : m e th an o l (2 : l v / v ;  1 ml) an d  fatty  
ac ids w ere  ex tracted  by  v ig o ro u s  sh a k in g  for 
10 m in  fo llow ed by cen tr ifu g a tio n  a t IOOO5 for 
5 m in  to sep ara te  the p h ases. T he aq u e o u s  layer 
w as d isc a rd ed  an d  the  ch lo ro fo rm  p h ase  w as 
ev a p o ra te d  u n d e r  n itro g e n  a n d  re su sp e n d e d  in 
e thano l for analysis. A ra ch id o n ic  acid  w as a n a 
lysed as its 2 -n itro p h e n y lh y d ra z in e  (N PH ) d e r iv 
ative  by reverse  p h ase  H PLC . F atty  ac ids w ere  
d e riv a tiz ed  by  a d d in g  2 -N P H -H C l so lu tio n  
(0.02M  2 -n itro p h e n y lh y d ra z in e -H C l in 4 0 m M  
H C l-e th a n o l (3 :1 , v /v ) )  a n d  EDC so lu tio n  (1- 
e th y l-3 -(3 -d im e th y la m in o p ro p y l)c a rb o -d iim id e  
hyd ro ch lo rid e ; 0.25 M  EDC in  e th an o l m ixed  in 
equal v o lu m es w ith  3% e th an o lic  p y rid in e ), an d  
in cu b a ted  a t 60°C for 20 m in . A fter ad d itio n  of 
KO H  (15% w / v  in  M e O H : H .O , 80 :2 0 ) sam ples  
w ere  in cu b a ted  a t 60°C fo r 15 m in  an d  cooled 
in ru n n in g  w ater. Fatty  ac id  d e riv a tiv e s  w ere  
concen tra ted ; n -hexane a n d  p h o sp h a te  bu ffe r 
(0.033 M, pH  6.4 in 0.5 M  H C l) w ere  a d d e d , 
sam p les  w ere  vortex  m ixed  fo r 30 s, cen trifu g ed  
for 5 m in  a t ISOÔ tj an d  the h ex an e  p h ase  ev a p o 
ra ted  to  d ry n ess  u n d e r  n itro g en . For H PLC  a n a 
lysis, sam p le s  w ere  re su sp e n d e d  in  m ethano l, 
in jected  on to  a H y p ersil BDS C l 8 co lu m n  an d  
fatty  ac id  d eriv a tiv es  w ere  se p a ra te d  in isocratic 
m o d e w ith  a m obile  p h a se  of 857o aceton i- 
t r i le : 15% w ate r (m ain ta in ed  a t p H  4.5 w ith  HCl) 
an d  d e tec ted  by  UV sp e c tro sc o p y  at 230 nm . 
A rach id o n ic  acid  co n cen tra tio n , ex p ressed  as 
|im o l/m g , w as es tim a ted  u s in g  the ex ternal

s ta n d a rd  m e th o d  a n d  the va lues ob ta ined  
w ere  s im ila r to those  p rev io u sly  rep o rted  by us 
(M cC ahon  ct a i ,  1997; 1999a,b,c).

S ta tis tic a l A n a ly s is

D ata w ere  an a ly se d , as ap p ro p ria te , u sing  
e ith e r the  S tu d e n t's  f-test for in d e p e n d e n t m eans, 
o r by  u s in g  a o n e-w ay  ana lysis  of variance 
(ANOVA) fo llow ed  by post hoc ana ly sis  u s in g  the 
N e w m a n n -K e u ls  test.

RESULTS

Body w e ig h t a n d  food in ta k e  w ere  assessed  for 
the  d u ra tio n  of the  ex p e rim en t. M ean body  
w eig h ts  for the  4 m o n th -o ld  ra ts  fed on control 
an d  ex p e rim en ta l d ie ts  w ere  481 g (±28.4) an d  
481 g  (±16.1) resp ec tiv e ly  on the  last d a y  of the 
ex p e rim en t, w h ile  th e ir  av e rag e  d a ily  food in take 
w as 22 g p e r  rat. M ean  b o d y  w eig h ts  for the 22 
m o n th -o ld  ra ts  fed on con tro l d ie t a n d , 50% and  
100% ex p e rim en ta l d ie ts  w ere  525 (±15.5), 516 
(±9.8) an d  479 g (±14.8) respectively , w h ile  their 
av e rag e  d a ily  food in ta k e  w as  18 g p e r  rat.

R eactive oxygen  spec ies  p ro d u c tio n  w as 
assessed  in  cortical sy n a p to so m e s  p re p a re d  from  
these  g ro u p s  of rats. V alues w ere  s im ila r in  bo th  
g ro u p s  of 4 m o n th -o ld  ra ts  a n d  th e re fo re  the data  
a re  p oo led . T here  w as a m a rk e d  increase  in  sy n 
ap to so m e s p re p a re d  from  22 m o n th -o ld  rats 
w h ich  w ere  fed on the  con tro l d ie t (p < 0 .0 5 ; 
AN OV A ; F ig u re  1). T his effect w as n o t e v id en t in 
22 m o n th -o ld  ra ts  w h ich  w ere  fed on  e ith e r the 
507c o r 100% d ie t; in  these  ra ts  the  m ean  v a lu e  w as 
no t sig n ifican tly  d iffe ren t from  th a t in 4 m on th - 
o ld  rats. H o w ev er it m u s t be ac k n o w led g e d  tha t 
th e  lack of a s ign ifican t effect on the ra ts  fed w ith  
th e  100% d ie t is p ro b ab ly  d u e  to the la rge  SEM 
values.

In an  effo rt to  es tab lish  the  u n d e r ly in g  cause  of 
the ag e -re la ted  increase  in  reac tive  oxygen  species 
p ro d u c tio n , w e an a ly sed  ac tiv ities o f the enzym es 
resp o n sib le  for m etab o lism  of these  m olecules.
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FIGURE 1 Reactive oxygen species p roduction  w as signif- 
icnntlv increased in cortical tissue  p rep ared  from  aged  rats 
(*;i < 0.05; ANOVA). D ietary m an ip u la tio n  w ith  e ither SOCJ 
or 1007r experim ental d iet p rev en ted  th is change; thus 
there w as no significant d ifference betw een  young  ra ts and 
aged rats w hich received experim enta l d iet. D ata from  
voung rats fed on control and  experim en ta l d ie ts w ere s im 
ilar and  therefore are pooled . Values are  a m ean of betw een  
5 an d  11 estim ations.

su p e ro x id e  d ism u tase , ca ta lase  a n d  g lu ta th io n e  
perox idase . Values in  all cases w ere  s im ila r in 
4 m o n th -o ld  rats ir re sp e c tiv e  o f d ie t, therefo re  
va lues a re  poo led . F igu re  2A sh o w s th a t ac tiv ity  of 
su p e ro x id e  d ism u ta se  w as  m a rk e d ly  in c reased  in 
cortical tissu e  p re p a re d  from  22 m o n th -o ld  ra ts  
w h ich  w ere  fed on  th e  con tro l d ie t (p < 0.05; 
ANOVA ), w hile  en z y m e ac tiv ity  w as  s im ila r in 
tissu e  p re p a re d  from  4 m o n th -o ld  ra ts  a n d  in 
tissue p re p a re d  from  22 m o n th -o ld  ra ts  fed on 
e ith er ex p e rim en ta l d ie t. A ctiv ities of b o th  ca ta 
lase a n d  g lu ta th io n e  p e ro x id a se  w ere  d ecreased  
in tissu e  p rep a re d  from  22 m o n th -o ld  ra ts  w h ich  
w ere  fed on the con tro l d ie t co m p ared  w ith  
tissue p rep a re d  from  4 m o n th -o ld  ra ts  i p < 0.05; 
ANOVA ; F igure 2B a n d  C). In the  case of cata lase , 
w e assessed  en zy m e ac tiv ity  on ly  in tissu e  p re 
p a re d  from  22 m o n th -o ld  ra ts  fed on  100% d ie t 
an d  in  th is g ro u p  w e  o b se rv e d  th a t ac tiv ity  
w as s im ila r to  th a t in  4 m o n th -o ld  rats. In the  case 
of g lu ta th io n e  p e ro x id ase , d ie ta ry  m a n ip u la tio n  
w ith  50% (though  n o t 100% e x p e rim en ta l d iet) 
p a rtia lly  reversed  the ag e -re la ted  increase  in  en- 
zvm e activity. T hus w h ile  su p e ro x id e  d ism u ta se

I I C o n t r o l  d i e t  

50% diet

V777\ 1 0 0 X  diet

2 2  m on t hs

ac tiv ity  w as in c reased  w ith  age, th e re  w ere  no 
para lle l increases, b u t ra th e r  decreases , in activ 
ities of ca ta lase  an d  g lu ta th io n e  perox idase .

A nalysis  of scav en g ers , v itam in s E an d  C an d  
g lu ta th io n e  rev ea led  no  s ig n ifican t d iffe rences in 
co n cen tra tio n s in co rtical tissu e  p re p a re d  from  
4 m o n th -o ld  ra ts  a n d  22 m o n th -o ld  ra ts  w hich  
received  contro l d ie t. D ie tary  su p p le m e n ta tio n  
w ith  50% d ie t d id  n o t affect sc av e n g er concen tra
tions, b u t 100% d ie t in c re ase d  bo th  the  concen tra
tions of v itam in  E a n d  g lu ta th io n e ; in  the la tte r 
case the inc rease  w as  s ig n ifican t (F igure 2D -F ; 
;;< 0 .0 5 ; AN OVA).

We h av e  p rev io u s ly  o b se rv e d  th a t increased  
reactive  oxygen  spec ies  p ro d u c tio n  in  h ip p o c am 
pal sy n a p to so m e s p re p a re d  from  22 m onth-o ld  
ra ts  w as acco m p an ied  by  inc reased  IL -ld  con
c en tra tio n  (M u rray  a n d  Lynch, 1998a), an d  tha t 
IL-l;? cou ld  inc rease  reac tive  oxygen  species 
p ro d u c tio n  in h ip p o c a m p a l tissu e  in vitro (M urray  
an d  Lynch, 1998a). F or th is  reaso n  w e an a ly sed  IL- 
1J  co n cen tra tio n  a n d  ICE ac tiv ity  in  cortical tissue 
p re p a re d  from  these  ra ts . F igu re  3A sh o w s th a t IL- 
I J  co n cen tra tio n  w as e n h a n c e d  in  cortical hom o- 
g en a te  p re p a re d  from  22 m o n th -o ld  ra ts  fed on 
th e  con tro l d ie t co m p ared  w ith  h o m o g e n a te  p re 
p a re d  from  4 m o n th -o ld  ra ts  {p < 0.05; ANOVA). 
S u p p lem e n ta tio n  w ith  d ie t en ric h ed  in  a-lipo ic  
acid  rev e rsed  the  ag e -re la ted  increase . The d a ta  
sh o w n  in F igure  3B in d ic a te s  th a t th ese  changes in 
IL-13  co n cen tra tio n  w e re  p a ra lle led  by  changes in 
ICE activity. T h u s  w e  o b se rv e d  th a t th e re  w as a 
sta tistica lly  s ig n ifican t ag e -re la ted  inc rease  in ICE 
ac tiv ity  (p < 0 .0 5 ; A N O V A ) w h ich  w as reversed  
by  d ie ta ry  m a n ip u la tio n .

We o bserved  th a t IL-1/3 sig n ifican tly  increased  
reactive  oxygen  spec ies  p ro d u c tio n  in cortical 
sy n ap to so m es in vitro (p <0 .05;  S tu d e n t's  t-test 
for p a ire d  values). C o in cu b a tio n  in  the  p resence 
of TETA in h ib ited  the  IL -l/3 -induced  effect, w hile  
TETA a lone  ex e rted  no  effect on  reac tive  oxygen 
species p ro d u c tio n  (F ig u re  4A). We a lso  observed  
th a t IL-1/? sig n ifican tly  in c reased  SOD activ ity  
(F igure 4B; p < 0.05; S tu d e n t 's  N test for paired  
m eans) su g g e s tin g  th a t th e  inc rease  in  reactive
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FIGURE 2 A ctiv ity  of superoxide dismutase (SOD; A) was significantly enhanced and activities of catalase (B) and 
glutathione peroxidase (Gpx; C) significantly reduced in aged rats fed on control diet compared w ith  young rats fed on either 
diet (*p<0.05; ANOVA). Dietary m anipulation reversed the changes in superoxide dismutase and catalase, thus there was 
no significant difference between young rats and aged rats which received experimental diet. In the case of glutathione 
peroxidase, 50% diet partia lly  reversed the age-related changes while  the 100% diet was not effective. There were no age- 
related changes in the concentrations of vitamins C (D) or E (E) and glutathione (F). Dietary m anipulation w ith  100% diet 
increased the concentration of glutathione i * p  <  0.05; ANOVA), but d id not affect concentrations of vitamins E or C. Data 
from young rats fed on control and experimental diets were sim ilar and therefore are pooled. Values are a mean of between 
5 and 11 estimations.
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FIGURE 3 IL -l.i concentrntion (A) and  ICE activ ity  (B) w ere significantly  enhanced  in tissue  p rep ared  from  aged rats fed on 
the control diet, com pared  w ith  tissue  p rep ared  from  y o ung  rats (A: ' p  < 0.05: ANOVA). D ietary  m an ip u la tio n  w ith either the 
507c or 100% d iet reversed  these changes. D ata from  young  rats fed on contro l and  ex perim en ta l d ie ts w ere sim ilar and 
therefore are pooled. Values are  a m ean  of betw een  5 an d  11 estim ations.
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FIGURE 4 1L-1;J (1 n g /m l)  significantly  enhanced  reactive oxygen species (ROS) p ro d u c tio n  (*p < 0.05; S tu d en t's  f-test for 
paired  values). This effect w as inh ib ited  by TETA (100 nM), w hich  alone exerted  no sign ifican t effect. IL-1.3 (1 n g /m l)  also 
significantly  enhanced  superox ide  d ism u tase  (SOD) activ ity  ( 'p  < 0.05; S tu d en t's  (-test for p a ired  values). In these experim ents 
cortical tissue w as p rep ared  from  y o u n g  rats and  the values given are the m ean of 6 estim ations.

oxygen species production m ight arise from 
increased activity of this enzyme.

Lipid peroxidation was similar in 4 month-old 
rats fed on either control or experimental diet 
and therefore data from these two groups were 
pooled. Figure 5A shows that lipid peroxidation 
was significantly enhanced in cortical tissue pre
pared from 22 month-old rats fed on the control 
diet ( p  < 0.05; ANOVA). In contrast, the data 
indicated that lipid peroxidation was similar in

tissue prepared from 4 and 22 month-old rats fed 
on either experimental diet (Figure 5A). In 
parallel with the age-related increase in lipid per
oxidation, we observed an age-related decrease 
in arachidonic acid concentration; thus the con
centration of the fatty acid was significantly 
decreased in tissue prepared from 22 month-old 
rats fed on the control diet compared with the 
concentration in tissue prepared from 4 month- 
old rats (Figure 5B; p  <  0.05; ANOVA). In contrast.
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FIGURE 5 Lipid peroxidation  (A) w as significantlv  enhanced and  a rach idon ic  acid concen tration  ([AAl; B) w as signifi
cantlv  reduced  in tissue p rep ared  from  aged ra ts fed on the control d iet com pared  w ith  tissue  p rep ared  from  voung rats on 
either d iet (*;)<C.05; ANOVA). D ietary  m an ipu la tion  w ith  e ither the 50% or 100% d ie t p rev en ted  this change, therefore 
there w as no significant difference in e ith er m easu re  in tissue p rep ared  from  aged ra ts fed on the experim ental diet 
com pared w ith  tissue p rep ared  from  young  rats. Data from  voung  rats fed on control an d  experim enta l d iets w ere sim ilar 
and  therefore are pooled. Values are  a m ean of betw een  5 and  11 estim ations.

arachidonic acid concentration w as sim ilar in 
tissue prepared  from 4 and  22 m onth-old rats 
fed on Q-lipoic acid enriched diet.

D ISC U SSIO N

The objective of this s tu d y  w as to establish 
w hether age-related changes in cortical tissue 
m ight be reversed by supp lem enta tion  w ith a diet 
enriched in a-lipoic acid; attention  w as focused, in 
particular, on the possibility that the proposed 
antioxidant capacity of o-lipoic acid m ight be of 
significance. We present data w hich indicate that 
dietary m anipulation  reversed the age-related 
increases in reactive oxygen species p roduction  
and IL-1/3 concentration, w hich we suggest lead to 
an age-related increase in lip id  peroxidation  and 
the subsequent decrease in arachidonic acid 
concentration.

O ur initial observation w as that reactive oxy
gen species accum ulation in cortical tissue p re 
pared from  rats fed on the control d iet increased 
w ith age; this change w as not observed in tissue 
prepared  from 22 m onth-old rats w hich w ere fed 
on a d ie t enriched in Q-lipoic acid. The age-related

increase in reactive oxygen species production 
reported  here m irrors that previously observed in 
h ippocam pus (M urray and  Lynch, 1998a; M urray 
et al., 1999; Lynch, 1998), w hile the reversal of this 
effect by d ietary  m anipulation  is consistent with 
the suggestion  that a-lipoic acid exerts antiox
idan t actions (N icklander et al., 1996; Bienwenga 
et al., 1997; B ierhaus et al., 1997; Packer, 1998). 
A lthough DCFH is sensitive to reactive oxygen 
species, it is also oxidized by o ther oxidants 
including NO. For this reason the data presented 
here m ay not reflect changes in reactive oxygen 
species exclusively. The m echanism  underly ing 
this effect rem ains to be established though one 
possibility is that Q-lipoic acid, acting as a free- 
radical scavenger (B ienw enga et al., 1997), pre
vents accum ulation of reactive oxygen species. 
H ow ever it has also been show n to regenerate 
Q-tocopherol (B ienw enga et al., 1997) and this is 
consistent w ith the p resen t observation that 
vitam in E concentration w as significantly 
enhanced in 22 m onth-old  rats w hich w ere fed 
on the 100% experim ental diet.

A ssessm ent of the m ain com ponents of the 
antioxidative defence system , in an effort to 
identify the underly ing  cause of the increased
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accumulation of reactive oxygen species, sug
gested that the age-related increase in superoxide 
dismutase activity might play a significant role. 
This change in superoxide dism utase activity 
confirms previous observations in both cortical 
(O'Donnell and Lynch, 1998) and hippocampal 
(McGahon et nl., 2000b) tissue. It is of interest that 
increased C u-Z n  superoxide dism utase activity 
in brain tissue is a feature of Down's Syndrome, 
which is associated with accelerated ageing 
(De la Torre et a l., 1996), while a similar increase 
has been reported to occur in the degenerative 
disorder, amyotrophic lateral sclerosis (Gurney 
ei a l., 1996). It might be argued that these findings, 
combined with the present observations, suggest 
a link between increased superoxide dismutase 
activity and degeneration a n d /o r  ageing.

VVe observed that activities of glutathione 
peroxidase and catalase were decreased in cor
tical tissue prepared from 22 month-old rats; this 
contrasts with earlier studies in which these 
enzymes were reported to be unchanged with 
age (Geremia et a l., 1990; Vertechy et a l., 1993; 
O'Donnell and Lynch, 1998). There is no obvious 
explanation for the differences in these findings, 
though we cannot rule out the possibility that it is 
due to the fact that tissue was prepared from 
different cortical regions. The most significant 
aspect of the present findings is that the age- 
related increase in superoxide dism utase activity 
was not accompanied by parallel increases in 
activities of glutathione peroxidase and catalase; 
this imbalance of enzymatic activity will lead to an 
accumulation in hydrogen peroxide, which, in 
turn, is likely to result in increased production of 
reactive oxygen species. This is consistent with 
the finding that there is an increase in formation of 
hydroxyl ions in both cortex and hippocam pus of 
the aged gerbil (Zhang et a l., 1993). The proposed 
causal link between the increase in superoxide 
dismutase activity and the increase in accumula
tion of reactive oxygen species is supported by the 
observation that both changes are reversed in 
tissue prepared from 22 month-old rats which 
were fed on the Q-lipoic acid enriched diet. There

was no evidence of age-related changes in con
centrations of vitamins E or C or glutathione in 
this study, therefore it seems reasonable to con
clude that the observed age-related increase in 
accumulation in reactive oxygen species cannot 
be attributable to changes in concentration of 
these scavengers. However, dietary manipulation 
resulted in increases in concentrations of vitamin 
Eand glutathione, enhancingantioxidative capac
ity and adding to the evidence which indicates an 
antioxidative effect of o-lipoic acid (Cao and 
Phillis, 1995; Nickander et a l., 1996; Panigrahi 
et al., 1996; Beinwenga et a l., 1997; Bierhaus et al., 
1997; Packer, 1998).

An im portant question arising from these 
observations is that of the identity of the trigger 
which induces the increase in reactiv'e oxygen 
species production. It has been shown previously 
that IL-1/3 stimulates reactive oxygen species 
production in peripheral tissue (Sumoski et al., 
1989), while recent findings from this laboratory 
have indicated that the age-related increase in 
reactive oxygen species production in hippo
campus was accompanied by increased IL-1/3 
concentration and that the cytokine induced 
production of reactive oxygen species in  v itro  
(Murray and Lynch, 1998a). Thus we proposed 
that IL-1/? might increase reactive oxygen species 
production and that this might be achieved by 
stimulating activity of superoxide dismutase. We 
undertook a series of in  v itro  experiments to assess 
this possibility and observed that IL-1/? increased 
reactive oxygen species production in  v itro  but 
that this effect was inhibited in the presence of 
TETA, an inhibitor of superoxide dismutase 
activity (De Man et a l., 1996), suggesting the 
involvement of superoxide dismutase. This was 
confirmed directly by dem onstrating an IL-1;3- 
induced stimulation of superoxide dismutase 
activity. A similar IL-l,5-induced activation of 
superoxide dism utase has been described in rat 
pancreatic islets (Borg et a l., 1992).

The data presented dem onstrate that the age- 
related increase in IL-1,9 concentration in cortical 
tissue was accompanied by an increase in activity
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of ICE. This is, to our k now ledge, the first report 
of concom itant increases in en zym e activ'ity and 
cytokine concentration in neuronal tissue and 
suggests that the increase in IL-IJ concentration  
m ay be a consequence of increased ICE activity. 
This su ggestion  is supported by the findings that 
dietary supplem entation w ith  a -lip o ic acid re
versed both the age-related increase in both ICE 
activity and IL-T5 concentration in cortical tissue. 
It is significant that the age-related increase in 
IL-13  concentration in h ippocam pus is reversed  
by dietary m anipulation w ith  cv-lipoic acid 
(M cCahon ct nl., 1999b), w hich parallels the effect 
of d iet on \L - \3  in cortex observed in the present 
study. In a recent study, w e observed that dietary  
m anipulation with arachidonic acid and its 
precursor, 7-linolenic acid, a lso  reversed the age- 
related increase in YL-ld  concentration in h ipp o
cam pus (M cGahon et a i,  1999a). Evidence from  
that stud y indicated that this d iet also exerted  
som e antioxidant effects, for exam ple w e found  
that it reversed the age-related increases in su per
oxide d ism utase activity and lipid peroxidation  
in h ippocam pus. These data, and those of the 
present study, provide support for the hypothesis  
that increased IL-1/9 concentration is closely  
coupled  w ith increased activity of superoxide  
d ism utase and increased lipid peroxidation. The 
age-related increase in lipid peroxidation and  
the ability of dietary m anipulation to reverse this 
increase w as accom panied by changes in arachi
donic acid concentration. Thus there w as an age- 
related decrease in arachidonic acid concentration  
as p reviously  reported by u s (M cGahon et al., 
1997; 1999; 2000a,b) and this w as reversed by  
dietary m anipulation. These observations su g 
gest that one substrate for lipid peroxidation  
w as arachidonic acid.

On the basis of the present findings, w e propose  
that antioxidative capacity is im paired in cortical 
tissue prepared from 22 m onth-old  rats and that 
this is reversed by supplem entation  w ith a diet 
enriched in Q-lipoic acid. (We m ust acknow ledge, 
however, that the d iet also contained arachidonic 
acid and docosahexanoic acid w hich  have been

show n to reverse som e age-related neuronal 
deficits (M cGahon et nl., 1997; 1999; 2000a) and 
',-linolenic acid, w hich  has been sh ow n , like the 
antioxidant BM15.0639, to reverse nerve con
duction and perfusion deficits in diabetic rats 
(Cameron and Cotter, 1996)). Such age-related  
changes have been reported by several groups 
(for review  see Reiter, 1995). Specific age-related  
changes observed in this study include an 
increase in activity of superoxide dism utase  
coupled w ith  decreased activities o f catalase and 
glutathione peroxidase. Evidence su ggests that 
the increase in activity of superoxide dism utase  
m ay be stim ulated  by the age-related increase in 
IL-Li concentration. We propose that one conse
quence of these changes is an increase in reactive 
oxygen  sp ecies production and that this, in 
turn, stim ulates lip id  peroxidation, leading to a 
decrease in concentrations of polyunsaturated  
fatty acids, particularly arachidonic acid. These 
observations are sum m arized  in a flow  diagram  
(Figure 6), w hich  m ust be recognized as being an 
oversim plification of the im m ensely  com plex  
reactions w hich  contribute to age-related deficits. 
H ow ever w e  su ggest that the decrease in arachi
donic acid concentration result arising from this 
series of changes contribute to an increased m em 
brane rigidity and w ill im pact on m em brane asso
ciated functions, w hich  m ay explain m any of the 
deficits in neuronal function observed w ith  age. 
The findings of the present stu d y  indicate that

AGE

j  I G p x
I I C a t a l a s e

t I L - l g  -----------   t R O S     t LP    i lAAl

FIGURE 6 Tliis schem e proposes that age is associated with 
decreased activities of catalase and glutathione peroxidase 
(Gpx), w hile the age-related increase in IL-l;? concentration 
stimulates an increase in superoxide dism utase (SOD) activ
ity. It is proposed that these changes lead to a compromise 
in antioxidative defenses and therefore an accumulation of 
reactive oxygen species (ROS) occurs. A m ong the conse
quences of increased reactive oxygen species production are 
an increase in lipid peroxidation (LP) and a decrease in 
arachidonic acid (AA) concentration.
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supplem entation w ith a d iet enriched in o -lip o ic  
acid can prevent m any of these changes and, in the 
hippocam pus at least, has been sh ow n  to reverse 
the im pairm ents in LTP and glutam ate release.
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S U M M A R Y

Several age-related  changes have been identified in rat hippocam pus; am ong these are 

deficits in glu tam ate release and long-term  potentiation in dentate gyrus. T hese  deficits 

correlate with a decrease  in the concentration o f arachidonic acid in hippocam pus. In 

this study, the effects o f  dietary supplem entation for 8 w eeks with u>-6 or co-3 fatty acids 

were assessed  in groups o f aged and young rats. T he data presented indicate that d ietary 

supplem entation in aged rats restored the concentrations o f arachidonic acid and 

docosahexanoic acid in hippocam pal preparations to those observed in tissue prepared 

from  young rats. In parallel, aged rats which received the experim ental diets sustained 

long-term  potentiation in a m anner indistinguishable from  young rats. T he evidence 

presented supports the view  that an age-related increase in reactive oxygen species 

production is linked with the decrease in polyunsaturated fatty acids and that a  diet 

enriched in eicosapentanoic acid has antioxidant properties w hich m ay play a key role in 

reversal o f  the observed age-related deficits.

K ey  W o rd s : Long-term  potentiation , h ippocam pus, a rach idon ic  acid,
d o cosahexano ic  acid , g lu tam ate  re lease, reactive oxygen species.



IN T R O D U C T IO N

It been repeated ly  reported  that cognitive function  is com prom ised  in aged 

anim als. C onsistent w ith this observation , is the finding that m ain tenance o f 

h ippocam pal long-term  potentiation  (L TP), a putative m odel o f  learn ing  and/or 

m em ory, is im paired  in aged ra ts .' '̂  In parallel w ith this im pairm en t are several 

ind icato rs o f com prom ised  synaptic  function, for exam ple ag e-re la ted  changes in 

calcium  handling  by c e l ls '”'"  and changes in activ ity  o f  k in ases '" ''^ , includ ing  the 

m itogen-activated  protein  k inase, ER K , w hich we have show n to m odulate  transm itte r 

r e l e a s e . W h i l e  the underly ing  cause o f the age-re la ted  im pairm ent in L T P  is not 

know n, one possib le con tribu to ry  factor is the d ecrease  in d ep o la riza tion -induced  

g lu tam ate  re lease, since m ain tenance  o f L T P  in perforan t p a th -g ranu le  cells  is closely  

coupled  with, and may even be dependen t upon, an increase  in g lu tam ate  release. 

S ign ifican tly  the age-re la ted  d ecreases in both L T P  and transm itte r re lease  in dentate  

gyrus are accom panied  by a d ecrease  in m em brane flu id ity , w hich  is typ ified  by a 

d ecrease  in m em brane con cen tra tio n  o f  po lyunsaturated  fatty  acids, like a rach idonic  

acid*’"'*’ T h is d ecrease  in fluidity  is likely to  im pact on tran sm itte r re lease  since 

this process requ ires fusion o f  the synaptic vesicle  and synaptic  p lasm a m em branes. 

W e have proposed that the d ecrease  in po lyunsaturated  fatty  acids is a  co n sequence  o f 

in creased  reactive  oxygen species production  in hippocam pus,* ’̂ ' lead ing  to increased  

lipid perox idation , substra tes for w hich are the po lyunsaturated  fatty  a c i d s . T h i s  

proposal is supported  by the find ing  that d ietary  supp lem en tation  w ith an tiox idan t 

v itam ins E  and C reversed  the age-re la ted  change increase  in reac tive  oxygen species 

p roduction  and the age-re la ted  d ecrease  in concen tra tions o f  p o lyunsa tu ra ted  fatty 

acids; coupled  w ith these changes we observed that L T P  w as resto red  to levels sim ilar 

to those observed  in young rats.** R ecent studies have revea led  that d ietary



supplementation with polyunsaturated fatty acids also reverse some age-related 

d e f i c i t s . H e r e  we compare the effectiveness o f a diet enriched in the 0)-6 fatty 

acids, gamm a-linolenic acid and arachidonic acid with a diet enriched in the a>-3 fatty 

acid, eicosapentanoic acid. We report that supplementation with either diet reversed 

the age-related decrease in both arachidonic acid and docosahexanoic acid and also 

the age-related decrease in LTP.

M E T H O D S AND M A T E R IA L S 

A nim als

Groups of young and aged male Wistar rats (Bantham and Kingman, UK) were used 

in these experiments. Rats were housed in groups of 2 - 4 under a 12-hour light 

schedule, with the ambient temperature controlled between 22 and 23°C. Subgroups of 

aged and young animals were fed on a diet of laboratory chow supplemented with a 

daily dose of lOmg arachidonic acid and I2mg gamma-linolenic acid in a 20% solution 

of purified egg phosphatidylethanolamine (hereafter referred to as "GLA/AA diet"; 

Laxdale Pharmaceuticals, UK) or eicosapentanoic acid (hereafter referred to as “EPA 

diet”; Laxdale Pharmaceuticals, UK) for 8 weeks. The other subgroups were fed on a 

diet of laboratory chow to which com oil was added so that an isocaloric diet was fed to 

all subgroups. To ensure that animals received their full daily dose of control or 

experimental diet, food intake was measured daily for 2 weeks before the 

commencement of the experiment and rats were offered 100% of their normal daily 

intake for the following 8 weeks. Sufficient diet was prepared for 3 days at a time and 

daily allowances were stored in airtight containers at -80°C. At the end of the period of 

dietary manipulation the average ages of the aged and young rats were 22 months and 4 

months respectively.



Induction o f  long-term  potentiation in dentate gyrus

Rats were anaesthetized with urethane; young animals initially received 1.5g/kg 

urethane intraperitoneally, and a further increment, if  required (which did not exceed  

0,6g/kg in any experim ent) for induction o f deep anaesthesia, which was assessed by 

the absence o f a pedal reflex. Aged animals received 1.2g/kg urethane initially and 

topped up when necessary.

LTP was induced in perforant path-granule cell synapses as described previously.’ 

Briefly, a bipolar stim ulating electrode was placed in the perforant path (4,4m m  

lateral to Lambda) and a unipolar recording electrode was placed in the dorsal cel! 

body region o f  the dentate gyrus (2.5m m  lateral and 3.9mm  posterior to Bregma). 

The depths o f  the stim ulating and recording electrodes were adjusted to m axim ize the 

amplitude o f  the response; the stim ulus intensity was adjusted to the value which was 

just sufficient to induce a population spike. Test shocks were given at 30 sec intervals 

for 10 min before and 40 min after, 3 trains o f  stimuli (250  Hz for 200  m sec, with a 

30 sec intertrain interval) which was shown previously to produce saturation o f  LTP 

in perforant path-granule cell synapses.

Tissue preparation

At the end o f the recording period, rats were killed by decapitation, the 

hippocampus proper and the dentate gyri were dissected, and cross-chopped slices  

(350nm  X 350^im) were prepared using a M cllw ain tissue chopper. Sam ples o f  

hippocampus and control and potentiated dentate gyri were frozen separately in 1ml 

Krebs solution (com position o f  Krebs in mM: NaCI 136, KCI 2.54 , KH2PO4 1.18, 

M g S 0 4 .7 H :0  1.18, N aH C03 16, glucose 10, CaCl: 1.13) containing 10% 

dimethylsulphoxide"^ and stored at -80'’C until required.

For analysis, slices were thawed rapidly (L 5-2  min) by agitation at 37°C  and rinsed

(



4 lim es in ex cess fresh oxygenated Krebs solution. Fatty acid concentrations were 

assessed in sam ples o f  hom ogenate prepared from dentate gyrus o f aged and young  

rats, while the crude synaptosomal pellet. P;, prepared as previously described^ was 

used for analysis o f glutamate release. Hom ogenate prepared from hippocampal 

tissue was used for analysis o f  the activities o f  superoxide dism utase, glutathione 

peroxidase and catalase and also for assessm ent o f reactive oxygen species 

production.

Assessment of glutamate release

Sam ples o f  synaptosom al tissue were resuspended in ice-cold Krebs solution 

containing 2mM  CaC b. T issue was aliquotted onto M illipore filters (0 .45 |im ), rinsed 

under vacuum and the filtrate was discarded. T issue was incubated in 250^1 

oxygenated Krebs solution at 37°C  for 3min and filtrate was collected and stored. 

R elease o f  transmitter was then stimulated by the addition o f  40m M  KCl to Krebs 

solution as previously described.'^

Glutamate concentration was analysed by the method used in previous 

e x p e r i m e n t s . B r i e f l y ,  96-w ell plates were coated with glutaraldehyde (0.5% in 

lQ0mMNaH2PO4 buffer, pH 4.5; 320)il) by incubation for 60 min at 37°C. Plates were 

then washed with lOOmM NaH :P0 4  buffer. Triplicate samples (50^1) or glutamate 

standards (50)il; 50nM  to lO^M prepared in lOOmM N a2HP04  buffer, pH 8.0) were 

added, plates were incubated for 2 hours at 37°C and washed with lOOmM N aH 2P04  

buffer. To bind any unreacted aldehydes, ethanolamine (320^il; O.IM in lOOmM 

Na2HP04  buffer) was added to each well and incubated for 60 min at 37°C. Plates were 

washed with phosphate buffered saline containing Tw een-20 (0.2% Tween; PBS-T). To  

block non-specific binding, samples were incubated with donkey serum for 60min 

(200|il; 3% in PBS-T). Antiglutamate antibody (raised in rabbit; lOOfil; 1:5,000 in PBS-



T; Sigm a, U K ) was added to each plate, incubated overnight at 4°C  and w ashed with 

PBS-T. A nti-rabbit horseradish peroxidase (HRP)-iini<ed secondary  antibody (95^1; 

1:10.000 in PB S-T ; A m ersham . UK) was added, incubated for 60 min at room 

tem perature and plates were again washed with PBS-T. 3 ,3 ',5 ,5 '-Tetram ethylbenzidine 

(100^1) liquid substrate  was added as chrom ogen and incubation continued for 60 min at 

room  tem perature. H2SO4 (4M ; 50 |il) was used to stop the reaction and optical densities 

w ere determ ined at 450nm  using a multiwell plate reader. V alues w ere calculated  with 

reference to the standard  curve, corrected for protein '^ and expressed  as nmol 

g lu tam ate/m g protein.

A nalysis o f hippocam pal concentration of arachidonic acid and docosapentanoic 

acid

T h aw ed  slices p repared  from  dentate  gyrus w ere rinsed 3 tim es and then 

hom ogen ized  in 2 0 0 |il fresh K rebs solution. Fatty  acids w ere  ex tracted  into 

ch lo ro fo rm :m ethano l (2:1 v/v; 1ml) by vigorous shak ing  for 10 m in fo llow ed by 

cen trifugation  at lOOOg for 5 m in to separate  the phases. T he aqueous layer was 

d iscarded  and the ch lo ro fo rm  phase was evaporated  under n itrogen  and resuspended  

in e thano l fo r analysis. Fatty  acid concen tra tions w ere analyzed  as their 2- 

n itro p h en y lh y d raz in e  (N P H ) derivatives by reverse phase H P L C .‘* D erivatiza tion  

w as ach ieved  by  add in g  2-N P H -H C l solution (0 .02M  2 -n itro p heny lhydraz ine-H C l in 

0 .25M  H C l-e thano l (1 :1 , v/v) and ED C  solution (l-e th y l-3 -(3 -d im eth y Iam in o p ro p y l) 

c arbod iim ide  h y d ro ch lo ride; 0 .25M  ED C  in e thanol m ixed in equal vo lum es w ith 3%  

e thano lic  pyrid ine), and incubated  at 60°C  for 20 m in. A fte r add ition  o f  K O H  (15%  

w/v in M e 0 H :H 2 0 , 80 :20) sam ples w ere incubated  at 60°C  for 15 m in and cooled  in 

runn ing  w ater. F atty  acid  deriva tives w ere concentra ted ; n -hexane and phosphate  

b u ffer (0 .033M , pH  6.4 in 0 .5M  H C l) w ere added, sam ples w ere vortex  m ixed for 30



se e , c e n tr ifu g e d  fo r  5 m in  a t 1500g  an d  th e  h e x a n e  p h ase  e v a p o ra te d  to  d ry n e ss  u n d e r  

n itro g e n . F o r  H P L C  a n a ly s is , sa m p le s  w ere  re su sp e n d e d  in m e th a n o l, in je c te d  o n to  a 

M ic ro so rb  C l 8 c o lu m n  (m a in ta in e d  in a c o lu m n  o v en  a t 3 0 °C ) an d  fa tty  a c id s  w ere  

s e p a ra te d  in iso c ra tic  m o d e  w ith  a m o b ile  p h ase  o f  8 5 %  m e th a n o l: 15%  w a te r  

(m a in ta in e d  a t p H  4 .5  w ith  H C l)  a n d  d e te c te d  by  U V  sp e c tro s c o p y  a t 2 3 0 n m . 

A liq u o ts  o f  t is su e  w e re  ta k e n  fo r  p ro te in  a n a ly s is  an d  c o n c e n tra t io n s  w e re  e s tim a te d  

a c c o rd in g  to  s ta n d a rd  c u rv e s  an d  e x p re ss e d  as n m o i/m g  p ro te in .

Analysis of reactive oxygen species

T h e  fo rm a tio n  o f  re a c tiv e  o x y g en  sp e c ie s  w as a s se s se d  in th e  im p u re  sy n a p to so m a l 

p re p a ra t io n , P 2, a s  p re v io u s ly  d e s c r i b e d . T h e  m e th o d  re lie s  on  o x id a tio n  o f  th e  n o n - 

f lu o re sc e n t p ro b e , 2 '7 '-d ic h lo ro f lu o re sc in  d ia c e ta te  (D C F H -D A ), by  re a c tiv e  o x y g en  

sp e c ie s ,  to  th e  h ig h ly -f lu o re sc e n i 2 ',7 -d ic h lo ro f lu o re sc e in  (D C F ). T o  a s se s s  r e a c tiv e  

o x y g e n  s p e c ie s  p ro d u c tio n , sy n a p to so m e s  w ere  p re p a re d  as p re v io u s ly  d e s c r ib e d ’ 

f ro m  c o r tic a l s l ic e s  o b ta in e d  f ro m  2 2  an d  4  m o n th -o ld  ra ts  t re a te d  w ith  e i th e r  d ie t. 

T h e  re su lta n t  p e lle t  w a s  re s u s p e n d e d  in 1 m l ic e -c o ld  4 0 m M  T r is  b u f fe r  (p H  7 .4 )  an d  

a liq u o ts  (1 m l)  o f  h o m o g e n a te  w e re  in c u b a te d  w ith  D C F H -D A  (1 0 )il; f ina l 

c o n c e n tra tio n  5 n M ; f ro m  a  s to c k  so lu tio n  o f  500^iM  in m e th a n o l)  a t 3 7 ° C  fo r  15 m in . 

T o  te rm in a te  th e  re a c tio n , th e  d y e - lo a d e d  sy n a p to so m e s  w ere  c e n tr ifu g e d  a t 1 3 ,0 0 0  x 

g  fo r  8 m in . T h e  p e lle t  w a s  re s u s p e n d e d  in  3 m l ic e -c o ld  4 0 m M  T r is  b u f fe r , p H  7 .4  

an d  f lu o re s c e n c e  w a s  m o n ito re d  a t a  c o n s ta n t te m p e ra tu re  o f  3 7 °C  a t 4 8 8 n m  

e x c ita t io n  (b a n d  w id th  5 n m ) a n d  5 2 5 n m  e m iss io n  (b an d  w id th  2 0 n m ). R e a c tiv e  

o x y g e n  sp e c ie s  fo rm a tio n  w as q u a n tif ie d  fro m  a  s ta n d a rd  c u rv e  o f  D C F  in m e th a n o l 

( ra n g e  0 .0 5  to  l | iM ) .  R e su lts  w ere  e x p re ss e d  as n m o l/m g  tis su e  c o r re c te d  fo r

.  ■ 27p ro te m .

A nalysis of superoxide dism utase activity



Superoxide dism utase activity was determined in sam ples o f  hippocampal 

homogenate.'^" A liquots (8 0 0 |j 1) o f  incubation buffer (50m M  potassium  buffer (pH 

7.8) containing I.Sm M  xanthine, 2.24m M  nitroblue tetrazolium (N B T ), 40  units o f  

catalase, 7^1/ml xanthine oxidase and 1.33mM diethylenetriam inepentacetic acid) 

were added to 1.5ml microfuge tubes containing sam ples o f supernatant (lOOfil) at 

different dilutions (1:2, 1:5. 1:10, 1:20, 1:50 and 1:100) and analysed by uv 

spectroscopy at 560nm . Activity o f  superoxide dism utase was assessed  as the rate o f  

reduction o f  N B T , which was inhibited with increasing concentrations o f  protein. 

One unit o f  activity was defined as the amount o f  protein necessary to decrease the 

rate o f  the reduction o f N B T  by 5 0 ‘7r. Results were expressed in units o f  superoxide 

dismutase activity per mg protein.

A n alysis o f  ca ta la se  activ ity  

Catalase activity was determined as previously described.^' B riefly, duplicate 

aliquots o f  supernatant (50 |jl) were added to m icrofuge tubes containing buffer 

(lOm M  potassium  phosphate, pH 7.0; 800 |il) tubes and kept on ice. The reaction was 

initiated by the addition o f  ice-cold HjOt (60m M ; lOOjil), sam ples were m ixed and 

incubated on ice for 2 or 10 min after which time aliquots (iOO|il) were rem oved and 

quenched by addition to H :S04  (0.6N ; 4m l) and lOmM F eS0 4  (1m l) at room  

temperature. Colour was developed at room temperature by addition o f  2.5M  

potassium thiocyanate (4 0 0 |il) . Aliquots (200^il) were transferred im m ediately to 96- 

well plates, absorbance was read at 492nm  and results were expressed in terms o f  the 

first order reaction rate constant (k), corrected for protein using the formula: enzym e  

units = k/protein= [//! (A l/A 2/t]/protein , where A1 and A 2 represented the absorbance 

at the two selected  time points (i.e. 2 and 10 min), and t, the time difference between

f



the two points (i.e. 8 m inutes). R esults arc expressed  as enzym e units per gram  o f 

protein.

Analysis o f glutathione peroxidase activity

G lutath ione perox idase  activ ity  was m easured  acco rd ing  to the m ethod o f 

L aw rence and Burk.^" S am ples o f supernatan t (1 0 0 |il) w ere added  to incubation  

b u ffer (50m M  potassium  phosphate  (pH  7), con tain ing  Im M  E D T A , Im M  sodium  

azide, 0 .2m M  N A D P H , 1 unit o f  g lu tath ione reductase, Im M  G SH  g lu ta th ione and 

1.5mM  cum ene hydroperox ide; SOOjil) and incubated  for 5 m inu tes at room  

tem pera tu re. T h e  reac tion  w as initiated  by addition  o f  cum ene  hydroperox ide 

(I5 m M ; 100 |j 1). A bsorbance  w as recorded at 340nm  for 5 m inutes; activ ity  was 

calcu la ted  from  the slope (i.e. change  in absorbance w ith tim e) and the resu lts w ere 

expressed  as |jm o les N A D P H  oxidised/m g/m in.

RESULTS

F igure  1 show s that de livery  o f  tetanic stim ulation  to the perfo ran t path  o f young 

ra ts led to an im m edia te  and susta ined  increase in the m ean population  epsp  slope in 

perfo ran t pa th -g ranu le  cell synapses. T he m ean percen tage  in crease  in the 2 min 

im m ediately  fo llow ing  the tetanus, com pared  with the m ean o f  the values in the 5 min 

im m ediately  p rio r to te tan ic  stim ulation , was 146.1%  (±  4 .9 ), w hile the m ean value in 

the last 5 m in o f  the ex p erim en t was 129.4%  (± 5 .0 ). In co n trast to th is robust 

po ten tiation  o f  the  response  in young rats, the co rrespond ing  m ean percen tage  

chan g es in population  epsp  slope in the 2m in follow ing tetan ic  stim ulation  and in the 

last 5 min o f the ex p erim en t in aged  rats w ere 120.0%  (±  3.9) and 112.7%  (±  6.9).

C oupled  w ith the age-re la ted  im pairm ent in LTP, we observed  a d efic it in K Cl- 

stim u la ted  g lu tam ate  re lease. F igu re  2 indicates (in a sca tterg ram  and a h istogram )

f



that KCl (40m M ) sig n in can tly  increases release o f  g lu tam ate  from  synaptosom es 

prepared  from  den ta te  gyrus o f  young rats (p < 0 .05; studen t t-test for pa ired  values), 

but that this e ffec t w as absen t in p reparations ob tained  from  aged rats. T h e  figure also 

illustra tes a s ig n ifican t co rre lation  betw een K C I-stim ulated re lease  and change in epsp  

slope fo llow ing  te tan ic  stim ulation  (p < 0.025).

In addition  to the coupled  defic its in LTP and g lu tam ate  re lease  in den ta te  gyrus o f 

aged ra ts, we observed  that ageing  was also assoc ia ted  with a  d ecrease  in the 

concen tra tion  o f  both docosahexano ic  acid and arach idon ic  acid  (p <  0.05 in both 

cases; s tu d e n t’s t-test for independen t m eans; F igure IB  and 1C). W e argued  that, if 

the decrease  in fatty  acids was a key factor in the functional im pairm en ts observed  in 

aged ra ts, then  d ie ta ry  supplem entation  with e ith e r co-3 or co-6 fatty acids m ight 

reverse  the ag e-re la ted  changes. Figure 3 show s that d ie ta ry  m anipu lation  with 

arach idon ic  acid  and G L A  reversed  the age-rela ted  d ecrease  in L T P  and that this was 

accom pan ied  by reversa l o f  the age-rela ted  d ecreases in the con cen tra tio n s o f both 

d o cosahexano ic  acid  and arach idon ic  acid (F igure 4). D ie tary  m an ipu lation  did not 

exert any s ig n ifican t e ffec t in young rats (com pare F igures 3A  and 3B ), but while 

aged ra ts fed on the con tro l diet exh ib ited  an im pairm ent in L T P  (F igure  3C; p < O.OI 

com pared  w ith e ith e r d ie ta ry  group  o f young rats; A N O V A ), the aged ra ts w hich 

received  the d ie t su p p lem en ted  w ith G LA  and arach idon ic  acid  (F igure  3D ) exh ib ited  

L T P  w hich w as sim ila r to that in the young rats.

T h e  da ta  in d ica te  that d ie ta ry  supplem entation  w ith E P A  a lso  reversed  the age- 

re la ted  im pairm en t in L T P  (F igure  5). W hile the changes in m ean epsp  slope 

fo llow ing te tan ic  stim ulation  w ere sim ilar in both groups o f  young rats and in aged 

ra ts w hich  rece iv ed  the experim ental diet (com pare  F igure  5C  w ith F igu res 5A  and 

B), aged rats w hich  received  the control diet exh ib ited  a defic it in L T P  (p <  0.01



com pared  with all o lh cr groups; A N O V A ). In parallel w ith this observation , we 

found that d ie ta ry  m anipu lation  with E PA  also reversed the age-re la ted  d ecreases in 

both docosah ex an o ic  acid  and arach idon ic  acid; thus w hile the co ncen tra tion  o f both 

fatty acids w as s ign ifican tly  decreased  in h ippocam pus o f  aged rats fed on the control 

diet (p <  0.05; s tu d e n t's  t-test for paired values), values in the h ippocam pus o f  aged 

rats fed on the experim en ta l d iet w ere sim ilar those observed  in young ra ts (F igure  6). 

F igure 7 ind ica tes that there  w as a significant positive co rre la tion  betw een 

a rach idonic  acid  con cen tra tio n  and the ability  o f  rats to sustain  L T P  (as ind icated  by 

the m ean percen tag e  change  in epsp  slope in the last 5 min o f  the experim en t; p < 

0.025; B), but that the co rre la tion  betw een  docosahexanoic  acid  concen tra tion  and 

epsp  slope (A ) w as not s ta tistica lly  significant.

F u rther analysis revea led  that reactive  oxygen species p roduction  was sign ifican tly  

increased  in h ippocam pus o f  aged rats fed on the contro l diet com pared  w ith the value 

observed  in young  rats (p <  0.05; stu d en t’s t-test for in d ependen t m eans; F igure  8A ), 

and a lthough reac tive  oxygen species production  w as on ly  sligh tly  reduced  in 

hippocam pus o f  aged  ra ts fed on the E PA -supp lem en ted  d iet, th is value did not 

s ign ifican tly  d iffe r  from  the value observed in young rats. T hus d ie ta ry  m anipulation  

at least partly  rev ersed  the age-re la ted  decrease  in reac tive  oxygen sp ec ies  production . 

A lthough  no sig n ifican t ag e-re la ted  or d iet-rela ted  changes w ere found  in activ ities o f 

superox ide d ism utase , g lu ta th ione  peroxidase  o r catalase  (see T ab le  1), F igure  8B 

ind ica tes that there  w as a sign ifican t positive corre lation  be tw een  reac tive  oxygen 

species p roduction  and the ra tio  betw een activ ity  o f  superox ide  d ism utase  and the 

product o f  g lu ta th ione  p erox idase  and catalase (F igure 8 3 ; p <  0.05).

(



DISCUSSION

T he ob jec tive  o f this study w as to com pare the beneficia l e ffec ts  o f  feeding aged 

rats a d iet en riched  with co-6 fatty acids with a d iet en riched  with 0)-3 fatty  acids. W e 

report that the im pairm en t in L T P  in perforant path -granu ie  cell sy napses in aged rats 

was coup led  w ith d ecreased  concen tra tions o f  a rach idonic  acid  and docosahexano ic  

acid  and that d ie ta ry  m anipu lation  with o>6 or a>-3 fatty acids reversed  the age-re la ted  

d ecrease  in fatty  acids and resto red  the ability  o f aged rats to susta in  L TP .

It has been rep ea ted ly  found that m ain tenance o f L T P  is im paired  w ith ag e ''^  and 

the p resen t find ings support this large body o f ev idence . T he question  o f  w hether 

induction  o f  L T P  is im paired  w ith age rem ains to be reso lved , w ith som e reports 

ind ica ting  a  de fic it '^ '"”'^  ̂ and o thers reporting  no  c learcu t c h a n g e . H e r e  we 

observed  that the early  response o f  granule cell synapses to tetan ic  stim ulation  o f  the 

perfo ran t path is a ttenuated  in aged rats com pared  w ith young rats. T h is  age-re la ted  

d ecrease  in response  to tetan ic  stim ulation w as coupled  w ith a decrease  in the 

con cen tra tio n s o f a rach idon ic  acid  and docosahexanoic  acid  and th is is consisten t with 

p rev ious ev idence  w hich reported  a decrease  in m em brane fluidity  w ith age.^^

R elease  o f  tran sm itte r requ ires in teraction  betw een proteins in the synaptic  vesicle 

m em brane and the synaptic  p lasm a m em brane, w hich u ltim ately  leads to fusion o f  the 

tw o m em branes a llow ing  exocy tosis to occur. It seem s reasonab le  to p ropose  that a 

change in m em brane  fluidity , for exam ple as a consequence  o f  a change  in m em brane 

com position , w ould  im pact on exocytosis. E v idence  supporting  th is idea  are 

p resen ted  here; thus in parallel w ith the age-re la ted  d ecreases in a rach id o n ic  and 

d o cosahexano ic  acids, we observed  an age-re la ted  decrease  in K C l-stim ulated  

g lu tam ate  re lease  in den ta te  gyrus. Several studies in this laboratory  have found that 

K C I-stim ulated  g lu tam ate  re lease  is a ttenuated  w ith age,*’’’ '''* ' ’ '̂ ® w hile  o th er groups

<



have rep o rted  that re lease  o f g lu ta m a te / ’̂’ acety lcho line^’ and 5-hydroxytryp tam ine^’* 

are a lso  d o w n reg u lated  with age. Since m ain tenance o f  L T P  in perfo ran t pa th-granule  

cell syn ap ses is c losely  coupled  with an increase  in g lu tam ate  re lease , it is possib le 

that the ag e-re la ted  decrease  in re lease  observed here sign ifican tly  co n tribu tes to the 

im p a irm en t in LTP.

If it is argued  that decreased  m em brane flu id ity , consequen t upon decreased  

po ly u n sa tu ra ted  fatty  acid  concentra tion , con tribu tes sign ifican tly  to the age-re la ted  

im pairm en t in L T P , then it m ight be p red ic ted  that resto ring  the m em brane 

com position  to that found in the young rat should  overcom e the age-re la ted  defic it in 

L TP . C o n sisten t w ith this a rgum ent is the finding that w hen m em brane concentra tion  

o f  a rach id o n ic  acid  and docosahexanoic  acid are increased  in aged rats by d ietary  

su p p lem en ta tio n , the age-re la ted  decrease  in L T P  is reversed . T h is  effec t o f 

a rach id o n ic  acid  has been reported  previously^’"® and w e have also  found  that d ie ta ry  

m an ip u latio n  w ith docosahexanoic  a c id ‘s and the an tiox idan t, a - lip o ic  acid''* had the 

ab ility  to reverse  the age-re la ted  deficit in LTP. H o w ev er here we assessed  the ability  

o f  a novel d iet, en riched  in e icosapentano ic  acid, to reverse  the age-re la ted  d ecreases 

in a rach id o n ic  and docosahexanoic  acids in paralle l w ith L TP . W e report that this 

d ie t w as as e ffec tive  as the diet enriched  in a>-6 fa tty  acids; both the age-re la ted  

d ec re ase s  in po lyunsa tu ra ted  fatty acids and L T P  w ere reversed . T h ese  da ta  add 

su p p o rt to the idea  that m em brane lipid com position  is critica lly  im portan t in 

m o d u la tin g  synaptic  function and that one o f  the con seq u en ces o f a  d ecrease  in 

po ly u n sa tu ra ted  fatty acid concentra tion  is a co m prom ise  in synaptic  plasticity . 

H ow ever, as we prev iously  reported  when a sm alle r n u m b er o f  o bservations w ere 

an a ly sed , h ippocam pal concentra tion  o f a rach idonic  acid  co rre la tes s ign ifican tly  with 

the ab ility  o f  rats to susta in  LTP, w hile a non-sign ifican t corre lation  ex isted  betw een



the concen tra tion  o f  d o cosahexano ic  acid and LTP.

R eactive  oxygen spec ies accum ulation  increases in cortical tissue w ith a g e '* " ''"  and 

the results o f the p resen t ex p erim en t indicate that a sim ilar change  occu rs  in the 

h ippocam pus. It seem s likely that this increase is a consequence  o f  changes in the 

concen tra tions o f  an tiox idan t scavengers and also in the activ ities o f  an tiox idan t 

e n zy m es ,'' A lthough  we did not observed any sign ifican t change  in activ ities o f 

superoxide d ism utase , g lu ta th ione peroxidase  or catalase  in the p resen t experim ents, 

we found that the enh an ced  accum ulation  o f  reactive oxygen spec ies w as positively  

corre lated  w ith the  ra tio  betw een activ ities o f  superoxide d ism utase  and the  product o f  

g lu tath ione pe ro x id ase  and cata lase . V itam in E concentra tion  w as not assessed  in 

these ex p erim en ts, but p revious findings have indicated  that it decreases w ith age and 

that it is co rre la ted  w ith reactive  oxygen species accumulation.*'* It is likely that the 

age-re la ted  changes in po lyunsa tu ra ted  fatty acids observed  here a re  a con seq u en ce  of 

the increase  in reac tive  oxygen spec ies production and this is supported  by the finding 

that lipid perox ida tion  increased  in parallel with reactive oxygen spec ies accum ulation  

in the p resen t study  (d a ta  not show n).

W hile reac tive  oxygen spec ies accum ulation  was sign ifican tly  in creased  in 

h ippocam pus o f  aged ra ts fed on the control diet, com pared  w ith young ra ts, the value 

observed  in h ippocam pus p repared  from  aged rats fed on the E P A -en rich ed  d iet was 

not. T h is suggests that E PA  possesses an tioxidant p roperties, w hich  w as p reviously  

suggested  by the find ing  that E PA  adm inistration  d ecreased  pero x id a tio n  o f  low 

density  lipopro te ins in d ialysis patients.^’ In teresting ly  previous stud ies have  indicated  

that a diet en riched  in co-6 fatty  acids also exh ib ited  an tiox idan t p roperties in 

h ippocam pus.’”

T he prim ary  find ing  o f  this study  is that d ietary  m anipulation  with an E PA -rich  diet

(



reverses the age-related decreases in concentra t ions o f  arach idonic  acid and 

docosahexano ic  acid and overcom es the age-re la ted impairment in LTP. T he  

e v idence  points to a particular role for arachidonic  acid since a s ignificant positive 

corre lation was show n to exist between concentra tion  o f  arachidonic  acid and the 

abili ty o f  rats to respond to tetanic stimulation. O u r  findings are consis tent  with the 

hypothesis that a com prom ise  in antioxidative defences  in the h ippocam pus 

contr ibutes  to these age-related changes.
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TABLE 1

Enzyme Young (Pooled) Aged (Control diet) Aged (EPA

diet)

S O D (U /m g ) 0.98 (0 .14) 0 .96  (0.2) 1.03 (0 .13)



G px ()im ol//m g/m in) 0 .0 2 2 (0 .0 0 1 ) 0.028 (0.004) 0 .029  (0 .003)

C a ta lase  (U /m g) 0 .28 (0 .03) 0 .3 1 (0 .0 6 )  0 .25 (0 .03)

A ctiv ities o f  superox ide  d ism utase  (SO D ), g lu tath ione perox idase  (G px) and catalase  

(cat) w ere assessed  as d escribed  in the text. N o d ifferences in va lues w ere obtained 

be tw een  d ie ta ry  groups in the 4  m onth-old rats and da ta  are pooled. N o  age-rela ted  

changes in activ ity  o f  any o f  the 3 enzym es was observed.

F IG U R E  L E G E N D S

F ig u re  1. T h e  ag e-re la ted  d ecrease  in L T P  is coupled  with age-re la ted  d ecreases in 

h ippocam pal con cen tra tio n s o f  a rach idonic  acid and docosahexano ic  acid. (A) 

T e tan ic  stim ulation  (a rrow ) induced  an im m ediate and susta ined  increase  in the m ean 

slope o f  the population  ep sp  in 4 m onth old rats, but both the early  and la te r responses 

to the stim uli w ere a tten u ated  in 22 m onth-old rats. (B) and (C ) H ippocam pal 

con cen tra tio n s o f  both a rach idon ic  acid  (A A ) and docosahexanoic  acid  (D H A ) w ere 

sig n ifican tly  d ecreased  in aged, com pared  with young, ra ts (p < 0 .05 ; s tu d en t’s t-test 

fo r in d ep en d en t m eans).

F ig u re  2. K C l-stim u la ted  g lu tam ate  re lease  is decreased  with age. A dd ition  o f  KCl 

(40m M ) to synap tosom es prepared  from  dentate  gyrus o f young (4 m onth-old) rats 

sig n ifican tly  en h an ced  g lu tam ate  release as ind icated  by the sca tterg ram  and 

h istogram . H ow ever the effec t o f  KCl w as m arkedly  d im in ished  in synaptosom es 

p rep ared  from  den ta te  gyrus o f  aged rats. T he data  ind icate  that there w as a 

sig n ifican t positive  co rre la tion  betw een glu tam ate concen tra tion  (K C l-stim ulated



glu tam ate  re lease) and the slope o f the population epsp  in the last 5 min o f  the 

ex p erim en t (p < 0 .025).

F ig u re  3. T h e  m ean slope o f  the population epsp was m arked ly  increased  afte r 

tetan ic  stim ulation  (arrow ) in both groups o f young rats (n = 8 in each  case). In 

con trast, there  w as a m arked im pairm ent in m ain tenance o f L T P  in aged  rats w hich 

rece ived  the con tro l d iet (n = I I ) .  D ietary m anipulation with G L A /A A  (n = 9) 

rev ersed  the ag e-re la ted  im pairm ent in LTP. M ean  epsp  slopes (±  SE M ) are 

p resen ted  in 5 m in b locks and are expressed  as a percen tage o f the values recorded  in 

the 5 m inutes im m edia tely  prior to tetanic stim ulation.

F ig u re  4. D ie ta ry  m anipulation  reverses age-re la ted  changes in concen tra tions o f 

arach id o n ic  acid  and docosahexano ic  acid.

T h e  m ean co n cen tra tio n s o f  docosahexanoic  acid (D H A ; A ) and arach idon ic  acid 

(A A ; B) w ere s im ilar in both groups o f young rats (n =  8 in each case) and therefore 

d a ta  are pooled. T he concen tra tions o f both fatty acids w ere s ign ifican tly  decreased  

in tissue p repared  from  dentate  gyrus o f  aged rats w hich received the contro l d iet (n = 

11; *p < 0 .05 ; studen t's  t-test fo r independent m eans, while d ieta ry  supplem en tation  

w ith a d iet en rich ed  in G LA  and A A  reversed  the age-rela ted  changes so that the 

con cen tra tio n s o f  both fatty acids w ere sim ilar in young rats and aged  rats w hich 

rece iv ed  the experim en ta l diet.

F ig u re  5. T h e  m ean slope o f  the population epsp  was m arkedly  increased  a fte r 

te tan ic  stim ulation  (arrow ) in both groups o f  young rats (n =  8 in each  case). In 

con trast, there  w as a m arked im pairm ent in m ain tenance o f L T P  in aged rats w hich 

rece iv ed  the con tro l d iet (n =  I I ) .  D ietary  m anipulation  with e icosapen tano ic  acid 

(E PA ; n = 9) reversed  the age-re la ted  im pairm ent in LTP. M ean epsp  slopes (± SEM ) 

are p resen ted  in 5 min b locks and are expressed  as a percen tage o f the values recorded

(



in the 5 m inutes im m ediately  prior to tetanic stim ulation.

F ig u re  6. D ie tary  m anipu lation  reverses age-re la ted  changes in co n cen tra tio n s o f 

a rach idon ic  acid  and d o cosahexano ic  acid.

T he m ean con cen tra tio n s o f  docosahexanoic  acid (D H A ; A ) and arach idon ic  acid 

(A A ; B) w ere s im ilar in both groups of young rats (n =  8 in each  case) and therefore  

d a ta  are pooled. T he concen tra tions o f both fatty acids w ere s ign ifican tly  d ecreased  

in tissue  p repared  from  den ta te  gyrus o f  aged rats w hich received the contro l d ie t (n = 

11; *p <  0.05; studen t's t-test for independent m eans, while d ieta ry  supp lem en tation  

w ith a diet en rich ed  in EPA  reversed  the age-re la ted  changes so that the 

concen tra tions o f  both fatty acids w ere sim ilar in young rats and aged  rats w hich 

rece ived  the experim en ta l diet.

F ig u re  7. T h e  change in epsp  slope follow ing tetanic stim ulation  co rre la tes with 

a rach idon ic  acid , but not docosahexano ic  acid.

T h ere  was a s ig n ifican t positive co rre lation  betw een arach idonic  acid  con cen tra tio n  in 

h ippocam pus and the ab ility  o f ra ts to sustain L T P  (as ind icated  by the m ean 

p ercen tage  change  in epsp  slope in the last 5 min o f the experim ent; p < 0 .025 ; B ), but 

that the corre lation  betw een  docosahexano ic  acid concen tra tion  and epsp  slope (A) 

was not s ta tistica lly  sign ifican t.

F ig u re  8. R eac tive  oxygen spec ies production  (upper panel) w as s im ila r in 

h ippocam pus p repared  from  both groups o f  young ra ts and therefo re  the da ta  are 

pooled. H o w ev er it w as sign ifican tly  increased  in h ippocam pus o f  aged rats fed on 

the contro l d ie t (p <  0 ,05; s tu d en t’s t-test for independent m eans), but th is sign ificance  

was lost in in h ippocam pus o f aged rats fed on the E P A -supp lem en ted  diet. A 

sign ifican t positive  co rre la tion  w as observed betw een reactive  oxygen  species



production  (R O S) and the ratio between activity o f  superoxide d ism utase  and the 

p roduct  o f  glu ta th ione peroxidase  and catalase (p <  0.05).
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SO CIETY  FO R N EU R O SC IE N C E  A B ST R A C T .

EIC O SA PE N T A N O IC  A C ID  R EST O R E S T H E  A G E-R ELA TED  IM PA IR M E N T  IN LO N G -TER M  

PO TEN TIA TIO N  IN T H E  D EN T A T E  G Y R U S.

D.S.D. M artin ' .P .  Spencer D . H orrobin ^  M .A . Lvnch '.

'Dept, o f  Physiology, Trinity College, Dublin 2, Ireland. 'Laxdale Research Ltd., Stirling, Scotland, UK.

It has been show n that there is an age-related im pairm ent in long-term  potentiation (LTP) in perforant path- 

granule cell synapses w hich is associated  w ith a decrease in the concentration  o f  polyunsaturated  fatty acids 

in the m em brane. In th is study  young (4 m onth) and aged (24 m onth) rats w ere fed fo r e igh t w eeks on a 

control diet or a diet enriched  w ith eicosapentanoic  acid (20m g/rat/day). A t the end o f  this period rats w ere 

anaesthetised  w ith urethane (1 .5m g/kg i.p.) and placed in a stereotaxic fram e and stim ulating  and recording 

electrodes w ere p laced in the perforant path (4.4m m  lateral to L am bda) and the granule cells o f the dentate 

gyrus (2.5 mm lateral and 3.9m m  p oste rio r to B regm a) respectively . T he m ean percen tage  increase in the 

epsp slope in the last 5 m inutes o f the experim ent (40-45 min post-tetanus) w ere 143.39 ±  3.40 and 144.23 ± 

5.98 in the young  rats and 105.97 ±  2 .54 and 149.33 ± 3.98 in the aged  rats fed on the contro l and 

experim ental diet respectively . R eactive oxygen species (ROS) production  was significantly  increased in the 

h ippocam pus prepared  from  the aged rats fed the control diet com pared w ith young rats (0.50 ± 0.04 vs. 0.38 

±  0.03 //m olesD C F /m g); dietary m anipulation  prevented this significant increase. T his increase in ROS was 

coupled  w ith an increase in superox ide  d ism utase activity  w ithout concom itan t increases in cata lase and 

g lu tath ione perox idase  activ ity  and there w as a significant negative correlation  betw een  the ratio o f  these 

enzym e activities and L TP. E vidence for a role for the cytokine interleukin-16 will be presented.
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