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IV Summary

Long-term potentiation (LTP) is perhaps the best described form of synaptic 

plasticity. This project aimed to investigate the role that tyrosine kinases play in the 

expression of LTP in dentate gyrus-granule cell synapses in vivo and to establish 

whether nerve growth factor (NGF) modulates this.

The focus of this study has been on presynaptic changes which accompany 

LTP in dentate gyrus, in particular, glutamate release which is enhanced in 

association with LTP. Although it has been known for several years that LTP 

expression is blocked if tyrosine kinase activity is inhibited the mechanisms 

underlying this were not known. The data obtained from this study shows that 

tyrosine kinase inhibitors decreased both glutamate release and influx implying 

a presynaptic action of tyrosine kinases. The factor which initiates such tyrosine 

kinase activity may be NGF as the results presented in this study indicate that 

tyrphostin AG879, an inhibitor of trk, blocked LTP while NGF stimulates trkh. in 

vitro.

The possibility that NGF acts as a retrograde messenger by initiating 

signalling in hippocampus was suggested previously and this possibility was 

assessed here. The data showed that NGF was released from a postsynaptic but not a 

presynaptic site in a depolarization-induced manner and that this release is enhanced 

to a greater degree following tetanization. Since this was observed 40 minutes 

following tetanic stimulation, it appears that NGF release persists for a relatively 

long time. The evidence indicates that trkK  and ERK phosphorylation were 

increased in synaptosomes following tetanization and that these changes were 

stimulated by NGF.

Aged rats displayed an impaired ability to sustain LTP and coupled with this 

was an enhanced, unstimulated release of NGF. This was associated with 

hyperphosphorylatiori of trk, an effect which was mimicked by the protein tyrosine 

phosphatase inhibitor, phenylarsine oxide. Thus, the activity of protein tyrosine 

phosphatases in tissue from aged rats which sustained and which failed to sustain 

LTP was analyzed to determine if that explained why the hyperphosphorylation of 

trk occurred. The results indicated that there was an age-related decrease of protein 

tyrosine phosphatase but this was found in both aged rats which sustained and those 

which did not sustain LTP.



However, protein tyrosine phosphatase (FTP) activity was decreased in tissue 

prepared from aged rats which exhibited hyperphosphorylation of trk and therefore 

cannot account for this change. Thus, the underlying cause of the trk  

hyperphosphorylation, and the mechanism by which this inhibits LTP remain to be 

established.

In conclusion, the evidence suggest that NGF plays a role in expression of 

LTP in perforant path-granule cell synapses, possibly as a retrograde messenger. 

Consistent with this hypothesis are the findings that NGF is released from a 

postsynaptic site and exerts its effect presynaptically by interacting with its receptor. 

It is proposed that these presynaptic changes translate into increased glutamate 

release which in turn contributes to the expression of LTP.
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Chapter 1
General Introduction



1.1 Nerve growth factor

1.1.1 Background

The discovery that a malignant mouse tumour, grafted onto a developing 

chick embryo, became innervated by sensory ganglia of the host (Buerker, 1948) 

sparked a renewed interest in the field of neuroembryology which resulted in the 

characterization of nerve growth factor (NGF). The initial experimental work which 

followed this seminal work by Buerker characterized the effect of mouse sarcoma 

180 fragments on the growth of chick embryo spinal and sensory ganglia (Levi- 

Montalcini et ah, 1954). It was reported by Levi-Montalcini and co-workers (1954) 

that the fragment imparted growth-promoting properties to spinal and sensory 

ganglia of the chick embryo. Previous work by Levi-Montalcini (1953) had 

demonstrated that this growth-promoting property was imbued on chick embryo 

neurons by tumours which were not in direct physical contact with the embryos. 

This suggested that the nerve-growth promoting factor from mouse sarcoma 

fragments was diffusible and it was discovered that mouse salivary glands were a 

rich source of the factor (Cohen, 1960). Biochemical analysis revealed that the 

growth-promoting factor was a dimeric protein of molecular weight 44kDa (Cohen, 

1960). With the structural characterization of NGF underway, the focus of research 

changed to the examination of the roles of NGF in the peripheral nervous system 

(PNS).

In vitro experiments showed that NGF was responsible for the survival and 

maintenance of specific subsets of sensory neurons and sympathetic neurons (Levi- 

Montalcini and Booker, 1960 (b)) and in vivo work determined that this survival 

effect was manifest during the development of the embryo (Levi-Montalcini and 

Booker, 1960 (a)). The results of these experiments ultimately led to the postulation 

of the neurotrophic factor hypothesis. This hypothesis implied that neurons 

underwent programmed cell death in embryonic development and that those neurons 

which survived this did so by being permitted access to essential nutrients or trophic 

factors which were supplied in limited amounts by target cells (see Korsching, 1993). 

NGF is now recognised as just one of a number of factors which can regulate the 

survival and differentiation of neuronal populations during embryonic development. 

Collectively, these factors are called the neurotrophins.
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1.1.2 Structure of NGF

Mouse NGF is a protein that consists of three subunits, a , P and 7 (Smith et

a l, 1968). The p-subunit is the growth promoting subunit and the y-subunit is a 

serine protease (Pattison and Dunn, 1975). Although the a  and y-subunit are 

structurally similar, the a-subunit has no protease activity (Ronne et al., 1984). The

molecular weight of NGF, at pH 6.8, is 130,000 (Baker, 1975). This high molecular 

weight form of NGF, with all the subunits combined, is termed 7S NGF, due to its 

sedimentation coefficient (Smith et a l,  1968). In addition to this form, there exists a 

2.5S form which is a mixture of proteolytically cleaved products of the ^-subunit and

this does not have the same biological activity in vitro as 7S NGF (Shao et al., 1993). 

The p-subunit, which is solely responsible for the biological activity of NGF (Young

et al., 1988), is termed PNGF and has molecular weight of 26,000. pNGF is a non-

covalent homodimer (Angeletti et al., 1971). Each monomer of the homodimer 

consists of 118 amino acid residues which form, at the core of the monomer, a pair of 

twisted or anti-parallel P-sheets, with a cysteine knot motif at one end and three

loops at the other (Ultsch et al., 1999).

1.1.3 Synthesis of NGF

Neurotrophins are synthesized in the endoplasmic reticulum and have signal 

peptides, which are typical of secretory proteins (Carpenter and Cohen, 1990). NGF 

is initially synthesized as a precursor molecule, which is processed by the protease 

activity of the y-subunit of 7S NGF (Jongstra-Bilen et at., 1989). NGF synthesis is

localised to certain areas of the brain. Neurons in dentate gyrus and the pyramidal 

layer of the hippocampus were shown to have decreased NGF mRNA levels upon 

the destruction of these neurons with kainic acid or colchicine (Ayer-leLievre et al., 

1988). In these neurons, NGF mRNA synthesis was shown to be upreguiated by 

neuronal activity including non-NMDA receptor activation by kainic acid (Zafra et 

al., 1990) and induction of LTP (Castren et al., 1993; Bramham et al., 1996). 

Cerebral ischemia was also shown to have the same stimulatory effect (Lindvall et 

al., 1992).
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1.1.4 Storage and release of NGF

The first data generated about NGF release in neurons showed that NGF was 

released from hippocampal slices in a constitutive manner and in an activity 

dependent manner. A range of stimuli, including KCl, veratridine, glutamate or 

carbachol (Blochl and Thoenen, 1995) induced the activity dependent release of 

NGF. Subsequently, neurotoxins were used to determine that NGF is stored in 

vesicles (Blochl, 1998). It is likely that the interaction of vesicle-membrane proteins, 

proteins of the cell membrane and soluble, cytoplasmic proteins are necessary to 

effect the exocytosis of the vesicular NGF from the cell. Blochl (1998) showed that 

some of the plasma membrane proteins needed for NGF release are also necessary 

for neurotransmitter exocytosis. However, the molecular mechanisms of NGF and 

neurotransmitter release differ as NGF release is Ca '̂" independent and Na^ 

dependent and neurotransmitter release is Ca^”̂ dependent (Blochl and Thoenen, 

1995). The identities of the vesicle membrane proteins involved in NGF release 

have not yet been fully deduced.

1.1.5 Other Neurotrophins
Since the discovery of NGF in the 1950's (Levi-Montalcini and Hamburger, 1953) 

other closely related proteins which function in a similar manner have been 

identified. Collectively known as the neurotrophins, they constitute a class of 

secretable proteins, which promote the survival of neurons. The family now contains 

NGF (Levi-Montalcini and Hamburger, 1953), brain-derived neurotrophic factor 

(BDNF; Leibrock et al,  1989), neurotrophin-3 (NT-3;Hohn et a l ,  1990), 

neurotrophin 4/5 (NT 4/5; Berkemeier et al, 1991), neurotrophin-6 (NT6; Gotz et 

al., 1994) and a novel neurotrophin, cloned from carp and called neurotrophin-7 

(NT-7) which was identified by Lai and co-workers (1998).

1.2 NGF Receptors 

1.2.1 Background
It is now apparent that NGF may fulfil roles in the nervous and endocrine 

systems (Levi-Montalcini et al, 1996) as, in addition to neurons, NGF responsive 

cells include mast cells (Horigome et al,  1993), keratinocytes and melanocytes (Di 

Marco et al, 1993; Yaar et al, 1993). The reason that such a diverse group of cell
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types can respond to a single ligand is because they all have receptors for NGF. Two 

classes of NGF receptor have been identified; a high affinity receptor (HNGFR) and 

a low affinity receptor (LNGFR). These were identified in experiments which set 

out to characterize the NGF receptor in chick embryo sensory neurons (Sutter et al, 
1979).

1.2.2 TrkA

Meakin and Shooter (1991) determined that the HNGFR was a receptor 

kinase as it could phosphorylate tyrosine substrates and antiphosphotyrosine 

antibodies could precipitate the receptor. The HNGFR is now known to be a product 

of the trk proto-oncogene, a 140kDa-protein tyrosine kinase called trkh, which spans 

the neuronal membrane (Kaplan et al., 1991 (B)). TrkA expression has been shown 

to occur in the hippocampus of adult rats which is of particular significance for the 

present study (Lee et al., 1998).

1.2.2.1 TrkA Structure

The extracellular portion of trkA is responsible for neurotrophin binding and 

it primarily binds NGF but can bind NT-3 (Belliveau et al., 1997). The structure of 

the extracellular portion of trkA is characterized by 5 domains, labelled 1 to 5, of 

which domain 1 and 3 are cysteine clusters separated by a leucine rich domain, 

called domain 2 and there are two immunoglobulin like domains which are called 

domains 4 and 5 (Schneider and Schweiger, 1991). Domain 5 is important in 

binding NGF (Wiesmann et al., 1999). Site directed mutagenesis has identified 

individual amino acids within domain 5 which are important in ligand binding; one 

study by Urfer and co-workers (1998) indicated that substitution of alanine residues 

with other amino acids caused a 5-fold decrease in ligand binding. The amino acids 

of domain 5 of trkA  fold to make two p-sheets, termed ABED and GFCC, with

strands of both sheets hnked by a short helical segment (Ultsch et al, 1999). The p-

sheet, ABED, is vitally important in determining the specificity with which trkA 

binds NGF (Ultsch et al., 1999).
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1.2.2.2 TrfcA activation

The mechanisms employed by trkA to initiate intracellular signalling via its 

tyrosine kinase domain were studied extensively in the rat pheochromocytoma cell 

line PC-12 (Greene and Tischler, 1976) as these cells express trkA  (Kaplan et al., 

1991 (B)). The activation of trkA  in PC-12 cells leads to their differentiation into 

postmitotic cells which bear a resemblance to sympathetic neurons (Greene and 

Tischler, 1982). It is thought that this morphological change occurs due to activation 

of immediate early genes, a downstream ramification of trkA activation, which may 

code for transcription factors and which subsequently activate delayed genes. Before 

trkA can initiate such kinase cascades NGF must activate it. Upon NGF binding, 

trkA monomers dimerize. This homodimerization leads to the activation of tyrosine 

kinase activity (Jing et al., 1992). Both receptor molecules within the dimer 

phosphorylate and thus activate each other (see Heldin, 1995). Tyrosine residues are 

phosphorylated and increase the catalytic activity of the tyrosine kinase domains 

(Mitra, 1991). Initially there are three tyrosine residues which are phosphorylated 

outside the catalytic domain (Middlemas et al., 1994; Stephens et at., 1994). The 

phosphorylated trkA  thus serves as a transducer of extracellular stimuli, ligand 

binding, into intracellular signalling. The propagation of intracellular signals utilizes 

protein phosphorylation.

1.2.2.3 Protein Phosphorylation / Dephosphorylation

Protein phosphorylation is one of the major methods used by cells to regulate 

protein function. It is a ubiquitous method of regulation used in cells throughout the 

body and it is documented as being important in the regulation of neuronal function. 

Some of the proteins which are regulated by phosphorylation are involved in 

neurotransmitter biosynthesis, cyclic nucleotide metabolism and the regulation of 

transcription and translation (see Browning et al., 1985)

Protein phosphorylation involves the addition of a phosphoryl group to 

serine, threonine and, more recently discovered, tyrosine residues (Hunter and 

Sefton, 1980). Reports have indicated that only 10% of total amino acid 

phosphorylation are on tyrosine residues (Rostas and Sim, 1997). Protein kinases 

catalyze the addition of a phosphoryl group, which is transferred from A lP  (or 

sometimes GTP), to the side chain of the amino acid residue (Walsh et al., 1979).
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Protein kinases were traditionally separated into two distinct families, one family 

whose members can catalyze the phosphorylation serine/threonine residues and one 

family where members exclusively phosphorylate tyrosine residues. The first 

tyrosine kinase to be identified was the gene product of the viral oncogene v-src 

(Hunter and Sefton, 1980). More recently, dual specificity kinases, which can 

phosphorylate serine/threonine and tyrosine residues have been discovered (Lindberg 
et al., 1992).

Protein phosphatases, enzymes which catalyze the removal of a phosphoryl 

group from amino acids are a family of proteins which dephosphorylate serine or 

threonine residues (see Cohen, 1989). Protein tyrosine phosphatases (PTPs) 

dephosphorylate tyrosine residues (see Tonks and Charbanneau, 1989) and dual 

specificity phosphatases dephosphorylate both threonine and tyrosine residues of 

dual phosphorylated kinases (Qian et al., 1994).

1.2.3 TrA:A signalling

TrkA  signalling relies on the ability of activated receptors to initiate and 

partake in phosphorylation cascades. These signalling pathways can be classified as 

Ras-dependent or Ras-independent.

1.2.3.1 Ras-dependent pathways

Ultimately, trkA phosphorylation can lead to gene transcription by regulating 

the actions of transcription factors such as ELK-1 and CREB (cyclic adenosine 

monophosphate (cAMP) dependent cyclase response element binding protein) and 

hence, regulating the transcription of immediate early genes and delayed response 

genes (Treisman, 1992). Several of the delayed response genes encode proteins 

needed in the PC-12 cell differentiated phenotype, for example voltage dependent 

ion channels (Dichter et al., 1977). To achieve the activation of genes, trkA  must 

initiate a signalling pathway. One of the proteins which interacts with 

phosphorylated trkA is She, an adapter protein which contains a structural motif 

termed a Src homology 2 (SH2) domain (Kremer et al., 1991). She belongs to a 

family of proteins which have SH2 domains. These domains can bind to 

phosphorylated sequences (see Schaffhausen, 1995) and so She can interact with
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trkA and initiate a signal transduction pathway known as the Ras-MAP kinase 

pathway (see Fig. 1.1).

She, when bound to activated trkA., becomes a substrate for the kinase 

function of the receptor. She, when phosphorylated, is bound by another SH2 

containing protein, Grb2 (Rozakis-Adcock et a l, 1992). Grb2 is constitutively 

bound by its SH3 domain to the Ras-GTP exchange factor, which is named SOS 

(Gale et al., 1993). This leads to Ras, which is a farnesylated protein which 

associates with plasma membrane via its lipid tail (Casey, 1995), becoming activated 

by SOS. This pathway, from trkA  to Ras links the receptor to the MAP kinase 

pathway.

Ras activation initiates signal transduction through the MAP kinase pathway. 

Thus, Ras activates members of the mitogen-activated protein (MAP) kinase family, 

members of which are serine/threonine kinases and include extracellular signal- 

related kinases (ERK) (Hoshi et al., 1990) and the stress activated kinases JNK and 

p38 (see Cohen, 1997). Two signal transduction steps occur between Ras and MAP 

kinase activation. These involve the phosphorylation of MAPKKK or Raf-1 

serine/threonine kinases by Ras and subsequently the activation of MAPKK or MEK 

dual specificity kinase. ERK, a member of the MAP kinase activated by MEK, has 5 

isoforms (Lee et al., 1995), two of which, the 44kDa ERKl and the 42kDa ERK2 are 

best known. ERK isoforms need phosphorylation of both threonine and tyrosine to 

function (Anderson et at., 1990). Following phosphorylation, ERK translocates to 

the nucleus (Chen et al, 1992). ERK substrates are diverse and they include 

transcription factors ELK-1 (Whitmarsh and Davis, 1996) and the RNA polymerase 

II (Dubois et al., 1994).

1.2.3.2 Ras-independent pathways
Initially, it was thought that signal transduction involving trkK only operated 

through the Ras pathway via Src but it has been shown now that there are signal 

transduction pathways which are independent of this. These include the activation of 

PLC-y and PI3 kinase by trkA.

TrkA  phosphorylation induces the formation of a complex around the 

receptor which includes PLC-y (Torres and Bogenmann, 1996). This association of

receptor and PLC-y cleaves phosphatidylinositol -4,5-bisphosphate to make

7



Fig 1.1 Signalling by Neurotrophic Factors
The Ras-Map kinase pathway activated by neurotrophins regulates gene 

expression. Neurotrophins bind to trk receptors, leading to dimerization and 

autophosphorylation. The linker She binds to tryosine phosphorylated trk and 

a Grb2-Sos complex, which in turn activates Ras by replacing GDP with GTP. 

Activated Ras interacts and activates the serine-threonine kinase Raf. The 

activated Raf leads to the sequential activation of MEK and the MAP kinase- 

ERK. Phosphorylated ERK translocates to the nucleus, where it 

phosphorylates transcription factors such as ELK-1. (From Segal and 

Greenberg, 1996).
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diacylglycerol, which can stimulate protein kinase C (PKC; Berridge, 1993) and 

inositoltrisphosphate (IP3), which releases Câ '*' from internal stores (Beminger et al, 
1993).

PI3 kinase can phosphorylate serine residues on the 3' position of an inositol 

ring. The phosphorylated lipids generated by PI3 kinase may regulate other kinases 

such as Akt or protein kinase B (Burgering and Coffer, 1995) and proteins needed in 

vesicle trafficking (Schu et al., 1993).

1.2.4 p75

The LNGFR was not as easy to characterize as the high affinity neurotrophin 

receptor as it lacks a tyrosine kinase domain. The LNGFR is now named p75, and it 

belongs to a family of 10 molecules including FAS/APO-l and TNFR 1 and 2 {Frade 

and Barde, 1998). p75 and trkA  are both localized in basal forebrain neurons 

(Steininger et al., 1993) and the hippocampus (Lee et al., 1998).

1.2.4.1 p75 Function

The function of p75 in neurons is debatable. Some studies indicate that 

mutant NGF, which cannot bind p75 but can bind trkA, can still elicit biological 

effects (Ibanez et al., 1992). However, other reports indicate that p75 and trkA act 

together in forming a high-affinity binding site for NGF and thus inducing signal 

transduction (Hempstead etal., 1991). More recently p75 has been implicated in the 

induction of cell death in the retina (Von Bartheld et a l,  1994) but only in the 

absence of trkA expression. It is thought that trkA is not expressed in the early 

development of the retina and so the apoptotic response of the retinal cells to NGF is 

limited to this time. Bono and co-workers (1999) have shown that NGF is anti- 

apoptotic when it interacts with trkA in neuroblastoma cells but when these cells 

express more p75 than trkA, which they do in a cycle phase-specific manner, then 

NGF can cause apoptosis. The authors suggested that trkA mediates anti-apoptotic 

signalling and p7 5  pro-apoptotic responses to the same ligand.
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1.2.5 Other neurotrophin receptors

Other neurotrophin receptors have been identified, trkB (Klein et a l, 1989) 

and trkC (Lamballe et a l, 1991). Studies using cell lines have revealed that trkh 

primarily binds NGF, trkB binds BDNF and NT-4/5 and trkC binds NT-3 (see 

Barbacid, 1994; see Figure 1.2). The fifth, Ig-like domain of trkh, B and C share 41- 

44% sequence identity (Ultsch et al., 1999). p75, the low affinity neurotrophin 

receptor may assist the trk receptors by helping them discriminate between their 

specific ligands and other neurotrophins. Thus, trkh  is more likely to bind NT-3 

when NT-3 binding to p75 is prevented (Benedetti et al., 1993) and a mutant NT-4/5 

protein, which cannot bind p75 has been shown to bind and initiate signalling via 

trkB less efficiently than wild-type NT-4/5 (Ryden et a l, 1995). As trk genes can be 

spliced giving a variety of transcripts, a number of functionally different receptor 

proteins can be produced including one variant of trkB which lacks kinase function 

(see Barbacid, 1994).

1.3 The Hippocampus
1.3.1 Background

Evidence which documents the role of the hippocampus in memory and 

learning is now abundant. The structure of the hippocampus is well defined. There 

are four regions within the two C-shaped interlocking cell body layers (see Figure 

1.3). These regions are the dentate gyrus, the hippocampus proper (including areas 

CAl, CA2, CA3), the subiculum (including the parasubiculum, the presubiculum and 

the subiculum) and the entorhinal cortex. The connections between these regions are 

largely unidirectional. In the hippocampus there are three major excitatory pathways 

and these are referred to as the trisynaptic pathway (see Anderson, 1987). These 

pathways are (1) the perforant pathway, which consists of axons of the cells of the 

entorhinal cortex which synapse with the granule cells of the dentate gyrus (2) the 

mossy fibre pathway, which consists of the axons of the granule cells of the dentate 

gyrus which synapse with the pyramidal cells of the CA3 area and (3) the Schaffer 

collateral, axons of the pyramidal cells in the CAS area which syanpse with the 

pyramidal cells in CAl (see Figure 1.3)
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Fig 1.2 Growth factors and their receptors

The actions of neurotrophins depend on interactions with trk tyrosine 

kinase receptors. Neurotrophins interact with tyrosine kinase receptors of the 

trk class. The diagram illustrates the interactions of members of the 

neurotrophin family with distinct trk proteins. Strong interactions are depicted 

with solid arrows; weaker interactions with broken arrows. In addition, all 

neurotrophins bind to a low-affinity neurotrophin receptor p75. Abbreviations: 

NGF = nerve growth factor; NT = neurotrophin; BDNF = brain-derived 

neurotrophic factor. (Adapted from Reichardt and Farinas, 1997 by Kandel et 

al, 2000)
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1.3.2 The role of the hippocampus

The initial evidence which suggested that the hippocampus was involved in 

memory formation and learning were based on clinical reports, for instance, in 1957 

Scoville and Milner reported that an epileptic patient, H.M., who had undergone 

bilateral hippocampal removal as treatment was subsequently left with anterograde 

amnesia. More recently, evidence for a role for hippocampus in memory was 

elucidated using non-invasive but direct imaging techniques of magnetic resonance 

imaging and positron emission topography. These techniques charaterized blood 

flow and oxygen use in the hippocampus and identified that these parameters 

fluctuated during learning tasks (Squire et al ,  1990; 1992). The hippocampus 

became the focus of research which examined the physiological mechanisms which 

underpin memory and learning following the observation by L0mo in 1966 that a 

single, short test shock, following an initial period of conditioning test shocks to the 

perforant path, yielded a potentiated or lengthened response in the dentate gyrus. 

Further examination of this response led to the identification o f a form of synaptic 

plasticity in the hippocampus known as long-term potentiation (LTP; Bliss and 

L0mo, 1973)

1.4 Long-term potentiation

1.4.1 Background

The publication in 1973 of a paper by Bliss and L0mo (1973) which reported 

that the size of recorded extracellular field potentials in dentate gyrus were 

potentiated for several hours following a short, high frequency train of stimuli 

subsequently inspired much research which focuses on long-lasting changes in the

efficacy of synaptic transmission.

Much of this research which examines LTP has sought to characterize how it 

is expressed, what molecules are involved and how it can be impeded. The interest 

taken in this process of characterization of LTP has seen the amount of publications 

which report about some aspect of the subject increase from 12 publications during 

1975 to 1979, to an estimated 1800 publications during 1995 to 1999 (see Sanes and 

Lichtman, 1999). The popularity of examining LTP in the hippocampus may stem 

from the well-defined structures in which the electrophysiological measurements are 

made. For instance, the perforant path-dentate gyrus granule cell synapses present
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Fig 1.3 Anatomy of the hippocampus

A transverse section through the hippocampus of the rat. Inputs reach the 

hippocamus from the entorhinal cortex through the perforant path (1), which 

makes synapses with the dendrites of the granule cells of the dentate gyrus and 

also with the apical dendrites of the CAS pyramidal cells. The dentate granule 

cells project via the mossy fibres (2) to the CA3 pyramidal cells, which in turn 

project via the Schaffer collaterals to the CAl area. CAl contains pyramidal cells 

which send axons (4) to the subiculum.
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numerous advantages to the researcher examining LTP. Both the perforant path 

fibers and the granule cell dendrites on which they synapse are easy to locate with 

stimulating and recording electrodes respectively. The activity of granule cells can 

be measured by placement of the recording electrode in the molecular layer of 

dentate gyrus. This gives a recording of the extracellular field potential which (1) 

has a large signal-to-noise ratio, due to the recording being a sum of signals 

generated by a large number of individual cells of the same type and (2) is quite 

stable for many hours (Barnes, 1979)

The position of the recording electrode gives a number of responses which 

are characteristic of the area of the hippocampus from which the recording is being 

taken. Figure 1.4 (A) shows a diagrammatic representation o f the hippocampus with 

the stimulating and recording electrode placement used to stimulate fibres of the 

perforant path and record the dentate gyrus response. Figure 1.4 (B) shows a 

diagrammatic representation of dendrites of the granule cells making contact with the 

perforant path. Figure 1.4 (C) shows the response in the synaptic layer (upper trace) 

and cell body layer (lower trace). The three components of this representative trace 

of a recording from the granule cell body layer are (1) the presynaptic fibre response, 

which may be due to the action potentials of the perforant path fibres (L0mo, 1971);

(2) the excitatory postsynaptic potential or the population epsp, this is the response 

associated with the flow of synaptic current around the granule cell (L0mo, 1971);

(3) population spike, the summed action potential of the granule cells (Andersen et 

a l ,  1971). The polarity and shape indexes of the recorded response will change by 

movement of the recording electrodes (See Figure 1.4 (C); From Bliss and L0mo, 

1973).

1.4.2 Properties of LTP

There are three basic properties of LTP. These are cooperativity,

associativity and input specificity.

Cooperativity describes the need for the tetanic stimulation which induces 

LTP to be strong enough to activate several excitatory synapses at the same place in 

a short time (McNaughton et a l ,  1978). Therefore, LTP induction depends on 

delivery of a stimulus to a certain threshold, below which LTP is not induced. This 

property was shown to hold in LTP in dentate gyrus (McNaughton et a l, 1978) and
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Fig 1.4 A diagrammatic parasagittal section through the
hippocampal formation

(A) A diagrammatic section through the hippocampal formation, showing a 

stimulating electrode placed beneath the angular bundle (ab) to activate the 

perforant path fibres (pp), and a recording microelectrode in the molecular 

layer of the dentate area (AD).

(B) The region enclosed in the rectangle in (A) is enlarged to show the apical 

dendritic field of the granule cells, with the perforant path fibres confined to 

the central one third of the field.

(C) The population responses evoked by a strong perforant path volley in the 

synaptic layer (upper trace) and in the cell body layer (lower trace) are 

displayed. The spots (lower trace) mark the peaks between which the 

amplitude of the population spike was measured. (From Bliss and L0m o, 

1973)
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CAl pyramidal cells (Lee, 1983). Associativity is the property of LTP which 

describes the ability of a weak input to be potentiated if a convergent but separate 

strong input is active at the same time (McNaughton et a l, 1978). Input specificity 

is the property of LTP which describes the observation that potentiation occurs only 

in inputs which are active at the time of stimulation (Lynch et al., 1977). This 

property of LTP mirrors the Hebbian property believed to be the basis of associative 

learning (Cotman et al., 1988).

1.5 Induction of LTP

1.5.1 Methods of Induction

One method used to induce LTP is the delivery of a train or volley of stimuli 

to the afferent fibres of an excitatory synaptic pathway. The tetanus delivered is 

typically a train of 50-100 stimuli at lOOHz or more to the pathway of interest. This 

is a reliable method of induction; two other methods employed which use fewer 

stimuli are primed-burst stimulation (Rose and Dunwiddie, 1986) and theta-burst 

stimulation (Larson et al., 1986).

There are methods of induction other than electrical which produce long- 

lasting changes in the efficacy of synaptic transmission in vitro. When intracellular 

concentrations of Câ "̂  were elevated above normal concentrations in area CAl 

(Turner and Miller, 1982), CAS (Higashima and Yamamoto, 1985) and dentate gyrus 

(Williams and Bliss, 1988) long-lasting changes in the strength of synaptic 

transmission occurred. Activation of protein kinase C (PKC) by phorbol esters 

produced a long-term enhancement of synaptic transmission in area CAl (Malenka 

et al., 1986). Application of a wide range of molecules to hippocampal slices, 

including arachidonic acid (AA; Williams et a l, 1989) and tetraethylammonium 

(TEA), the channel inhibitor, caused potentiation (Aniksztein and Ben-Ari, 1991).

1.5.2 Role of NMD A receptor

N-methyl-D-aspartate (NMDA) is the name of a compound which acts as a 

ligand to one type of glutamate receptor in the brain. The NMDA receptor plays a 

major role in the influx of Câ '" into the cell under specific circumstances. It has been 

proposed previously that the induction of LTP requires co-activation of pre and 

postsynaptic elements (Hvalby et a l, 1987), but it may be likely that the final trigger
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for the induction of LTP is an increase in concentration of calcium postsynapticaliy 

(see Bliss and Collingridge, 1993). Glutamate, the neurotransmitter which acts as a 

ligand for many receptor types, is the endogenous ligand for NMD A receptors. Thus 

NMDA and non-NMDA receptors form a family of glutamate receptors within the 

superfamily of ligand gated ion channels. NMDA receptors have an associated 

channel which permits the entry, primarily of Câ '̂ , but also of Na'" and K’'. The 

receptor has a recognition site for glutamate while the channel contains a binding site 

for Mĝ "̂  ions which, when bound, provide a voltage-dependent block of the channel 

(Ascher-Nowak, 1988). Because of this Mĝ "" block of the channel, two events must 

occur simultaneously before the channel opens and allows ions into the cell. 

The membrane must be depolarized to expel the Mĝ "" ion from the channel and 

glutamate must bind the receptor to change the conformation of the channel and 

therefore open it. The NMDA receptor thus acts as a coincidence detector as the 

associated channel only functions when there is a presynaptic release of transmitter 

and a concurrent postsynaptic depolarization. The application of NMDA receptor 

antagonists such as 2amino-5-phosphopentanoate (APV) has been shown to prevent 

the induction of LTP of the Schaffer Collateral-commisural pathway (Collingridge et 

al., 1983). Inhibition of the function of the NMDA receptor associated channel by 

MK-801 also inhibits LTP (Coan et al, 1987). These studies indicate the importance 

of NMDA receptors in LTP induction, but NMDA receptor activation is not 

sufficient to trigger LTP as the application of NMDA does not induce LTP but does 

induce short-term potentiation (STP; Kauer et al., 1988)

Ion sensitive electrodes have been used to examine the Ca  ̂influx into the cell 

following NMDA receptor activation (Biirhle and Sonnhof, 1983). Entry of Ca '̂" 

through NMDA channels is not the only mechanism of Câ "" influx during LTP 

induction, voltage-dependent Ca^  ̂ channels have also been implicated, and by 

extension, they play a role in the regulation of biochemical processes, such as Ca^+ 

signalling, which are necessary for LTP induction (Lynch and Baudry, 1984).

1.5.3 Role of Calcium

The importance of Câ '" in the induction of LTP has been demonstrated in 

studies which show that the application of Câ "" is sufficient to form a potentiation in 

area CAl in slice preparation (Turner et al., 1982) and which show that a Câ ""
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chelator, EGTA, when injected into the pyramidal cells blocked LTP in area CAl 

(Lynch et a l ,  1983). This evidence, in association with the previously discussed role 

which NM DA receptor activity plays in inducing LTP, indicates that Ca'^s integral 

to the expression of LTP. Because both calcium-induced and tetanus-induced LTP 

lead to an increase in transmitter release, it was postulated that they may share a 

common mechanism of action (Bliss et al., 1986). However, NM DA activation 

alone does not induce LTP (Kauer et a l ,  1988). This means that Câ -" release from 

intracellular stores augments NMDA receptor mediated influx. This is 

supported by experimental evidence which shows that thapsigargin, a drug which 

depletes intracellular stores o f Câ ,̂ decreases the transient increase o f [Câ "̂ ] 

associated with NMDA receptors activation (Alford et al., 1993). Thapsigargin was 

shown to inhibit LTP induction (Bortolotto and Collingridge, 1993), which implies 

that release of the Câ '̂  from intracellular stores are important for expression o f LTP, 

It is presumed that Câ "̂  regulates the activity o f kinases in the postsynaptic cell such 

as protein kinase C (PKC) and Ca^VcalmoduIin kinase II activity which partake in 

the intracellular signalling. This will be discussed later,

1.5.4 Role of mGluR

Another class of amino acid receptors, the metabotropic glutamate receptors 

(mGluR) may, through their induction o f signalling pathways when activated, play 

an important role in LTP induction which parallels the activation o f NM DA  

receptors. mOluRs differ from NMDA receptors as they mediate their cellular 

effects via a pertussis toxin sensitive G-protein to which they are coupled (Sugiyama 

et a l ,  1987). Eight mGluR subtypes were identified by 1992 (see Nakanishi, 1992). 

Evidence which suggests that mGluRs have a role to play in the induction o f LTP 

was generated by studies which used pharmacological inactivation of mGluRs to 

inhibit LTP induction, but not, noticeably, STP induction (Bashir et a l ,  1993). The 

role which mGluRs play in LTP may centre on their ability, via the G-protein, to 

activate phospholipase C-y (PLC-y) and phospholipase Aj (PLAj) and adenylate

cyclase. PLC metabolizes phosphoinositol (Curtis et al., 1960) producing the second 

messenger inositol-4,5 -bisphosphate (IP3) and diacylglycerol (DAG ). PLAj 

generates arachidonic acid (AA), which will be discussed later, and adenylate

14



cyclase (Tanabe et al., 1992) results in increased formation of cAMP, a secondary 
messenger.

1.6 Maintenance of LTP

1.6.1 Background

influx and release from intracellular stores are necessary postsynaptic 

mechanisms involved in LTP induction. For LTP maintenance to occur, however, it 

is likely that post and presynaptic cellular mechanisms are employed.

1.6.2 A Case for Presynaptic Mechanisms

Evidence for an enchanced release of neurotransmitter, which would suggest 

a role for the presynaptic terminal in LTP, was documented by Skrede and Malthe- 

S0renssen (1981). They reported that [^H] D-aspartate release was increased 

following the activation of commisural fibres to CAl pyramidal cells in hippocampal 

slice preparation. Release of newly synthesized ^H-glutamate in dentate gyrus was 

found to increase following the delivery of tetanic stimulation to the perforant path 

(Dolphin et al., 1982). An increase in endogenous glutamate release was reported to 

be associated with maintenance of LTP and when LTP was blocked, the LTP- 

associated increase in glutamate release was also blocked (Bliss et a l ,  1986; 

Errington et a l ,  1987). Two groups (Mahnow and Tsien, 1990; Bekkers and 

Stevens, 1990) used quantal analysis to estimate that increased glutamate release 

may play a role in LTP. It must be recognized that evidence to the contrary, 

primarily established in studies of LTP in CA l, indicate that no increase in 

neurotransmitter release was necessary for LTP, have been published (Aniksztejn et 

a l,  1989).

Attempts have been made to characterize the conditions needed for enhanced 

neurotransmitter release to occur. Release is prompted by depolarization and is Câ "" 

dependent as these conditions induced an increase in radiolabelled glutamate release 

following the induction of LTP in dentate gyrus (Lynch et al., 1985). Thus, the 

reason for increased glutamate release in LTP may be due to increased intracellular 

[Ca '̂'] caused by enhanced Ca^”" influx and/or enhanced release from intracellular 

Ca^’̂ stores. Enhanced release of Câ '*' from intracellular stores may be the result of 

the second messenger IP3, which liberates Câ '̂  from intracellular stores, and is
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activated by PLC, an enzyme which is activated by the induction of LTP in dentate 

gyrus (McGahon and Lynch, 1998). Another factor which may increase glutamate 

release in LTP is the increased phosphorylation of proteins which affect the 

mobilization, docking and fusion of vesicles, for instance, the Ca '̂ -̂calmodulin 

Kinase phosphorylation of synaptophysin, a vesicle membrane associated protein, is 

associated with increased neurotransmitter release in cerebrocortical synaptosomes 

(Rubenstein et al., 1993). This will be discussed in detail later.

1.6.3 A role for postsynaptic mechanisms

Reports which focus on LTP in area CAl of the hippocampus indicate that 

LTP maybe purely postsynaptic. This is in complete contrast to the studies of LTP in 

dentate gyrus which report that glutamate release increases in association with LTP. 

Some of the reported mechanisms which are considered to play a role in maintenance 

of LTP in area CAl are alterations in glutamate receptor number (Baudry et al., 

1980) and an increased AMPA receptor mediated component of epsp (Kauer et al, 

1988). The AMPA receptor is a type of non-NMDA ionotropic receptor which takes 

its name from an agonist, a-amino-3-hydroxy-5-methyl-4-isoazoIepropionate

(AMPA). An increased AMPA receptor mediated component of the synaptic 

response may arise from the ability of protein kinases to modulate AMPA receptor 

function. Protein kinases have been shown to modulate AMPA receptor function, for 

instance, protein kinase A (PICA) can increase AMPA receptor function (Wang et al., 

1991). Recent evidence suggests that the increase in the synaptic response may be 

due to the uncovering of previously "silent receptor". This theory has been referred 

to as the "silent synapse" theory and is based on the assumption that some synapses 

do not express AMPA receptors (only NMDA receptors) but following tetanic- 

stimulation AMPA receptors are inserted into the membrane by a type of exocytosis. 

The NMDA receptor may be modulated postsynaptically to increase their input into 

LTP maintenance. Evidence of tyrosine phosphorylation of NMDA receptor subunit 

2B may increase NMDA response following LTP (Wang and Salter, 1994)

1.6.4 Retrograde Messenger

Although experimental evidence from area CAl demonstrates that 

postsynaptic mechanisms may be largely responsible for the expression of LTP, it
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seems likely that both pre and postsynaptic mechanisms are needed for maintenance 

of LTP in dentate gyrus. The proposal that the induction of LTP in dentate gyrus 

depends upon postsynaptic mechanisms and maintenance of LTP relies, in part, upon 

enhanced release of glutamate suggests that an intracellular messenger may be 

needed to communicate between postsynaptic neurons and presynaptic terminals to 

ensure a persistent increased transmitter release (Bliss et a i ,  1986). At least 3 

criteria are required of a retrograde messenger in LTP; firstly, it must be in the 

perfusate following induction of LTP, secondly, it must exert some action on the 

presynaptic terminal of the synapse and thirdly, it must be released from the 

postsynaptic site. Further criteria may be that the enzyme substrates necessary for 

the production of the retrograde messenger are present postsynaptically and that 

inhibition of the action of the retrograde messenger should block the expression of 

LTP. Several candidate retrograde messengers have been proposed.

1.6.4.1 Arachidonic Acid

Arachidonic acid (AA) is a polyunsaturated fatty acid which has been shown 

to act as an intracellular messenger in sensory neurons of Aplysia (Wu and Schacher, 

1994). Evidence suggests that AA is released into synaptic cleft following induction 

of LTP in dentate gyrus-granule cell synapses (Lynch et a l, 1989). In an effort to 

assess the source of this AA, Clements and co-workers (1991) prepared purely 

postsynaptic, purely presynaptic and glial fractions and found that while there was no 

change in the latter two preparations, [AA] was significantly increased in 

postsynaptic membrane following induction of LTP. The author suggested that the 

AA found in the synaptic cleft may be derived from the postsynaptic region. This is 

consistent with the possibility that AA is a retrograde messenger as is the results 

from in vitro studies using cultured neurons demonstrated that AA was released into 

the extracellular medium following NMDA receptor activation (Dumuis et a i ,  

1988).

Studies which recorded the concentration of AA in perfusate collected from 

animals in which LTP was induced in vivo in perforant path-granule cell synapses 

found that there was an increase in the AA concentration, which was persistent for 

some time, but not of other fatty acids such as linoleic, linolenic, oleic, stearic or
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palmitic acids (Lynch et al, 1991). This may indicate that AA is found in the 

synaptic cleft following LTP induction.

The presynaptic effects of AA have been studied using synaptosomal 

preparations in which the effect of AA on glutamate release was measured. Lynch 

and Voss (1990) showed that AA increased potassium-stimulated glutamate release 

though at high concentrations. Low concentrations of AA enhanced glutamate 

release in synaptosomes prepared from dentate gyrus when co-applied with trans-1- 

amino-cyclopentyl-l,3-dicarboxylate (ACPD), a ligand for the metabotropic 

glutamate receptors (mGluR) which will be discussed in detail later (McGahon and 

Lynch, 1994). ACPD has been shown to cause a slowly developing form of 

potentiation (Bortolotto and Collingridge, 1993). Indeed, AA causes a similar 

potentiation of synaptic transmission (Williams et al., 1989). Interestingly, co

application of AA and ACPD caused an immediate increase in epsp amplitude in 

area CAl of hippocampal slices indicating a synergistic effect between both agents 

(Collins and Davies, 1993).

The presynaptic effects of AA may be mediated through PKC action since it 

has been shown in synaptosomes prepared from untetanized dentate gyrus that 

addition of AA increased PKC activity but this effect was occluded by prior 

tetanization (McGahon and Lynch, 1996).

1.6.4.2 Nitric Oxide

Nitric oxide (NO) is a product of NO synthase (NOS; see Bredt and Snyder, 

1994). The possibility that this membrane-permeable, diffusible gas, with a short- 

half life, may be a retrograde messenger was first suggested following the 

observation that NMDA receptor activation induced NO release in brain slices 

(Garthwaite et al., 1988). The demonstration that NOS activity was enhanced 

following an increase in Câ "" concentration in neurons (see Bredt and Snyder, 1994) 

indicated that a glutamate-induced increase in Ca^  ̂concentration, which occurs in 

the induction of LTP, is sufficient to trigger the production of this candidate 

retrograde messenger.

There is some debate as to what role NO plays in hippocampal LTP. Some 

groups have claimed that inhibition of NOS blocks the generation of LTP (O'Dell et 

at., 1991 (A); Schuman and Madison, 1991) but others have disputed this
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(Bannerman et a i, 1994). NO may only be necessary for the induction phase of 

LTP, as NOS inhibitors which are applied 20-30 minutes after tetanic stimulation fail 

to inhibit the already estabhshed LTP (O’Dell et al, 1991 (A)).

1.6.4.3 Carbon monoxide

Another diffusible, membrane-permeable gas, carbon monoxide (CO), may 

be necessary for LTP in the hippocampus (Stevens and Wang, 1993). A possible 

role for CO in LTP may be to act presynaptically and thus, to enhance glutamate 

release (Shinomura et al., 1994). To determine if inhibition of synthesis of CO could 

block established LTP in area CAl, inhibitors of the CO synthesizing protein, heme 

oxygenase (HO), were applied to hippocampal slices prior to, and following, LTP 

induction (Stevens and Wang, 1993). The results of this study suggested that the 

inhibition of HO and thus CO, prevented the induction of LTP and reversed LTP that 

was already established. In this respect, CO and NO differ as NO inhibition did not 

reverse established LTP ( O'Dell et al., 1991 (A)).

1.6.4.4 Platelet Activating Factor

Platelet activating factor (PAF) is a membrane-derived lipid which has been 

implicated as a retrograde messenger in LTP in area CAl (Kate et al., 1994). An 

unacetylated form of PAF, called lyso-PAF, is generated by the action of PLAj 

which also produces AA. Following acetylation of lyso-PAF (Bazan et a l, 1993), 

PAF is stored and released in brain during stimulation (Kumar et al., 1988). LTP is 

associated with a 9-fold increase above basal values of PAF in hippocampal slices 

(Wieraszko et al., 1993). PAF may be employed in LTP to produce an enhancement 

of glutamate release (Kato et al., 1994).

1.6.4.5 Neurotrophins

Neurotrophins and their receptors, unlike NO and CO, are not expressed 

ubiquitously and so they cannot be classified as retrograde messengers which 

strengthen synaptic transmission in general but must be considered to play a 

specialized or specific role. The body of evidence which suggests that neurotrophins 

are both regulated by, and play a role in, the enhancement of synaptic transmission is
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growing. Expression of BDNF in dentate gyrus is regulated by LTP as the mRNA 

levels of this neurotrophin are increased following tetanic stimulation (Castren et al.,

1993). NMDA receptor activation leads to increased expression of NGF mRNA and 

BDNF mRNA in granule cells of the dentate gyrus (Gall et al., 1991) and similar 

changes are observed following stimulation of the perforant path (Springer et at.,

1994). NGF plays a role in the regulation of glutamate release in synaptosomal 

preparations of rat hippocampus (Knipper et al., 1994) and NT-4/5 and BDNF 

increase synaptic activity in primary cultures of hippocampal neurons (Lessman et 

al., 1994).

Thoenen (1995) has suggested that NGF may be a retrograde messenger as it 

is released from dentate gyrus granule cells in response to both depolarization and 

glutamate receptor activation (Blochl and Thoenen, 1995). Consistent with this 

hypothesis are observations that NGF mRNA is increased following the induction of 

LTP in the dentate gyrus (Castren et al., 1993) and that NGF has been shown to 

increase glutamatergic transmission under certain conditions (Knipper et al., 1994; 

Kelly etal., 1998).

1.7 Protein Phosphorylation and LTP

1.7.1 Tyrosine Kinases and LTP

In 1991, O'Dell and co-workers (O'Dell et al., 1991 (B)) reported that 

inhibitors of tyrosine kinases blocked LTP in area CAl. This work was part of the 

general characterization of the molecular mechanisms which underlie LTP in this 

area. Previous studies had already shown that LTP in area CAl required serine and 

threonine protein kinase activation (Malinow et al., 1989)

Genistein and lavendustin A, inhibitors of protein tyrosine kinases (PTK) 

were shown to be potent inhibitors of the induction of LTP, but neither drug affected 

established LTP (O'Dell et al., 1991 (B)). Lavendustin A blocked LTP when 

injected into postsynaptic cells before the tetanus but not when bath applied (O Dell 

et al, 1991 (B)) suggesting that the inhibitory effect was due to an action of PTK in 

the postsynaptic cell. Similar findings were reported by Abe and Saito (1993) in the 

dentate gyrus. Herbimycin A and lavendustin A, inhibitors of tyrosine kinases, were 

found to inhibit LTP induction when injected intracerebroventricularly before tetanic
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stimulation but neither drug affected established LTP when administered after the 
tetanus (Abe and Saito, 1993).

The specific tyrosine kinases involved in the induction of LTP have not yet been 

identified but one group of candidates are the members of the Src family, Src, Fgr, 

Yes, Abl, Fps, Fes and Ros, all of which exhibit PTK activity (See Hunter and 

Cooper, 1985). An activator of Src, EPQ(pY)EEIPIA, has shown to produce a 

gradual and sustained increase in the slope of the epsp (Huang and Hsu, 1999). This 

enhancement of the synaptic response occluded the induction of tetanus-stimulated 

LTP. This is consistent with the observation that LTP in CAl was impaired in 

mutant mice, engineered by a homologous recombination in embryonic stem cells, 

which lack functional Src, Fyn or Yes proteins (Grant et a l,  1992). This impairment 

was not absolute as some slices had a reduced but long-lasting increase in synaptic 

strength. The impaired LTP was rescued in transgenic mutant mice which expressed 

Fyn by a transgene containing a fragment of Fyn B cDNA being injected into the 

nuclei of fertilized eggs of the Fyn- mutant mice (Kojima et al., 1997). The 

transgenic Fyn was expressed at high levels in these Fyn-rescued mice and LTP was 

similar in slices obtained from these mice and wild type mice (Kojima ef al., 1997).

One target protein for the PTK which is involved in synaptic plasticity is the 

NMDA receptor. The first indication that tyrosine phosphorylation modulated the 

activity of NMDA receptor was shown by Wang and Salter (1994). It was shown 

that Src increased NMDA currents as did the addition of orthovanadate, a protein 

tyrosine phosphatase inhibitor (Wang and Salter, 1994), The site of phosphorylation 

in the NMDA receptor was determined to be the 2A and 2B subunits (Rosenblum et 

al., 1996). Src has been shown to co-precipitate with the NMDA receptor (Yu et al., 

1997) so it is likely that this is the kinase which modulates NMDA phosphorylation.

The major presynaptic substrate for protein tyrosine kinases is synaptophysin 

(Pang et al., 1988). As synaptophysin may play a role in neurotransmitter release by 

partaking in the formation of a fusion pore (Thomas and Betz, 1990) it may be 

reasonable to suggest that phosphorylation of synaptophysin may contribute to 

glutamate release (Rubenstein et al., 1993) and therefore to the maintenance of LTP.

The downstream intracellular signalling cascades initiated by PTK activation 

has led to the identification of the mitogen-activated (MAP) kinase family member, 

the extracellular-signal regulated kinase (ERK), as being a key member of synaptic
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plasticity. ERK is phosphorylated on tyrosine and threonine residues (Her et al., 

1993). Tyrosine phosphorylation of ERK is increased following the induction of LTP 

(English and Sweatt, 1997). MAP kinase kinase (MAPKK) or MAPK-ERK kinase 

(MEK) is the kinase which dually phosphorylates ERK (Zhang and Guan, 1993). It 

is interesting to note that the MEK inhibitor PD98059 blocks LTP and the associated 

increase in glutamate release in dentate gyrus (McGahon et al., 1999). These data 

may indicate that presynaptic phosphorylation of ERK following the induction of 

LTP may lead to an increase in glutamate release. Recent reports have indicated that 

synapsin 1, a protein which tethers synaptic vesicles in a cytoskeletal meshwork, is a 

substrate of ERK (Jovanovic et al., 1996) and therefore one mechanism by which 

ERK could impact on release and thus, modulate LTP, is by phosphorylating 

synapsin 1.

1.7.2 Serine/threonine Kinase and LTP

As the induction of LTP in area CAl is blocked by general inhibitors of 

serine/threonine kinases (Malinow et al., 1989) and by the postsynaptic chelation of 

Câ '̂  (Lynch et al., 1983), a potential role for dependent protein kinases, such as 

PKC and Ca^'^-calmodulin Kinase (CaMKII), in LTP may be envisaged.

PKC is activated by phorbol esters, and this group of compounds can induce 

a form of potentiation (Malenka et al., 1986) which suggests a role for PKC in LTP. 

PKC inhibitors have been shown to prevent the induction but not the expression of 

LTP (Lovinger et al., 1987; Malinow et al., 1988). The role which PKC may play in 

the early stage of LTP may be presynaptically located as the phosphorylation of a 

presynaptic PKC substrate GAP-43 (or F1/B50) is enhanced in association with LTP 

(Lovinger et a l, 1987). Enhanced phosphorylation of GAP-43 may be associated 

with increased glutamate release (Dekker et al., 1990)while PKC activation by 

phorbol esters has also been shown to increase glutamate release from synaptosomes 

(Nichols et al., 1987). PKC may exert its effect on glutamate release by modulating 

Ca^  ̂influx into the presynaptic terminal as there is evidence that Câ "" currents are 

modulated by PKC in isolated presynaptic nerve terminals of the hippocampus 

(Bartschatt and Rhodes, 1995). This evidence, in conjunction with the observation 

that bath application, but not intracellular postsynaptic injection, of PKC inhibitors 

blocked LTP, shows that presynaptic activation of PKC is important in LTP
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induction. The late phase maintenance of LTP is associated with increased protein 

synthesis (Reymann et al., 1988). It has been proposed that PKC may enhance 

neurotransmitter release in the early phase of LTP maintenance and, after initiating 

protein synthesis, become obsolete in the later maintenance phase.

CaMKII is a Câ '" and calmodulin regulated serine/threonine kinase which, 

reports suggest, is involved in the induction and maintenance of LTP. Both Ca^”̂ and 

calmodulin (Wang and Kelly, 1995) potentiate the synaptic current and occlude 

subsequent induction of LTP suggesting the central role of CaMKII in LTP. CaMKII 

is inactive in its basal state. This is due to an autoinhibitory domain which imposes a 

steric inhibition of the substrate binding site. When Câ "̂  and calmodulin bind to 

CaMKII, the conformation of the protein changes and the inhibitory interaction 

between the autoinhibitory domain and the substrate-binding site is disrupted. 

CaM KII autophosphorylates and this activates its kinase function. 

Autophosphorylation promotes the association of CaMKII with NMDA receptors 

(Strack and Colbran, 1988) and decreases the dissociation rate of Câ "̂  and 

calmodulin (Braun and Schulman, 1995). In effect, this may mean that the activation 

of CaMKII allows it to interact with and modulate the activity of substrates that are 

critical in the induction of LTP, such as the NMDA receptor. Because CaMKII is 

deactivated slowly, due to a decreased dissociation of its regulatory molecules, it 

may act as a molecular memory for transient elevations of that are associated 

with LTP induction (see Bliss and CoHingridge, 1993). The induction of LTP in 

hippocampal slices results in the activation of CaMKII within 1 minute and the 

kinase retains this activity for at least 1 hour (Fukunaga et al., 1993). There is 

evidence to suggest that the enzymes remains in an active form in hippocampal slices 

following LTP induction even after the dissociation of Ca^  ̂(Fukunaga et a l,  1993). 

Activated CaMKII may phosphorylate glutamate receptors as CaMKII can enhance 

AMPA current (Soderling, 1993). Some presynaptic effects of CaMKII are reported, 

with increased phosphorylation of synapsin 1, a presynaptic substrate of CaMKII 

associated with LTP (Fukunaga et al., 1995). Another synaptic vesicle substrate for 

CaMKII is synaptophysin. CaMKII has been shown to increase phosphorylation of 

synaptosphysin and this was associated with increased neurotransmitter release in 

cerebrocortical synaptosomes (Rubenstein et al., 1993).

23



PKA is a cyclic adenosine 3',5’-monophosphate (cAMP) dependent kinase. 

PKA is postulated to modulate neurotransmitter release indirectly, by closing 

channels (Shuster et al., 1985), and directly, by affecting docking and fusion of 

synaptic vesicles (Byrne et al, 1993). The evidence which suggests that PKA is 

necessary in LTP centres on inhibition studies which show that blocking PKA 

function prevents LTP in hippocampal slices (Matthies and Reymann, 1993).

1.8 Neurotrophins and LTP

Initial studies which examined whether or not neurotrophins fulfilled a 

possible role in LTP focused on the most highly expressed neurotrophins in the 

hippocampus, that is BDNF and NT-3. Kang and Schuman (1995) reported that 

BDNF or NT-3 could potentiate synaptic transmission at Schaffer collateral-CAl 

synapses but this did not occlude LTP. However, evidence suggests that BDNF is 

needed in some capacity for the induction of LTP as BDNF knockout mice did not 

express LTP (Korte et al., 1995). LTP expression was rescued in these mice by the 

application of exogenous BDNF (Patterson et al., 1996).

NGF, the archetypal neurotrophin, has been shown to play a role in LTP in 

dentate gyrus; NGF mRNA expression was found to increase following the induction 

of LTP in dentate gyrus (Castren et al., 1993; Bramham et ah, 1996) and following 

the stimulation of the perforant path (Springer et al., 1994). Kelly and co-workers 

(1998) report that a mutant strain of inbred Wistar rats, the genetically hypertensive 

(GH) strain, which are deficient in both NGF and trJcA, fail to express LTP in dentate 

gyrus. This impairment was reversed with intraventricular injection of NGF. These 

results, suggesting an involvement of NGF in LTP are contrary to a report in area 

CAl (Tancredi et al., 1993). This may be because NGF and its receptor have low 

expression in area CAl (Gall et al., 1991; Vasquez and Ebendal, 1991).

1.9 Glutamate Release

1.9.1 Introduction
Glutamate is a major excitatory neurotransmitter in CNS. Evidence that 

glutamate was located in vesicular stores emanated from reports that release was Ca 

dependent (Sandoval et al, 1978) and that release of glutamate at neuromuscular 

junction of crayfish was quantal (Atwood et al., 1987). The quantal nature of
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neurotransmitter release was discovered by molecular work done by Patt, Katz and 

del Castillo (see Vautrin et al., 1992). The quantal nature of release meant that 

packets of molecules, not single molecules of neurotransmitter, were released. The 

quantum of neurotransmitter is packaged as a small organelle, called the synaptic 

vesicle, which is released at the active zone, the specialized zone of release, in the 

presynaptic terminal.

1.9.2 Proteins Involved in Exocytosis

Exocytosis of the synaptic vesicle contents requires many protein interactions 

which occur in the active zone between vesicle membrane associated proteins (v- 

SNAREs), plasma membrane associated proteins (t-SNAREs) and cytoplasmic 

proteins (the soluble NSF (n-ethylmaleimide sensitive factor) and SNAPs (soluble 

NSF attachment proteins)). Synaptobrevin, a v-SNARE protein and SNAP-25 and 

syntaxin, (t-SNAREs), interact to bring about vesicle docking, fusion and release.

The importance of the SNARE proteins, SNAP-25, syntaxin and 

synaptobrevin in exocytosis was highlighted by the discovery that neurotoxins from 

species of the bacterium Clostridia can inhibit neuronal exocytosis by specific 

proteolysis of the individual SNARE proteins (Galli et al., 1994). The studies which 

reported that exocytosis occurring in liposomes containing v and t-SNAREs showed 

that these proteins are the basic ingredients for exocytosis (Weber et al., 1998). The 

study of yeast homologues of mammalian SNAREs have demonstrated that these 

proteins are important in vesicle trafficking (Ferro-Novick and Jahn, 1994). Some of 

the Ca^  ̂ dependent regulation which is imposed on vesicle fusion may be derived 

from vesicle-membrane protein regulation by Câ "̂ . For instance, synaptotagmin, a 

vesicle membrane protein, has two Ca^  ̂regulated domains which are homologous to 

those in PKC and synaptotagmin knockout mice have been shown to have no 

dependent release of synaptic transmitter (Stevens and Sullivan, 1998).

1.9.3 Fusion Core
It is believed that SNAREs are not involved in the initial vesicle docking, which 

involves interaction of synaptic vesicle membrane and the synaptic plasma 

membrane, as disruption of SNAP-25 function by Clostridial neurotoxins does not 

affect docking of synaptic vesicles. SNAREs assemble in a 1:1:1 stoichiometry.
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SNARE complexes form by coiled-coil interactions of the a-helices of syntaxin,

SNAP-25 and synaptobrevin (Chapman et a l, 1995). The fusion complex formed 

may resemble viral fusion proteins but it is not yet known if the SNARE complex 

formation generates enough free energy by assembly of the fusion complexes to 

induce lipid mixing from the vesicle and plasma membranes.

1.9.4 Protein Phosphorylation

Protein phosphorylation can regulate the function of the SNAREs directly or 

indirectly, Phosphorylation of SNAP-25 decreased the amount of syntaxin 

immunoprecipitated with SNAP-25 indicating that the SNARE complex in vivo is 

inhibited (Shimazaki et al., 1996). a-SNAP, a cytoplasmic protein involved in

SNARE complex formation binds 10 times more weakly to the SNARE complex 

when phosphorylated (Hirling and Scheller, 1996). The function of MUNC 18, a 

cytoplasmic protein which downregulates SNARE complex formation (Pevsner et 

al., 1994) is inhibited by phosphorylation by PKC (Fujita et ah, 1998) and thus 

release is increased.

1.9.5 Release and LTP

The first evidence that glutamate was a neurotransmitter in hippocampal 

pathways was suggested in electrophysiological experiments. Excitatory responses 

or miniature epsp's were recorded in hippocampal neurons following application of 

glutamate (Dudar, 1974) and Nadler and co-workers (1976) showed that glutamate 

release was Ca^’" and stimulus dependent. In addition, the destruction of the perforant 

path was shown to be associated with a reduction in the concentration of glutamate in 

synaptosomes prepared from the dentate gyrus (Nadler and Smith, 1981). Finally, 

LTP was demonstrated to be associated with a persistent increase in newly 

synthesized glutamate (Dolphin et al., 1982).

1.10 Aging and LTP

1.10.1 Background
Aged animals exhibit an impairment in LTP (Barnes, 1979, Landfield et al., 

1978). Some reports indicate that epsp amplitude is reduced in LTP expressed in 

aged rats (Landfield et al., 1986) and that the induction of LTP is impaired (Lynch
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and Voss, 1994) other reports do not indicate this impairment in induction (Barnes, 

1979). While there is debate about this aspect of LTP, most studies agree that 

maintenance of LTP is impaired in aged rats, with an enhanced rate of decay of the 

LTP in dentate gyrus (deToledo-Morrell et al., 1985). Individual, rather than group, 

analysis reveals that some aged rats sustain LTP in response to tetanic stimulation, in 

a manner similar to young rats while others show a marked decrease in the ability to 

sustain LTP. This may be because age-related deficits which impact on the ability of 

rats to sustain LTP may, on an individual basis, range from mild to extreme. The 

mechanisms underlying the age-related deficit may include age-related changes in 

transmitter release, age-related changes in Ca^  ̂handling and membrane composition 

changes which occur with age.

1.10.2 Age-Related Changes on Neurotransmitter Release

An age-related decrease in the release of glutamate in synaptosomes prepared 

from the dentate gyrus has been reported (McGahon et al., 1997). This decrease may 

occur in association with a decrease in other neurotransmitters including 5- 

hydroxytryptamine (Friedman and Wang, 1989) and a diminished cholinergic 

transmission (Taylor and Griffith, 1993).

1.10.3 Age-Related Changes in Ca^”" Homeostasis

Câ "" homeostasis is critically important in neuronal function and one of the 

key steps in LTP induction is the influx of Ca^  ̂ via NMDA receptors upon 

depolarization (see Bliss and Collingridge, 1993). The molecular mechanisms which 

lead to age-related changes in Câ "" homeostasis in neurons, are not well 

characterized. Some reports indicate that there is no age-related increase in resting 

or KCl-stimulated intracellular Ca^  ̂concentration in cortical synaptosomes (Farrar et 

al., 1989) and some indicate a decrease in mitochondrial uptake of Ca^  ̂(Vitorica and 

Satrustegin, 1986).
Such a decrease in Ca^  ̂ concentration in neurons may have downstream 

consequence for Câ '*' regulated kinases, PKC and CaMKIL As was previously 

discussed, these serine/threonine kinases are critically important for LTP induction 

and early phase maintenance. The translocation of PKC from cytosol to membrane 

is seriously impaired in aged rats compared with young (Battaini et a l, 1995), this
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decreases the phosphorylation of substrates, with observed reductions in 

phosphorylation of GAP-43 (F1/B50) in the hippocampus of aged animals (Gianotti 

e ta l ,  1993).

1.10.4 Membrane Composition Changes

The concentration of one important constituent of membranes, the proposed 

retrograde messenger arachidonic acid (AA), is decreased in the aged rat brain (see 

Gaiti, 1989). This decreased concentration impacts upon membrane fluidity making 

the membrane more rigid. Analysis of tissue from aged-animals, which failed to 

sustain LTP, showed that two parameters, possibly coupled, were changed in 

comparison to young rats. These were AA concentration, which was decreased, and 

glutamate release, which was also, decreased (Lynch and Voss, 1994). Dietary 

supplementation with AA and its metabolic precursor 7-linoleic acids reversed the

age-related changes and, in parallel, the age-related impairment of LTP (McGahon ef 

al., 1997). This evidence suggests that AA was responsible, in some part, for the 

impaired LTP associated with aging.

1.11 Objectives of this study
The objective of this study was to examine the role that tyrosine kinase play in 

the expression of LTP in dentate gyrus and to assess whether or not NGF impacts 

upon this by modulating tyrosine kinase activity.

1 This study focuses on the regulation of presynaptic mechanisms, which may 

underlie LTP, by tyrosine kinases, therefore the effect of tyrosine kinase 

inhibitors on release of glutamate and intracellular calcium concentration in 

tissue from both untetanized and tetanized dentate gyrus was examined, as 

well as the intracellular signalling mechanisms which mediated this change.

2 This study analyzed the effect of NGF on intracellular signalling mechanisms.

3 Aging, which is associated with an inability to sustain LTP, was examined to 

identify if it is associated with an impairment in NGF signalling.
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Chapter 2
Materials and Methods



2.1 Materials

The full names and addresses of the sources listed below are given in Appendix III

Materials Source

Acrylamide

Anti-ACTIVE MAPK pAb 

Anti-phosphotyrosine antisera 

(polyclonal antiphosphotyrosine)

Anti-mouse PNGF antisera

(monoclonal anti-mouse IgG, clone 27/21) 

Anti-(3NGF antisera

(monoclonal anti-pNGF 27/21-p-galactosidase)

Anti-rabbit antisera 

Anti-/rfcA 

Anti-pan trk pAb 

Bio-Rad

P-mercaptoethanol

Bovine serum albumin (BSA)

Bromophenol blue 

[̂ 'Ca] CaClj
(Specific activity:77.7MBq/ml)

Cellulose acetate strips

Chlorophenol Red P-galactosidase (CPRG)

Cocktail-T

Coomassie brilliant blue

Sigma

Promega

Calbiochem

Roche Molecular 

Biochemicals

Roche Molecular

Biochemicals

Amersham

Calbiochem

Promega

Bio-Rad

Laboratories

Sigma

Sigma

Sigma

Amersham 

Sartorius 

Roche Molecular

Biochemicals

Lennox

Sigma
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Dimethyl sulphoxide (DMSO) 

Enhanced chemiluminescence (ECL) 

detection kit

Molecular weight markers 

Nerve growth factor (NGF) 

Nitrocellulose membranes 

Normal donkey serum 

Protein A-sepharose 

^^S-Methionine

(Specific activity: 37 TBq/mmol) 

Sodium Azide

Sodium dodecylsulphate (SDS) 

Sodium orthovanadate 

Streptavidin-horseradish 

peroxidase conjugate 

SuperSignal West Dura 

extended duration substrate 

3,3',5,5'-Tetramethyl-benzidine (TMB) 

Trichloracetic acid 

Triton X-100

Tyrosine phosphatase assay kit, 

non-radioactive

Tyrphostin AG879 

Urethane

Whatman filter paper 

All other chemicals

Lennox

Amersham

Amersham

Almone

Sartorius

Sigma

Sigma

New England

Nuclear

Sigma

Sigma

Sigma

Amersham

Pierce

Sigma

Sigma

Sigma

Roche Molecular

Biochemicals

Calbiochem

Sigma

Whatman

Sigma and

Lennox
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2.2 Animals

In this study, three strains of animals were used; W istar rats, normotensive 

(N) New Zealand Otago Wistar rats and genetically hypertensive (GH) New Zealand 

Otago Wistar rats.

The animals used in this study were generally supplied by the BioResources 

Unit (BRU) of Trinity College. These were all male, 3-4 months old, weighing 

between 200g and 350g. They were housed in groups of 6 . In studies which used 

aged rats, animals were between 22 and 24 months old, weighing between 500 and 

550g and were an inbred strain supplied by either the BRU of Trinity College or 

Charles River Laboratories, U.K. In these studies young rats were obtained from 

either BRU or Charles River Laboratories.

N and GH rats were obtained from breeding colonies in the BRU. The GH 

strain is descended from a single mating in 1955 between a buck and a doe from 

random bred normotensive albino colony which had above-average blood pressure 

(about 140mmHg systolic, tail-cuff method, light ether anaesthesia) at the 

Department of Medicine in the University of Otago, New Zealand. The N strain is 

the normotensive strain bred from the ancestral stock from which the GH rats were 

first selected, and N rats served as normotensive controls in experiments involving 

GH rats.

All animals were maintained under a 12 h light-dark cycle at a controlled 

temperature between 22 and 23°C. Rats had food and water constantly available.

2.3 Tissue preparation.
Rats were killed by cervical dislocation. Following decapitation, brains were 

removed quickly and placed on ice. Hippocampi, dentate gyrus or entorhinal cortex 

were dissected free.

2.3.1 Preparation of slices for freezing

Tissue slices were stored frozen according to the method of Haan and Bowen 

(1981). Freshly dissected tissue was sHced bidirectionally to a thickness of 350|im

using a M cllwain tissue chopper and rinsed in ice-cold oxygenated Krebs solution 

(composition: NaCl, 136mM; KCl, 2.54mM; KH2PO4, 1.18mM; Mg2S0 4 .7H2 0 , 

l.lBm M ; NaHCOj, 16mM; Glucose, lOmM) containing CaClj (final concentration;
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2mM) and allowed to settle. Slices were rinsed twice with ice-cold oxygenated Krebs 

solution containing CaCl^ (2mM) and dimethyl su lfox id e (DMSO; final 

concentration: 10% Krebs-DMSO). A final aliquot of Krebs-DMSO was added and 

the samples were frozen at -80°C until required for analysis. When required, slices

were thawed rapidly at 37°C, washed three times with ice-cold Krebs solution

containing CaCl2(2mM), Slices were used for analysis of NGF release.

2.3.2 Preparation of synaptosomes

Synaptosomes were either prepared from freshly dissected tissue or frozen 

slices. When using fresh tissue the crude synajftosomal pellet, Pj, was prepared by 

homogenising tissue in 1ml of ice-cold sucrose (final concentration; 0.32M) with 15 

up and down strokes. The homogenate was centrifuged at 5,000rpm for 5min at 4°C.

The supernatant was then removed and centrifuged for 15min at 15,000rpm at 4°C.

The resulting pellet, Pj, was a synaptosomally enriched preparation. In the case of 

frozen tissue, the slices were thawed rapidly by agitation at 37°C and rinsed 3 times

in excess fresh oxygenated Krebs’ solution containing CaCJj (final concentration; 

2mM) before proceeding to homogenise and spin to obtain P2 . Synaptosomes were 

used in the analysis of NGF release, glutamate release, calcium influx, western 

blotting.

2.4 Bradford assay for quantitation of protein
Protein concentration was assessed using the method of Bradford (1976). 

Samples (5|xl) were added to distilled H 2 O (155^1) and Biorad protein dye (40|il;

Biorad Laboratories) in a microfuge tube. Standards, ranging from 5 to 100[j.g/ml,

were prepared from stock solution of 200|ig/ml bovine serum albumin (BSA) to a

final volume o f 160|il. The standards were also mixed with Biorad protein dye

(40|il). All preparations were mixed and transferred to a 96-well plate. Absorbance

readings were made at a wavelength of 630nm using a Sigma Diagnostic EIA  

Multiwell reader. The concentration of protein in tissue samples was calculated from 

the regression line plotted from the absorbances of the BSA standards.
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2.5 Induction of LTP in vivo

2.5.1 Recording apparatus

The recording chamber consisted of a stereotaxic frame fixed to the bench, 

surrounded by a Faraday cage to isolate the signal from environmental interference. 

All instruments in the cage were grounded to eliminate 50Hz cycle noise.

2.5.2 Preparation of animals

Animals were anaethetized with urethane (1.5g/kg). Urethane was 

administered by intraperitoneal injection. Loss of consciousness was indicated by the 

absence of a pedal reflex. Scalp fur was trimmed before rats were placed in a head 

holder in a stereotaxic frame. A midline incision was made and the skin pulled back 

to reveal the skull. The periosteum was scrapped clean with a blade to allow 

identification  o f lam bda and bregma. In some experiments, an 

intracerebroventricular (icv) injection (coordinates; 0,5mm lateral to midJine and 

2.5mm posterior to bregma) of either genistein, K252a, phenylarsine oxide (PAO), 

tyrphostin AG879, pyrollidine dithiocarbamate (PDTC), hydrogen peroxide (HjOj) 

or saline was administered using a Hamilton syringe, 30min before tetanic 

stimulation. The effect of these drugs, volume and concentration used is presented in

Table 2.1.

Drug Name Cone. Vol. Mode of Action

Genistein 250^iM 5(il Inhibitor of tyrosine kinase function

K252a 200nM 5|il Inhitor of tyrosine kinase function

PAO lOO l̂M 5̂ 11 Phosphatase inhibitor

Tyrphostin AG879 500(lM 5|il Trk inhibitor

H2O2 200^lM 5|l11 Mediator of cellular damage
r rable 2.1
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2.5.3 Electrode implantation

A World Precision Instruments drill was used to remove a window of skull. 

The dura matter was peeled away to reveal the brain. A bipolar stimulating electrode 

(Clark Electromedical, U.K.) was placed in the perforant path (coordinates; 4.4mm 

lateral to lambda, initial depth of 2mm). A unipolar recording electrode (Clark 

Electromedical, U.K.) was placed in the dorsal cell body region of the dentate gyms 

(co-ordinates: 2.5mm lateral and 3.9mm posterior to Bregma, initial depth of 2mm). 

The evoked response of the 4V pulse of 0.1ms duration and 2ms delay generated by 

the stimulating electrodes were picked up by the recording electrode and displayed 

on a computer screen. The recording and stimulating electrodes were lowered from 

their initial depths to give a response of approximately 2mV in amplitude. The final 

positions were 2-2.5mm below the surface of the brain for the stimulating electrode 

and 4-5mm for the recording electrode.

2.5.4 EPSP recordings

The slope of population field excitatory postsynaptic potential (field epsp) 

was used as a measure of excitatory synaptic transmission in the hippocampus. An 

epsp was achieved by passing a single square wave pulse of current at low frequency 

(0.033Hz, 0.1s, 2ms delay), generated by a constant current isolation unit to the 

bipolar stimulating electrodes. The evoked response was transmitted via a pre

amplifier (gain 40) to an analogue-to-digital converter (Maclab/2e, Analogue Digital 

instruments). This was a digitalised system linked to an Apple Macintosh computer 

(Performa 200) which interfaced with the converter via a specifically written 

software package (Scope, version 3.36). It was customised to control both the 

generation of the square wave pulses and recordings of the evoked potentials. The 

field epsp was displayed on-line and could be analysed at the time of recording or a 

later date. The slope of the field epsp was taken as the main indicator of excitatory 

synaptic transmission. After an initial stabilization period test shocks every 30s were 

delivered for a lOmin control period to establish baseline recordings. This was 

followed by delivery of 3 trains of stimuU (250Hz for 200ms) at 30s intervals. 

Recording at test shock frequency then resumed for 40min. At the end of the 

recording period, tissue was harvested as described in section 2.3.1.
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2.6 Imunoprecipitation

In some experiments in order to assess protein phosphorylation on tyrosine 

residues, immunoprecipitation of proteins with anti-phosphotyrosine antibodies was 

undertaken prior to analysis of these samples by electrophoresis and western blotting.

2.6.1 Preparation of protein-A sepharose

Protein-A sepharose was prepared prior to immunoprecipitation by 

incubating Protein A sepharose suspension (125mg protein A sepharose/ml dHjO) in 

a microfuge tube for several hours at room temperature to allow swelling. Following 

centrifugation at 15,000rpm for Imin, supernatant was discarded. Distilled HjO 

(500jil) was added to resuspend the protein-A sepharose sediment.

2.6.2 Immunoprecipitation of proteins with anti-phosphotyrosine monoclonal 

antibody

Synaptosomes (Pj) were prepared as described previously, resuspended in Krebs 

solution containing CaClj (2mM) and protein concentrations established. Samples 

were diluted to ensure that equal protein concentrations were used in the subsequent 

experiment. Sodium dodecyl Sulphate (SDS, Sigma; 10 %, 5|xl) was added to

aliquots of synaptosomes (35 |Lil) and samples were boiled for 5min.

Immunoprecipitation buffer (1.25% Triton X-100 (v/v), NaCl, 190mM; Tris-HCl, 

60mM, pH 7.4; EDTA, 6mM, pH8.0; 10 U/ml aprotonin) and anti-phosphotyrosine 

monoclonal antibody (5|il; or 1.25fXg protein; Affiniti, U.K.) were added and

samples were incubated for Ih at 37°C. Protein-A sepharose (50[il) was added and

incubation continued for Ih at room temperature. The sepharose-A beads were 

washed twice in 1ml wash buffer (0.1% Triton-XlOO, NaCl, 150mM; Tris-HCl, 

pH7.4, 50mM; EDTA, pH8.0, 5mM; lOU/ml aprotonin) containing 0.02% SDS and 

once in wash buffer with no added SDS. Samples were centrifuged at 15,000rpm for 

Imin and the supernatant was discarded. The beads were then incubated in boiling 

water bath for 5min in sample buffer.
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2.7 Preparation of samples for gel electrophoresis
Immunoprecipitate proteins (prepared as described above) or as in some 

experiments, freshly prepared synaptosomes, were resuspended in 30)11 of sample

buffer ((All % values are v/v unless stated) Tris-HCl, 0.5mM, pH 6.8; 10% glycerol, 

10% SDS (w/v), 5% p-mercaptoethanol, 0.05% bromophenol blue (w/v)) and boiled

for 5min. Samples were centrifuged at 15,000rpm for Imin, lOp-l aliquots of

supernatant were loaded onto gels (10% SDS) and separated proteins were visualized 

by silver staining.

2.8 Gel electroplioresis

Protein separation was achieved by an electrophoretic technique which used 

buffer saturated SDS polyacrylamide gels. In these experiments the standard 

percentage acrylamide gel used was 10% SDS-polyacrylamide but lower percentage 

acrylamide gels were used in some experiments to analyse proteins of a molecular 

size ranging from 10,000 to 1,000,000 Dalton. Electrophoresis was performed in a 

vertical slab gel apparatus (Biometra, UK). The width of the polyacrylamide slab 

was formed by spacers to give a gel width of 1.0mm. Slab gels were 8cm by 10cm. 

A 14-well plastic comb inserted into the top of the gel during polymerization formed 

indentations in the gel and served as sample wells. Sample proteins were treated 

prior to being loaded onto the gel with SDS, to ensure a uniform charge, and 

mercaptoethanol, a reducing agent. Proteins were separated by application of 30mA 

constant current for approximately 30min. Progress of the proteins through the gel 

during electrophoresis was monitored by the position of the tracking dye, 

bromophenol blue. Following electrophoresis, visualisation of protein separation 

was achieved by silver staining and protein bands were quantitated by western 

blotting.

2.9 Western Blotting
Separated proteins were transferred onto a nitrocellulose sheet (Sartorious) by 

electrophoretic transfer. Briefly, this involved the assembly of a sandwich with 1 

sheet of prewetted filter paper (Whatman, number 3), SDS polyacrylamide slab gel, 

nitrocellulose sheet and another sheet of prewetted filter paper. The transfer
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sandwich was placed on the cathode plate of a Biometra semi-dry horizontal blotter. 

Air bubbles were removed and a glass rod was rolled over the sandwich to ensure 

good contact between the gel and nitrocellulose. The anode plate lid of the 

horizontal blotter was fixed firmly onto the cathode plate. Transfer current and time 

of electrotransfer varied according to the molecular size of the protein being 

transferred. Following transfer of proteins onto nitrocellulose, the sheets were 

immunoblotted with a primary antibody specific for the protein being analysed. 

Primary antibody incubation occurred at 4°C overnight. Nitrocellulose sheets were

washed and incubated for 60min at room temperature with secondary antibody, a 

horseradish peroxidase-linked anti-rabbit antibody (Amersham, U.K.). Immunoblots 

were washed and protein complexes were v isualized by enhanced 

chemiluminescence (SuperSignal, Pierce, UK). Immunoblots were exposed to X-ray 

film (Amersham) for 90s and processed using a Fuji X-ray film processor. Protein 

bands were quantitated by densitometric analysis.

2.9.1 Densitometry

2.9.1.1 Data Acquisition

A video camera (UVP) was used to convert the gel image into a digital form that the 

computer software package Gelworks ID Advanced could measure. White light was 

used to illuminate the gel or X-ray film.

2.9.1.2 Quantification of bands

This was performed automatically with preset parameters including sensitivity, noise 

filter and minimum density. The software package (Gelworks ID Advanced) had a 

corrective function for adjusting lanes which were not perfectly straight, and could 

match comparable bands in different lanes. The relative quantities of certain bands 

were then compared across all lanes of the gel and they were displayed as 

histograms. When known amounts of protein were run in the gel, the amount of 

unknown samples of the same protein could be calculated by a calibration curve. 

When one lane contained marker proteins the molecular weights of the separated 

proteins were calculated aswell. (I would like to thank Prof. Williams for the use of 

his densitometer and Dr Haase for her help in using this)
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2.10 Silver Staining

For some experiments, separated proteins were visualized by silver staining. 

To achieve this, the gel was placed in a clean pyrex staining tank and subjected to 

gentle mechanical agitation at 35rpm. The proteins were fixed for 25min with a 

fixing solution ([% as vol/vol unless stated] methanol, 50%; trichloracetic acid, 20%; 

copper chloride, 2% (w/v); formaldehyde, 0 .1%) at room temperature which was 

added to the pyrex staining tank. The gel was washed in washing solution (ethanol, 

10%; acetic acid, 5%) at room tem perature, then treated w ith potassium 

permanganate (0.01% (w/v)) for 15min before washing in wash solution as done 

previously. The gel was then washed in 10% ethanol for 15min and distilled HjO for 

15min. Staining of the protein bands was achieved by addition of silver nitrate 

(0.1% (w/v)) for 15min at room temperature before rinsing with distilled HjO and 

potassium carbonate ( 10%) solution for Imin. Development of the stained bands 

was completed in a formaldehyde/potassium carbonate solution (0 .02%; 2% (w/v) 

respectively) incubation time was dependent on the period required for development 

of stained bands to occur. Development was terminated with a solution containing 

ethanol (10%) and acetic acid (5%) before a final set of washing in distilled H2O, 

which was repeated three times. Protein bands were quantitated by densitometric 

analysis.

2.11 influx
The synaptosomal pellet (Pj) was resuspended in ice-cold, oxygenated 

incubation buffer (NaCl, 128mM; KCl, 4.8mM; KH2P04 , l ,2mM; MgS04 .7H 20 , 

1.2mM; NaHCO,, 7.5mM; CaCla, 1.3mM; glucose, llm M ; ascorbic acid, O.lmM; 

HEPES, 15mM; EDTA, 0.3mM) and incubated for 5s at 37°C in buffer containing

^^Ca (final concentration iM-Ci/ml; specific activity, 2.1 mCi/ml; Amersham) ±  KCl

(final concentration, 40mM). In some cases synaptosomes were preincubated in 

Krebs solution containing 2mM CaCl^ with or without genistein (final concentration 

50|iM). The reaction was stopped by the addition of an ice-cold stop buffer (NaCl,

liSm M ; KCl, 4.8mM; KH2PO4, 1.2mM; MgS04 .7H20 , 1.2mM; NaHCOj, 26mM; 

CaClj, 1.3mM; glucose, 1 ImM; ouabain, lOmM). Samples were rinsed in a filtration 

manifold (Fig 2.1). After rinsing, the filters were added to scintilation fluid. Cocktail
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T (BDH Scintron) and radioactivity was assessed in a Tri-Carb 2100 TR liquid 

scintillation analysis counter. Data were expressed as nmol per milligram of 

protein.

2.12 Assessment of NGF release from slices of dentate gyrus.

NGF release was assessed in freshly prepared tissue, i.e. slices of dentate 

gyrus and slices of whole hippocampus as well as in synaptosomes (Pj) prepared 

from dentate gyrus and slices of untetanized and tetanized dentate gyrus which were 

frozen at the end of the period of electrophysiological recording. Slices were thawed 

rapidly by agitation at 37°C and rinsed 3 times in excess fresh oxygenated Krebs’

solution containing 2mM CaClj before proceeding. To prepare P2 , dentate gyri were 

homogenised in 0.32M sucrose, centrifuged at 5,000g for 5min, to yield a 

supernatant which was then centrifuged at 15,000g for 15min to yield Pj. This pellet 

was resuspended in Krebs solution containing 2mM CaCl2 and the experiment 

proceeded as described below. Slices of untetanized and tetanized dentate gyrus 

were pre-incubated in Krebs solution (250fil) with 2mM CaCla for Bmin and the

supernatant was removed and discarded. Krebs solution with 2mM CaCl2  (100|il)

was added and the slices were incubated for a further Bmin under continuous 

oxygenation, at the end of this incubation the supernatant was retained following 

centrifugation at lOOOg for 3min. This step was repeated but in the presence of 

40mM KCl to depolarize the slices and following centrifugation the supernatant was 

retained. Supernatant was stored at - 80°C for later analysis of NGF by two site

immunoassay.

2.13 NGF analysis

Ninety-six-well plates were coated with 45|il of monoclonal anti-mouse P-NGF

antibody 27/21 (Boehringer Mannheim, UK) 60mg/ml diluted 1:14 in coating buffer 

(composition: NajCOs, 50mM; NaHCO,, 50mM; containing 0.1% azide (w/v): 

pH9.6). Plates were covered and incubated at 37°C for 2h. Excess coating buffer

was removed by tapping on filter paper. Non-specific binding was blocked by 

incubation for 30min at 37°C with 0.5% BSA (w/v) in coating buffer. This solution
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was removed from wells following incubation and the wells were washed 3 times in 

wash buffer (composition: Tris-HCl, 50mM; NaCI, 200mM; CaClj containing 1% 

BSA (w/v), 10 mM; and 0.05 % sodium azide (w/v) pH 7). 35|ll of NGF standard

solution (ranging from 0.01 ng/ml to 1 ng/ml) and 35|ll supernatant were added to

the wells, the plates were covered and incubated overnight at 4°C. After washing,

25\il of anti-pN G F monoclonal antibody 27/21-(3-galactosidase (Boehringer

Mannheim, UK; 4 units activity/ml) diluted 1:9 in conjugate buffer (composition; 

Tris-HCl, 50mM; CaClj, lOmM containing 1% BSA (w/v) 0.1% Triton X-100 (w/v) 

and 0.05% sodium azide (w/v) pH7) was added to wells. Plates were incubated for 

4h at 37°C and washed. 50]il of substrate buffer (composition; HEPES, lOOmM;

NaCl, 150mM; MgClj containing 1% BSA (w/v); 0.1% sodium azide (w/v) pH7) 

with chlorophenolred-(3-D-galactopyranoside (2 mg/ml) were added to wells and

incubated for 30min at 37°C to allow for accumulation of chlorophenolred, which is

the product of secondary antibody linked galactosidase action on chIorophenolred-(3-

D-galactopyranoside. Plates were read at 545nm and NGF concentrations, estimated 

following extrapolation from standard curve, were expressed as nanograms of NGF 

per miligram of protein (ng/mg).

2.14 Assessment of tyrosine phosphatase activity in synaptosomes prepared 

from dentate gyrus
Tyrosine phosphatase activity was determined in vitro using synaptosomes 

(P2) prepared from slices of untetanized and tetanized dentate gyrus as before. 

Phosphatase activity was analysed by a photometric enzyme immunoassay 

(Boehringer Mannheim, UK).

2.14.1 Tyrosine phosphatase analysis.
The reaction mix containing synaptosomes was incubated for 60min at 37 C

with a phosphatase substrate in an assay buffer (composition: Tris-HCl, 20mM; 

containing 0.1% (v/v) 2-mercaptoethanol and Img/ml BSA, pH 7.2). The reaction 

was stopped after 60min by adding the phosphatase inhibitor orthovanadate 

(lOOmM, 30|xl). In the case of the negative control orthovanadate (lOOmM) was
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present throughout the incubation. A 50|l i 1 aliquot of each sample was added to the 

wells o f a streptavidin-coated microtitre plate. Plates were covered and incubated at 

37°C for Ih. Excess sample was removed and each w ell was washed three times

with 300)il PBS. The washing buffer was kept in the wells for a minimum of 30sec. 

After the last washing step, the washing solution was discarded and plates were 

tapped dry on an absorbent cloth. 75|il of anti-phosphotyrosine-peroxidase was 

added (0.5 U/ml) to each well. The plate was covered and incubated at 37°C for Ih.

After washing the peroxidase substrate solution (ABTS; 100^,1, Roche Molecular 

Biochemicals) was added to each well. The plate was incubated at room temperature 

until colour developed and the absorbance of the samples was measured at 405nm  

using a 96-well plate reader. The substrate dephosphorylation was calculated using a 

phosphopeptide standard curve and the enzyme activity was expressed as pmol 

substrate dephosphorylation per minute.

2.15 Glutamate Release

Samples o f synaptosomal tissue from untetanized or tetanized dentate gyrus 

prepared from animals which were injected intracerebroventricular with saline (5fxl; 

0.9%) or genistein (5fil, 500|iM ) prior to tetanization. In some experiments 

synaptosomes were preincubated in oxygenated Krebs' solution containing CaClj 

(2mM) at 37°C with genistein (final concentration; 50|xM) and phenylarsine oxide 

(PAO; final concentration; 35|iM) or both for 15min. Synaptosomal tissue was 

aliquoted onto filters in manifold (Fig 2.1), rinsed under vacuum and the filtrate was 

discarded. Tissue was then incubated in 250|il oxygenated Krebs' solution at 37°C  

for 3min, and synaptosomes were stimulated by the addition of 40mM KCl to Krebs' 

solution. Filtrate was then collected and stored at -80°C. Glutamate was analysed 

according to the method of Ordronneau and colleagues (1991).

2.16 Glutamate analysis
Glutaraldehyde (0.2% in lOOmM NaH2P0 4  buffer, pH 4.5; 250^1 per well) was 

added to w ells in a 96-w ell plate, incubated for 60min at 37 C and washed with 

lOOmM NaH2P0 4  buffer. Samples (50|J,1 per well) or glutamate standards (50^il per 

well; 25nm to 2 )i.M prepared in lOOmM Na2HP0 4  buffer, pH8.0) were added, 

incubated for 2h at 37°C and washed in lOOmM Na2HP0 4  buffer. To bind any
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unreacted aldehydes, ethanolamine (100 |0,1; O.IM in lOOmM Na2HP04 buffer) was 

added to each well and incubated for 60min at 37°C. Plates were washed with 

phosphate buffered saline containing Tween-20 (0.2% Tween; PBS-Tween). To 

block non-specific binding, donkey serum was added (200|il per well; 2% in PBS- 

Tween), incubated for 60min and washed w ith PBS-Tween. Anti-glutamate 

antibody raised in rabbit was added (1 in 10,000 dilution in PBS-Tween, 100^1 per 

well) and plates were incubated for 60min at 37°C. Following washing with PBS- 

Tween, anti-rabbit horseradish peroxidase secondary antibody (1 in 10,000 dilution 

in PBS-Tween, 100|iil per well) was added, plates were incubated for 60min at 37°C. 

Plates were washed as before then 3,3’,5,5’-tetramethylbenzidine (TMB) liquid 

substrate was added as chromogen and incubation continued for exactly 60min at 

room temperature. H2SO4 (4M; 25|il per well) was added to stop the reaction and 

optical densities were determined at 450nm using a multiwell reader. Values were 

calculated with reference to the standard curve, corrected for protein and expressed 

as nmol glutamate/mg protein.
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Fig 2.1 A diagrammatic representation of the manifold used in Ca ^  

influx (section 2.11) and glutamate release (section 2.15)

The manifold used in Ca influx and glutamate release consists of 3 

parts. The upper lid, labelled A in the diagram, consisted of 48 wells into 

which samples were placed. The upper lid was aligned with filter cones in part 

B, the lower lid, when both parts were bound together by steel clasps on the 

side of the lower lid. Rubber O- rings ensured a tight seal. Filter paper 

(acetate strips) was placed between the lower lid and the upper lid so that any 

material greater than the filter size of the acetate paper in the sample would 

remain in the well, any material smaller then the filter size would drain through 

the filter cone from the well to the manifold base, labelled part C. The base was 

fitted with a rack so that filtrate could be collected. The base was connected to 

a pump via a small bore tube emanating from the side of the base.





Chapter 3
Establishing a role for protein tyrosine kinase in LTP



3.1 Introduction

Many cellular mechanisms have been shown to play a role in expression of 

LTP in hippocampus (see Bliss and Collingridge, 1993). In dentate gyrus, pre and 

postsynaptic mechanisms have been implicated with several kinases involved e.g. 

PKC (Malinow et al., 1989), PKA (Frey et al., 1993) and protein tyrosine kinases 

(Huang and Hsu, 1999). The first evidence which demonstrated that tyrosine kinases 

played a role in LTP was published in the 1980s when EGF and FGF, growth factors 

which lead to increased tyrosine kinase activity, were shown to enhance LTP in 

dentate gyrus (Abe et al., 1992). This was followed by data which showed that LTP 

was inhibited by lavendustin and genistein, inhibitors of tyrosine kinases (O’Dell et 

al., 1991 (B)). In an effort to identify the tyrosine kinases which were involoved, 

mutant mice lacking Fyn, a member of the Src family of tyrosine kinases, were 

assessed for their ability to sustain LTP and were shown to have a marked deficit in 

LTP expression at the Schaffer collateral-CAl synapse (Grant et al., 1992). These 

results indicate that tyrosine kinases may play a role in LTP.

Two families of tyrosine kinases have been identified, receptor tyrosine 

kinases and non-receptor tyrosine kinases (Hunter and Cooper, 1985). While EGF 

and FGF probably elicited their effect by activating a receptor tyrosine kinase, 

evidence by Grant and co-workers (1992) indicated a role for Fyn and thus suggested 

a role for non-receptor tyrosine kinases in synaptic plasticity. Perforant path LTP is 

associated with an increase in glutamate release (Dolphin et al., 1982) and since 

evidence suggests that tyrosine kinase can modulate release (Mullany and Lynch, 

1998) it is possible that tyrosine kinase induced modulation of LTP is mediated 

through an effect on tyrosine kinase on release. The objective of this study was to 

determine if tyrosine kinase plays a role in LTP in dentate gyrus by modulating 

glutamate release.
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3.2 Methods

3.2.1 Induction of LTP

Induction of LTP was described in detail in section 2.5. Rats were 

anaesthetized by intraperitoneal injection of urethane (1.5g/kg) and placed in a 

stereotaxic head frame. In some experiments rats were pretreated with an 

intraventricular injection (0.5mm lateral and 2.5mm posterior to bregma) of saline 

(5fil; n=6) or genistein (5[xl, 250|lM, n=12) 30 min before the recording commenced. 

Test shocks were delivered to the perforant path every 30s for a lOmin control period 

to record stable baseline potentials from the granule cell layer of the dentate gyrus. 

This was followed by delivery of 3 high frequency trains of stimuli (250Hz for 

200ms) at 30s intervals. Recording at test shock frequency then resumed for 40min. 

At the end of the experimental period, animals were killed by cervical dislocation 

and decapitation. Tissues were sliced and stored at -80°C (see section 2.3.1)

3.2.2 Analysis of Tyrosine Kinase activity

? 2  was resuspended in Krebs solution containing 2mM CaClj and the tyrosine 

phosphatase inhibitor sodium orthovanadate (25)o,M; 100|Lil). Protein concentrations 

were assessed and samples were diluted to equalize for protein concentration. To 

isolate proteins which were phosphorylated on tyrosine residues, samples were 

immunoprecipitated with antiphosphotyrosine (see section 2.6) and proteins were 

separated on polyacrylamide gels. Proteins were visualized by silver staining of gels 

(see section 2.10) and protein bands were quantitated using densitometric analysis.

3.2.3 Analysis of glutamate release
This method was described in detail in section 2.15. Pj were prepared from 

dentate gyrus of rats pretreated with saline or genistein in which LTP had been 

induced in vivo. Pj was resuspended in ice-cold Krebs solution containing 2mM Ca 

CI2 , aliquoted onto Millipore filters (0.45ia,m pore size) and rinsed under vacuum. 

Tissue was incubated in 250|il of oxygenated Krebs solution at 37°C for 3min and

filtrate was collected and stored. An aliquot of the synaptosomal suspension was
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retained for analysis of protein concentration (see section 2.4). Analysis of 

glutamate concentration in standards (ranging from 25nmol to 2|Limol) and filtrates 

(50p,l) was described previously (see section 2.18). Glutamate concentration of 

samples was expressed as fimol glutamate/mg protein.

3.2.4 Analysis of influx

This method was described in detail in section 2.11. Briefly, synaptosomes

were prepared from fresh hippocampus and Pj was resuspended in oxygenated 

modified Krebs solution (see section 2.11). Aliquots of suspension were incubated at 

37°C for 10 s in reaction medium consisting of modified Krebs solution, ‘‘̂ CaCl and,

when KCl-stimulated influx was assessed, KCl (final concentration 40mM). This 

reaction was stopped by ice-cold stop buffer. The suspension was aliquoted onto 

filter paper in a filtration manifold and sample were washed under vacuum with stop 

buffer. Filters were transferred to vials, scintillation fluid added and the samples 

counted for radioactivity. An aliquot of synaptosomal suspension was retained for 

analysis of protein concentration (see section 2.4). Results were expressed as nmol 

'‘■̂ Câ Vmg protein.

3.3 Results 

3.3.1 Effect of genistein on glutamate release

The effect of genistein on glutamate release from synaptosomes prepared 

from hippocampus was analyzed. Glutamate release was increased in hippocampal 

synaptosomes in the presence of KCl (final concentration; 40mM). The mean 

glutamate concentration measured following KCl-stimulation was 0.237[imol 

glutamate/mg protein + 0.02 (SEM, n=6) and the mean glutamate concentration
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measured in the absence of KCl was 0.159]Lim glutamate/mg protein ± 0.012 (SEM, 

n=6). Release in the presence of KCl was significantly greater then that in the 

absence of KCl (*p<0.05; student’s ?-test for paired means). Release of glutamate 

was assessed in synaptosomes treated with genistein (50|xM), a tyrosine kinase 

inhibitor, in the presence or absence of KCl. The mean glutamate concentration was 

0.074[imol glutamate/mg protein + 0.004 (SEM; n=6) and 0.083ixmol glutamate/mg 

protein + 0.003 (SEM; n=6) in unstimulated and KCl-stimulated conditions 

respectively; these values were not significantly different from each other, but were 

significantly decreased compared with release from untetanized tissue in the absence 

of genistein (+p<0.01; student’s t-iest for independent means) and indicate that 

genistein blocked KCl-stimulated release, as shown in Fig 3.1.

3.3.2 Effect of genistein on influx

The effect of genistein (50|iiM) on '‘̂ C â "" influx into hippocampal 

synaptosomes was analyzed. '*̂ Câ '̂  influx was assessed in the presence or absence of 

KCl. Fig 3.2 demonstrates that the addition of KCl to the incubation medium 

significantly increased ‘‘̂ Câ  ̂ influx (*p<0.05; student's r-test for paired means). 

Mean values were 215nmol "'^Ca^Vmg protein ± 1 9  (SEM; n=12) and 312nmol 

'̂ ^Ca^Vmg protein ± 29 (SEM; n=12) in unstimulated and stimulated conditions 

respectively. Genistein blocked the KCl-stimulated increase in Ca influx so that 

this value was significantly decreased compared with KCl-stimulated influx 

(+p<0.05; student’s f-test for independent means). The mean value for Ca influx 

into synaptosomes treated with genistein was 249nmol ^̂ Câ  /mg protein ± 29 (SEM; 

n=12)
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3.3.3 Induction of LTP in vivo.

The ability of rats to sustain LTP in perforant path-granule cell synapses 

following high-frequency stimulation of the perforant path was assessed. Tetanic 

stimulation induced an immediate increase in the mean population epsp slope as 

shown in Fig 3.3. The mean % change (± SEM) in the epsp slope in the 2 min 

immediately after tetanic stimulation compared with the values immediately before 

tetanic stimulation was 158.1% ± 2 .1 . This increase in the epsp slope decayed 

during the first 10 min after tetanic stimulation but was then maintained above 

baseline for the remainder of the experiment. The mean % change in epsp slope in 

the last 5 min of the experiment compared with the 5 min period immediately before 

tetanic stimulation was 145.7% ± 2.8.

3.3.4 Effect of LTP on tyrosine phosphorylation

The data show that tyrosine phosphorylation of synaptosomal proteins was 

enhanced following tetanization (see Fig 3.4). Proteins prepared from the 

synaptosomes of untetanized and tetanized tissue (above) were immunoprecipitated 

with antiphosphotyrosine, separated by gel electrophoresis and visualized by silver 

staining. Densitometric analysis of the 4 bands which appeared consistently on 

every gel revealed that tyrosine kinase activity was significantly increased in tissue 

prepared from dentate gyrus which had sustained LTP compared with tissue prepared 

from untetanized dentate gyrus (*p<0.001; ANOVA). The mean values (in arbitrary 

units + SEM) were 8.7 ± 1.3 and 15.5 + 1.8 in untetanized and tetanized tissues 

respectively.

47



3.3.5 Effect of genistein on LTP

LTP was induced and sustained following tetanization in rats which received 

an intracerebroventricular injection with saline. The mean % change (± SEM) in 

epsp slope in the 2 min immediately after tetanic stimulation compared with the 

values immediately before tetanic stimulation was 115.4% + 2.74. The mean 

increase in the slope of the epsp in the final 5 min of the experiment was 107.9% + 

2.11 (SEM; n=12) compared with the mean % slope in the 5 min immediately 

preceding tetanic stimulation. LTP expression was inhibited in rats which received 

an intracerebroventricular injection of genistein (250ixM) before tetanization as 

shown in Fig 3.5.

3.3.6 Effect of genistein on glutamate release from untetanized and tetanized 

tissue

Synaptosomes were prepared from untetanized dentate gyrus and from 

dentate gyrus in which LTP was induced in vivo and glutamate release analysis was 

performed on these preparations. Release of glutamate in synaptosomes prepared 

from untetanized dentate gyrus obtained from saline-treated rats was significantly 

increased on addition of KCl (40mM) to the reaction medium (*p<0.05; student’s t- 

test for paired values). KCl addition increased glutamate release in tetanized tissue 

to a greater extent. Thus, mean glutamate concentration was 0.18|J.mol glutamate/mg 

± 0.03 (± SEM) in tissue which was unstimulated and 0.29|J,mol glutamate/mg 

protein ± 0.04 in tetanized tissue which was KCl-stimulated. This was a significant 

increase (**p<0.01; student’s ?-test for paired means). Unstimulated release in 

synaptosomes prepared from genistein-treated untetanized and tetanized dentate 

gyrus was significantly reduced compared with release in tissue prepared from

48



saline-treated rats (+p<0.01; student’s /-test for independent means). KCl- 

stimulation did not increase release in these synaptosomes. Mean values (+ SEM) 

were 0.04fimol glutamate/mg protein +0.01 for tetanized tissue which was 

unstimulated and 0.06|Limol glutamate/mg protein + 0.02 for tetanized tissue which 

was KCl-stimulated.
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Fig 3.1 Effect of genistein on glutamate release
The effect of tyrosine kinase inhibitor, genistein, on glutamate release 

from synaptosomes was analyzed. KCl-stimulated release of glutamate was 

significantly increased compared with unstimulated release in synaptosomes 

prepared from rat hippocampus (*p<0.05; student’s Mest for paired means). 

Addition of KCl-failed to stimulate glutamate release in genistein (100|J.M) 

treated-synaptosomes. Glutamate release was significantly decreased in 

genistein-treated compared with control treated synaptosomes (+p<0.01; 

student’s Mest for independent means). Results are expressed as jxmol 

glutamate/mg protein and are means ± SEM of 6 observations.
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Fig 3.2 Effect of genistein on influx

The effect of genistein on influx was examined in hippocampal 

synaptosomes and was found to be significantly increased on addition of KCl 

(50mM) to the reaction medium (*p<0.01; student’s Mest for paired means). 

Addition of genistein to the reaction medium significantly decreased the KCl- 

stimulated "*̂ Ca (+p<0.05; student’s Mest for paired means). Results are

expressed as nmol ''^Ca /mg protein and are means + SEM of 12 

observations.
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Fig 3.3 Induction of LTP in vivo

Tetanic stimulation of the perforant path increased the mean epsp slope 

of the synaptic responses made from the granule cell layer of the dentate gyrus. 

Test shocks were given at 30s intervals for a lOmin period prior to tetanization. 

LTP was induced in vivo in perforant path-granule cell by delivery of 3 trains 

of high frequency stimulation (250Hz for 200ms at 30s intervals) as indicated 

by the arrow. Recording at test shock frequency resumed for 40min following 

tetanus. The mean percentage change in epsp slope in the last 5min of the 

experiment compared with the 5min period immediately before tetanic

stimulation was 145.7% +  2.8 (SEM; n=6). SEM values are included for every 

10* response.
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Fig 3.4 Effect of LTP on tyrosine phosphorylation

Tyrosine phosphorylation in synaptosomes prepared from untetanized 

and tetanized dentate gyrus was examined. There was a significant increase in 

total protein tyrosine phosphorylation in tetanized compared with untetanized 

tissue (*p<0.001; student’s f-test for paired means). Results are expressed as 

arbitrary units and are the means + SEM.
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Fig 3.5 Effect of genistein on expression of LTP in dentate gyrus
LTP expression was inhibited by intracerebroventricular injection of 

genistein. The slope of the population epsp in dentate gyrus evoked by test 

stimuli delivered to the perforant path at 30s intervals before and after tetanic 

stimulation is shov̂ ^n in rats pretreated with saline or genistein. Results are 

expressed as mean percentage changes in epsp slope with reference to the epsp

slope in the 5min immediately preceding tetanization. Results are the means +

SEM of 6 independent observations for each of the saline and genistein-treated 

groups.
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Fig 3.6 Effect of genistein on glutamate release from untetanized and

tetanized dentate gyrus

The effect of genistein on glutamate release from tissue prepared from 

untetanized and tetanized dentate gyrus was examined. It was revealed that 

addition of 40mM KCl to synaptosomes prepared from untetanized dentate gyrus 

of saline-treated rats significantly increased endogenous glutamate release 

(*p<0.05; student’s r-test for paired means); this effect was enhanced in 

synaptosomes prepared from tetanized dentate gyrus of saline-treated rats 

(**p<0.01; student’s ?-test for paired means). There was no evidence of increased 

endogenous glutamate release from synaptosomes prepared from untetanized or 

tetanized tissue from geni stein-treated rats. However, both unstimulated and KCl- 

stimulated glutamate release were significantly decreased in synaptosomes 

prepared from genistein-treated rats compared with saline-treated rats. Mean

values (+  SEM) are expressed as jimol glutamate/mg protein.
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3,4 Discussion

The aim of this study was to assess whether protein tyrosine kinase activity 

exerted an impact on LTP by modulating cellular mechanisms. Therefore, a protein 

tyrosine kinase inhibitor, genistein, was used to identify if tyrosine kinase activity 

influenced LTP expression by modulating glutamate release and Ca^  ̂influx.

The data shown here indicate that KCl-stimulated glutamate release from 

synaptosomes is inhibited by genistein. This suggests that tyrosine kinase activation 

is necessary for transmitter release to occur and therefore, that tyrosine 

phosphorylation of one or more proteins in the synaptic vesicle membrane or 

synaptic plasma membrane is required. Previous studies have reported that proteins 

involved in the modulation of neurotransmitter release, such as SNAP-25, may 

themselves be modulated by phosphorylation (Hirling and Scheller, 1996). No effort 

was made in this study to identify the proteins involved but one may be 

synaptophysin, a 38kDa phosphorylated protein reported as being one of the four 

major tyrosine phosphorylated proteins of the synaptic vesicle (Pang eta/., 1988). 

Synaptophysin may play a role in exocytosis of vesicular glutamate by forming 

channels in the lipid bilayer of membranes (Siidhof et al, 1987). There is evidence 

to suggest that synaptophysin is a substrate for tyrosine kinase (Pang et al., 1988) 

and that phosphorylation of synaptophysin is enhanced when release is increased i.e. 

in association with LTP in dentate gyrus (Mullany and Lynch, 1998) but the 

functional significance of synaptophoysin phosphorylation has not yet been 

determined.

The results shown in this study indicate that genistein decreased KCl- 

stimulated Ca^  ̂influx into synaptosomes. This suggests that tyrosine kinases may 

modulate calcium channel activity by phosphorylation, as previously reported by 

several groups (Arnoult et al., 1997; Potier and Rovira, 1999; Wijetunge et al., 

2000). Indeed, recent evidence from this lab has indicated that a-subunit of calcium

channels is phosphorylated by tyrosine kinase, activated following tetanic 

stimulation and inhibited by genistein (Casey et al., 2000). One downstream effect 

of the consequently diminished Ca^  ̂influx caused by genistein may be decreased 

glutamate release in synaptosomes following KCl stimulation. Modulation of 

calcium channel activity by tyrosine kinases probably plays a role in glutamate
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release, by regulating the function of Câ "̂  regulated proteins needed for glutamate 

release for example Munc-13 (see Stidhof, 1995) and synaptotagmin (Davis et al., 

1999). Synaptotagmin, a vesicle membrane protein and a major Ca^  ̂sensor involved 

in exocytosis, can interact with syntaxin, a plasma membrane protein which is 

associated with N-type channels (Bennett et al., 1992), thus linking the Câ "̂  

sensor and the fusion apparatus. Munc-13, a plasma membrane protein, is a 

mammalian homologue of the Caenorhabditis elegans unc-13 gene and is necessary 

for exocytosis (Harris and Stevens, 1988). The inhibition of tyrosine kinase activity 

by genistein may therefore diminish glutamate release from synaptosomes by 

initially inhibiting Ca^’*̂ influx and subsequently decreasing the activation of proteins 

associated with normal vesicular function.

The results presented here show that intracerebroventricular injection of 

genistein blocked the formation of LTP in perforant path-granule cell synapses. This 

is consistent with previous findings which show that genistein inhibits 

phosphorylation of receptor tyrosine kinase and Src (Akiyama et al., 1987) 

suggesting that tyrosine kinases involved in signal transduction are important in LTP 

expression. This evidence was supported by the demonstration that the tyrosine 

kinase inhibitors Lavendustin A and Herbimycin A blocked the formation of, but not 

the established expression of LTP (Abe and Saito, 1993). Previous studies have 

examined the role of protein tyrosine kinases in the induction of LTP in area CAl of 

the hippocampus. For example, it has been shown that tyrosine kinase activation is 

required for the induction of LTP in vitro (O'Dell et al., 1991 (B); Huang and Hsu, 

1999). O'Dell and co-workers (1991 (B)) showed that tyrosine kinase inhibitors, 

lavendustin A and genistein, could inhibit the induction, but not the established 

expression, of LTP in CAl. The authors suggested that tyrosine kinase was 

postsynaptically located because postsynaptic injection of the tyrosine kinase 

inhibitors, but not bath application, blocked LTP. Huang and Hsu (1999) reported 

that, for a limited frame of time, i.e. up to, but not beyond, 3 minutes after tetanic 

stimulation, activation of protein tyrosine kinases were necessary for expression of 

LTP in area CAl. Injection or bath-application of lavendustin A 10 or 30 minutes 

after induction of LTP had no effect on potentiation (Huang and Hsu, 1999). It has 

been reported that members of the Src family of non-receptor tyrosine kinases with 

SH2 domains, which bind to phosphorylated sequences (Schaffhausen, 1995), are
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central participants in controlling phosphorylation cascades important in generating 

LTP in CAl (Huang and Hsu, 1999). The identity of one of these members of the 

Src family, tyrosine kinase Fyn, has been implicated in LTP expression, as mutant 

mice lacking Fyn show impaired LTP expression at the Schaffer collateral-CAl 

synapse (Grant et al., 1992). Restoration of Fyn by the introduction of sl fy n  

transgene into fyn  deficient mice restored the ability of the mice to sustain LTP 
(Kojima et al., 1997).

In the present study, tyrosine kinase activity was assessed directly and the 

data presented here provide direct evidence that protein tyrosine kinase activity is 

increased in LTP i.e. in synaptosomes prepared from tetanized dentate gyrus 

compared with untetanized dentate gyrus. It might be proposed that this increase in 

tyrosine kinase activity will modulate phosphorylation of proteins located both 

presynaptically and postsynaptically which are necessary participants in the 

expression of LTP. In this context, it has been shown that tyrosine phosphorylation 

of the 2B subunit of the NMDA receptor, a major postsynaptically located protein 

substrate for tyrosine kinase, is increased following LTP in dentate gyrus (Rostas et 

al., 1996; Rosenblum et al., 1996). NMDA channel activity may be regulated by 

channel associated Src (Yu et al., 1997). The NR2 subunit of this receptor contains 

tyrosine residues, 5% of which are phosphorylated under basal conditions (Lau and 

Huganir, 1995). The phosphorylation of these tyrosine residues upregulates NMDA 

channel function as intracellular application of pp60c-src enhanced NMDA currents 

(Wang and Salter, 1994).

Among the target proteins located presynaptically which display increased 

tyrosine phosphorylation following induction of LTP in perforant path-granule cell 

synapses are synaptophysin (Mullany and Lynch, 1998), Trk (Kelly et al., 2000) and 

ERK (McGahon et al., 1999). The function of these proteins is diverse indicating the 

broad scope of functions that proteins fulfil in the induction and maintenance of LTP. 

It is significant that phosphorylation of synaptophysin (Mullany and Lynch, 1998), 

Trk (Kelly et a l, 2000) and ERK (McGahon et al., 1999) are decreased when LTP is 

inhibited.
The results presented here demonstrate that KCl-induced depolarization 

enhanced glutamate release in synaptosomes prepared from untetanized dentate 

gyrus and, to a greater extent, in synaptosomes prepared from tetanized dentate gyrus
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of saline-treated rats [no effect was observed in unstimulated or basal release. This 

release has been reported by other investigators to stem from a cytoplasmic store and 

not a vesicular store of glutamate (Bradford et al., 1987). It has been proposed that 

Na"̂  entry into cells may induce glutamate transport out of the neurons before it is 

packaged into vesicles (Breukel et al., 1998)]. Genistein attenuated KCl-stimulated 

release from synaptosomes prepared from untetanized and tetanized dentate gyrus. 

These data support previous findings which indicate that release of [^H]-labelled 

glutamate from synaptosomes prepared from untetanized and tetanized dentate gyrus 

was increased in the presence of KCl (Mullany et al., 1996). The method used to 

quantitate the concentration of glutamate released following KCl-depolarization in 

the present experiments allowed analysis of endogenous glutamate. This was less 

difficult to interpret than the analysis of radiolabelled glutamate release because of 

the rapid metabolism of glutamate. A similar inhibitory effect of genistein on 

glutamate release has been reported previously in ischemic rat cerebral cortex 

(Phillis and O'Regan, 1996). It seems reasonable to suggest that by blocking tyrosine 

kinase activity with genistein, one mechanism required for functional exocytosis may 

be inhibited. It is of interest that unstimulated release was decreased in 

synaptosomes prepared from untetanized and tetanized dentate gyrus of genistein- 

treated rats compared with saline-treated rats, the mechanism which underpins this 

diminished glutamate release is unknown, but perhaps the glutamate/Na^ exchange 

protein function is modulated by genistein.

The present data suggest that LTP in perforant path-granule cell synapse is at 

least partly dependent on increased glutamate release. It seems reasonable to 

propose that the inhibitory effect of genistein on LTP is a consequence of its 

obstruction of tyrosine kinase activity. The data presented here suggests that when 

tyrosine kinases is inhibited, calcium influx and hence glutamate release are 

ameliorated, thus LTP is blocked. What stimulates the kinase activity in dentate 

gyrus following tetanization will be examined in the next chapter.
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Chapter 4
Examination of the role of NGF signalling in LTP



4.1 Introduction

The results presented in the previous chapter indicated that LTP in perforant 

path-granule cell synapses is accompanied by an increase in tyrosine kinase activity 

in the presynaptic terminal. The aim of this study was to examine the possibility that 

NGF plays a role in activating the receptor tyrosine kinase, trkA, located 

presynaptic ally and may therefore modulate intracellular tyrosine kinase activity and 

LTP expression in dentate gyrus.

NGF was identified by Levi-Montalcini and her co-workers in the 1950’s 

following work which culminated with the purification of this neurotrophin (Cohen, 

1960). Subsequent research provided evidence of a role for NGF in neuronal 

development (Levi-Montalcini and Booker, 1960 (A)) and maintenance (Levi- 

Montalcini and Booker, 1960 (B)) and more recently, cell death (Frade et a i, 1996). 

This diversity of action induced by a single ligand, NGF, stems from the ability of 

trkA, the NGF receptor, to stimulate and use different intracellular signalling 

pathways (Frade and Barde, 1998).

Relatively few studies have investigated the role of NGF in LTP, particularly 

in dentate gyrus although NGF as well as other neurotrophins are abundant in the 

hippocampus (Nishizuka et al., 1991) and NGF mRNA production is upregulated by 

neuronal activity (Castren et al., 1993). However, recently it has been shown that 

genetically hypertensive (GH) rats, an inbred strain of rat with decreased levels of 

NGF, have impaired LTP in perforant path-granule cell synapses (Kelly et al., 

1998). This observation and the discovery that NGF is released from hippocampal 

neurons in an activity-dependent manner, i.e. induced by KCl and glutamate (Blochl 

and Thoenen, 1995) led to the proposal that NGF might act as a retrograde 

messenger. The objective of this study is to examine whether NGF plays such a role 

in LTP.
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4.2 Methods

4.2.1 Animals
In this study, three strains of animals were used; Wistar rats, normotensive 

(N) New Zealand Otago Wistar rats and genetically hypertensive (GH) New Zealand 

Otago Wistar rats. The maintenance of these animals was as described in detail in 
section 2.2.

4.2.2 Tissue preparation.

Rats were killed by cervical dislocation, brains were removed quickly and 

placed on ice and hippocampi or dentate gyrus were dissected free. Tissue slices 

were prepared and stored frozen according to the method of Haan and Bowen (1981). 

When required, slices were thawed rapidly and washed thoroughly. Synaptosomes 

were either prepared from freshly dissected tissue or frozen slices. The crude 

synaptosomal pellet, Pj, was prepared as described in section 2.3.2 by centrifuging 

tissue at 5,000rpm for 5min at 4°C and the supernatant at 15,000rpm at 4°C  for

15min. Protein concentration was assessed using the method of Bradford (1976) as 

described in detail in section 2.4.

4.2.3 Immunoprecipitation
In some experiments, tyrosine phosphorylated proteins were prepared by 

immunoprecipitation of proteins with antiphosphotyrosine. Preparation of protein-A 

sepharose and immunoprecipitation of proteins with anti-phosphotyrosine 

monoclonal antibody is described in detail in section 2.6. Immunocomplexes or in 

some experiments, freshly prepared synaptosomes, were resuspended in sample 

buffer, boiled for 5min and centrifuged at 15,000rpm for Imin and loaded onto gels 

(10% SDS) and separated proteins were visuahzed by silver staining. See section 

2.10 for details.

4.2.4 Gel electrophoresis and blotting
Proteins were loaded onto gels (7.5% for TrkA; 10% for ERK) and separated 

proteins were transferred onto a nitrocellulose sheet (Sartorious) by electrophoretic
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transfer. Sample proteins were incubated in primary antibody at 4°C overnight,

washed and incubated with secodary antibody, a horseradish peroxidase-hnked anti

rabbit antibody (Amersham, U.K.) and washed again. Protein complexes were 

visualized by enhanced chemiluminescence, immunoblots were exposed to X-ray 

film and processed using a Fuji X-ray film processor. Protein bands were quantitated 

by densitometric analysis. For details see section 2.9.

4.2.5 Silver Staining

In some experiments, separated proteins were visualized by silver staining. 

This technique is described in detail in section 2.10. Protein bands were quantitated 

by densitometric analysis.

4.2.6 Induction of LTP in vivo

LTP was induced as described in section 2.5. In some experiments, saline 

(0.9%; 5 |il) or the trk  inhibitor, tyrphostin AG879 (500|LiM; 5|i1), was injected 

intracerebroventricularly (coordinates: 2.5mm rostral and 0.2mm lateral to bregma) 

30min before recording commenced. Tissue was prepared as described in section 

2.3.1.

4.2.7 Assessment of NGF release and analysis from slices of dentate gyrus.

NGF release was assessed in freshly prepared slices of dentate gyrus and slices 

of untetanized and tetanized dentate gyrus which were frozen at the end of the 

electrophysiological recording. The method was described in detail in section 2.13. 

Briefly, 96 well plates were coated with monoclonal anti-mouse p-NGF antibody

27/21 and wells, blocked to stop non-specific binding by 0.5% BSA (w/v) in coating 

buffer, were washed. NGF standard solution (35|0,1; ranging from 0.01 ng/ml to 1

ng/ml) and sample supernatant (35 .̂1) were added to the wells which were covered

and incubated overnight at 4°C. Anti-p-NGF monoclonal antibody 27/21-P-

galactosidase (25|J,1) was added to the wells, incubated and washed. Substrate buffer 

(50|il; chlorophenolred p-galactopyranoside, 2 mg/ml) was added and incubation

continued for 30min at 37°C and plates were read at 545nm. NGF concentrations
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4.3 Results

4.3.1 Effect of NGF on tyrosine phosphorylation of protein

The effect of NGF on tyrosine phosphorylation of proteins was visualized by 

silver staining. Fig 4.1 shows that incubation of synaptosomes prepared from 

hippocampus in Krebs solution containing NGF (50ng/ml) did not significantly 

increase the tyrosine phosphorylation of any of the four proteins which appeared on 

the gels. These proteins were of apparent molecular masses of 28, 33, 37 and 63kDa. 

NGF induced a significant decrease in phosphorylation of the 28kDa protein 

(*p<0.05, student's Mest for paired means).

4.3.2 Effect of NGF on trkP  ̂phosphorylation

Tyrosine phosphorylation of trkA was assessed by immunoblotting tyrosine- 

phosphorylated proteins with an anti-?r^A antibody and analyzed by densitometry. 

Fig 4.2 (A) shows that tr k h  phosphorylation was significantly increased in 

synaptosomes incubated in the presence of NGF compared with in its absence 

(*p<0.05; student’s ?-test for paired means; n=10). Fig 4.2 (B) shows the effect of 

NGF on trkh  phosphorylation in one sample immunoblot. TrkA phosphorylation 

was increased in synaptosomes incubated in the presence of NGF (lane 2) compared 

with trkh  phosphorylation in synaptosomes incubated in the absence of NGF (lane 

1).

4.3.3 Effect of NGF on ERK phosphorylation

ERK phosphorylation was assessed in synaptosomes prepared from 

hippocampus using an anti-active ERK antibody in the presence and absence of 

NGF. Fig 4.3 (A) shows that NGF significantly enhanced ERK phosphorylation 

(*p<0.01; student’s f-test for paired means, n = ll). Fig 4.3 (B) shows a sample 

immunoblot which demonstrates that phosphorylation of ERK was greater in 

synaptosomes prepared from hippocampus incubated in the presence of NGF (lane 2) 

compared to samples incubated in the absence of NGF (lane 1).
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4.3.4 Effect of NGF on ERK phosphorylation in N and GH rats

ERK phosphorylation was assessed in synaptosomes prepared from 

hippocampus of normotensive (N) and genetically hypertensive (GH) rats. Fig 4.4 

(A) shows that addition of NGF significantly increased ERK phosphorylation in 

normotensive rats (*p<0.05; student’s ?-test for paired means, n= ll). This effect was 

not seen in GH rats, where there was no significant increase in the activation of ERK 

following treatment with NGF. Fig 4.4 (B) shows a sample immunoblot which 

demonstrates that phosphorylation of ERK was greater in synaptosomes prepared 

from hippocampus of N rats incubated in the presence of NGF (lane 2) compared to 

samples incubated in the absence of NGF (lane 1). This effect was not seen in GH 

rats where there was no difference in phosphorylation of ERK in synaptosomes 

incubated in the absence (lane 3) or presence of NGF (lane 4).

4.3.5 Effect of depolarization on NGF release

Unstimulated and KCl-stimulated NGF release was assessed in slices 

prepared from whole hippocampus and dentate gyrus and also in synaptosomes 

prepared from dentate gyrus. Fig 4.5 (A) shows that incubation of hippocampal 

slices in the presence of KCl (40 mM) significantly increased NGF release compared 

to control (*p<0.05; student’s ?-test for paired means). A similar, but more marked 

effect of KCl was observed in slices prepared from the dentate gyrus (*p<0.05; 

student’s t-iest for paired means, see Fig 4.5 (B)). Addition of KCl slightly increased 

NGF release in synaptosomes prepared from dentate gyrus but this increase did not 

reach statistical significance (Fig 4.5 (C)).

4.3.6 Effect of LTP on NGF release

The effect of LTP on NGF release was assessed in slices prepared from 

untetanized and tetanized dentate gyrus. Fig 4.6 (A) demonstrates that tetanic 

stimulation induced an increase in the mean epsp slope. The mean % change in epsp
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slope in the 2min immediately following the tetanus was 160.83% + 12.16 (mean + 

SEM; n=6). In the last 5min of the recording period the mean % change in the epsp 

slope was 130.77% + 2.05 compared with the 5min period immediately before 

tetanization. Fig 4.6 (B) demonstrates that KCl stimulation significantly increased 

the release of NGF in slices prepared from untetanized dentate gyrus (*p<0.05; 

student’s f-test for paired means, n=6). The mean concentrations of NGF (± SEM) 

released from untetanized slices were 0.058 ± 0.008ng/mg and 0.099 + 0.02ng/mg in 

the absence and presence of KCl respectively. The corresponding values for NGF 

release (+ SEM) in tetanized slices were 0.045 + O.Olng/mg and 0.114 + 0.02ng/mg 

indicating a further enhancement of NGF release following LTP. This increase in 

release was statistically significant (**p<0.01; student's f-test for paired means, n=6).

4.3.7 Effect of tyrphostin AG879 on LTP

Pretreatment with tyrphostin AG879, a trk inhibitor, markedly attenuated the 

expression of LTP in dentate gyrus as shown in Fig 4.7. The mean percentage 

changes in the epsp slope in the 2min immediately following tetanic stimulation, 

compared with the values in the 2min prior to tetanic stimulation were 158.1% + 2.1 

(mean ± SEM; n=6) and 116.6% ± 4.4 (mean ± SEM; n=6) in saline and tyrphostin 

AG879-treated rats. The values in the last 5min of the experiment were 145.7% ±

2.8 and 90.5% ± 2.9 for saline and tyrphostin AG879-treated rats respectively.

4.3.8 Effect of LTP on phosphorylation of proteins

Fig 4.8 (A) examines tyrosine phosphorylation of proteins in untetanized and 

tetanized dentate gyrus prepared from saline-treated and tyrphostin-treated rats. 

Silver staining was used to visualize proteins and protein bands were quantified by
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densitometry. In this experiment it was observed that phosphorylation of 2 proteins, 

of apparent molecular weight 40 and 88kDa, were increased in tetanized tissue 

prepared from control treated rats compared with untetanized tissue, although this 

increase was not statistically significant. The increased tyrosine phosphorylation of 

the 40 and 88kDa protein was not apparent in tyrphostin AG879-treated samples. 2 

other proteins, of apparent molecular weight 47 and 73kDa did not exhibit increased 

tyrosine phosphorylation in untetanized or tetanized dentate gyrus from saline or 

tyrphostin AG879-treated rats. The data obtained for the 4 main protein bands which 

appeared on all silver stained gels were pooled to give an estimate of total tyrosine 

phosphorylation. The data showed that tyrosine phosphorylation was significantly 

increased in tetanized, compared with untetanized tissue from saline-treated rats 

(*p<0.001; student's Mest for paired means; see Fig 4.8). This increase was not seen 

in the tyrphostin AG879 -treated rats.

4.3.9 Effect of LTP on trkK phosphorylation

TrkA  phosphorylation was analyzed in untetanized and tetanized dentate 

gyrus prepared from saline-treated and tyrphostin AG879-treated rats. Fig 4.9 

demonstrates that phosphorylation of trkK was increased in tetanized tissue prepared 

from saline-treated rats compared untetanized tissue but this did not reach statistical 

significance. There was no evidence of such a difference between tetanized and 

untetanized tissue when trkPs. phosphorylation was assessed in tissue prepared from 

rats which were treated with tyrphostin AG879.

4.3.10 Effect of LTP on ERK phosphorylation

ERK phosphorylation was analyzed in untetanized and tetanized dentate 

gyrus prepared from saline-treated and tyrphostin AG879-treated rats. Fig 4.10
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shows that ERK phosphorylation was significantly increased in tetanized, compared 

with untetanized dentate gyrus of saline-treated rats (*p<0.05; student's Mest for 

paired means; n=6); this effect did not occur in tissue prepared from tyrphostin 

AG879-pretreated rats.
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Fig 4.1 Effect of NGF on tyrosine phosphorylation

Synaptosomes were prepared from hippocampus and incubated in the 

presence (hatched rectangles) or in the absence (open rectangles) of NGF 

(50ng/ml). Proteins were separated by electrophoresis on 10% polyacrylamide 

gels and protein bands were visualised by silver staining. There was no 

significant difference in phosphorylation of proteins of apparent molecular 

masses o f 63, 37 or 33kDa, but in the case of the 28kDa protein 

phosphorylation was significantly decreased when NGF was present in the 

incubation medium (*p<0.05, student's Mest for paired means). Results are 

expressed as arbitrary units and are means ± SEM of 6,3,11 and 13 

independent observations for 63, 37, 33 and 28 kDa proteins respectively.
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Fig 4.2 Effect of NGF on trkA. phosphorylation

(A) The effect of NGF on trkA phosphorylation in synaptosomes prepared 

from dentate gyrus was examined. Densitometric analysis of trkK  

phosphorylation indicated that mean values of trkA phosphorylation were 

significantly increased (*p<0.05; student’s f-test for paired means) in NGF- 

treated compared with control synaptosomes. Results are expressed in 

arbitrary units and are means ± SEM of 10 independent observations.

(B) Phosphorylation of trkA was greater in synaptosomes prepared from 

hippocampus incubated in the presence of NGF (band 1, lane 2) compared to 

samples incubated in the absence of NGF (band, lane 1) as shown in this 

sample immunoblot.
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Fig 4.3 Effect of NGF on ERK phosphorylation
(A) The effect of NGF on ERK phosphorylation in synaptosomes prepared 

from dentate gyrus was examined. Analysis of densitometric data indicated 

that phosphorylation of ERK was significantly increased in synaptosomes 

prepared from hippocampus incubated in the presence of NGF compared to 

samples incubated in the absence of NGF (* p<0.01; student’s R est for 

dependent means). Results are expressed in arbitrary units and are means + 

SEM of 11 independent observations.

(B) Phosphorylation of ERK was greater in synaptosomes prepared from 

hippocampus incubated in the presence of NGF (lane 4,6) compared to samples 

incubated in the absence of NGF (lane 3,5) as shown in the immunoblot.



-N
G

F 
+

N
G

F

Arbitrary Units



Fig 4,4 Effect of NGF on ERK activity in N and GH rats

(A) The effect of NGF on ERK phosphorylation in synaptosomes prepared 

from dentate gyrus of normotensive (N) and genetically hypertensive (GH) rats 

was examined. Analysis of densitometric data indicated that phosphorylation of 

ERK was significantly increased in synaptosomes prepared from hippocampus of 

N rats which were incubated in the presence of NGF compared with control 

synaptosomes (*p<0.05; student’s f-test for paired means). There was no 

significant effect of NGF on ERK phosphorylation in synaptosomes prepared from 

hippocampus of GH rats. Results are expressed in arbitrary units and are means ± 

SEM of 11 independent observations for N rats and 7 for GH rats.

(B) Phosphorylation of ERK was greater in synaptosomes prepared from 

hippocampus which were incubated in the presence of NGF (lane 10) compared to 

samples incubated in the absence of NGF (lane 9) as shown in this sample 

immunoblot. There was no significant effect of NGF on ERK phosphorylation in 

synaptosomes prepared from GH rats (lane 12) compared with control 

synaptosomes (lane 11).
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Fig 4.5 Effect of depolarization on NGF release
(A) Standard curve used in the estimation of NGF concentrations in 

the supernatant collected from (A) synaptosomes prepared from dentate gyrus, 

(B) slices prepared from whole hippocampus and (C) slices prepared from 

dentate gyrus following incubation in the absence or presence of KCl (40 mM).

(B) NGF release in (A) synaptosomes prepared from dentate gyrus, 

(B) slices prepared from whole hippocampus and (C) slices prepared from 

dentate gyrus following incubation in the absence or presence of KCl (40 mM). 

KCl significantly increased release of NGF (ng/mg) in slices prepared from 

whole hippocampus and dentate gyrus (*p<0.05; students ?-test for paired 

samples; n=6), but not in synaptosomes prepared from the dentate gyrus (n=6). 

Values, expressed as means (± SEM), are given in ng NGF/mg protein.
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Fig 4.6 Effect of LTP on NGF release

(A) High frequency stimulation of the perforant path increased epsp slope 

of recordings made from the granule cell layer of the dentate gyrus. Test 

shocks were given at 30s intervals for a lOmin control period prior to 

tetanization. LTP was induced in vivo in perforant path-granule cell synapses 

by delivery of 3 trains of high frequency stimulation; 250Hz for 200ms at 30s 

intervals, as indicated by the arrow. Recording at test shock frequency 

resumed for 40min following tetanus. In the last 5min of the recording period 

the mean % change in the epsp slope was 130.77% ± 2.05 compared with the 

5min period immediately before tetanization. Results are expressed as mean 

epsp slope normalized with respect to the epsp slope recorded in the 5min 

immediately prior to tetanic stimulation. Results are means (± SEM included 

every 10* response) of 6 independent observations.

(B) The effect of LTP on NGF release in synaptosomes prepared from 

untetanized and tetanized dentate gyrus was analyzed. KCl significantly 

enhanced NGF release in slices prepared from untetanized dentate gyrus 

(*p<0.05; students t-test for paired samples; n=6); a further enhancement was 

observed in slices prepared from tetanized tissue (**p<0.01; students Mest for 

paired samples). NGF concentrations are expressed as ng/mg and are means + 

SEM of 6 observations.
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Fig 4.7 Effect of tyrphostin AG879 on LTP
The effect of tyrphostin AG879 on LTP was examined. LTP was 

inhibited by the intracerebroventricular injection of tyrphostin AG879. Fig 4.7 

shows the slope of the population epsp in dentate gyrus evoked by test stimuli 

delivered to perforant path at 30s intervals before and after tetanic stimulation, 

indicated by the arrow, in rats pretreated with saline (closed squares; n=6) and 

tyrphostin AG879 (open squares; n=6). In all cases the volume injected was 

5)xl. The mean percentage change in epsp slope in the last 5min of the 

experiment compared with the 5min period immediately before tetanic 

stimulation was 145.7% + 2.8 (± SEM, n=6) in saline-pretreated rats and 

90.5% + 2.9 (+ SEM, n=6) in tyrphostin AG879-treated rats. Results are 

expressed as mean percentage changes in epsp slope with reference to the epsp 

slope in the 5min immediately prior to tetanization. SEM values are shown for 

every 10* response.
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Fig 4.8 Effect of LTP on phosphorylation of proteins

(A) The effect of LTP on tyrosine phosphorylation of 4 proteins was analyzed 

in dentate gyrus of saline-treated and tyrphostin AG879-treated rats. There was an 

increase in phosphorylation of proteins of apparent molecular masses of 40 and 

85kDa in tetanized dentate gyrus compared with untetanized dentate gyrus in 

control treated rats, although this did not reach statistical significance. This was 

not apparent in tyrpostin AG879-treated rats. 40 and 73kDa proteins did not 

exhibit increased phosphorylation in saline-treated or tyrphostin AG879-treated 

rats. Results are expressed in arbitrary units and are means + SEM of 6 

independent observations for saline-treated and tyrphostin-treated rats.

(B) The data obtained for the 4 protein bands were pooled to give an estimate 

of total tyrosine phosphorylation. Tyrosine phosphorylation was significantly 

increased in tetanized dentate gyrus with untetanized dentate gyrus from saline- 

treated rats (*p<0.001; student’s f-test for paired means). This increase was not 

seen in the tyrphostin AG879-treated rats. Results are expressed in arbitrary units 

and are means + SEM of 24 independent observations for saline-treated and 

tyrphostin-treated rats.
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Fig 4.9

(A)

(B)

Effect of LTP on trkA phosphorylation

T r k A  phosphorylation was analyzed in untetanized and 

tetanized dentate gyrus prepared from saline-treated and 

tyrphostin AG879-treated rats. Densitometric analysis of trkA 

phosphorylation indicated that mean values of trkA 

phosphorylation were markedly increased in tetanized tissue 

(hatched rectangles) when compared to untetanized tissue (open 

rectangles) from saline-pretreated (saline) rats. This was not 

seen in the tyrphostin-pretreated (tyrphostin) rats. Results are 

expressed in arbitrary units and are means + SEM of 4 

independent observations for saline-treated and tyrphostin- 

treated rats.

Phosphorylation of Trk was markedly increased in 

synaptosomes prepared from tetanized tissue (lane 2, band 1) 

when compared to untetanized tissue (lane 1, band 1) from 

saline-pretreated rats. There was no effect of tetanization on 

Trk phosphorylation in synaptosomes prepared from tyrphostin- 

treated rats (lanes 3 and 4, band 1).
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Fig 4.10 Effect of LTP on ERK phosphorylation
(A) ERK phosphorylation was analyzed in untetanized and tetanized 

dentate gyrus prepared from saline-treated and tyrphostin AG879-treated rats. 

Densitometric analysis of ERK phosphorylation indicated that mean values of 

ERK phosphorylation were increased in tetanized tissue when compared to 

untetanized tissue from saline-pretreated rats (*p<0.05, student’s ?-test for 

paired means; n=6). This was not seen in the tyrphostin AG879-treated rats.

(B) Phosphorylation of ERK was markedly increased in 

synaptosomes prepared from tetanized tissue (lane 4, band 2) when compared 

to untetanized tissue (lane 3, band 2) from saline-pretreated rats. There was no 

effect of tetanization on ERK phosphorylation in synaptosomes prepared from 

tyrphostin-treated rats (lanes 5 and 6, band 2).
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4.4 Discussion

The aims of this study were (1) to examine whether NGF might play a role in 

the expression of LTP and (2) to assess the underlying mechanism by which this 

might occur. The data presented here show that NGF stimulated phosphorylation of 

trkA and ERK in vitro. The results also indicate that LTP was associated with 

increased NGF release from slices of dentate gyrus but not from synaptosomes, and 

that LTP was accompanied by increased phosphorylation of trfeA and ERK. These 

effects were inhibited by tyrphostin AG879-treatment suggesting that tyrosine kinase 

activity induced by NGF may play a significant role in LTP.

The data presented here suggest that tyrosine phosphorylation of 3 proteins, 

33, 37 and 63kDa, did not change following NGF treatment while tyrosine 

phosphorylation of a 28kDa protein decreased following NGF treatment. The silver 

stain method used here may not have been sensitive enough to distinguish 

differences in tyrosine phosphorylation in these substrates. For this reason, Westem 

immunoblotting, a technique acknowledged as being extremely sensitive for the 

characterization of a specific protein in a complex mixture (Caffrey e ta l,  1998) was 

chosen to study tyrosine phosphorylation of trkA and other substrates. This study 

reports that NGF increased trkA phosphorylation in vitro in synaptosomes prepared 

from hippocampus. This effect was observed in a synaptosomal preparation which 

suggests that trk is present in the presynaptic terminals. TrkA phosphorylation by 

NGF is not surprising as trkA is the high-affinity receptor for NGF (Kaplan et al., 

1991 (B)) which autophosphorylates following NGF binding (Torres and 

Bogenmann, 1996). Following receptor phosphorylation intracellular tyrosine kinase 

activity is increased (Koch et al., 1991).

The results indicate that increased, NGF-induced, ERK activation 

accompanied trkA activation in synaptosomes prepared from hippocampus. This has 

been reported in several cell types, including neurons (see Fukunaga and Miyamoto, 

1998), astrocytes (Tournier et a i, 1994) and oligodendrocytes (Bhat and Zheng, 

1996). Consistent with this was the observation that GH rats which have been shown 

to have decreased NGF and trk (Kelly et al., 1998) also show a blunted ERK 

response to NGF. It is of interest to note that the GH rats failed to express LTP in 

dentate gyrus possibly due to the decreased levels of NGF and trk in the dentate
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gyrus of GH animals (Kelly et al., 1998). This present study implies that decreased 

activity of ERK in dentate gyrus of GH rat is another factor which might impact on 

the ability of these rats to sustain LTP.

Previous evidence from this laboratory (McGahon et al., 1999) and others 

(English and Sweatt, 1997) suggested that LTP is associated with increased ERK, 

one effect of which is modulation of glutamate release. Thus, it has been shown that 

KCl-stimulated release from synaptosomes prepared from hippocampus is decreased 

by the ERK inhibitor PD98059 (McGahon et al., 1999). Because NGF was shown to 

enhance trkA phosphorylation and ERK activity here, it was considered that this 

NGF-induced pathway may impact on LTP. The working hypothesis proposed that 

NGF might be released from postsynaptic cells following depolarization, that 

released NGF might induce trkA  phosphorylation, ERK phosphorylation and hence 

increase glutamate release. As a first step in testing this hypothesis NGF release was 

assessed in sUces and synaptosomes under normal and depolarized conditions.

The data presented here show that KCl-stimulated NGF release was increased 

in slices prepared from dentate gyrus and hippocampus, but not in synaptosomes 

prepared from dentate gyrus. The KCl-stimulated release of NGF in slices supports 

previous findings by Blochl and Thoenen (1995) which demonstrated that NGF 

release was significantly increased from cultured hippocampal neurons in an activity- 

dependent manner. The present results show that NGF was released from slices and 

synaptosomes in a constitutive manner which is consistent with previous findings 

(Blochl and Thoenen, 1995). Reports have indicated that the mechanism of NGF 

release is different from that involved in glutamate release. NGF release is Ca^”" 

independent and Na’" dependent but both types of release probably require similar 

proteins to build fusion cores to allow exocytosis (Blochl, 1998).

Further analysis of NGF release was made in slices prepared from dentate 

gyrus obtained from rats which had sustained LTP. The data show that KCl 

increased the release of NGF in both untetanized and tetanized tissue. NGF release 

was enhanced to a greater degree in the slices prepared from tetanized dentate gyrus. 

Previous studies indicated that release of NGF can be initiated by glutamate receptor 

activation (Blochl and Thoenen, 1995) which suggests that tetanic stimulation, which 

is known to induce glutamate receptor activation, may be a trigger for NGF release. 

As the present data was generated in tissue prepared 40 minutes after tetanic
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stimulation, this increase in NGF release appears to persist for some time. Since 

NGF appears to be released from a postsynaptic site following the induction of LTP, 

and to act presynaptically to increase trkA  phosphorylation and ERK 

phosphorylation, and to modulate glutamate release, it seems reasonable to propose 

that NGF may act as retrograde messenger in LTP. This is supported by the 

observation that NGF interacts with ACPD in a manner similar to arachidonic acid, a 

putative retrograde messenger, to increase glutamate release and this interaction is 
occluded by induction of LTP.

To identify what effect NGF had on trkX in tissue which had sustained LTP, 

trkh phosphorylation in synaptosomes prepared from untetanized and tetanized 

dentate gyrus from saline-treated rats was analyzed. The results presented here 

indicate that LTP was associated with increased phosphorylation of trkK. This is 

consistent with the observation that KCl-stimulated NGF release is increased to a 

greater extent in tetanized tissue than in untetanized tissue. The data presented here 

are the first to show such an effect and point to a role for trkA phosphorylation in 

LTP in dentate gyrus. It is significant that these observations were made in 

synaptosomes. They suggest the presence of trkA receptors presynaptically. This 

study reports that the trkA inhibitor, tyrphostin AG879, blocked LTP and prevented 

the LTP associated increase in trkA phosphorylation. Notably, tyrphostin also 

prevented the LTP-associated increase in tyrosine kinase activity.

Tyrphostin AG879 also exerted an inhibitory effect on LTP-associated ERK 

phosphorylation. The data presented here indicate that ERK phosphorylation was 

increased in tetanized, compared with untetanized, tissue from saline-treated rats. 

This observation is consistent with reports that tyrosine phosphorylation of ERK was 

increased in hippocampal slices in which LTP was induced in CAl (English and 

Sweatt, 1997). In addition to its apparent ability to lead to phosphorylation of ERK, 

trkA also appears to influence the activation of other proteins including PI 3-Kinase 

(see Divecha and Irvine, 1995), Raf (Marais et a l,  1997) and G-proteins (Van Biesen 

et al., 1995). The activity of ERK in this study was not short lived but of a similar 

time scale as that which was observed with ERK activation in PC-12 following NGF 

treatment by Sharma and co-workers (1995). It is this long lasting action of 

phosphorylation cascades, and the nature of the downstream substrates, such as 

transcription factors and translation regulating factors which probably ensures that
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NGF signalling is an important molecular event which may underpin LTP expression 

in dentate gyrus

The substrates for ERK may include nuclear proteins important in gene 

transcription i.e. CREB (Finkbeiner et al„ 1997) and RNA polymerase II (Dubois et 

at, 1994). It has also been reported that the presynaptic protein, synapsin 1, is a 

substrate for ERK (Jovanovic et ah, 1996). Synapsin 1 may regulate 

neurotransmitter release (Greengard et a l, 1993) and so through synapsin 1 

phosphorylation, ERK may regulate neurotransmitter release. The first step in this 

process of ERK activation may be trkh  phosphorylation and so this is an event 

which is likely to impact on release and thus LTP. The significance of the integrity 

of NGF release and trkA. signalling for LTP expression is examined in the next 

chapter.
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Chapter 5
Deficits in NGF signalling may underlie age-related impairments

LTP in dentate gyrus



5.1 Introduction

Cognitive function is impaired in aged rats, this is evidenced in poor 

performance of aged rats in learning tasks (Barnes, 1979). In addition aged rats 

exhibit impaired LTP (Landfield et ah, 1978). There is an association between poor 

performance of aged rats in spatial learning tasks and decreased concentrations of 

NGF (Bergado et al., 1997) while chronic NGF infusion has been shown to reverse 

age-related deficits in LTP (Bergado et al, 1997) and spatial learning (Frick et al., 

1997). Also, rats with higher levels of NGF, due to placement in an enriched 

environment for 12 month, performed better than the control rats in spatial learning 

tasks (Pham et al., 1999). Although several age-related changes are associated with 

impaired LTP, the focus of this study was to address the question of a role for NGF 

in LTP.

One aim of this study is to establish whether the age-related deficit in LTP 

was associated with a change in NGF release. The data described in the previous 

chapter suggest that the primary effect of NGF in LTP was to stimulate trkA 

phosphorylation which triggers downstream cascades. The effect of interleukin-1(3

(IL-IP), a cytokine, and hydrogen peroxidase (HjOj), a reactive oxygen species, on

trkh  phosphorylation is examined as both IL-1(3 and HjOj have been implicated in

the age-related deficit in LTP (Murray and Lynch, 1998).

The second aim of this study is to investigate whether activity of protein 

tyrosine phosphatases (PTP) might alter trkh  activity and therefore modulate NGF- 

induced changes. Thus, PTP activity in synaptosomes prepared from young and 

aged rat dentate gyrus was examined. Studies of trkA. signal transduction following 

NGF binding has traditionally focussed on the identity and subsequent function of 

serine/threonine or tyrosine kinase substrates. However, it has been demonstrated 

that both NGF (Sharma et a l, 1995) and LTP (Qian et al, 1994) can induce the 

activation of non-transmembrane PTP’s in neuronal cells so perhaps some PTPs are 

substrates of trkh. It is now clear that phosphatase activity can control cellular 

signalling pathways which are important in the induction and maintenance of LTP, 

for example the MAP kinase pathway (Boschert et al., 1997; Sharma et al., 1995; 

Gass et al., 1996).
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5.2 Methods

5.2.1 Tissue preparation

Two groups of male Wistar rats were used in these experiments; young (4 

month old) and aged (22 months old). Young animals were 250--300g in weight and 

aged rats were 550-650g. Both were housed in the BRU as described in section 2.2. 

LTP was induced in vivo as described in detail in section 2.5. At the end of the 

recording period the rats were killed by cervical dislocation and the dentate gyri were 

removed. Slices (350|im x 350|im) were prepared using a Mcllwain tissue chopper 

and frozen in Krebs solution containing DMSO (10% w/v) and stored at -80°C until

required for analysis.

5.2.2 NGF analysis

NGF analysis is described in detail in section 2.12. Briefly, slices of dentate 

gyrus from young and aged rats were thawed, washed and incubated in Krebs 

solution (250fi,l) with 2mM CaClj in the presence or absence of KCl (40mM) for 

3min. Supernatant was retained and NGF concentration was assessed by ELISA. 

The NGF concentrations were expressed as nanograms of NGF per miligram of 

protein (ng/mg).

5.2.3 Assessment of tyrosine phosphatase activity
Tyrosine phosphatase activity was assessed in synaptosomes of dentate gyrus 

as described in section 2.14. A photometric enzyme immunoassay was used to 

determine substrate dephosphorylation per minute (pmol/min).

5.2.4 Assessment of Trk phosphorylation
T rk  phosphorylation was analysed as described in section 2.6. The 

immunoprecipitated phosphotyrosine proteins were separated by electrophoresis (see 

section 2.8) and immunoblotted with anti-frfe.
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5.3 Results

5.3.1 Effect of age on LTP expression

Fig 5.1 demonstrates that following tetanic stimulation, the epsp slope 

increases in young rats (n=6) and similarly, tetanic stimulation induced increases in 

epsp slope in one of the subgroups of aged rats (n=6). In contrast a second subgroup 

of aged rats did not sustain LTP following high-frequency tetanic stimulation (n=5). 

The mean percentage increase in the epsp slope in the last 5min of the experiment, 

compared with the 5min immediately preceding tetanic stimulation, were (+ SEM) 

153.34% ± 4.62 in young rats, 127.68% + 2.48 and 96.07% ± 0.97 in the aged rats 

which did and did not sustain LTP respectively. The corresponding mean percentage 

increases in the 2min immediately following tetanus were 175.73% + 15.16 in young 

rats, 115.16% + 3.05 and 114.10% ± 5.01 respectively for aged rats which did and 

did not sustain LTP respectively. The data indicated that the early phase of LTP was 

significantly decreased in both subgroups of aged rats while the later phase was 

significantly impaired in one subgroup only.

5.3.2 Effect of LTP on NGF release
The effect of LTP on unstimulated and KCl-stimulated NGF release was 

assessed in slices prepared from untetanized and tetanized dentate gyrus of young 

rats and both subgroups of aged rats. Fig 5.2 (A) demonstrates that the incubation of 

slices of untetanized dentate gyrus in Krebs solution with KCl (40mM) significantly 

increased NGF release compared with NGF release (*p<0.05; student's ?-test for 

paired samples, n=6). The mean unstimulated concentration of NGF released from 

slices of untetanized dentate gyrus was 0.123 + 0.02ng/mg (+ SEM, n=6) and the 

mean KCl-stimulated concentration of NGF released from slices of untetanized 

dentate gyrus was 0.184 + 0.03ng/mg (± SEM, n=6). Addition of KCl stimulated a 

further increase in NGF release from tetanized tissue prepared from young rats 

(**p<0.03; student's ?-test for paired samples, n=6). The mean unstimulated
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concentration of NGF released from slices of tetanized dentate gyrus was 0.181 ± 

0.04ng/rag (+ SEM, n=6) and the mean KCl-stimulated concentration of NGF 

released from slices of tetanized dentate gyrus was 0.286 ± 0.06ng/mg (± SEM, 

n=6).

The increase in NGF release seen in dentate gyrus slices prepared from young 

animals was not observed in aged animals which did not sustain LTP. Fig 3.2 (B) 

demonstrates that unstimulated NGF release from untetanized dentate gyrus was 

significantly increased compared with the unstimulated NGF release from tetanized 

tissue in this subgroup ('*"p<0.05; student's t-test for paired means). The mean 

unstimulated concentration of NGF released from slices of untetanized dentate gyrus 

was 0.641 + 0.12ng/mg (+ SEM; n=5) and the mean unstimulated concentration of 

NGF released from slices of tetanized dentate gyrus was 0.345 + 0.07ng/mg (+ SEM; 

n=5). KCl depolarization failed to stimulate release of NGF in tissue prepared from 

either untetanized or tetanized dentate gyrus in this subgroup. Unstimulated NGF 

release was significantly increased in slices of untetanized dentate gyrus prepared 

from aged rats which did not sustain LTP compared with unstimulated NGF release 

in slices prepared from  young and aged rats which sustained LTP (+p<0.05; 

student’s /-test for independent means).

Fig 5.2 (C) demonstrates that there is a similar trend in the subgroup of aged 

rats which sustained LTP with that observed in young rats, that is, KCl enhanced 

NGF release in both untetanized and tetanized tissue although the increase did not 

reach statistical significance in untetanized tissue. The mean unstim ulated 

concentration of NGF released from slices prepared from untetanized dentate gyrus 

was 0.097 ±  0.03ng/mg (± SEM, n=6) compared with 0.177 ± 0.05ng/mg (± SEM, 

n=6) which was the mean KCl-stimuIated concentration of NGF released from slices 

prepared from untetanized dentate gyrus. KCl-stimulated NGF release in tetanized 

dentate gyrus was significantly increased compared with unstimulated NGF release 

in tetanized dentate gyrus prepared from aged rats which sustain LTP (*p<0.05; 

student's /-test for paired samples, n=6). The mean unstimulated concentration of 

NGF released from slices of tetanized dentate gyrus was 0.085 + 0.02ng/mg (± 

SEM, n=6) and the mean KCl-stimulated concentration of NGF released from slices 

of tetanized dentate gyrus was 0.195 ± 0.02ng/mg (+ SEM, n=6).
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5.3.3 Effect of NGF on trk activity

NGF increased trk phosphorylation (Fig 5.3 (A), lane 2) in synaptosomes 

prepared from untetanized dentate gyrus from young rats (compare lanes 1 and 2); 

while trk phosphorylation was increased in tetanized (lane 3) compared with 

untetanized tissue (lane 1). NGF did not increased phosphorylation of trk in 

synaptosomes prepared from tetanized tissue (compare lanes 3 and 4). The mean 

data, obtained from densitometric analysis confirms this pattern. Thus, NGF 

significantly increased trk phosphorylation in synaptosomes prepared from 

untetanized dentate gyrus (Fig 5.3 (B); *p<0.05; student’s f-test for paired means,) 

and while trk phosphorylation was significantly increased in synaptosomes prepared 

from tetanized tissue (*p<0.05; student’s Mest for independent means) NGF failed to 

stimulate a further increase of trk phosphorylation in tetanized tissue. NGF failed to 

increase trk phosphorylation in synaptosomes prepared from untetanized or tetanized 

dentate gyrus of aged rats which did not sustain LTP (Fig 5.3 (A), lanes 5-8). Trk 

phosphorylation in the absence of NGF (lane 5) was greater in this group than in 

either young (lane 1) or aged rats which sustained LTP (lane 9). The mean data 

generated from densitometry shows that NGF failed to stimulate further trk  

phosphorylation in untetanized tissue (Fig 5.3 (B)). In the absence of NGF, trk 

phosphorylation was greater in this group of rats then in either young rats (+-i-p<0.01; 

student’s f-test for independent means) or aged rats which sustain LTP (+p<0.05; 

student’s ?-test for independent means). NGF induced trk phosphorylation (Fig 5.3 

(A), lane 10) in synaptosomes prepared from untetanized dentate gyrus from aged 

rats which sustained LTP (compare lanes 9 and 10). The mean data obtained from 

desitometric analysis indicate that NGF increased trk phosphorylation in 

syanptosomes prepared from untetanized dentate gyrus but this failed to reach 

statistical significance (Fig 5.3 (B)). Trk phosphorylation was significantly increased 

in synaptosmes prepared from tetanized tissue compared with untetanized tissue 

("^p<0.05; student’s ?-test for independent means), NGF failed to further increase 

phosphorylation of trk in tetanized tissue. (I wish to acknowledge that this result was 

generated by Dr Aine Kelly from a collaborative study, the work has been published 

(Kelly et a l,  2000) and it is presented here with her consent).
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5.3.4 Effect of NGF, IL-ip or HjOj on trkA. phosphorylation

The effect of preincubation with NGF (50ng/m]), IL -ip  (Ing/ml) or H2 O2

(500p,M) on trkK  phosphorylation in synaptosomes prepared from dentate gyrus was 

assessed. TrkA  phosphorylation was increased in synaptosomes incubated in the 

presence of NGF compared with control. Although the magnitude of this increase 

was not large, it was observed in 8 out of 8 cases and densitometric analysis revealed 

that this increase was statistically significant (*p<0.05; student’s M est for 

independent means; Fig 6.1). The mean values (in arbitrary units ±SEM) were 4.52 

± 0.09 for tissue incubated in the absence of NGF (n=8) and 5.65 ± 0.46 (n=8) for 

tissue incubated in the presence of NGF. Fig 6.1 shows that this increase in trkK 

phosphorylation was not seen in tissue incubated in the presence of IL -lp  or HjOj.

The mean values were 5.16 + 0.73 arbitrary units (+ SEM, n=6) in tissue incubated 

with IL -lp  and 4.51 ± 0.62 arbitrary units (± SEM, n=6) in tissue incubated with

Ĥ Ô .

5.3.5 Effect of LTP on tyrosine phosphatase activity

It was considered that one explanation for an age-related increase in the 

phosphorylation of trk might be an decrease in protein tyrosine phosphatase (FTP) 

activity therefore tissue was analyzed for phosphatase activity. Fig 5.4 (A) shows 

that tyrosine phosphatase activity in synaptosomes prepared from untetanized and 

tetanized dentate gyrus of young rats was similar. The rate of dephosphorylation of 

the phosphatase substrate was used as the index of phosphatase activity and the mean 

enzyme activities in untetanized and tetanized synaptosomes prepared from young 

rats were 0.304 pmol of substrate dephosphorylated per min ±  0.05 (SEM, n=13) 

compared with 0.339 pmol of substrate dephosphorylated per min + 0.09 (SEM, 

n = ll) .

Fig 5.4 (B) shows that FTP activity was increased in tetanized tissue prepared 

from aged rats which sustained LTP compared with untetanized tissue but this did 

not reach statistical significance. The data demonstrate that phosphatase activity was 

significantly decreased in untetanized tissue of aged animals which sustained LTP 

compared with untetanized tissue of young animals (*p<0.05; students ?-test for
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independent means). A similar pattern was observed in enzyme activity prepared 

from tetanized tissue but this did not reach statistical significance.

Fig 5.4 (C) demonstrates that PTP activity in synaptosomes prepared from 

tissue was similar to that in synaptosomes prepared from tetanized dentate gyrus of 

aged rats which failed to sustain LTP. However, the mean activities were 

significantly decreased compared with those in tisssue prepared from young rats 

(+p<0.05; Bonferoni multiple comparison test).
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Fig 5.1 Effect of age on LTP expression
Tetanic stimulation induced an immediate change in the mean population 

epsp slope in each of the young rats assessed (A; n=6). Of the 11 aged rats 

investigated, LTP was sustained until the end of the experiment in 6 rats ( ■  ) and 

not the other 5 rats ( □  ). SEM values are included for every 10“' response. 

Sample recordings from the 5min before tetanization and in the last 5min of the 

experiment are superimposed for a young rat (left hand response), an aged rat 

which sustained LTP (middle response) and an aged rat which did not sustain LTP 

(right hand response). Scale bars ImY and 2ms.
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Fig 5.2 Effect of LTP on NGF release

(A) Standard curve used in the estimation of NGF concentrations in 

the supernatant collected from (A) tissue prepared from dentate gyrus of young 

rats, (B) tissue prepared from dentate gyrus of aged rats which did not sustain 

LTP and (C) tissue prepared from dentate gyrus of aged rats which did sustain 

LTP in the absence or presence of KCl (40 mM).

(B) Analysis of NGF release in slices of untetanized and tetanized 

dentate gyrus prepared from young and aged rats which sustained LTP and 

aged rats which did not. KCl (40mM) significantly increased NGF release in 

slices prepared from untetanized dentate gyrus of young rats (Fig 5.2 (A); 

p<0.05; student’s ?-test for paired means; n=6). A similar effect was observed 

in tetanized tissue, KCl enhanced NGF release in tetanized tissue (**p<0.029; 

student’s f-test for paired means). Fig 5.2 (B) shows that no effect of KCl 

stimulation was observed in aged rats which did not sustain LTP (n=5) in either 

untetanized or tetanized slices. Unstimulated NGF release was significantly 

increased in tissue prepared from aged rats which did not sustain LTP 

compared with young rats (++p<0.01; student’s t-t&st for paired means) and 

aged rats which sustained LTP (+p<0.05; student’s t- test for paired samples). 

Fig 5.2 (C) shows that addition of KCl to slices prepared from tetanized 

dentate gyrus of rats which sustained LTP produced a significant increase in 

NGF release (+p<0.05; student's ?-test for paired means; n=6). A similar but 

statistically insignificant effect was observed in untetanized tissue. Results are 

expressed as ng NGF per mg of protein and are means ±  SEM.
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Fig 5.3 Effect of NGF on trk activity
(A) The sample immunoblot (Fig 5.3 (A)) shows the effect of NGF in 

untetanized (compare lanes 1 and 2, 5 and 6, 9 and 10 ) and tetanized (compare 

lanes 3 and 4, 7 and 8, 11 and 12) tissue prepared from young rats (lanes 1-4), 

aged rats which failed to sustain LTP (lanes 5-8) and aged rats which sustained 

LTP (lanes 9-12).

(B) NGF (50ng/ml) significantly increased trk phosphorylation in 

synaptosomes of untetanized dentate gyrus prepared from young rats and aged 

rats which sustained LTP (Fig 5.3 (B); *p<0.05; student’s ?-test for paired 

means; n=6), but not in aged rats which failed to sustain LTP (n=5); this effect 

was occluded by prior induction of LTP. Trk  phosphorylation was 

significantly enhanced in tetanized, compared with untetanized, tissue in young 

rats (*p<0.05; student’s Mest for paired means) and aged rats which sustained 

LTP (*p<0.05; students ?-test for paired means), but not in aged rats which 

failed to sustain LTP. Trk phosphorylation in the absence of NGF stimulation 

was significantly increased in tissue prepared from aged rats which did not 

sustain LTP compared with young rats (++p<0.01; student’s ?-test for paired 

means) or aged rats which sustained LTP (+p<0.05; students r-test for paired 

means).
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Fig 5.4 TrkA phosphorylation in vitro: effect of NGF, IL-ip and H2 O2

Analysis of densitometric data indicated that phosphorylation of trkA was 

significantly increased in synaptosomes prepared from dentate gyrus and 

incubated in the presence of NGF (50ng/ml) compared with control (*p<0.05, 

student’s r-test for independent means). Neither IL-1|3 (Ing/ml) or HjOj (500^M)

had any effect on trkA  phosphorylation. Results are expressed as arbitrary units 

and are means + SEM of 6 observations for control and NGF-treated rats and at 

least 4 observations for IL-1 p or HjOj-treated rats.
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Fig 5.5 Effect of LTP on tyrosine phosphatase activity
(A) Phosphopeptide standard curve used in the estimation of PPS 

concentration and thus substrate dephosphorylation in synaptosomes prepared 

from untetanized and tetanized dentate gyras of young rats and both subgroups of 

aged rats.

(B) Analysis of tyrosine phosphatase (PTP) activity in synaptosomes 

prepared from untetanized and tetanized dentate gyrus of young rats and both 

subgroups of aged rats. There was no increase in PTP activity in synaptosomes 

prepared from tetanized compared to untetanized dentate gyrus (Fig 5.4 (A)). 

There was no difference in the tyrosine phosphatase activity in untetanized and 

tetanized dentate gyrus prepared from aged animals which did not sustain LTP 

(Fig 5.4 (B)). However, there was a significant increase in tyrosine phosphatase 

activity in synaptosomes from tetanized dentate gyrus of young rat compared to 

those from aged rats which did not sustain LTP (*p<0.05; Bonferoni multiple 

comparison test). In aged rats which sustained LTP there was a marked trend 

towards increased PTP activity in synaptosomes prepared from tetanized dentate 

gyrus compared with untetanized dentate gyrus (Fig 5.4 (C)). This increase failed 

to reach statistical significance. Results are expressed as pmol substrate 

dephosphorylated/min and are means ± SEM of 6 observations.
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Discussion

Numerous cellular and molecular changes occur in neurons during the aging 

process. These changes include increased accumulation of reactive species which 

has been coupled with increased concentrations of IL-lp (Murray and Lynch, 1998)

and increased superoxide dismutase activity (O'Donnell and Lynch, 1998) and 

decreased concentrations of membrane arachidonic acid (McGahon et a l,  1997). 

There is a significant positive correlation between membrane arachidonic acid 

concentration in hippocampus and LTP (Lynch and Voss, 1994). The effect of aging 

on the role of NGF in LTP was examined in this study because NGF can mimic some 

of the molecular effects of arachidonic acid. For example, both NGF and 

arachidonic acid can act in combination with trans-l-amino-cyclopentyl-1,3- 

dicarboxylate (ACPD) to increase glutamate release (Kelly and Lynch, 1998). The 

objective of this study was to determine whether age-related changes in NGF release 

and NGF signalling might impact on the ability of aged rats to sustain LTP. NGF 

release, trk phosphorylation and protein tyrosine phosphatase (PTP) activity were 

therefore examined in dentate gyrus of young (4 months) and aged (22 months) rats.

The data presented here show that LTP in dentate gyrus was expressed in all 

young rats and a subgroup of aged rats. A second subgroup of aged rats did not 

sustain LTP. These data are consistent with previous studies which have reported 

that age-related impairment of LTP occurred in some but not all aged rats (McGahon 

et al., 1997; Lynch and Voss, 1994). Induction of LTP appears to be impaired in 

some aged rats, as the epsp slope directly after tetanic stimulation was reduced in 

aged, compared with young, rats. Some groups have described an age-related 

impairment in the induction of LTP (McGahon et al., 1997; Lynch and Voss, 1994) 

but other groups have not (Barnes, 1979). The study by Barnes (1979) differs from 

those which describe an age-related impairment in the induction of LTP as Barnes 

used freely-moving, awake rats. In the present study and others (McGahon et al., 

1997) anaesthetized rats were used. Analysis of LTP in both preparations, however, 

showed that LTP decayed at a faster rate in aged animals than in young animals. 

Therefore, while some uncertainty about age-related changes in the induction of LTP 

remains, there is general agreement that maintenance of LTP is impaired.
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In order to investigate whether the age-related impairment in LTP was 

associated with a change in NGF release, tissue was prepared from rats which 

sustained and did not sustain LTP. The results indicate that KCl enhanced release in 

slices of untetanized dentate gyrus prepared from young and aged rats which 

sustained LTP. KCl-induced enhancement of NGF release was reported before (see 

Chapter 4) and by other groups (Blochl and Thoenen,1995). KCl-stimulated increase 

in release was further enhanced in tetanized tissue prepared from these rats, 

compared with untetanized tissue. Therefore, NGF release in tissue prepared from 

young and aged rats which sustained LTP was similar in 2 respects. In contrast to 

this, NGF release in the slices prepared from the subgroup of aged rats which failed 

to sustain LTP was different in a number of ways. Unstimulated NGF release (i.e. in 

the absence of depolarization) was markedly increased in this group compared with 

young and aged animals which sustained LTP. The mechanism responsible for this 

six-fold increase is unknown. Similarly, the underlying cause of the lack of effect of 

depolarization by KCl on NGF release in slices prepared from untetanized and 

tetanized dentate gyrus from rats which did not sustain LTP is not known. However, 

an age-related change which may provide an explanation for this increased 

unstimulated release is the change in plasma membrane composition which is 

associated with age. For example, in addition to the age-related decrease in 

arachidonic acid (AA; McGahon et al., 1997). Age-related changes in the 

concentration of cholesterol, an important lipid in neuronal membranes, have been 

reported previously (Calderini et a l, 1983). The membranes of the hippocampus 

have the highest ratio of cholesterol to phospholipid in the rat brain (Zhang et al., 

1996) and the importance of membrane constituents in maintaining normal neuronal 

function has been demonstrated. For example it has been indicated that lipid 

membranes in tissue prepared from Alzheimer disease patients are thinner than the 

membranes from corresponding age-matched controls due to a decreased 

concentration of cholesterol (Mason et al., 1992). Perhaps decreased concentrations 

of important membrane constituents like cholesterol in the plasma membrane of aged 

rat neurons reduces the ability of membranes to maintain cytoplasmic stores of NGF 

within neurons.
Because there may be more NGF in the synaptic cleft of aged animals which 

did not sustain LTP there is likely to be increased trk phosphorylation. The data
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generated here indicate that the enhanced, unstimulated release of NGF in slices of 

dentate gyrus prepared from aged rats which failed to sustain LTP was correlated 

with increased phosphorylation of trk in synaptosomes prepared from this tissue. 

Although trk phosphorylation was shown previously to be important in LTP 

expression as demonstrated by the inhibition of LTP by intracerebroventricular 

injection of the trk inhibitors, tyrphostin AG879 (see Chapter 4), this result indicates 

that this alone is not sufficient to maintain LTP. The intracellular phosphorylation 

cascades which are downstream of trk signalling are of importance in LTP 

expression and reports from this group indicate that activation of ERK is decreased 

in dentate gyrus of aged rats which did not sustain LTP (McGahon et al., 1999). 

Thus, it may be anticipated that even if trk phosphorylation was increased, LTP can 

be impaired if the downstream signalling events are compromised with age. In vitro 

experimental data presented here show that trk phosphorylation was enhanced by 

NGF in tissue prepared from untetanized dentate gyrus of young rats and aged rats 

which sustained LTP. In addition, trk phosphorylation was increased in tetanized 

compared with untetanized, dentate gyrus prepared from these animals. This 

indicates that there is an LTP associated increase in trk phosphorylation which 

accompanies the previously reported LTP associated increase in NGF release. 

Tetanization may occlude the effect that NGF had on trk in untetanized tissue as 

increased phosphorylation of trk by NGF was not observed in tissue prepared from 

tetanized dentate gyrus of young and aged rats which sustained LTP. Tetanization, 

therefore, may result in NGF release which leads to maximal phosphorylation of trk 

thereby occluding any additional effect exogenous NGF may have. NGF did not 

stimulate increased phosphorylation in tissue prepared from either untetanized or 

tetanized dentate gyrus of aged rats which failed to sustain LTP. However, in these 

rats trk receptor hyperphosphorylation was observed and no response to NGF or

tetanic stimulation occured.
The question arises of the mechanism underlying the hyperphosphorylation 

of trk receptor observed in aged rats which did not sustain LTP. One possible cause 

may be a concomitant decrease in intracellular PTP activity. Like all receptor 

tyrosine kinases, the phosphorylation site of trk is in part regulated by intracellular 

PTP activity (see review by Tonks, 1996). Previous reports indicate that if trkA  

autophosphorylation is blocked by K252a, a tyrosine inhibitor, then complete
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dephosphorylation o f trkA occurs within 5 minutes of NGF stimulation (Bohme e t  

a l ,  1991). The results of this study indicate that there was no change in PTP activity 

following tetanization in synaptosomes prepared from dentate gyrus of young rats 

which sustained LTP. However, the PTP activity in tissue from tetanized dentate 

gyrus o f  aged rats which did not sustain LTP was decreased compared with activity 

in tissue prepared from tetanized dentate gyrus of young rats. These data are in 

conflict with a previous study which indicated that PTP expresion was decreased in 

an age-dependent manner (Sahin and Hockfield, 1993). This decrease in PTP 

activity was age-related as the mean PTP activities were lower in untetanized dentate 

gyrus from both subgroups o f aged rats compared with young rats. The reason, 

therefore, why one subgroup sustained LTP when the other did not may be due to the 

combination o f two separate factors. The six-fold increase in NGF release in 

com bination w ith a reduced intracellular PTP activ ity  may lead to 

hyperphosphorylation of trk which, in turn, may explain the lack o f LTP.

The results presented in this study showed that interleukin-Ip (IL-lp) and

hydrogen peroxidase (H2 O2 ) did not induce phosphorylation o f  trkA. Previous 

studies have indicated that IL -lp  concentrations are elevated in aged rats (Murray

and Lynch, 1998) and that increased H 2 O2  and other reactive oxygen species 

production are a feature o f the hippocampus in aged rats (McGahon et al., 1997). 

The postulated effects that these molecules exert, which include stimulating lipid 

peroxidation and thereby decreasing membrane polyunsaturated fatty acid  

concentration (see Lynch, 1999), in the impairment o f LTP probably does not 

include their interference with NGF signalling.

The data presented in this study which showed that PTP activity did not 

change in tissue prepared from young rats following tetanization is contrary to other 

reports. Qian and co-workers reported that the expression o f the dual-specificity 

PTP, BAD-2, was elevated during seizure and LTP (1994). It has also been reported 

that other types of brain activity such as limbic seizures can influence the expression 

of phosphatases, elevating the expression of mitogen-activated protein kinase 

phosphatases (MKP-1) from undetectable pre-seizure levels (Boschert et al., 1997; 

Gass et al., 1996). The discrepancy in results may due to two different protocols 

being used to induce brain activity. In this study high frequency stimulation o f the 

perforant path was used to induce LTP in the dentate gyrus and the increase in PTP
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activity achieved by this was minimal. The seizure studies (Boschert et ah, 1997; 

Gass et aL, 1996; Qian et ai, 1994) used kainic acid to induce limbic seizures which 

significantly increased MKP-1 expression. Also, the earliest time point when 

phosphatase expression was detected in these studies was 2 hours after seizure 

induction (Gass et al., 1996). The data presented here was generated using tissue 

which was prepared 40 minutes after tetanic stimulation.

The evidence presented in this study suggests that compromised NGF release 

and signalling may contribute to the LTP deficit observed in some aged rats. 

Although this study focussed on the deficits in NGF release and subsequent 

activation of trk receptors, the importance of the downstream signalling substrates, 

which were not examined here, must be acknowledged. The next chapter will 

attempt to identify how age-related changes impact on some of the molecular 

mechanisms which are necessary for LTP expression.
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Chapter 6
Examination of the effect of K252a or PAO on LTP expression



6.1 Introduction

Protein tyrosine phosphatase (PTP) activity has been implicated in LTP 

expression following the discovery that LTP was associated with increased 

expression of a dual specificity PTP (Qian et al., 1994). This chapter focuses on the 

interaction between tyrosine kinases and phosphatases in the expression of LTP in 
dentate gyrus.

Evidence generated by inhibitor studies suggest that tyrosine kinases are 

necessary for the expression of LTP (O'Dell et al., 1991 (B); Abe and Saito, 1993; 

Huang and Hsu, 1999). The tyrosine kinase substrates which play a necessary role in 

LTP are diverse and include NMD A receptors (Wang and Salter, 1994) and 

synaptophysin (Pang et al., 1988). This study will investigate the effect of K252a, a 

broad spectrum kinase inhibitor, on LTP expression in dentate gyrus and on the 

phosphorylation levels of trkA and ERK.

Although the identity of PTPs and their role in LTP has not been extensively 

studied, it is acknowledged that PTP activity can impact on some of the cellular 

processes required for LTP expression. For instance, activation of an intracellular 

enzyme, phosphatidylinositol-3-kinase (PIS kinase), is necessary for LTP in dentate 

gyrus (Kelly and Lynch, 2000) and was shown to be inhibited by CD45, a 

transmembrane PTP (Way and Mooney, 1993). PTPs are important in the activation 

of transcription factors, i.e. NF-kB (Singh and Aggarwal, 1995), which are

postulated substrates of activated ERK in LTP. NMDA receptors, which mediate 

postsynaptic Câ "" influx required for the induction of LTP, is regulated by PTP 

activity as NMDA currents are enhanced by intracellular delivery of sodium 

orthovanadate, inhibitors of PTPs (Wang and Salter, 1994). One aim of this study 

will be to investigate if PTPs play a role in LTP expression in the dentate gyrus and 

to examine if the inhibition of PTPs affects the phosphorylation of two kinsaes, trkA. 

The membrane permeable phenylarsine oxide (PAO), which has been shown to 

inhibit PTP in many tissues, will be used to determine this.
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6.2 Methods

6.2.1 Induction of LTP and tissue preparation

LTP was induced in vivo as described in detail in section 2.5. In some 

experiments saline (0.9%; 5^1), phenylarsine oxide (PAO; lOOjiM, 5^il) or K252a 

(200nm, 5)il) was injected intracerebroventricularly 30min before recording 

commenced. At the end of the recording period, rats were killed by cervical 

dislocation and the dentate gyri were removed. Slices (350 x 350p.m) were prepared 

using a Mcllwain tissue chopper and frozen in Krebs solution containing DMSO 

(10% w/v) and stored at -80°C until required for analysis.

6.2.2 Assessment of tyrosine pliosphatase activity

There is a detailed description of tyrosine phosphatase analysis in section 

2.14. This assay was done ex vivo using synaptosomes prepared from untetanized 

and tetanized dentate gyrus of saline-treated or phenylarsine oxide (PAO)-treated 

rats. A photometric enzyme immunoassay method was used to determine substrate 

dephosphorylation per minute (pmol/min).

6.2.3 Assessment of Trk A phospliorylation
TrkA  phosphorylation was analysed in untetanized or tetanized dentate gyri as 

described in section 2.9. The immunoprecipitated phosphotyrosine proteins were 

separated by electrophoresis (see section 2.8) and immunoblotted with anti-trkA 

(Calbiochem, USA; 1:1000 in Tris-buffered saline-Tween (0.1%)).

6.2.4 Assessment of ERK phosphorylation
ERK phosphorylation was analyzed in untetanized or tetanized dentate gyri of 

rats. Separated proteins were immunoblotted with anti-active ERK as described in 

section 2.9.
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6.3 Results

6.3.1 Effect of K252a on expression of LTP in vivo

The effect of K252a treatment on the ability of rats to sustain LTP was assessed. A 

control group of rats received an intracerebroventricular injection (5|J,1) of saline 

30min before delivery of tetanic stimulation. LTP was induced and sustained in 

these rats as demonstrated in Fig 6.1. The mean increase in the epsp slope in the 

final 5min of the experiment was 128.37% + L70 (SEM, n=6) compared with the 

normalized mean of 100% for the epsp slope in the 5min preceding tetanic 

stimulation. The group, which received an intracerebroventricular injection of 

K252a (5|0,1; 2G0nM) 30min before tetanic stimulation, had a reduced epsp slope in 

the last 5min of the experiment. In this group the mean increase in the slope of the 

epsp in the last 5min of the experiment was 102.18% ± 1.69 (+ SEM; n=6).

6.3.2 Effect of K252a on trkPk phosphorylation

TrkA phosphorylation in synaptosomes prepared from untetanized and tetanized 

dentate gyrus prepared from saline-treated and K252a-treated rats was analyzed. Fig

6.2 shows that phosphorylation of trkh  was increased in synaptosomes prepared 

from tetanized dentate gyrus of saline-treated rats compared with trkK 

phosphorylation in untetanized dentate gyrus of this group (*p<0.05; student’s Mest 

for independent means). The mean value for trkh phosphorylation from untetanized 

dentate gyrus in arbitrary units was 6.6 + 0.3 (+ SEM; n=6) and from tetanized 

dentate gyrus was 22.9 + 6.0 (+ SEM; n=6). Fig 6.2 demonstrates that tetanized 

associated increase in phosphorylation of trkh  was not evident in dentate gyrus 

prepared from K252a-treated rats. The mean value for trkA phosphorylation in 

arbitrary units from untetanized dentate gyrus was 12.1 + 7.0 (± SEM; n=3) and 18.3 

± 7.6 (± SEM; n=3) in tetanized dentate gyrus from K252a-treated rats.

6.3.3 Effect of K252a on ERK phosphorylation
ERK phosphorylation in synaptosomes prepared from untetanized and 

tetanized dentate gyrus of saline-treated and K252a-treated rats was analyzed. Fig

6.3 shows that phosphorylation of ERK was increased in synaptosomes prepared 

from tetanized dentate gyrus of saline-treated rats compared with untetanized dentate
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gyrus (*p<0.05; student’s Mest for independent means). The mean value for ERK 

phosphorylation in untetanized dentate gyrus, in arbitrary units, was 4.4 + 0.2 ( + 

SEM; n=6) and 14.1 + 3.92 (+ SEM; n=6) in tetanized dentate gyrus. Fig 6.3 

demonstrates that this tetanized associated increase in phosphorylation of ERK was 

not evident in dentate gyrus prepared from K252a-treated rats. The mean value for 

ERK phosphorylation in arbitrary units from untetanized dentate gyrus was 4.8 ± 

0.04 (+ SEM; n=3) and 5.0 + 1.48 (+ SEM; n=3) in tetanized dentate gyrus from 

K252a-treated rats.

6.3.4 Effect of PAO on LTP

Fig 6.4 shows that LTP was reliably induced and sustained in rats, which 

received an intracerebroventricular injection of saline 30min before tetanization. 

The mean increase in the slope of the epsp in the final 5min of the experiment was 

128.37 ± 1 . 1  % (SEM, n=6) compared with the mean slope in the 5min immediately 

preceding the tetanic stimulation, which was normalized to 100%. Another group of 

rats received an intracerebroventricular injection of phenylarsine oxide (PAO) 30min 

before tetanic stimulation and this reduced the slope of the epsp in the last 5min of 

the experiment. The mean increase in the final 5min of the experiment was 105.28 + 

1.55 % (SEM, n=6) compared with the normalized value of the mean slope, 100%, in 

the 5min immediately preceding tetanic stimulation.

6.3.5 Effect of phenylarsine oxide (PAO) on protein tyrosine phosphatase

activity
The effect of PAO on protein tyrosine phosphatase (PTP) activity in 

synaptosomes prepared from untetanized and tetanized dentate gyrus was analyzed. 

No difference of PTP activity in tissue from untetanized and tetanized dentate gyrus 

was observed (Fig 6.5). The mean PTP activity was 0. 34 ± 0.12 pmol 

dephosphorylation/min (± SEM; n=7) in tissue prepared from untetanized dentate 

gyrus and 0.56 ±  0.11 pmol dephosphorylation/min (± SEM; n=8) in tissue prepared 

from tetanized dentate gyrus. However, there was a significant decrease of PTP 

activity in tetanized compared with untetanized dentate gyrus prepared from PAO- 

treated rats (+p<0.05; student’s t-test for independent means). The mean value of
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PTP activity in tissue prepared from untetanized dentate gyrus of PAO-treated rats 

was 0.45 ± 0.04 pmol dephosphorylation/min (+ SEM; n=6) and 0.29 ± 0.046 pmol 

dephosphorylation/min in tetanized dentate gyrus prepared from PAO-treated rats.

6.3.6 Effect of PAO on trkK phosphorylation

The effect of PAO on trkA  phosphorylation was analyzed in vitro. 

Synaptosomes prepared from dentate gyrus were incubated in Krebs solution in the 

absence or presence of NGF (50ng/ml) or PAO (35|iM). The data presented here 

show that synaptosomes incubated in the presence of PAO exhibited increased trkA 

phosphorylation compared with control synaptosomes. The densitometric analysis 

revealed that this increase was statistically significant (+p<0.05; student’s Mest for 

independent means). The mean value was 4.52 ± 0.09 arbitrary units (± SEM, n=8) 

in control synaptosomes and 9.74 ± 2.19 arbitrary units (± SEM, n=6) in 

synaptosomes incubated in the presence of PAO. Fig 6.6 shows that there was an 

increase in phosphorylation of trkA in synaptosomes incubated in the presence of 

PAO compared with that in the presence of NGF but this was statistically 

insignificant. NGF also significantly increased trkA phosphorylation compared with 

control (*p<0.05; student’s r-test for independent means).
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Fig 6.1 Effect of K252a on expression of LTP in vivo

The ability of rats to express LTP following intracerebroventricular 

injection of either saline (5p,l) or K252a (5|il; final concentration: 200nM) 

30min before tetanic stimulation was examined. High frequency stimulation of 

the perforant path resulted in an increase in mean epsp slope in saline-treated 

but not K252a-treated animals. Results are means + SEM of 6 independent 

observations for each condition.
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Fig 6.2

(A)

(B)

Effect of K252a on trkA phosphorylation
TrkA  phosphorylation was significantly increased in tetanized 

compared with untetanized dentate gyrus from saline-treated 

rats (*p<0.05; student's ?-test for independent means). 

Tetanization had no effect on trkh  phosphorylation in 

K252a-treated rats. Results are expressed as means ± SEM of 6 

observations for saline-treated rats and 4 for K252a-treated rats. 

T rkh  phosphorylation was significantly increased in tetanized 

(lane 2) compared with untetanized dentate gyrus (lane 1) from 

saline-treated rats but tetanization had no effect on trkh. 

phosphorylation in K252a-treated rats (lane 3 and 4).
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Fig 6.3

(A)

(B)

Effect of K252a on ERK phosphorylation in vivo 

E R K  phosphory lation  was significantly  enhanced in 

synaptosom es prepared  from  tetanized com pared w ith 

untetanized dentate gyrus of saline-treated rats (*p<0.03; 

student's t-test for independent means). There was no effect of 

tetanization on ERK phosphorylation in dentate gyrus prepared 

from K252a-treated rats. Results are arbitrary units means ±  

SEM of 9 observations for saline-treated rats and 4 observations 

for K252a-treated rats.

ERK phosphorylation was significantly increased in tetanized 

(lane 2) compared with untetanized dentate gyrus (lane 1) from 

saline-treated rats but tetanization had no effect on ERK 

phosphorylation in K252a-treated rats (lane 3 and 4).
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Fig 6.4 Effect of PAO on LTP
The ability of rats to express LTP following intracerebroventricular 

injection of either saline (5^il) or PAO (5|il; final concentration: 100|i.M) 

30min before tetanic stimulation was examined. High frequency stimulation of 

the perforant path resulted in an increase in mean epsp slope in saline-treated 

animals but not in PAO-treated rats. Results are means + SEM of 6 

independent observations for each condition.
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Fig 6.5 Effect of PAO on protein tyrosine phosphatase activity
Analysis of tyrosine phosphatase (PTP) activity in synaptosomes 

prepared from untetanized and tetanized dentate gyrus of saline-treated rats 

demonstrates that there was no difference of PTP activity in synaptosomes 

prepared from untetanized compared with tetanized tissue. However, the PTP 

activity in synaptosomes prepared from untetanized dentate gyrus taken from 

phenylarsine oxide (PAO) treated rats was significantly increased compared 

with PTP activity in synaptosomes prepared from tetanized dentate gyrus of 

PAO-treated rats (*p<0.05; student’s r-test for independent means). There was 

a significant decrease of PTP activity in synaptosomes prepared from tetanized 

dentate gyrus of PAO treated rats compared with tetanized dentate gyrus of 

saline-treated rats (+p<0.05; student’s ^-test for independent means). Results 

are expressed as dephosphorylation per min and are means + SEM of 7 

independent observations for saline-treated rats, 6 and 8 independent 

observations for untetanized and tetanized PAO-treated rats respectively.
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Fig 6.6

(A)

(B)

Effect of PAO on trkA phosphorylation

Analysis of densitometric data indicates that phosphorylation of 

trkA  was significantly increased in synaptosomes prepared from 

dentate gyrus which were incubated in the presence of PAO 

(35|liM) compared with control (+p<0.05; student's t-test for 

independent means). NGF (50ng/ml), as indicated previously, 

significantly increased trkA phosphorylation compared with 

control (*p<0.05; student's f-test for independent means). 

Results are expressed as arbitrary units and are means + SEM of 

6 observations.

Sample immunoblot shows that trkA phosphorylation was 

increased in synaptosomes prepared from dentate gyrus which 

were incubated in the presence of NGF (50ng/ml; lane 2) 

compared with control (lane 1). Phosphorylation of trkA was 

significantly increased in synaptosomes prepared from dentate 

gyrus which were incubated in the presence of PAO (35)iM; 

lane 4) compared with control.
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6.4 Discussion

Activation of specific tyrosine kinases and phosphatases modulates 

intracellular signalling and are therefore likely to be important in the expression of 

LTP (Wang and Salter, 1994; Abe and Saito, 1993). The objective of this study was 

to investigate the balance between protein tyrosine kinase and PTP and to analyze 

the effects of altering this balance.

The results of this study indicate that the broad-spectrum tyrosine kinase 

inhibitor, K252a, blocked LTP. Numerous molecules which partake in the induction 

and maintenance of LTP and rely upon tyrosine phosphorylation for activation may 

be affected by K252a. LTP induction, for example, may depend on tyrosine 

phosphorylation of the 2B subunit of the NMDA receptor (Rostas et al., 1996; 

Rosenblum et al., 1996) by Src (Wang and Salter, 1994). K252a may inhibit this and 

so block LTP. Voltage activated Câ "̂  channels have been shown to have enhanced 

phosphorylation by tyrosine kinases in synaptosomes prepared from tetanized 

dentate gyrus (Casey et a l, 2000), indicating a role for presynaptic Câ "̂  influx in 

LTP expression, perhaps in activating glutamate release, and this is another means by 

which K252a may block LTP. Glutamate release itself relies upon regulation of 

proteins involved in the exocytosis process. One vesicle protein involved is 

synaptophysin and this may need tyrosine phosphorylation to form a fusion pore 

(Thomas and Betz, 1990). K252a may inhibit the phosphorylation of this

presynaptic protein and thus decrease glutamate release, which may impact on LTP 

maintenance. It has been reported that another kinase inhibitor, genistein, decreased 

protein synthesis by 80% (Hu et al., 1993) and perhaps K252a decreased neuronal 

protein synthesis and thus compromised the synthesis of new proteins which may 

include structural proteins necessary for changes in synapse function, which have 

been shown to accompany LTP (Geinisman et al., 1993).

The data presented here indicate that tetanization enhances trkA 

phosphorylation in saline-treated rats but not K252a treated rats. The enhanced 

phosphorylation of trkA  in tetanized dentate gyrus from control rats may indicate an 

enhanced effect of NGF, the ligand of trkA, in tetanized compared with untetanized 

dentate gyrus and this is consistent with the findings reported in chapter 4 in which 

increased NGF release was observed in LTP. Blochl and Thoenen (1995) have
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reported that NGF is released in hippocampal neurons in an activity-dependent 

manner and data in chapter 4 indicates that tetanus stimulates such release.

It is likely that K252a exerts its effect on the trkA monomers and thus block 

autophosphorylation. Previous reports have indicated the importance of NGF 

signalling in LTP (Kelly et al., 1998) and also the intracellular signalling cascade 

that activated trkA initiates (McGahon et al., 1999) therefore, it may be anticipated 

that the inhibitory effect of K252a on trkA  phosphorylation decrease the 

effectiveness of the signal transduction pathways stimulated by trkA and so LTP is 

likely to be diminished.

The data generated from this study indicates that ERK phosphorylation was 

increased in tetanized dentate gyrus prepared from saline-treated rats (i.e. rats which 

sustained LTP), but this effect was not observed in K252a-treated rats. ERK 

phosphorylation may be an endpoint of the Ras-MAP kinase pathway which can be 

initiated by trkA (see Segal and Greenberg, 1996) and K252a may therefore 

ameliorate the tetanus associated response by blocking trkA activation and 

subsequent initiation of the Ras-MAP kinase pathway. It is likely that the 

phosphorylation state of trkA is modulated by both tyrosine kinases and tyrosine 

phosphatase and therefore PTP activity may indirectly affect the phosphorylation 

state of downstream targets, like ERK. For this reason, the effect of PAO, which has 

been shown to inhibit PTP activity in many cell types including T cells (Garcia- 

Morales et al., 1990), on the expression of LTP and trkA phosphorylation, was 

assessed.

The data generated by this study indicate that PAO decreases PTP activity in 

tetanized dentate gyrus prepared from PAO-treated rats compared with untetanized 

dentate gyrus prepared from saline-treated rats. Previous reports have indicated that 

PTP activity is inhibited by PAO, for instance Garcia-Morales and co-workers 

(1990) demonstrated that activity of a transmembrane PTP, CD45, is decreased by 

PAO.
The data presented here indicated, perhaps surprisingly, that LTP in dentate 

gyrus was inhibited by PAO. This finding suggests that by blocking the function of 

PTPs some cellular mechanisms involved in LTP are inhibited. Reports indicate that 

LTP may depend upon tyrosine kinase activity of members of the Src family (Grant 

et al., 1992; Kojima et al., 1997) which both regulate and are regulated by PTP

85



activity for example, Src activates low molecular weight PTPs (Rigacci et a l, 1996) 

and is activated by the transmembrane PTP CD45 (Greer and Justement, 1999). 

Therefore, PAO may inhibit LTP by diminshing the role played by PTPs, which 

activate, and those which respond to, Src activation. On the other hand, previous 

reports from this lab have indicated that the inhibition of phosphoinositide 3-kinase 

(PIS kinase), an intracellular kinase which binds activated trkA  in a multimeric 

signalling complex (Obermeier et al., 1993), by wortmannin inhibits LTP (Kelly et 

al., 2000), yet the activation of PI3 kinase by platelet derived growth factor (PDGF) 

can be blocked by PTP activity and so it may anticipated that LTP would be 

unaffected by PAO. Wang and Salter (1994) observed a enhancement of NMDA 

currents in cultured dorsal neurons upon intracellular application of sodium 

orthovanadate, a PTP inhibitor which would suggest that PAO would also potentiate 

their activity and thus LTP, but this is not what is observed. In an effort to reconcile 

these apparent discrepancies, PTP activity was assessed in dentate gyrus tissue 

prepared from the same saline and PAO-treated rats. The data indicated that under 

the conditions of these experiments, PAO failed to inhibit PTP activity. The effect of 

PAO on PTP activity in hippocampal tissue in vitro was assessed and this showed no 

effect of PAO on PTP activity in hippocampal tissue under experimental 

circumstances. Similarly, when tyrosine phosphorylation of a 66kDa protein, which 

consistently appeared on gels, was analyzed, no effect of PAO was observed. These 

data indicate that PAO did not, in all probability, inhibit LTP by inhibiting PTP 

activity however, it is possible that the concentration of PAO used was not 

sufficiently high, that the time allowed was not sufficiently long to allow adequate 

diffusion from the ventricle to the hippocampus, or that PAO did not decrease the 

PTP activity in the time frame of this experiment or a combination of all three. It is 

possible, though unlikely that PAO exerts tissue specific effects and that it is inactive 

in hippocampus. Another, more likely explanation, is that the assay used here was 

not sufficiently sensitive to detect changes. The question arises as to how PAO 

exerted its inhibitory effect on LTP. Some evidence demonstrates that PTP 

inhibition can block transcription factor activation, as PAO has been implicated in 

ameliorating NF-kB activity in human myeloid M L-la cells (Singh and Aggarwal,

1995), perhaps this is one method by which PAO can inhibit LTP. However, the full
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extent of the activation of PAO on PTP activity and the repercussions of this for the 

cellular mechanisms involved in LTP expression are not yet understood.

The results presented here indicate that trkA phosphorylation was enhanced 

by NGF and, to a much greater degree, by PAO. The phosphorylation of trkA by 

NGF has been described earlier and was not surprising as trkA is the high affinity 

receptor for NGF (Kaplan et al., 1991 (A)) and it autophosphorylates following NGF 

binding (Torres and Bogenmann, 1996). PAO hyperphosphorylated trkA, a feature 

associated with age-related impairment of LTP as described in the last chapter. This 

is consistent with the idea that PAO might inhibit PTP activity although as stated 

above, there was no direct evidence of this. Previous studies have indicated that 

tyrosine kinases are hyperphosphorylated by PAO, with the hyperphosphorylation of 

substrates in the presence of PAO noted by Levenson and Blackshear (1989) and 

more recently reported was the hyperphosphorylation of p56'"'' following PAO 

treatment (Oetken et al., 1994).

The data presented in this study indicate that expression of LTP is dependent 

upon the activation of tyrosine kinases since the tyrosine kinase inhibitor, K252a, 

inhibited LTP and the associated change in trkA phosphorylation associated with 

LTP. Similarly, while ERK phosphorylation was increased in saline-treated rats, this 

effect was blocked in K252a-treated animals. The parallel effects in trkA 

phosphorylation and ERK phosphorylation indicate that ERK activation may be 

dependent on trkA phosphorylation. Although glutamate release was not assessed 

here, it is possible that the K252a-induced inhibition of ERK may block the LTP- 

associated increase in glutamate release and therefore inhibit LTP. The data also 

show that PAO blocked LTP and that this was coupled with PAO induced 

hyperphosphorylation of trkA. Although, at present there is no clear explanation for 

why LTP is blocked in such circumstances, a similar inhibition of LTP was evident 

in aged rats in which trk was also hyperphosphorylated.
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VI General Discussion 

The objective of this study was to examine the role that tyrosine kinase play in 

the expression of LTP in dentate gyrus and to assess whether or not NGF 

impacts upon this by modulating tyrosine kinase activity. Several observations 

led to the establishment of this project. Firstly, previous studies indicate a function 

for tyrosine kinase activity in the expression of LTP in slices of CAl as tyrosine 

kinase inhibitors blocked LTP (O'Dell et a l ,  1991; Huang and Hsu, 1999). 

Secondly, the receptor class of tyrosine kinase had been suggested as playing a role 

in LTP as EGF and FGF, growth factors which acts a ligands for these receptors, 

increased tyrosine kinase activity and enhanced LTP in dentate gyrus (Abe et al, 

1992). Therefore, it was argued that NGF, a neurotrophin that acts as a ligand for the 

receptor tyrosine kinase, trkA, may play a role in LTP through the activation of trkA 

and subsequent intracellular signalling. NGF had been postulated as a candidate 

retrograde messenger in LTP on the grounds that it is released from the postsynaptic 

cell and enhances glutamate release from the presynaptic nerve terminal (Thoenen, 

1995). However, although no direct evidence was presented to support this 

hypothesis, indirect evidence indicate that NGF was released from hippocampal 

slices or hippocampal cultures in a constitutive and a depolarization-dependent 

manner (Blochl and Thoenen, 1995). Release of NGF was shown to rely upon the 

presence of extracellular sodium, and NGF was shown to enhance synaptic 

transmission in hippocampus (Knipper et al., 1994).

The results of the present study provide strong evidence for a role for tyrosine 

kinase activity in LTP and indicate that it acts as a modulator of presynaptic cellular 

mechanisms which underlie LTP expression in dentate gyrus. The following support 

this view
1 Inhibitors of tyrosine kinase activity, genistein and K252a, blocked LTP 

expression

2 Tyrosine kinase activity was increased in association with LTP and tyrosine 

phophorylation of substrates was enhanced in tetanized compared with

untetanized dentate gyrus
3 Glutamate release and Ca^  ̂influx, cellular mechanisms which are enhanced in 

LTP, and which utilize proteins that are substrates of tyrosine kinases, were 

decreased by inhibitors of tyrosine kinases
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4 Tyrphostin AG879, an inhibitor of the receptor tyrosine kinase blocked LTP 
expression in dentate gyrus

The observation that tyrosine kinase inhibitors block LTP confirm previous 

reports (ODell et al., 1991; Abe and Saito, 1993; Huang and Hsu, 1999) but extend 

the findings to LTP in perforant path-granule cell synapses in vivo. The increased 

tyrosine kinase activity associated with LTP, as evidenced by increased 

phosphorylation of substrates, may indicate a role for proteins which are modulated 

by tyrosine kinases in LTP expression. An example of such a protein is 2B subunit 

of the NMDA-receptor which was shown previously to be phosphorylated and 

upregulated by Src, an intracellular tyrosine kinase (Wang and Salter, 1994) and 

whose phosphorylation increased following induction of LTP in dentate gyrus 

(Rostas et al., 1996; Rosenblum et al., 1996). Other substrates for tyrosine kinase 

which may play a role in LTP are trk (Kelly et al., 2000) and ERK (McGahon et al., 

1999).

The effect that tyrosine kinases exert at a molecular level is beginning to be 

elucidated. The data presented in this study indicate that the modulation of 

glutamate release by tyrosine kinase, the enhancement of which is a possible 

presynaptic requirement for the maintenance of LTP (Dolphin et al., 1982) may 

occur in LTP. One protein which may function in the release of glutamate and is 

regulated by tyrosine kinases is synaptosphysin. Discovered as one of the major 

synaptic vesicle associated proteins which is phosphorylated on tyrosine residues 

(Pang et a i, 1988), the functional significance of phosphorylation of synaptophysin 

on tyrosine residues is not understood. However, it has been shown that 

phosphorylation of synaptophysin on tyrosine residues increased when release is 

enhanced i.e. in association with LTP in dentate gyrus (Mullany and Lynch, 1998). 

Genistein, by inhibiting tyrosine kinase activity, decreased LTP-associated 

glutamate release. Ca^  ̂influx, a process important in initiating glutamate release and 

enhanced by LTP, was also decreased by genistein. This correlates with the 

observation that Ca^  ̂channel subunit phosphorylation by tyrosine kinase is enhanced 

in association with LTP (Casey et al., 2000)

Tyrphostin AG879, an inhibitor of trk, blocked LTP. This result was 

interesting as trkA, the endogenous receptor for NGF, had not previously been 

demonstrated to play a role in LTP expression, although NGF had been shown to
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modulate synaptic transmission in hippocampus (Knipper et al., 1994). In vitro 

analysis of NGF action on trkh  and intracellular kinase, ERK, in synaptosomes 

prepared from dentate gyrus indicate that NGF enhanced phosphorylation, and thus 

activity, of both trkA  and ERK. It is interesting to note that genetically hypertensive 

(GH) rats, which had previously been shown to have decreased NGF and trk and 

impaired expression of LTP (Kelly et al., 1998) also showed a blunted ERK response 

to NGF stimulation. Because NGF enhanced trkK and ERK in normotensive (N) 

rats, it was considered that the role of NGF in LTP might stem from its ability to 

activate the Ras-MAP kinase signalling pathway via trkh. The working hypothesis 

proposed that NGF might be released from postsynaptic cells following 

depolarization and that this might induce trkA  phosphorylation, stimulate 

intracellular signalling which involves ERK activation and ultim ately the 

enhancement of glutamate release.

The results presented in this study indicate that NGF was released in a 

potassium-stimulated manner, from slices of dentate gyrus (which contained pre and 

postsynaptic elements) and not from synaptosomes. There was a more pronounced 

enhancement of NGF release in slices prepared from tetanized dentate gyrus upon 

KCl-induced depolarization than that observed in slices of untetanized dentate gyrus. 

These data indicate that NGF release appears to be postsynaptic in origin and of a 

long-lasting nature.

The data presented here indicate that LTP was associated with increased 

phosphorylation of trkA  in synaptosomes prepared from tetanized dentate gyrus. 

This is consistent with the observation that NGF release was increased to a greater 

extent in tetanized than in untetanized dentate gyrus. ERK phosphorylation in 

synaptosomes was increased in association with this enhancement of trkh  activity. It 

is significant that phosphorylation of both these kinases was increased in 

synaptosomes. LTP was blocked by tyrphostin AG879 and the LTP-associated 

increase in the phosphorylation of trkA and ERK was decreased. These data indicate 

that trkA  activation may be one factor upstream of ERK phosphorylation. ERK has 

been shown previously to be important in LTP (English and Sweatt, 1997, McGahon 

et al., 1999) perhaps exerting its action by increasing glutamate release (McGahon et 

al^ 1 9 9 9 ) however, ERK also regulates transcription (Finkbeiner et al., 1997).
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As tyrphostin AG879 blocked LTP by decreasing the activity of enzymes of 

the NGF signalling pathway it was considered that impairment in NGF signalling 

may be a causative effect of impaired LTP which occurs in some aged animals 

(Landfield et al, 1978; Lynch and Voss, 1994), particularly when some previous 

reports have indicated that there is an association between poor performance of aged 

rats in spatial learning tasks and decreased concentrations of NGF (Bergado et al., 

1997). Infusion of NGF has been shown to reverse these age-related deficits in LTP 

(Bergado et al., 1997). NGF release and trkK activation were examined to identify if 

NGF signalling was different in young rats and aged rats which sustained LTP and 

aged rats which did not. The release of NGF was markedly different in two ways in 

the subgroup of rats which did not sustain LTP when compared with that of young 

and aged rats which did sustain LTP. There was a 6-fold increase in the 

unstimulated or constitutive release of NGF in aged rats which did not sustain LTP, 

compared with those which sustained LTP. KCl failed to stimulate NGF release in 

slices prepared from dentate gyrus of rats which did not sustain LTP. The 

underlying mechanism for these differences is unknown but may be linked with age- 

related changes in the concentration of molecular constituents of the plasma 

membrane. Such age-related changes have been documented previously with age- 

related changes in arachidonic acid (McGahon et al., 1997) and cholesterol 

(Calderini et al., 1983) concentration noted.

The enhanced, unstimulated release of NGF in slices of dentate gyrus 

prepared from aged rats which failed to sustain LTP was correlated with a very 

marked increase in phosphorylation of trk in synaptosomes prepared from this tissue. 

This presented a paradox because this study previously indicated that expression of 

LTP in dentate gyrus was associated with increased phosphorylation of trk. The 

extent of phosphorylation of trk is therefore clearly important with a 

hyperphosphorylation of trk associated with impaired LTP. It must be considered 

that the activity and function of downstream substrates of trk, for instance Src and 

ERK, may be compromised in an age-related manner. An age-related decrease in the 

efficacy of enzymes which partake in signalling pathways may provide a common 

factor in the multiplicity of age-related changes which occur in association with an 

impaired ability to sustain LTP, for instance impairments in glutamate release 

(Lynch and Voss, 1994) and protein synthesis (Mullany and Lynch, 1997).
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In vitro studies using phenylarsine oxide (PAO), a FTP inhibitor, showed 

that trkA  phosphorylation was hyperphosphorylated in synaptosomes which had 

been preincubated with this compound. These data implied that inactivation of PTP 

may be the cause for hyperphosphorylation and the subsequent impaired LTP 

expression but analysis of PTP in tissue prepared from dentate gyrus of rats which 

failed to sustain LTP failed to provide clear cut evidence. In fact, there was a 

decrease in the activity of PTP in rats which failed to sustain LTP. The reason why 

one subgroup of aged rats exhibited hyperphosphorylation, yet failed to sustain LTP 

and the other subgroup of aged rats had elevated phosphorylation of trk associated 

with LTP and sustained LTP is undeterminded.

On the basis of the data presented here a scheme is presented which provides 

a template for future work. A multiplicity of changes, which include those which are 

mediated by intracellular signalling mechanisms, accompany the expression of LTP 

(see Fig VLI for schematic diagram). This study has provided evidence which 

suggests that increased activation of tyrosine kinase by NGF may be responsible for 

some of the presynaptic changes which accompany this form of synaptic plasticity.

Future work
The data provided in this study imply that NGF may, through modulation of 

tyrosine kinase activity, play a role in expression of LTP in dentate gyrus. This work 

may be the starting point for studies which further examine the effect of NGF by 

using mutant NGF knockout mice. In the present study GH rats were used to try to 

identify whether deficiencies in NGF and trk resulted in changes in intracellular 

signalling, specifically ERK activity. Homozygous knockout mutant mice offer the 

opportunity of studying the role of NGF in a much more rigorous manner. 

Molecules whose function in intracellular signalling may be compromised by a lack 

of NGF could be assessed readily. Studies similar to those outlined using BDNF null 

mutant mice have shown impairment in CA3-CA1 LTP (Korte et al., 1995). One 

notable drawback to such experiments is that neurotrophin or neurotrophin receptor 

knockout mice have high death rates between birth and weanling age.

Environmental enrichment has been reported to increase the performance of 

rats in memory tests and to increase mRNA of BDNF (Falkenberg et al., 1992) and
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to increase hippocampal NGF levels and improve cognitive function (Pham et al., 

1999). It would be of considerable interest to assess the effect of environmental 

enrichment on NGF concentration and NGF mRNA, and, if the results indicated, to 

assess the effect of environmental enrichment on the ability of aged rats to sustain 
LTP.
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Fig VI.I Intracellular signalling molecules activated by NGF may impact 
on glutamate release

Following the release o f glutamate from presynaptic vesicles (1)

NMDA receptor channels (2) permit the Câ '̂  into the postsynaptic cell 

(3). Calcium regulated kinase activation occurs and this may impact 

upon NGF release from the postsynaptic cell (4). The presynaptically 

located NGF receptor, trk A, is activated by NGF (5) and initiates kinase 

signalling in the presynaptic bouton (6) which may impact on glutamate 

release by phosphorylation of proteins in the regulation of exocytosis
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Appendix I Solutions used

Krebs solution

NaCl, 136mM 
KCl, 2.54mM 
KH2PO4, 1.18mM 
MgS0 4 .7H20, 1.18mM 
NaHCO,, 16mM 
Glucose, lOroM 
Containing CaClj, 2mM

Incubation buffer for inflnx experiments

NaCl, 128mM 
KCl, 4.8mM 
CaClj, l.BmM 
MgS0 4 , 1.2mM 
NaHCOj, 7.5mM 
Glucose, llm M  
Ascorbic acid, 0.1 mM 
HEPES, 15mM 
Disodium EDTA, O.OBmM

Stop buffer for "̂ Ĉâ  ̂influx experiments

NaCl, 118mM 
KCl, 4.8mM 
CaClj, l.BmM 
MgSO^, 1.2mM 
KH2PO4, 1.2mM 
NaHCO,, 26mM 
Glucose, llm M  
Oubain, lO^iM

Separating gel

Acrylamide/Bisacrylamide (30% stock) 33% v/v
Tris-HCl, 1.5M ,p H 8.8
SDS, 1% w/v
Distilled water
TEMED, 0.1% v/v



Stacking gel

Acrylamide/Bisacrylamide (30% stock), 6.5% v/v 
Tris-HCl, 0.5M, pH 6.8 
SDS, 1% w/v
Ammonium persulphate, 0.5% w/v 
Distilled water 
TEMED, 0.1% v/v

Electrode running buffer

Tris base, 25mM 
Glycine, 200mM  
SDS, 17mM

Phosphate-buffered saline (PBSl pH7.4

Na2HP0 4 , 80mM 
NaH2P0 4 , 20mM 
NaCl, lOOmM

PBS-Tween (PBS-T)

A 0.1% Tween-20 solution in PBS

Transfer buffer. pH 8.3

Tris base, 25mM 
Glycine, 192mM 
Methanol, 20%, v/v 
SDS, 0.05% w/v 
Distilled water

Sample buffer

Tris-HCl, 0.5M, pH 6.8 
Glycerol, 10% v/v 
SDS, 0.05% w/v 
P-mercaptoethanol, 5% v/v 
Bromophenol blue, 0.05% w/v

xiv



Immunoprecipitation buffer

Triton x-100, 1.25% v/v 
NaCl, 190mM 
Tris-HCl, 60mM, pH 7.4 
EDTA, 6mM, pH 8.0 
Aprotonin, lOU/ml

Preparation of acrvlamide

Acrylamide (29.2g) was added to N'N'Bis-methylene-acrylamide (0.8g) and 
dissolved in 100ml of distilled water. This solution was filtered and stored in the 
dark at 4°C for a maximum of one month.
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Appendix II Silver staining of gels.

The gel slabs were incubated sequentially in the following solutions for the 

incubation times listed below. All solutions are made up to a volume of 20ml with 

distilled water and are sufficient to stain one gel. Following staining, the protein 

bands were quantitated by densitometric analysis.

Solution Incubation time (mins)______

Methanol, 50% v/v 25

Acetic acid, 20% v/v 

CUCI2 , 2 % v/v 

Formaldehyde, 0.1% v/v

Ethanol, 10% v/v 

Acetic acid, 5% v/v

KMn0 4 , 0 .0 1 % w/v

Ethanol, 10% v/v 

Acetic acid, 5% v/v

Ethanol, 10% v/v

Ultra pure water

AgN 0 3 , 0 . 1 % w/v

Ultra pure water

K2 CO 3 , 1 0 % w/v

Formaldehyde, 0.2% 

K 2 CO 3 , 2 % w/v

15

15

15

15

15

15

Rinse

15

Observe until bands appear

XVI



Ethanol, 10% v/v 

Acetic acid, 5% v/v 

Ultra pure water

2

5 x 3  times

xvii



Appendix III

Alomone

Amersham

Calbiochem

Lennox

New England Nuclear

Pierce

Alomone labs,

Shatner Center 3,

P.O. Box 4287,

Jerusalem 91042,

Israel.

Amersham International pic, 

Lincoln place.

Green End,

Aylesbury,

Buckinghamshire,

HP202TP, U.K.

Calbiochem European distribution 

center.

Boulevard Industrial Park, 

Nottingham NG9 IBR, U.K.

Lennox lab supplies,

John F. Kennedy Drive,

Naas Road,

Dublin 12, Ireland.

New England Nuclear Research 

Products,

Unitech Ltd,

Belgard Road,

Tallaght, Dublin 24,

Irleand.

3747, N.Meridian Road,

P.O.Box 117,

Rockford, IL, 61105
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USA

Promega

Roche Molecular Biochemicals

Sartorius

Sigma

Tocris Neuramin

Whatman

Promega Corporation,

2800 Woods Hollow Road, 

Madison,

Wisconsin, USA

Roche Diagnostics GmbH, 

Sandhoferstrasse 116,

68305 Mannheim,

Germany.

Sartorius,

5 Sussex Street,

Dun Laoghaire,

Co. Dublin,

Ireland.

Sigma Chemical Co. Ltd, 

Fancy Road,

Poole,

Dorset, U.K.

Tocris Neuramin Ltd,

14 Charlotte Street,

Bristol, B51 5PP,

U.K.

Whatman International Ltd, 

Maidstone,

Kent,

U.K.
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HIPPOCAMPUS 9:519-526 (1999)

kctivation of Tyrosine Receptor Kinase Plays 
LKole in Expression of Long-Term Potentiation 
in the Rat Dentate Gyms
Conor Maguire, Marina Casey, Aine Kelly, 
Patricia M. Mullany, an d  Marina A. Lynch* 

^hjsiology Department, Trinity College, Dublin, Ireland

I ABSTRACT; • Long-term potentiation (LTP) in perforant path-granuie cell 
synapses has been shown to be accompanied by an increase in glutamate 
release. The objective o f this study was to examine the possibility that 
nerve growth factor (NGF), by activating tyrosine kinase, modulates 
jiutamate release and, therefore, contributes to expression of LTP in 
dentate gyrus. The data indicate that NCF, in the presence of frans-1 -amino- 
cyclopentyl-1,3-dicarboxylate (ACPD), enhanced KCl-stimulated release 
and KCl-stimulated calcium influx in vitro and that these effects were 
blocked by the tyrosine receptor kinase (trk) inhibitor tyrphostin AG879. 
The data also indicate that NGF increased phosphorylation of trkA and the 

Litogen-activated protein kinase extracellular signal-regulated kinase 
X) in dentate gyrus in vitro. In addition to its effects in vitro, tyrphostin 

IAG879 inhibited the expression of LTP in perforant path-granule cell 
synapses and the accompanying increase in transmitter release. Analysis of 
phosphorylation of the two tyrosine kinase substrates trkA and ERK in 
synaptosomes prepared from untetanized and tetanized dentate gyrus 

I revealed that LTP was associated with increased phosphorylation of both 
proteins; no evidence o f such a change was observed in either tetanized or 
unletanized tissue prepared from tyrphostin-pretreated rats. These find
ings are consistent with the hypothesis that NGF, by interacting with trkA, 
Iriggers a sequence of tyrosine kinase-dependent phosphorylation steps 
Ihat modulate glutamate release and calcium influx and impact on 

I txpression o f LTP in dentate gyrus. Hippocampus 1999;9:519-526.
IC1999 Wiley-Liss, Inc.

KEY WORDS: 
campus

NCF; MAP kinase; Glutamate release; tyrophostin; hippo-

INTRODUCTION

In the past decade, there has been a growing awareness chat the role of 
I "'urotrophins extends beyond the period of early development, and there is 
now a good deal of evidence indicating a significant role for these proteins 

Isynaptic plasticity, specifically long-term potentiation (LTP) in the 
I '̂PpQcampus (Castren et al., 1993; ICang and Schuman, 1995; Korte et al.,
1 1995; Thoenen, 1995; Figurov et al., 1996; Bramham et al., 1996). 
‘*^curotrophins activate receptor tyrosine kinases {trkA, B, Q; therefore, the 

I ‘"'^olvement of these molecules in expression of LTP is consistent with the 
I f̂ect and indirect evidence indicating the involvement of tyrosine kinases

Cfant sponsor: Forbairt (Ireland); Grant sponsor: Health Research Board
Ĵeland).
Correspondence to: Marina A. Lynch, Physiology Department, Trinity 
°̂llege, Dublin 2, Ireland. E-mail: lynchma@tcd.ie 
'■̂ ®pted for publication 27  May 1999

in LTP (O’Dell et a!., 1991; Abe and Saito, 1993; 
Mullany and Lynch, 1997). Attention has focused in 
particular on the role of two neurotrophins in LTP, 
brain-derived neurotrophic factor (BDNF) and neuro- 
trophin-3 (NT-3), and there is compelling evidence that 
both are involved in the generation of LTP in CAl 
(Kang and Schuman, 1995; Korte et al., 1995; Figurov 
et al., 1996). A role for BDNF in generation of LTP in 
the dentate gyrus has been suggested by the findings (1) 
that BDNF infusion potentiates the synaptic response 
(Messaoudi et al., 1998), and (2) that LTP induces an 
increase in BDNF mRNA (Castren et al.. 1993; Dragu- 
now et al,, 1993; Bramham et al., 1996).

The evidence supporting a role for nerve growth 
factor (NGF) in expression of LTP is confined to the 
dentate gyrus, an area of the hippocampus in which 
expression of NGF and its receptor, trkA, are relatively 
high (Gall et al., 1991; Mrzljak and Goldman-Rakic, 
1993). It has been demonstrated that LTP in dentate 
gyrus is associated with increased expression of NGF 
mRNA (Castren et al., 1993; Bramham et al., 1996) 
and, although LTP is impaired in genetically hyperten
sive rats, which have a deficit in NGF in dentate gyrus, it 
is restored by intracerebroventricular injection of NGF 
(Kelly et al., 1998). The observation that NGF, like 
arachidonic acid, interacts with die metabotropic gluta
mate receptor agonist, ftaw-l-amino-cyclopentyl-1,3- 
dicarboxylate (ACPD), to increase glutamate release 
from synaptosomes prepared from dentate gyrus, and 
that this interaction, is occluded by prior induaion of 
LTP (Kelly etal., 1998; Kelly and Lynch, 1999) provides 
further supportive evidence. It is significant that gluta
mate release in dentate gyrus was unaffected by either 
NGF or ACPD alone (Kelly and Lynch, 1999).

Consistent with a role for tyrosine kinase and neuro
trophins in generation of LTP is the finding that there is 
increased phosphoryladon of at least two tyrosine kinase 
substrates after its induaion: the 2B subunit of the 
NMDA receptor (Rosenblum et al., 1996; Rostas et al., 
1996) and synaptophysin (Mullany and Lynch, 1998). 
Phosphoiyiauon of die NMDA receptor subunit presum
ably reflects a postsynaptic action, whereas phosphoryla
tion of synaptophysin, which is located only on synaptic

5 1999 WILEY-LISS. IN C
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vesicles, reflects a presynapric action. Dual phosphorylation of the 
mitogen-activated protein (MAP) kinase exxracellular signai- 
regulated kinase (ERX) on tyrosine and direonine residues has 
also been demonstrated in synaptosomes after induction of LTP 
(McGahon et al., 1998). In this context, it is of interest that 
PD98059, an inhibitor of MAP kinase kinase, inhibits glutamate 
release in vitro; these findings reflect a presynaptic action of 
tyrosine kinase. Because increased transmitter release accompanies 
apression of LTP in dentate gyrus (see Bliss and Collingridge, 
1993; Canevari et al., 1994; McGahon and Lynch, 1996), it 
might be proposed that tyrosine kinase activation modulates 
glutamate release by phosphorylating presynaptic substrates, 
thereby contributing to the generation of LTP in dentate gyrus.

In this study, we considered that tyrosine kinase activation 
occurs as a result o f NGF-induced activation of trkA and, 
therefore, the effect of the trk inhibitor, tyrphostin AG879, was 
assessed on generation of LTP in dentate gyrus and on glutamate 
release. We have also assessed the effect of this agent on trkA 
phosphorylation, glutamate release, and ERK activation in den
tate gyrus prepared from tetanized and untetanized tissue.

EXPERIMENTAL PROCEDURES

Male Wistar rats (250-350 g) were used in these experiments; 
rats were obtained from the BioResources Unit, Trinity College 
Dublin, where they were maintained under veterinary supervision 
at an ambient temperature of between 22 and 23°C, under a 12-h 
light schedule.

Induction of LTP In Vivo
Rats were anesthetized by intraperitoneal injection of urethane 

(1.5 g/kg i.p.), and LTP was induced as described previously 
(McGahon and Lynch, 1996). Briefly, a bipolar stimulating 
electrode was placed in the perforant path (4.4 mm lateral to 
lambda) and a unipolar recording electrode in the dorsal cell body 
ftgion of the dentate gyrus (2.5 mm lateral and 3.9 mm posterior 
® Bregma). Test shocks were given at 30-s intervals for 10 mdn 
l̂ efore, and 40 min after, tetanic stimulation (three trains of 
stimuli delivered at 30-s intervals; 250 Hz for 200 ms). In some 
Rperiments, tyrphostin AG879 (500 |xM; 10 jlI) or saline (10 (xl) 
'vas injeaed intracerebroventricularly (0.4 mm posterior to 
Sregma; 0.2 mm lateral to midline; 3-5 mm depth) 30 min before 
recording commenced and the experiment proceeded as de
scribed. Six rats were pretreated with saline and six rats with 
^ytphostin. At the end of the recording period, rats were killed by 
cervical dislocation; cross-chopped slices (350 |im ) were prepared 
from ipsilateral and contralateral dentate gyn and were frozen in 
Krebs solution containing 10% dimethyl sulfoxide (Haan and 
Bowen,--1981), ■and samples were stored at —80°C. For analysis, 
slices WMC'thawed'rapidly and rinsed in fresh oxygenated Krebs 
jo lunon  ̂beforc*prep^tion of the crude syruptosomal pellet P2 
(M cC^onand'E^jJiV  1996). " . /  ■ -

Release of Glutamate
Samples of synaptosomal tissue wereTesuspended in ice-cold 

Krebs solution containing 2 mM CaClj, aliquotted onto Milli- 
pore filters (0.45 fim ) and rinsed under vacuum. Tissue was 
incubated in 250 jxl o f oxygenated Krebs solution at 37°C for 3 
min, and filtrate was colleaed and stored. Release of transmitter 
was stimulated by the addition o f 40 mM KCl to BCrebs solution. 
In some cases, NGF (50 ng/ml; 2.5S NGF, TCS Biologicals, 
Buckingham, UK) and ACPD (50 p,M) was added to assess the 
effect of these agents on KCl-stimulated release. In other cases, the 
effect of tyrphostin AG879 (100 (xM) was examined on glutamate 
release; in these experiments, synaptosomes were preincubated (15 
min at 37°C) in Krebs solution containing 2 mM CaCl2 with 
added tyrphostin AG879.

Glutamate was analyzed as described previously (Ordronneau 
et al., 1991). Glutaraldehyde (0.5% in 100 mM NaH 2P04  buffer, 
pH 4.5; 320  fxl) was added to 96-well plates, incubated for 60 
min at 37°C, and washed with 100 mM NaH2P04  buffer. 
Triplicate samples (50 jxl) or glutamate standards (50 p,l; 50 nM 
to 10 |jlM prepared in 100 mM Na2HP0 4  buffer, pH 8.0) were 
added, incubated for 2 h at 37°C, and washed in 100 mM 
NajHPO^ buffer. To bind any unreacted aldehydes, ethanolamine 
(320 (xl; 0.1 M in 100 mM Na2HP0 4  buffer) was added to each 
well and incubated for 60 min at 37°C. Plates were washed with 
phosphate-buffered saline containing Tween-20 (0.2% Tween; 
PBS-T), and nonspecific binding was blocked by addition of 
donkey serum (200 |xl; 3% in PBS-T^, Antiglutamate andbody 
(raised in rabbit; 100 jxl; 1:5,000 in PBS-T; Sigma, Poole, Dorset, 
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 |xl; 1:10,000 in PBS-T; Amer- 
sham, Buckinghamshire, UK) was added, incubated for 60 min at 
room temperature, and washed. 3,3',5,5'-Tetramethylbenzidine 
liquid substrate was added as chromogen and incubarion contin
ued for exactly 60 min at room temperature. H2SO4 (4 M; 50 (xl) 
was added to stop the reaction and optical densides were 
determined at 450 nm. Values were calculated with reference to 
the standard curve, corrected for protein (Bradford, 1976), and 
expressed as micromoles glutamate per milligram protein.

Assessment of [̂ ®Ca] Influx
P2 was resuspended in oxygenated ice-cold incubadon buffer 

(composition in mM: NaCl, 128; KCl, 4.8; KH2PO4, 1.2; 
MgS0 4 .7 H 2 0 , 1.2 ; NaHCOs, 7.5; CaClj, 1-3; glucose, 11; 
ascorbic acid, 0.1; HEPES, 15; disodium ethylenediaminetetraace- 
tic acid [EDTA], 0.3) and incubated for 5 s at 37°C in buffer 
containing ^^Ca (final concentration 1 jxCi/ml; specific activity, 
2.1 mCi/ml; Amersham) ±  KCl (Kelly et al., 1999). In some 
experiments, NGF (50 ng/ml) and ACPD (50 jxM) was added 
during incubation. Reactions were stopped by addition of 1 ml of 
ice-cold “stop” buffer (composition in mM: NaCl, 118; KCl, 4.8; 
KH2PO4. 1.2; MgSO^./Hj), 1-2; NaHC0 3 , 26; CaClj, 1.3; 
glucose, 11; ouabain, 10 mM). Samples were rinsed in a filtration 
manifold, and filters were added to scintillation fluid for assess-
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FIGURE 1. Tyrphostin AG879 inhibits glutamate release and 
calcium influx in synaptosomes prepared from hippocampus. Addi
tion 40 mM KCl to synaptosomes that were pretreated by 
incubation in Krebs solution containing CaCl2 for 10 min signifi
cantly increased endogenous glutamate release (A; *P <  .05, analysis 
of variance [ANOVA]) and calcium influx (B; *P <  .05; ANOYA). 
This effect was enhanced by addition of nerve growth factor (NGF) 
(50 ng/ml) and /ri*«j-l-amino-cyclopentyI-l,3-dicarboxylate (ACPD) 
(+/> <  .05; ANOVA). Pretreatment in tyrphostin AG879 (100 |aM) 
inhibited the stimulatory effect o f NGF and ACPD on release (A) and 
calcium influx (B). Mean values (±SEM) are expressed as micromoles 
glutamate per millgraxn protein for glutamate release and nanomoles 
per milligram for calcium influx.

5 min o f  the experiment were 145.7% ( ±  2.8) and 90.5%  
( ±  2.92).

Analysis o f  endogenous glutamate release in P 2  prepared from 
unretanized and tetanized dentate gyrus o f  control-treated rats 
indicated that KCl-stimulated release was significantly enhanced 
in tetanized tissue (P  <  .05; ANOVA; n =  6). However, addition 
o f KCi failed to increase glutamate release in either tetanized or 
untetanized tissue prepared from tyrphostin-treated rats (Fig. 4).

Figure 5 indicates that, in control-treated rats, phosphorylation 
o f proteins on tyrosine residues was significandy increased in P2  

prepared from tetanized tissue compared with untetanized tissue 
(P <  .05; ANOVA; n =  5) but that this effect was inhibited by 
tyrphostin pretreatment. Analysis o f  the four individual proteins, 
which consistently appeared on all gels, indicated that tyrosine 
phosphorylation o f two proteins, o f  apparent molecular masses 40

(A) T rk  p h o sp h o ry la t io n

IZ
3
>.
L_
(Q

IE
<

50

25  -

0

Saline NGF

Saline  NGF

(B) ERK p h o sp h o ry la t io n

increased trkA phosphorylation {P  <  .05; Students f-test for 
paired means; n =  8). Analysis o f  ERK activity was made by using 
in  anti-active ERK antibody and, in parallel with the data 
describing changes in trkA phosphorylation, both the sample 
immunoblot and the mean densitometric data indicate that NG F  
significandy enhanced ERK phosphorylation (P <  .05; Students 

-̂test for paired means; n =  10; Fig. 2B). Phosphorylation o f  trkA 
was increased by N G F  in six o f  eight experiments, whereas 
phosphorylanon o f  ERK was increased by NGF in all experi
ments.

Figure 3 demonstrates that expression o f  LTP in dentate gyrus 
Was markedly attenuated by intracerebroventricular injection o f  
tyrphosrin A G 879. T he mean percentage changes in die excita
tory postsynaptic potential (EPSP) slope in the 2 min immedi
ately after tetanic stimulation compared with the values immedi
ately before tetanic srimulation were 1 5 8 .1 % (i 2.1) and 116.6%  
( i 4 . 4 7 )  in saline- and tyrphosrin AG879-treated rats. The 
corresponding mean percentage changes in EPSP slope in the last
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FIGURE 2. Nerve growth factor (NGF) increases t r i  and extracel
lular signal-regulated kinase (ERK) phosphorylation in hippocampal 
synaptosomes. A sample immunoblot indicates that NGF increases 
tr6A phosphorylation (A) and ERK phosphorylation (B). Densitomet
ric analysis revealed that mean /r/fe4 phosphorylation (A) and mean 
ERK phosphorylation (B) were significantly increased in NGF- 
treated compared with Krebs-treated synaptosomes.
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SGURE 3. Tyrphostin AG879 inhibits long-term potentiation, 
ie mean percentage change in excitatory postsynaptic potential 
PSP) slope in the last 5 min of the experiment compared with the 

S-min period immediately before tetanic stimulation was 145.7% ±  
is (SEM; n =  6) in saline-pretreated rats and 90.5% <  2.9 in 

phostin AG879;pretreated rats. SEM values are included for every 
) responses. Filled squares, control; open squares, tyrphostin.

and 86 kD, was significantly increased in tetanized tissue 
jrepaied from control-treated rats, compared with untetanized 
Issue {P <  .05; ANOVA; Fig. 5); these increases were observed in 
bell separate experiment in the case of the 40 kD protein and in 
i''e of the six experiments in the case of the 86 kD protein. 
Irotein phosphorylation was not observed in tissue prepared from 
S'rphostin-pretreated rats.

I I U njtim  

Y //A  K C I-ttlm

FIGURE 5. Long-term potentiation is associated with increased 
tyrosine kinase activity. Synaptosomes were prepared from imteta- 
nized (open bars) and tetanized (hatched bars) dentate gyrus of 
saline-pretreated (SALINE) and tyrphostin-pretreated (TYR) rats. 
There was an increase in total protein tyrosine phosphorylation and 
in phosphorylation of proteins o f apparent molecular masses of 40 
kD and 86 kD in tetanized compared with untetanized tissue 
prepared from saline-treated rats. Tyrphostin AG879-pretreatment 
inhibited these changes.

TrkA phosphorylation was increased in synaptosomes prepared 
from tetanized, compared with untetanized, tissue as indicated in 
the sample immunoblot (Fig. 6A). Analysis of mean values from 
the individual experiments revealed that this difference was 
statistically significant ( ^ <  0.05; Students r-test for paired 
samples; n =  6). There was no evidence of this difference between 
tetanized and imtetanized tissue when trkA phosphorylation was 
assessed in tissue prepared from rats that were pretreated with 
tyrphostin AG879 (Fig. 6A). The data also showed that ERK 
phosphorylation was increased in tetanized compared with unteta
nized tissue in saline-treated rats {P <  .05; Student’s r-test for 
paired samples; n =  6; Fig. 6B) and that this effect did not occur 
in tissue prepared from tyrphostin-pretreated rats. In each separate 
experiment, we observed that LTP was associated with increased 
phosphorylation of both trkA and ERK.

D I S C U S S I O N

The objective of this study was to establish whether trkA 
phosphorylation, stimulated by NGF, played a role in expression 
of LTP in pcrforant path-granule ccU synapses. The data presented 
here support the hypothesis that NGF phosphorylates trkA, which 
is coupled with activation of ERK and modulation of glutamate 
release.

We repon that the trk inhibitor tyrphostin AG879 inhibited 
the stimulatory effect of NGF and ACPD on glutamate release in 
synaptosomes prepared firom hippocampal tissue. The stimulatory 
effect of NGF and ACPD on endogenous glutamate release 
described here is consistent with data from a previous study, in 
which a similar effect on radiolabeled glutamate release was
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observed (Kelly et a l ,  1998). The inhibitory effect exerted by 
tyrphostin AG879 on the N G F- and ACPD-induced effect 
suggests that the contributory role of NGF in enhancing release 
depends, in the first instance, on its interaction with trkA. TrkA 
activarion and the consequent activation of the integral tyrosine 
kinase (Kaplan et al,, 1991; Klein et al., 1991) results in trkA 
phosphorylation, but it is likely, as a consequence o f  tyrosine 
kinase acrivation, that phosphorylation o f  other downstream 
substrates, which might impact on release, will occur. We also 
report here that N G F and ACPD increased KCl-induced calcium 
influx into synaptosomes prepared from hippocampal tissue. This 
finding indicates chat either one or both o f  these agents modulates 
voltage-gated calcium channel activity. This finding is consistent 
with previous evidence that has indicated that NGF (and other 
neurotrophins) modulate calcium channel function. For example, 
it has been shown that NGF increases calcium entry by means of 
voltage-operated calcium channels in cultured embryonic fore
brain neurons (Levine et al., 1995), tr^-transfected 3T3 cells 
(Jiang and Guroff, 1997), and oligodendrocytes (Althaus et al., 
1997). The finding that the N G F- and ACPD-induced changcs 
were inhibited by tyrphostin AG879 and, therefore, mirror the 
NGF- and ACPD-induced changes in glutamate release, suggests 
that the primary effect of the agents might be on calcium influx 
and that modulation o f release occurs as a consequence.

In vitro analysis o f the effect of NGF on synaptosomes prepared 
from rat hippocampus revealed that the neurotrophin increased 
tyrosine phosphorylation o f trkA as expected, but that it also 
increased activation of ERK, as assessed by using an antibody 
specific for the dually phosphorylated kinase. Although activation 
o f tyrosine kinase by NGF can explain the subsequent tyrosine 
phosphorylation of ERK, the mechanism by which threonine 
phosphorylation of ERK is achieved remains to be established. 
One possibility is that NGF phosphorylates, and thereby acti
vates, another tyrosine kinase substrate, phospholipase C y  (Vetter 
etal., 1991; Stephens etal., 1994; Obermeier et al., 1996), which, 
by hydrolyzing phosphoinositol-bisphosphate, leads to the forma
tion of diaclyglyccrol (Divecha and Irvine, 1995), an endogenous 
activator of protein kinase C. Evidence has indicated that protein 
kinase C might phosphorylate ERK on threonine residues (Van 
Biesen et al., 1995; Grammer and Blenis, 1997).

We observed that tyrphostin AG879 blocked expression of LTP 
in dentate gyrus. The data show that intracerebroventricular 
injection of tyrphostin AG879 suppressed the EPSP slope by 
about 50% in the first few minutes after tetanic sdmulation,

FIGURE 6. Tyrphostin inhibited the long-term potentiation- 
associated increase in tyrosine phosphorylation of tr i and ERK. 
Synaptosomes were prepared from untetanized and tetanized dentate 
gyrus of saline- and tyrphostin-pretreated rats. Sample inunmioblots 
indicate that trk phosphorylation (A) and ERK phosphorylation (B) 
were increased in tetanized tissue prepared from saline-pretreated 
rats, but these eflFects were absent in tetanized tissue prepared from 
tyrphosrin AG879-pretreated rats. Densitometric analysis indicated 
that there was a significant increase in trkA phosphorylation (A) and 
ERK phosphorylation (B) in tetanized tissue prepared from saline- 
pretreated rats.
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tyrphostin AG879 on the later component was correlated with an 
inhibition of glutamate release in synaptosomes prepared from 
untetanized and tetanized dentate gyrus. This observation sup
ports the data that indicate an inhibitory effect of tyrphostin 
AG879 on release in vitro. It is also consistent with the proposal 
that tyrosine kinase modulates glutamate release, which was 
suggested by the previous observation that activity of tyrosine 
kinase was increased when release was increased and decreased 
when release is decreased (Mullany et al., 1996). The correlation 

i  between LIP and increased glutamate release described here 
supports the findings of several studies that have coupled 
increased glutamate release with maintenance of LTP in dentate 
gyrus (Bliss and Collingridge, 1993; Canevari et al., 1994; 
McGahon and Lynch, 1996; McGahon et al., 1998). It is further 
supported by the present observation that tyrphostin AG879 
pretreatment blocked both LTP and the increase in transmitter 
release.

Analysis of tetanized and untetanized tissue obtained from 
saline-treated control animals indicated that LTP was correlated 
with increased phosphorylation of trkA. Because NGF is the 
recognized endogenous ligand for this receptor, it is reasonable to 
suggest that endogenous NGF activates trkA after tetanic stimula
tion. Previous evidence consistent with a role for NGF in the 
generation of LTP in dentate gyrus is suggested by a number of 
findings. First, NGF mRNA is increased after tetanic stimulation 
(Castren et al„ 1993; Bramham et al., 1996). Second, LTP is 
irnpaired in dentate gyrus of genetically hypertensive rats, in 
which NGF expression is decreased and restored by intraventricu- 
lar injection of NGF (Kelly et al., 1998). Third, although NGF 
snd ACPD interact to increase glutamate release in synaptosomes 
prepared from dentate gyrus of untetanized tissue, this effect is 
occluded by prior induction of LTP (Kelly and Lynch, 1999). 
Fourth, NGF is released from neuronal cultures and slices 
prepared from hippocampus after activation by either KCl, 
§lutamate, or veratridine (Blochl and Thoenen, 1995). These 
observations are consistent with the hypothesis that NGF plays a 
•̂ ole in the generation of LTP, but provide indirect, rather than 
^rect, evidence. In contrast, the present observation provides 
‘direct evidence that tetanic stimulation results in NGF receptor 
activation. That LTP is correlated with trkA phosphorylation is 
*-Ofifirmed by the finding that pretreatment with tyrphostin 
AG879 inhibited both LTP and trkA phosphorylation.

^  significant finding of the present study was that UTP was 
®*̂ companied by increased activation of ERK in synaptosomes 
P''cpared from dentate gyrus and that tyrphosun AG879 inhibited 
^oth LTP and activation of ERK. The LTP-associated increase in 

activity confirms the results of a recendy completed study in 
laboratory, which coupled increased ERK aaivity widi 

"’‘Creased release (McGahon et al., 1998) and is consistent widi 
observation that tyrosine phosphorylation of ERK was 

'̂ Creased in slices of hippocampal CAl in which LTP had been

example, at least two tyrosine kinase substrates, raf (Marshall, 
1995) and phospharidyIinositol-3-kinase (Divecha and Irvine, 
1995), can phosphorylate MEK, whereas certain isoforms of 
protein kinase C (Grammer and Blenis, 1997), activation of 
metabotropic glutamate receptors (Fiore et al., 1993; Kurino et 
al., 1995), and the I3y subunit of heterotrimeric G-proteins (Van 
Beisen et al., 1995), can ail contribute to activation of the 
ras/MEK/ERK cascade. The first step in the cascade leading to 
ERK activation is likely to be tyrosine kinase activation triggered 
by erkA activation, an event that is likely to cause phosphorylation 
of several proteins that might impact on release and then LTP. 
One of these substrates could be synaptophysin, increased phos
phorylation of which has been correlated with increased release 
(Mullany and Lynch, 1998).

The findings presented here provide strong evidence that 
generation of LTP in dentate gyrus requires activadon and 
phosphorylation of trkA and that the endogenous ligand respon
sible for this activation is NGF. Correiarive data linking LTP with 
increased tyrosine kinase activity and, increased glutamate release 
supports the view that LTP in this area relies, at least to some 
extent, on increased transmitter release, which may be triggered by 
increased tyrosine kinase activity.
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ACTIVATION OF p42 MITOGEN-ACTIVATED PROTEIN KINASE 
BY ARACHIDONIC ACID AND m4yV5-l-AMINO-CYCLOPENTYL- 
1,3-DICARBOXYLATE IMPACTS ON LONG-TERM POTENTIATION 

IN THE DENTATE GYRUS IN THE RAT; ANALYSIS OF 
AGE-RELATED CHANGES
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A bstract— Maintenance of long-term potentiation in perforant path-granule cell synapses is associated 
with an increase in glutamate release, which we have suggested relies on an interaction between arachi
donic acid and the metabotropic glutamate receptor agonist, rran5-l-amino-cyclopentyl-l,3-dicarboxylate 
(ACPD). Evidence suggests that this interaction is dependent on stimulation of tyrosine kinase, which 
phosphorylates and activates phospholipase C-y. In this study, we demonstrate that arachidonic acid and 
ACPD stimulate tyrosine phosphorylation of a protein of about 40,000 mol. wt and further analysis, using 
a specific antibody, suggested that this may be extracellular signal-regulated kinase, one member o f the 
family of mitogen-activated protein kinases. Activity of extracellular signal-regulated kinase was 
increased by arachidonic acid and ACPD in vitro, but it was also increased by induction of long-term 
potentiation in perforant path-granule cell synapses. A role for extracellular signal-regulated kinase in 
long-term potentiation was supported by the observation that expression of long-term potentiation, as well 
as the associated increases in endogenous glutamate release and extracellular signal-regulated kinase 
activation, were inhibited by pretreatment with the mitogen-activated protein kinase inhibitor, 
PD98059, while PD98059 pretreatment inhibited the interaction between arachidonic acid and ACPD 
on glutamate release. An age-related decrease in extracellular signal-regulated kinase activity was 
observed in the dentate gyrus, and there was no evidence of increased extracellular signal-regulated kinase 
activity or endogenous glutamate release in tissue prepared from aged rats in which long-term potentiation 
was compromised.

The evidence is consistent with the view that increased activation of extracellular signal-regulated 
kinase plays a role in long-term potentiation, and that activation o f this kinase relies on the interaction 
between arachidonic acid and ACPD. © 1999 IBRO. Published by Elsevier Science Ltd.

Key words'. MAP kinase, glutamate release, ageing, LTP, arachidonic acid, ACPD.

Expression o f long-term potentiation (LTP) in the 
hippocampus requires activation o f signalling 
cascades, initiated in most hippocampal areas by 
activation o f  the AT-methyl-D-aspartate subtype of 
glutamate receptor.^ In the dentate gyrus, where 
the evidence supports presynapdc as well as post- 
synaptic involvem ent in the generation o f LTP,^ 
activation o f  signalling cascades on both sides of 
the synapse are likely to occur. It might be predicted 
that activation o f  these pathways in the presynaptic 
terminal w ill have a dual fiinction, i.e. to support the 
initial increase in glutamate release which accom
panies LTP'*'̂ '* and to stimulate changes which lead

* To whom correspondence should be addressed.
Abbreviations-. ACPD, (raM-l-amino-cyclopentyl-l,3-dicar- 

boxylate; EDTA, ethylenediaminetetra-acetate; EPSP, exci
tatory postsynaptic potential; ERK, extracellular signal- 
regulated kinase; LTP, long-term potendation, MAP kinase, 
mitogen-activated protein kinase: MEK, mitogen-activated 
protein kinase kinase; PBS-T, phosphate-buffered saline- 
Tween; PLC, phospholipase C; SDS, sodium dodecyl 
sulphate.

to protein s y n t h e s i s , a l l o w i n g ,  for example, 
formation o f new synaptic contacts,^ one function  
o f which may be to support the more persistent 
increase in glutamate release which has been  
described several hours after induction o f  LTP.

We have reported that an interaction between  
arachidonic acid and the metabotropic glutamate 
receptor agonist, fran5-l-am ino-cyclopentyl-l,3- 
dicarboxylate (ACPD), may underpin the initial 
increase in glutamate release which follow s induc
tion o f LTP. W hile ACPD stimulates phospholi
pase C p (PLC(3 ) through a G-protein-mediated  
mechanism, arachidonic acid stimulates tyrosine 
kinase, which phosphorylates and activates PLC7; 
w e have proposed that activation o f  both isoforms 
leads to a threshold stimulation o f  PLC, w hich is 
necessary to induce the increase in glutamate release 
associated with maintenance o f  D own
stream events o f this interaction might involve phos
phorylation o f other tyrosine kinase substrates, some 
o f which may play a role in regulation o f  transcrip
tion and may therefore signal increased protein
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synthesis, which has been shown to be required for 
the more persistent components of LTP. One signal
ling cascade which is implicated because of our 
observations indicating the involvement of tyrosine 
kinase is the cascade which requires activation of 
mitogen-activated protein kinase kinase (MEK) 
and subsequently mitogen-activated protein (MAP) 
kinase'-'^ (see Scheme 1).

In this study, we analysed extracellular signal- 
regulated kinase (ERK) activity following incuba
tion with arachidonic acid and ACPD in vitro, and 
also following induction of LTP in vivo. The effect 
o f the MEK inhibitor, PD98059, was assessed on 
LTP and on the associated increase in glutamate 
release. These experiments were paralleled by a 
study of age-related changes in LTP, as well as 
analysis o f ERK activity and glutamate release in 
tissue prepared from aged and young rats which 
received tetanic stimulation to the perforant path.

EXPERIMENTAL PROCEDURES

Animals

Male Wistar rats, of mean age four months (250-350 g) 
or 22 months (550-650 g), were used in these experiments. 
Rats were obtained from Charles River Laboratories (U.K.); 
the minimum number consistent with appropriate statistical 
analysis was used. Animals were maintained at an ambient 
temperature of between 22 and 23°C, under a 12-h light 
schedule, and were housed in the BioResources Unit, Trinity 
College Dublin, under veterinary supervision, in pairs (22- 
month-old rats) or groups of four to six (four-month-old rats).

Analysis o f  tyrosine kinase activity

Synaptosomes (P2) were prepared as described 
previously,^ resuspended in Krebs solution containing 
2 mM CaCl2  and protein concentrations established. 
Samples were diluted to ensure that equal protein concen
trations were used in the subsequent experiment. Sodium 
dodecyl sulphate (SDS; 10%; 5 n.1) was added to aliquots 
o f synaptosomes (35 |xl) and samples were boiled for 5 min. 
Immunoprecipitation buffer (160 jxl; 1.25% Triton X-100, 
190 mM  NaCl, 60 mM Tris-HCl, pH 7 .4,6 mM EDTA, pH 
8 .0 ,10  U/ml aprotonin) and anti-phosphotyrosine (5 ^,1, i.e. 
1.25 M-g protein; Affiniti, U.K.) were added, and samples 
were incubated for 1 h at 37°C; 5 0 p .l of protein A -  
Sepharose suspension was then added and incubation 
continued for another hour at room temperature. The 
Sepharose beads (to which the immune complexes were 
linked) were washed twice in 1 ml wash buffer (0.1% 
Triton X-100, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 
5 m M  EDTA, pH 8.0, lOU/ral aprotonin) containing
0.02% SDS and once in wash buffer with no added SDS. 
Samples were then centrifuged at 15,000 r.p.m. for 1 min, 
the supernatant discarded and the Sepharose beads resus
pended in 30 (a1 sample buffer (0.5 mM Tris-HCl, pH 6.8, 
10% glycerol, 10% SDS, 5% p-mercaptoethanol, 0.05% w/v 
Bromophenol Blue) and boiled for 5 min. Samples were 
centrifuged at 15,000 r.p.m. for 1 min, then 10-p.l aliquots 
of supernatant were loaded onto gels (10% SDS) and sepa
rated proteins were visualized by silver staining.

Analysis o f  extracellular signal-regulated kinase activity

Synaptosomes (P2 ) prepared from control dentate gyrus 
were incubated in the presence of arachidonic acid (1 p,M), 
ACPD (50(jlM ) or both. In a second experiment.

AA ACPD

I
Tyrosine kinase

I  i
PLC7 PLC0

MEK

i
MARK (ERK)

Scheme 1.

synaptosomes were prepared from untetanized and tetanized 
sides o f dentate gyri obtained from saline-treated and 
PD98059-treated rats, and from 22-month-old and four- 
month-old rats. In all cases, samples were analysed for 
protein and diluted to equalize for protein concentration, 
and these samples o f synaptosomal protein (10 |xl, 1 mg/ 
ml) were added to 10 |x l sample buffer (0.5 inM T ris - 
HCl, pH 6.8, 10% glycerol, 10% SDS, 5% P-m ercapto- 
ethanol, 0.05% w/v Bromophenol Blue), boiled for 2 min 
and loaded onto gels (10% SDS). Proteins were separated by 
application of 30 mA constant current for 25-30  min, trans
ferred onto nitrocellulose strips (200 mA for 60 min) and 
immunoblotted with anti-active ERK [Promega, U.S.A.; 
1:500 in phosphate-buffered saline-Tw een (0.1% 
Tween-20; PBS-T) containing 2% non-fat dried milk] for 
60 min at room temperature. Nitrocellulose strips were 
washed and incubated for 60 min at room temperature 
with secondary antibody (horseradish peroxidase-linked 
anti-rabbit antibody; 1:2000 dilution; Amersham, U.K.) 
and protein complexes were visualized by enhanced chemi- 
luminence (ECL) detection (Amersham, U.K.). Immuno- 
blots were exposed to film for 4 -5  h and processed 
using a Fuji X-ray processor. Protein bands were quanti
tated by densitometric analysis.

Induction o f long-term potentiation in vivo

Rats were anaesthetized by injection of urethane (1.5 g/kg,
i.p.); the absence of a pedal reflex was indicative o f an 
adequate level o f anaesthesia and was considered to be suffi
cient to minimize animal discomfort. Rats were placed in a 
head holder in a stereotaxic frame and a window of skull was 
removed to allow placement of a  bipolar stimulating elec
trode in tlie perforant path (4.4 mm lateral to lam bda) 
and a unipolar recording electrode in the dorsal cell 
body region of the dentate gyrus (2.5 mm lateral and 
3.9 mm posterior to bregma). Test shocks (average stimu
lus strength 4.1 ±  0.2 and 5.2 ±  0.3 V in young and aged 
rats, respectively) were given at 30-s intervals and, after a 
10-min recording period, three trains o f  stimuli (250 Hz 
for 200 ms) were delivered at 30-s intervals. Recording at 
test shock frequency then resumed for 40 min. In some 
experiments, PD98059 (5 j j l I ;  2 ( x M  in 0.5% dim ethyl- 
sulphoxide) or vehicle (5 |j l 1) was injected intraventri- 
cularly (0.4 mm posterior to bregma, 0.2 mm lateral to 
midline, 3.5 mm depth) 30 rain before recording com 
menced and the experiment proceeded as described 
earlier. A t the end o f  the recording period, rats were killed 
by cervical dislocation and the dentate gyri were removed 
and chopped twice, the second time at an angle o f  45°, to 
provide tissue prism s o f 350 ii.m X 350 |j,m. Tissue, which 
was prepared using a M cllwain tissue chopper, was frozen 
in id eb s solution containing 10% dim ethylsulphoxide'^ 
and stored at — 80°C until required. For analysis, slices 
were thawed rapidly and rinsed in fresh oxygenated
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Table 1. PD98059 inhibits glutamate release in synaptosomes prepared from  the hippocampus

Treatment Unstimulated KCl stimulated KCl +  (AA/ACPD)

Untreated 0.25 (0.06) 0.61* (0.08) 1.08t (0.09)
Krebs preteated 0.30 (0.08) 0.58* (0.07) 0 .84t (0.10)
PD98059 pretreated 0.38 (0.03) 0.51* (0 .0 2 ) 0.52 (0.07)

Addition o f  40 mM KCl to synaptosomes which were untreated or pretreated by incubation in Krebs solution containing CaClj for 
10 min significantly increased endogenous glutamate release (*P <  0.05, ANOVA); this effect was enhanced by addition of 
arachidonic acid (AA) and ACPD (fP  <  0.05, ANOVA; compare KCl-stimulated release in the presence and absence of 
arachidonic acid and ACPD). Pretreatment in PD98059 (2 |aM) attenuated the KCl-induced release, though the increase above 
unstimulated release was statistically significant (*P <  0.05, ANOVA). PD98059 completely inhibited the stimulatory effect of 
arachidonic acid and ACPD on release. Means values ( ±  S.E.M.) are expressed as nmol glutamate/mg protein.

K rebs so lu tion  before preparation o f  the crude synap to
som al p e lle t, ? 2.^‘* In each experim ent, ipsilateral and 
co n tra la te ra l dentate gyri were stored and analyses of 
g lu tam ate  release and ERK  activity were made on paired  
sam ples.

R elease o f  glutam ate

Sam ples o f  synaptosom al tissue were resuspended in ice- 
cold K rebs solution containing 2 m M  CaCl2. Tissue was 
aliquotted  onto M illipore filters (0.45 p.m), rinsed under 
vacuum  and  the filtrate was discarded. Tissue was incubated 
in 250 (jil oxygenated Krebs solution at 37°C for 3 min, and 
filtrate w as collected and stored. Release o f  transmitter was 
then  stim ulated  by the addition o f  40 mM  KCl to Krebs 
solution. In  som e cases, arachidonic acid (1 fiM ), ACPD 
(50 |xM ) o r  both w ere added to assess the effect o f these 
agents on K CI-stim ulated release. In other cases, the effect 
o f  PD 98059 (2 |i,M ) was exam ined on glutamate release; in 
these experim ents, synaptosom es were treated as described 
above, o r alternatively preincubated in Krebs solution 
contain ing  2 mM  CaCl2 either in the absence or presence 
o f  PD 98059.

G lutam ate was analysed as described.^” Glutaraldehyde 
(0.5%  in lO O m M  N aH 2 ?04  buffer, pH 4.5; 320 |xl) was

A B
kD

(approx)

Fig. 1. Arachidonic acid and ACPD increase tyrosine kinase 
and ERK activity in hippocampal synaptosomes. (A) Immuno- 
precipitation with anti-phosphotyrosine antibody revealed that 
tyrosine phosphorylation o f several substrate proteins was 
increased by preincubation in arachidonic acid, ACPD or 
both. (B) ERK activity was markedly increased by arachidomc 
acid [1 (J.M; compare lanes 2 (arachidonic acid) and 1 (control)] 
and ACPD (50 p.M; lane 3), but the effect o f arachidomc acid 
and ACPD together (lane 4) was most marked. This immunoblot 
indicates that similar data were obtained in the case o f the two 

ERKs, p42 and p44.

added to w ells in a  96-w ell plate. Incubated for 60  m in at 
37°C, and w ashed w ith  100 rnM N aH 2P0 4  buffer. T riplicate 
sam ples (50 jj,]) o r g lu tam ate standards (50)1.1: 50 nM  to 
10 p.M  prepared  in  100 m M  N a2H P0 4  buffer, pH  8.0) 
were added, incubated  fo r 2  h at 37°C and w ashed in 
100 mM  N a2H P0 4  buffer. To bind any unreacted aldehydes, 
ethanolam ine (320 (xl; 0.1 M  in 100 m M  N a2H P0 4  buffer) 
was added to each well and incubated for 60 m in a t 37°C. 
P lates were w ashed w ith PBS-T. T o  b lock non-specific 
binding, donkey serum  w as added (200 ijlI; 3%  in PB S-T), 
incubated for 60 m in and w ashed w ith PBS-T. A nti-gluta- 
m ate antibody (raised in rabbit; 100 |j l 1; 1:5000 in PBS-T; 
Sigma, U .K .) was added to  each plate, incubated overnight 
at 4°C and washed w ith PBS-T. A nti-rabbit horseradish 
peroxidase-linked secondary antibody (95 (j.1; 1:10,000 in 
PBS-T; A m ersham , U .K .) was added, incubated fo r 
60 m in at room  tem perature and washed. 3 ,3^5 ,5 '-T etra- 
m ethylbenzidine liquid substrate w as added as chrom ogen 
and incubation continued for exactly  60 min at room  
tem perature. H 2SO4 (4 M ; 50 |j l 1) was added to stop the 
reaction and optical densities w ere determ ined at 450 nm  
using a m ultiw ell plate reader. V alues were calculated 
with reference to the standard curve, corrected for protein^ 
and expressed as nm ol glutam ate/m g protein.

Statistical analysis

A  one-w ay A N O V A  w as perform ed to determ ine w hether 
there w ere significant differences betw een conditions. W hen 
this analysis indicated significance (at the 0.05 level), p o st 
hoc Student N ew m an -K eu ls  test analysis was used to deter
m ine w hich conditions were significantly different from  
each other. In som e cases, the S tudent’s f-test w as used  to 
establish statistical significance and, w hen used, th is is 
clearly stated.

RESULTS

We analysed the effect of PD98059 (which at the 
concentration used in this study is considered to be a 
specific MEK inhibitor) on glutamate release in 
synaptosomes prepared from hippocampal tissue; 
the data are shown in Table I. Addition of 40 mM 
KCl to synaptosomal preparations significantly 
increased glutamate release in both untreated synap
tosomes or synaptosomes pretreated by incubation 
in Krebs solution containing 2 mM CaCli for 10 min 
( P <  0.01, Student’s Mest for paired samples). In 
both cases, release was further and significantly 
enhanced by addition of arachidonic acid and 
ACPD { P <  0.03, compared with the effect of 
40 mM KCl alone; Student’s /-test for paired 
samples). In contrast, synaptosomes pretreated with
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Fig. 2. PD98059 inhibits LTP and the LTP-associated increase in ERK activation. (A) PD98059 inhibited both 
induction and maintenance of LTP. Values are means of seven (control) and six (PD98059) observations, and are 
expressed as the percentage change in EPSP slope normalized to the slope in the 5 min immediately before tetanic 
stimulation. Sample waveforms before and after tetanic stimulation are superimposed in control (1) and experi
mental (2) conditions. Scale bars =  1 mV and 2 ms. Standard errors, which did not exceed 10% are not included 
for clarity. (B) ERK activity was markedly increased in tetanized tissue prepared from the dentate gynis of 
control-treated rats compared with untetanized tissue [compare lanes 1 (untetanized) and 2 (tetanized)]: in 

PD98059-treated rats, this effect was attenuated [compare lanes 3 (untetanized) and 4 (tetanized)].

PD98059 exhibited a slightly attenuated response to 
40 mM KCI, although release was significantly 
increased above unstimulated release (F <  0.05, 
ANOVA). However, pretreatment with PD98059 
completely inhibited the stimulatory effect of arachi- 
donic acid and ACPD on glutamate release (Table 1).

Figure lA  shows that arachidonic acid and 
ACPD, alone and in combination, increased tyrosine 
phosphorylation (analysed by immunoprecipitation 
with anti-phosphotyrosine) of a number of proteins; 
three prominent protein substrates of apparent 
molecular weights 26,000, 58,000 and 70,000 
were clearly identified, but at least three other 
substrate proteins were phosphorylated by tyrosine 
kinase, including one with an apparent molecular 
weight of approximately 40,000. Immunoblotting 
with a specific antibody which recognizes dually 
phosphorylated ERK suggested that this protein 
might be ERK. One sample immunoblot is shown 
in Fig. IB; analysis by densitometry indicated that 
arachidonic acid increased ERK activity [arbitrary 
values: 71,639 in the arachidonic acid-treated tissue 
(lane 2) compared with 58,432 in control-treated 
tissue (lane 1)]. ACPD slightly increased ERK 
activity in this example (62,193; lane 3), while the

combination of arachidonic acid and ACPD 
markedly increased ERK activity (81,418; lane 4). 
Analysis of the mean data (n =  7 in each case) 
indicated that arachidonic acid alone (61,545 ±  
23,262) and in combination with ACPD (65,938 ±  
19,599) significantly increased ERK activity 
compared with control (51,072 ±  19,760; P < 
0.05, Student’s f-test for paired means). ACPD 
alone had no significant effect (47,393 ±  14,889); 
it had no effect on ERK activity in two experiments 
but increased it in two and decreased it in three 
experiments.

We analysed ERK activity following tetanization 
of the perforant path in saline- and PD98059- 
pretreated rats. Figure 2A demonstrates that 
PD98059 inhibited both the early and later phases 
of LTP in perforant path-granule cell synapses. The 
mean percentage change (±  S.E.M.) in the slope of 
the excitatory postsynaptic potential (EPSP) in the 
2 min immediately following tetanic stimulation 
was 143.9% (±  4.9%) in vehicle-injected rats (n =  
7), compared with 106.9% (±  4.3%) in PD98059- 
injected rats (n =  6). The mean percentage change 
(±  S.E.M.) in EPSP slope in the last 5 min of 
the experiment, compared with that in the 5 min



A role for MAP kinase in LTP 1171

Table 2. PD 98059 inhibits the long-term  potentia tion-associated  increase  in  glu tam ate  release

Pre treatm ent U nstim ulated KCl s tim ulated KCl +  (A A /A C PD )

Saline U ntetanized 0.78 (0.09) 1.20* (0 .10) 1.60* (0.10)
Tetanized 0 .8 0 (0 .1 0 ) 1 .3 7 t (0 .10) 1 .27 (0 .10 )

PD 98059 Untetanized 0.63 (0.13) 1.03* (0.09) 1 .17(0 .19)
Tetanized 0.80 (0.06) 1.05* (0.08) 1 .08 (0 .10 )

A ddition  o f  4 0  m M  KCl to  synaptosomes prepared from  untetanized  den ta te  gy rus  o f  saline-treated  ra ts significantly increased  
en ogenous glutam ate release (*P <  0 .Q5, ANOVA); this eifect w as enhanced in  synap tosom es p repared  from  te tanized  dentate 
gyrus o f  saline-treated rats ( tP  < 0 .0 1 ,  ANOVA). W hile arachidonic acid  (A A ) and A C P D  increased  K C l-sum ula ted  re lease  in 
unte tanized  tissue, this effect was occluded in tetanized tissue. A ddition  o f  K C l to  the incubation  m ed ium  also  significantly  
in c reased  endogenous g lutam ate release in synaptosom es p repared  from  u n te tan ize d  d en ta te  gy rus  o f  P D 9 8 0 5 9 -trea ted  ra ts  

ANOVA). However, the enhanced release observed in te tan ized  tissue  p rep a red  from  saline-treated  ra ts  was absent, 
and there  w as no evidence of any effect o f arachidonic acid and A C PD  on re lease  in synaptosom es p repared  from  tetanized  or 
un te tan ized  tissue. M eans values ( ±  S.E.M .) are expressed as nm ol g lu tam ate /m g prote in .

immediately prior to tetanic stimulation was 129,6% 
(±  2.7%) in the vehicle-injected control group and 
99.01% (±2.8% ) in the PD98059-injected group 
(n — 6). Figure 2B shows one sample immunoblot 
in which ERK activity in synaptosomes prepared 
from the dentate gyrus of a saline-treated rat was 
clearly increased in tetanized (lane 2) compared 
with untetanized tissue (lane 1). Densitometric 
analysis indicated that the values for control and 
tetanized sides were (arbitrary units) 24,090 and 
39,933, respectively; the corresponding values in 
PD98059-pretreated tissue were 28,399 and 
22,030 in untetanized (lane 3) and tetanized (lane 
4) samples, respectively. The mean values in the 
saline-treated tissue were 26,299 (±4298) and 
36,452 (±6959) in untetanized and tetanized 
sides, respectively; thus, LTP was associated with 
a significant increase in ERK activation (P < 0.05, 
Student’s f-test for paired means). The mean values 
in the PD98059-treated’tissue were 18,978 (±5169) 
and 19,437 (±3598) in untetanized and tetanized 
sides, respectively, which were not significantly 
different; therefore, pretreatment with PD98059 
inhibited LTP and the LTP-associated increase in 
ERK activity.

Table 2 indicates that release of endogenous 
glutamate from synaptosomes prepared from 
untetanized dentate gyrus (of the same rats from 
which the electrophysiological data were obtained) 
was significantly increased by addition of 40 mM 
KCl to the incubation medium (P < 0.05, 
ANOVA). This effect was enhanced by the further 
addition of arachidonic acid and ACPD (P < 0.05, 
ANOVA; comparison of the effect of KCl alone with 
that in the presence of arachidonic acid and ACPD). 
The effect of 40 mM KCl was significantly greater in 
synaptosomes prepared from the dentate gyrus in 
which LTP was induced in vivo compared with 
synaptosomes prepared from untetanized dentate 
gyrus (P <  0.01, ANOVA), but the effect of 
arachidonic acid and ACPD was occluded in 
synaptosomes prepared from tetanized tissue. 
PD98059 pretreatment did not significantly affect

unstimulated glutamate release in untetanized or 
tetanized tissue, while addition of 40 mM KCl 
significantly increased release in synaptosomes 
prepared from both untetanized and tetanized tissue 
to a similar extent (P <  0.05, ANOVA). In contrast 
to the stimulatory action of arachidonic acid and 
ACPD on release in saline-pretreated tissue, these 
agents failed to exert any effect in either tetanized 
or untetanized tissue.

Figure 3 indicates that both the early and later 
phases of LTP were impaired in 22-month-old 
compared with four-month-old rats. The mean 
percentage change in EPSP slope (±  S.E.M.) in 
the 2 min immediately following tetanic stimulation 
was 184.4% (7.8%) in four-month-old (n =  6), 
compared with 128.0% (8.8%) in 22-month-old 
rats {n = 9). The mean percentage change in EPSP 
slope in the last 5 min of the experiment was 136.4% 
(±  2.2%) in four-month-old, compared with 108.5% 
(±  2.9%) in 22-month-old, rats. Analysis of ERK 
activation revealed a significant age-related down- 
regulation and confirmed that there was an LTP- 
associated increase in ERK activity. One sample 
immunoblot is shown in Fig. 3B, in which ERK 
phosphorylation in untetanized (lane 1) and teta
nized (lane 2) tissue prepared from four-month-old 
rats is compared with untetanized (lane 3) and 
tetanized (lane 4) tissue prepared from 22-month- 
old rats. The mean values were 17,203 (±  2860) 
and 20,854 (±  2707) in untetanized and tetanized 
tissue prepared from 22-month-old rats, and 
26,082 (±  1315) and 30,157 (±  2143) in untetanized 
and tetanized tissue prepared from four-month-old 
rats, indicating a significant LTP-associated increase 
in young (F <  0.05, Student’s t-test for independent 
means), but not aged, rats. These data also demon
strate that mean ERK activity was significantly 
decreased in tissue prepared from aged, compared 
with young, rats {P <  0.05, Student’s r-test for 
independent means).

Table 3 compares glutamate release in synapto
somes prepared from the dentate gyrus of the 
same young and aged rats from which the
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D 4 months

I 22 months

1 2  3 4
Fig. 3. The age-related impairment in LTP is associated with decreased ERK activity. (A) Induction and 
maintenance of LTP was impaired in 22-month-old (n =  9) compared with four-month-old (n — 6) rats. Values 
are expressed as the mean percentage change in EPSP slope normalized to the slope in the 5 min immediately 
before tetanic stimulation. Sample waveforms before and after tetanic stimulation are superimposed in 1 and 2 
(for four- and 22-month-old rats, respectively). Scale bars =  1 mV and 2 ms. Standard errors, which did not 
exceed 10%, are not included for clarity. (B) ERK activity was markedly increased in tetanized tissue prepared 
from dentate gyrus of four-month-old rats compared with untetanized tissue [compare lanes 1 (untetanized) and 2 
(tetanized)]; in 22-month-old rats, this effect was attenuated [compare lanes 3 (untetanized) and 4 (tetanized)].

Table 3. Endogenous glutamate release is decreased with age

Experimental conditions Unsdmulated
------- --------------------

KCl stimulated KCl H- (AA/ACPD)

Four months Untetanized 0.66 (0.07) 0.88* (0.07) 1.11* (0.10)
Tetanized 0.61 (0,07) 1.03t (0.08) 0.91 (0.09)

22 months Untetanized 0.57 (0.06) 0.58 (0.08) 0.62 (0.07)
Tetanized 0.56 (0.05) 0.63 (0.05) 0.63 (0,06)

Addition of 40 mM KCl to synaptosomes prepared from untetanized dentate gyrus of four-month-old rats significantly increased 
endogenous glutamate release {*P < 0.05, ANOVA); this effect was enhanced in synaptosomes prepared from tetanized dentate 
gyrus of four-month-old rats (fP <  0.01, ANOVA). While arachidonic acid (AA) and ACPD increased KCl-stimulated release in 
untetanized tissue prepared from young animals, this effect was occluded in untetanized tissue. Addition of KCl to the incubation 
medium had no significant effect on endogenous glutamate release in synaptosomes prepared from untetanized or tetanized 
dentate gyrus of 22-month-old rats, and there was no evidence of any effect of arachidonic acid and ACPD on release in any case. 
Mean values ( ±  S.E.M.) are expressed as nmol glutamate/mg protein.

electrophysiological data were obtained. Release in 
synaptosomes prepared from the dentate gyrus of 
four-month-old rats confirmed the data described 
earlier (see Table 2), i.e. 40 tnM KCl stimulated 
release to a greater extent in tetanized than in 
untetanized tissue, and arachidonic acid and ACPD 
stimulated release in untetanized, but not tetanized, 
tissue. Addition o f KCl did not significantly increase 
release over unstimulated release in synaptosomes

prepared from untetanized dentate gyrus or tetanized 
dentate gyrus o f aged rats. Similarly, arachidonic 
acid and ACPD had no effect on KCl-stimulated 
release in either case.

DISCUSSION

The principal objective of this study was to estab
lish whether ERK activity plays a role in modulating



A role for MAP kinase in LTP 1173

glutamate ralctise and might therefore impact on 
expression ol L FI in perforant path—granule cell 
synapses; the dilla presented indicate that PD98059 
attenuates the stimulatory effect of arachidonic acid 
and ACPD on t'clcuse in vitro, inhibits the early and 
late phases of LTP and also the LTP-associated 
increase in glutamate release. The evidence 
presented couples with the age-related impairment 
in LTP with an iige-re)ated decrease in ERK activity 
and glutamate I'ciease.

Effect o f  anwliiihtiic acid and ACPD on release: a 
role fo r  axtnwt'lhdar signal-regulated kinase 
phosphorykUion ?

Arachidoilic acid and ACPD interacted to 
increase KCl-slimulated release in synaptosomes 
prepared from whole hippocampus, as described 
previously,^* while the MEK inhibitor, PD98059, 
completely lilocked the stimulatory effect of these 
agents on relcuiie. These findings suggest that the 
action o f anicliidonic acid and ACPD on glutamate 
release relies on activation of ERK, though the 
mechanism by which this occurs has not been 
explored. One possibility is that synapsin I phos
phorylation conlributes to the effect, since recent 
reports have indicated that it is a substrate for 
gRK^w,22 ^vell as for cyclic-AMP-dependent 
kinase and calcium/calmodulin-dependent kinase 
n . “  P h o sp h o ry la tio n  of synapsin 1 by ERK reduces 
synapsin-actin bundling, an action which is con
sidered to induce vesicle movement to the active 
zone, increasing the likelihood of vesicle fusion,"

Evidence has suggested that the effects of arachi
donic acid ami ACPD converge on PLC; arachidonic 
acid i n c r e a s e s - ,  tyrosine kinase activation, which 
leads to phospiiorylation and activation of PLC7 , 
while ACPD activates PLC3 through a G-protein- 
coupled mecliaiiism.^^ On the basis o f  these obser
vations, wc suggested that PLC may act as a 
coincidence detector to stimulate an increase in 
glutamate ittlease. However, the present study indi
cates that arachidonic acid alone increased ERK 
activity, but that this activation was enhanced by 
ACPD. This finding is consistent with the idea that 
ERK may act as a coincidence detector; therefore, 
our hypothesis that PLC acts as a coincidence
detector must be reassessed.

In dissecting this problem, it must be considered 
that activation ol tyrosine kinase by arachidonic acid 
is likely to result in phosphorylation of substrates 
other than PLC7 ; at least two tyrosine kinase 
substrates, and phosphatidylinositol-3-kinase, 
which is phosphorylated and activated by tyrosine 
kinase,^ lead to ERK activation by phosphorylating 
MEK. Thus, although it has been reported that MEK 
dually phosphorylates and thereby fully activates 
ERK, evidence suggests that multiple, temporally 
distinct pathways may converge on ERK to cause 
its activation* Por example, certain isoforms of

protein kinase C ,ac t i va t io n  of metabotropic gluta
mate receptors*’*® and the P 7  subunit o f hetero- 
trimeric G-proteins,^'* which should be produced as 
a consequence of receptor-G-protein coupling, have 
all been shown to contribute to activation of the ras/ 
MEK/ERK cascade. In the context of the present 
study, it is o f significance that at least one non
receptor tyrosine kinase (which is likely to be the 
type activated by arachidonic acid), the proline-rich 
tyrosine kinase PY2, induces phosphorylation of the 
adaptor protein She and activates the raj/MEK/ERK 
signalling pathway. This diversity o f ERK-activating 
signals indicates that, in relation to the effect of 
arachidonic acid and ACPD, a number o f possible 
routes to ERK activation are possible. The primary 
event may be activation o f tyrosine kinase by 
arachidonic acid, which may phosphorylate ERK 
on tyrosine residues, while threonine phosphory
lation may occur through protein kinase C stimula
tion,̂ "* which has been shown to be activated directly 
by arachidonic acid.̂ -̂̂  ̂ These arachidonic acid- 
induced changes may explain our observation that 
arachidonic acid alone had the ability to activate 
ERK activity. However, there are at least two signi
ficant consequences o f  activation o f metabotropic 
glutamate receptors which may impact on the 
signalling cascade leading to ERK activation, i.e. 
stimulation of protein kinase C by diacylglyceroP^ 
and formation of the 3 7  subunit of the G-protein 
involved. Therefore, ERK may function to integrate 
signals from both arachidonic acid and ACPD. It 
must be acknowledged that the present data, which 
indicate that ACPD alone did not activate ERK, are, 
at least superficially, at variance with previous data, 
which suggested that activation of metabotropic 
glutamate receptors stimulated ERK.®''® However, 
while our observation analysed the effect of ACPD 
on dually phosphorylated ERK, the earlier reports 
analysed ERK activity by assessing phosphorylation 
of the substrate, myelin basic protein, and phos
phorylation of ERK only on tyrosine residues; 
these significant methodological differences probably 
account for the apparent discrepancy.

Long-term potentiation is associated with increased 
extracellular signal-regulated kinase activity

We observed that LTP in perforant path-granule 
cell synapses in vivo was accompanied by an 
increase in activity of ERK, established by analysis 
of dually phosphorylated ERK using an anti-active 
ERK antibody. It has been shown that phosphory
lation of ERK on tyrosine and threonine residues is 
necessary for its activation,'’̂ ® and that MEK dually 
phosphorylates ERK.^’̂  ̂The role o f ERK activation 
in LTP was supported by our observation that 
intraventricular injection of the MEK inhibitor, 
PD98059, prior to tetanic stimulation, inhibited 
both the early and later phases of LTP in the dentate 
gyrus, and also inhibited the associated increase in
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ERK activity. In this study, analysis o f ERK activity 
was made in synaptosomes, and therefore the 
changes described reflect presynaptic changes. 
Furthermore, we observed that PD98059 inhibited 
Ae action of arachidonic acid and ACPD on release 
in the in vitro study, indicating that the stimulatory 
effect of these agents on release required activation 
of ERK. It is possible, therefore, that the inhibitory 
effect of PD98059 on expression of LTP arises from 
its ability to prevent the stimulatory effect of arachi
donic acid and ACPD on glutamate release. An 
LTP-associated increase in tyrosine phosphorylation 
of ERK has been reported in C A l,’ although it was 
not established whether the effect was presynaptic or 
postsynaptic; in parallel, PD98059 inhibited LTP in 
area C A l in vitro J

The long-term potentiation-associated increase in 
glutamate release is inhibited by f ’D98059

M aintenance of LTP in perforant path-granule 
cell synapses is associated with increased release 
o f g l u t a m a t e , a n d  this effect was also observed 
in the present study. We previously observed that 
arachidonic acid and ACPD interacted to increase 
release of [^HJglutamate,^'^^ and that the this effect 
was occluded in tissue in which LTP had been 
induced in v ivo P  In the present study, these data 
were confirmed, although in this case endogenous 
glutamate release was analysed; thus, in tissue pre
pared from control dentate gyrus, arachidonic acid 
and ACPD significantly increased depolarization- 
induced glutamate release, but this effect was 
occluded in tissue prepared from the dentate gyrus 
in which LTP was induced in vivo. The occlusion is 
consistent with the idea that, following induction of 
LTP, at a time when both arachidonic acid and gluta
mate concentrations are increased in the synaptic 
cleft, ̂  metabotropic glutamate receptors are acti
vated in the presence of arachidonic acid and that 
this interaction contributes to the increased release 
associated with LTP. No significant effect of arachi
donic acid and ACPD on release was observed in 
tissue prepared from untetanized and tetanized 
dentate gyrus of PD98059-pretreated rats. Thus 
inhibition of MEK prevented the interaction 
between arachidonic acid and ACPD on glutamate 
release. The evidence suggests that this interaction is 
necessary to induce the increase in release which is 
required for expression of LTP in the dentate gyrus;^^ 
therefore, we conclude that the inhibitory action of 
PD98059 on LTP derives from its ability to inhibit 
the interaction between arachidonic acid and ACPD.

The age-related impairment in long-term 
potentiation is accompanied by a decrease in 
extracellular signal-regulated kinase activity

LTP was impaired in aged rats compared with 
young rats, as described p r e v i o u s l y , w h i l e  the 
increased stimulus intensity required to induce a 
spike is consistent with age-related down-regulated 
synaptic responses.’̂  The data presented indicate 
that, under the present experimental conditions, 
KCl-stimulated release of endogenous glutamate 
release was decreased in synaptosomes prepared 
from the dentate gyrus o f aged compared with 
young rats, and also that the LTP-associated increase 
in KCl-stimulated glutamate release observed in the 
dentate gyrus of young rats was attenuated in aged 
animals. These observations confirm previous obser
vations which reported similar age-related changes 
in [^HJglutamate r e l e a s e . I n  parallel with the 
age-related impairment in release was an age-related 
decrease in ERK activity, and significantly the 
decrease in ERK activity was also coupled with an 
inability to respond to arachidonic acid and ACPD. 
These data add support to our hypothesis that activa
tion of ERK modulates glutamate release and, speci
fically, inhibits the interaction between arachidonic 
acid and ACPD on release. Since downstream 
effects o f ERK activation include stimulation of 
transcription factors,^' with the consequent 
presumed changes in protein synthesis, it might be 
reasonable to propose that the age-related decline in 
ERK activity observed here might contribute to the 
age-related decrease in protein synthesis in the 
entorhinal cortex.^* A great deal o f  evidence indi
cates that the longer-lasting components of LTP rely 
on increased protein s y n t h e s i s , a n d  while the 
agevrelated impairment in maintenance o f LTP has 
been linked with decreased protein synthesis, a 
mechanism underlying the decrease has not been 
established.

The data described here indicate a role for ERK 
in expression of LTP in perforant path-granule 
cell synapses and strongly suggest a presynaptic 
action. Our findings are consistent with the hypoth
esis that ERK may integrate signals arising from 
the interaction between arachidonic acid and 
ACPD, and subsequently impact on glutamate 
release.
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DEFICITS IN NERVE GROWTH FACTOR RELEASE AND TYROSINE RECEPTOR 
KINASE PHOSPHORYLATION ARE ASSOCIATED WITH AGE-RELATED 

IMPAIRMENT IN LONG-TERM POTENTIATION IN THE DENTATE GYRUS

A. KELLY, C. MAGUIRE and M. A. LYNCH*
Departtnent of Physiology, Trinity College, Dublin 2, Ireland

A b s tra c t Previous findings have indicated that nerve growth factor m ay play a role in the expression o f  long-term  potentiation in 
perforM t p a th -g ran u le  cell synapses and that nerve grow th factor treatm ent restores the ability  o f  aged rats to sustain long-term  
potentiation. In this study, w e have attempted to analyse the changes w hich  occur in nerve grow th factor release and tyrosine 
receptor k inase phosphorylation following tetanization in tissue prepared from  dentate gyrus o f young  rats, as well as aged rats 
which did o r  did not sustain long-term  potentiation. W e report that K Cl-stim ulated nerve grow th factor release was significantly 
increased in  slices o f the dentate gyrus or whole hippocampus, but not in synaptosom es prepared from  the dentate gyrus. KCl- 
induced nerve growth factor release was also significantly enhanced in slices p repared  from  tetanized, com pared with unteCanized, 
tissue ob tained from  young rats and aged rats which sustained long-term  potentiation; th is response w as absent in tissue prepared 
from  aged rats w hich failed to sustain long-term potentiation, perhaps due to the enhanced basal nerve grow th factor release 
observed in  th is tissue. Tetanization increased tyrosine receptor kinase phosphorylation in the dentate gyrus o f  young rats and aged 
rats w hich sustained long-term  potentiation. In parallel with the changes in nerve grow th factor release, tyrosine recep tor kinase 
phosphorylation  was m arkedly increased in untetanized tissue, which m ay contribute to the lack o f  effect in tetanized tissue 
prepared from  aged rats w hich failed to sustain long-term potentiation. W e observed that nerve grow th factor concentration and 
tyrosine recep tor kinase expression were decreased in aged, com pared with young, rats.

The data  suggest that deficits in nerve growth factor release and subsequent signalling m ay contribute to age-related deficits in 
long-term  potentiation. © 1999 IBRO. Published by Elsevier Science Ltd.

Key words: long-term potentiation, NGF, trk phosphorylation, hippocampus.

Several recent reports have emphasized the important role 
played by neurotrophins in synaptic plasticity. Particular 
attention has focussed on their modulatory role in the expres
sion of long-term potentiation (LTP), specifically in area CA 1 
of the hippocampus. For example, brain-derived neurotrophic 
factor and neurotrophin -3  induce a form of potentiation in 
area CA l in v i f r o . W h i l e  NGF was shown to have no 
appreciable effect on LTP in perhaps because of the
relatively low tyrosine receptor kinase {trk) density in this 
area,"** evidence suggests that NGF may play a roie in the 
expression of LTP in perforant path-granule cell synapses, 
consistent with the relatively high expression of NGF*'* in the 
dentate gyrus. Thus, LTP in perforant path-granule cell 
synapses was shown to be associated with increased 
phosphorylation of trk, while trk phosphorylation was 
increased in vitro by NGF.^^ In addition, we have observed 
that LTP was impaired in the dentate gyrus of the genetically 
hyf)ertensive (GH) strain o f W istarrats in which NGF concen
tration was decreased, while intraventricular injection o f NGF 
reversed this deficit. Further indirect support for a role of 
NGF in LTP is suggested by the observation that induction of 
LTP in the dentate gyrus increased NGF mRNA expression.^'* 

There is a good deal o f evidence suggesting that LTP, in the

*To whom correspondence should be addressed. Tel.: -I- 353-1-608-1770, 
fax: -t-353-1-679-3545.

E-mail address: Iynchma@tcd.ie (M. A. Lynch)
Abbreviations: ACPD, (15,3if)-l-amino-l,3-cyclopentane dicarboxylate; 

BSA, bovine serum  albumin; EDTA, ethylenediaminetetra-acetate; 
EPSP, excitatory postsynaptic potential; HEPES, //-2-hydroxyethylpi- 
perazine-Af'-2-ethanesulphonic acid; LTP, long-term potentiation, 
NGF, nerve growth factor; SDS, sodium dodecyl sulphate, trk, tyrosme 
receptor kinase.

dentate gyrus at least, relies on the presence of a retrograde 
messenger, since induction of LTP is considered to be a 
largely postsynaptic event, while increased release of gluta
mate is a feature of the maintenance phase of 
Arachidonic acid is one candidate retrograde messenger 
which, following tetanic stimulation, appears to be released 
from the postsynaptic region® into the synaptic cleft^® to 
stimulate glutamate release coincident with increased meta- 
botropic glutamate receptor a c t i v a t i o n . I t  has been 
shown that the stimulation of glutamate release induced by 
arachidonic acid and (lS,3/?)-l-am ino-l,3-cyclopentane 
dicarboxylate (ACPD) requires arachidonic acid-induced 
activation of tyrosine kinase and the subsequent phosphory
lation and activation of phospholipase C7 , together with 
ACPD-induced activation of phospholipase A number 
of observations have indicated that NGF mimics some of the 
effects of arachidonic acid; for example, it stimulates tyrosine 
kinase activation leading to phospholipase C7  activation'*^ 
and interacts with ACPD to increase glutamate release.^^’̂  ̂
Since this interaction is occluded by prior induction of LTP, 
it could be argued that NGF plays a role in LTP.

Thoenen'*^ has suggested that NGF may act as a retrograde 
messenger because it is released from granule cells of the 
dentate gyrus in response to appropriate stimuli, i.e. depolar
ization and/or glutamate receptor activation. Consistent with 
this are the observations (i) that depolarization stimulates 
NGF release from a primary culture o f  hippocampal neurons, 
(ii) that NGF mRNA expression is increased following induc
tion o f LTP in the dentate gyrus,* (iii) that trk phosphorylation 
is increased following induction of LTP^^ and (iv) that NGF 
has been shown to enhance glutamatergic transmission under 
certain conditions.^’̂ ’̂̂ -̂̂ ^
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In aged rats, there is an impairment in cognitive function; 
there are two well-documented experimental manifestations

learning tasks and impaired 
ĵ rpp Impaired LTP is associated with decreased
arachidonic acid concentration,3'-35.40,4i association sup
ported by the finding that dietary supplementation with 
arachidonic acid restored both fatty acid concentrations and 
LTP.̂  ̂ However, a correlation between impaired cognition 
and reduced NGF concentration has also been established; 
thus, poor performance of aged rats in a spatial learning 
task has been coupled with decreased concentradons o f  
NGF,'® w hile chronic NGF infusion has been shown to 
reverse age-related deficits in LTP^ and spatial learning.'^ It 
has been suggested that the effect o f NGF arises from its 
ability to restore cholinergic function.

In this study, we set out to further investigate the role o f  
NGF in expression o f  LTP in the dentate gyrus and to assess 
whether the age-related deficit in LTP might be coupled with 
deficits in NGF release or signalling. We report that NGF is 
released from slices, but not synaptosomes, following KCl- 
induced depolarization, and Aat LTP is associated with 
increased NGF release and increased trk phosphorylation. 
The evidence presented demonstrates that KCl stimulation 
of NGF release and trk phosphorylation are impaired in 
aged rats which fail to sustain LTP.

EXPERIMENTAL PROCEDURES

Animals

Male Wistar rats (four or 22 months old; Charles River, U.K.) were 
housed in groups o f  two (aged) or four (young), and maintained at an 
ambient temperature o f  between 22 and 23°C, under a 12-h light sched
ule. We used the minimum number o f  rats consistent with statistical 
analysis and every effort w as made to minimize discomfort. Rats were 
housed in the BioResources Unit, Trinity College Dublin under veter
inary supervision and experiments conformed with Department o f  
Health (Ireland) and international guidehnes on the ethical use o f  
animals. ^

Induction o f  long-term  potentiation  in vivo

Rats were anaesthetized by intraperitoneal injection o f  urethane 
(15 mg/kg); the lack o f  a pedal reflex was indicative o f  deep anaes
thesia. Rats were placed in a head holder in a stereotaxic frame. A  
window o f skull was rem oved to allow placement o f  a bipolar stimu
lating electrode in the perforant path (4.4 mm lateral to lambda) and a 
unipolar recording electrode in the dorsal cell body region of the 
dentate gyrus (2,5 mm lateral and 3.9 mm posterior to bregma).

Test shocks (average stimulus strength 4.1 ±  0.2 and 5.2 ±  0.3 V in 
young and aged rats, respectively) were given at 30-s intervals for 
10 min before and 40  tnin after tetanic stimulation (three trains o f  
stimuli; 250 Hz for 200 m s, 30  s intertrain interval). In this study, we 
report changes in excitatory postsynaptic potential (EPSP) slope, 
'•'hich was assessed by measuring the slope in the middle third of  
the rising phase o f  the response.

’̂’eparation o f  tissue

At the end o f  the experimental period, rats were killed by decapita- 
Ipsilateral and contralateral dentate gyri and entorhinal cortices 

(i.e. from tetanized and untetanized sides, respectively) were dissected
ice, cross chopped into slices (350 p.m X 350 (i.m) using a Mcllwain 

tissue chopper and preparations were separately frozen in Krebs solu- 
[■on containing 10% dimethylsulphoxide'® and stored at - 8 0  C for 
later analysis.

■ssment o f  nerve grow th fa c to r  release

NGF release was assessed in freshly prepared tissue, i.e. slices o f  
“«ntate gym s and slices o f  w hole hippocampus, as well as m synapto- 

(Pj) prepared from the dentate gyrus and also shoes o f

untetanized and tetanized dentate gyrus which were frozen at the end 
of the electrophysiological recording (see above). In the case of frozen 
tissue, slices were washed several times in fresh oxygenated Krebs 
solution containing CaCla before proceeding. To prepare P2 , dentate 
gyri were hom ogenized in 0.32 M  sucrose, centrifuged at 5000 X g for 
5 min, to yield a supernatant which was then centrifuged at 15,000X g  
for 15 min to yield P2 . The pellet was resuspended in Krebs solution 
containing CaCl2  and the experiment proceeded as described below. 
Tissue sam ples (either slices or synaptosomes) were preincubated in 
250 (xl Krebs solution containing 2 mM CaClz for 3 min, centrifuged at 
1000 X ^ for 3 min, and the supernatant was removed and discarded. 
This step w as repeated in a volum e o f 100 |xl, but at the end o f  the 3- 
min incubation, sam ples were centrifuged at 1000 x ^  for 3 min and the 
supernatant was retained. This step was repeated, but in the presence of 
4 0  mM  KCl to depolarize the slices or synaptosomes, and supernatant 
was retained. Samples o f  supernatant were stored at — 80°C.

A nalysis o f  nerve grow th fa c to r  concentration

NGF concentration w as assessed in the samples generated from the 
release experiments, and also in samples o f  dentate gyrus prepared 
from aged and young rats. N inety-six-w ell plates were coated with 
45 (jlI monoclonal anti-mouse P-NG F antibody 27/21 [Boehringer 
Mannheim Biochem ica, U.K.; 60 mg/ml in phosphate buffer contain
ing 0.1% azide diluted 1:14 in coating bufer (50 mM Na^COa and 
50 mM NaHCOa containing 0.1% w /v azide, pH 9.6)]. Plates were 
covered, incubated for 2 h at 37°C and excess antibody was removed. 
Plates were blocked for non-specific binding for 30 min at 37°C with 
5% w/v bovine serum albumin (BSA ) in coating buffer and washed 
(composition o f  wash buffer, in mM; Tris-H C l, 50; NaCl, 200; CaCl2 , 
10; with the addition of 1% w /v B SA  and 0.05% w /v sodium azide, pH
7.0). Samples (25 |jl1) or NG F standards (25 p.1; ranging from 0.0315 to 
1 ng/ml) were added to the wells and plates were covered, incubated 
overnight at 4°C and washed. Aliquots (25 (j.1) o f anti-^-NGF m ono
clonal antibody 27/21-p-galactosidase [Boehringer Mannheim  
Biochemica, U.K.; 4 units activity/ml; diluted 1:9 in conjugate buffer 
(composition in mM: T ris-H C l, 50; NaCl, 200; CaCl^, 10; containing 
1% w/v BSA, 0.1 % w /v Triton X-100 and 0.05% w/v sodium azide, pH
7.0)] were added to w ells, plates were incubated for 4  h at 37°C and 
washed. Aliquots (50 p.1) o f  substrate buffer (composition in mM: 
HEPES, 100; NaCl, 150; MgCla, 2; containing 1% w /v BSA, 0.1%  
w/v sodium azide, pH 7.0) with Chlorophenol Red p-Dgalactopyrano- 
side (2 mg/ml) were added to wells and incubated for 30 min at 37°C to 
allow accumulation of Chlorophenol Red. Plates were read at 545 nm 
in a 96-w ell plate reader and NGF concentrations were estimated from 
the standard curve (minus the blank, which was taken as the absorption 
o f 50 |j,l substrate solution) and expressed as ng/mg protein.^

Analysis o f  tyrosine receptor kinase phosphorylation

Trk phosphorylation was analysed by immunoprecipitation, electro
phoresis and immunoblotting. Samples o f  homogenate prepared from 
the dentate gyrus were equalized for protein concentration and diluted 
appropriately to ensure that protein loading onto all lanes was equal; 
the final concentration used in these experiments was 3 m ^m l. 
Samples were incubated in Krebs solution containing sodium ortho
vanadate (25 jxM) and boiled in 10% sodium dodecyl sulphate (SD S) 
for 5 min. In some cases, tissue was preincubated in the presence or 
absence o f NGF (50 ng/ml) for 30 min at 37°C before boiling. In all 
cases, antiphosphotyrosine (Affiniti, U.K.; 3 p.1) and immunoprecipita
tion buffer (175 |j,l) were added and incubation proceeded for 1 h at 
37°C. Protein A -Sepharose suspension (50 p.1) was added and mcuha- 
tion continued for 1 h at room temperature. Samples were centrifuged 
at 15,000 r.p.m. for 1 min and the pellet was washed tw ice in 1 ml 
wash buffer (composition; NaCl, 150 mM; T ris-H C l, pH 7.4, 
50 mM; EDTA, pH 8.0, 5 mM; aprotonin, 10 U/m l) containing Triton 
X-100 (0.1%) and SDS (0.02%), and once in 1 ml detergent-free wash 
buffer. Following centrifugation, the pellet was resuspended in 30 p,l 
sample buffer (composition as above), boiled for 5 min and centrifuged 
at 15,000 r.p.m. for 1 min. Aliquots o f supernatant (10  til) were loaded 
onto SDS m inigels (12.5% ) and proteins were separated by application 
o f 30-mA constant current for 2 5 -3 0  min. Separated proteins were 
transferred onto nitrocellulose strips and immunoblotted with anti
pan Trk antibody [Promega, U .S.A.; 1:500 in Tris-buffered sa lin e-  
Tween (0.1% Tw een-20) containing 2% BSA] for 60 min at 
200 mV. N itrocellulose strips were incubated for 60  min at room  
temperamre with secondary antibody (goat anti-chicken, 1:10,000
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Table 1. KCI stimulates NGF release in slices but not synaptosomes
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Unstimulated
(ng/mg)

KCl-stimulated
(ng/mg)

Slices; hippocampus 
Slices: dentate gyrus 
Synaptosomes: dentate gyras

0.41 (0.02) 
0.38 (0.09) 
0.47 (0.15)

0.52 (0.04)* 
0.69(0.19)’* 
0.75 (0.15)

KCI sumulates release of NGF (ng/mg) in slices prepared from whole 
hippocampus and dentate gyrus (*P<0.05 in each case. Student’s r- 
test for paired sarnples; n =  6), but not in synaptosomes prepared fhjm 
the dentate gyrus {n — 6). Data in parentheses represent S.E M

dilution; Vector Laboratories, U.K.). Protein complexes were reacted 
with streptavidin-horseradish peroxidase complex (diluted 1'2000 in 
Tween) and visualized by enhanced chemiluminescence detection 
(ECL; Amersham, U.K.). Immunoblots were exposed to film overnight 
and processed using a  Fuji X-ray processor. Protein bands were quan
titated by densitometric analysis.

Determination o f  tyrosine receptor kinase expression

Homogenate was prepared from dentate gyri obtained from aged and 
young rats. Tissue was homogenized in distilled water, analysed for 
protein concentration^ and diluted appropriately to equalize for 
protein. Samples (10 jj,1,0.5 mg/ml) were added to 10 p,l sample buffer 
(0.5 mM Tris-H C l, pH 6.8, 10% glycerol, 10% SDS, 5% p-mercapto- 
ethanol, 0.05% Bromophenol Blue, w/v), boiled for 2 min, loaded onto 
gels and processed as described above. Quantitative data were obtained 
by subjecting the immunoblots to densitometric analysis.

RESULTS

Unstimulated and KCl-stimulated NGF release was 
assessed in slices prepared from whole hippocampus and 
dentate gyrus, and also in synaptosomes prepared from the 
dentate gyrus. Table 1 shows that addition of 40 mM KCI to 
the incubation buffer significantly increased NGF release in 
hippocampal slices (/’ < 0 .0 5 , Student’s f-test for paired 
values), but that the increase was more marked in slices 
prepared from the dentate gyrus. In contrast, although a 
KCI-induced increase in NGF release was observed in 
synaptosomes prepared from the dentate gyrus, this did not 
reach statistical significance.

The mean amplitudes required to induce a spike (which 
were the chosen amplitudes in these experiments) were simi
lar in young rats (4.07 ±  0.14 V) and aged rats which
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Fig. 1. Tetamc stimulation induced an immediate increase in population 
EPSP slope in four-month-old rats (n =  6). Sample recordings from the 
5 min before tetanization and in the last 5 min of the experiment are super

imposed. Scale bars =  1 mV and 2 ms.

sustained LTP (4.05 ± 0 .1 4  V), but was slightly reduced in 
aged rats which failed to sustain LTP (3.62 ±  0.21 V). The 
mean values for EPSP slopes prior to tetanic stimulation were 
0.74 ±  0.02, 0.56 ±  0.08 and 0.92 ±  0.35 mV/ms in young 
rats, aged rats which sustained LTP and aged rats which failed 
to sustain LTP, respectively.

Figure 1 shows that there was an immediate increase in 
the slope of the EPSP following tetanic stimulation of the 
perforant path in four-month-old rats. The mean percentage 
increase in the EPSP slope in the last 5 min o f  the experi
ment (compared with that in the 5 min immediately preceding 
the tetanus) was 130.77 i  2.05%, while the mean percent
age increase in the 2 min immediately following the 
tetanus was 160.83 ±  12.16%. We observed that, while 
KCl-stimulated NGF release was significantly increased in 
slices prepared from untetanized dentate gyrus (P < 0 .0 5 ,  
Student’s /-test for paired values), this increase was enhanced 
in slices prepared from tetanized dentate gyrus (P < 0 .0 1 ,  
Student’s Mest for paired values; Table 2); unstimulated 
NGF release was similar in untetanized and tetanized 
tissue (Table 2). Analysis o f trk phosphorylation in homo- 
genates prepared from untetanized and tetanized tissue 
revealed a significant increase in phosphorylation of trk in 
tetanized tissue (P <  0.05, Student’s r-test for paired values' 
Table 2).

Table 2. NGF release and trk phosphorylation are enhanced in tetanized tissue

Unstimulated KCl-stimulated Stimulated -  unstimulated

(A) NGF release 
Untetanized 0.058 (0.008) 0.099 (0.02)* 0.04 (0.01)
Tetanized 0.045 (0.01) 0.114 (0.02)’*’* 0.069 (0.02)

(B) Trk phosphorylation 
Untetanized 
Tetanized

33.79 (7.82) 
53.33 (10.65)’*

(A) Addition of 40 mM KCI during incubation significantly enhanced NGF release in slices prepared from 
untetanized dentate gyrus (*/’ <  0.05, Smdent’s f-test for paired samples; n =  6); a further enhancement was 
observed in slices prepared from tetanized tissue (**/>< 0.01; Student’s Mest for paired samples). NGF 
concentrations are expressed as ng/mg. In each experiment, release in the unstimulated condition was 
subtracted from KCl-stimulated release and averaged to give the data presented as “Stimulated — unstimu
lated”.

(B) Trk phosphorylation in untetanized and tetanized tissue was analysed by gel electrophoresis and immuno- 
blotting. Analysis of the quantitative data, obtained from densitometric analysis of the immunoblots 
(expressed as arbitrary units), indicated that phosphorylation was significantly increased in tetanized, 
compared with untetanized, tissue (*P<O.OS, Student’s f-test for paired samples; /i =  6).

Data in parentheses represent S.E.M.
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Table 3. NGF concentration and irk expression are decreased with age

NGF concentration Trk expression

Four months 4.56 (0.28) 95.69 (15.61)
22 months 3.30 (0.41)* 61.58 (8.23)*

NGF concentration (ng/mg) and trk expression (arbitrary units) were signif
icantly decreased in tissue prepared from aged, compared with young,
rats (P < 0 .0 5 , Student’s f-test for paired samples; n =  5 in the case of
NGF concentration and « =  11 in the case of trk expression). Data in
parentheses represent S.E.M.

NGF concentration and trk expression were measured in 
homogenates prepared from the dentate gyrus of young and 
aged rats. Table 3 shows that both measures were significantly 
decreased in tissue prepared from aged, compared with 
young, rats (P <  0.05 in the case of NGF concentration and 
^< 0 .01  in the case of trk expression. Student’s f-test for 
iadependent means; n =  6 in the young and n =  11 in the 
aged group).

Six young rats and 11 aged rats were assessed for their 
ability to sustain LTP. We observed that all young rats 
sustained LTP; the mean percentage increase in the EPSP 
slope in the last 5 min of the experiment (compared with 
that in the 5 min immediately preceding the tetanus) was 
153.34 ±  4.62%, while the mean percentage increase in 
the 2 min immediately following the tetanus was 
175.73 ±  15.16%. O f the 11 aged rats, six sustained LTP 
and five did not (Fig. 2). The mean percentage increases in 
EPSP slopes in the last 5 min of the experiment were 
127.68 ±  2.48% and 96.07 ±  0.94% in the aged rats which 
did and did not sustain LTP, respectively, while the corre
sponding mean percentage increases in the 2 min immedi
ately following the tetanus were 115.16 ±3.05%  and 
114.10 ±  5.01%. The data indicated that the early phase of 
LTP was significantly decreased in both subgroups of aged 
rats, and while the later* phase of LTP was significantly 
impaired in one subgroup only, interpretation of this result 
is not clear cut because of the impairment in induction of 
LTP.

The results given in Table 4 show that KCl significantly 
increased NGF release in slices prepared from untetanized 
dentate gyrus of four-month-old rats (P < 0 ,0 5 , Student’s t- 
test for paired samples). We observed that KCl-stimulated 
release of NGF was further enhanced in tetanized tissue 
(^< 0 .029 , Student’s r-test for paired samples), while a simi
lar trend was observed in slices of dentate gyri prepared from 
aged rats which sustained LTP; KCl enhanced NGF release in 
Untetanized tissue, though this did not reach statistical signifi
cance. However, release was further enhanced in slices o f 
dentate gyri prepared from tetanized tissue (P < 0 .0 5 , 
Student’s f-test for paired samples). Unstimulated NGF 
release was markedly increased in slices of untetanized 
dentate gyri prepared from aged rats which did not sustain 
LTP compared with unstimulated NGF release in slices 
prepared from young rats or aged rats which sustained LTP 
(^< 0 .0 5 , Student’s f-test for independent samples). 
However, while unstimulated release was reduced in tetan
ized tissue, KCl failed to stimulate release of NGF in tissue 
prepared from either untetanized or tetanized dentate gyrus.

Figure 3 shows one sample immunoblot in which trk 
phosphorylation in the dentate gyrus of young rats and aged 
rats which sustained LTP was enhanced by NGF and by
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Fig. 2. Tetanic stimulation induced an immediate increase in the mean 
population EPSP slope in each of the young rats assessed (open triangles) 
(n =  6). O f the 11 aged rats investigated, LTP was sustained until the end of 
the experiment in six rats (closed squares) and not in the other five (open 
squares). S.E.M. values are included for every 10 responses. Sample record
ings from the 5 min before tetanization and in the last 5 min of the experi
ment are superimposed for a young rat (left hand response), an aged rat 
which sustained LTP (middle response) and an aged rat which did not 

sustain LTP (right hand response). Scale bars =  I mV and 2 ms.

tetanic stimulation; neither NGF nor tetanization affected 
trk phosphorylation in tissue prepared from aged rats which 
failed to sustain LTP. This immunoblot also indicates that 
there was an age-related increase in unstimulated trk 
phosphorylation in untetanized tissue and that this increase 
was greater in tissue prepared from aged rats which failed to 
sustain LTP. Data were quantitated by densitometric analysis 
and the mean values derived from this analysis revealed that 
NGF increased tyrosine phosphorylation of trk  in tissue 
prepared from untetanized dentate gyrus of young rats 
(F < 0 .0 5 , Student’s Mest for paired samples; Table 5). An 
NGF-induced increase was also observed in aged rats which 
sustained LTP (Table 5), although this failed to reach statis
tical significance. In both these groups of rats, we observed 
that trk phosphorylation was significantly increased in tetan
ized tissue compared with untetanized tissue (P < 0 .0 5 , 
Student’s /-test for independent means), but that NGF was 
without effect in tetanized tissue (Table 5). The results 
obtained in tissue prepared from aged rats which failed to 
sustain LTP were in marked contrast to these findings. First, 
we found that NGF failed to stimulate trk phosphorylation 
in untetanized tissue and, second, we observed that trk 
phosphorylation was unaffected by tetanization. The data 
also indicated that trk phosphorylation (in the absence of 
NGF) was greater in this group of rats than in either young 
rats (f’< 0 .0 1 , Student’s /-test for independent means) or 
aged rats which sustained LTP (P < 0 .0 5 , Student’s /-test 
for independent means).

DISCUSSION

The objective of this study was to establish whether age- 
related changes in NGF release and consequently trk 
phosphorylation might impact on the ability o f aged rats to 
sustain LTP. The evidence presented is consistent with a role 
for NGF in the genesis of LTP in the dentate gyrus and 
suggests that compromised responses may contribute to the 
LTP deficit observed in some aged rats.

We report that depolarization of slices prepared from either
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Table 4. The increase in NGF release associated with tetanization is absent in tissue prepared from aged rats which do not sustain LTP

Untetanized Tetanized

Unstimulated (ng/mg) KCl-stimulated (ng/mg) Unstimuiated (ng/mg) KCl-stimulated (ng/mg)

4 months
22 months (no LTP) 
22 months (LTP)

0.123 (0.02) 
0.641 (0.12)t 
0.097 (0.03)

0.184(0.03)* 
0.645 (0.12) 
0.177(0.05)

0.181 (0.04) 0.286(0.06)** 
0.319(0.07) 0.426(0.08) 
0.085 (0.02) 0.195 (0.02)*

KCl (40 mM) significMtly increased NGF release in slices o f untetanized dentate gyrus prepared from young rats (* /’< 0 .0 5 , Student’s r-test for paired 
samples; « =  6); a similar, but statistically insignificant, effect was observed in aged rats which sustained LTP {n =  6). No effect was observed in aged rats 
which did not sustain LTP. NGF release was significantly enhanced in tetanized, compared with untetanized, tissue in young rats and aged rats which 
sustmned LTP (*P <  0.05, **P < 0 .01 , Student’s Mest for paired samples), but not aged rats which failed to sustain LTP. Unstimulated NGF release was 
significantly increased in tissue prepared from aged rats which did not sustain LTP compared with either o f  the other groups ( fP  <  0.05, Student’s /-test for 
paired samples), NGF is expressed as ng/mg. Data in parentheses represent S.E.M.

the hippocampus or dentate gyrus with 40 mM KCl stimu
lated NGF release and that the response was more pronounced 
in the dentate gyrus than in the whole hippocampus. This is 
consistent with the higher expression of NGF in the dentate 
gyrus compared with in other hippocampal subfields. KCl 
failed to induce a significant increase in NGF release in 
synaptosomes of the dentate gyrus, a preparation enriched 
in presynaptic terminals; the lack of a significant effect in 
synaptosomes, coupled with the significant KCl-induced 
increase in NGF release in slices, may argue in favour of a 
postsynaptic site o f NGF release. These findings support those 
of earlier studies which reported that, upon appropriate stimu
lation, NGF was released from the granule cells of the dentate 
gyms'*  ̂ and from cultured hippocampal neurons."*

We assessed NGF release in slices prepared from untetan
ized and tetanized dentate gyrus, and found that there was an 
increase in sensitivity o f NGF release to KCl in tetanized, 
compared with untetanized, tissue. This observation, together 
with the finding that release of NGF can be triggered in vitro 
by glutamate receptor activation,'*^ suggests that tetanic 
stimulation might trigger NGF release. It is worth noting 
that the present observation was made in tissue prepared 
40 min after tetanic stimulation, which indicates that the 
increase in NGF release persists for some time. This observa
tion might be reasonably interpreted as evidence in favour of 
the hypothesis that NGF acts as a retrograde messenger 
suggested by Thoenen,'*^ since the data are consistent with 
release from a postsynaptic site. However, since changes in 
synaptosomes prepared from untetanized and tetanized tissue 
Were not assessed, we cannot rule out the possibility that NGF 
release derived from a presynaptic source. Further support for 
a role of NGF in LTP comes from the observation that NGF 
interacts with ACPD to increase glutamate release and that 
this interaction is occluded by prior induction of LTP.

One consequence of an increase in NGF in the synaptic 
cleft is likely to be an increased interaction with its receptor, 
trk. Here, we report that the LTP-associated increase in NGF 
release was accompanied by an increase in phosphorylation of

1 2 3 4 5 6 7 B 9 10 11 12

Fig. 3. The sample immunoblot shows the effect of NGF in untetanized 
(compare lanes 1 and 2, 5 and 6 ,9  and 10) and tetanized (compare lanes 3 
Md 4 ,7  and 8,11 and 12) tissue prepared from young rats (lanes 1 -4 ), aged 
rats which failed to sustain LTP (lanes 5 -8 ) and aged rats which sustained 

LTP (lanes 9-12).

trk. This finding confirms our previous observation that LTP 
was associated with an increase in trk phosphorylation and 
that this effect was inhibited when LTP was blocked by intra- 
cerebroventricular injection o f the trk inhibitor, tyrphostin 
AG879.^^ It has been shown that NGF interacts with a low- 
(p75) and a high-affinity {trkA) site, while there is no evidence 
that NGF binds to trkB or The data presented here
are therefore likely to reflect changes in trkA phosphorylation. 
We suggest that among the downstream consequences of 
increased trkA phosphorylation is an increase in glutamate 
release, since the trk inhibitor tyrphostin AG879 inhibited 
glutamate release. This finding, and the observation that 
NGF modulates glutamate release in the dentate gyrus, 
suggests that trkA receptors are localized in this subfield of 
the hippocampus.

We observed that there was an age-related decrease in NGF 
concentration in homogenates prepared from the dentate 
gyrus. W hile there is evidence that NGF can ameliorate 
age-related deficits in LTP in the dentate gyrus, ̂  there are 
no reports, to our knowledge, that NGF concentration is 
decreased in the dentate gyrus prepared from aged rats. 
However, an age-related decrease in NGF concentration in 
the hippocampus has been reported by one g r o u p , b u t  not 
another,'® while NGF concentration has been shown to be 
decreased in the hippocampus of aged rats which performed 
poorly in a spatial learning task compared with aged rats 
which performed well.'* In addition, decreased NGF 
immunoreactivity has been reported in the aged brain. The 
present data also show that trk expression was decreased in 
the dentate gyrus of aged, compared with young, rats. While 
this appears to be the first report of an age-related change in 
the dentate gyrus, this observation is consistent with the find
ing that NGF receptor immunoreactive-positive neurons are 
reduced in the basal forebrain of aged rats.^® The question 
arises as to whether decreases in NGF concentration and trk 
expression in the dentate gyrus can account for the age-related 
impairment in LTP or whether the impairment is a conse
quence of a change in NGF release or in trk responsiveness. 
To address this question, we analysed changes in tissue 
prepared from aged rats which did and did not sustain LTP.

Analysis of LTP in young and aged rats revealed that the 
change in EPSP slope immediately after tetanic stimulation 
was attenuated in aged, compared with young, rats. This result 
might be interpreted as an impairment in induction of LTP, a 
finding which has been described previously by some 
groups,^*’̂ ’̂'** but not o t h e r s . I n  this study, EPSP slope 
was enhanced in one subgroup of aged rats at the end of the 
experimental period, while in others EPSP slope had returned



364 A. K elly  el al.

Table 5. Trk phosphorylation is increased by NGF and tetanization: effect of age

Untetanized Tetanized

-N G F -HNGF -  NGF -1- NGF

4 months
22 months (no LTP) 
22 months (LTP)

1.69 (0.44) 
5.07 (0.53)t 
3.25 (0.67)

3.31 (0.47)* 
5.30 (0.52) 
4.89 (0.66)*

4.39 (0 .63)t 4.69 (0.86) 
4.71 (0.46) 4.41 (0.78) 
4.57 (0 .47)t 4.62 (0.85)*

NGF (5 ng/ml) significantly increased trk phosphorylation (arbitrary units) in synaptosomes o f untetanized dentate 
gyrus prepared from young rats and aged rats which sustained LTP ( * P <  0.05, S tudent’s f-test for paired samples; 
n =  6), but not aged rats which did not sustain LTP (n =  5); this effect was occluded by prior induction o f LTP. Trk 
phosphorylation was significantly enhanced in tetanized, compared with untetanized, tissue in young rats and aged 
rats which sustained LTP (t/* <  0.05, Student’s r-test for paired samples), but not in aged rats which failed to sustain 
LTP. Trk phosphorylation in the absence of NGF stimulation was significantly increased in untetanized tissue 
prepared from aged rats which did not sustain LTP compared with young rats or aged rats which sustained LTP 
( tP  <  0.05, Student’s r-test for paired samples). One sample immunoblot is shown in Fig. 3. Data in parentheses 
represent S.E.M.

to pre-tetanic levels. These results therefore confirm earlier 
findings which suggested that the age-related impairment in 
LTP affected some, but not all, rats. '̂-^^

The profile o f NGF release was similar in slices of dentate 
gyrus prepared from young rats and aged rats which sustained 
LTP in two respects: first, its release was enhanced by KCl 
and, second, a further enhancement of release was observed in 
tetanized tissue compared with untetanized tissue. Analysis of 
NGF release in slices prepared from the group of rats which 
failed to sustain LTP revealed a number of significant differ
ences. W e observed that NGF release in the absence of 
depolarization was markedly increased in this group com
pared with the other groups, and that it was greater in 
untetanized compared with tetanized tissue. This five- to 
sixfold increase in release was surprising in view of the 
decreased NGF concentration in the dentate gyrus of aged 
rats and the mechanism responsible for this change is not 
known. One possible explanation is that the synaptic plasma 
membrane in dssne prepared from this subgroup of aged rats 
is more leaky, allowing unstimulated release of NGF. 
However, it is significant that responsiveness of this prepara
tion to KCl was blunted, with no effect of depolarization 
observed in either untetanized or tetanized tissue. These 
data allow us to couple ability to sustain LTP with KCl- 
induced NGF release.

The enhanced unstimulated release of NGF from slices of 
dentate gyrus prepared from aged rats which failed to sustain 
LTP was correlated with enhanced phosphorylation of trk. 
This suggests that an increase in trk phosphorylation is not 
sufficient to guarantee maintenance of LTP and it might there
fore be predicted that signalling events downstream of recep
tor activation might be compromised with age. In this context, 
it is significant that activation of extracellular signal-regulated

kinase (ERK), one o f the family o f mitogen-activated protein 
kinases, which is downstream of trk activation, is decreased in 
the dentate gyrus of aged rats with impaired LTP.^’

Trk phosphorylation in tissue prepared from the dentate 
gyrus of young rats was stimulated by NGF in vitro, an action 
of NGF described previously in other cell t y p e s . W e  
report here that, while trk phosphorylation was stimulated 
by tetanic stimulation, the effect o f NGF was occluded in 
this tissue. One interpretation of this finding might be that 
tetanization results in NGF release which maximally phos- 
phorylates trk, thereby occluding any additional effect. Trk 
phosphorylation was not stimulated by NGF in tissue 
prepared from the dentate gyrus of aged rats which did not 
sustain LTP, and no effect of tetanization was observed. In 
contrast to these observations, tissue prepared from aged rats 
which sustained LTP was sensitive to both NGF and tetanic 
stimulation. These responses, though attenuated, were similar 
to those observed in tissue prepared from the dentate gyrus of 
young rats. These data suggest that trk receptors in tissue 
prepared from rats which do not sustain LTP (i) are hyper- 
phosphorylated, (ii) fail to respond to NGF and (iii) do not 
show increased phosphorylation following induction of LTP.

CONCLUSION

On the basis of the findings presented here, it seems reason
able to conclude that NGF plays a role in LTP, and that 
deficits in NGF release and subsequent activation o f trk recep
tors contribute to the deficit in LTP observed in some aged 
rats.
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ABSTRACT

A great deal o f recent evidence points to a role for tyrosine kinase in expression of LTP and 

data has been presented which is consistent with the idea that tyrosine phosphorylation of 

proteins occurs in both the presynaptic and postsynaptic areas. In this study we set out to 

investigate the role that tyrosine kinase might play presynaptically to modulate release of 

^utamate in an effort to understand the mechanism underlying the persistent increase in release 

which accompanies LTP in peiforant path- granule cell synapses. We report that LTP was 

associated with increased calcium mflux and glutamate release. LTP was also associated 

with an increase in phosphorylation of the a-subunit of calcium channels and ERK in 

synaptosomes prepared from dentate gyrus and these effects were inhibited when LTP was 

blocked by the tyrosine kinase inhibitor, genisteia LTP was accompanied by increased 

protein synthesis and increased phosphorylation of CREB in entorhin^ cortex, eSects which 

were also blocked by genistein. We conclude that tetanic stimulation leads to enhanced 

tyrosine phosphorylation of certain presynaptically-located proteins which modulate 

glutamate release and contribute to expression of LTP.
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INTRODUCnON

Among the changes which accompanies long-term potentiation in dentate gyms is an 

increase in glutamate release which is inhibited when LTP is blocked, for example by the NMDA 

receptor inhibitor, APS (Errington et al., 1987), the inhibitor, tyrphostin AG879 (Maguire et 

al., 1999), the ERK inhibitor, PD 98059 (McGahon et al., 1999), or when LTP is impaired, for 

example in aged rats (Murray and Lynch, 1998). Thus there is a tight coupling between LTP 

and increased glutamate release pointing to presynaptic involvement in LTP in perforant path- 

granule cell synapses.

Several proteins kinases contribute to expression of LTP (see Bliss and CoUingridge, 1993) 

and there is now convincing evidence that tyrosine kinase also plays a role. Consistent with this 

is the finding that tyrosine kinase inhibitors block LTP (O’Dell et al., 1991; Abe and Saito, 1993; 

McGahon and Lynch, 1998; Lu et al., 1998; Maguire et al., 1999, Huang and Hsu, 1999), -wMe 

LTP is accompanied by inaeased tyrosine phosphorylation of synaptophysin (MuUany and 

Lynch,. 1998), PLCy (McGahon and Lynch, 1998) and the 2B subunit of the NMDA 

receptor (Rosenblum et al., 1996; Rostas et al., 1996). A role for at least two non-receptor 

tyrosine kinases, fyn (Grant et al., 1992; Kojima et al., 1997) and src (Lu et al., 1998; 

Huang and Hsu, 1999) has been documented in LTP, while receptor tyrosine kinases have 

also been shown to be involved (Maguire et al., 1999; Kang and Schuman, 1995; Messaoudi 

et al., 1998).

An essential role for protein synthesis in maintenance of the long-lasting components of 

LTP has been identified by several laboratories (Charriaut-Marlangue et al., 1988; Otani et 

al., 1989; Fazeli et aL, 1993; Muilany and Lynch, 1997), but the trigger leading to the 

appropriate changes remains to be identified. One transcription fector, cAMP response



element binding protein (CREB), is a candidate trigger since it appears to mediate in the 

transduction o f neuronal stimulation into gene expression (Ginty, 1997). Thus 

morphological changes in the spine (Murphy and Segal, 1997), late-phase LTP (Nguyen and 

Kandel., 1996) and BDNF-induced transcription (Finkbeiner et al., 1997), all of which 

require protein synthesis, appear to rely on increased CREB phosphorylation. CREB 

phosphorylation also plays a role in LTP, perhaps as a consequence of increased activation 

of the mitogen-activated protein kinase, ERK (Davis et al., 2000) as shown directly (e.g. 

Impey et al., 1996; Davies et al., 2000) and by the observation that LTP is impaired in 

CREB mutant mice (Bourtchuladze et al., 1994).

In this study we focussed on changes which occur presynaptically after tetanization 

following treatment with saline or the tyrosine kinase inhibitor, genistein. We report that 

genistein inhibited expression of LTP in dentate gyrus and also the LTP-associated increases 

in glutamate release and calcium influx. Our findings indicate that LTP was associated with 

increased phosphorylation of ERK and the a-subimit of calcium channels in synaptosomes 

prepared from dentate gyrus, both of which are likely to enhance glutamate release, and 

increased phosphorylation of CREB and protein synthesis in entorhinal cortex.

EXPERIMENTAL PROCEDURES 

Animals

Male Wistar rats (250-350g) were used in these experiments; rats were obtained from the 

BioResources Unit, Trinity College Dublin, where they were maintained under veterinary 

supervision at an amhiW temperature of between 22 and 23°C, under a 12-hour light schedule. 

The mininnim mimher of rats was used compatible with statistical analysis and every effort was
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made to minimize discomfort. All experimentation was conducted as required by local 

regulations and conformed with Department o f Health and Children (Ireland) and international 

guidelines on the ethical use o f animals, 

laduction o f LTP in vivo 

Rats were anaesthetized by intr^eritoneal injection o f urethane (1.5g/kg i.p) and LTP was 

induced as described previously (McGahon and Lynch, 1998). Briefly, a bipolar stimulating 

electrode was placed in the perforant path (4.4mm lateral to Lambda) and a unipolar recording 

electrode in the dorsal cell body region o f the dentate gyrus (2.5mm lateral and 3.9mm posterior 

to Bregma). Test shocks were given at 30 sec intervals for 10 min before, and 40 min after, 

tetanic stimulation (3 trains o f stimuli delivered at 30 sec intervals; 250 Hz for 200 msec). In 

some experiments, genistein (250^^^ 5|il; Calbiocfaem, UK) or saline (5jjl) was injected 

intracerebroventricularly (0.4mm posterior to Bregma; 0.2mm lateral to midline; 3.5mm depth) 

30 min before recording commenced and the experiment proceeded as described. At the end of 

^ e recording period, rats were killed by cervical dislocation, cross-chopped slices (350[im) were
♦

prepared from ipsilateral and contralateral dentate gyri and ipsOateral and contralateral entoriiinal 

cortices and frozen in Krebs solution containing 10% DMSO ( H ^  and Bowen, 1981). 

Sanq)les were stored at -80°C and for analysis, slices were thawed rapidly and rinsed in fresh 

oxygenated Krebs solution before preparation o f tissue for analysis.

Release of glutamate

Release was assessed in samples o f P2 prepared from untetanized and tetanized slices which 

were frozen as described above, or in freshly prepared P2 according to a method described 

previously (McGahon and Lynch, 1998). In both cases, samples o f synaptosomal tissue were 

resuspended in ice-cold Krebs solution containing 2mM CaCli, aliquotted onto Millipore



filters (0.45nm) and rinsed under vacuum. Tissue was incubated in 250^1 oxygenated 

Krebs solution at 37°C for 3min and filtrate was collected and stored. Release o f 

transmitter was stimulated by the addition o f 40mM KCl to Krebs solution. In some cases, 

genistein (50jiM ) or PD98059 (2^M) was added to assess its effect on KCl-stimulated 

release in vitro. In these experiments synaptosomes were preincubated (15 min at 37°C) in 

Krebs solution containing 2mM CaCl2 with added genistein or PD98059.

Glutamate was analysed as described previously (Ordronneau et al., 1991). Glutaraldehyde 

(0.5% in lOOmM NaH2P0 4  buffer, pH 4.5; 320|j1) was added to 96-welI plates, incubated for 

60 min at 37°C, and washed with lOOmM NaH2P0 4  buffer. Triplicate samples (50jil) or 

glutamate standards (50|il; 50nM to 10|jM prepared in lOOmM Na2HP0 4  buffer, pH 8.0) were 

added, incubated for 2 hours at 37°C and washed. Ethanolamine (320|ol; O.IM in lOOmM 

Na2HP0 4  buffer) was added to bind any unreacted aldehydes and donkey serum (200|il; 3% in 

phosphate-buffered saline containing Tween-20 (0.5%; PBS-T)) was used to block non-specific 

binding. Antiglutamate antibody (raised in rabbit; 100|jJ; 1:5,000 in PBS-T; Sigma, UK) was 

incubated overnight at 4°C and washed with PBS-T. Anti-rabbit horseradish peroxidase 

(HRP)-linked secondary antibody (95^d; 1:10,000 in PBS-T; Amersham, UK) was added, 

incubated for 60 min at room temperature and washed. 3 ,3 ',5 ,5 '-Tetramethylben2 idine liquid 

substrate was added as chromogen and incubation continued for Kcacdy 60 min at room 

temperature. H2SO4 (4M; 50^1) was added to stop the reaction and optical densities were 

determined at 450nm. Values were calculated with reference to the standard curve, corrected 

for protein (Bradford, 1976) and expressed as ^miol glutamate/mg protein.



Assessment o f‘‘̂ Ca influx 

‘‘̂ Ca influx was assessed in samples of P2 prepared from untetanized and tetanized slices of 

dentate gyrus obtained from saline- and genistein-treated rats by a method described previously 

(Kelly and Lynch, 2000). P2 was resuspended in oxygenated ice-cold incubation buffer 

(composition in mM: NaCI, 128; KCl 4.8; KH2PO4, 1.2; MgS0 4 .7 H2 0 , 1.2; NaHCOs, 7.5; 

CaCh, 1.3; glucose 11; ascorbic acid, 0.1; HEPES, 15; disodium EDTA, 0.3) and incubated for 

5 sec at 37°C in buffer containing "̂ Ĉa (final concentration IfiCi/ml; Specific activity, 2.1 

mCi/ml; Amersham, UK) ± KCl). In some experiments, genistein (50|jM) was added during 

incubatioa Reactions were stopped by addition of 1 ml ice-cold 'stop' buffer (composition in 

mM; NaCl, 118; KCl 4.8; KH2PO4, 1.2; MgS0 4 .7 H2 0 , 1.2; NaHCOs, 26; C aC h, 1.3; glucose, 

11; ouabain, lOmA/O. Samples were rinsed in a filtration manifold and filters added to 

scintillation fluid for assessment of radioactivity. Data were expressed as nmol '*̂ Câ 7mg 

protein.

Analysis of tyrosine kinase activity "

Tyrosine kinase activity was assessed in P2 prepared from untetanized and tetanized tissue 

obtained from saline-and genistein-treated rats by ELISA using a non-radioactive tyrosine kinase 

kit (Roche Molecular Biochemicals, UK). Briefly P2 was resuspended in Krebs solution 

containing 2mM CaCt and the tyrosine phosphatase inhibitor, sodium orthovanadate (lOmM) 

and aliquots were added to the assay solution to start the reaction. The assay solution consisted 

of peptide substrate (lOiil; 5pM reconstituted in PBS-BSA (Img/ml), assay buffer (10|j1; Tris 

HCl, 50mM; pH 7.5; C4H<i0 4 Mg-4 H A  20niM; NaF, 5mM; EDTA, 0.2m l^ EGTA, O.SmM; 

(iithiothreitol, ImNt sodium orthovanadate, SOpM; ATP, ImM), ATP-Mg^^ solution (lOjil; 

ATP, 5mA^ MgCl2,50mM, pH 7) and distilled water (lOpl). Samples were incubated for Ih at



room temperature. The reaction was stopped by addition o f the tyrosine kinase inhibitor, 

piceatannol (lOpi; 3mM in 10% DMSO). Samples were placed on ice to reduce the temperature 

to 4°C and centrifuged at 10,000g for Imin, aliquots (50|il) were added to streptavidin-coated 

96-weli plates, incubated for 20 min at 37°C and washed. Peroxidase-labelled 

antiphosphotyrosine antibody (75^1; l.iOO in PBS/BSA Img/ml) was added, samples were 

incubated for Ih at 37°C and washed. The manufacturer’s substrate was added as chromogen 

and incubation continued for 45 min at room temperature to allow maximum colour 

development and optical densities were determined at 405nm. Values were calculated with 

reference to a standard curve, corrected for protein (Bradford, 1976) and expressed as 

picomoles tyrosine kinase/mg protein.

Analysis of calcium channel a-subunit phosphorylation

?2 was prepared from untetanized and tetanized sides o f dentate gyri obtained from 

saline-treated and genistein-treated rats. Samples were equalized for protein, 

imnumecomplexes were prepared by incubating tissue for unmunobuffer (155|il; TritonX- 

100, 1.25%; NaCl, 1.9mM; Tris-HCl, 60mM, pH 7.4; EDTA, 6nM, pH 8; aprotonin, 

lOU/ml) for Ih at 37°C, in the presence o f an antibody raised against the al-subunit o f 

voltage-gated calcium channels (anti-pan al-subunit, Alomone Labs, Israel; 1:25). Immune 

complexes were separated on 7.5% SDS gels and transferred onto nitrocellulose strips 

(225mA for 2h) and reacted with antiphospho^osine (1:160 in 2% Tris-buffered saline-Tween- 

20 (0.1% Tween; TBS-T) AflSniti, UK) ovemigfat at 4°C. Nitrocellulose strips were washed and 

inri ibatH for 2h at room temperature with secondary antibody (HRP-linked anti-rabbit antibody; 

1:2,000 dilution; Amersham, UK) and protein complexes were visualized by ECL detection



(Amersham, UK). Immunoblots were exposed to film overnight and processed using a Fuji X- 

ray processor. Protein bands were quantitated by densitometric analysis.

Analysis of ERK phosphorylation

Pi was prepared fi-om untetanized and tetanized sides o f dentate gyri obtained fi-om 

saline-treated and genistein-treated rats, by a method described previously (McGahon and 

Lynch, 1998). Samples were analysed for protein, diluted to equalize for protein 

concentration and aliquots (lOpJ, Img/ml) were added to lOfil sample buffer (Tris-HCl, 

O.SmM, pH 6.8; glycerol 10%; SDS, 10%; P-mercaptoethanol, 5%; bromophenol blue, 0.05% 

wÂ ), boiled for 2 min and loaded onto gels (10% SDS). Proteins were separated by application 

of 30mA constant current for 25-30 min, transferred onto nitrocellulose strips (225mA for 75 

min) and immunoblotted with anti-active ERK (Promega, USA; 1.5:1,000 in TBS-T) containing 

2% non-fat dried milk) overnight at 4°C. Nitrocellulose strips were washed and incubated for 60 

min at room temperature with secondary antibody (HRP-linked anti-rabbit antibody; 1:2,000; 

Amersham, UK)vand protein complexes were visualized by ECL detection (Amersham,v UK). 

Immunoblots were exposed to film overnight and processed using a Fuji X-ray processor. 

Protdn bands were quantitated by densitometric analysis.

Assessment of protein synthesis: [^SJ-Methionme labelling 

Slices of entorhinal cortex were thawed rapidly (1.5-2 mm) by agitation at 37°C and rinsed 4 

times in excess firesh Krebs solution. The method used for analysis of protein synthesis has been 

described previously (Mullany and Lynch, 1997). Briefly, slices were preincubated at 37°C for 

10 min in 500fjd oxygenated Krd)s solution containing CaCh (2mM), resuspended in oxygenated 

Krebs solution containing CaCk (2mM), ATP (3.5mM) and [^^S]-methionine (specific activity, 

37TBq/mmoI; 0,2pJ/mi) and incubated for 60 min at 37°C. At the end of the incubation period,



samples were placed on ice, added to TCA (50^1; final concentration, 10%), homogenized and 

added to Millipore filters (pore size 0.45}im) and filtered under vacuum. Samples were washed 

at least 10 times by addition of ice-cold 5%TCA in H2O (200}il). Filter papers were added to 

scintillant and counted for 1.5 min. Values were expressed as cpm/mg proteia 

Analysis o f CREB phosphorylation

Slices prepared fi-om untetanized and tetanized sides o f entorhinal cortex o f saline- 

treated and genistein-treated rats were homogenized in Krebs solution containing 2mM 

CaC12. Samples were analysed for protein, diluted to equalize for protein concentration and 

aliquots (lOfil, Img/ml) were added to lOjil sample buffer (Tris-HCl, O.SmM, pH 6.8; glycerol 

10%; SDS, 10%; J3-mercaptoethanol, 5%; bromophenol blue, 0.05% wÂ ), boiled for 10 min and 

loaded onto gels (14% SDS). Proteins were separated by application o f 36mA constant current 

for 25-30 min, transferred onto nitrocellulose strips (225mA for 75 min) and immunoblotted 

with anti-phospho-CREB (New England BioLabs, UK; 1:1,000 in 5%BSA in Tris buffered 

saline-Tween (0.1% Tween-20) containing 5% BSA) overnight at 4°C. Mtrocellulose strips 

were washed and incubated for 60 min at room temperature with secondary antibody (HRP- 

linlfftH anti-rabbit antibody; 1:2,500; Amersham, UK) and protdn complexes were visualized by 

E Q . detection (Amersham, UK). Immunoblots were exposed to film overnight and processed 

using a Fuji X-ray processor. Protdn bands were quantitated by densitometric analysis. 

Statistical analysis

A  one-way analysis o f variance (ANOVA) was performed to determine whether there 

were significant differences between conditions. When this analysis indicated significance 

(at the 0.05 level), the post hoc student Newmann-Keuls test analysis was used to determine 

which conditions were significantly different fi-om each other. In some cases the Student's t-
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test for was used to establish statistical significance.

RESULTS

As a first step in elucidating the role of tyrosine kinase in modulating transmitter release, 

we assessed the effect of a depolarizing pulse of KCl (40mM) on influx and

glutamate release (Figure 1). KCl significantly enhanced ‘*̂ Câ  ̂ influx (Figure lA) and 

glutamate release (Figure IB; p< 0.05 in each case; student’s t-test for paired values), but 

both KCI-induced responses were inhibited by incubation in the presence of genistein 

(50^M).

Synaptosomes were prepared fi-om untetanized dentate gyrus and dentate gyrus which 

had sustained LTP following tetanic stimulation (Figure 2A). The data indicate that 

addition of 40mM KCl to the incubation medium enhanced both '‘̂ Ca ’̂̂ influx (Figure 2B) 

and glutamate release (Figure 2C) to a more marked degree in synaptosomes which had 

been prepared fi'om tetanized dentate gyrus (p < 0.01; student’s t-test for paired values), 

compared with untetanized tissue (p< 0.05 in each case; student’s t-test for paired values).

Figure 3A indicates that intracerebroventricular injection of genistem (250|iM) inhibited 

expression of LTP in dentate gyrus; the mean percentage increases in population epsp slope 

in the 2 min immediately following tetanic stimulation, compared with the mean value in the 

5 min immediately prior to tetanic stimulation were 143.73 (± 5.76, SEM) and 115.40 (± 

2.74) in saline- and genistein-pretreated rats respectively. The corresponding mean values 

in the last 5 min nf the experiment were 130.08 (± 1.58) and 107.87 (±2.11). Atotal of 12 

saline-treated and 12 gem'stein-treated rats were analysed. At the end of the recording



period, untetanized and tetanized dentate gyri were retained for subsequent preparation of 

synaptosomes for analysis; tissue from at least 6 rats was used in each assay.

Figure 3B indicates that incubation of tissue in the presence of KCl increased tyrosine 

kinase activity in untetanized and tetanized tissue; this effect was statistically significant in 

synaptosomes prepared from dentate gyrus which had sustained LTP (p < 0.05; student’s t- 

test for paired values) but, although the increase was of a similar order in synaptosomes 

prepared from untetanized dentate gyrus, the increase was not statistically significant due to 

the very large inter-sample variability. Pretreatment with genistein prevented the KCl- 

tetanized samples and Figure 3C demonstrates that while KCl significantly increased 

glutamate release in synaptosomes prepared from untetanized dentate gyrus of saline- 

pretreated rats (p < 0.05; ANOVA), release was enhanced to a greater extent in 

synaptosomes prepared from tetanized dentate gyrus (p < 0.01; ANOVA). Both 

unstimulated and KCl-stimulated glutamate release were decreased in synaptosomes 

prepared from dentate gyrus of genistein-pretreated rats, and genistein-pretreatment also 

inhibited the stimulatory effect of KCl on glutamate release; similar data were obtained in 

both untetanized and tetanized tissue.

Figure 4A shows one sample immunoblot which indicates that tyrosine phosphorylation of 

the calcium channel a-subunit was increased in tetanized tissue prepared from saline- 

treated, but not genistein-treated rats. Densitometric analysis o f the individual experiments 

allowed assessment of the mean changes and showed that protein tyrosine phosphorylation 

of the calcium channel a-subunit in synaptosomes prepared from untetanized and tetanized 

dentate gyrus o f saline- and genistein-pretreated rats was significantly increased in 

synaptosomes prepared from dentate gyrus of saline-pretreated rats (p < 0.05; ANOVA).



Protein phosphorylation was similar in synaptosomes prepared from untetanized tissue of 

saline- and genistein-treated rats, but the LTP-assodated increase in phosphoiylation was 

inhibited by genistein pretreatment (Figure 4A).

Figure 4B shows one sample immunoblot which demonstrates that ERK phosphorylation 

was increased in tetanized tissue prepared from saline-treated, but not genistein-treated rats. 

Densitometric analysis revealed that mean ERK phosphorylation was significantly increased 

in synaptosomes prepared from tetanized, compared with untetanized, dentate gyrus of 

saline-pretreated rats (p < 0.05; ANOVA), but that this effect was inhibited in tissue 

prepared from genistein-treated rats. The data also showed that ERK phosphorylation was 

significantly decreased in synaptosomes prepared from untetanized tissue of saline-treated, 

compared with genistein-treated rats (p < 0.05; ANOVA; Figure 4B). The finding that 

PD98059, which inhibits ERK phosphorylation, blocked KCl-stimulated glutamate release 

in vitro (Figure 4C) suggests that depolarization-induced release is modulated by ERK 

activity.

We analysed protein synthesis in the cell bodies of the perforant path synapses, i.e. in the 

entorhinal cortex. Figure 5 indicates that ^^S-methionine incorporation into proteins was 

significantly enhanced in slices prepared from entorhinal cortex obtained from the tetanized, 

compared with the untetanized, side of the brain of saline-treated rats (p < 0.05; ANOVA). 

Protein synthesis was decreased Avith genistein treatment (p < 0.05; ANOVA) and, in these 

samples, there was no evidence of the enhanced protein synthesis associated with 

tetanization. In parallel with the LT?-associated increase in protein synthesis, we observed 

an LTP-associated inaease in phosphorylation of CREB. Figure 5B shows one sample 

immunoblot, and mean data derived from densitometric analysis which reveals that CREB



phosphorylation was significantly enhanced in cells prepared fi-om entorhinal cortex 

obtained from the tetanized (compared with untetanized) side of the bram of saline-treated 

rats (p < 0.05; ANOVA). Figure 5B also shows that genistein inhibited the LTP-associated 

increase in CREB phosphoiylation.

DISCUSSION

We set out to investigate the possibility that tyrosine kinase activity exerted an impact on 

LTP in perforant path-granule cell synapses by modulating glutamate release, and suggest 

that the data presented support this thesis. Thus we report that inhibition of tyrosine kinase 

by intracerebroventricular injection of genistein, blocked expression of LTP and the LTP- 

associated increases in glutamate release and calcium influx. Among the factors which 

contribute to these changes are likely to be inhibition of tyrosine phosphorylation of the a l-  

subunit of voltage-sensitive calcium channels, as well as phosphorylation of ERK in 

presjmaptic terminals and-the\franscription factor, CREB, in the corresponding cell bodies in
4

♦

the entorhinai cortex.

As a first step in analysis of the efiect of tyrosine phosphorylation on synaptic fimction in 

hippocampus, we assessed the effect of genistein on endogenous glutamate release and 

calcium influx in synaptosomes prepared from hippocampal synaptosomes. The evidence 

presented indicates that depolarization-induced increases in both measures were inhibited by 

genistein suggesting that tyrosine phosphorylation of one or more proteins is required to 

permit a depolarizing pulse of KCl to stimulate calcium entry and to release glutamate. The 

inhibitory effect o f genistein on endogenous glutamate release was not surprising since we 

had previously observed that it inhibited release of preloaded [^H]-glutamate in



hippocampus (Mullany et al., 1996), while genistein has also been shown to inhibit 

ischemia/reperiiision-evoked efflux of glutamate in cortex (Phillis et al., 1996). The present 

data also provides indirect evidence to support the argument that tyrosine kinase modulates 

transmitter release; we found that (1) parallel increases in tyrosine kinase activity and KCI- 

stimulated glutamate release accompanied LTP, and (2) inhibition of tyrosine kinase by 

genistein blocked tyrosine kinase activity, glutamate release and LTP. These data also 

clearly argue for a role for tyrosine kinase in LTP in dentate gyrus as we have previously 

suggested (McGahon and Lynch, 1998) and also support the results of previous findings in 

CAl. Studies in this area have identified that two non-receptor tyrosine kinases are 

activated following induction of L T P ,^  (Grant et al., 1992; Kojima et al., 1997; Lu et al., 

1999) and src (Lu et al., 1998; Huang and Hsu, 1999), The data obtained in the present 

study do not assist in the identification of the family of tyrosine kinases which are activated 

following tetanic stimulation, but we have previously shown that LTP in dentate gyrus is 

accompanied by increased tyrosine phosphorylation of the NGF receptor, TrkA, suggesting 

a role for activation of cascades triggered by stimulation of receptor tyrosine kinases 

(Maguire et al., 1999).

The question of identification of the protein substrates targetted by the LTP-associated 

increase in tyrosine kinases arises. Since LTP in dentate gyrus is accompanied by increased 

glutamate release as described here and in several previous reports (Errington et al., 1987; 

Canevari et al., 1994; McGahon et al., 1999; Maguire et al., 1999; Kelly and Lynch, 2000), 

it is appropriate to consider proteins which might modulate transmitter release. We 

investigated the possibility that the al-subunit of calcium channels might be a substrate for 

tyrosine kinase (a) because the in vitro data presented suggested that calcium influx was



sensitive to tyrosine kinase activity, (b) because calcium channel activity modulates calcium 

influx, which in turn modulates transmitter release and (c) because several reports have 

indicated that calcium channel activity is altered by tyrosine phosphorylation (Amoult et al., 

1997; Potier and Rovira, 1999; Wijetunge et al., 2000; Strauss et al., 2000). Our findings 

reveal that tyrosine phosphorylation of the a  1-subunit of calcium channels was markedly 

increased in synaptosomes prepared from tetanized dentate gyrus and this effect was 

inhibited by genistem. It seems reasonable to propose that the increase in calcium influx 

which accompanies LTP is a consequence of increased tyrosine phosphorylation. Such a 

proposal is consistent with previous reports which suggest that tyrosine phosphorylation 

enhances calcium channel activity in a variety of tissues (Amoult et al., 1997; Wijetunge et 

al., 2000; Strauss et al., 2000), including hippocampus (Potier and Rovira, 1999). One 

consequence of a phosphoiylation-induced inaease in calcium influx is likely to be an 

increase in glutamate release; the present data which show parallel changes in tyrosine 

phosphorylation of a  1-subunit of calcium channels, calcium influx and release following 

induction of LTP, and the parallel inhibitory effects of genistein, suggest a possible causal 

relationship between these synaptic events. In the context of these findings, it is significant 

that an NMDA-independent form of LTP, described in CAl both in vitro and in vivo, is 

dependent on activation of voltage-sensitive calcium channels (Grover and Teyler, 1994; 

Morgan and Teyler, 1999). Interestingly, the tyrosme kinase inhibitors, genistein and 

lavendustin A blocked this form of LTP but not the I'lMDA-dependent form (^avus and 

Teyler, 1996).

In addition to the a  1-subunit of calcium channels, other tyrosine kinase substrates which 

might impact on release have been investigated. For example, we have reported that LTP is
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associated with increased phosphorylation of synaptophysin (Mullany and Lynch, 1998) 

and PLCy (McGahon and Lynch, 1998) and we found that the tyrosine kinase inhibitors, 

tyrphostin AG879 and genistein, which inhibited LTP also blocked the LTP-associated 

increase in phosphorylation of these proteins (McGahon and Lynch, 1998; Mullany and 

Lynch, 1998).

The mitogen-activated protein kinases, of which ERK is a member, are activated by dual 

phosphorylation on threonine and tyrosine residues. Several regulators of ERK have been 

identified, including growth factors and neurotransmitters, but activation by calcium and 

tyrosine kinase have also been reported (see Derkinderen et al., 1999). In this study, we 

observed an increase in ERK activation, coincident with increased tyrosine kinase activity 

and increased calcium influx and parallel inhibition of these functions in tissue prepared 

fi'om genistein-treated rats. The coupling of these events permits us to suggest that a causal 

relationship exists between them, and that the activation of ERK described here might be 

i stimulated by tyrosine kinase acting directly, or indirectly as a consequence of increased ♦ *
calcium influx. However we have previously found that NGF (Kelly et al., 2000) and 

BDNF (Gooney et al., 2000) are released from slices of dentate gyrus, and act on their 

respective receptors in the presynaptic terminal, following induction of LTP; it is possible 

that release of these neurotrophins trigger cascades which contribute to the activation of 

ERK observed here. LTP in dentate gyrus is also associated with tyrosine phosphorylation 

0^ and therefore activation oi PD-kinase KeUy and Lynch, 2000), which is another 

modulator of ERK activation (eg Lopez-Dasaca et al., 1997); it is possible that this molecule 

may be one substrate for the LTP-associated inaease in tyrosine kinase and therefore its 

role here cannot be excluded. At least one other possibility exists which might lead to
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activation of ERK, which is that the small GTP-binding protein ras may be activated by 

tyrosine kinase-induced stimulation of the adaptor protein, SHC, which in turn may 

stimulate ERK through the ras/rqflMEK cascade (see Graves and Krebs, 1999).

Stimulation of ERK following induction of LTP has been previously described by us 

((McGahon and Lynch, 1998; Maguire et al., 1999) and confirmed by others (Davis et al., 

2000) in dentate gyrus, while it was originally observed in CAl (English and Sweatt, 1997). 

The data presented here extend these findings by demonstrating an inhibitory effect of 

genistein and thereby pinpointing a requirement for tyrosine kinase activation. We propose 

that one consequence of increased ERK phosphorylation is upreguiation of glutamate 

release since the data presented provides direct evidence that inhibition of ERK blocked 

stimulus-dependent glutamate release. Therefore one mechanism by which tyrosine kinase 

inhibition might contribute to the downregulation of LTP is by attenuating ERK activation, 

which in turn attenuates glutamate release.

One downstream consequence of an iacrease in ERK activity is an increase in 
■*

phosphorylation, and therefore activation, of the transcription factor, CREB (Finkbeiner, 

2000), which has also been shown to be activated as a consequence of cAMP-dependent 

stimulation of protein kinase A (Nguyen and Kandel., 1996) and neurotrophin-induced 

stimulation of Ca^Vcalmodulin-dependent kinase (Finkbeiner et al., 1997). Recent data 

have indicated that phosphorylation of CREB may be a necessary step in inducing 

morphological changes stimulated by oestradiol in hippocampal neurons (Murphy and 

Segai, 1997). In support of such a role for CREB, a coupling between increased CREB 

phosphorylation and protein synthesis are considered to be vital ceU responses in the 

stabilization of long-term facilitation in Aplysia (Casadio et al., 1999), while CREB



phosphorylation also seems to mediate BDNF-induced transcription (Finkbeiner et al., 

1997), In an effort to gain greater insight into the presynaptic changes which might 

contribute to expression of LTP in the dentate gyrus, we investigated CREB 

phosphorylation and protein synthesis in the entorhinal cortex. The data presented provide 

direct evidence that tetanically-induced LTP in perforant path-granule cell synapses is 

coupled with increased CREB phosphorylation in entorhinal cortex and that this change is 

accompanied by increased protein synthesis. These changes are clearly associated with the 

presynaptic cell but increased CREB phosphoiylation has been reported postsynaptically 

following induction of LTP in dentate gyrus (Schultz et al., 1999; Davis et al., 2000) and 

also in CAl (Matthies et al., 1997), m which an increase in phospho-CREB 

immunofluorescence was also observed following stimulation of the SchaflFer collaterals (Lu 

et al., 1999). Despite some experimental differences, it is significant that the timing of the 

response in the present study was similar to that observed elsewhere (Schultz et al., 1999).

The fact that increased protein synthesis accompanied increased CREB phosphorylation 

following induction of LTP, and that both effects were inhibited when LTP was blocked, is 

consistent with the view that they are causally related. It is tempting to propose that 

phosphorylation of CREB is the first of a number of changes whiph stimulate synthesis of 

specific proteins, which in turn might orchestrate the morphological changes which are 

required for the more persistent aspects of LTP (Lisman and Hams, 1993, Edwards, 1995). 

In the context o f the present study it is significant that the cAMP-induced synaptic plasticity 

in Drosophila neuromuscular junction is a consequence of a CREB-mediated increase in 

transmitter release (Davis et al., 1996). On the basis o f this latter observation, we might



speculate that CREB phosphorylation might contribute to the LTP-associated increase in 

glutamate release.

The focus of the present study was to assess changes that occur presynaptically following 

induction of LTP in dentate gyrus which might play a role in modulating glutamate release. 

We did not address changes in the postsynaptic cell. The data presented support the view 

that activation of tyrosine kinase, one consequence of tetanic stimulation, stimulates the 

increase in glutamate release which accompanies LTP. It is likely that this is achieved by 

phosphorylating a number of proteins which include the a  1-subunit of voltage-sensitive 

calcium channels, phosphorylation of which leads to enhanced calcium influx. It seems 

likely that activation of ERK, which is inhibited when tyrosme kinase activity is inhibited, 

contributes to the enhancement of release and to phosphorylation of CREB, which in turn 

may trigger synthesis of specific proteins which are likely to underpin the more persistent 

components of LTP.
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ABBREVIATIONS

LTP: Long term potentiation

ERK: extracellular signal-regulated protein kinase

Trk; Tyrosine receptor kinase

CREB; cAMP response element binding protein

epsp: excitatory post-synaptic potential

BDNF: Brain-derived neurotrophic factor

NGF; Nerve growth facotr

NMDA: N-methyl-D-aspartate

AP5: D-amino-phosphonovalerate

PI-3 kinase: phosphoinositide 3-kinase

PLCy: Phospholipase Cy
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FIGURE LEGENDS 

FIGURE 1.

Genistein inhibits KCI stimulated [‘‘̂ Ca] influx and glutamate release. ^

(A) Addition of KCI (40mM) significantly increased '‘̂ Ca influx into hippocampal 

synaptosomes (*p < 0.05; student’s t-test for paired samples); this effect was inhibited in 

tissue which was incubated in the presence of genistein. Values are the means of 12 

observations and expressed as nmol/mg. (B) Addition o f KCI (40mM) sigi^cantly 

increased glutamate release in hippocampal synaptosomes (*p < 0.05; student’s t-test for 

paired samples); this effect was inhibited by preincubation in genistein (SOuM); incubation 

of synaptosomes m the presence, compared with in the absence, of genistein significantly 

decreased both unstimulated and KCl-stimulated glutamate release (+p <0.01). Values are 

the means o f 7 observations and expressed as jimol/mg.

FIGURE 2

LTP is associated with increased ‘‘̂ Ca influx and glutamate release.

Synaptosomes were prepared from ispilateral and contralateral dentate gyrus 40 min after 

induction o f LTP unilaterally (A). (B) Addition of KCI (40mM) significantly mcreased 

[^^Ca] influx into synaptosomes prepared from untetanized dentate gyrus (*p < 0.05; 

student’s t-test for paired samples); influx was further increased in synaptosoraes prepared 

from tetanized dentate gyrus (**p < 0.01). Values are the means of 10 observations and 

expressed as nmol/mg. (C) Addition of KCI (40inM) significantly increased glutamate 

release in sjmaptosomes prepared from untetanized dentate gyrus (*p < 0.05, student s t- 

test for paired samples); release was further inaeased in synaptosomes prepared from



tetanized dentate gyrus (**p < 0.01). Values are the means of 7 observations and expressed 

as pnoi/mg.

FIGURES

Genistein pretreatment inhibhs LTP and the LTP-assocaited increases in ‘*̂ Ca influx and 

glutamate release.

Intracerebroventricular injection of genistein (250nM) 40 min before tetanic stimulation 

markedly attenuated LTP in dentate gyrus (A). (B) Addition of KCl (40mM) increased 

tyrosine kinase activity in synaptosomes prepared from untetanized dentate gyrus of saline- 

treated rats, but this did not reach statistical significance due to the large variability; a 

significant increase was observed in tetanized tissue (*p < 0.05; student’s t-test for paired 

samples). Unstimulated tyrosine kinase activity in synaptosomes prepared fi-om tetanized 

tissue was significantly increased compared with untetanized tissue (+p < 0.05; student’s t- 

test for paired samples). KCl failed to increase kinase activity in untetanized or tetanized 

tissue prepared fi'om genistein-treated rats. Values are the means of 6 observations and 

expressed as nmol/mg. (C) Addition of KCl (40mM) increased glutamate release in 

synaptosomes prepared firom untetanized dentate gyrus of saline-treated rats (*p < 0.05; 

student’s t-test for paired samples); KCl-stimulated release was more marked in 

synaptosomes prepared fi'om tetanized dentate gyrus (**p 0.01). Unstimulated release

was significantly reduced in synaptosomes prepared fi*oni both tetanized and untetanized 

tissue of genistein-treated rats (+p 0.01; student’s t-test for unpaired samples) and KCl

failed to increase release in these preparations. Values are the means of 6 observations and

expressed as |imol/mg.



FIGURE 4

Genistein inhibits the LTP-associated increases in phosphorylation of the a  1-subunit of 

voltage sensitive calcium channels and ERK.

(A) The sample immunoblot indicates that phosphorylation of the al-subunit of voltage 

sensitive calcium channels was increased in synaptosomes prepared from tetanized (lane 2), 

compared with untetanized (lane 1) dentate gyrus of saline-treated rats. Densitometric 

analysis o f data from 6 separate experiments, given in arbitrary units, indicate that the 

difference was statistically significant (*p < 0.05; student’s t-test for paired samples). This 

effect was inhibited in tissue prepared from genistein-pretreated rats as shown on the sample 

immimoblot (compare lanes 3 and 4) and by analysis of the mean values obtained by 

densitometric analysis. (B) The sample immunoblot indicates that phosphorylation of ERK 

was increased in synaptosomes prepared from tetanized (lane 2), compared with untetanized 

(lane 1), dentate gyrus of saline-treated rats. Densitometric analysis of data from 6 separate 

experiments, given in a rb itr^  units, indicate that the difference was statistically significant 

(*p < 0.05; student’s t-test for paired samples). This effect was inhibited in tissue prepared 

from genistem-pretreated rats as shown on the sample immunoblot (compare lanes 3 and 4) 

and by analysis o f the mean values obtained by densitometric analysis. (C) Addition of KCl 

(40mM) to the incubation medium significantly increased glutamate release in synaptosomes 

prepared from dentate gyrus (**p <0.01; student’s t-test for paired samples); this effect 

was attenuated when PD98059 (2^M) was included in the incubation. Values are means of 

6 experiments and expressed as ^mol giutamate/mg protein.



FIGURE 5.

Grenistein inhibited the LTP-associated increases in CREB phosphorylation and protein 

synthesis in entorhinal cortex.

(A) The sample immunoblot indicates that phosphorylation of CREB was increased in 

homogenate prepared from entorhinal cortex obtained from the tetanized side of the brdn of 

saline-treated rats (lane 2), compared with the untetanized side (lane 1). Densitometric 

analysis of data from 6 separate experiments, given in arbitrary units, indicate that the 

difference was statistically significant (*p < 0.05; student’s t-test for paired samples). This 

effect was inhibited in tissue prepared from genistein-pretreated rats as shown on the sample 

immunoblot (compare lanes 3 and 4) and by analysis of the mean values obtained by 

densitometric analysis. (B) ^^S-Methionine labelling o f proteins was significantly increased 

in slices o f entorhinal cortex prepared from the tetanized side o f the brain o f saline-treated 

rats, compared with the untetanized side (*p < 0.05; student’s t-test for paired samples). 

This effect was inhibited in tissue prepared from genistein-pretreated rats.
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