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A man sets him self the task o f portraying the world. Over the years he fills a given 

surface with images o f provinces and kingdoms, mountains, bays, ships, islands, 

fish, rooms, instruments, heavenly bodies, horses, and people. Shortly before he 

di;s he discovers that this patient labyrinth o f lines is a drawing o f  his own face.

- Jorge Luis Borges, October 31, 1960
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Summary

Long-term potentiation (LTP) in the hippocampus is believed to be a cellular 

correlate o f  learning and memory in the mammalian brain. Four different high- 

frequency stimulation (HFS) protocols were developed which induced distinct 

forms o f LTP in the medial perforant path o f the dentate gyrus. The magnitude o f 

LTP and the time course o f its decline were found to be critically dependent on the 

duration and intensity o f the HFS protocol employed. In particular, a multiple 

spaced 200 Hz protocol with a 10 min spacing between each HFS was found to 

induce a large amplitude, non-decremental LTP.

The characteristics o f the different forms o f LTP were investigated 

pharmacologically using inhibitors o f protein synthesis, neurotransmitter receptors 

and protein kinases. The P-adrenergic receptor antagonist, propranolol, was found to 

cause a non-significant reduction in 200Hz LTP and multiple spaced 200 Hz LTP 

and to have no effect on 100 Hz LTP, indicating that p-adrenergic receptors have a 

modulatory role in LTP induced by stronger stimulation protocols. Muscarinic 

acetylcholine receptors were found to have a more important role in multiple spaced 

200 Hz LTP with the muscarinic acetylcholine receptor antagonist, scopolamine, 

causing a significant reduction in the late-phase o f this robust form o f LTP. The 

late-phase o f multiple spaced 200 Hz LTP was also significantly reduced with the 

mGluR antagonist LY341495. mGluRs was not responsible for this reduction in 

late-phase LTP as the mGluRs selective antagonist, MPEP, had no effect on 

multiple spaced 200 Hz LTP.

The role o f  protein synthesis in the different forms o f LTP was investigated using 

anisomycin and emetine. M ild amplitude LTP induced by 8 trains o f 8 stimuli at 

200 Hz was not affected by anisomycin indicating that it is independent o f protein 

synthesis. In contrast, large amplitude LTP induced by the multiple spaced 200 Hz 

protocol was completely inhibited by both emetine and anisomycin. Application o f 

anisomycin directly after the final HFS in the multiple spaced 200 Hz protocol 

caused a reduction in late-phase LTP. Together, these results indicate that protein 

synthesis is required for the induction and also for the maintenance o f multiple 

spaced 200 Hz LTP.
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PKC was found to have an important role in the induction and maintenance of 

multiple spaced 200 Hz LTP as the PKC inhibitor, Bis-1, significantly reduced LTP 

immediately after the first train o f 200 Hz. LTP was maintained at this reduced level 

for the duration o f the experiment indicating that PKC activation is required for the 

full expression o f multiple spaced 200 Hz LTP.

The role o f PKA in multiple spaced 200 Hz LTP was investigated using the PKA 

inhibitor, KT 5720. Application o f KT 5720 both before and directly after the 

multiple spaced 200 Hz protocol caused a reduction in the early and late phase of 

LTP indicating that PKA is required for the maintenance o f multiple spaced 200 Hz 

LTP. The induction o f LTP was not however inhibited when KT 5720 was present 

throughout the experiment.

The CaMKII inhibitor, KN-62, was also found to cause a significant reduction in 

both the early and late phases o f  multiple spaced 200 Hz LTP. Another CaMKII 

inhibitor, KN-93, caused a non-significant reduction in the early and late phases o f 

multiple spaced 200 Hz LTP.

The involvement o f mitogen-activated protein kinase (MAP kinase) was 

investigated in the induction, expression and maintenance o f  LTP induced by the 

conventional 8 trains o f 200 Hz protocol and also by the multiple spaced 200 Hz 

protocol. Activation o f MAP kinase was found to be involved in the large amplitude 

non-decremental LTP induced by the multiple spaced 200 Hz protocol, although not 

in LTP induced by the brief 200 Hz protocol. Specifically, MAP kinase was found 

to be necessary for the expression but not the induction or maintenance o f the LTP 

induced by the multiple spaced 200 Hz protocol. Thus, a selective MAP kinase 

inhibitor, PD98059, did not inhibit induction o f  LTP when applied only prior to 

HFS and washed out concurrent with HFS. However, the MAP kinase inhibitor did 

inhibit LTP expression when applied directly after HFS. Moreover, the inhibition of 

LTP expression by the MAP kinase inhibitior was fully reversible, even at 90 min 

post-HFS, showing that MAP kinase is persistently active for at least 90 min after 

the induction o f LTP and that MAP kinase is not involved in the maintenance o f 

LTP.
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1.1 Hippocam pus

Guilio Cesare Aranzio first coined the term “hippocampus” in 1564. He was 

described as a “dull pupil” of Andreas Vesalius and from his original description it 

is unclear whether he was comparing its appearance to that of a seahorse, a white 

silkworm, a horse caterpillar, or a bottlenose dolphin (Lewis, 1923). Whatever he 

was trying to describe, the etymology of the word is derived from the Greek - 

hippos, meaning horse and kampos meaning sea monster. The first evidence that 

damage to the hippocampus leads to deficits in memory was presented to the Royal 

Society of London by Brown and Schafer in 1887. They found that monkeys with 

lesions of the temporal lobes where the hippocampus is located examined objects 

with which they were previously familiar as if they had never seen them before. The 

experimenters also placed monkeys with lesions of the temporal lobes into a cage 

with a wild monkey and when a lesioned monkey approached the stranger it was 

savagely attacked. However, after the attack the monkeys went straight back to the 

stranger as if they had completely forgotten what had happened. This behaviour was 

not seen after lesions of the occipital lobes.

Towards the end of the 19"’ century the detailed anatomy of the 

hippocampus was worked out by Meynert, Golgi and Cajal (see Mayer, 1971) but 

neither the temporal lobes nor the hippocampus attracted much attention in the 

memory literature following Brown and Schaffer’s initial discovery. Greater 

understanding of the role of the hippocampus in memory formation did not come 

until the middle of the 20'’’ century with the studies o f the epileptic patient H.M. In 

1953 this patient had surgery to remove a part of each temporal lobe in order to 

alleviate his epilepsy. Two thirds of his hippocampus was destroyed in the operation 

and following the operation he had no knowledge of the year, the names of his 

friends or the rooms in which he lived. The follow up studies showed that he had an 

inability to retain new factual information and a retrograde amnesia that extended 

back for years prior to the surgery. Studies also revealed differences between 

declarative and procedural memory. Whereas H.M. was unable to learn new facts he 

was capable of learning simple procedural tasks such as mirror writing, puzzles and 

stylus mazes (Scoville and Milner, 1957).

Subsequent studies in rats revealed similar findings. O’Keefe et al. (1975) 

showed that lesions of the fornix, which has afferent and efferent connections to the
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hippocampus, led to rats being unable to complete a water-fmding task when place- 

learning was required but found that the same rats were successful with cue-learning 

tasks.

Since the first paper concerning long-term potentiation (LTP) in the rabbit 

hippocampus in 1973 (Bliss and Lomo, 1973), the hippocampus has been 

extensively studied in the field o f neurophysiology.

In the present study slices o f the rat brain were used for investigation. In the 

rat the hippocampus extends almost from the septum dorsally to the caudal part of 

the amygdala ventrally, resembling the shape o f a cashew nut. In the rat, as in all 

mammals, the hippocampus consists o f two C-shaped, interlocking principal cell 

layers: the granule cell layer o f the dentate gyrus (DG) and the pyramidal cell layer 

o f A m m on’s horn. Cajal (1911) subdivided A m m on’s horn into an area o f large 

pyramidal cells {regio inferior) and a region o f more densely packed smaller 

pyramidal cells {regio superior). Lorente de No (1934) categorized Am m on’s horn 

further into four subfields: CA {cormi Ammonis) 1 to CA4.

1.1.1 H ippocam pal neurons

(1) Granule cells in the dentate gyrus

The dentate gyrus has three cell layers, a granule cell layer, a molecular cell layer 

which is largely acellular and a polymorphic cell layer known as the hilus. The 

granule cell layer consists o f small spherically shaped cell bodies which are less 

than 10|im wide and are 4-6 cells deep. Dendrites extend to the molecular layer 

where they receive inputs from several sources including a major projection from 

layer II o f  the entorhinal cortex which sends glutamatergic fibres to the lateral and 

medial perforant paths. Many unmeylinated axons called mossy fibres emerge from 

the hilar region and enter the stratum lucidum o f CA3 where they form synaptic 

connections. There are other mossy fibre collaterals which synapse with 

polylmorphic cells and project to other layers o f the dentate gyrus.
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(2) CA3 pyramidal cells

The pyramidal neurons in CA3 can be identified by the presence o f large branched 

spines (known as excrescences) on their proximal dendrites. The mossy fibres from 

the dentate gyrus synapse with the proximal apical dendrites o f CAS pyramidal cells 

in stratum lucidum and the varicosities which surround the large branced dendritic 

spines o f CAS cells enable granule cells to make multiple synaptic connections with 

pyramidal cells at a single point o f contact. Mossy fibres synapse with relatively 

few pyramidal cells in contrast to pyramidal cells which receive input from 

approximately 50 dentate granule cells. The CAS also receives input from the 

entorhinal cortex, septal nucleus and the locus coeruleus.

(3) C A l pyramidal cells

The CA l receives innervation from CAS cells, layer III o f the entorhinal cortex, a 

cholinergic projection from the septal nucleus, and noradrenergic and serotonergic 

inputs. The cell bodies in the pyramidal layer are S-6 cells deep and they are multi

polar neurons with an elaborate dendritic tree and the dendrites travel through the 

stratum oriens, stratum radiatum and stratum lacunosum-moleculare, where they 

synapse with afferent fibres. The axon and basal dendrites originate from the base of 

the cell body and extend within the alveus or stratum oriens to the subiculum or 

deep layers o f the entorhinal cortex, terminating predominantly in layer V.

(4 ) Interneurons

GABAergic interneurons are found in the hippocampus and dentate gyrus. In the 

dentate gyrus they are mainly pyramidal basket cells which innervate the cell bodies 

o f granule cells. There are three types o f hippocampal intemeuron -  axo-axonic, 

basket cells and bistratified cells. Axo-axonic cells synapse onto the initial segment 

o f the pyramidal cells and inhibit action potential initiation. Basket cells synapse 

onto the soma and bistratified cells synapse with the apical and basal dendrites. All 

interneuron subtypes synapse with the excitatory Schaffer collaterals and 

commissural-associational fibres in the strata radiatum and oriens (Patton and 

McNaughton, 1995).
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(5) Trisynaptic circuitry

The entorhinal cortex is considered to be the starting point of the trisynaptic circuit. 

Starting in layer II of the entorhinal cortex, the perforant pathway projects through 

the subiculum to the dentate gyrus and CA3. From the medial entorhinal cortex, 

fibres extend to the middle one-third (medial perforant path) and fibres from the 

lateral entorhinal cortex terminate in the outer one-third (lateral perforant path) of 

the molecular layer of the dentate gyrus (McNaughton, 1980). The dentate granule 

cells distribute their mossy fibres to the entire transverse or proximodistal extent of 

CA3. The proximal portions of the CA3 are preferentially reached by fibers that 

originate in the infrapyramidal blade, the crest and adjacent portion of the 

suprapryamidal blade. Cells in the tip of the suprapyramidal blade interact with 

more distal portions of the CA3 field. The mossy fibres that terminate on the basal 

dendrites of the more proximally located CA3 pyramidal cells arise mainly from the 

infrapyramidal blade of the dentate gyrus. Therefore Claiborne et al. (1986) 

concluded that “the influence of different poplulations of granule cells upon the 

cells in field CA3 is a function of their location within the granule cell layer.”

The pyramidal cells in field CA3 give rise to the Schaffer collaterals that 

distribute to the CAl region. The Schaffer collaterals synapse in the stratum 

radiatum and stratum oriens with the dendrites of CAl pyramidal cells. The CAl 

pyramidal cells, in turn, give rise to powerful projections to the subiculum that 

terminate in the deep half of the molecular layer and in the pyramidal cell layer. The 

connections between CAS and CAl and those from CAl to the subiculum show a 

columnar organization perpendicular to the cell layer. Both intrinsic systems exhibit 

the same gradual topology: neurons in CAS and CAl form azonal columns in CAl 

and the subiculum, respectively, with a reversed order. Proximal parts of CAS and 

CAl distribute fibres to distal parts of CAl and the subiculum, respectively, and 

more distal parts of CAS and CAl interact with more proximal parts of CAl and the 

subiculum respectively.
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Fig. 1.1 Diagram o f the hippocampus.

(a) The gross structure o f the hippocampus in the rat brain.

(b) Transverse section through the hippocampus

(c) Detailed anatomy o f the slice
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1.2 lonotrop ic glutam ate receptors

1.2.1 AMPA receptors

The A M PA  receptors are named after their specific agonist - a-am ino-3-hydroxy-5- 

m ethyl-isoxazole-4-propionic acid. A M PA  receptors form heterom eric assembUes 

o f  subunits encoded by four genes (G lu R l, G luR2, GluR3 and G luR4). Each gene 

can code for tw o sp lice variants termed “flip” and “flop ” w hich  sh ow  regional 

distribution in the brain. Dentate granule cells have more flop than flip forms and 

CA3 pyramidal ce lls contain only the flip form (Som m er et al.,  1990). The different 

com binations o f  subunits g ive rise to channels w ith different conductance 

properties. For exam ple, recombinant expression studies dem onstrate that the 

G luR2 subunit confers heteromeric receptors w ith the low  Ca^^ perm eability  

characteristic o f  m ost native A M PA  receptors (M ayer and W estbrook, 1987; Jonas 

and Sakmann, 1992). In contrast to this the hom om eric and heterom eric receptors 

assem bled from the G lu R l/-3 /-4  subunits are significantly perm eable to Ca . Som e 

inhibitory interneurons p ossess Ca^^ -permeable A M PA  receptors, which have 

inwardly rectifying I/V relationships (Koh et al.,  1995; Isa et  al.,  1996). AM PA  

receptors (A M P A R ) m ediate fast excitatory neurotransm ission in the hippocam pus 

through activation o f  a ligand-gated ion channel and they are primarily selectively  

perm eable to Na"̂ . A M P A R  exhibit linear current/voltage relationships w ith reversal 

potentials around OmV (C ollingridge et al. 1988a; Forsythe and W estbrook, 1988; 

Gallagher and H asuo, 1989) and at the resting membrane potential (-60m V  to - 

80m V ) they provide m ost o f  the synaptic current needed to generate synaptic 

responses. The stereotypical A M PA R  has a long extracellular N -term inal region, a 

shorter intracellular C-terminal and four transmembrane dom ains (designated M D l 

to M D 4) (K einanen et al.,  1990).

A M PA R  have a rise tim e o f  less than 1ms and decay tim e constants o f  2- 

8m s in excised  patches as opposed to N M D A  receptors w hich  were found to have 

rise tim es o f  5 -20m s and decay tim e constants o f  around 50 and 200m s in excised  

patches (Lester et  al., 1990; Hestrin et al.,  1990; Stern et al.,  1992). The affinity o f  

A M PA R  for glutamate is low  (EC50 480 |iM ) (Patneau and M ayer, 1990) and the 

deactivation and desensitisation properties o f  A M P A R  are determ ined by the
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subunit composition, for example GluRl and GluR4 deactivate and desensitize 

more quickly than GluR2. It is thought that the desensitisation o f AMPAR 

contributes to the decay o f synaptic currents (Trussell and Fischbach, 1989; 

Isaacson and Nicoll, 1991; Tang et a l ,  1991; Vyklicky et al., 1991; Yamada and 

Tang, 1993), but deactivation is normally much more rapid than desensitisation 

(Spruston et al., 1995). There is widespread but differential distribution o f G luRl- 

GluR4 mRNAs in the brain as has been revealed by in situ hybridization studies and 

AMPAR have been shown to be located postsynaptically, mainly in postsynaptic 

denstities, and within the dendritic and somatic cytoplasm by immunostaining 

(Hampson et al., 1992; Petralia and Wenthold, 1992; Blackstone et al., 1992). The 

most common antagonists o f AMPAR include 6-cyano-7-nitroquinoxaline-2,3- 

dione (CNQX) and 2,3-dihydroxy-6-nitro7-sufamoyl-benzo (F) quinoxaline 

(NBQX) (Honore et al., 1988; Sheardown et al, 1990).

1.2.2 Kainate receptors

Kainate receptors first came to be distinguished from AMPAR when C-fibre 

afferents in the spinal cord showed differential sensitivity to kainate and quisqualate 

(Davies et al., 1979) but because there were no specific antagonists or agonists 

available they were often grouped together with AMPAR and collectively referred 

to as non-NMDA receptors. However, in recent years improved pharmacological 

tools have led to a greater understanding o f kainate receptors in the brain.

Kainate receptors are encoded by two gene families, GluR5-7 and K A l and KA2, 

both o f which have significant structural homology to AMPA receptors. The 

subunits can be divided into two groups on the basis o f their structural homology 

and affinity for [H^Jkainate. GluR5-GluR7 are low affinity subunits and display 

75% homology with each other but only 40% homology with G luRl-G luR4. KAl 

and KA2 are high affinity subunits and are 68% homologous. Kainate receptors are 

similar to AMPAR in that that each subunit comprises -9 0 0  amino acids with and 

Mr -lOOkDa (Bettler et al., 1990; Herb et al., 1992; Hollmann and Heinemann, 

1994; Bettler and Mulle, 1995) and are thought to have the same topology (Wo and 

Oswald, 1995). Splice variants have been described for GluR5 and GluR7, and 

regulation o f single channel conductance, current-voltage relations and Câ "̂ -
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permeability o f the channel have been described by post-translational editing of 

GluR5 and GluR6. Kainate receptors are widely distributed throughout the cortex, 

limbic system, hippocampus and cerebellum. They elicit a fast onset and rapidly 

desensitising response. The study o f kainate receptors has been hindered by the fact 

that AMPAR and kainate receptors have similar pharmacological profiles and 

similar biophysical properties in heterologous expression systems.

Kainate receptors have been shown to contribute to the EPSC at mossy fibre 

synapses onto CA3 (Castillo et al., 1997; Vignes and Collingridge, 1997), 

hippocampal interneurons (Frerking et al., 1998; Cossart et al., 1998), retina 

(Devries and Schwartz, 1999), amygdala (Li and Rogawski, 1998) and cortex (Kidd 

and Isaac, 1999). Kainate receptor-mediated EPSC (EPSC KA) has a much smaller 

peak amplitude and much slower decay kinetics than AMPA receptor-mediated 

EPSCs. Given that kainate receptors desensitise rapidly it is surprising that they 

show slow decay times for EPSCs. This might be because kainate receptors are 

located extrasynaptically and so the glutamate transient is substantially slowed by 

diffusion and the decay o f the EPSC matches the clearance o f glutamate (Kullmann 

et al., 1999). The small size o f the EPSC KA compared to the EPSC AMPA may be 

due to a smaller number o f release sites with kainate receptors, or a smaller quantal 

response per release site (Frerking et al., 1998). Kainate receptor single channel 

conductances can range from values similar to AMPAR (~10pS) to much smaller 

values (<lpS). The conductance depends on the post-transcriptional editing o f the 

channel (Cossart et al., 1998). Similar to EPSC AMPA, EPSC KA has a reversal 

potential near OmV, which suggests that the receptor is permeable to multiple 

cations. The current-voltage relationship o f kainate receptors in the hippocampus is 

linear (Frerking et al., 1998), but in the thalamocortical synapses it shows strong 

rectification (Kidd and Isaac, 1999). It was initially thought that AMPAR and 

kainate receptors responded in parallel to release o f glutamate from single 

presynaptic axons but studies in the retina, spinal cord and cortex suggest that the 

EPSC KA can be elicited without AMPA EPSCs (DeVries and Schwartz, 1999; 

Kidd and Isaac, 1999) and the EPSC AMPA can be generated independently of 

EPSC KA (Li et al., 1999; Kidd and Isaac, 1999).

In situ hybridisation and immunostaining studies have indicated the relative 

distributions o f the kainate receptor subunits in the brain. GluR5 mRNA is found in 

the subiculum, C A l and Purkinje cell layer o f the cerebellum. GluR6 mRNA is
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found in high levels in the dentate gyrus and CAS. GluR7 is widely distributed at a 

relatively low level. KAl expression is restricted exclusively to the CAS pyramidal 

and dentate granule neurons and KA2 is found at a uniform concentration in all 

neurons (Wisden and Seeburg, 1993; Bahn et al., 1994; Good et al., 199S; Lomeli et 

al., 1992).

Kainate, domoate and ATPA are agonists o f kainate receptors. (s)-5- 

iodowillardiine is the most selective o f the willardiine derivatives for kainate 

receptors with EC 50 values o f 0.14|aM in DRG (kainate receptors) and 19|j,M in 

hippocampal neurons (AMPA receptors) (Wong et al., 1994). SYM2081 is also a 

potent agonist with EC50 values at homomeric GluR5 and GluR6 o f 0.12|j,M and 

0.2S|o.M, respectively, whereas at homomeric G luRl and GluRS, the EC 50 values are 

1S2^M and 45S|aM, respectively (Donevan et al., 1998). NS-102 was the first 

kainate selective antagonist to be developed and it exhibits a 20-fold selectivity for 

kainate versus AMPA receptor-mediated response (Wilding and Huettner, 1996). 

LY29S558 and LY294486 are also selective inhibitors o f  kainate receptors 

(Bleakman et al., 1996; Clarke et al., 1997).

1.2.3 NMDA receptors

NMDA receptors cluster on the heads o f dendritic spines (Luo et al. 2002) and they 

have also been shown to colocalise with AMPA receptors (Bekkers and Stevens, 

1989, Takumi et al, 1999). The NMDA receptor is composed o f  7 subunits -  N R l, 

NR2A-D and NR3A and NRSB. N R l was discovered in 1991 (Moriyoshi et al., 

1991), NR2A-D were subsequently identified (Ikeda et al., 1992; Kutsuwada et al., 

1992; Meguro et al., 1992; Monyer et al., 1992) and most recently NR3A and 

NRSB were identified (Chatterton et al., 2002; M atsuda et al., 2002; Belenikin et 

al., 200S). In order for a receptor to function the N R l subunit must be co-expressed 

with at least one o f the other subunits (Ikeda et al., 1992; Kutsuwada et al., 1992; 

Meguro et al., 1992; Monyer et al., 1992). However in Xenopus oocytes N R l can 

form a functional receptor by itself (Moriyoshi et al., 1991). It is not clear whether 

the receptor subunits coassemble to form a tetrameric (Laube et al., 1998) or a 

pentameric (Premkumar and Auerbach, 1997) stoichiometry. The different 

arrangements o f subunits confers different characteristics on the receptor such as 

rates o f desensitisation and ionic conductance. The varied conductance levels of
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NMDA receptors observed in native neurons (Cull-Candy et al., 1988; Momiyama 

et al., 1996) closely match the multiple conductance levels o f heteromeric 

combinations o f N R l and various NR2 subunits. Conductance values range from 50 

to 75pS depending on the subunit arrangement (Stern et al., 1992, 1994; Wyllie et 

al., 1996; Das et al., 1998). The overall structure o f the NM DA receptor is the same 

as that o f  non-NMDA receptors (Wood et al., 1995; Kuner et al., 1996) and N Rl 

has 25-29% homology with non-NMDA glutamate receptor. The M2 segment in 

NMDA receptors is thought to be a re-entrant loop based on the pattern o f 

accessibility from both sides o f the membrane o f charged sulfhydryl reagents to 

cysteines substituted for M2 residues (Kuner et al., 1996). NR2A-D subunits have a 

42-56% homology between themselves and a 21-26% homology with other GluRs. 

NR3A and NR3B subunits have a 57% homology between themselves.

N R l RNA is found throughout the CNS but has a particularly high expression level 

in the hippocampus (Moriyoshi et al., 1991). NR2A is widely distributed, NR2B is 

found only in the forebrain, NR2C is expressed predominantly in the cerebellum 

and NR2D is found at low levels throughout the brain. NR3B mRNA is expressed 

highly in pons, midbrain, medulla, whereas NR3A is more widely distributed 

(Matsuda et al., 2002).

During normal synaptic activity NMDA receptors contribute little to the resting 

EPSP because the channel is normally blocked by Mg "̂  ̂ and becomes unblocked 

when the postsynaptic cell is sufficiently depolarized by a strong input from many 

presynaptic neurons which relieves the Mg blockade and allows glutamate to 

stimulate the influx o f Na^ and Ca^^ into the cell (Mayer et al., 1984). Under 

experimental conditions the Mg^^ blockade can also be overcome artificially if the 

postsynaptic membrane is directly depolarised with an intracellular recording 

electrode (Kelso et al., 1986; Wigstrom et al., 1986). The NMDA receptor is unique 

in that it is the only receptor that is gated by both a chemical agonist and a voltage 

sensor. The Mg^^ blockade can be overcome when cells are voltage clamped at 

depolarised potentials (Collingridge et al., 1988a; Andreasen et al., 1989), or when 

high frequency stimulation induces depolarisation (Collingridge et al., 1988b; 

Gallagher and Hasuo, 1989). NMDA receptors can also be activated by lowering the 

Mg^^ in the bath in which slices are held and applying low frequency stimulation to 

the slices (Thomson, 1986; Coan and Collingridge, 1987; Blake et al., 1988).
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Glutamate bound NMDA channels have an N-shaped current-voltage curve with a 

region o f “negative slope” conductance caused by relief o f the Mg "̂  ̂ block (Nowak 

et al., 1984; Mayer and Westbrook, 1988, Hestrin et al., 1990). In addition to Na"̂  

and ions NMDA receptors have been found to be permeable to Ca^^ 

(MacDermott et al., 1986; Mayer and Westbrook, 1987, Jahr and Stevens, 1993).

In contrast to AMPA and kainate receptors, NMDA receptors have slow activation 

times with a x(rise) o f 10 to 50 ms (Wyllie et al., 1998) and deactive with a much 

slower time-course. Because NMDA receptors have high affinity for glutamate, the 

peak synaptic glutamate concentrations are thought to be high enough at all times to 

fully activate these receptors. All NMDA receptor subunits have an asparagine 

residue which has been shown to be involved with the cation permeability and block 

of the channel (Mori et al., 1992; Burnashev et al., 1992; Sakurada et al. 1993).

N-methyl-D-aspartate (NMDA) is the specific agonist o f  NMDA receptors. The 

inhibitory neurotransmitter glycine can also act as a co-agonist o f  NMDA receptors 

and lead to potentiation o f NMDA currents (Johnson and Ascher, 1987; Kleckner 

and Dingledine, 1988). It has been proposed that this potentiation may be due to a 

reduction in NMDA receptor desensitisation (Mayer et al., 1989). NMDA receptors 

are competively and effectively blocked by (d)-2-amino-5-phosphonopentanoic acid 

(D-AP5) and (R)-3-(2-carboxypiperazin-4-yl)propyl-l-phosphonic acid (R)-CPP) 

(Watkins and Collingridge, 1989). The polycyclic amine, 5-m ethyl-10,11-dehydro- 

5H-debenzo[a,d]cyclohepten-5,10-imine (MK-801) is a potent, non-competitive, 

open-channel, NMDA antagonist (Wong et al., 1986).

1.3 M etabotropic glutamate receptors

Besides fast activating ionotropic receptors, glutamate can also interact with G- 

protein coupled metabotropic glutamate receptors (mGluRs). It was first discovered 

in the mid 1980s that glutamate could modify excitatory synaptic transmission by 

acting on glutamate receptors linked directly to second messenger systems via GTP- 

binding proteins (Sladeczek et al., 1985). Before this it was thought that cell 

excitability and synaptic transmission could only be modified by extrinsic afferents 

such as acetylcholine, serotonin and dopamine -  receptors which are coupled to G- 

proteins (Hille, 1994; Conn and Pin, 1997). The existence o f a novel receptor which
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interacted with GTP-binding proteins was shown by Sugiyama et al., in 1987 and 

subsequently it was also shown that glutamate leads to an increase in the 

intracellular calcium concentration in cultured hippocampal cells via G-protein 

activation (Furuya et al., 1989).

mOluRs form a family o f eight subtypes termed mOluRi to mOluRg The first 

mOluR was cloned by a functional expression screening procedure (Houamed et al., 

1991; Masu et al., 1991). Seven other subtypes have been cloned to date (Pin et al., 

1992; Tanabe et al., 1992; Abe et al., 1992; Minakami et al., 1993; Nakajima et al., 

1993; Okamoto et al., 1994; Saugstad et al., 1994; Duvoisin et al., 1995). The 

receptors are quite large (approximately 1000 amino acids) and they form part o f the 

family o f class C heptahelix G-protein-coupled receptors (GPCRs) called the family 

3 GPCRs. These include all mGluRs, Ca^^-sensing (Brown et al., 1993) and 

GABAb receptors (Kaupmann et al., 1997), and some putative olfactory, 

pheromone, and taste receptors.

mGluRs comprise two main domains separated, in most cases, by a cysteine-rich N- 

terminal extracellular domain where the agonist binding site is located (O ’Hara et 

al., 1993; Okamoto et al., 1998; Han and Hampson, 1999; Peltekova et al., 2000; 

Kunishima et al., 2000). The mGluRs also have a C-terminal domain o f variable 

length and a seven transmembrane domain (7TM) region, which shares very low 

sequence similarity with other G-protein-coupled receptors. The large extracellular 

domain has been shown to be structurally related to bacterial periplasmic amino- 

acid-binding proteins (O ’Hara et al., 1993; Costantino and Pellicciari, 1996; Hu et 

al., 2000). Similar to bacterial periplasmic proteins, mGluRs are thought to contain 

two globular lobes in the extracellular domain which are separated by a cleft where 

the ligand binds (Kunishima et al., 2000). G-protein activation is a complex protein- 

protein interaction and is not well understood but the intracellular loops between 

transmembrane domains are involved and the second intracellular loop (the longest 

and least conserved) determines G-protein-coupling specificity (Pin et al., 1994; 

Gomeza et al., 1996). The third intracellular loop is surprisingly short and highly 

conserved and this loop is thought to play a role in G-protein activation and in 

cooperation with the first intracellular loop and the C-terminal tail it controls the 

coupling efficacy (Mary et al., 1998; Chang et al., 2000).
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On the basis o f sequence homology, agonist and antagonist pharmacology, and 

coupling to signal transduction pathways in expression systems, the mGluR are 

classified into three groups (Nakanishi, 1992). W ithin each group there is a 70% 

homology between receptor subtypes and between each group there is a 45% 

homology o f receptors. Class I comprises mGluRi and mOluRs and is activated by 

3,5-dihydroxyphenylglycine (DHPG). Group I mGluRs are positively coupled to 

phospholipase C (PLC) which in turn leads to hydrolysis o f phosphoinositide (PI) 

and the production o f IP3 and DAG (Birse et al., 1993). IP3 binds to IP3 R on 

intracellular stores releasing sequestered calcium into the cytoplasm (Murphy and 

Miller, 1988; Irving et al., 1990). DAG production leads to the activation o f PKC 

which can trigger many internal cascades through phosphorylation o f many 

substances. Group II mGluRs consist o f mGluR 2 and mGluRa and are negatively 

coupled to adenylyl cyclase. Group III receptors consist o f mGluR 4 , mGluRe, 

mGluR? and mGluRg and are also negatively coupled to adenylyl cyclase. However 

the situation has been complicated by studies that show that the group I and II 

agonist, (15',37?)-ACPD, can increase basal cAMP levels in the rat hippocampus 

(Schoepp and Johnson, 1993; Winder and Conn, 1993; Wright and Schoepp, 1996). 

This effect may be due to potentiation o f endogenous adenosine-stimulated cAMP 

formation. Also an increase in cAMP produced by a mixture o f mGluR agonists was 

found to be greater than the sum o f the agonists applied singly suggesting that there 

is an interaction between the G-proteins and/or the 2"̂ ' messengers controlled by 

these mGluRs (Reid et al., 1996).

Group I mGluRs are widely expressed in the brain and are localized in the 

peripheral parts o f postsynaptic densities (Baude et al., 1993). In the pyramidal cell 

layer o f CA2/CA3 there is high level o f RNA expression for mGluRi and mGluRs 

(Kerner et al., 1997) and in C A l cells there is only expression o f mGluRs (Lujan et 

al., 1997). In the dentate gyrus the granule cells show expression o f both mGluRi 

and mGluRs (Masu et al., 1991; Shigemoto et al., 1992). Group II mGluRs have 

been localised using immunohistochemical studies to the stratum lacunosum 

moleculare o f C A l, the inner layer o f the stratum lacunosum moleculare in the CA3 

and the dentate gyrus (Petralia et al., 1996; Shigemoto et al., 1997). Group II 

mGluRs are found mainly at sites corresponding to perforant path and mossy fibre 

projections and are predominantly presynaptic (Shigemoto et al., 1997). O f the
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group III m G luRs, m G luR 4 is only expressed in the perforant pathway, mOluRy is 

strongly expressed in the dentate gyrus and mGluRg show s prom inent staining in the 

lateral perforant path (Sh igem oto et  al., 1997). A ll o f  these receptors are located  

presynaptically (Bradley et al.,  1996). mOluRe is exc lu sively  expressed by ON  

bipolar ce lls in the retina and it has a role in the am plification o f  visual inputs 

(Nakanishi, 1995). Group III m GluRs are predominantly restricted to axon terminals 

close to release sites in both glutamatergic and non-glutam atergic synapses 

(Shigem oto et al.,  1997). This is in contrast to group II m G luR s w hich  are located in 

the preterminal region o f  the axon.

(7?.S)-3,5-dihydroxyphenylglycine (D H PG ) is a selective agonist o f  group I mGluRs 

(Ito et al.,  1992; Gereau and Conn, 1995a). {2S ,V  R , T  R , T  R ) -2 - {T  -

dicarboxycyclopropyl)glycine (D C G -IV ) is an agonist o f  group II m G luRs and 

N M D A  receptors (H ayashi et al., 1993; Ishida et al.,  1993). (15 ,3^ )-1-  

am inocyclopentane-l,3-d icarboxylate ((lS ,3 /? )-A C P D ) (A C PD ) activates both 

group I and group II m G luR s (M asu et al.,  1991; H ouam ed et  al.,  1991; Tanabe et 

al.,  1992; A be et al.,  1992). Group III m GluRs are activated by L-2-am ino-4- 

phosphonobutyrate (L -A P4) (Thom sen et al.,  1992; Nakajim a et al.,  1993; Okamoto 

et al.,  1994; D uvoisin  et al.,  1995).

(5)-a-m ethyl-4-carboxyphenylglycine ((5)-M C PG ), is an antagonist at group I and 

II m GluRs (Eaton et al.,  1993; Jane et  al.,  1993; K em p et al. ,  1994; Hayashi et al., 

1994). (S)-4-carboxyphenylglycine (4C PG ) is a sp ecific  antagonist o f  group I 

m G luRs (Hayashi et  al.,  1994) and {RS)-  a-m ethyl-4-tetrazolylphehylglycine  

(M TPG ) is an antagonist at group II m GluRs (Jane et  al.,  1995). (R S)-a-m ethyl-4- 

phosphono-phenylglycine (M PPG ) is an antagonist at group III receptors (Jane et  

al., 1995) and (7?iS)-a-cycloproplyl-4-phosphonophenylglycine (CPPG ) inhibits both 

group II and III receptors (T om s et al.,  1996). A  new  drug 2S-2-am ino-2-(15',25'-2- 

carboxycyclopropan-l-yl)-3-(xanth-p-yl)propanoic acid (L Y 341495) has been  

developed recently which is selective for group II at low  nanom olar concentrations 

but inhibits all groups o f  m G luRs at higher concentrations (K ingston  et  al.,  1998).
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1.4 Other neurotransmitter receptors

1.4.1 Adrenergic receptors

M ore than a century ago it was discovered that an injection o f  extracts from the 

adrenal glands into an anim al would produce m any o f  the physiological effects o f 

sym pathetic nerve stim ulation (Lewandowsky, 1898; Langley, 1901).  Later, it was 

dem onstrated that sym pathetic nerves released an excitatory transm itter (Cannon 

and Uridil, 1921; Loewi, 1921)  and a quarter o f  a century after this discovery direct 

chemical analysis revealed this neurotransm itter to be noradrenaline (von Euler, 

1946). Adrenergic receptors were then differentiated into a  and P-adrenergic 

receptors by A hlquist (1 9 4 8 )  who dem onstrated tw o com petitive hierarchies for 

various am ines w hich produced predictable response in certain tissues.

The P2-adrenergic receptor was the first G-protein coupled receptor to be cloned 

(D ixon et a i ,  1986) and since then several other labs have isolated and cloned 

cDNAs for other adrenergic receptor subtypes (Svensson et al., 1993; Hirasawa et 

al., 1995). To date, nine receptor subtypes have been cloned and seven o f  these are 

found in the rat CNS: aiA, a m , a io , ot2A, « 2b, ct2c and Pi (Bylund et al., 1994; Ford 

et al., 1994). All o f  the receptors are m em bers o f  the superfam ily o f  seven 

transm em brane dom ain, G -protein-coupled receptors. a i-ad renerg ic  receptors are 

coupled to PLC and they produce their effects through the release o f  intracellular 

Ca^"  ̂ (N ichols, 1991).  a2-adrenergic receptors are negatively coupled to adenylyl 

cyclase and reduce cAM P form ation while the p-adrenergic receptors act by 

stim ulation o f  adenylyl cyclase (K obilka et al., 1988). A drenergic receptors and G- 

proteins have been shown to interact through the third intracellular loop o f  the 

receptors. Chim eric receptor studies have shown that if  the third intracellular loop 

o f  the P i-adrenergic receptor is replaced w ith that o f  the aiB -adrenergic receptor, 

then the chim eric p2/ctiB receptor will be coupled to the second m essenger system o f  

the aiB receptor, nam ely PLC (Cotecchia et al., 1990). Point m utations in the 

carboxyl term inus o f  the th ird  intracellular loop have also been show n to produce 

both a -  and P-adrenergic receptors that do not need agonist binding to produce their 

effects via activation o f  G -proteins (K jelsberg et al., 1992; Sam am a et al., 1993).



Desensitisation o f adrenergic receptors occurs when the serine and threonine 

residues in the cytoplasmic tail or the third intracellular loop are phosphorylated by 

kinases such as [3-adrenergic kinase (PARK) or PKA (Liggett et al., 1992; Pippig et 

al., 1993). Binding o f a protein termed P-arrestin to the phosphorylated receptor 

sterically inhibits further G-protein activation (Freedman and Lefkowitz, 1996). 

Desensitised receptor-arrestin complexes are targeted for sequestration through 

clathrin-coated pits and are either dephosphorylated and recycled to the cell surface 

or targeted for degradation (Ferguson et al., 1996; Goodman et al., 1996; Yu et al., 

1993). Recent studies have also shown that stimulation o f P2-adrenergic receptors 

causes the assembly o f a protein complex containing activated Src tyrosine kinases 

and the receptor which is mediated by P-arrestin (Luttrell et al., 1999). It has been 

proposed that while P-arrestin binding can terminate receptor-G-protein coupling it 

is also responsible for initiating a second wave o f signal transduction whereby the 

“desensitised” receptor functions as a critical component o f a mitogenic signalling 

complex (Luttrell et al., 1999).

Noradrenergic innervation o f the hippocampus arises exclusively from neurons o f 

the locus coeruleus. Noradrenergic fibres travel in the dorsal noradrenergic bundle 

and they enter the hippocampus by three pathways -  the ventral amygdaloid bundle- 

ansa, the ipsilateral fasciculus cinguli and the fornix (Moore and Bloom, 1979; Loy 

et al., 1980). Stimulation o f the locus coeruleus has been shown to enhance the 

release o f noradrenaline in the hippocampus and also to increase neuronal 

excitability in the dentate gyrus (Klukowski and Harley, 1994), a region which 

receives extensive noradrenergic innervation (Milner et al., 2000). Dense plexuses 

o f preterminal and terminal elements are to be found in the infragranular hilus o f the 

dentate gyrus, the stratum lucidum o f CA3 and the molecular layer o f the subiculum 

(Loy et al., 1980). The CA l has the lowest overall density o f noradrenergic 

innervation (Oleskevich et al., 1989). Innervation o f the dentate gyrus is greater 

than that o f the rest o f the hippocampus and in general the hippocampus receives 

greater innervation in the temporal rather than the septal ends (Loy et al., 1980). 

Studies have also revealed the presence o f adrenergic receptors on a variety o f cell 

types in the hippocampus including principal excitatory neurons (Madison and 

Nicoll, 1982), interneurons (Bergles et al., 1996), and glial cells (Duffy and 

MacVicar, 1995). More recent studies using antibodies for the P-adrenergic
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receptors revealed dense P-adrenergic im m unoreactivity (P-A R -I) in the somata o f  

granule cells and a few  hilar interneurons in the dentate gyrus (M ilner et al.,  2000). 

Quantitatively, the greatest proportion o f  P-AR-1 was found in the m olecular layer 

and this im m unocreactivity w as further localised  to dendrites and astrocytes (M ilner 

et al.,  2000). P-AR-I was also observed in a few  unm yelinated axons and axon  

terminals w hich  formed synapses w ith dendritic spines (M ilner et al.,  2000). Studies 

exam ining the distribution o f  a i adrenergic receptors by autoradiography have 

found a low  overall expression  o f  the receptor in the hippocam pus but with a 

relatively hom ogenous regional and laminar distribution (Z illes et al.,  1991). a 2 B- 

adrenergic receptor m R N A  is found exclu sively  in the thalamus (Scheinin et al., 

1994) w hile both a 2A and a i c  m R N A  is found in the hippocam pus (M cC une et al., 

1993; Rosin et al.,  1996). In the hippocam pus aiA/e labelling is present in the hilar 

and granular neurons o f  the dentate gyrus (Pieribone et  al.,  1994; D ay et al.,  1997). 

Sim ilar to a 2 -adrenergic receptors, the expression and distribution o f  ai-adrenergic  

receptors as revealed by the binding o f  [^HJprazosin, w as found to be relatively low  

and hom ogeneous in the hippocam pus (Z illes et  al.,  1991).

1.4.2 Muscarinic acetylcholine receptors

Five genes encode the muscarinic acetylcholine receptors (m A C hR s) and the five  

subtypes that result can be broken down into tw o broad functional categories: the 

M l, M 3 , and M 5 receptors w hich  couple to the Gq fam ily o f  G -proteins and the M 2 

and M 4 receptors w hich preferentially couple to the Gj fam ily o f  G-proteins 

(Nathanson, 1987; W ess, 1996; Caulfield and Birdsall, 1998). The M i, M3, and M 5 

receptors activate PLC via the pertussis toxin-insensitive G -protein o f  the Gq fam ily  

and the M 2 and M 4 receptors inhibit adenylyl cyclase and do not activate PLC. 

W hen both the Gj-  coupled receptor and the Gq-coupled receptor are expressed at 

high levels they can couple to Gs and lead to an increase in cA M P (M igeon  and 

Nathanson, 1994). PK A, PKC and CaMKII can regulate different isoform s o f  

adenylyl cyclase (Hurley, 1999) and m AChR s can regulate each o f  these kinases, so 

it is to be expected  that n ew  m echanism s for the regulation o f  cA M P levels by 

m AChRs w ill be found in the future.
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A cetylcholine (A C h) was the first neurotransmitter to be identified and until about 

50 years ago it w as the only one recognized in the brain. A lthough w e now  know  

that there are more than 50 neurotransmitters, the cholinergic system  is still one o f  

the m ost important neuromodulatory system s in the brain. S ince the first study 

show ing that m A C hR activation causes an increase in protein tyrosine 

phosphorylation (Stratton et  al.,  1989) it has been show n that m A C hR s can activate 

tyrosine kinase and M A P kinase by m ultiple m echanism s. m A C hR s can also 

influence ion channel function. A ctivation o f  m AC hR s can in turn activate inwardly 

rectifying potassium  channels and inhibit N - and P/Q -type Ca^^ channels via OPy 

subunits released from Gj-family proteins (Clapham and N eer, 1997).

Deafferentation o f  cholinergic input to the hippocam pus and application o f  

cholinergic antagonists have both been found to lead to deficits in m em ory and 

attention (Shannon et al.,  1990; N ilsson  et al.,  1992; Bym aster et al.,  1993; 

Callahan et al.,  1993). H ow ever, the m echanism s by w hich  m A C hR s are involved  

in learning and m em ory are not known.

m AC hR s have been show n to have an autoregulatory role in the release o f  ACh in 

the hippocam pus (Raiteri et al.,  1989; Segal, 1989). But the identity o f  this 

autoreceptor still remains elusive. One possib le candidate is the M 2 receptor which  

is highly expressed in the cell bodies o f  basal forebrain cholinergic neurons (Levey  

et al.,  1991). Studies using an antibody for the vesicular acetylcholine transporter 

(V A C hT) w hich  is located exclu sively  in cholinergic v esic les  found that the M 2 

receptor distribution in the hippocam pus is similar to that o f  V A C hT  (R ouse et al.,  

1999). A lso  electron m icroscope studies found that M 2 is found predom inantly in 

the presynaptic area (R ouse et al.,  1999). These findings provide the first clear 

evidence that the M 2 m ight be an autoreceptor on cholinergic nerve terminals in the 

hippocampus. There have also been reports that the M 4 receptor acts as an 

autoreceptor in the m ouse cortex (lannazzo and M ajew ski, 2000).
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1.5 Synaptic plasticity

1.5.1 Long-term potentiation (LTP) in the hippocampus

The idea o f LTP was pre-empted by the work o f Hebb and Konorski in the 1940’s 

who proposed that if  two cells are active at the same time then the synapse linking 

these two cells will be strengthened through a coincidence detection rule (Hebb, 

1949; Konorski, 1948). Hebb’s often quoted postulate states that: W hen an axon o f  

cell A is near enough to excite cell B or repeatedly or consistently takes part in 

fir ing  it, some growth process or metabolic changes take place in one or both cells 

such that A ’s efficiency, as one o f  the cells firin g  B, is increased. The first 

experimental evidence for this was provided by Bliss and L0mo in 1968 when they 

stimulated the perforant path o f the dentate gyrus o f anaesthetized rabbits. Trains of 

stimuli at 20 Hz for 15 s were applied every hour for five hours and this stimulation 

protocol caused a progressive increase in the amplitude o f  the population spike of 

discharging granule cells. No potentiation occurred in the opposite hippocampus 

which they used as a control. The control pathway was tetanised at the end o f the 

experiment which then gave an increase in the amplitude o f the population spike. 

Their results were not published until 1973 (Bliss and Lomo, 1973), and this 

seminal paper describes all the basic phenomena o f LTP -  including pathway 

specificity, saturation, and an increase in the coupling o f the synaptic potential to 

the discharge o f the granule cells.

1.5.2 Characteristics of LTP

LTP has three basic characteristics -  cooperativity, associativity and input- 

specificity. Cooperativity refers to the fact that weak tetani do not trigger LTP 

(McNaughton et a i ,  1978) and so a threshold intensity is required in order for LTP 

to be successfully induced. Between weak tetani which induce a brief post-tetanic 

potentiation and strong tetani which induce LTP there are a number o f  intermediate 

frequencies which induce short-term potentiation which is defined as potentiation 

that returns to baseline levels within 1 hour (Lovinger et al., 1988; Malenka, 1991; 

Bliss and Collingridge, 1993).
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Associativity refers to the fact that LTP can be induced at a weak input if  it is active 

at the same time as a strong tetanus to a separate but convergent input (McNaughton 

et a i ,  1978; Levy and Steward, 1979).

Input-specificity means that inputs that are not active at the time o f the tetanus are 

not affected by the high-frequency stimulation and are therefore not potentiated. 

(Anderson et al., 1977; Lynch et al., 1977). However, it has been discovered that 

the input-specificity o f LTP need not imply a true synapse specificity (Engert and 

Bonhoeffer 1997). Engert and Bonhoeffer found that focal application o f high- 

calcium solution led to the potentiation o f inactive synapses close to the active 

synapses (<70|im away). This discovery may be important in the formation of 

cortical columns (Montague and Sejnowski, 1994; Stetter et al., 1998).

1.5.3 Methods of induction of LTP

There are two main methods employed for the induction o f LTP. The first is high- 

frequency (tetanic) stimulation applied to the afferent input at a stimulus intensity 

above the threshold (Bliss and L0mo, 1973; Bliss and Gardner-Medwin, 1973). The 

frequencies used are usually between 100 and 200 Hz. Short bursts o f 100-Hz 

stimulation at intervals o f 200 ms can induce LTP in vivo that lasts for several 

weeks (Larson et al., 1986; Rose and Dunwiddie 1986; Staubli and Lynch, 1987). 

Under in vitro conditions in the slice preparation, the same stimulation protocol 

leads to LTP that last for hours rather than weeks. Stimulation elicited during the 

positive phase o f the theta rhythm in urethane-anaesthetised rats has been reported 

to induce LTP (Pavlides et al., 1988). The theta rhythm is a prominent spontaneous 

rhythm in the hippocampus that occurs when an animal is moving in its 

environment. Intracellular recording techniques have shown that LTP induction 

requires the back-propagation o f dendritic action potentials (Magee and Johnston 

1997; Markram et al., 1997). Connections in the neocortex are potentiated when the 

EPSP precedes the back-propagating spike (by 10 ms), but depressed when the 

spike precedes the EPSP (Markram et al., 1997). It has also been shown that bursts 

of postsynaptic action potentials are necessary for the induction o f LTP in vitro 

(Thomas et al., 1998).

The second method for the induction o f LTP is to couple low-frequency stimulation 

(0.1-1 Hz) with depolarisation o f the postsynaptic membrane to around OmV
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delivered through an intracellular recording electrode (Kelso et al., 1986; Wigstrom 

et al., 1986; Sastry et al., 1986; Gustafsson et al., 1987).

1.5.4 The role of NMDA receptors in LTP

Activation o f NM DA receptors appears to be crucial for LTP at most synapses 

(Collingridge et al., 1983; Bliss and Collingridge, 1993) except for the NMDA- 

independent LTP in the mossy fibers (Harris and Cotman 1986; Zalutsky and 

Nicoll, 1990). The role o f the NMDA receptor in LTP arises from its unusual 

properties particularly its voltage-dependent block by extracellular Mg "̂  ̂ and its
9 +permeability to Ca (Nowak et al., 1984). During a tetanic stimulation there is a 

strong and sustained depolarisation o f cells due to the activation o f AMPA 

receptors. This excitatory postsynaptic potential (EPSP) can be blocked with the 

AMPA antagonist, CNQX. GABAergic interneurons are also stimulated by a 

tetanus and the GABA released binds with GABAa and GABAb receptors. GABAa 

activation increases Cl' activation and GABAb activation blocks channels. Both 

o f these effects lead to hyperpolarisation. This hyperpolarisation consolidates the 

block o f NMDA receptors. However, the release o f  GABA also leads to the 

activation o f presynaptic GABAb autoreceptors which inhibits further release of 

GABA and ultimately leads to the decay o f the postsynaptic hyperpolarisation after 

about 10ms (Davies et al., 1991). Continued AMPA receptor activation causes an 

influx o f sodium into the cell and there is also a subsequent increase in extracellular 

potassium concentration. In order for the NMDA channel to open, the membrane 

must be sufficiently depolarized to expell Mĝ "  ̂ from the channel and L-glutamate 

must also bind to the NMDA receptor to facilitate channel opening. AMPA receptor 

activation is eventually sufficient to relieve the voltage-dependent Mg "̂  ̂block o f the 

NMDA receptors and the release o f glutamate by even a strong tetanus is sufficient 

to fully activate NMDA receptors. The colocalisation o f  NMDA and non-NMDA 

receptors at individual excitatory synapses enables this activation o f NMDA 

receptors to occur (Bekkers and Stevens, 1989).

With this sequence o f events the three main characteristics o f NMDA-dependent 

LTP is demonstrated. The need for a co-operativity threshold is seen when a weak 

tetanus releases enough glutamate to activate the NMDA receptor but does not 

provide enough depolarisation to relieve the Mg^”̂ blockade. With a strong tetanus
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many fibres can be activated and the activation o f NMDA receptors is aided by the 

spread o f depolarisation between neighbouring synapses. This is exploited 

experimentally where the depolarisation is provided by injecting current into the 

cell. The release o f L-glutamate by presynaptic terminals must allow the NMDA 

receptors to be activated during tetanus and concurrently the ambient or 

spontaneous release o f L-glutamate must not be able to activate NMDA receptors. 

Thus, the NMDA receptor is essential for the triggering o f LTP and in accordance 

with this NMDA receptor antagonists have been shown to block the induction o f 

LTP (Collingridge et a i ,  1983; Harris et al., 1984; Bashir et al., 1990).

NMDA receptors have a 100-fold greater affinity for glutamate than AMPA 

receptors (Patneau and Mayer, 1990). However, after a brief glutamate transient 

they may exhibit similar occupancy because their opening probabilities are 

principally determined by their binding rates which are similar for both receptors 

(Kullmann, 1999). However, if  the glutamate wave is relatively slow then the 

NMDA receptors are probably selectively activated by glutamate, because their 

unbinding and desensitisation rates are slower than those o f AMPA receptors. 

NMDA receptors are also thought to be present extrasynaptically, relatively far 

from the release sites. This in turn gives rise to the possibility that cross-talk may 

occur between neighbouring glutamatergic synapses (Kullmann et al., 1996; 

Kullmann and Asztely, 1998).

LTP in the mossy fibres is independent o f NMDA receptor activation. The first 

evidence for this came from studies which showed that NMDA binding is very low 

in the stratum lucidum which is the termination zone o f  mossy fibres (Monaghan 

and Cotman, 1985). Subsequent studies showed that LTP in this area is independent 

o f NMDA receptors (Harris and Cotman, 1986; Zalutsky and Nicoll, 1990).

1.5.5 The role of in LTP

Very early on it was apparent that a postsynaptic rise in Câ "̂  was required for 

induction o f LTP as an intracellular injection o f the Câ "̂  chelator, EGTA, blocked 

LTP completely (Lynch et al., 1983). NMDA channels are permeable to Ca^^ and it 

is influx through these channels that allows Ca^”̂ concentration to rise 

postsynaptically following a tetanus. Enhanced entry o f Ca^”̂ through NMDA
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receptors has been shown when LTP is triggered by afferent stimulation 0-200 ms

before antidromic stimulation (Yuste and Denk, 1995; Magee and Johnston, 1997;

Koester and Sakmann, 1998; Schiller et a i ,  1998). In these cases there is

supralinear summation o f dendritic spine [Ca^^]j transients with back-propagated

action potential [Ca "̂ ]̂! transients leading to a large Câ "̂  signal in the dendritic

spine. If the order o f stimulation is reversed then there is a small Ca^^ signal
2 *1"generated and LTD ensues. This might be due in part to the Ca -dependent

2 +  2*l"inactivation o f NMDA receptors. Ca can also enter through voltage-gated Ca

channels. The localisation o f NMDA receptors on dendritic spines helps to localise
2+  2 ' 1" the Ca signal and also to restrict the diffusion o f Ca . Dendritic spines are

micron-sized protrusions from neuronal dendrites which form the majority o f

excitatory synaptic contacts. A greater understanding o f the nature o f Ca^^ dynamics

at these spines has been revealed by fluorescent Câ "̂  indicators, confocal and two-
2+photon imaging (Denk et al., 1996). A recent study has found that Ca transients in 

spines and thin dendrites have large amplitudes (1-2|^M) and decay rapidly (time- 

constant 10-20 ms) (Sabatini et al., 2002). Uptake into the endoplasmic reticulum 

serves to rapidly remove Ca^^ from the cytosol (Majewska et al., 2000; Kovalchuk 

et al., 2000; Sabatini et al., 2002). However ~5% o f Ca^^ entering remains unbound 

and the buffering capacity in the spines is three to fivefold lower than in the main 

apical dendrites (Helmchen et al., 1996; Maravall et al., 2000). Thus, the relatively 

large surface-to-volume ratio in the spine aids fast Câ "̂  signalling. Influx o f Ca^^ 

through depolarised NMDA receptors can cause a large rise in Ca^^ (>10|o,M) 

(Petrozzino et al., 1995) which cannot be achieved by impulse-like Câ "̂  influx 

during action potentials, even at high frequencies (Sabatini et al., 2002). The 

distribution o f Câ "̂  will depend on the localisation and the relative kinetics o f Câ "̂  

binding proteins (Markram et al., 1998). It has been hypothesised that a Câ "̂  sensor 

with a slow on-rate for binding may be activated by low-frequency NMDA-receptor 

activation but less so by action potentials (Sabatini et al., 2002). These new studies 

might be able to resolve the problem o f how the same messenger, Ca^”̂, can cause 

activation o f different enzyme cascades during LTP and LTD induction protocols 

(Zucker, 1999).

Only a brief Ca^”̂ transient is thought to be necessary for LTP induction. When the 

transient is limited to 3 s, using a photo-activatable caged Câ "̂  chelator, LTP can 

still be induced (Malenka et al., 1992). Recently, a caged Ca^^ chelator was used to
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elevate postsynaptic [Ca^^]i to high levels for a few seconds and also modest levels 

for 1 min. The result was that LTP was induced with the former manipulation and 

long-term depression (LTD) with the latter (Yang et al., 1999). These studies 

indicate that the amplitude and duration o f [Ca "̂ ]̂! is crucial for selecting the 

enzymatic machinery that is activated and the type o f plasticity that is induced. 

Influx o f Câ "̂  through L-type Câ "̂  channels has also been implicated in mossy fibre 

LTP (Kapur et al., 1998), in LTD induction in CA l pyramidal cells (Coussens et 

al., 1997; Norris et al., 1998), and in LTP induction in adult C A l cells (Izumi and 

Zorumski, 1998). LTD in the cerebellum is thought to involve Ca^”̂ -induced 

release from stores regulated by inositol 1,4,5-trisphosphate (IP3) (Inoue et al., 

1998).

The Câ "̂  signal can also be reinforced by release o f  Câ "̂  from intracellular stores.

Ryanodine which inhibits Ca^"^-induced Câ "̂  release and thapsigargin which
2+depletes intracellular Ca stores have been shown to reduce the Ca transient 

associated with NMDA receptor activation (Alford and Collingridge, 1992).

It has also been shown that inositol-1,4,5-trisphosphate (IP3) generated via the
“J +activation o f mGluRs is involved in releasing Ca from intracellular stores and can 

contribute to the induction o f  LTP (Fujii et al., 2003). Activation o f mGluRs has 

been shown to induce LTP even when NMDA receptors are blocked (Bortolotto and 

Collingridge, 1993). This method o f induction was shown to be sensitive to 

thapsigargin thus suggesting that the release o f Ca^”̂ from intracellular stores is able 

to substitute for the influx o f Câ "̂  through NMDA receptors. AMPA receptors 

lacking the GluR2-subunit are also permeable to Ca .

1.5.6 The role o f silent synapses and AMPA receptors in LTP

The understanding o f the role o f AMPA receptors in LTP has been greatly enhanced 

with the development o f the silent synapse theory. Silent synapses are synapses that 

contain NMDA receptors but no AMPA receptors and are therefore functionally 

silent during low-frequency, basal transmission. However, AMPA receptors can be 

recruited into the postsynaptic membrane by LTP induction. Thus, this theory links 

AMPA receptor trafficking to LTP expression. The first step towards the elucidation 

o f this theory was the observation that evoked monoquantal events can be detected 

in a postsynaptic neuron which are apparently exclusively mediated by NMDA
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receptors (Kullmann and Siegelbaum, 1995). However, after LTP these events are 

replaced by dual component AMPA and NMDA receptor-mediated signals. 

Subsequent studies used minimal stimulation to excite small numbers o f presynaptic 

axons and it was shown that NMDA receptor-mediated EPSCs occurred exclusively 

before LTP and after LTP AMPA-receptor mediated EPSCs emerged (Isaac et al., 

1995; Liao et al., 1995; Durand et al., 1996). More recently, paired recording of 

synaptically coupled pyramidal neurons have definitively shown the existence of 

silent synapses (Montgomery et al., 2001). LTP is thought to lead to the insertion of 

AMPA receptors into the postsynaptic density from a cytoplasmic store, or by a 

translocation from an extrasynaptic location (M alenka and Nicoll, 1999). The 

postsynaptic density is an electron-dense thickening underneath the postsynaptic 

membrane at excitatory synapses that contain receptors, structural proteins linked to 

the actin cytoskeleton and signalling elements such as kinases and phosphatases. 

Microscopic techniques have been used to examine the distribution o f glutamate 

receptors in synapses in the rat brain (Petralia and W enthold 1992; Martin et al., 

1993; Molnar et al., 1993; Baude et al., 1995; Nusser et al., 1998; Petralia et al., 

1999). Non-synaptic AMPARs have been found in high concentrations on both 

surfaces and intracellular regions o f dendrites and non-synaptic AMPARs seem to 

outnumber synaptic AMPARs (Shi et al., 1999). The distance between the non- 

synaptic and synaptic region is a few microns. This is compatible with insertion of 

AMPARs into the membrane following LTP as these receptors can travel these 

small distances in a matter o f seconds (Malinow, 2003). It has also been found that 

synapses in the C A l region are relatively devoid o f AMPARs (Petralia et al., 1999; 

Takumi et al., 1999). Electrophysiological evidence that silent synapses are more 

prevalent in younger rats has been substantiated by studies that have shown that 

there is a smaller number o f AMPARs present in synapses in the early 

developmental stage (Durand et al., 1996; Liao and M alinow 1996; Rumpel et al., 

1998). The size o f dendritic spines has also been related to their function with the 

discovery that small spines have very few AMPARs (Matsuzaki et al., 2001). In 

organotypic slices a GFP-tagged GluRl receptor has been developed which was 

shown to move towards the dendritic shaft and dendritic spine following high- 

frequency stimulation (Shi et al., 1999). These receptors were found to be present 

for up to 50min after the HFS and also their movement was blocked by inhibition of 

the NMDARs.
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Electrophysiologically, AMPA receptors lacking GluR2 exhibit strong rectification. 

Rectification is measured as the ratio o f the response observed at -60m V  to that at 

+40mV. Thus, these AMPARs with rectification can be monitored 

electrophysiologically and it has been shown that LTP and an overexpression of 

active CaMKII induce delivery o f G luRl-AM PARs into synapses (Hayashi et al., 

2000). GluRl also interacts with PDZ-domain proteins to enable LTP or CaMKII to 

deliver G luRl-receptors into synapses.

G luRl has a CaMKII phosphorylation site at Ser831 which is activated during LTP 

and allows for increased conductance through the channel (Barria et al., 1997; 

Mammen et al., 1997; Derkach et al., 1999). The PKA phosphorylation o f GluRl 

has been shown to be necessary but not sufficient for delivery o f G luRl-containing 

receptors to synapses (Ehlers, 2000; Esteban et al., 2003).

In the current model o f the AMPA-receptor-anchoring assembly actin filaments 

form a link between the CaMKII/actinin complex and another complex o f two 

GluRl binding proteins -  4 .IN and SAP97. This scaffolding arrangement serves to 

bind AMPA receptors tightly to the membrane and it also links AMPA to NMDA 

receptors as the CaMKII/actinin complex can attach itself to NMDA receptors as 

well as the G luRl anchoring protein complex (Lisman and Zhabotinsky, 2001; 

Lisman et al., 2002). The use o f CaMKII as a structural protein as well as an 

enzymatic protein explains why it is found in such a high concentration in the PSD 

(-lOOfaM) (Strack et al., 1997; Zhabotinsky, 2000). This structural model of 

CaMKII can also account for depotentiation as dephosphorylation o f CaMKII with 

phosphatases would reverse the strengthening o f the anchoring assembly and 

contribute to a reduction in potentiation (O’Dell and Kandel, 1994). The 

phosphorylation state o f CaMKII also enables it to be used for memory storage 

despite the changing nature o f receptor trafficking. While AMPA-receptor 

anchoring may be upregulated or downregulated the phosphorylation state will not 

be affected by these changes (Sheng, 2001). As CaMKII controls multiple 

mechanisms o f  AMPA-mediated transmission there is a certain redundancy in the 

system and the disruption o f one mechanism will not inhibit LTP. This strengthens 

the expression o f LTP and means that mutations which target CaMKII are likely to 

have a much greater effect than mutations which target just one o f the processes 

described above.
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1.6 The locus of expression of LTP

Whether LTP is expressed pre- or postsynaptically has remained a constant source 

o f debate for the last twenty years. One likely reason for such a protracted debate is 

that LTP uses different mechanisms at different types o f synapses. For example, 

mossy fibre LTP is unique in the hippocampus in that it is NM DA-independent 

(Nicoll and Malenka, 1995). However, even for NMDA-dependent LTP, it is 

possible that different synapses use different mechanisms for LTP expression. An 

overview o f the possibilities for the expression o f LTP is that it might be due to (1) 

an increase in the amount o f glutamate released presynaptically, (2) an increase in 

receptor number postsynaptically or a functional change in these receptors, (3) an 

extrasynaptic change that might lead to increased neurotransmitter availability at 

receptors and (4) morphological modifications (Bliss and Collingridge, 1993).

An early study measured the concentration o f glutamate extracellularly and showed 

LTP is associated with an increase in glutamate overflow (Dolphin et al., 1982). 

This gave rise to the idea o f a retrograde messenger that has still not been identified. 

Another early proposal that has recently been confirmed was that glutamate 

receptors would be inserted into the postsynaptic membrane following LTP (Lynch 

and Baudry, 1984). Paired-pulse facilitation (PPF) which is an indicator of 

presynaptic release probability has been used to determine whether LTP expression 

is pre or postsynaptic. Because LTP o f the perforant path is not associated with a 

change o f PPF it was proposed that LTP in this region was postsynaptic 

(McNaughton, 1982). This was supported by later studies (Manabe et al., 1993; 

Asztely et al., 1996) but also challenged by others (Schulz et al., 1994). Schultz et 

al. (1994), found that a large initial PPF was associated with a decrease in PPF with 

LTP, while a smaller initial PPF was associated with an increase in PPF and they 

suggested that this inverse correlation was due to the recruitment o f additional 

release sites that have low release probability.

Other studies looked at the differences between NMDA and AMPA receptor 

responses following LTP. A change in the AMPA component o f EPSC was taken to 

be evidence for a postsynaptic modification and a change in both the receptors was 

taken to be evidence o f a presynaptic modification. Some studies found an increase 

in the AMPA component (Muller et al., 1988; Perkel and Nicoll 1993) and others 

found the opposite (Bashir et al., 1991).
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A decrease in the coefficient o f variation and failure rate o f  synapses was found to 

indicate a presynaptic expression o f LTP (Malinow and Tsien, 1990; Bekkers and 

Stevens, 1990). However, there is a body o f evidence that does not agree with the 

presynaptic expression o f LTP. Occlusion o f LTP should be possible if  LTP is due 

to an increase in the probability o f transmitter release. Transmitter release can be 

increased by application o f  the channel blocker, 4-AP (M uller and Lynch, 1989).
I

However, when AP-4 is applied and Ca is also elevated artificially then there is no 

further increase in transmission. Experiments which produce a ten-fold change in 

transmitter release by blocking or activating presynaptic adenosine receptors failed 

to alter LTP (Asztely et al., 1994).

Antagonists which block glutamate receptors in a use-dependent manner have also 

been used to study the dynamics o f transmitter release. MK-801 was used to block 

NMDA receptors and its rate o f block after repeated stimulation was compared with 

control synapses and no difference was observed (Manabe and Nicoll, 1994). A 

similar experiment was carried out with a polyamine compound which blocked a 

GluR2-lacking AMPA receptor in a use-dependent manner and LTP was found to 

have no effect on the rate o f inhibition (Mainen et al., 1998).

Astrocytic glutamate transporters surround excitatory synapses and are very 

sensitive to changes in glutamate concentration (Bergles and Jahr, 1997). Following 

LTP there was no change in the EPSCs o f these transporters suggesting that there 

was no increase in transmitter release (Diamond et al., 1998; Luscher et al., 1998). 

FM l-43 is a fluorescent marker that can be taken up by endoplasmic vesicles. 

Transmitter release can be monitored by measuring the rate at which the marker is 

lost from the presynaptic membrane. This is called the rate o f destaining. Following 

a HFS o f 50 or 200 Hz there was no increase in the rate o f destaining in relation to 

the control which did not receive a HFS. This strongly argues that there is no 

increase in transmitter release following HFS. However the same study did find an 

increase in destaining following 200 Hz HFS that induced an LTP that was 

dependent on NMDA receptors and L-types Ca^”̂ channels (Zakharenko et al., 

2001 ).

In reality there are probably modifications at both the pre and postsynaptic 

membranes. Induction o f LTP has been shown recently to increase the size o f 

synapses measured 2 hours after induction (O stroff et al., 2002). This increase in 

synaptic size must lead to a change in the size o f the presynaptic active zone and
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presumably to an increase in the number o f release sites. Thus a simple model for 

LTP expression would involve the addition o f AMPA receptors to the postsynaptic 

membrane and a growth in the size o f the synapse leading to an increase in the 

number o f presynaptic release sites. This simple model o f a hybrid pre- and 

postsynaptic expression o f LTP would incorporate the silent synapse theory and the 

model o f Bolshakov et al., (1997).

Different induction protocols seem to require different expression mechanisms. 

With low-frequency presynaptic stimulation coupled to postsynaptic depolarisation 

there is no change in the NMDA component (Kullman 1994; Selig et al., 1995; 

Montgomery et al., 2001) but with high-frequency stimulation there is a change in 

the NMDA component (Bashir et al., 1991; Xie et al., 1992; Asztely et al., 1992). 

Thus, much o f the controversy surrounding the pre- and postsynaptic debate may be 

due to different induction protocols using different expression mechanisms.

The persistence o f LTP has been shown to be dependent on protein synthesis (Krug 

et al., 1984; Goelet et al., 1986) and on the intensity o f NMDA receptor activation 

(Malenka, 1991). It has been proposed that there is a critical time during early 

phase, protein synthesis independent LTP when LTP can be consolidated by 

plasticity associated proteins (Nguyen et al., 1994). The concept o f synaptic tagging 

was introduced to explain how proteins are targeted to active synapses (Frey and 

Morris, 1997). Frey and Morris (1997), suggested that plasticity proteins 

synthesised in the cell body after activation o f dendrites are distributed in a random 

fashion. Rather than these proteins being directed to activated dendrites, they 

suggested that activated synapses have a “tag” which would enable the synapse to 

sequester the randomly distributed plasticity proteins. They performed an 

experiment where a strong tetanus was applied which induced protein synthesis- 

dependent LTP (also called late-LTP) in one pathway and 60 min later the same 

tetanus was applied in a second pathway. However, between the two tetani 

anisomycin was allowed to perfuse through the bath and protein synthesis was 

therefore inhibited before the second tetanus was applied. In accordance with their 

hypothesis they found that LTP was produced in both pathways. Following these 

experiments they also found that a weak stimulus delivered to the second pathway 

which was unable to induce LTP on its own was capable o f inducing LTP when 

stimulated weakly up to 2 hours prior to the induction o f late LTP on the other

30



pathway (Frey and Morris, 1998). These findings have applications for the synaptic 

plasticity and memory hypothesis (SPM). An animal that explores its environment 

will induce LTP that will decay rapidly over time. LTP will only be maintained at 

synapses that are potentiated shortly before or after the events that lead to 

stimulation o f plasticity-related proteins. This is more likely to occur when the 

animal is emotionally charged or when it is strongly motivated to learn.

1.7 The role of adrenergic, muscarinic acetylcholine and metabotropic 

glutamate receptors in LTP

L7.1 The role of adrenergic receptors in LTP

An early study found that noradrenaline had no effect on synaptic plasticity in 

Schaffer collateral/commissural-CAl synapses (Dunwiddie et al., 1982). However, 

a number o f studies since this early work have indicated that adrenergic receptors 

play an important role in the modulation o f LTP in all areas o f the hippocampus. 

Since LTP induction is dependent on the activation o f NM DA receptors and the 

regulation o f intracellular Câ "̂ , it is apparent that activation o f  ai-adrenergic 

receptors which can increase Câ "̂  via phospholipase C (PLC), might have a 

facilitatory role in the induction o f  LTP. The conductance o f  NMDA receptors has 

been found to be modulated by ai-adrenergic receptor activation (Segal et al., 

1991). Also, ai-adrenergic receptors and p-adrenergic receptors which can decrease 

and increase cAMP levels respectively through G-protein interaction are able to 

modulate LTP by determining the level o f phosphorylation o f PKA. The cAMP 

pathway can also recruit ERK in neurons via PKA (Martin et al., 1997; Impey et al., 

1998) and it is well documented that the cAMP pathway can participate in both 

transient and persistent forms o f synaptic plasticity (Huang et al., 1994; W eisskopf 

et al., 1994; Blitzer et al. 1995; Huang et al., 1996; Blitzer et al., 1998; Winder et 

al., 1998). Therefore the signalling cascades that are activated through adrenergic 

receptors can regulate the activity and function o f  downstream molecules after 

NMDA receptor activation during LTP induction. Application o f  noradrenaline or a 

P-adrenergic agonist (isoproterenol) to hippocampal slices has been shown to 

induce long-lasting potentiation (LLP) in the medial perforant pathway and long- 

lasting depression (LLD) in the lateral perforant pathway (Dahl and Sarvey, 1990).
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Neither o f these changes in synaptic efficacy requires electrical stimulation and they 

are both dependent on NMDA receptor activation (Dahl and Sarvey, 1990). In order 

to examine the relationship between LLP, LLD and LTP, subsequent experiments 

were performed where slices were tetanised following LLP and LLD. These 

experiments found that tetanisation after LLP resulted in additional potentiation of 

the medial perforant path response and tetanisation after LLD brought the synaptic 

response back to baseline levels (Pelletier et a l ,  1994). Application o f isoproterenol 

after LTP induction was found to enhance potentiation in the medial perforant path 

but it had no effect on the potentiated response evoked by lateral perforant path 

stimulation (Pelletier et al., 1994). These results prove that the pathway specificity 

in the dentate gyrus is maintained irrespective o f the history o f previous 

potentiation, p-adrenergic receptor antagonists were also found to block the 

induction o f the LLP phenomenon in the dentate gyrus (Dahl and Sarvey, 1989). P- 

adrenergic receptor antagonists have consistently been shown to reduce the 

induction o f LTP in both medial and lateral perforant path synapses (Bliss et al., 

1983; Bramham et al., 1997; Stanton and Sarvey, 1985) and also to reduce the 

persistence o f LTP in the dentate gyrus (Swanson-Park et al., 1999). Other effects

of P-adrenergic receptor activation that have been observed in the dentate gyrus are
2^"an increase in synapsin phosphorylation and an increase in voltage-dependent Ca 

channel activity (Gray and Johnston, 1987; Parfitt et al., 1992).

In C A l, isoproterenol has been found to lower the threshold for LTP induction (Sah 

and Bekkers, 1996). Isoproterenol can enable the induction o f LTP during a 3 min 

train o f 5 Hz stimulation which would normally produce no change in synaptic 

response (Thomas et al., 1996; Winder et al., 1999). W inder et al., used knockout 

mice to demonstrate that Pi-adrenergic receptors were responsible for this effect 

(Winder et al., 1999). In the absence o f isoproterenol the prolonged 5 Hz 

stimulation is thought to produce a significant activation o f phosphatases which 

counteract the kinase phosphorylation necessary for LTP (Thomas et al., 1996). 

Also, LTP produced by coupling prolonged low frequency stimulation with 

isoproterenol was found to be completely dependent on PKA (Thomas et al., 1996). 

This is o f interest because PKA has been shown to activate a gate-like signalling 

pathway that enables the induction o f LTP by inhibiting protein phosphatases 

(Blitzer et al., 1995; Iyengar, 1996). Isoproterenol has also been shown to
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antagonize the effects o f the phosphatase, calcineurin, on the NMDA receptor ion 

channel in cultured hippocampal neurons by activating PKA (Raman et al., 1996). 

When calcineurin is not opposed by PKA it can inhibit the induction o f LTP by 

activating protein phosphatase 1 through dephosphorylation o f inhibitor 1. 

Therefore, central to the role o f  P-adrenergic modulation o f LTP is the convergence 

o f PKA and calcineurin on inhibitor 1 (Thomas et al., 1996). While isoproterenol 

can lower the threshold for LTP induction in C A l, P-adrenergic antagonists have 

not been found to block LTP induction in CAl (Dunwiddie et al., 1982; Swanson- 

Park, 1999). Isoproterenol can also increase the width o f the time widow of 

stimulation required to produce associative LTP in C A l, an effect which is 

dependent on PKA and MAP kinase activation (Lin et al., 2003).

In C A l, P-adrenergic receptor activation seems to have a critical role in the 

modulation o f the early induction phase o f LTP (Sah and Bekkers, 1996; 

Otmakhova and Lisman, 1998; Swanson-Park, 1999). It has been proposed that 

induction o f LTP can be gated by calcium-activated potassium channels that control 

membrane depolarisation (Sah and Bekkers, 1996). Since P-adrenergic receptors 

and calcium-activated potassium channels are both located on proximal dendritic 

spines in the CAl ,  the P-adrenergic receptors are in an ideal position to regulate 

LTP induction (Swanson et al., 1987). In CAl ,  noradrenaline has been shown to 

have no effect on LTP induced by theta-burst stimulation but to inhibit the induction 

o f LTD by low frequency stimulation (Katsuki et al., 1997). Noradrenaline also 

facilitated the expression o f LTP in response to 10 Hz stimulation by a P-adrenergic 

dependent mechanism (Katsuki et al., 1997). In contrast to naive synapses, 

depotentiation o f  LTP by low-frequency stimulation in the C A l can only be fully 

inhibited by the activation o f both a -  and p-adrenergic receptors (Katsuki et al.,

1997). Consistent with this, the a-adrenergic receptor agonist, St 587, was shown to 

have a minor facilitatory effect on LTP induction in C A l (Pussinen and Sirvio,

1998).

Activation o f NM DA receptors that does not lead to LTP can prevent LTP induction 

within a time window of 1 hour (Coan et al., 1989; Izumi et al., 1992a). This 

NMDA-mediated block o f LTP can also be overcome with an ai-adrenergic agonist 

(Izumi et al., 1992b). Izumi et al. (1992b), found that p-adrenergic receptor 

activation had no effect on the induction o f LTP at potentiated synapses but this
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result was not replicated in a subsequent study (Moody et al., 1999). Despite the 

discrepancies in the literature, a-adrenergic receptors do appear to have a minor role 

to play in the modulation o f LTP in the hippocampus.

In early studies, p-adrenergic agonists were found to modulate the early phase of 

mossy fibre LTP (Hopkins and Johnston, 1988). This was to be expected 

considering that there is an extensive noradrenergic projection to the stratum 

lucidum of the CAS region where the glutamatergic mossy fibres terminate (Moore 

and Bloom, 1979; Loy et al., 1980). It was proposed by Hopkins and Johnston that 

P-adrenergic receptors were mediating their effects postsynaptically via an influx o f 

through postsynaptic voltage-gated Câ "̂  channels. This hypothesis was 

challenged by Weisskopt et al., (1994) and Huang et al., (1994) with evidence that 

cAMP induces mossy fibre LTP presynaptically. A further study showed that 

pairing isoproterenol with a weak train that is normally subthreshold for LTP could 

produce an early-phase o f LTP in mossy fibres and that this LTP occludes paired- 

pulse facilitation suggesting that P-adrenergic receptors are acting presynaptically 

(Huang and Kandel, 1996). These results indicating that P-adrenergic receptors are 

modulating LTP at the presynaptic terminal are consistent with studies showing that 

P-adrenergic receptors can phosphorylate synapsin I, which is a vesicle-associated 

protein o f the presynaptic terminal (Parfitt et al., 1992). Also, evidence that P- 

adrenergic receptor activation can enhance evoked and spontaneous transmitter 

release in hippocampal pyramidal neurons (Chavez-Noriega and Stevens, 1994; 

Gereau and Conn, 1994) is in agreement with a presynaptic locus for P-adrenergic 

modulation o f mossy fibre LTP.

Recent studies have also shown a requirement for P-adrenergic receptor activation 

in the induction o f some forms o f protein-synthesis dependent late-LTP in the 

dentate gyrus (Straube and Frey, 2003). Straube and Frey (2003), showed that late- 

LTP induced by two mild stimulation protocols was blocked by propranolol but that 

a stronger protocol with repeated tetanisation overcomes the dependence o f late- 

LTP on P-adrenergic receptor activation. This indicates that protein synthesis is 

required for LTP consolidation and that P-adrenergic receptor activation may be 

used to recruit proteins under certain stimulation protocols but not under others 

(Straube and Frey, 2003). This recruitment o f proteins through diverse sources is in

34



agreement with the idea o f synaptic tagging as porposed by Frey and Morris (1997). 

Thus, synapses that are tagged can attract proteins which are synthesised by P- 

adrenergic activation as well as proteins which are synthesised by the actual 

glutamatergic stimulation.

Overall, the studies to date suggest that the noradrenergic system plays an important 

role in the modulation o f LTP. However, the behavioural significance o f this system 

is still unclear. Blockade o f P-adrenergic receptors has been found to impair 

memory in some studies (Cahill et al., 1994; van Stegeren et al., 1998; Gibbs and 

Summers, 2000) and to have no effect on memory in others (Pisa and Fibiger, 1983; 

Wenk et al., 1987; O ’Carroll et al., 1999). But noradrenergic activation is also 

thought to have a crucial role in the emotional reinforcement o f  memory (Gibbs and 

Summers, 2000). During exploration there is selective activation o f the entorhinal- 

dentate-CA3 pathway and this pathway is quiescent during behavioually quiet times 

(Buzsaki and Gage, 1991). This is in accordance with the activation o f dentate gyrus 

and CA3 by the locus coeruleus when an animal is exploring its environment. 

During quiet periods o f slow-wave sleep or consummatory behaviour there are also 

sporadic bursts in the CA3 that propagate “sharp waves” in CA l neurons (Buzsaki, 

1986), and this may correspond to a flow o f information from the CA3 through CAl 

to the cortex for consolidation purposes (Buzsaki and Gage, 1991; McClelland et 

al., 1995). Therefore, there might be a conjunction o f adrenergic activity with 

synaptic activity that helps to consolidate plasticity in the brain.

1.7,2 The role o f muscarinic acetylcholine receptors in LTP

There are many studies showing that muscarinic acetylcholine receptors (mAChRs) 

have an important role in both LTP and LTD. In C A l, perfusion o f the general 

mAChR antagonist, scopolamine, before tetanus was found to suppress LTP. 

However, application o f scopolamine after tetanus did not affect LTP (Hirotsu et 

al., 1989). Low concentrations o f muscarine (l|aM ), a muscarinic receptor agonist, 

has been found to facilitate LTP in the dentate gyrus, whereas higher concentrations 

(10|iM ) depress EPSPs but have no effect on LTP induction (Burgard and Sarvey, 

1990). The Mi receptor is thought to be responsible for the facilitation o f LTP 

because the Mi receptor antagonist, pirenzepine, inhibits the facilitatory effect of
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muscarine (Burgard and Sarvey, 1990). The medial septal area is the main 

cholinergic projection to the hippocampus and intraseptal infusion o f  oxotremorine 

(an mAChR agonist) has been shown to improve memory in aged rats. Intraseptal 

infusion o f  oxotremorine has also been shown to block LTP in the lateral perforant 

path o f  aged rats but to have no effect on medial perforant path LTP (Pang et al., 

1993). In the same study, generation o f  LTD in the medial perforant path was 

enhanced with oxotremorine (Pang et al., 1993). Application o f  physostygmine, an 

inhibitor o f  AChE leads to an enhancement o f  population spikes that resembles LTP 

(Ito et al., 1988; Levkovitz and Segal, 1994). In the C A l, the mAChR agonist 

carbachol can enhance LTP and an mAChR antagonist, atropine, suppresses 

associative LTP (Blitzer et al., 1990; Sokolov and Kleschevnikov, 1995). During 

cholinergically induced theta oscillations hippocampal synapses are in a state o f  

heightened plasticity and they can be modified by brief stimulation which would 

normally be ineffective for eliciting LTP (Huerta and Lisman, 1995). Auerbach and 

Segal (1996) have shown that a low concentration o f  carbachol (0.2-0.5|^M ) applied 

for 20 min gives rise to an LTP which they call muscarinic LTP (LTPm) in the C A l. 

This LTPm is not accompanied by a change in paired pulse facilitation and it can be 

blocked by M 2 receptor antagonists methoctramine and AFDX-116. Therefore they 

concluded that LTPm is mediated postsyanptically by an M 2 muscarinic receptor. 

This LTPm is independent o f  NM DA receptor activity but it does demonstrate the 

property o f  occlusion i.e. carbachol can no longer produce LTPm after saturation o f  

LTP with repeated suprathreshold tetani (Auerbach and Segal, 1994). LTPm is also 

accompanied by a prolonged enhancement o f  AM PA receptor activation which is in 

contrast to the transient increase in NM DA receptor activity (Auerbach and Segal, 

1996; Markram and Segal, 1990; Markram and Segal, 1992). The slow  time-course 

o f this effect suggests that AM PA receptors are being regulated by a second 

messenger system. LTPm has also been shown to be dependent on an increase in 

intracellular Câ "̂  but not on an increase in Câ "̂  entry into the cell from the 

extracellular fluid (Auerbach and Segal, 1994). Higher concentrations o f  carbachol 

(2-5|iM ) gave rise to a fast onset depression o f  EPSPs (Auerbach and Segal, 1996). 

This depression o f  synaptic activity was accompanied by an increase in paired-pulse 

facilitation indicating that it may be a presynaptic effect. The M 3 antagonist, 4- 

diphenylacetoxy-A^-methylpiperidine methiodide (4-DAM P), blocked the depression 

(Auerbach and Segal, 1996). A subsequent study has also found an enhancement o f
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LTP with a low  concentration o f  carbachol (0.1 |aM) w hich  was significantly  

attenuated by the M 2 antagonist A F -D X  (Shim oshige et  al.,  1997). A n agonist o f  M i 

receptor, M T2, has been show n to facilitate m em ory consolidation  o f  an inhibitory 

avoidance task in the rat when applied to the dorsal hippocam pus im m ediately after 

training and pirenzepine caused retrograde am nesia (Ferriera et  al.,  2003). With  

higher concentrations this facilitatory effect was lost due to the fact that higher 

concentrations o f  M T2 blocks the M 4 receptor (Ferreira et  al.,  2003). Overall these 

results support a role for both M i and M 4 in m em ory consolidation.

A ctivation o f  m AC hR s has also been shown to block voltage and calcium -gated  

potassium  currents which underlie slow  afterhyperpolarisation ( I a h p ) ,  depolarisation  

evoked sustained currents ( I m )  and resting leak currents (II) (C ole and N ico ll, 

1983; M adison et al.,  1987; Dutar and N ico ll, 1988; M uller and M isgeld , 1989). 

Blockade o f  these currents are thought to underlie increased reactivity o f  synapses 

after ACh application. M i receptors have been proposed as the mediators o f  the 

block o f  Im and II w hile M 2 has been im plicated in the block o f  U h p  (Dutar and 

N ico ll, 1988; M uller and M isgeld , 1989).

The differential expression o f  m AC hR subtypes in hippocam pal pathways is 

consistent w ith distinct physiological responses o f  pathways to cholinergic  

modulation. In the dentate gyrus Mi receptors are found in postsynaptic dendrites 

and spines and M 2 , M 3 and M 4 receptors are found in presynaptic axon terminals 

(R ouse et al., 1999). In the lateral perforant path M 3 receptors are the predominant 

presynaptic receptor whereas M 2 , M 3 and M 4 are equally expressed  in the medial 

perforant path (R ouse et al. ,  1999).

Relating to the com m issural and associational pathways, M 2 has been found to be 

presynaptically located on the G A B A ergic neurons o f  the associational pathway and 

M 4 receptors are presynaptic on the excitatory associational and com m issural 

pathways (R ouse and Levey, 1997). Both associational and com m issural pathways 

are thought to be important in m em ory formation as kainic acid lesion  studies found  

that rats with dam aged CA3 region had deficits in both w orking and spatial memory 

(Sutherland et  al.,  1983; Jarrard et al.,  1984). m A C hR s are thought to have a 

regulatory role in the release o f  glutamate and G A B A  and are therefore important in 

coordinating basal forebrain activity and consolidating m em ory form ation in the 

hippocampus.
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The role o f  m AC hR s in the C A l area is different to that o f  m A C hR s in the perforant 

path. M uscarinic receptors increase the excitability o f  pyramidal cells in the C A l 

and prime them to fire action potentials more easily. This prim ing o f  synaptic 

activity has been show n to be m ediated by increased activation o f  N M D A  receptors 

(Markram and Segal, 1990; Segal, 1992; Markram and Segal, 1992). Both M i and 

M 3 are located postsynaptically in the C A l and carbachol potentiates N M D A  

receptor current in the C A l (M arino et  al., 1998). The M i receptor has also been  

show n to be co localised  w ith the N M D A  receptor in C A l pyramidal ce lls (Marino 

et al.,  1998) and the potentiation o f  N M D A  current by carbachol w as show n to be 

attenuated by a highly specific Mi toxin  (M arino et  al.,  1998). Therefore, the 

m AChR m odulation o f  N M D A  receptors is likely to be m ediated by the Mi 

receptor.

It has been show n recently that m AChR s can activate the extracellular signal- 

regulated kinase (ERK ) pathway (Rosenblum  et al.,  2000; B erkeley et  al.,  2001; 

Berkeley and L evey, 2003). ERK activation has been im plicated in many aspects o f  

learning and m em ory including LTP at both the cellular and m olecular level 

(English and Sweatt, 1997; Blum  et al.,  1999). Carbachol has been show n to induce 

prolonged activation o f  ERKI/II in primary cortical neurons and C O S-7 cells  

expressing m AC hR s (R osenblum  et al.,  2000). Intracellular and extracellular 

chelators were show n to have no effect on this increase in ERK activity by 

carbachol but inhibitors o f  PI3 K blocked the increase (R osenblum  et  al.,  2000). This 

group has proposed that the carbachol mediated increase in ERKI/II activity is 

primarily induced by the Gpy subunit. In the dendrites and som ata o f  C A l pyramidal 

cells carbachol has been show n to cause an atropine-sensitive ERK activation which  

was found to be m ediated by the M | receptor (Berkeley et al.,  2001). The same 

study show ed that carbachol induced ERK activation was absent in M i knockout 

m ice (B erkeley et  al.,  2001). Carbachol induces ERK staining that is v isib le  in cell 

bodies and dendrites 15 m in after treatment and this staining rem ains elevated for 2  

hours (Berkeley and L evey, 2003). This sustained staining suggests that m AChR s 

could be responsible for altering dendritic m orphology or local changes in neuronal 

excitability.
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1.7.3 The role of metabotropic glutamate receptors in LTP

Since the first study showing mGluR involvement in LTP induction (Reymann and 

Matthies, 1989) there has been considerable debate surrounding the role o f  mOluRs 

in LTP. In this first study AP4, was found to block LTP after 2.5-3 hours. 

Subsequent studies found that AP3 blocked LTP within 1 hour o f  tetanus (Behnisch 

et al., 1991; Izumi et al., 1991). Many studies have reported that MCPG also blocks 

the induction o f  LTP (Bashir et al., 1993; Mannahan-Vaughan, 1997; Breakwell et 

al., 1998; Fitzjohn et al., 1998; Grover, 1998; W ilsch et al., 1998). MCPG has also
9 +been shown to block Ca -induced LTP (Yang et al., 1998). But some studies have 

also reported no block o f  LTP induction with MCPG (Martin and Morris, 1997; 

Chinestra et al., 1993; Manzoni et al., 1994; Selig et ah,  1995a). Some o f  the 

discrepancies in the literature are due to the fact that MCPG is a weak, competitive 

antagonist. It also has antagonistic activity at mGluRi, mGluR2, mGluRs and 

mGluRs. M CPG-sensitive mGluR involvement in LTP induction is also dependent 

upon the previous history o f  the synapse (Bortolotto et al., 1994).

ACPD, the group 1 and II agonist, has been shown to facilitate and induce LTP in 

C A l (McGuinness et al., 1991b; Bortolotto and Collingridge, 1992, 1993, 1995; 

Manahan-Vaughan and Reymann, 1995; Breakwell et al., 1996). One group has 

found that this ACPD induced LTP is dependent on NM D A receptors (Breakwell et 

al., 1996) while another found that it is NM DA receptor independent (Bortolotto 

and Collingridge, 1993, 1995).

The role o f  mGluRs in LTP has been most extensively studied in C A l synapses 

where the mGluRs is the most strongly expressed subtype (Shigem oto et al., 1997). 

mGluRs knockout mice were found to have a complete deficit in the NM DA- 

receptor dependent component o f  LTP while the AM PA-receptor mediated 

component o f  LTP was unaffected (Jia et al., 1998). The studies using mGluRi 

knockout mice present a complex picture. In one study there was a deficit in LTP in 

the C A l and normal LTP in the CA3 (Aiba et al., 1994) while in another study LTP 

was unaffected in the C A l and dentate gyrus and inhibited in the m ossy fibre CA3 

pathway (Conquet et al., 1994). mGluRi is expressed at a very low  level in CAl 

synapses (Shigemoto et al., 1997).
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A great advance in the study o f mGluRs came with the discovery o f LY341495 

which blocks group II mOluRs at low nanomolar concentrations but blocks all 

mOluRs at higher concentrations o f -lOO^iM (Kingston et al., 1998). However this 

antagonist has been shown to have no effect on LTP in C A l synapses while MCPG 

at the same synapses blocks LTP. This leaves the possibility that MCPG is acting at 

a novel mGluR subtype that has not yet been discovered or MCPG might be acting 

at some other receptor besides an mGluR (Fitzjohn et al., 1998).

Antagonists o f mGluRi (AIDA and EtCCC) have failed to produce a block o f LTP 

induction (McCaffery et al., 1998). It has been proposed that activation o f group II 

mGluRs might have an inhibitory influence on LTP. In support o f this, inhibition o f 

group II mGluRs with MSOPPE has been found to enhance LTP in one study 

(Behnisch et al., 1998). However, other studies have failed to replicate this either in 

vivo or in vitro in the CA l (Manahan-Vaughan, 1997; Holscher et al., 1997; 

Breakwell et al., 1998). Antagonists at group III mGluRs in the C A l have failed to 

show a block o f  induction o f LTP (Breakwell et al., 1998; Fitzjohn et al., 1998).

The theory o f the molecular switch for MCPG-sensitive mGluR receptors was first 

proposed by Bortolotto et al. (1994). The switch is set when MCPG-sensitive 

mGluRs are activated and once the switch has been set, activation o f MCPG- 

sensitive mGluRs is not necessary for the induction o f LTP. If the switch has been 

set, LTP will not be affected by MCPG. Initially it was thought that the same 

mGluR was responsible for both switch setting and the induction o f  LTP. However, 

these two processes have now been distinguished pharmacologically. LY341495 has 

been found to block the molecular switch and conversely DHPG can set the 

molecular switch (Fitzjohn et al., 1998; Bortolotto and Collingridge, 1999). Thus, 

the mGluR responsible for the switch setting must be one o f the known mGluRs. 

Inhibitors o f CaMKII and PKC have also been shown to block the setting o f the 

molecular switch (Bortolotto and Collingridge, 1998; Bortolotto and Collingridge, 

1999). This suggests that CaMKII and PKC could be activated by a PLC coupled 

mGluR via release o f Ca from intracellular stores.

ACPD has been reported to produce potentiation o f the magnitude and duration o f 

LTP (McGuinness et al., 1991; Otani et al., 1993) and also to facilitate subsequent 

tetanus induced LTP (this is called priming) (Cohen and Abraham, 1996). ACPD is 

thought to be able to potentiate NMDA-induced depolarisations (Doherty et al., 

1997) and this might be able to explain some o f its effects mentioned above. DHPG
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can also cause a priming effect and application o f DHPG can produce a slow onset 

potentiation (Manahan-Vaughan and Reymann, 1997; Cohen et al., 1998). The 

time-course o f slow-onset potentiation is similar to the time-course o f MCPG- 

sensitive LTP so it has been proposed that ACPD can induce LTP by activating a 

novel receptor (Bortolotto et al., 1999).

Induction o f LTP has been shown to be inhibited by group II agonists ACPD and 

DCG-IV (Holscher et al., 1997; Breakwell et al., 1998; Behnisch et al., 1998). It 

has been suggested that the block o f LTP induction by MCPG might be due to an 

agonist action at group II mGluRs (Breakwell et al., 1998) but this is difficult to 

reconcile with the fact that the group II antagonist LY341495 does not prevent the 

MCPG block o f LTP induction (Fitzjohn et al., 1998).

MCPG has been shown to block the induction o f LTP in the dentate gyrus (Richter- 

Levin et al., 1994; Riedel and Reymann, 1993; Wang et al., 1995; Manahan- 

Vaughan et al., 1998). Further evidence for the switch mechanism has been 

obtained in the perforant path where MCPG was found to block LTP only after a 

low-frequency stimulation (Wang et al., 1995). mGluRi knockout mice exhibit 

normal LTP in the lateral and medial perforant path in vitro (Conquet et al., 1994) 

but a reduction has been observed in in vivo studies (Bordi et al., 1996). This 

discrepancy is probably due to an indirect effect on the inhibitory mechanism o f the 

in vivo model (Bordi et al., 1997). mGluRs knockout mice also exhibit normal LTP 

in the dentate gyrus (Lu et al., 1997).

Similar to CA l synapses, activation o f group II mGluRs in the dentate gyrus by 

DCG-IV has been shown to block the induction o f  LTP (Huang et al., 1997). 

Antagonism o f group II receptors with MCCG has been shown to block this effect 

while having no effect on LTP itself (Bortolotto and Collingridge, 1995). The group 

I activator DHPG has been shown to induce LTP in vitro (O ’Leary and O ’Connor,

1997) which is in contrast to CA l (Bortolotto and Collingridge, 1995).

In the mossy fibre pathway where LTP is NMDA receptor independent MCPG has 

again been shown to block the induction o f LTP (Bashir et al., 1993; Fitzjohn et al.,

1998). However, this finding has not been replicated in all studies (Hsia et al., 

1995). Similar to the C A l, LY341495 was found to have no effect on the induction 

of LTP in mossy fibre pathway (Fitzjohn et al., 1998). This again suggests that a 

novel receptor that is sensitive to MCPG might be responsible for the block o f LTP. 

Knockout studies with mGluRi showed a small deficit in LTP in one study
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(Conquet et al., 1994) and no deficit in another study (Hsia et al., 1995). mGluRs 

knockout mice showed normal LTP in the mossy fibre pathway (Lu et al., 1997). 

mGluR receptors are also involved in LTD in the hippocampus but again there are 

many discrepancies in the literature. LTD o f naive synapses has been shown to be 

sensitive to MCPG in the CAl (Manahan-Vaughan, 1997; Bolshakov and 

Siegelbaum, 1994; Oliet et al., 1997; Otani and Connor, 1998), to AIDA (Oliet et 

al., 1997), MSOPPE (Manahan-Vaughan, 1997) and EGLU (Manahan-Vaughan, 

1997). Other studies have found that MCPG and LY341495 had no effect on LTD 

(Oliet et al., 1997; Selig et al., 1995a; Selig et al., 1995b; Fitzjohn et al., 1998). 

Two distinct forms o f LTD have also been found, with one form dependent on 

mGluRs and the other on NMDA receptors (Oliet et al., 1997). A form o f LTD that 

is dependent on AMPA/kainate and mGluR activation has also been reported 

(Kemp and Bashir, 1999). Transient application o f mGluRs agonists such as ACPD 

(Bolshakov and Siegelbaum, 1994; Overstreet et al., 1997), DHPG (Fitzjohn et al., 

1998; Cohen et al., 1998; Palmer et al., 1997) and CHPG (Palmer et al., 1997) give 

rise to a chemically induced LTD. Once established this LTD can be reversed by 

application o f mGluR antagonists MCPG or LY341495 (Fitzjohn et al., 1998; 

Palmer et al., 1997).

LTD in the perforant path can be blocked by MCPG and MCCG (Huang et al., 

1997; O ’Mara et al., 1995) and can be primed by the group II agonist DCG-IV 

(Manahan-Vaughan, 1998). mGluR2 knockout mice show no LTD in the mossy 

fibre pathway (Yokoi et al., 1996). Thus, it is becoming apparent that group II 

mGluRs have a critical role in the induction o f LTD.

1.8 The role of protein synthesis in LTP

LTP that persists for longer than two hours has been shown by many groups to 

require gene expression and protein synthesis (Krug et al., 1984; Frey et al., 1988; 

Otani et al., 1989; Matthies et al., 1990; Frey et al., 1993; Nguyen et al., 1994; Frey 

et al., 1996; Frey and Morris, 1997). Inhibition o f LTP by protein synthesis 

inhibitors was first discovered in vivo (Krug et al., 1984) and was later confirmed in 

vitro (Frey et al., 1988). Thus, LTP can be divided into two phases, an early-LTP 

(E-LTP) which is unaffected by protein synthesis inhibitors and a late-LTP (L-LTP) 

which is inhibited by protein synthesis inhibitors (Matthies, 1989). The time frames
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of these two phases of LTP are not rigid and they vary with the experimental set-up 

(i.e. in vitro or in vivo experiments) and with the type of protein synthesis inhibitors 

that are used. Early studies demonstrated that injection of protein synthesis 

inhibitors before HFS produced a significant reduction in LTP after 3 hours (Krug 

et a i, 1984; Otani et al., 1989; Otani et al., 1992). Studies using the mRNA 

synthesis inhibitor, actinomycin D, have also shown the inhibition o f L-LTP after 3 

hours (Nguyen et al., 1994). Transient application of actinomycin D before HFS has 

been shown to leave L-LTP relatively intact suggesting that newly synthesised 

mRNA might only be required at later time points (Frey et al., 1996). This idea is 

supported by experiments which show that mRNA for ERK2 and Raf-1 are 

increased 24 hours after HFS (Thomas et al., 1994). Some studies have however 

shown effects of protein synthesis inhibitors after about one hour (Stanton and 

Sarvey, 1984; Osten et al., 1996). In contrast to L-LTP which requires new protein 

synthesis, E-LTP is dependent on covalent modification of pre-existing proteins at 

the synapse (Goelet et al., 1986). E-LTP precludes the additional induction of LTP 

(Frey et al., 1995) and it is thought that synapses that can undergo plastic changes 

contain receptors or channels termed “fast-acting plasticity processors” (FAPPs) 

(Frey and Morris, 1998) that can transiently activate previously silent synapses or 

increase transmitter release (Bliss and Collingridge, 1993; Liao et al., 1995; Isaac et 

al., 1995). After about two hours these FAPPs are inactivated and new protein 

synthesis must then produce new processors in order for E-LTP to be converted into 

L-LTP (Frey and Morris, 1998). New protein synthesis occurs in the cell body of 

neurons and these proteins are delivered to activated synapses by a mechanism that 

is not yet understood. Recent evidence also suggests that local protein synthesis in 

the dendrites might have an important role to play in long-term synaptic plasticity 

(Aakalu et al., 2001).

Most protein synthesis occurs in the cell body of neurons (Wenzel et al., 1993) and 

there are four hypotheses as to how the newly synthesised proteins are delivered to 

the appropriate synapses -  the “mail” hypothesis, the “local synthesis hypothesis”, 

the “synaptic tag” hypothesis and the “sensitisation” hypothesis.

The mail hypothesis involves the conference of a specific “synaptic address” to each 

newly synthesised protein. Considering that CAl pyramidal cells contain more than 

10,000 synapses it would be a cumbersome and inefficient process if each new 

protein had to be directed to one particular synapse.
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The synaptic tag hypothesis obviates the need for elaborate protein trafficking by 

labelling activated synapses with a molecular “tag”. According to this hypothesis, 

proteins could be distributed diffusely from the cell body and only those synapses 

with a “tag” would be able to sequester the newly synthesised proteins.

The sensitisation hypothesis proposes that plasticity related proteins synthesised in 

the cell body are distributed to every synapse. The number o f plasticity proteins at 

the synapse would then determine the threshold for LTP induction, with E-LTP 

occurring if there are only a few plasticity proteins present at the synapses and L- 

LTP occurring if  there are many proteins present at the synapses (Frey and Morris, 

1998).

According to the local protein synthesis hypothesis, dendrites have the translational 

machinery required to synthesize proteins in response to stimulation. In this scheme 

there is no difficulty in targeting specific proteins because protein synthesis will 

only occur in the dendritic area o f activated synapses. The first evidence for local 

protein synthesis came from a study which revealed a preferential localisation of 

ribosomal clusters at the base o f dendritic spines in the dentate gyrus (Steward and 

Levy, 1982). Since that time most o f the components necessary for translation 

(including rRNAs, translational factors, endoplasmic reticulum (ER) and Golgi 

apparatus) have been found in dendrites (Tiedge and Brosius, 1996; Gardiol et al., 

1999; Pierce et al., 2000). mRNA for proteins that are integral to LTP such as N R l, 

CaMKIIa and ARC have also been discovered in dendrites (Silva et al., 1992a,b; 

Holland and Heinemann, 1994; Guzowski et al., 2000). In Schaffer collateral-CAl 

synapses, an increase in the concentration o f CaMKIIa in dendrites was seen after 

potentiation and this increase was blocked by anisosmycin (Ouyang et al., 1999). 

Studies using [^H] leucine to label newly synthesised proteins have also shown that 

translation is increased in dendrites but not in the cell body following electrical 

stimulation (Feig and Lipton, 1993). The presence o f polyribosomes can be used as 

a marker to indicate which dendritic spines have undergone protein synthesis- 

dependent LTP. In a recent study only 12% o f dendritic spines were found to 

contain polyribsomes under control conditions, but this increased to 39% after the 

induction o f LTP (Ostroff et al., 2002). In the same study, the size o f the 

postsynaptic densities on dendritic spines that contained polyribosomes increased 

after HFS suggesting that local changes in protein synthesis stabilise the growth of 

the synapse following stimulation.
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The increase in protein synthesis that occurs after LTP is also thought to be 

responsible for an increase in the number o f large spines, axo-spinous perforated 

synapses and perforated synaptic densities with larger apposition zones between 

pre- and postsynaptic structures (Desmond and Levy, 1988; Geinisman et al., 1991; 

Geinisman et al., 1993; Buchs and Muller, 1996). Time-lapse imaging has been 

used to show new spines emerging from the potentiated region o f  a dendrite hours 

after tetanus (Engert and Bonhoeffer, 1999). This complements studies which show 

an increase in presynaptic boutons 1-2 hours after the induction o f  LTP (Bozdagi et 

al., 2000). Changes in bouton number were shown to be blocked by protein 

synthesis inhibitors (Bozdagi et al., 2000).

L-LTP is observed in CA l mini-slices that have had cell bodies o f presynaptic 

Schaffer collaterals removed (Nayak et al., 1998). This indicates that presynaptic 

protein synthesis is not required for L-LTP in this area. A later study in cultured 

CAl and CA3 cells monitored the number o f active presynaptic terminals with the 

fluorescent dye FM l-43 and found a significant increase in active terminals 

following plasticity induced by a membrane permeable analogue o f cAMP (Ma et 

al., 1999). Crucially, anisomycin was found to block this effect. Other indirect 

evidence for presynaptic protein synthesis comes from studies which show an 

increase in vesicular recycling following potentiation o f synapses in models which 

resembled LTP (Malgaroli et al., 1995; Ryan et al., 1996).

The mechanism used by neurons to initiate translation following stimulation o f 

synapses is still uncertain but one protein that is thought to have an important role in 

this process is the kinase called target o f rapamycin (TOR). Once TOR is activated 

it can phosphorylate proteins that are normally bound to eukaryotic initiation factor- 

4E (4E-BPs). Phosphorylated 4E-BPs can then dissociate from initiation factor-4E 

(eIF-4E) and trigger translation. In relation to the pre- and postsynaptic locus o f 

protein synthesis, TOR, eIF-4E and 4E-BPs have been located both pre- and 

postsynaptically. Activation o f TOR is inhibited by rapamycin (Raught et al., 2001) 

and recently L-LTP has also been shown to be inhibited by rapamycin (Tang et al., 

2002) indicating that the rapamycin sensitive cascade might have a crucial role to 

play in protein synthesis-dependent LTP.
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1.9 The role of protein kinases in LTP

1.9.1 Ca^Vcalmodulin-dependent kinase (CaMKII)

CaMKII consists o f a family o f 28 isoforms that are encoded for by four genes 

a,p,y,5. The a-  and P- subunits are the main isoforms in the brain where they form 

dodecameric holoenzymes. Each isoform has a catalytic domain that contains the 

ATP and substrate-binding sites, as well as sites for anchoring proteins. If the 

catalytic domain is truncated by genetic manipulation then the kinase is 

constitutively active. The full-length form has little catalytic activity under basal 

conditions due to the fact that the autoinhibitory domain o f each subunit inhibits its 

own catalytic domain. The autoinhibitory domain has a pseudosubstrate region 

which binds to the catalytic domain at the substrate-binding site. The autoinhibitory 

domain binds to the catalytic domain and inhibits enzyme activity. This inhibition is 

relieved when Ca^^ /calmodulin binds to a region that overlaps with the 

pseudosubstrate region. This also causes Thr286 to be exposed on the autoinhibitory 

domain and allows it to be phosphorylated by a neighbouring subunit (Hanson and 

Schulman 1992; Ouyang et al., 1997). This phosphorylation leaves the enzyme 

permanently phosphorylated even if  the Ca^^ levels fall or Ca^Vcalmodulin 

dissociates from the enzyme. This Ca^"^-independent activity is considered to be a 

biochemical memory trace o f the previous Ca^^ elevation. Point-mutations that 

substitute alanine for threonine at position 286 (T286A) have resulted in profound 

impairments in hippocampal learning (Giese et al., 1998). Interestingly, presynaptic 

plasticity was not affected by the T286A mutant suggesting that 

autophosphorylation is critical for postsynaptic but not presynaptic function (Giese 

et al., 1998). The tetracycline-controlled transactivator system (tTA) has been 

developed to repress the mutated gene during development and then lift the 

repression at the appropriate experimental time (Mayford et al., 1996). Results 

using this technique were also consistent with a role for a-CaM KII in hippocampal 

learning and LTP.

With a weak stimulus, CaMKII is transiently activated and will be inactivated 0.1- 

0.2 sec after the fall in Ca^^ concentration but if  the stimulus is strong, as after a 

high- frequency stimulation protocol, then autophosphorylation will occur.



Persistent activation is thought to occur because CaMKII molecules in the PSD act 

as a bistable switch. This switch is turned on when a threshold number of kinase 

sites are phosphorylated. This state of activation can be maintained for a long time 

because the kinase acts faster than the PSD phosphatase on Thr286 sites. The 

dynamics of this activation might account for the all-or-none nature of LTP 

induction.

The characteristics of the CaMKII molecule have rendered it an attractive model for 

a molecular switch which was first proposed by Lisman in 1985 (Lisman, 1985). 

Transcriptional signals derived from the nucleus are unlikely to be a good model for 

information storage as each synapse can be modified independently. This problem 

can be resolved with a kinase switch that is transformed into a stable “on” state after 

phosphorylation. The kinase can remain in the “on” state even after the stimulus has 

been removed and it can also phosphorylate itself through an autocatalytic reaction. 

A hyperphosphorylated kinase will also result in the saturation of phosphatases 

which try to dephosphorylate the kinase and in this way the phosphorylation 

reaction is likely to proceed at a faster rate than the dephosphorylation reaction. The 

resulting rapid rephosphorylation of sites is one mechanism whereby the switch can 

remain stable despite the turnover of individual molecules.

Ail of these facets of kinase activity can be seen with CaMKII (Zhabotinsky, 2000; 

Lisman and Zhabotinsky, 2001). One of the most important aspects of CaMKII 

dynamics is that only protein phosphatase 1 (PPl) is found in the PSD and 

interestingly even if protein phosphatase 2A (PP2A) is added to the PSD 

experimentally it is unable to dephosphorylate CaMKII (Strack et al., 1997; 

Yoshimura et al., 1999). The ability of PPl to dephosphorylate CaMKII is thought 

to lie in its immobilisation by scaffolding proteins in the PSD (Watanabe et al., 

2001). As yet, it is uncertain which protein causes this immobilisation but possible 

candidates are spinophilin, neurabin, yotiao and intermediate filaments (Watanabe 

et al., 2001).

As the concentration of CaMKII in the PSD is about 100|j.M and that of PPl is 

between l-10)iM, it is likely that PPl is in a saturated state when CaMKII becomes 

hyperphosphorylated (Strack et al., 1997; Zhabotinsky, 2000). Experimental models 

have shown that the low basal level of Ca^Vcalmodulin is sufficient to expose the 

Thr286 and cause autophosphorylation (Molloy and Kennedy, 1991). Sustained
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phosphorylation o f CaMKII is facilitated by the ring structure o f the molecule. 

Initially the six Thr286 sites in the ring o f CaMKII are phosphorylated and then one 

o f these sites is dephosphorylated by P P l. However, once this dephosphorylated site 

binds Ca^Vcalmodulin it can again become rephosphorylated by a neighbouring 

CaMKII which is phosphorylated. This model is only possible with the ring 

structure o f CaMKII and would not occur if  the protein had a linear array o f 

subunits.

A low concentration o f PP l in the PSD is a critical requirement for the bistability of 

the CaMKII switch. If the concentration o f PP 1 was high then the system would 

expend a large amount o f energy dephosphorylating sites that are constantly 

becoming phosphorylated, whereas a low concentration o f PPl means that the PSD 

can be more energy efficient. This hypothesis has been supported by experimental 

models which have shown that it takes up to 45 hours under basal Ca^^ 

concentration conditions for 10% dephosphorylation o f CaMKII to occur after 

CaMKII catalytic activity is inhibited and even when Ca is raised above resting 

levels the same reaction takes 1.5 hours (Lisman and Zhabotinsky, 2001).

While CaMKII has a turnover rate o f about 1 month (Sedman et al., 1986) the 

characteristics o f PP 1 saturation enable CaMKII to function as a stable source of 

information which is resistant to the vicissitudes o f protein turnover. This can be 

demonstrated as follows: when an unphosphorylated enzyme replaces a 

phosphorylated one it is subject to a low level o f phosphatase activity because o f the 

saturation kinetics o f PPl and this ensures that the unphosphorylated enzyme is 

quickly phosphorylated which returns the system to it original “on” state. This 

model provides all the characteristics necessary for long-term information storage. 

The late-phase o f LTP has generally been thought to be dependent on protein 

synthesis as it is inhibited by protein synthesis inhibitors (Frey et al., 1993). 

However, stimulation o f cAMP was found to bypass the early-phase o f LTP and 

cause potentiation which was dependent on activation o f PKA and CREB, and 

CaMKII inhibitors were found to attenuate the potentiation and the structural 

changes associated with this stimulation o f the cAMP pathway (Bailey et al., 1996; 

Ma et al., 1999; Makhinson et al., 1999). One possibility is that the stimulation o f 

cAMP inhibits PP l and this in turn causes the activation o f CaMKII (Brown et al., 

2000). This hypothesis is supported by studies which have shown that both genetic
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and pharmacological inhibition o f CaMKII leads to a reduction in early and late- 

phase LTP (Bortolotto and Collingridge, 1998; Giese et al., 1998). 

mRNA for a-CaM KII is found in both dendrites and cell bodies while mRNA for [3- 

CaMKII is found exclusively in cell bodies (Walaas et al., 1988; Burgin et al., 

1990). Neuronal depolarisation has been shown to recruit a-CaM KII mRNA into 

granules that are directed towards dendritic processes (Rook et al., 2000). As 

dendrites have the machinery necessary for local protein synthesis, CaMKII may 

well be synthesised locally in the dendrite after the induction o f LTP. There is also 

experimental evidence to support this proposal as there is an actual increase in a- 

CaMKII as well as a-CaMKII phosphorylation after LTP induction which suggests 

that there is rapid translation o f a-CaMKII mRNA after a stimulus (Ouyang et al., 

1999; Giovannini et al., 2001).

The use o f CaMKII as a structural protein in the AM PA-receptor anchoring 

assembly might also explain why the inhibition o f protein synthesis causes a 

reduction in late- phase LTP. As proteins such as actinin, and the GluRl anchoring 

proteins, 4 .IN  and SAP97, are incorporated into the membrane there will be a 

reduction in the precursor pools o f new proteins (Steward and Schuman, 2001) and 

this pool o f precursor proteins must be replenished if AMPA receptors are 

continually inserted into the membrane. When protein synthesis is inhibited, these 

pools o f proteins will become depleted and CaMKII will no longer have the proteins 

necessary to form the scaffolding network which strengthens the AMPA-NMDA 

receptor complex in the PSD. Under these conditions, protein synthesis inhibitors 

may well reduce late-phase LTP by disrupting CaMKII-mediated AMPA receptor 

trafficking and anchoring. Despite this reduction in late-phase LTP, CaMKII would 

still function as a synaptic tag and studies have confirmed this by showing that 

amnesia induced by the application o f protein synthesis inhibitors is reversible over 

time (Davis and Squire, 1984).

CaMKII is autophosphorylated following the induction o f LTP (Fukunaga et al., 

1993). Genetic and pharmacological experiments have shown that CaMKII is 

required for LTP induction and there is almost complete block o f LTP when 

CaMKII function is altered (Otmakhov et al., 1997; Giese et al., 1998). Also, 

application o f CaMKII induces a potentiation that is very similar to LTP (Lledo et 

al., 1995). CaMKII moves to the PSD after synaptic activation (Shen et al., 2000;
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Dosemeci et al., 2001) where it binds to the NMDA receptors. The possibility o f 

CaMKII becoming autophosphorylated is greatly increased when it is bound to the 

NMDA receptor. This is because there is a much higher concentration o f Ca in the 

vicinity o f the NMDA receptor and also because CaMKII bound to NMDA receptor 

can be phosphorylated more easily (Bayer et al., 2001). CaMKII activation may 

also require full autophosphorylation o f multiple nearby CaMKII holoenzymes in 

the PSD (Lisman and Zhabotinsky, 2001).

The Ca^’̂ /calmodulin-activated adenylate cyclase is also thought to be an important 

regulator o f LTP induction (Chetkovich and Sweatt 1993; Wong et al., 1999). An 

elevation o f cAMP is thought to work together with CaMKII to facilitate 

potentiation. cAMP by itself does not trigger LTP directly but leads to changes in 

neural activity that triggers LTP by a normal NMDA process (Ma et al., 1999; 

Pakhinson et al., 1999; Bozdagi et al., 2000). An increase in cAMP also inhibits 

PP l and therefore increases CaMKII autophosphorylation and CREB activation 

(Brown et al., 2000; Genoux et al., 2002).

Initial evidence suggested that LTP expression depended on CaMKII 

phosphorylation o f AMPA channels and the subsequent increase in conductance 

through these channels (Barria et al., 1997; Benke et al., 1998). However, more 

recent evidence suggests that that LTP can still occur even if  this process does not 

occur (Benke et al., 1998; Hayashi et al., 2000; Lee et al., 2000).

Presently, it is thought that CaMKII causes the trafficking o f  G luRl into the 

extrasynaptic membrane and the diffusion o f channels to synapses (Chen et al., 

2000; Hayashi et al., 2000; Passafaro et al., 2001). Inhibitors o f  PI3K have been 

shown to block the insertion o f GluRI into the extrasynaptic membrane (Passafaro 

et al., 2001). But this effect is reversible which suggests that there is an upstream 

memory driving this process. PKC was also shown to be involved in this process 

(Daw et al., 2002).

L9.2 Protein kinase C (PKC)

PKC was the first kinase to be implicated in LTP (Bar et al., 1984; Akers et al., 

1986; Klann et al., 1991). To date, numerous isoforms have been identified and they 

are divided into three main groups (Nishizuka, 1995; Mellor and Parker, 1998): the 

Câ "̂  and diacylglycerol activated conventional PKCs (cPK Ca/pi/p2/y), Câ " -̂
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independent, diacylglycerol activated, novel PKCs (nPKC5/8/r|/0/|j,) and the Ca - 

independent, diacylglycerol-independent, atypical PKCs (PKCX/Q. All the isoforms 

have an N-terminal regulatory region o f approximately 20-40kDa and a C-terminal 

catalytic region o f approximately 45kDa. A hinge region connects these two 

domains and it is in this hinge region that PKC can be proteolytically cleaved by 

calpain or trypsin. After cleavage, PKC is constitutively active because it is not 

under the influence o f the regulatory domain. PKC activators are thought to induce 

conformational changes by removing a pseudosubstrate region from the kinase core. 

The persistently active form o f PKC is called PKM.

Only a completely phosphorylated PKC can be activated by second messengers 

(Pears et al., 1992). Binding o f diacylglycerol and phosphatidylserine removes the 

pseudosubstrate region from the catalytic region (Orr and Newton, 1994). This 

lowers the Ca^^ requirements o f the enzyme and allows it to be activated.

PKC can be converted from a membrane-associated form to a membrane bound 

form after prolonged stimulation (Mochly-Rosen et al., 1991; Hyatt et al., 1994; 

Liao et al., 1994). The different PKC isoforms respond differently to particular 

combinations o f  Ca^^, DAG and phopholipids giving rise to localisation o f the PKC 

that is dependent on the different patterns o f stimulation (Tanaka and Nishizuka, 

1994).

Immunohistochemical studies have been used to describe the localisation o f 

different isoforms o f PKC in the brain. PK C pi is found mainly in the brain stem 

while PKCP2 is found around Golgi complexes and proximal dendrites (Saito, 

1994). PKCy is located mainly in the postsynaptic area in postsynaptic spines as 

well as dendrites (Saito, 1994). PKCa has a presynaptic localisation (Shearmann et 

al., 1991) and PKCs has a strict presynaptic localisation (Saito, 1994).

There has been a lot o f debate as to whether PKC is involved in the induction or the 

maintenance o f LTP. Some groups have favoured the idea that permanent PKC 

activation is necessary for LTP (Klann et al., 1991; Sacktor et al., 1993) while other 

groups have favoured the idea o f transient activation o f PKC (Otani and Ben-Ari, 

1993; Angenstein et al., 1994; Huber et al., 1995). The study o f PKC involvement 

in LTP has been complicated by the fact that under resting basal conditions there is 

a considerable amount o f PKC in a permanently active state in both the membrane
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bound and membrane inserted form (B azzi and N elsestuen  1988; Staak et a i ,  1995; 

A ngenstein  et al.,  1997). There is also a phosphorylation o f  PKC substrates such as 

M A R C K S, G A P-43 and neurogranin, under basal conditions and this 

phosphorylation is b locked by PKC inhibitors but not by tetrodotoxin which is a 

general inhibitor o f  synaptic transm ission. This suggests that basal activity o f  PKC 

m ight not be important for normal synaptic transm ission but it could still have a role 

in increased synaptic activity after stimulation.

The first study to indicate a role for PKC in LTP found that PKC w as translocated 

to the membrane 1 hour after a tetanus but not 1 m in after the tetanus (Akers et al., 

1986). A  subsequent in vivo  study found a short-lasting redistribution o f  PKCy in 

the dentate gyrus fo llow in g  tetanus (A ngenstein  et  al.,  1994). PKC substrates have 

been show n to be phosphorylated at different tim e points fo llow in g  tetanus. G AP-43 

phosphorylation was found to increase 10-60 min after tetanus w hile neurogranin 

phosphorylation only increased after 60 min (Gianotti et al.,  1992; Leahy et al., 

1993; Ramakers et al.,  1995). D ifferent isoenzym es m ight be responsible for the 

phosphorylation o f  different substrates or the balance betw een kinase and 

phosphatase activity m ight differentially regulate the phosphorylation (Hunter, 

1995). Anchor proteins like A K A P -79 may be able to facilitate the interactions 

betw een kinases, substrates and phosphatases (Faux and Scott, 1996). Studies where 

PKC inhibitors were added 30 or 90 min after the tetanus show ed that substrate 

phosphorylation w as unaffected by inhibitor application at these tim e points (C olley  

et al.,  1990; M atthies et  al.,  1991; Huber e /a / . ,  1995).

Inhibitors o f  PKC such as m ellitin  (Lovinger et  al.,  1987), polym yxin  B (Lovinger 

et al.,  1987; C olley  et al.,  1990), H -7 (M alinow  et al.,  1988; C olley  et al.,  1990), K- 

252b (Reym ann et al., 1990), sphingosine (M alinow  et al. ,  1988) and staurosporine 

(D enny et  al.,  1990) have been show n to block the induction o f  LTP. H ow ever, 

these inhibitors are not very specific blockers and more direct evidence for the 

involvem ent o f  PKC in the induction o f  LTP cam e from studies where the PKC 

inhibitor peptide, PKC 19.3 1 , was injected postsynaptically into C A l synapses 

(M alinow  et  al.,  1989; W ang and Feng, 1992). This led to the block o f  LTP 

induction at these synapses. H ow ever, other studies have show n no deficits in LTP 

induction in the presence o f  the PKC inhibitors, H -7 and staurosporine (M uller et 

al., 1988; M uller et al.,  1992). Mutant m ice lacking the PKCy isoform  have been
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shown to have deficits in LTP induction although LTP could be induced after a 

preceeding low-frequency stimulation protocol (Abeliovich et al., 1993). This study 

led to the proposal that PKCy was not integral for LTP induction but was required 

for regulation o f LTP (Abeliovich et al., 1993). Protein kinase (PKMQ, the 

constitutively active catalytic fragment o f PKC^, was shown to increase 10 min 

after LTP induction and this increase lasted for 2 hours (Sacktor et al., 1993; Osten 

et al., 1996). Application o f protein synthesis blockers inhibited both the 

maintenance o f LTP and the increase in PKM^ which indicates that a protein 

synthesis-dependent mechanism is involved in the persistent phosphorylation o f 

PKC in CA l LTP (Osten et al., 1996).

Application o f PKC activators (phorbol esters) leads to an increase in synaptic 

transmission through an increase in transmitter release. This reversible enhancement 

o f synaptic response is not however an LTP (M alenka et al., 1986; Muller et al., 

1988).

Recently, a Pavolian olfactory learning task has been employed to investigate the 

role o f  PKC in learning in Drosophila. The induction o f the mouse PKM^ (a 

persistently active PKC, also termed aPKM) transgene in Drosophila  was found to 

enhance memory (Drier et al., 2002). Drier et al. (2002) found that the improvement 

was temporally specific with optimum induction 30 min after training. A specific 

PKMi^ inhibitor, chelerythrine, was found to inhibit memory without affecting 

learning. Another recent study o f PKM in the mouse found that it was necessary and 

sufficient for the persistence and maintenance o f LTP over six hours (Ling et al., 

2002). The study o f Ling et al. (2002) introduced recombinant PKM into the 

postsynaptic neuron to produce a persistent potentiation that occluded subsequent 

LTP - an effect which was reversed by chelerythrine. The aPKM potentiation was 

also seen in the presence o f NMDA receptor blockers, thus ruling out the possibility 

that aPKM is causing an enhancement o f NMDA currents (Ling et al., 2002). 

Staurosporine, a general kinase inhibitor, was added at a concentration below that 

required to block aPKM and was found to block LTP induction but to have no effect 

on established LTP. However, chelerythrine completely reversed established LTP. 

This suggests that the machinery required for the initial maintenance o f LTP is 

already present at the site o f  induction (i.e. it is not transported from some other 

location in the cell) and that the process is rapidly activated.
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Both chelerythrine and a dominant negative inhibitory form o f aPKM were found to 

inhibit the induction o f LTP when they were introduced into the postsynaptic 

neuron (Ling et al., 2002). Therefore, PKC might have a role both in the 

maintenance and the induction o f LTP.

The PKC substrate, GAP-43 (also called B-50), is thought to have a role in synaptic 

transmission. Overexpression o f a mutated form o f GAP-43 which is constitutively 

phosphorylated has been shown to produce an enhancement o f LTP in CAl 

hippocampal slices (Hulo et al., 2002). The increased LTP was accompanied by an 

increase in paired-pulse facilitation and an increase in the summation o f responses 

during HFS. These results suggest that GAP-43 may regulate presynaptic properties 

o f synaptic transmission.

Another recent study found that chelerythrine, R o-31-8220 and Go 6983, all had no 

effect on the induction o f LTP (Bortolotto and Collingridge, 2000). Bortolotto and 

Collingridge (2000) also investigated the role o f PKC in a molecular switch process 

which is triggered by the synaptic activation o f metabotropic receptors and regulates 

the induction o f LTP. It was found that the PKC inhibitors prevented the setting o f 

the molecular switch. The switch was found to be absent in the mGluRs knockout 

mouse and so glutamate acting on mGluRs is thought to be capable o f  activating the 

switch. Activation o f mGluRs will lead to PI hydrolysis which will activate PKC 

and so inhibition o f PKC will block the setting o f the molecular switch.

GAP-43 is found mainly in presynaptic plasma membranes and not in dendrites. It 

has been shown to be important in neurite outgrowth, LTP, neuronal signal 

transduction and neurotransmitter release (Liu and Storm, 1990; Gispen et al., 1991; 

Strittmatter et al., 1992; Pasinelli et al., 1995). It is often used as a marker o f newly 

formed synapses (Benowitz and Routtenberg, 1997). Phosphorylation o f GAP-43 

occurs at serine 41 (Coggins and Zwiers, 1989; Spencer et al., 1992), and once 

phosphoylated, calmodulin carmot bind to the molecule (Alexander et al., 1987). 

Phosphorylation o f GAP-43 modulates clustering and accessibility o f  the lipid 

second messenger PI(4,5)P2 and causes changes in the proteins interaction with 

calmodulin and actin filaments (Laux et al., 2000; Frey et al., 2000). The clustering 

of PI(4,5)P2 is important for exo- and endocytosis and therefore GAP-43 is also 

thought to be involved in vesicle recycling (Neve et al., 1998).

RC3/neurogranin is another PKC substrate and it is located mainly in dendritic 

spines (Repressa et al., 1990; Iniguez et al., 1992; Watson et al., 1992, 1994). LTP
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induction has been shown to be inhibited by monoclonal antibodies to 

RC3/neurogranin which disrupt its PKC phosphorylation site (Federov et al., 1995). 

In contrast to GAP-43 phosphorylation which was seen to increase 10 min after 

tetanus, RC3/neurogranin phosphorylation levels were found to increase 60 min 

after tetanus (Leahy et al., 1993). Application o f L-glutamate and ACPD has been 

shown to increase in situ phosphorylation o f GAP-43 and RC3/neurogranin. This 

phosphorylation is dependent on mGluRs because the effect was completely 

abolished by preincubation with the mGluR antagonist, M CPG (Ramakers et al., 

1995; 1997).

1.9.3 Protein kinase A (PKA)

cAMP is produced by adenylyl cyclase and the main target o f cAMP is the cAMP- 

dependent protein kinase (PKA). PKA has been shown to be critical for 

hippocampal LTP (Frey et al., 1993; Huang and Kandel, 1994; W eisskopt et al., 

1994; Blitzer et al., 1995; Impey et al. 1996; Abel et al., 1997). In C A l, a strong 

protocol o f 4 one second bursts o f 100 Hz with 5 min between each burst induces an 

LTP that is dependent on PKA (Huang and Kandel, 1994). Transgenic mice with 

reduced hippocampal PKA activity were shown to have deficits in LTP induced by 

a similar tetra-burst stimulation (Abel et al., 1997).

PKA is a tetrameric enzyme with two catalytic and two regulatory subunits 

(Reimann et al., 1971). In the mouse hippocampus there are two different catalytic 

subunits and four different regulatory subunits, so there are 30 different possible 

isoforms o f the enzyme (Cadd and McNight, 1989). Genetically altered mice with 

deletions o f the RIpi catalytic subunit show deficits in LTP and LTD (Qi et al., 

1996), while mice with deletions o f the Rip regulatory subunit have normal LTP but 

impaired LTD (Brandon et al., 1995). These results suggest that different isoforms 

o f PKA can regulate different forms o f synaptic plasticity. This was confirmed with 

studies showing that transgenic mice with an inhibitory form o f a regulatory subunit 

of PKA exhibited a reduction in LTP expression in C A l. This reduction in LTP was 

seen with a protocol o f 4 one second bursts o f 100 Hz applied every five minutes 

but no impairment o f LTP was seen with a protocol o f 60 pulses applied in a theta- 

burst pattern (Woo et al., 2000). A PKA inhibitor, Rp-cAMPS, was found to block
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LTP induced by both protocols (W oo et a i ,  2000). These results suggest that 

different stim ulation protocols recruit different isoform s o f  LTP.

PKA is transiently activated after high-frequency stim ulation (R oberson and Sweatt, 

1996). Postsynaptic infusion o f  a cell-perm eant PK A inhibitor (R p-cA M P S) or cell 

impermeant PK A  inhibitor (PKI6-22) resulted in a rapid decay o f  LTP induced by 

four trains o f  100 H z repeated every five m inutes (D uffy and N guyen, 2003). 

H owever, postsynaptic infusion o f  PKI6-22 w as found to produce no impairment o f  

LTP induced by a milder protocol o f  100 H z for 1 sec (D uffy  and N guyen, 2003). 

This provides further evidence that PKA seem s to be predom inantly required for 

LTP induced by m ultiple stim ulation protocols. Postsynaptic infusion o f  a 

constitutively active isoform  o f  PK A has been show n to produce an enhanced  

synaptic response in C A l pyramidal neurons (D uffy and N guyen, 2003). Therefore, 

activation o f  postsynaptic PK A is necessary for LTP expression  and also sufficient 

for initiating facilitated synaptic responses. During multi-train stim ulation there is 

no change in paired-pulse facilitation suggesting that a postsynaptic m echanism  is 

responsible for LTP. Postsynaptic injection o f  PKI (a PK A inhibitor) has also been  

show n to occlude the induction o f  LTD in C A l pyramidal ce lls  (K am eyam a et al., 

1998).

FSK and cA M P analogs have been shown to activate PK A  and cause an increase in 

presynaptic transmitter release (C havez-N oriega and Stevens, 1992; Carroll et al., 

1998). The recruitment o f  previously silent release sites in presynaptic terminals 

have been im plicated in PK A activation by cA M P analogs such as Sp-cAM PS  

(B olshakov et  al.,  1997; M a et  al., 1999; Bozdagi et al.,  2000; Zakharenko et al., 

2001). Induction o f  LTP by repeated tetanisation w as associated w ith  a change in 

paired-pulse facilitation only for the first five m inutes fo llow in g  tetanus (D uffy and 

N guyen, 2003). This suggests that a postsynaptic m echanism  is m ainly responsible 

for LTP and that an increase in the probability o f  transmitter release only briefly 

contributes to LTP. Long-lasting LTP has also been show n to be attenuated when  

apical dendrites are severed from the cell bodies o f  C A l pyramidal neurons in slices  

(Frey et al.,  1989). PK A-dependent synthesis o f  postsynaptic A M P A  receptors is 

also required for long-lasting LTP (Nayak et  al., 1998).

G luR l is a possib le target for PK A phosphorylation (Banke et  al.,  2000; Lee et al., 

2000) and PK A can also phosphorylate A M PA  and N M D A  receptors (W ang et  al., 

1991; Raman et al.,  1996; Leonard and H ell, 1997). PK A can also phosphorylate
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the protein phosphatase inhibitor, I-l, and this causes the disinhibition o f CaMKII 

which may lead to the expression o f long-lasting LTP at the postsynaptic site 

(Blitzer et al., 1995, 1998; Brown et a l ,  2000).

PKA has been shown to be involved in ocular dominance. The shift in ocular

dominance after a five-day period o f monocular deprivation can be prevented by 

application o f the PKA inhibitor, Rp-8-Cl-cAMPS (Beaver et al., 2001). In 

hippocampal LTP, activation o f NMDA receptors has been shown to cause

increased cAMP-induced PKA activity (Roberson and Sweatt, 1996). It is thought

that Ca^^ stimulation o f calmodulin-dependent adenylyl cyclases (A Cl and ACS), is 

the mechanism for NMDA receptor mediated increase in PKA activity (Wong et al., 

1999). This link between PKA and the NMDA receptor is supported by evidence 

that the PKA catalytic and regulatory (RIip) subunits are members o f the NMDA 

receptor complex (Husi et al., 2000). There is also evidence that activation o f PKA 

causes an increase in NMDA receptor currents (Westphal et al., 1999). G-protein 

coupled receptors, such as mGlu, acetylcholine, dopamine, noradrenaline and 

serotonin receptors are putative modulators o f PKA activity because they can all 

produce an increase in cAMP and the chief target o f cAMP is PKA.

PKA might also influence LTP through a presynaptic mechanism because it has 

been shown to alter presynaptic release and also to be present in axon terminals 

(Chavez-Noriega and Stevens, 1994; Trudeau et al., 1996).

In the C A l, CAS and dentate gyrus, late-phase LTP (L-LTP) requires new protein 

synthesis and RNA synthesis which is mediated by cAMP (Frey et al., 1993; 

Matthies and Reymann, 1993; Huang and Kandel, 1994; Nguyen et al., 1994; 

Nguyen and Kandel, 1996).

PKA has been implicated in early-phase LTP (E-LTP) in mossy fibre LTP (Huang 

et al., 1994; W eisskopt et al., 1994) but not in E-LTP in CA l or dentate gyrus. In all 

three regions o f  the hippocampus forskolin application can produce transcription 

dependent L-LTP (Huang and Kandel, 1994; Hunag et al., 1994; Nguyen et al., 

1994). Also, CREB and MAP kinase phosphorylation are increased by forskolin 

application (Sarvey and Voulalas, 1995; Voulalas and Sarvey, 1995). PKA causes 

phosphorylation o f transcription factors such as CREB which is critical for the 

establishment o f  L-LTP (Impey et al., 1996). PKA is also thought to be critical for
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an intermediate phase o f  LTP that begins one hour after induction and is dependent 

on cA M P, but not on protein synthesis (W inder et al.,  1998).

Initially it w as thought that early LTP was not affected by PK A  (Frey et al., 1993; 

Huang and K andel, 1994), but more recent studies have show n that PK A inhibitors 

can affect E-LTP. A pplication o f  the PKA inhibitor, H 89, has been show n to 

suppress E-LTP induced by a single tetanus and postsynaptic infusion  o f  the peptide 

PKA inhibitor, PKI6.22, a lso suppresses E-LTP induced by a pairing protocol 

(Otm akhova et al.,  2000). This indicates that the locus o f  expression  o f  PK A action  

is postsynaptic. The discrepancies betw een the studies m ight be due to saturation o f  

som e step in the cA M P pathway during tetanus. This has been confirm ed by the 

finding that application o f  an adenylyl cyclase inhibitor did not affect E-LTP by 

itse lf but could produce a reduction in LTP i f  the cA M P pathway had already been  

attenuated by a PK A inhibitor (Otm akhova et al.,  2000). In the knockout studies o f  

W ong et al. (1999) where Ca^"^-dependent cyclase activity in the hippocam pus was 

com pletely abolished, E-LTP was dramatically reduced. This suggests a role for 

adenylyl cyclase in E-LTP. K nockouts o f  the C p i catalytic subunit produce a 

m odest decrease in E-LTP induced by three tetani (Qi et al.,  1996). Expression o f  

the R (A B) inhibitory form o f  regulatory subunit produced a substantial reduction o f  

the E-LTP induced by three tetani (A bel et al., 1997). It is still not clear why  

inhibitors o f  the cA M P pathway produce a stronger effect on LTP induced by three 

tetani as opposed to that induced by a single tetanus (H uang and K andel, 1994; Abel 

et al.,  1997). B iochem ical studies have also show n that PK A  is transiently activated  

at 2 and 10 m in after tetanus and that this activation is not present at any other stage 

after LTP induction (Roberson and Sweatt, 1996).

In the m ossy fibre pathway mutant m ice lacking C p i catalytic subunit or Rip  

regulatory subunit o f  PK A show ed attenuated LTP and confirm ed that PK A has a 

role in LTP induction (Huang et al.,  1995; V illacres et al. ,  1998). The CAS region  

also receives extensive noradrenergic innervation and activation o f  P*adrenergic 

receptors stim ulates cA M P production which in turn influences PK A activity. P- 

adrenergic activation can convert an STP into an LTP and this conversion  can be 

blocked by both PK A inhibitors and protein synthesis inhibitors (Huang and 

Kandel, 1996). The sam e study also found that P-adrenergic antagonists, tim olol 

and propranolol, block early and L-LTP in m ossy fibres.
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An LTP signalling pathway is characterised by mimicry and occlusion o f LTP as 

typified by CaMKII. PKA however is thought to act as a gating mechanism because 

inhibitors o f PKA block LTP but application o f PKA activators do not induce LTP. 

This gating mechanism operates as follows. After a high-frequency stimulation 

inhibitor-1 (I-l) is activated and inhibits protein phosphatase 1 (P P l) allowing the 

expression o f LTP. LTP can be blocked by calcineurin which inhibits I-l and allows 

PPl to disrupt LTP. Activation o f adenylyl cyclase produces cAMP which activates 

PKA which in turn phosphorylates I-l and opens the gate for LTP production by 

blocking PP l.

Widely spaced trains seem to be very effective in activating calcineurin and 

producing LTP that is dependent on cAMP. A single-train o f HFS does not activate 

calcineurin and so single-train LTP is independent o f the cAMP pathway.

The location o f  the enzymes involved in the gating process in the postsynaptic 

density suggests that the teleology o f the postsynaptic area has evolved to allow 

efficient regulation o f the different pathways involved. Adenylyl cyclase (Mons et 

a i ,  1995), PKA (Carr et a i ,  1992), calcineurin (Coghlan et al., 1995), and PPl 

(Dosemeci and Reese, 1993) have all been found in the postsynaptic density. Also, 

the two enzymes which regulate I-l, PKA and calcineurin, are bound to each other 

in the postsynaptic density by AKAP (Coghlan et al., 1995).

1.9.4 Mitogen-activated protein kinase (MAP kinase)

The first evidence for the existence o f the mitogen-activated protein kinase (MAP 

kinase) family came in 1982 when Cooper and Hunter described the tyrosine 

phosphorylation o f cellular proteins by epidermal growth factor (Cooper et al., 

1982). MAP kinase was subsequently identified and phosphorylation o f the kinase 

was found to occur at its tyrosine and threonine residues (Ray and Sturgill, 

1988a,b). ERK (extracellular signal-regulated kinase) 1 and 2 were the first 

members o f the MAP kinase family to be cloned in 1990 (Boulton et al., 1990). 

Since then many other members o f the MAP kinase family have been cloned -  

p38/HOG (Hafner et al., 1994; Han et al., 1994), JNK/SAPK (c-jun N-terminal 

kinase/stress-activated protein kinase) (Kaang et al., 1993; Kyriakis et al., 1994), 

and ERK 5 (Lee et al., 1995; Zhou et al., 1995). While many scientists use the

59



words ERK and MAP kinase interchangeably, MAP kinase is more correctly the 

term for the entire superfamily o f kinases including ERK, JNK/SAPK and p38.

Although many o f the details surrounding the ERK MAP kinase cascade are 

uncertain there has been considerable progress in the understanding o f the second 

messengers that can control ERK signalling via the small G-proteins Ras and Rapl. 

Ras and Rapl are regulated by specific guanine nucleotide exchange factors (GEFs) 

and GTPase-activating proteins (GAPs). GEFs promote the attachment of 

membrane-associated G-proteins to GTP. SOS and C3G are Ras and Rapl GEFs 

respectively, and they can be recruited from the cytoplasm to multiprotein 

membrane complexes by adaptor molecules such as Grb and Crk (Pawson and 

Scott, 1997). ERK signal specificity can be mediated by growth factor receptors that 

recruit particular adaptor molecules that associate with either Ras- or Rap-GEFs. 

After nerve growth factor (NGF) stimulation o f PC 12 cells, FRS2, a membrane 

associated molecule can complex with Grb2 and SHP-2 (a tyrosine phosphatase). 

SHP-2 has been shown to be required for sustained activation o f  ERK (Hadari et a i,

1998). FRS2 also binds to Crk which results in activation o f  the Rapl pathway 

(Meakin et al., 1999). Two novel molecules, rAPS and SH2-B, have been described 

which bind to neurotrophin receptors and activate ERK via the Ras pathway (Qian 

et al., 1998). PKC can activate Raf-1 directly and also indirectly via Ras. Recently, 

a family o f phorbol ester-binding GEFs has been discovered that can activate ERK 

via diacylglycerol through a PKC-independent mechanism (Ebinu et al., 1998; 

Kawsaki et al., 1998b). PKA inhibits Rafl but activates the R apl-B -R af pathway 

(Vossler et al., 1997). A cAMP GEF has also been discovered that can activate 

ERK independently o f PKA (de Rooij et al., 1998; Kawasaki et al., 1998a). Both 

PKA and PKC have been shown to activate ERK2 in the C A l (Roberson et al.,

1999) and receptors which are coupled to PKA (P-adrenergic receptors) and PKC 

(muscarinic and metabotropic glutamate receptors) have been found to activate 

ERK. These receptors have also been shown to modulate LTP (Hopkins and 

Johnston, 1988; Bortolotto and Collingridge, 1993; Huerta and Lisman, 1993) so it 

has been proposed that PKC and PKA might be mediating their effects on LTP 

through the activation o f ERK. Although there are two isoforms o f ERK, ERKl and 

ERK2, there is no evidence to date for specific localisation o f the isoforms in
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different cellular compartments and experiments have shown that M EK l (the major 

MEK isoform in neurons) activates ERKl and ERK2 with similar kinetics (Zheng 

and Guan, 1993). It is clear however, that ERKl and ERK2 serve different functions 

in the brain. This is evident in knockout mice where ERKl knockouts appear to be 

neurologically normal but ERK2 knockouts are embryonic lethal (Selcher et al., 

2001; Adams and Sweatt, 2002).

The best characterised activation o f GEFs is through receptor tyrosine kinases 

(RTKs). RTKs which are autophosphorylated after ligand binding can provide 

docking sites for adaptor proteins or intermediate factors. Adaptor proteins or 

intermediate factors are phosphorylated in turn and can then bind Grb2. The binding 

o f Grb2 results in the formation o f G rb2-S0S complexes which can activate ERK 

(Pawson, 1995; Holgado-Madruga et al., 1996; Raabe et al., 1996; Kouhara et al., 

1997). Ca^Vcalmodulin activated GEFs have also been discovered in neuronal cells 

(Orban et al., 1999).

Further complexity has been added to the ERK MAP kinase signalling pathways 

with recent studies showing that cytoplasmic protein tyrosine kinases such as Src 

kinases and PYK2 (Lev et al., 1995; Gardner et al., 1993; Cantley et al., 1991), G- 

protein coupled receptors (GPCRs) including the a-adrenergic, muscarinic, D2 

dopaminergic, and A l adenosine receptors (van Biesen et al., 1996; Della Rocca et 

al., 1997; Gutkind, 1998), and AMPA and NMDA receptors (W ang et al., 1995; 

Kyosseva et al., 2001; Chandler et al., 2001) can all activate ERK MAP kinase.

Ras activates R af and causes it to translocate to the membrane where it 

phosphorylates ERK MAP kinase kinase by a serine/threonine phosphorylation. 

Rap-1 activates B-Raf which in turn activates ERK MAP kinase kinase again by a 

serine/threonine phosphorylation. Despite the complexity o f the different cascades 

they all result in the phosphorylation o f ERK MAP kinase kinase which is the sole 

activator o f ERK MAP kinase. This final activation is accomplished through a 

tyrosine/threonine phosphorylation.

GAPs are responsible for the inhibition o f Ras and R apl. SynGAP is a recently 

discovered member o f this family which links the NMDA receptor to the ERK 

MAP kinase pathway through PSD95 (Husi et al., 2000). The NM DAR- PSD-95 

complex is an electron-dense thickening underneath the postsynaptic membrane at 

excitatory synapses that contains NMDA receptors, structural proteins linked to the 

actin cytoskelton and other signalling elements. The NMDA channel occupies one
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third o f the complex and proteomic analysis revealed the presence o f about 75 other 

proteins in the complex (Husi and Grant, 2001). SynGAP knockout mice show 

enhanced MAPKK and MAPK phosphorylation but surprisingly exhibit reduced 

LTP (Komiyama et al., 2002). This has been explained by the fact that PSD-95 

knockout mice do not require MAP kinase for LTP and it is possible that there is 

another pathway downstream o f PSD-95 other than the SynGAP-MAPK pathway 

that is affected in the knockout mice (Komiyama et al., 2002). SynGAP can be 

inhibited by CaMKIl leading to increased activation o f ERK (Soderling et al., 

2001).

ERK can also be turned o ff by the dual-specific threonine/tyrosine phosphatase 

MKP-3 which is the most prominent regulator o f  ERK dephosphorylation in 

neurons (Muda et al., 1996a,b). The overall activity o f ERK is probably determined 

by the balance o f  kinase and phosphatase activity. Interestingly, when ERK is 

activated it can regulate its own activity by increasing the transcription o f MKP-3 

phosphatases (Sun et al., 1993; Camps et al., 1998).

The role o f ERK in invertebrate neuronal plasticity has been extensively studied in 

the marine mollusc Aplysia. Long-term facilitation (LTF) in Aplysia  is a model for 

long-term sensitisation o f the gill withdrawal reflex. LTF can be produced by 

exposing sensory-motor neurons to multiple applications o f serotonin and it also 

causes an increase in ERK activity and ERK nuclear localisation (Martin et al., 

1997). When ERK is inactivated by anti-ERK antibodies short-term facilitation is 

not affected but LTF is attenuated (Martin et al., 1997). ERK activation has also 

been shown to be critical for an in vivo analog o f  classical conditioning in the 

invertebrate Hermissenda (Crow et al., 1998).

ERK activation was first implicated in vertebrate plasticity in 1996. Following HFS 

in C A l an increase in ERK2 activation was discovered (English and Sweatt, 1996). 

Later studies used the ERK MAPKK inhibitor, PD98059 (Alessi et al., 1995; 

Dudley et al., 1995), to show that ERK activation is required for stable long-term 

LTP (English and Sweatt, 1997). Another ERK MAPKK inhibitor, U0126 (Favata 

et al., 1998), has been shown to block LTP induced by theta-frequency stimulation 

(Winder et al., 1999; Watabe et al., 2000). Other studies have shown that ERK 

activation is necessary for both NMDA receptor-independent LTP and NMDA 

receptor-dependent LTP in the dentate gyrus in vitro (Coogan et al., 1999), and also 

for LTP in vivo (McGahon et al., 1999; Davis et al., 2000; Rosenblum et al., 2000)
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and LTP at the amygdalar inputs into the insular cortex (Jones et al., 1999). 

Interestingly, in the CA l, the ERK MAPKK inhibitor, PD98059, was found to 

block the induction of LTP but to have no effect on the expression of LTP (English 

and Sweatt, 1997).

LTP is conventionally divided into both an early-phase which lasts up to about 60 

mins and a subsequent late-phase which is blocked by inhibitors of protein and 

RNA synthesis. As ERK has a prominent role in regulating gene expression and 

inhibitors of ERK MAPKK have been shown to block L-LTP (English and Sweatt, 

1996, 1997; Impey et al., 1998; Wu et al., 1999) it is thought that ERK activation is 

necessary for L-LTP. There is evidence for ERK mediated activation of cell protein 

synthesis machinery (Lin et al., 1994; Waskiewicz et al, 1999). ERK can also act 

more directly through the modulation of ion channel function and the 

phosphorylation of synapsin I (Jovanovic et al., 1996).

The importance of ERK in learning mechanisms has been emphasised with data 

showing that performance in fear-conditioning, aversive taste learning and spatial 

learning studies is associated with an increase in ERK activity and that inhibition of 

ERK leads to impaired performance in these learning paradigms (Berman et al., 

1998; Atkins et al., 1998; Blum et al., 1999). The fact that the ERK MAPKK 

inhibitor, SL327, blocks cued fear conditioning in rats has led to the proposal that 

the deficits seen in amygdala-dependent memory formation in RasGRF mutant mice 

are due to a disruption of the ERK MAP kinase signalling pathway (Atkins et al., 

1998). The muscarinic cholinergic system has also been shown to regulate ERK 

MAP kinase and consequently LTP in the insular cortex (Jones et al., 1999; 

Rosenblum et al., 2000). In the hippocampus, activation of the cAMP cascade 

results in an increase in MAPK expression in CAl (Martin et al., 1997; Roberson et 

al., 1999) and p-adrenergic receptor activation causes a PKA-dependent increase in 

ERK activation (Roberson et al., 1999). This may help to explain the modulation of 

LTP by p-adrenergic receptors which is inhibited by ERK MAPKK inhibitors 

(Thomas et al., 1996; Winder et al., 1999). Both muscarinic and metabotropic 

glutamate receptor mediated increases in ERK MAP kinase activation have been 

shown to be inhibited by PKC inhibitors (Roberson et al., 1999). As both PKA and 

PKC can activate ERK MAP kinase it is possible that they might be able to 

differentially regulate ERK MAP kinase in such a way that either pathway may be
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stimulated by a particular stimulus providing a fail safe redundancy in the system 

(Sweatt, 2001).

ERK can activate several transcription factors including CREB, Elk-1 and c-Myc. 

Elk-1 phosphorylation in response to novel taste has been shown to be mediated by 

ERK (Berman et al., 1998). The cAMP response element-binding protein, CREB, is 

a nuclear protein and it has been implicated in memory in invertebrate and 

vertebrate plasticity models. CREB is located in the nucleus but CREB mRNA has 

also been found in isolated dendrites of neuronal cultures generated from embryonic 

rat hippocampi (Crino et al., 1998). It is not yet known if ERK, Rsk2, or both are 

needed to translocate to the nucleus to phosphorylate CREB. A further possibility is 

that CREB is transcribed and phosphorylated locally in the dendrite prior to 

translocation to the nucleus. Translocation of ERK from the cytosol to the nucleus 

has been seen in CAl hippocampal cells (Patterson et al., 2001) and Rsk 

translocation to the nucleus has also been observed in response to growth factor 

stimulation in HeLa cells (Chen et al., 1992). CREB is not directly phosphorylated 

by ERK but via the activation of one of the Rsk family o f protein kinases such as 

Rsk2 (Xing et al., 1996; Impey et al., 1998). Mutations of Rsk2 have been shown to 

lead to Coffm-Lowry Syndrome in humans which is characterised by mental 

retardation and cranial dysmorphism (Harum et al., 2001). As protein synthesis 

inhibitors block L-LTP and CREB is required for the synthesis o f proteins that are 

needed for LTP it is likely that ERK lies upstream of CREB phophorylation in the 

hippocampus (Adams et al., 2000; Sweatt, 2001). Phosphorylation of CREB occurs 

at serine 133 and is not exclusively mediated by the Rsk family. PKA, CaMKI and 

IV have all been shown to phosphorylate CREB at serine 133 (Enslen et al., 1994; 

Matthews et al., 1994; Sun et al., 1995). CaMKII has a dual role in the regulation of 

CREB as either a poor activator, or an inhibitor when it phosphorylates sites other 

than serine 133 (Sun et al., 1994). Once activated, CREB can recruit CREB-binding 

protein, (CBP), and it is then in a position to activate transcription factors such as c- 

fos and the immediate early gene zif268 (Goodman, 1990; Herdegen and Leah, 

1998). In this way, CREB activation can exert diverse effects on an expanded range 

of genes. Activation of CREB can also increase the transcription of other proteins 

besides transcription factors, such as synapsin-1 and the a-subunit of CaMKII 

(Sauerwald et al., 1990; Olson et al., 1995).
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A wealth o f evidence has shown that CREB has an important role in neuronal 

plasticity. Hippocampal long-term memory was examined in transgenic mice with a 

null mutation o f CREB and was found to be impaired in contextual fear 

conditioning and Morris water maze tasks (Bourtchuladze, et al., 1994; Kogan et 

a i,  1997). Short-term memory was not affected in these studies. Another study 

blocked CREB activity with an injection o f antisense nucleotides into the 

hippocampus and found that these animals also had deficits in long-term memory 

when tested with the Morris water maze (Guzowski and McGaugh, 1997). An 

increase in CREB mediated gene expression has been seen following LTP induction 

in the hippocampus (Impey et al., 1996) and studies using antibodies have shown 

that CREB phosphorylation is increased in the perforant path 24 hours after LTP 

induction by high-frequency stimulation (Schulz et al., 1999).

In biochemical studies activation o f ERK following PKA and PKC stimulation was 

found to target CREB (Impey et al., 1998; Roberson et al., 1999). An interesting 

caveat to the study by Roberson et al. (1999) is the finding that, although PKA can 

phosphorylate CREB directly, the ERK MAP kinase kinase inhibitor, U0126, can 

completely block forskolin induced activation o f CREB (Roberson et al., 1999). 

This suggests that PKA must activate CREB via ERK and that ERK is the 

intermediate through which PKA exerts its influence on gene expression.

The kinetics o f CREB activation has been shown to be slow, with CREB 

phosphorylation increasing over the course o f an hour (Wu et al., 2001). This slow 

rise in CREB phosphorylation might facilitate its role in triggering gene expression 

in L-LTP.

Recently, ERK MAP kinase has been shown to have an important role in the 

regulation o f the A-type K^ channel, Kv4.2. This voltage-dependent K"̂  channel is 

localised to subsynaptic compartments o f somas and dendrites in area CA l o f the 

hippocampus (Alonso and Widmer, 1997). The normal function o f this channel is to 

repolarise the membrane and to regulate the excitability o f  neurons and the 

magnitude o f the excitatory postsynaptic potential (Serodio et al., 1994; Hoffman et 

al., 1997). Activation o f A-type K"̂  channels with PKA or PKC causes a 

depolarising shift in the activation curve o f A-type K”̂ currents and consequently the 

number o f back-propagating action potentials in dendrites increases (Hoffman and
I

Johnston, 1998). Back-propagating action potentials regulate Ca influx through 

NMDA receptors and are therefore crucial for the induction o f  LTP. ERK MAP
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kinase kinase inhibitors cause a hyperpolarising shift in the channel activation 

curve and also inhibit the increase in back-propagating action potentials mediated 

by activators o f  PKA or PKC (Adams and Sweatt, 2002). There is also evidence that 

Kv4.2 is a good substrate for ERK (Adams et al., 2000). When the Kv4.2 channel is 

phosphorylated by ERK the probability o f current passing through the channel 

decreases and this enables back-propagating action potentials to invade dendrites 

more easily. When ERK activity is blocked with PD98059 or U0126, the complex 

spikes that normally result from theta-burst stimulation are also blocked. These 

complex spikes are responsible for back-propagating action potentials in CAl 

dendrites. It is clear from the foregoing evidence that regulation o f Kv4.2 via ERK 

has an important role in neuronal excitability and plasticity.

The nature o f the ERK MAPK cascade with three kinases in series allows for 

enormous signal amplification in an essentially all-or-none manner. This has been 

demonstrated in Xenopus ooc}4es where the ERK cascade is seen to operate in a 

digital manner and can change rapidly from a state o f low activity to a state o f 

maximal activity (Ferrell and Machleder, 1998). Other studies have shown that 

ERK can function as a coincidence detector. Neither P-adrenergic receptor agonists 

nor muscarinic receptor agonists can activate ERK when they are applied separately 

but if  they are both applied ERK can be activated (Watabe et al., 2000). The 

simultaneous application o f  P-adrenergic and muscarinic receptor agonists can also 

trigger activity-dependent hippocampal LTP and this LTP is blocked by ERK 

MAPKK inhibitors (Watabe et al., 2000). Therefore ERK coordinates the induction 

o f  LTP through a three-way coincidence detection -  it integrates the two cell- 

surface signals with synaptic activity to induce LTP. This can be extended to a four

way coincidence detection if  we include ERKs regulation o f  back-propagating 

action potentials.

Under some conditions, such as temporally spaced stimuli, ERK can be persistently 

activated and this persistent activation can be used for biochemical information 

storage (Weng et al., 1999; Wu et al., 2001). One o f the proposed mechanisms for 

persistent ERK activation is that ERK promotes the expression o f genes for 

upstream activators o f ERK and thus activation o f ERK sets up a positive feedback 

cycle (Roberson and Sweatt, 2001). Repetitive spaced stimuli have been found to 

induce more robust forms o f memory in most forms o f learning, so the evidence to
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date indicates that persistent ERK activation following repetitive stimuli might be a 

critical factor in the maintenance o f long lasting memories. ERK activation might 

also regulate an inhibitory feedback function by promoting the transcription o f 

MAP kinase phosphatases (MKPs). These phosphatases might be capable of 

consolidating memory by locking the synapase into an aplastic state and protecting 

it from alteration by subsequent signals.
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2 Materials and methods



2.1 Animals

The regulations as issued by the Department o f Health and Children regarding the 

use o f animals in scientific research were followed throughout the course o f these 

experiments. All experiments were carried out using male W istar rats weighing 

between 40-80g (3-5 week old animals). The animals were supplied by the 

BioResources Unit, Trinity College Dublin. Every precaution was taken to ensure 

that the conditions under which the animals were kept remained constant. The 

animals were housed in cages containing 5-10 rats and food and water was available 

at all times. The animal house o f the BioResources Unit was on a twelve hour 

light/dark cycle and the temperature o f the animal house was maintained between 

21-23°C.

2.2 Artificial cerebrospinal fluid (ACSF)

The incubation and experimental solution contained the following (in mM): NaCl, 

120; NaHCOs, 26; NaH2P 0 4 .2 H2 0 , 1.25; KCl, 2.5; Mg2S0 4 .7 H2 0 , 2; CaCb, 2; D- 

glucose, 10. The pH was adjusted to 7.35-7.45 by gassing with 95% 02/5% CO2 . 

The saline was prepared each morning before experiments commenced.

2.3 Preparation of slices

The rats were rapidly decapitated using a guillotine without anaesthesia. After 

decapitation, excess skin and muscle was cut away from the skull using a pair of 

dissecting scissors. An incision was then made at the base o f the skull which 

facilitated the removal bone from this area o f the skull. A second incision was then 

made along the midline o f  the skull to enable the remaining right and left 

hemispheres o f the skull to be peeled away using a pair o f forceps. At this point the 

dura was removed using a pair o f spring scissors and after this the cerebellum was 

removed with a scalpel. Another cut was made with the scalpel to separate the area 

of the brain containing the hippocampus from the forebrain and a spatula was then 

used to tip the section o f brain containing the hippocampus out o f the skull and into 

a bath o f cold (<5°C), oxygenated ACSF (95% ©2/5 % CO2). The total time elapsed
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from the moment o f decapitation to the transfer o f the sectioned brain to the bath of 

cold, oxygenated ACSF was not more than 1.5 min. The brain was incubated in the 

cold ACSF for -1 0  sec and subsequently transferred onto wet filter paper which had 

been soaked in ACSF. A thin layer o f the base o f the brain was then removed to 

enable the brain to be evenly fixed onto a Teflon block with superglue. The stage 

containing the Teflon block was immediately transferred to a slicing chamber where 

the brain was completely submerged in cold (<5°C), oxygenated (95% 02/5% CO2) 

ACSF. A Campden Vibroslice with a hard carbon-steel blade (Gillette) was used to 

cut slices from the brain. The vibroslice was set at a fast (8) vibration speed and a 

slow (1) advance speed. For the first cut, the top 4mm of the brain was removed and 

discarded to reveal the hippocampus. Subsequently, several transverse hippocampal 

slices were cut to a thickness o f 350|im and removed to a submersion type chamber 

(Medical Systems, New York) where they were maintained in oxygenated (95% 

0 2 / 5 % CO2) ACSF at room temperature (20-22°C). Slices were allowed to recover 

in this chamber for at least one hour before they were transferred to the submerged 

recording chamber o f the experimental rig. Again, slices were allowed to recover 

for at least one hour in the submerged recording chamber o f  the experimental rig 

before any recordings were made.

2.4 Experimental set-up

Before slices was transferred to the recording chamber, ACSF was heated to 31- 

32°C with a stirring heater device (Lauda, Germany) and the solution was gassed 

for 30 min with a mixture o f 95% 02/5% CO2 . After this, slices could be transferred 

to the submerged recording chamber where they were superfused with the heated 

and fully oxygenated ACSF using a gravity feed system at a rate o f  6-7ml per min. 

The volume o f the recording chamber was ~0.5ml and slices were prevented from 

moving in the recording chamber by securing them between two nylon meshes.

The slices were then visualised under illumination with a microscope (World 

Precision Instruments, Sarasota, FL, USA) at a magnification o f  X30. Recording 

and stimulating electrodes were manoeuvred and positioned with two MMN-1 

manipulators (Narishige, Japan). The recording chamber, recording and stimulating 

electrodes and microscope, all rested on an anti-vibration table (AVT 701,
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Wentworth Laboratories Ltd., Bedford, UK) and the entire set-up was surrounded 

by a Faraday cage.

2.5 Electrodes

Bipolar stimulating electrodes were made by twisting two strands o f insulated 

stablohm 650 H-Formvar wire (California Fine Wire Company, CA, USA) together. 

The two twisted strands o f wire were then quickly run through superglue to hold 

them together. The recording electrodes were low resistance (~1MQ) glass 

microelectrodes which were pulled using a Flaming/Brown micropipette puller, P- 

87 (Sutter Instrument Corp. CA., USA). The recording electrodes were filled with 

ACSF.

2.6 EPSP recording

Standard electrophysiological techniques were used to record field excitatory 

postsynaptic potentials (EPSPs) from the medial perforant path o f the dentate gyrus. 

Both stimulating and recording electrodes were placed ~ l-2m m  apart in the middle 

third o f the molecular layer o f the perforant pathway and test EPSPs were evoked at 

a frequency o f 0.033 Hz. An input-output curve (afferent stimulus intensity versus 

EPSP amplitude) was plotted for each experiment at this test frequency and only 

slices which had a peak EPSP o f >3mV were used in experiments. Stimulation and 

recording from the medial perforant pathway was verified by the use o f paired-pulse 

stimulation (interstimulus interval 40ms). Paired-pulse depression (-30% ) was 

indicative o f the correct location in the medial perforant pathway. The inner 

(suprapyramidal) blade o f the dentate gyrus was used in all studies.

Paired-pulse stimulation was used in all experiments at a test frequency o f 0.0167 

Hz and in each experiment the amplitude o f the test EPSP was adjusted to ~1- 

1.2mV which was approximately one-third o f the maximum EPSP as determined by 

the I/O curve. The baseline was considered to be stable if  no change occurred in the 

EPSP for 30 min before the application o f a drug or the delivery o f a high-frequency 

stimulation protocol.
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Stimulation pulses were generated by a Master-8, eight channel, programmable 

pulse generator (A.M.P.I., Jerusalem, Israel) which was driven by IBM compatible 

PC computer protocols. The stimulation pulses were fed through a stimulation 

isolation unit (Iso-flex, A.M.P.I., Jerusalem, Israel) to isolate the electrode from 

ground. The EPSPs were monitored on an oscilloscope (Gould) while records of 

EPSPs were generated by pCLAMP6 computer software (Axon instruments Inc., 

Foster City, CA, USA). EPSPs were amplified by an Axopatch ID amplifier (Axon 

instruments Inc., Foster City, CA, USA) and converted from analogue to digital 

form (DigiData 1200, Axon instruments Inc., Foster City, CA, USA) before being 

stored on a Gateway 2000, P5-100 personal computer for subsequent off-line data 

processing. Data was analysed using Microsoft Excel and Prism software.

2.7 High-frequency stimulation protocols

Four different high-frequency stimulation (HFS) protocols were used to elicit four 

different types of LTP as outlined below.

Conventional LTP: 8 trains of 8 pulses at 200 Hz with a 2 sec intertrain interval 

(ITI).

100 Hz LTP: 4 trains of 1 sec stimulation at 100 Hz with a 20 sec ITI.

200 Hz LTP: 10 trains of 200 msec stimulation with a 5 sec ITI.

Multiple spaced 200 Hz LTP: the 200 Hz LTP protocol repeated 3 times with a 10 

min interval between each tetanus.

The stimulation voltage was increased to give an EPSP of two-thirds of maximum 

amplitude during all HFS protocols.

2.8 Data analysis and statistics

The two-tailed Student’s t test was used for statistical comparison. Values are the 

means ± SEM for n slices in each experiment.
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2,9 Compounds

All experiments were out in the presence of 50|o.M picrotoxin to block GABAa 

mediated activity. Picrotoxin was dissolved in dimethyl sulphoxide (DMSO) but the 

final concentration of the solvent was less than 0.05% of the circulating solution and 

no effect on synaptic transmission was observed at this concentration. Propranolol 

hydrochloride, scopolamine hydrochloride, MPEP hydrochloride, and emetine 

dihydrochloride were dissolved in H2O. LY 341495, Bisindolylmaleimide I, 

anisomycin, KT 5720, KN-93, KN-62 and PD 98059 were dissolved in DMSO.

Propranolol hydrochloride Sigma

Scopolamine hydrochloride Sigma

PD 98059 

Picrotoxin

MPEP hydrochloride 

Bisindolylmaleimide I 

Emetine dihydorchloride 

Anisomycin

KT 5720

KN-62

KN-93

LY 341495 Tocris Cookson, Bristol, UK

Sigma

Sigma

Sigma

Tocris Cookson, Bristol, UK 

Calbiochem, Luzern, Switzerland 

Calbiochem, Luzern, Switzerland 

Calbiochem, Luzem, Switzerland 

Calbiochem, Luzern, Switzerland 

Sigma
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3 Results



3.1 Different stimulation protocols induce multiple forms of LTP

LTP was induced with a number o f different high-frequency stimulation (HFS) 

protocols. The first protocol employed was 8 trains o f 8 stimuli at 200 Hz with an 

intertrain interval o f 2 sec (Fig. 3.1). After a 20 min baseline LTP was evoked by 

applying the HFS. EPSP amplitude rose to a peak o f 201.5±10.8% at 1 min post- 

HFS (p<0.01, n=5). LTP declined for 20 min and then remained at a reasonably 

constant level for the remainder o f the experiment. LTP measured 145.7±9.0% at 

120 min (p<0.01, n=5).

LTP produced by 4 trains o f 100 Hz for 1 sec, with a 20 sec intertrain interval was 

then examined (Fig. 3.2). LTP reached a peak o f 152.6±3.7% at 5 min post-HFS 

(p<0.01, n=5) and declined quite slowly to 129.3±8.0% at 100 min post-HFS.

A protocol o f 10 trains o f 200 msec stimulation at 200 Hz with a 5 sec intertrain 

interval was examined next (Fig.3.3). This produced a large initial LTP of 

190.1 ±13.4% which declined to a level which was not significantly different from 

100 Hz LTP after 80 min (153.7±6.7%, n=5, p=0.08).

Finally a very strong protocol was employed which consisted o f the 200 Hz 

protocol repeated 3 times with 10 min between each tetanus (Fig. 3.4). This protocol 

produced a strong potentiation that reached a peak o f  198.515.8% at 8 min after the 

3‘̂‘* 200 Hz (p<0.01, n=5) and was sustained with little decline throughout the 

experiment. LTP measured 182.7±8.7% at 120 min after the 3‘̂‘* 200 Hz.

A comparison between 100 Hz LTP, 200 Hz LTP and multiple spaced 200 Hz LTP 

is shown in Fig. 3.5. It can be seen that the early-phase o f LTP (E-LTP) produced 

by 200 Hz HFS was not significantly different from E-LTP produced by multiple 

spaced 200 Hz HFS but it declined rapidly to the level o f 100 Hz LTP. The multiple 

spaced 200 Hz LTP was significantly different from 100 Hz LTP at 5 min (p<0.05, 

n=5) and it was significantly different from 200 Hz LTP at 25 min (p<0.05, n=5). 

The level o f LTP produced is clearly dependent on the frequency o f stimulation and 

on the duration o f the high-frequency burst. In addition to this, the 10 min spacing 

between bursts in the multiple spaced 200 Hz protocol seems to have a particularly
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Fig. 3.1 LTP induced by conventional HFS. The arrow indicates the point at which 
a high-frequency stimulation o f 8 trains o f 8 stimuli at 200 Hz was applied. LTP 
reached a peak o f 201.5±10.8% (n=5) 1 min after HFS and this value decreased to 
145.7±9.0% at 120 min. The traces show sample fEPSPs 5 min before HFS (a), 5 
mins after HFS (b) and 120 min after HFS (c).
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Fig. 3.2 100 Hz LTP. 4 trains o f 100 Hz with 20 sec intertrain interval gave a mild 
LTP with a peak value o f 152.6±3.7% at 5 min after the stimulus (p<0.01, n=5). The 
traces show fEPSPs prior to HFS (a), 30 min after HFS (b) and 100 min after HFS 
(c). The arrow indicates the point at which HFS was applied.
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Fig. 3.3 Single 200 Hz LTP. A peak o f 190.1 ±13.4% is reached 5 min after the HFS 
and LTP decays to a level o f 153.7±6.7% 80 min after HFS which is not 
significantly different from 100 Hz LTP (n=5). The traces show fEPSPs prior to 
HFS (a), 5 min after HFS (b) and 120 min after HFS (c). The arrow indicates the 
point at which HFS was applied.
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Fig. 3.4 Multiple spaced 200 Hz. LTP. LTP reached a peak o f  198.5±5.8% 8 min 
after the 3'̂ ‘* 200 Hz (p<0.01, n=5). This high level o f LTP was maintained with little 
decline for the duration for the duration o f the experiment. LTP measured 
182.7±8.7% 120 min after the 3'̂ '’ 200 Hz. The traces show fEPSPs prior to HFS (a), 
10 min (b) and 100 min (c) after the 3‘̂‘* HFS. The arrows indicate the times when 
HFS was applied.
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min. 200 Hz HFS produced an early phase LTP which was not significantly 
different from 3 spaced 200 Hz but it declined to a level not significantly different 
from 100 Hz LTP after 80 min.



strong effect on the efficacy o f synaptic transmission between neurons in the dentate 

gyrus.

3.2 Blockade of P-adrenergic receptors does not significantly inhibit LTP 

induced by three different protocols

The effect o f a block o f P-adrenergic receptors on LTP induced by three different 

HFS protocols was investigated. Propranolol hydrochloride was used to block both 

Pi- and P2 -adrenergic receptors. This adrenergic antagonist blocks both Pi- and P2 - 

adrenergic receptors with equal potency and has no effect on a-adrenergic receptors 

(Whitehurst et a l ,  1999).

l|iM  propranolol hydrochloride was applied for 1 hour before the start o f the 

experiment. There was no significant difference between LTP produced by the 100 

Hz protocol in control and drug treated slices (Fig 3.6). Peak LTP was 161.4±4.9% 

in drug treated slices compared with 152.6±3.7% in the control slices. LTP in the 

drug treated slices was not significantly different from the controls at any point 

during the experiment (p>0.1, n=2).

There was no significant inhibition o f the single 200 Hz LTP with 1 |^M propranolol 

hydrochloride (Fig. 3.7). Peak LTP was 190.1±13.4% and 189.1±17.3% in control 

and propranolol treated slices respectively. LTP declined in drug treated slices with 

a similar time course to the control and after 120 min LTP measured 129.3±7.1% in 

the drug treated slice compared with 155.9±5.9% in the control (p>0.1, n=3).

In the final experiment the effect o f propranolol hydrochloride on multiple spaced 

200 Hz HFS was examined (Fig. 3.8). 1|^M propranolol hydrochloride was applied 

to the slice for 1 hour before recording and was present throughout the experiment. 

Peak LTP was 192.5±10.9% in the drug treated slice and 196.0±10.8% in the 

control slice. Although there was no significant difference between control and the 

drug treated slices there was a non-significant trend towards a reduction in LTP in 

the drug treated slices. At 140 min LTP was 181.7±6.3% and 153.9±10.6% in 

control and propranolol treated slices respectively (p>0.1, n=4).
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Fig. 3.6 No inhibition o f 100 Hz LTP with propranolol. There was no significant 
difference between the control and slices treated with l|iM  propranolol. The top 
graph shows the LTP produced in the drug treated slices. The lower graph shows a 
comparison between control and drug treated slices. At 80 min LTP was 
137.8±3.5% and 145±4.3% in control and drug treated slices respectively (p>0.1, 
n=2). The traces show sample fEPSPs 5 min before HFS (a), 5 mins after HFS (b) 
and 100 min after HFS (c). The arrow indicates the time when HFS was applied.
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These experiments show that activation o f P-adrenergic receptors is not essential for 

the induction o f LTP at any o f the frequencies studied. Application o f propranolol 

hydrochloride was seen to produce a mild reduction o f LTP which was not 

significant suggesting that P-adrenergic receptors have a modulatory role in LTP 

induction and maintenance.

3.3 Antagonism of muscarinic acetylcholine receptors significantly reduces the 

late-phase of multiple spaced 200 Hz LTP

The involvement o f muscarinic acetylcholine receptors (mAChRs) in LTP induced 

by the 3 spaced 200 Hz protocol was investigated by applying a mAChR antagonist 

to the slices 1 hr before the experiments and allowing the drug to circulate for the 

duration o f the experiment. The potent muscarinic antagonist scopolamine 

hydrochloride was used to block mAChRs. Scopolamaine-induced amnesia in rats is 

a commonly used model o f memory deficit (Rush, 1988; Park et al., 2000). 

Scopolamine hydrochloride (lOOfiM) was found to produce a significant decrease in 

late phase LTP (Fig. 3.9). Early phase LTP was not affected by scopolamine (peak 

LTP was 196.2±9.2% and 198.5±5.8% in drug treated and control slices 

respectively). Reduction o f  LTP only became significant in the late-phase o f LTP. 

LTP measured 152.4±5.6% in scopolamine treated slices and 181.7±6.3% in control 

slices 2 hrs after the 3"̂*̂ 200 Hz (p<0.05, n=5).

These experiments demonstrate that the activation o f mAChRs is required for the 

full expression o f late-phase LTP induced by the multiple spaced 200 Hz protocol.

3.4 Antagonism of mGluRs significantly reduces the late-phase of multiple 

spaced 200 Hz LTP

Since the first report that an mGluR antagonist, MCPG, blocked the induction of 

LTP (Bashir et al., 1993) there has been considerable controversy over the role o f 

mGluRs in hippocampal synaptic plasticity. Some studies have reported an 

inhibition o f LTP with MCPG (Bashir et al., 1993; Brown et al., 1994; Richter- 

Levin et al., 1994; Little et al., 1995; Breakwell et al., 1998) and in other studies the
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MCPG actions could not be confirmed (Chinestra et a i ,  1993; Manzoni et al., 1994; 

Selig et al., 1995; Thomas and O ’Dell, 1995; Rush et al., 2001b). Deficits in LTP 

have been described in mice lacking mGluRi receptors (Aiba et al., 1994; Conquet 

et al., 1994) and mGluRs receptors (Lu et al., 1997) but these studies have also been 

confusing since deficits in LTP in area CAl o f the mOlui receptor knockout were 

not observed in the study by Conquet’s group.

The role o f mGluRs in multiple spaced 200 Hz LTP was investigated using the 

mOluR antagonist LY 341495. LY 341495 has been shown to inhibit group II 

mOluRs at low nanomolar concentration and group I mOluRs at micromolar 

concentrations (Fitzjohn et al., 1998; Kingston et al., 1998).

LY 341495 (20|aM) was found to reduce the late phase o f  multiple spaced 200 Hz 

LTP. In the drug treated slices LTP measured 155.5±8.4% at 120 min compared 

with 182.7±8.7% in control slices (n=5, p<0.05) (Fig. 3.10). Neither the induction 

nor the early-phase o f LTP was affected by LY 341495.

In order to dissect out the receptor subtypes that might be involved in this reduction 

o f late phase LTP the same experiment was performed with the mGluRs antagonist 

MPEP hydrochloride. There was no significant difference between LTP produced in 

the presence o f  9|iM  MPEP hydrochloride and control slices. At 60 min, LTP 

measured 180.2±4.0% and 189.41 ±5.4% in drug treated slices and control 

respectively (n=3, p>0.1) (Fig. 3.11).

These experiments demonstrate that activation o f mGluRs are required for the full 

expression o f late-phase LTP induced by multiple spaced 200 Hz protocol. However 

the receptor subtypes involved are still not known but from the MPEP experiments 

it is clear that mGluRs is not required for this LTP.

3.5 The role o f protein synthesis in LTP induced by different stimulation 

protocols

3.5.1 Emetine inhibits the induction of multiple spaced 200 Hz LTP

Previous studies have demonstrated that the expression o f LTP requires new protein 

synthesis (Frey et al., 1991; Huang and Kandel, 1994; Huang et al., 1994). There
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are also some in vivo studies in the dentate gyrus which have shown that the 

maintenance of LTP requires new protein synthesis (Krug et al., 1984; Otani et a l,  

1989; Fazeli et al., 1993). The protein synthesis inhibitor emetine was used in the 

present experiments to investigate the role o f protein synthesis in LTP induced by 

the multiple spaced 200 Hz protocol. Slices were treated with 20|j,M emetine for 1 

hour before recording and the drug was present for the duration o f the experiment. 

Emetine was found to completely inhibit the induction o f LTP. Furthermore, there 

was a depression o f EPSPs following each HFS in the drug treated slices. EPSPs 

measured 15.0±8.6%, 9.1±4.3% and 1.7±0.03% immediately after the 1̂ ’, and 3"̂ *̂ 

HFS respectively (n=2) (Fig. 3.12). The EPSPs tended to increase towards baseline 

levels over time but there was still a significant depression at 50 min with EPSP 

measuring 80.1 ±21.2% (p<0.05, n=2).

These results demonstrate that protein synthesis is required for the induction o f 

multiple spaced 200 Hz LTP.

3.5.2 Anisomycin inhibits tlie induction of multiple spaced 200 Hz LTP

The effect o f another protein synthesis inhibitor, anisomycin, on multiple spaced 

200 Hz LTP was also investigated. Anisomycin is a transcriptional inhibitor and at a 

concentration o f 25|aM it has been shown to block at least 85% o f incorporation of 

^H-leucine into hippocampal slices (Frey et al., 1988). In these experiments slices 

were treated with 5|^M anisomycin for 1 hour before recording and the drug was 

allowed to circulate in the bath for the duration o f the experiment. Similar to the 

previous results with emetine, anisomycin was found to block the induction o f LTP 

with the multiple spaced 200 Hz protocol. EPSPs measured 108.8±15.4% and 

116.6±24.10% at 25 min and 80 min respectively (n=2) (Fig. 3.13).

These results show that protein transcription is required for the induction o f multiple 

spaced 200 Hz LTP.

3.5.3 Anisomycin inhibits the late-phase of multiple spaced 200 Hz LTP

To investigate the effects o f protein synthesis on late-phase LTP anisomycin was 

applied immediately after the 3"̂** 200 Hz. The requirement o f newly synthesized 

proteins for late LTP is less well studied than the mechanisms o f  early LTP because
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most LTP experiments continue for less than two hours after tetanisation. Inhibition 

o f late phase LTP was first discovered in vivo (Krug et al., 1984) and was 

subsequently shown in vitro (Frey et al., 1988). In the present set o f experiments, 

the application o f 40|aM anisomycin immediately after the 3'̂ ‘’ 200 Hz did not inhibit 

the early phase o f LTP. At 30 min LTP measured 240.2±9.2% in the drug treated 

slices and LTP began to decline rapidly after this time point (Fig 3.14). At 130 min 

LTP was significantly reduced below the control value with EPSPs measuring 

158.2±6.0% and 182.9±8.5% in drug treated and control slices respectively (p<0.05, 

n=5) (Fig 3.14).

These experiments demonstrate that protein synthesis is required for the late-phase 

o f multiple spaced 200 Hz LTP.

3.5.4 Anisomycin does not inhibit mild LTP induced by 8 trains of 8 pulses at 

200 Hz

The effects o f anisomycin on LTP induced by 8 trains o f 8 pulses at 200 Hz were 

investigated next. 40|aM anisomycin was applied to the slices 1 hour before the 

recording and was allowed to circulate in the bath for the duration o f the 

experiment. There was no significant difference between control and drug treated 

slices in either early or late-phase LTP. At 5 min after the HFS, LTP measured 

168.7±19.6% and 185.1±13.2% (n=3, p>0.05) (Fig. 3.15) in drug treated and 

control slices respectively. The potentiation remained relatively stable at this level 

over the course o f 2 hours and at 120 min LTP measured 150.0±22.5% and 

145.7±9.03% in drug treated and control slices respectively (n=3, p>0.05) (Fig. 

3.15).

3.6 Antagonism of PKC reduces both the early and late-phases o f multiple 

spaced 200 Hz LTP

There is a considerable body o f evidence demonstrating a role for PKC in LTP 

(Lovinger et al., 1987; M alinow et al., 1988, 1989; Reymann et al., 1988, 1990; 

Colley et al, 1990, Wang and Feng, 1992; Sacktor et al., 1993; Hvalby et al., 1994; 

Osten et al., 1996). However, the poor specificity o f the protein kinase inhibitors
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used in these studies have led other investigators to challenge some o f these results 

(Muller et al., 1992; Lopez-Molina et ah, 1993; Roberson et al., 1996).

In the present study PKC was inhibited with the potent and selective PKC inhibitor 

Bisindolylmaleimide I (Bis I). This compound has been shown previously to inhibit 

PKC in enzyme assays with a o f 1 OnM and to inhibit other kinases only at much 

higher concentrations, for example, PKA with a K\ o f 2mM (Nixon et al., 1992). Bis 

I acts competitively with respect to ATP and in the slice preparation there is a 

higher cellular ATP concentration than in enzyme assays (Nixon et al., 1992). For 

this reason, a concentration o f 1 |^M was used in the present experiments which is 

considerably higher than the K\ value o f Bis I for PKC.

The role o f PKC in multiple spaced 200 Hz LTP was examined by applying Bis I to 

the slice 1 hour before recording and leaving it circulate in the bath throughout the 

duration o f the experiment. Induction o f LTP was affected by the drug as LTP was 

significantly reduced 5 min after the 1̂ ' 200 Hz HFS. LTP measured 150.8±8.5% at 

this time point compared with 179.8±8.1% in control (n=5, p<0.05) (Fig. 3.16). LTP 

was stable at this level throughout the experiment and at 140 min it measured 

152.8±8.3% compared with 181.7±6.3% in control (n=5, p<0.05).

These experiments show that PKC is involved in the induction o f LTP. However it 

does not block LTP completely but allows the expression o f LTP at a reduced level 

over a period o f  2 hours.

3.7 The PKA inhibitor, KT 5720, reduces early and late-phases of multiple 

spaced 200 Hz LTP

LTP induction has been shown to produce a rise in cAMP (Chetkovich and Sweatt, 

1996), activation o f PKA (Roberson and Sweatt, 1993; Blitzer et al., 1995), and 

phosphorylation o f some PKA substrates (Blitzer et al., 1998), but the role o f this 

pathway is not fully understood. It is generally agreed that late phase LTP is 

dependent on cAMP and protein synthesis (Frey et al., 1993; Huang and Kandel, 

1994; Winder et al., 1998) and that there is also an intermediate phase o f LTP that 

begins approximately one hour after induction and is dependent on cAMP, but not
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protein synthesis (W inder et al., 1998). However, there is less consensus regarding 

the role o f PKA in early LTP. Early LTP is defined as the plasticity which occurs 

30-60 min after induction, a time at which short-term plasticity processes have 

decayed. Some studies show that early-phase LTP is not dependent on adenylyl 

cyclase or PKA (Frey et al., 1993; Huang and Kandel, 1994) and other studies have 

shown a reduction o f early-phase LTP with PKA inhibitors (Otmakhova et al., 

2000).

The PKA inhibitor KT 5720 was applied to the slices in order to investigate the role 

o f PKA in multiple spaced 200 Hz LTP. KT 5720 is a potent and selective inhibitor 

against PKA which blocks the enzymatic activity o f the catalytic subunit o f PKA 

{K\ = 56 nM). The drug was applied to the slice for at least 1 hour before recording 

and it was allowed to circulate in the bath for the duration o f the experiment. At 20 

min after the 3"̂ *̂ 200 Hz, LTP measured 188.7±5.9% and 156.9±12.6% in control 

and drug treated slices respectively. Thus there was a significant reduction o f LTP 

below control levels at this time point (p<0.05, n=7) (Fig. 3.17). LTP continued to 

decline in drug treated slices and at 140 min LTP measured 119.8±10.1% compared 

with 181.7±6.3% in control.

In order to differentiate between a disruption o f the induction process and an 

inhibition o f the expression o f LTP after HFS, KT 5720 was applied to the slice 

directly after the 3’̂'̂  200 Hz. In these experiments, a significant difference between 

control and drug treated slices was first observed at 70 min (n=4, p<0.05) (Fig 3.18) 

with EPSPs in slices treated with KT 5720 after the 3̂ *̂ 200 Hz measuring 

149.6±8.7% at this time compared with 189.3±5.2% in control slices. Thus, there 

was a more gradual reduction o f LTP when KT 5720 was applied directly after the 

3'̂ ’̂ 200 Hz compared with the previous experiments where KT 5720 was present 

throughout the experiment. However, this significant reduction o f LTP with KT 

5720 added after the 3’̂'* 200 Hz still fell within the definition o f  early-phase LTP. 

LTP continued to decline with a similar time course to the previous experiments and 

at 140 min LTP had declined to 124.6±9.1% compared to the control value of 

181.6±6.3%.

Fig. 3.9 shows a comparison between slices which were treated with KT 5720 

throughout the experiment and slices where KT 5720 was added after the 3'̂ ‘* 200
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Hz. There is no significant difference between the two sets o f experiments at any 

time point.

3.8 The role of CaMKII in multiple spaced 200 Hz LTP

3.8.1 The CaMKII inhibitor, KN-62, reduces the early and late-phases of 

multiple spaced 200 Hz LTP

LTP induction in the C A l has been shown to be blocked by postsynaptic 

application o f peptide inhibitors o f CaMKII (Malinow et a l ,  1989; Hvalby et a i ,  

1994; Feng 1995). CaMKII is also thought to have an important role in the 

maintenance o f LTP. One hypothesis is that CaMKII activity is maintained 

constitutively by a positive feedback process involving the autophosphorylation of 

Thr286 which promotes further autophosphorylation o f the kinase (Lisman 1985, 

Saitoh and Schwartz 1985; Miller and Kennedy 1986; Schworer et al., 1988; 

Zhabotinsky 2000). Compounding this theory, biochemical work has shown that 

LTP induction can trigger a long-lasting increase in the autophosphorylated form o f 

CaMKII and its Ca -independent activity (Fukunaga et al., 1993, 1995; Barria et 

al., 1997; Ouyang et al., 1997, 1999; Lee et al., 2000). Also, genetic studies have 

shown that a mutation o f Thr286 prevents LTP induction (Giese et al., 1998).

The potent selective inhibitor o f CaMKII, KN-62 (Â i = 900nM) (Ito et al., 1991; 

Tokumitsu et al., 1990), was used to investigate the role o f  CaMKII in multiple 

spaced 200 Hz LTP. Slices were incubated in KN-62 (3|iM ) for at least an hour 

before recording and the drug was allowed to circulate in the bath for the duration o f 

the experiment. Peak LTP after the 3"̂  ̂ tetanus was 166.1 ±11.1% (at 27 min) and 

198.5±5.8% (at 28 min) in the drug treated slices and control slices respectively. 

Thus there was a significant reduction in peak LTP in the presence o f the CaMKII 

inhibitor (p<0.05, n=5) (Fig. 3.20). LTP continued to decline in the early and late 

phases o f  LTP and at 140 min LTP measured 18I.7±6.3%  and I3 5 .9 ± ll.l%  in 

control and drug treated slices respectively (p<0.05, n=5)(Fig. 3.20).
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3.8.2 The CaMKII inhibitor, KN-93, causes a non-significant reduction in 

multiple spaced 200 Hz

The same experiment was carried out using an aUernative CaMKII inhibitor, KN- 

93. Again, sHces were incubated in the drug for one hour prior to the recording and 

the drug was allowed to circulate in the bath for the duration o f  the experiment. 

Peak LTP was reduced, although not significantly, in the presence o f 3|iM  KN-93, 

with EPSPs measuring 169.9±16.1 at 28 min in KN-93 treated slices compared with 

198.5±5.8% in control slices at the same time point (p>0.05, n=4)(Fig. 3.21). LTP 

remained relatively constant at this reduced level over the course o f the experiment 

and at 120 min EPSPs measured 154.5±11.2% in the drug treated slices compared 

with 182.7±8.7% in control (p>0.05, n=4).

3.9 The role of MAP kinase in LTP induced by different stimulation protocols 

3.9.1 The MAP kinase inhibitor, PD 98059, does not inhibit LTP induced by 8 

trains of 8 stimuli at 200 Hz

In the first set o f experiments investigating the role o f MAP kinase in LTP, the 

selective MAP kinase inhibitor PD 98059 was found to have no effect on the 

decremental LTP evoked by a standard 8 trains o f 200 Hz for 5 ms. In control slices 

the mild HFS induced a decremental LTP measuring 201.5±10.8% at peak, and 

180.2±12.7% and 161.5±6.7% at 10 min and 1 hr respectively following HFS (Fig 

3.22). LTP in slices perfused with 50^M  PD 98059 was 152.7±24.9% and 

145.9±9.7% at 10 min and 1 hr respectively, values not significantly different from 

control (n=2, p>0.05) (Fig. 3.22). Peak LTP in the drug treated slice was 

168.4±21% which was not significantly different from peak LTP in control slices 

(n=2, p>0.05) (Fig, 3.22). Therefore, the application o f PD 98059 did not inhibit the 

induction o f LTP, the early-phase or the late-phase o f LTP induced by 8 trains of 

200 Hz for 5 ms.
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Fig. 3.22 PD 98059 does not inhibit LTP induced by mild stimulation protocol. At 
10 and 60 min post HFS LTP measured 152.7±24.9% and 145.9±9.7% values which 
were not significantly different from control (n=2, p>0.05). The lower graph shows 
a comparison between control and drug treated slices. The traces show sample 
flEPSPs 10 min before HFS (a), 10 min (b) and 120 min (c) after HFS. The arrows 
indicates the time when HFS was applied.



3.9.2 PD 98059 inhibits multiple spaced 200 Hz LTP

Multiple spaced 200 Hz HFS induced a very robust LTP that measured 198.5±5.8% 

at peak, and 189.4±5.2% and 181.7±6.3% at 30 min and 2 hr post the 3'̂ ‘* 200 Hz, 

levels o f LTP that are significantly higher than that induced by a single HFS at 30 

min and 2 hr post HFS (p<0.05). PD 98059 was used to investigate the role o f MAP 

kinase in multiple spaced 200 Hz LTP. Slices were incubated in PD 98059 for at 

least one hour before the experiment and the drug was allowed to circulate in the 

bath for the duration o f the experiment. LTP was significantly reduced 5 min after 

the P ’ 200 Hz with LTP measuring 179.8±8.1% and 153.1±1.8 in control and drug 

treated slices respectively (p<0.05, n=4) (Fig. 3.23). At 30 min and 90 min after the 

3"̂ *̂ 200 Hz, LTP was 139.0±3.0% and 123.6±6.4%, respectively, compared with 

189.4±5.2% and 185.5±8.8% in the control slices. Thus, the MAP kinase inhibitor 

significantly inhibited both the early and late phases o f LTP induced by the 3 spaced 

200 Hz protocol.

3.9.3 PD 98059 inhibits the expression of multiple spaced 200 Hz LTP

The inhibition o f LTP by the MAP kinase inhibitor could have been caused either 

by a block o f the induction or expression o f LTP. To investigate this further, PD 

98059 was applied at different time points during subsequent experiments in an 

effort to elucidate the point at which the block o f MEK was inhibiting LTP.

Application o f  PD 98059 immediately after the 3"̂  ̂ HFS resulted in a significant 

inhibition o f LTP expression. LTP was significantly inhibited 10 min after the 3'̂ ‘' 

200 Hz with EPSPs at this time point measuring 160.0±9.3% and 195.0±6.7% in 

drug treated slices and control slices respectively (p<0.05, n=5)(Fig. 3.24). LTP 

continued to decrease rapidly in the presence o f the drug and EPSPs measured 

134.5±12.7% and 131.O il2.0% at 30 min and 90 min post-HFS respectively 

(p<0.01, n=5) (Fig. 3.24). Such inhibited levels o f  LTP expression were not 

significantly different from those in the previous experiments where PD 98059 was 

present both prior to, and following, HFS (p>0.05) (Fig. 3.25). The inhibition o f
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Fig. 3.23 PD 98059 inhibits large amplitude LTP induced by multiple spaced 200 
Hz. LTP measured 153.1±1.8% 5 min after the 1̂ ‘ 200 Hz in slices incubated with 
50|aM PD98059 and this compared with 179.8±8.1% in control slices. LTP 
continued to decline in the presence o f the drug and at 120 min after the 3'̂ ‘* 200 Hz 
LTP measured 116.3±7.2% and 181.7±6.3% in drug treated slices and control slices 
respectively. The traces show sample fEPSPs 10 min before HFS (a), 10 min (b), 60
min (c) and 120 min (d) after the 3 
HFS was applied.
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Fig 3.24 PD 98059 inhibits the expression o f  LTP induced by m uM ple spaced 200 
Hz protocol. The reduction o f  LTP was significant 10 m in after the 3'̂ ‘’ 200 Hz 
(p<0.05, n=5). A t this time point LTP was 159.97±9.3%  and 195.0±6.7%  in drug 
treated and control slices respectively. LTP continued to decline and m easured 
134.5±12.7%  and 131.0±12.0%  at 30 m in and 90 m in post-H FS respectively. The 
lower graph shows a com parison betw een the control and drug treated slices. The 
traces show  sample fEPSPs 10 m in before HFS (a), 5 m in (b), 60 m in (c) and 120 
min (d) after the 2'^  200 Hz. The arrows indicate the tim es w hen HFS was applied.
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Fig. 3.25 No significant difference between PD 98059 added after the 3'̂ ‘’ 200 Hz or 
when present throughout the experiment. At 30 min after the 3’̂‘* 200 Hz EPSPs 
measured 134.5±12.7% in slices where PD 98059 was added the 200 Hz and 
139.0±3.0% in slices where PD was present throughout the experiment. There was 
no significant difference between the two graphs at any time point in the 
experiment.



LTP with application o f  PD 98059 after the 3'̂ ‘* 200Hz shows that the LTP is still 

dependent on M A P kinase even after its induction w ith high-frequency stim ulation.

3.9.4 PD 98059 does not block the induction of multiple spaced 200 Hz LTP

50(iM  PD  98059 was applied for 1 hr prior to HFS, and was w ashed out 

im m ediately follow ing the 3‘̂‘* 200 Hz. This protocol did not inhibit LTP induction. 

LTP m easured 185.7±4.8%  and 184.9±25.0%  at 30 m in and 90 m in respectively 

post-HFS values w hich were not significantly different from the controls (p>0.05, 

n=3) (Fig. 3.26). LTP was m aintained at this high level throughout the experim ent 

and at 120 m in EPSPs m easured 185.5±22.4%  and 182.7±8.7%  in drug treated 

slices and control slices respectively. This dem onstrates that M AP kinase is 

necessary for the expression, but not the induction, o f  LTP induced by m ultiple 

spaced 200 Hz protocol.

3.9.5 Inhibition o f the expression of multiple spaced 200 Hz LTP by PD 98059 

is reversible

PD 98059 was applied 30 m in after the 3'̂ ‘̂  200 Hz, perfused for 1 hr and then 

washed out. LTP fell to 148.7±9.5%  and 139.1 ±7.7% , 30 m in and 1 hr respectively 

after the application o f  PD 98059 (Fig. 3.27). LTP recovered quite rapidly after 

w ashout w ith EPSPs m easuring 164.1 ±15.3%  at 5 min after the onset o f  washout. 

This level o f  LTP at 5 m in after the onset o f  w ashout was not significantly different 

from control LTP at the sam e tim e point (p>0.1, n=4). EPSPs continued to rise 

during the rem ainder o f  the w ashout and at 140 m in (w hich was 30 m in after the 

start o f  w ashout) LTP m easured 185.0±9.9%  com pared to 181.7±6.3%  in control at 

the same tim e point (p>0.05, n=4). Thus, LTP fully recovers to control levels after 

the w ashout o f  PD 98059. These experim ents dem onstrate that M AP kinase is 

persistently active for at least 2 hr after the induction o f  LTP, and furtherm ore, that 

the M EK inhibitor blocked the expression o f  the signal underlying LTP but did not 

inhibit the persistent signal itself, i.e. the m aintenance o f  LTP was not inhibited.
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Fig. 3.26 PD 98059 does not block the induction o f multiple spaced 200 Hz LTP. 
LTP measured 185.7±4.8% and 184.9±25.0% at 30 min and 90 min respectively, 
values not significantly different from the control (p>0.05, n=3). LTP was 
maintained at this high level and at 120 min LTP measured 185.5±22.4% and 
182.7±8.7% in drug treated slices and control slices respectively. The traces show 
sample fEPSPs 10 min before HFS (a), 10 min (b), 60 min (c) and 120 min (d) after 
the 3'̂ '* 200 Hz. The arrows indicate the times when HFS was applied.
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Fig. 3.27 Inhibition o f the expression o f LTP by MAP kinase inhibitor is reversible. 
50|iM  PD 98059 was added to the bath solution 30 min after the 3'̂ ‘* 200 Hz and 
circulated for 1 hour before it was washed out. LTP declined very quickly after 
exposure to PD 98059 and after 10 min it was significantly reduced below control 
levels (162.7±6.8% and 189.4±5.4% in drug treated and control slices respectively, 
p<0.05, n=4). LTP recovered very quickly after the washout o f LTP and at 150 min 
(40 min after the start o f washout) EPSPs measured 191.O il 1.8%. The traces show 
sample fEPSPs 10 min before HFS (a), 20 min (b), 80 min (c) and 120 min (d) after 
the 3"̂  ̂200 Hz. The arrows indicate the times when HFS was applied.



4 Discussion

87



4.1 Different stimulation protocols induce different types o f LTP

These three protocols are of particular interest because they elicit three distinct 

types of LTP with three different time-courses. Both the 100 Hz and the multiple 

spaced 200 Hz protocols give rise to steady state LTP with little decline. However, 

the magnitude of the LTP produced by the two protocols is very different, with the 

100 Hz protocol producing a sustained LTP at ~130% and the multiple spaced 200 

Hz LTP producing an LTP that is maintained at -200%. The 200 Hz protocol 

provides a good intermediate between these two protocols as it rises initially to the 

same level as the multiple spaced LTP and then declines gradually over the course 

of 80 min to the low amplitude LTP produced by the 100 Hz protocol. These 

experiments demonstrate that the magnitude of LTP is dependent on the frequency 

and duration of stimulation applied to the hippocampal slice. This has been found to 

be the case in all areas of the hippocampus but the magnitude of LTP does not 

increase indefinitely with increases in stimulation duration and frequency. LTP 

increases up to a maximum and after this, further stimulation will lead to a 

reduction in LTP. Therefore, in the hippocampus the degree of LTP induction 

follows an inverted U-shaped function of the number of stimulus trains (Christie et 

al., 1995; Abraham and Huggett, 1997). In the present study we have shown an 

increase in LTP magnitude up to a maximal point with a very high intensity 

protocol. The possibility of a reduction in LTP through over-stimulation with the 

strongest protocol was alleviated with a wide spacing of 10 mins between each 

repetition of the 200 Hz protocol. In a study in the CAl a protocol of 24 trains of 

theta-burst stimulation inhibited LTP production (Abraham and Huggett, 1997). 

Each theta-burst train consisted of 10 bursts of 5 pulses at 100 Hz delivered at 200 

ms intervals, with a 30 sec interval between each theta-burst train, so in total the 24 

train theta-burst stimulation consisted of 1,200 pulses. By comparison, the multiple 

spaced 200 Hz protocol used in the present study also consisted of 1,200 pulses but 

it did not inhibit LTP, conversely, it induced a strong LTP that was sustained at 

~200% for 2 hours. The critical difference between the two protocols was that the 

24 train theta-burst protocol was sustained for 12 minutes (i.e. 24 trains with 30 sec 

between each train) whereas the multiple spaced 200 Hz protocol involved 3 bursts 

o f stimulation which lasted for 50 seconds with a time window of 10 minutes 

between each burst. Therefore, it seems likely that the wide spacing between bursts
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of stimulation in the multiple spaced 200 Hz protocol enables synapses to overcome 

the problem o f over-stimulation. Sustained stimulation could possibly lead to a 

prolonged increase in intracellular Ca^^ in the dendrite which would favour LTD or 

depotentiation o f  any existing LTP. This was seen in the CA l where LTP that was 

generated by the first few trains o f theta-burst stimulation was eliminated by the end 

o f a 32 train cycle (Abraham and Huggett, 1997). This suggests that there is a 

depotentiation process occurring towards the end o f the stimulation protocol which 

lasts for 12 minutes. The selective adenosine 1 (Ai) receptor antagonist, DPCPX, 

blocked this presumed depotentiation by a mechanism that is not fully understood 

(Abraham and Huggett, 1997). Activation o f the Ai receptor causes a decrease in 

cAMP accumulation (Van Calker et al., 1979) and when activated might inhibit the 

cAM P-dependent cascades that are required for the stabilisation o f  LTP (Frey et al., 

1993; Huang et al., 1994). Activation o f adenosine receptors might also be able to 

reduce NM DA receptor mediated transmission either by an adenosine mediated 

reduction in presynaptic glutamate release (Dunwiddie, 1985; Greene and Haas, 

1991; M itchell et al., 1993) or by an increase in postsynaptic potassium currents 

(Greene and Haas, 1985; Gerber et al., 1989). Interestingly, the inhibition o f LTP 

with over-stimulation has been shown to recover after 90 minutes and it has also 

been shown to affect only LTP as heterosynaptic LTD is not affected by over

stimulation (Fujii et al., 1991; Christie and Abraham, 1992; Huang et al., 1992; 

W exler and Stanton, 1993). These results suggest that over-stimulation leads to 

pathological changes in the synapses arising from the excitotoxic effects o f too 

much afferent stimulation.

In the present study, the ten minute spacing o f the multiple 200 Hz protocol 

probably allows Ca^^ concentration in the postsynaptic neuron to rise rapidly and 

dramatically leading to the predominant activation o f kinases that are thought to be 

responsible for LTP induction. A prolonged and sustained stimulation would lead to 

a shift in favour o f  phosphatase activity which would facilitate LTD induction. 

High-intensity tetanic stimulation has also been shown to induce a form o f LTP 

which is dependent on the activation o f voltage-dependent Ca channels and can be 

induced even when NMDA receptors are completely blocked (Grover and Teyler, 

1990; Morgan and Teyler, 2001). This has prompted other studies to investigate the 

role o f different Ca^^ sources that are recruited by stimulation protocols o f varying
’y.

Strength. The endoplasmic reticulum is a large source o f  Ca for various neuronal
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signalling processes (Berridge 1998; Mattson et al., 2000). After high-frequency 

stimulation, Câ '*' can be released from the endoplasmic reticulum by both the 

ryanodine (RyR) and inositol 1,4,5-trisphosphate receptor (IP3R). An increase in 

cytosolic leads to the activation o f RyRs and initiates the phenomenon o f Câ "̂ - 

induced Ca^’̂ -release (CICR) (Zucchi and Ronca-Testoni, 1997; Berridge 1998) 

while IP3Rs are primarily activated by IP3 which is generated by the activation of 

metabotropic receptors linked to PLC (Berridge, 1993, 1998; Simpson et al., 1995). 

Depletion o f Ca^^ stores with thapsigargin and the block o f RyRs with ryanodine 

have both been shown to inhibit LTP induced by weak conditioning stimuli 

(Obenaus et al., 1989; Harvey and Collingridge, 1992; Behnisch and Reymann, 

1995; Wang et al., 1996). RyRs have been shown to be the most sensitive Ca 

receptor during weak stimulation (Raymond and Redman, 2002). Inhibition o f RyRs 

blocks LTP induced by 1 theta-burst stimulation (TBS) (Raymond and Redman, 

2002). Therefore, RyRs might have a prominent role in the induction and expression 

o f the low amplitude LTP induced by the 100 Hz protocol used in this study. 

Studies in organotypic cultures have shown that Ca^^ influx through NMDA 

receptors in response to single synaptic events can activate RyRs (Emptage et al.,

1999). This suggests that Ca^”̂ influx through NMDA receptors might not in itself,
2_|_

be sufficient to induce LTP but a further amplification o f the Ca signal via RyRs 

might also be required. LTP induced by mild stimulation protocols has also been 

shown to be dependent on NMDA receptor activation and independent o f voltage- 

dependent Câ "̂  channels (VDCCs) (Morgan and Teyler, 2001). This type o f LTP 

has been correlated with short term memory (STM) (<21 hours) in a hippocampal- 

dependent behavioural task (Woodside et al., 1999; Borroni et al., 2000).

As the number o f trains o f stimulation increases, LTP has been shown to be more 

reliant on IP3 receptors (Raymond and Redman, 2002). A stronger stimulation 

protocol might be required to cause a more prolonged glutamate release which 

would be able to activate perisynaptically located mGluRs and raise IP3 

concentration (Lujan et al., 1996; Scanziani et al., 1997). IP3 receptors can also be 

activated by an increase in cytosolic Câ "̂  concentration (Berridge, 1993, 1998) and 

it is possible that the intermediate 200 Hz protocol is capable o f raising the Câ "̂  

concentration sufficiently for the activation o f IP3 receptors. A mild stimulation (5 

trains o f four pulses at 100 Hz separated by 200 ms and repeated six times with an 

interburst interval o f 10 sec) similar to the intermediate 200 Hz protocol used in the
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present study has been shown to induce a compound LTP composed o f both 

NM DA-dependent and VDCC-dependent LTP (vdccLTP) (Morgan and Teyler, 

2001). This type o f stimulation mimics more prolonged complex spike bursting 

which might occur when an animal is subjected to intensive training (Barnes, 1979). 

In contrast, inhibitors o f IPS receptors or RyRs have not been found to have any 

effect on LTP induced by high-frequency or high-intensity stimulation (Morgan and 

Teyler, 2001; Raymond and Redman, 2002). In the present study, the strongest 

stimulus induced an LTP that exhibited little decay. This type o f LTP might be 

related to vdccLTP which can only be induced in the CA l by high-intensity tetanic 

stimulation (Grover and Teyler, 1990; Morgan and Teyler, 2001). This vdccLTP 

can also be induced when NMDA receptors are blocked which indicates that a high- 

intensity stimulation can produce a sufficient magnitude o f activity in the 

hippocampus to by-pass the predominant pathway o f LTP induction i.e. the influx 

o f Ca^^ through NMDA receptors. In the absence o f NMDA receptor activation, cell 

depolarisation has to rely on AMPA currents which must be able to depolarise the 

cell to around -lOmV for VDCCs to open (Tsein et al., 1988). Field EPSPs o f up to 

3.5mV have been recorded in CAl o f behaving animals which may be similar to the 

level o f depolarisation required to induce vdccLTP (Buzaki, 1986). This very strong 

LTP has recently been implicated in long-term memory (LTM) (>7 days) in 

behaving animals performing a spatial task (Woodside et al., 1999; Borroni et al., 

2000). Also, the use o f multiple spaced stimulation protocols has been shown to 

convert an NMDA-dependent LTP into an LTP that requires the activation o f both 

NMDA receptors and VDCCs (Morgan and Teyler, 2001). It is thought that the 

spaced stimulation enables the threshold for VDCC activation to be achieved by 

increasing the postsynaptic response to a given presynaptic signal (Morgan and 

Teyler, 2001). This is particularly interesting in light o f  the studies which have 

implicated NM DA-dependent LTP in STM and VDCC-dependent LTP in LTM. A 

scheme could be envisaged where continued intensive training would convert short

term memories into long term memories by sequential activation o f VDCCs 

mediated by prolonged complex bursting in hippocampal neurons.

The next question to address is the physiological relevance o f  LTP produced by the 

multiple spaced 200 Hz protocol. High-frequency EEG waves o f up to 200 Hz have 

been recorded in the hippocampus and other limbic structures (Buzsaki et al., 1992; 

Ylinen et al., 1995; Chrobak and Buzsaki, 1996). These so called “ripples” are
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superimposed on physiological sharp waves which are short, aperiodic field 

potentials o f a large magnitude (l-3m V ) (Buzsaki et al., 1983; Buzsaki, 1986; 

Suzuki and Smith, 1987). Ripples have been observed in both awake and 

anaesthetised animals and intracellular recordings from pyramidal cells have shown 

that ripple waves can be as large as 4mV (Ylinen et al., 1995). Therefore, the 

multiple spaced 200 Hz protocol may well reflect a pattern o f neuronal activity that 

occurs naturally in animals. Synchronised somatic IPSPs interrupted by 

synchronous discharges o f CA l pyramidal neurons every 5-6 msec are thought to be 

the currents responsible for ripple activity (Draguhn et al., 1998; Csicsvari et al., 

1999). Although ripple activity is fastest in the C A l, it has also been found in the 

subiculum, parasubiculum and deep layers o f the entorhinal cortex indicating that it 

is a phenomenon that occurs throughout the hippocampal-entorhinal axis. The 

nature o f these high-frequency patterns is not well understood but recent studies 

have indicated that fast ripples o f between 140-200 Hz emerge from the CAl 

whereas slower oscillatory patterns o f 100-130 Hz are generated in the CA3 and 

transferred to the C A l (Csicsvari et al., 1999). Other hippocampal rhythms such as 

theta (5-10 Hz) and gamma (40-100 Hz) have been observed in the rat during 

exploration and rapid eye movement (REM). In contrast, ripple activity is 

associated with immobility, consummatory behaviour and slow-wave sleep 

(Vanderwolf, 1969; Bland, 1986; Chrobak and Buzaki, 1996). A functional co- 

operativity between different patterns o f activity has previously been proposed to 

serve as a process for information storage. For example, mnemonic memory is 

thought to be dependent on encoding in synapses o f CA3 neurons during theta- 

associated behaviour and the consolidation o f this memory is thought to rely on the 

initiation o f sharp waves in the CA3 during slow-wave sleep which would cause 

synaptic connections that were active during the learning state to be spontaneously 

reactivated (Nadasdy et al., 1999). The repetition o f sequences o f  activity during 

slow-wave sleep is hypothesized to transfer stored representations in the 

hippocampus to neocortical networks (Buzsaki, 1989; W ilson and McNaughton, 

1994; McClelland et al., 1995; Siapas and Wilson, 1998). Also o f  interest is the 

finding that the replay o f sequences observed during theta behaviour are 

predominantly associated with sharp wave bursts (Nadasdy et al., 1999). When a 

neuronal sequence o f activity associated with the theta rhythm in the awake animal 

is replayed as a sharp wave during slow wave sleep it is also time-compressed
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(Nadasdy et al., 1999). The significance of this is that neurons which discharge in a 

temporally discontinuous manner during theta behaviour are gathered together 

during the sharp wave on the timescale of the time constant o f NMDA receptors 

(Nadasdy et al., 1999). Thus, the time-compressed nature of the replay allows 

plasticity to occur in neurons which discharged at frequencies that were too low to 

activate NMDA receptors but were nevertheless still able to store information for 

later use. The multiple spaced 200 Hz protocol has very similar properties to the 

time-compressed replay phenomenon and it is possible that the large amplitude 

sustained LTP produced by the multiple spaced 200 Hz protocol might be a 

representation of the consolidation of previously experienced events that occurs 

during slow-wave sleep in rodents.

While high-frequency oscillatory behaviour can be found throughout the 

hippocampus, it is also worth noting that the dentate gyrus can be activated by both 

the entorhinal input (a feed-forward path) and also by the CA3 (a feed-back path). 

Therefore, high-frequency activity in areas adjacent to the dentate gyrus might be 

able to influence granule cell firing. Within the dentate gyrus itself, large amplitude 

(2-4mV) field potentials, termed dentate spikes, have been recorded during 

behavioural immobility and slow-wave sleep (Bragin et al., 1995). These dentate 

spikes are associated with a large depolarisation of granule cells and are thought to 

reflect a combination o f synchronous perforant path-mediated EPSPs on dendrites 

and IPSPs on the perisomatic region of the granule cells mediated by the feed

forward activation of inteneurons (Penttonen et al., 1997). Also, depolarisation and 

discharge of anatomically identified granule cells has been observed to coincide 

with hippocampal sharp waves (Ylinen et al., 1995). This depolarisation and 

discharge of granule cells could result from direct CA3-granule cell projections (Li 

et al., 1994) or by the direct recruitment of mossy cells by the CA3 collaterals 

(Soltesz et al., 1993; Buckmaster et al., 1996). Anatomical studies have shown that 

CA3 pyramidal cells can send axon collaterals to the dentate gyrus where they can 

directly innervate granule cells (Li et al., 1994). While granule cells are very 

hyperpolarised and silent during either theta or gamma activity, the firing of action 

potentials seems to be facilitated during sharp wave related population bursts of the 

CA3 region (Penttonen et al., 1997). However, the relationship between dentate 

spikes and sharp waves is complex. During dentate spike mediated feed-forward 

activation of the granule cells there is a net decrease in the excitability of the CA3-
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CA l axis, but during sharp wave bursts all cell populations in the hippocampus, 

including granule cells, CA3-CA1, subicular pyramidal cells, presubicular, and 

layer V neurons in the entorhinal cortex, exhibit an organized transient network 

discharge (Penttonen et a l ,  1997).

Another possible scenario for the induction o f LTP by HFS protocols is the use of

back-propagating action potentials which can serve as a postsynaptic associative

signal (Linden, 1999). In this way the back-propagating action potential can be used

as a global dendritic associative signal which can potentially reach all o f the

synapses on a single neuron. Studies have shown that a single back-propagating
2^.

action potential can induce a small Ca influx (Markram et al., 1995) but that when
2_|_

a back-propagating action potential is paired with an EPS? then the Ca transient is 

much larger but only if  the action potential is followed by the EPSP and not vice 

versa (Koester and Sakmann, 1998).

The induction protocols used in the present study show that the level o f LTP can be 

varied simply by changing the frequency o f the stimulation and also the number of 

trains o f stimulation. In particular it shows that the spacing o f  trains is particularly 

important for the induction o f large amplitude LTP and that without this spacing 

LTP would not be produced due to the over-stimulation o f the slice. Also, repeated 

trains o f the multiple spaced 200 Hz protocol did not significantly increase the level 

o f LTP above that produced by the first train but it clearly produced some intrinsic 

change in the neurons because LTP induced by this protocol was sustained over the 

course o f two hours whereas LTP induced by a single 200 Hz protocol continually 

declined over the same time-course.

The large amplitude LTP induced by the multiple spaced 200 Hz protocol might be 

used to record and store an “index” o f cortical targets activated during experiential 

events (Teyler and DiScenna, 1986). Thus, the hippocampus is required to store the 

information until such time as it is transferred to the cortex and can be subsequently 

discarded by the hippocampus (Teyler, 1989). The fact that very robust VDCC- 

dependent LTP does not undergo depotentiation after low-frequency stimulation 

indicates that this function o f the vdccLTP might be related to its ability to encode 

information which is, in time, passed onto the cortex. An alternative view is that 

while cortical plasticity is quite malleable, a form o f LTP in the hippocampus that is 

not easily reversed is required in order for an accurate index to be presented to the 

cortex (Buonomano and Merzenich, 1998).
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4,2 Adrenergic receptors

The resuhs show that the P-adrenergic receptor antagonist, propranolol, had no 

effect on the induction o f LTP produced by all three stimulation protocols. Block of 

the adrenergic receptors did result in a trend towards a non-significant reduction in 

the expression o f LTP produced by both the 200 Hz and the multiple spaced 200 Hz 

protocol. In both cases there was a greater reduction in the magnitude o f LTP 

towards the end o f the experiments. These results suggest that P-adrenergic receptor 

activation is not essential for LTP produced by mild stimulation protocols and that 

the role o f P-adrenergic receptors increases as the stimulation protocol increases in 

strength. However, even with the two stronger protocols, P-adrenergic receptor 

activation still only appears to have a minor modulatory role in LTP.

There have been mixed findings to date regarding the role o f P-adrenergic receptors 

in the induction and expression o f LTP in the hippocampus. Some studies have 

found that P-adrenergic receptors are involved in the induction o f  LTP in both the 

medial and lateral perforant path synapses (Bliss et al., 1983; Stanton and Sarvey, 

1985; Bramham et al., 1997) while another study reported that noradrenaline 

depletion resulted in an increase in the population spike amplitude and a depression 

in the population EPSP (Robinson and Racine, 1985). Robinson and Racine (1985) 

also found that there were no differences in LTP levels one week after the 

potentiation tests. Together, these studies present a complicated picture o f P- 

adrenergic receptor activity during the induction and expression o f LTP.

As P-adrenergic receptors are positively coupled to G-proteins and cause a rise in 

cAMP when they are activated, it is surprising that their blockade with propranolol 

had only a minor effect on LTP expression in the present study. Significantly, 

dopaminergic receptors which are also positively coupled to G-proteins and have a 

similar receptor distribution to adrenergic receptors in the dentate gyrus have been 

shown to have no effect on LTP in this region (Swanson-Park et al., 1999). It is also 

o f interest that both noradrenaline and dopamine can regulate the excitability of 

granule cells (Whitton, 1997; Yanagihashi and Ishikawa, 1992). The study of 

Swanson-Park et al. (1999) also found regional differences in p-adrenergic receptor 

regulation o f LTP; propranolol had no effect on LTP in CA l while in contrast to the
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present study it reduced both the induction and expression o f LTP in the dentate 

gyrus. It is possible that the placement o f electrodes causes only one particular 

population o f catecholamines to be activated in each subregion although this is 

unlikely as agonists o f adrenergic and dopaminergic receptors also caused 

differential effects on the induction and persistence o f LTP (Swanson-Park et a i ,  

1999). Another possibility is that other G-protein coupled receptors such as mGIuRs 

or acetylcholine muscarinic receptors might be upregulated in response to 

adrenergic blockade and thus, a greater activation o f these receptors might 

compensate for the lack o f cAMP formation by adrenergic receptors. Also of 

interest is the fact that Gj-linked receptors for serotonin, GABA, and glutamate can 

potentiate increases in cAMP formation after p-adrenergic receptor activation 

(Andrade, 1993; Bourne and Nicoll, 1993; Gereau and Conn, 1994). G j  Py subunits 

are thought to mediate this response by enhancing the activity o f the type II 

adenylyl cyclase which is activated after the stimulation o f P-adrenergic receptors 

(Tang and Gilman, 1991; Federman et al., 1992; Cooper et al., 1995). This finding 

opens up the possibility that other neurotransmitters might have a modulatory role 

in p-adrenergic receptor activity and also that neurotransmitters such as 

acetylcholine, serotonin, and dopamine, might by themselves be able to overtake the 

role o f  noradrenaline in instigating the cellular cascades required for LTP 

production. In support o f this, stimulation o f cholinergic activity has been found to 

cause an increase in EPSPs similar to LTP (Auerbach and Segal, 1996). While the 

activation o f P-adrenergic receptors has been shown to increase ERK 

phosphorylation through the cAMP cascade (Winder et al., 1999), it must be 

remembered that there are multiple pathways which converge on ERK and that the 

PKA-mediated phosphorylation o f the adaptor molecule, R ap l, which in turn 

phosphorylates ERK can still occur when adrenergic receptors are inhibited. It has 

been demonstrated that different neurotransmitters can interact to enhance LTP 

(Robinson and Racine, 1982; Wang et al., 1999; Watabe et al., 2000) but the ability 

o f different neurotransmitters to compensate for one another in not well understood. 

The results o f this study indicate that there might be a fail-safe cooperative 

compensation occurring in the dentate gyrus when one receptor is blocked and that 

mGluRs, muscarinic receptors and NMDA receptors are capable o f increasing 

calcium transients sufficiently in the absence o f adrenergic receptors to ensure that
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LTP is induced in response to a high- frequency stim ulation. Studies in the dentate 

gyrus and C A l have also show n that decaying forms o f  LTP can be prolonged by 

mGluR activation (M anahan-Vaughan and Reymann, 1996; Raym ond et al., 2000). 

A lso  o f  note is a recent study which has shown that m ild stim ulation protocols 

induce LTP w hich  can be reduced with propranolol but stronger induction protocols 

elicit LTP w hich  is unaffected by P-adrenergic receptor inhibition (Straube and 

Frey, 2003). The study o f  Straube and Frey (2003) w as carried out in freely m oving  

rats and the duration o f  the experim ents were o f  a m uch longer tim e scale (24 hours) 

than in the present study. D espite these differences, a significant reduction in LTP 

induced by the m ild stim ulation protocol was only seen  after four hours and with the 

strongest protocol there w as no significant difference betw een control and 

propranolol treated anim als. It is d ifficult to compare the findings o f  Straube and 

Frey (2003) to those o f  the present study because o f  the d ifferences betw een the in 

vivo  and in vitro  experim ental set-ups but it is o f  interest that over a tw o hour period 

both studies found a negligib le effect o f  propranolol on LTP. Further studies 

em ploying inhibition o f  more that one G-protein coupled receptor m ight be o f  use in 

determining whether or not there is com pensatory m echanism  operating between  

these receptors.

4.3 Muscarinic acetylcholine receptors

The results from the present experim ents show  that inhibition o f  muscarinic 

acetylcholine receptors (m A C hR s) with scopolam ine hydrochloride had no effect on  

the induction o f  LTP w ith the m ultiple spaced 200 H z protocol but it did cause a 

significant reduction in late-phase LTP. Previous studies in the dentate gyrus in vivo  

have found that cholinergic denervation with A F 64A  attenuated the magnitude o f  

LTP induced by a weak tetanus in a concentration dependent manner but that LTP 

induced by a stronger tetanus w as unaffected by the cholinergic toxin  (A be et al., 

1994). The attenuation o f  LTP induced by a weak tetanus w as found to be mediated  

by the M i receptor as it was blocked by pirenzepine and w as not affected by either 

the M 3 antagonist, 4-D A M P , or the M 2 antagonist, A F -D X 116 . The in vitro  results 

from the present study suggest that activation o f  muscarinic receptors is required for 

the expression o f  late-phase LTP. This is in contrast to C A l where the same
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concentration o f  scopolam ine as was used in this study (100|j,M ) w as found to 

suppress both the early and late phases o f  LTP (Hirotsu et al.,  1989). One o f  the 

reasons for the differences between the different hippocam pal subregions could be 

related to the differentential localisation o f  m uscarinic receptors within the 

hippocampus. M i receptors which are positively coupled to adenylyl cyclase are 

most abundant in the som ata and dendrites o f  pyramidal neurons and granule cells 

(D aw son et  al.,  1989; Joyce et  al.,  1989; L evey et  al.,  1995). The M 2 are 

predominantly expressed in nonpyramidal neurons and in discrete bands o f  fibres 

and puncta surrounding pyramidal neurons and other layers w h ile  M 3 receptors are 

found in pyramidal neurons, the neuropil in stratum lacunosum -m oleculare and the 

outer third o f  the m olecular layer o f  the dentate gyrus (L evey et  al.,  1995). This 

regional and laminar distribution o f  m AC hRs indicates that different hippocampal 

subregions have different roles in cholinergic m odulation o f  excitatory hippocampal 

circuits during the induction and expression o f  LTP induced by high-frequency  

stimulation.

Another possib le explanation for the reduction in late-phase LTP m ediated by the 

muscarinic antagonist, scopolam ine, is that the full com plem ent o f  proteins and 

RN A  necessary for late-phase LTP might not be synthesised w hen m AC hR s are 

inhibited. Sim ilar to the C A l and CAS regions, late-phase LTP in the dentate gyrus 

requires the participation o f  PK A for the generation o f  n ew  proteins and R N A  (Frey 

et al.,  1993; M atthies and Reymann, 1993; Huang and K andel, 1994; Huang et al.,  

1994; N guyen and Kandel, 1996). A s stimulation o f  m A C hR s has been shown to 

increase the activation o f  ERK (Rosenblum  et  al., 2000) and also to increase the 

concentration o f  Ca in neurons (Felder, 1995) it is likely that activation o f  

m AC hRs receptors can ultim ately contribute to an increase in gene expression and 

R N A  synthesis via the ERK cascade. M i, M 3 and M 5 receptors all activate PLC and 

consequently lead to production o f  Ca and D A G  w hich  can both activate PKC. 

Activated PKC can in turn activate the Ras/Raf-1 w ing o f  the ERK pathway and 

cause activation o f  CREB which can bring about a change in gene expression  and

the synthesis o f  new  proteins. Consistent w ith this, ERKI/II has been show n to be
")+

activated by glutamate via Ca -dependent m echanism s (X ia et  al.,  1996) and 

application o f  the acetylcholine esterase inhibitor, physostigm ine, has been shown  

to increase endogenous ERKI/II activity in hippocampal tissue w h ile  the muscarinic 

antagonist, atropine, decreases ERKI/II activity (Rosenblum  et  al.,  2000).
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However, investigation o f pathways downstream of mAChRs has revealed a 

complicated picture. In COS-7 cells expressing mAChRs, carbachol was found to 

increase ERK activation by a PKC-independent mechanism. However, Ca^^ 

chelators and PI3 K inhibitors attenuated ERK activation while inhibitors o f Src 

tyrosine kinase completely blocked ERK activation (Rosenblum et al., 2000). In 

relation to the present study it is likely that scopolamine application prevented the 

full activation o f ERK and as it has been reported that ERKI/II signalling is 

necessary for Ca -stimulated transcription in hippocampal neurons (Impey et al., 

1998) it is reasonable to suppose that the decline in late-phase LTP in the presence 

o f scopolamine was the result o f an attenuation o f ERK mediated protein synthesis. 

ERK is the only member o f the MAP kinase family that is known to translocate to 

the nucleus and after it has moved to the nucleus it can upregulate gene expression 

(Impey et al., 1998). CREB has been shown to be a downstream target o f ERK 

(Roberson et al., 1999) and ERK mediates a phosphorylation o f  CREB at Ser via 

RSK2 (Roberson et al., 1999; Impey et al., 1998). CREB is a transcription factor 

and once it is activated it can lead to protein synthesis.

In the dentate gyrus the proteins necessary for late-phase LTP are thought to be 

synthesised postsynaptically because blockade o f protein synthesis in the dentate 

gyrus inhibits late-phase LTP, whereas an inhibition o f protein synthesis in the 

entorhinal cortex where the cell bodies o f presynaptic perforant path axons are 

found has no effect on late-phase LTP (Otani and Abraham, 1989). Furthermore, in 

the transverse hippocampal slice preparation, the cell bodies o f the presynaptic 

perforant axons which are situated in the entorhinal cortex are absent and studies 

with this preparation have shown that protein synthesis inhibitors attenuate late- 

phase LTP (Nguyen and Kandel, 1996).

The effects o f stimulation o f mAChRs are dependent on the dissociated a  and Py 

subunits o f the G-protein to which they are coupled. Ga subunit activation is Ca^^- 

and PKC-dependent (Hawes et al., 1995) while activation o f ERKI/II in neurons is 

thought to be primarily induced by Gpy. The Gpy subunit activates the Src tyrosine 

kinase and the PI3 K which in turn activate the ERK cascade via the small G-protein 

Ras. Clearly, activation o f mAChRs can activate ERK through a diverse array of 

pathways and this diversity might enable cross-talk between the different signal 

transduction cascades to occur.
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The resuks o f  the present study indicate that the reduction o f  late-phase LTP may be 

due to an attenuation o f  ERKI/II activation. H ow ever, as other receptors are also  

capable o f  activating ERK when m AC hRs are inhibited there is not an inhibition o f  

LTP, only a reduction in late-phase LTP. Overall, it can be concluded that mAChRs 

do not have a role in the induction o f  LTP in the dentate gyrus but that they do have 

an important regulatory role in the expression o f  late-phase LTP.

4.4 Metabotropic glutamate receptors

The present study investigated the role o f  m etabotropic glutamate receptors 

(m G luRs) in m ultiple spaced 200 H z LTP using the m G luR antagonists L Y 341495  

and MPEP hydrochloride. L Y 341495 is the first com pound that has been developed  

that can block all know n m G luRs. It can inhibit group II m O luRs at low  nanomolar 

concentrations and group I and III m GluRs at m icrom olar concentrations (K ingston  

et al.,  1998). In the present study L Y 341495 w as found to have no effect on the 

induction o f  LTP by the strong m ultiple spaced 200 H z protocol but it did produce a 

significant reduction o f  late phase LTP. A previous study in the C A l has show n that 

L Y 341495 has no effect on either the induction or expression  o f  LTP induced by 

100 H z for 1 sec (Fitzjohn et  al.,  1998). H ow ever, in the study o f  Fitzjohn et al., 

LY 341495 w as either applied for 20 min prior to tetanus or directly after the tetanus 

for 20 min. In both cases L Y 341495 had no effect on LTP. In the present study, 

L Y 341495 w as present throughout the experim ent and so the difference betw een the 

tw o studies m ight be due to an inhibition o f  m O luR activation during late-phase 

LTP which w ould only occur i f  L Y 341495 was present throughout the experiment. 

The concentration o f  L Y 341495 used in the present study (20ia.M) is sufficient to 

block all m G luR s and so it is interesting to compare its effect on  LTP with that o f  

the com m only used weak com petitive antagonist, M C PG , w hich  inhibits m G luRi, 

m G luR 2, mGluRs and mGluRg. The finding in this study that LTP induction is not 

affected by L Y 341495 is consistent with studies w hich  have show n that LTP 

induction is not affected by (5)-M C PG  (Chinestra et  al.,  1993; Bortolotto et al., 

1994; M anzoni et al.,  1994; S elig  et al.,  1995; Thom as and O ’D ell, 1995; W ang et  

al.,  1995; Martin and M orris, 1997).

Although the C A l has been the main focus o f  attention for the study o f  mGluR  

activity in LTP, tw o o f  the studies which failed to sh ow  a block o f  LTP induction
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with M CPG were in the dentate gyrus (W ang et al.,  1995; Martin and Morris, 

1997). O pposing the above are studies w hich have show n that group I m GluR  

antagonists can inhibit the induction o f  LTP (Bashir et  al.,  1993; Sergueeva et al., 

1993; Aiba et al.,  1994; O ’Connor et al.,  1994; Richter-Levin et  al. ,  1994; Little et 

al., 1995; M anahan-Vaughan, 1997; Breakwell et al., 1998). Another study tried to 

resolve these discrepancies by proposing that the role o f  m G luR s in LTP is 

dependent on the type and strength o f  tetanisation applied (W ilsch  et  al.,  1998). 

This group noted that studies which have em ployed strong tetanisation protocols 

such as theta-burst stim ulation or m ultiple 100 H z for 1 sec have found that M CPG  

does not block LTP induction (M anzoni et al.,  1994; S elig  et  al.,  1995a; Thom as 

and O ’D ell, 1995) w hile studies using a protocol o f  100 H z for less than 1 sec  

produced LTP which was inhibited by M CPG. The hypothesis o f  W ilsch  et al. 

(1998) is that the com m only used protocol o f  100 H z for 1 sec (Bashir et  al.,  1993; 

Chinestra et al.,  1993; Bortolotto et  al., 1994; Thom as and O ’D ell, 1995) marks a 

critical threshold where the dependence o f  LTP on m G luR activation is determined  

by unknown experim ental conditions. Considered in the light o f  the present 

experim ents, this hypothesis might be valid for the induction o f  LTP but it does not 

account for the reduction in late-phase LTP seen in the present study. W ilsch  et  al. 

(1998) found that M CPG had no effect on their strong m ultiple 100 H z protocol but 

again the antagonist was only present for 10 m in prior to the tetanus and was 

w ashed out im m ediately after the tetanus. Therefore, it is possib le that application  

o f  the antagonist for the duration o f  the experim ent m ight have produced a 

reduction in late-phase LTP similar to that seen in the present study.

The induction o f  LTP in the C A l and the dentate gyrus requires the elevation  o f  

intracellular Câ "̂  concentration in the postsynaptic neuron (Lynch et al.,  1983; 

M alenka et  al.,  1988). After tetanisation, the main source o f  this rise in postsynaptic

Câ "̂  is influx through N M D A  receptors (Collingridge et  al., 1983; M alenka, 1994),
2+ 2+ w hile Ca influx through V DC Cs and the release o f  Ca from IP3 and ryanodine

'y,
sensitive intracellular Ca stores (ICSs) can also augment the Ca concentration

(Thastrup et al.,  1990; Berridge, 1993; Frenguelli et  al.,  1996). Strong tetanisation

protocols have been show n to elicit LTP w ith a V D C C -dependent com ponent

(Grover and Teyler, 1990) w hile a weaker protocol w ill produce LTP w ith a sm aller

V D C C  com ponent (Grover and Teyler, 1994). The strong protocol used in the
2+present study probably recruits Ca influx through V D C C s and this m echanism
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might help to ensure that LTP induction is not attenuated even when all mGluRs are 

blocked with LY341495. With weaker stimulation protocols that do not recruit 

VDCCs the induction o f LTP is more dependent on mGluR-triggered Ca release 

from I? 3-sensitive ICSs. Therefore, the induction o f  LTP with weaker protocols is
9+more likely to be inhibited by mGluR antagonists. In contrast, the influx o f Ca 

through both NMDA and VDCCs during strong protocols is sufficient for the LTP 

threshold to be reached and under these conditions Ca^^ release from ICSs would be 

functionally redundant. This scheme o f events is supported by evidence that the 

Ca^"^-ATPase inhibitor, thapsigargin, has no effect on the induction o f LTP by 

multiple 100 Hz tetanus but can impair LTP generation with a single 100 Hz 

protocol (Behnisch and Reymann, 1995).

While the results o f this study are consistent with the scheme o f LTP induction 

presented above, the next question to address is the reduction o f late-phase LTP in 

LY341495 treated slices. One possibility is that activation o f group I mOluRs 

facilitates local protein synthesis in dendrites and dendritic spines. Studies have 

shown that there is virtually a full complement o f protein synthesis machinery 

present in the dendrites o f many different neuronal types (Tiedge and Brosius, 1996; 

Torre and Steward, 1996; Gardiol et al., 1999). More importantly, mRNAs 

encoding for proteins which are thought to have an integral role in LTP such as 

aCaMKII, GAP43, tyrosine kinase B, CREB, activity-related cytoskeletal protein 

and several glutamate receptor subunits have been found near dendritic spines 

(Steward, 1997; Tongiorgi et al., 1997; Gao, 1998). Taken together with studies 

which have shown that the persistence o f LTP is affected by inhibitors o f group I 

mGluRs and inhibitors o f translation but not by inhibitors o f transcription 

(Raymond et al., 2000) the evidence to date suggests that the activation o f mGluRs 

can facilitate the synthesis o f new proteins from pre-existing mRNA. This 

transcription-independent protein synthesis has been demonstrated in both the CAl 

and the dentate gyrus (Otani et al., 1989; Raymond et al., 2000) indicating that local 

protein synthesis in dendrites may be a general feature o f hippocampal plasticity. 

Raymond et al., found a decrease in late-phase LTP in the presence o f the group I 

antagonist, AIDA, and while the magnitude o f LTP induced in their study is not as 

large as in the present one, there is a striking similarity in the time-course o f LTP 

decline in both studies, with a reduction in LTP below control levels becoming 

apparent one hour after tetanus in both cases (Raymond et al., 2000 (Fig. 4B),
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present study Fig. 3.10). This suggests that the m G luR -dependent persistence o f  

late-phase LTP m ight be mediated by the same m echanism s in both studies.

The results o f  the present study are also consistent w ith previous findings in the 

CA3 synapses w hich have show n that activation o f  m G luRs is use-dependent and 

that as the strength o f  high-frequency stim ulation is increased there is a greater 

activation o f  m OluRs (Scanziani et al.,  1997). This is probably due to a greater 

increase in glutamate concentration in the synaptic cleft after stronger stim ulation  

and as group 1 m GluRs are located peripherally on the postsynaptic density (Lujan 

et al., 1996) it is likely that they are only fully activated after stronger stimulation  

protocols or when they are pharm acologically primed by DHPG.

A possible m echanism  by which m G luRs could contribute to the persistence o f  late- 

phase LTP is through the activation o f  PKC. A ctivation  o f  group I m G luRs leads to 

the production o f  IP3 and D A G  (B irse et al., 1993). IP3 binds to IP3R on ICSs and 

causes the release o f  Ca which together with D A G  can activate PKC. PKC in turn 

can phosphorylate translation initiation factors, such as the eIF4E subunit o f  the 

m R N A  binding com plex eIF4F (Sonenberg, 1996) and lead ultim ately to an 

increase in protein synthesis which can maintain the persistence o f  late-phase LTP. 

W hile LTP has com m only been divided into tw o phases -  an early LTP dependent 

on post-translational m odifications and a late LTP dependent on transcription and 

translation -  the recent evidence suggesting that m G luR activation can cause local 

protein synthesis supports the idea that there is a lso  an interm ediate phase that is 

protein synthesis-dependent but transcription-independent (Otani et al.,  1989; 

Raymond et al.,  2000). In the present study the decline o f  LTP w hich  is seen 1 hour 

after tetanus in L Y 341495 treated slices m ight signify  the transition from early- 

phase LTP to an intermediate phase o f  LTP. One exam ple o f  a contributory factor in 

the decline o f  LTP m ight be a decrease in A M P A  receptor phosphorylation by 

aCaM KIl in the presence o f  L Y 341495. If the synthesis o f  aCaM KII in dendrites is 

inhibited by the m GluR antagonist then its expression  w ill decline and LTP might 

be attenuated as a consequence o f  this fall in aCaM KII activity. Another im plication  

o f  the present study is that persistent m GluR activation m ight be necessary for 

maintenance o f  late-phase LTP. A  com m only used protocol in experim ents 

em ploying m G luR antagonists is to apply the drug for 10-20 m in before the tetanus 

and to wash the drug out shortly after the tetanus. It is possib le that results obtained  

in this study differ from previous findings because the activation o f  mGluRs is
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inhibited throughout the experiment whereas it is possible that mGluRs can be 

reactivated after the washout o f an antagonist once LTP has been successfully 

induced by a tetanus. It is reasonable to assume that the persistent activation o f 

mGluRs leading to the production o f DAG and Ca^^ which in turn can trigger many 

internal cascades through the phosphorylation o f PKC and CaMKII will have an 

influence on the persistence o f late-phase LTP. It is also interesting to note that 

group I receptor activation has recently been shown to increase the phosphorylation 

o f CREB, Elk-1, and ERK in the rat dorsal striatum (Choe and Wang, 2001). 

Similar studies have not yet been carried out in the hippocampus but the results o f 

the present study indicate that the inhibition o f mGluRs might well be able to 

attenuate the phophosphorylation o f CREB, Elk-1 and ERK. As activation o f these 

proteins can lead to the synthesis o f new proteins, an inhibition o f  their activation 

would contribute to an attenuation o f late-phase LTP similar to that seen in the 

present study. In addition to this, in the dentate gyrus, ERK signalling can regulate 

both Elk-1 and CREB by targeting the serum response element (SRE) and the Ca 

and cAMP response elements (CaCRE) (Davis et al., 2000). A possible scheme o f 

events in the hippocampus might be that activation o f mGluRs triggers Ca "̂ -̂ 

dependent signalling cascades, such as CaMKII and MAP kinases, which in turn 

cause CREB and Elk-1 phosphorylation.

In an effort to determine the receptor subtype involved in the reduction o f late-phase 

LTP the specific noncompetitive antagonist o f mGluRs, MPEP hydrochloride 

(Gasparini et al., 1999; Spooren et al., 2001), was applied to the slice. There was no 

significant difference between control LTP and LTP induced in the presence o f 

MPEP hydrochloride which rules out the possibility that LY341495 is mediating its 

reduction o f late-phase LTP via an mGluRj. This result is somewhat surprising as 

mGluRs has been shown to have a role in the potentiation o f NM DA component o f 

LTP (Lu et al., 1997) and mGluRs knockout mice were shown to have impaired 

LTP in the same study (Lu et al., 1997). Furthermore, a recent study has found that 

MPEP blocks in vivo LTP in the CA l and that intracerebroventricular injection o f 

MPEP results in a marked impairment o f spatial learning in rats (Balschun and 

Wetzel, 2002). Again, there is not unanimous agreement in the literature as one 

study has shown that the mGluRs antagonist, LY344545, had no effect on LTP in 

the CA l (Doherty et al., 2000). Clearly, there is a need for further studies to be
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carried out using selective mGluR antagonists in order to determine the role o f the 

different receptor subtypes in LTP.

To date most studies have concentrated on the role o f mGluRs in the induction of 

LTP and there has been less emphasis on the role o f mGluRs in the persistence of 

LTP. The present study demonstrates that mOluR activation is integral for the 

persistence o f late-phase LTP but the cascades which are triggered by mOluR 

activation still need to be elucidated.

4.5 Protein synthesis

The results from the present study demonstrate the effects o f two protein synthesis 

inhibitors, anisomycin and emetine, on LTP induced by two different high- 

frequency stimulation protocols. Both o f these drugs are inhibitors o f translation 

with anisomycin blocking peptide bond formation while emetine blocks ribosome 

translation along mRNA (Vazquez, 1974). When the slices were incubated in 

emetine for 1 hour prior to recording and the drug was present throughout the 

experiment there was a complete block o f LTP induction with the multiple spaced 

200 Hz protocol. Surprisingly, there was a marked depression in the EPSPs 

immediately after each tetanus and these depressed EPSPs tended to recover during 

the 10 min intertrain interval but they were still significantly depressed at the onset 

o f the next 200 Hz stimulation. After the final 200 Hz stimulation, EPSPs were 

almost completely obliterated but they recovered to ~80% o f baseline levels after 30 

min. A block o f the induction o f multiple spaced 200 Hz LTP was also seen in 

slices incubated in anisomycin but in these experiments the depression o f EPSPs 

immediately after each tetanus was not as large as that seen with emetine (-60% ) 

and EPSPs returned to baseline levels within the 10 min intertrain interval. After the 

200 Hz stimulation anisomycin-treated slices remained stable at baseline levels 

and exhibited no potentiation. These results indicate that, in contrast to milder 

stimulation protocols, the induction o f large amplitude multiple spaced 200 Hz LTP 

requires protein synthesis.

To date, LTP in all three regions o f the hippocampus has consistently been divided 

into two phases -  an early-phase (E-LTP) which lasts 1 -3 hours and is independent 

o f protein and RNA synthesis and a longer lasting late-phase (L-LTP) which is 

dependent on new RNA and protein synthesis and is thought to be mediated by
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cAMP (Frey et al., 1993; Matthies and Reymann, 1993; Huang and Kandel, 1994; 

Huang et al., 1994; Nguyen et al., 1994; Nguyen and Kandel, 1996). Interestingly, 

there are striking parallels between the division o f LTP into an early and a late 

phase and the distinctions between short and long-term memory which have been 

elucidated by cognitive psychological studies. Short-term memory lasts for minutes 

to hours while long-term memory can persist for weeks or longer (Polster et al., 

1991) and the induction o f these long-term memories can be blocked by the 

transient application o f protein synthesis and RNA inhibitors while short-term 

memories are unaffected by the same inhibitors (Davis and Squire, 1984; 

Castellucci et al., 1989; Crow and Forrester, 1990; Tully et al., 1994). The switch 

from short-term to long-term memory requires the induction o f new proteins for 

both implicit and explicit forms o f memory storage but once long-term memory has 

been induced new protein synthesis is no longer required for the persistence o f the 

memory (Davis and Squire, 1984). The switch from short-term to long-term 

memory has also been defined on a molecular level for the gill- and siphon- 

withdrawal reflexes in the marine snail, Aplysia. Again, short-term facilitation o f 

synaptic transmission in Aplysia  has been found to be increased by modification o f 

pre-existing proteins which is mediated by both PKA and PKC (Castellucci et al., 

1980; Montarolo et al., 1986; Ghirardi et al., 1992; Byrne et al., 1993) and long

term facilitation has been found to result from new protein synthesis which is 

mediated by the activation o f CREB-1 and the disinhibition o f CREB-2 (Montarolo 

et al., 1986; Dash et al., 1990; Alberini et al., 1994; Bartsch et al., 1995). Therefore, 

it can be seen that there seems to be an evolutionary conservation across species o f 

the basic mechanisms which are required for the expression and maintenance o f 

learning and memory. However, the results from the present experiments are in 

contrast to previous experiments in the dentate gyrus which have reported that 

protein synthesis inhibitors attenuate L-LTP but have no effect on E-LTP (Krug et 

al., 1984; Frey et al., 1988; Otani et al., 1989; Nguyen and Kandel, 1996). The 

difference between the results o f the present set o f experiments and previous 

experiments in the dentate gyrus is most likely related to the strong nature o f the 

multiple spaced 200 Hz protocol. It is possible that, in contrast to mild decremental 

LTP, large amplitude non-decremental LTP induced by the multiple spaced 200 Hz 

protocol requires protein synthesis for both induction and L-LTP. It is also possible 

that inhibitors o f protein synthesis cause a decrease in the levels o f  a housekeeping
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protein such as a calcium binding protein which normally regulates the levels o f 

Câ "̂  influx after a tetanus. In the absence o f this protein, a strong stimulation 

protocol would produce a large postsynaptic increase in Ca^^ which would no 

longer be buffered by the calcium binding protein and this unregulated rise in 

cytoplasmic Ca^^ would be toxic to neurons and inhibit the induction o f LTP (Choi, 

1988; Namgung et al., 1995). Consistent with this, a previous in vivo study in the 

dentate gyrus found that when mice were pretreated with cycloheximide for 4 hours 

before LTP, there was a sudden inhibition o f the entire response after the tetanus in 

half o f the animals examined (Namgung et al., 1995). Calbindin-D 2gk is one calcium 

binding protein which normally buffers the concentration o f Ca^^ after a tetanus and 

this protein is depleted by 50% 2-3 hours after treatment with cycloheximide 

(Theofan and Norman, 1986).

The difference between the induction o f new protein synthesis by different 

stimulation protocols was highlighted by the finding that a conventional mild 

amplitude LTP induced by 8 trains o f 8 pulses at 200 Hz with a 2 sec intertrain 

interval was not affected by anisomycin. Neither the induction nor the maintenance 

o f  LTP was affected by the protein synthesis inhibitor despite the fact that it was 

used at a much higher concentration than that which blocked the induction o f 

multiple spaced 200 Hz LTP (40|o.M as opposed to 5|j.M). Therefore, these two 

stimulation protocols appear to represent opposite ends o f the spectrum as far as the 

dependence o f LTP on protein synthesis is concerned, with mild amplitude LTP 

being completely independent o f protein synthesis over a two hour period and large 

amplitude LTP being completely dependent on protein synthesis for the induction o f 

LTP. Interestingly, in a study by Nguyen and Kandel (1996), emetine was found to 

have no effect on a decremental LTP induced by 3 trains o f 100 H z/1 sec with 1 min 

intertrain interval, whereas it brought a non-decremental LTP induced by 10 trains 

o f the same protocol back to baseline levels 120 min after the tetanus (Fig 3, 

Nguyen and Kandel, 1996). It is possible that the 10 trains o f 100 Hz/1 sec protocol 

represents an LTP that lies between a decremental LTP which is protein synthesis 

independent and a non-decremental LTP which is protein synthesis-dependent. 

Overall, the results o f the present experiments, taken together with those o f Nguyen 

and Kandel (1996), indicate that the dependence o f LTP on protein synthesis is 

critically modulated by the strength and intensity o f the stimulation protocol.

107



In relation to the concentration o f protein synthesis inhibitors used, emetine has 

previously been shown to block protein synthesis in whole cell hippocampal slices 

at concentrations similar to that used in the present experiments (Stanton and 

Sarvey, 1984) and anisomycin at a concentration o f 20|iM  causes an 85% reduction 

in leucine incorporation into hippocampal proteins (Frey et al., 1988). Anisomycin 

acts very rapidly as an injection o f the drug into the hippocampus immediately after 

tetanus has been found to cause an 89% inhibition o f protein synthesis within 15 

min (Otani et a i ,  1989).

In the present study it was found that application o f anisomycin directly after the 3"̂ *̂ 

200 Hz o f the multiple spaced 200 Hz protocol did not cause any reduction in LTP 

over the first ~30 min. After ~30 min, LTP began to decline below control levels 

and LTP in the drug treated slice continued to decline until it was significantly 

lower than control levels at 110 min post-tetanus. These results extend the previous 

findings which demonstrated that slices incubated in a protein synthesis inhibitor 

exhibited a block o f induction o f muhiple spaced 200 Hz LTP. Once LTP has been 

successfully induced by the multiple spaced 200 Hz protocol it appears that 

inhibition o f protein synthesis is not detrimental to E-LTP but it does affect more 

persistent L-LTP as LTP is significantly reduced below control levels ~2 hours after 

the tetanus.

Previous in vivo studies in the dentate gyrus have found that an injection o f 

anisomycin directly after tetanus causes a reduction in LTP while an injection o f 

anisomycin 15 min after tetanus does not have any effect on LTP (Otani et al., 

1989). These findings from in vivo experiments indicate that the proteins required 

for the maintenance o f LTP are synthesised within the first 15 minutes after the 

induction o f LTP by high-frequency stimulation. In relation to behavioural studies, 

protein synthesis is thought to be necessary for the formation o f long-term memory 

and it is interesting to note that anisomycin produces an amnestic effect when it 

inhibits >80% o f protein synthesis but these effects are only seen after 2-4 hours 

(Flood et al., 1973; Greksch et al., 1980; Mizumori et al., 1985; Staubli et al., 

1985).

Unlike the late-phase o f LTP which has been shown to require new RNA and 

protein synthesis in all three regions o f the hippocampus (Frey et al., 1993; Matthies 

and Reymann, 1993; Huang and Kandel, 1994; Huang et al., 1994; Nguyen et al., 

1994; Nguyen and Kandel, 1996), there have been conflicting reports regarding the
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dependence o f early-phase LTP on protein synthesis in the dentate gyrus, CAS and 

C A l. Some studies have found that E-LTP in the CA3 (Huang and Kandel, 1996; 

Nguyen and Kandel, 1996) and CA l (Krug et a i ,  1984; Frey et al., 1988; Huang et 

al., 1996; Mochida et al., 2001) is independent o f protein synthesis. Opposing this 

view are other studies which have reported that the early maintenance o f LTP in 

C A l (Stanton and Sarvey, 1984; Deadwyler et al., 1987; Clayton, 2000; Scharf et 

al., 2002), the dentate gyrus (Otani and Abraham, 1989; Otani et al., 1989 Nguyen 

et al., 1994) and CA3 (Barea-Rodriguez et al., 2000; Calixto et al., 2003) is protein 

synthesis-dependent. Even within studies there have been conflicting results as in 

the study o f Stanton and Sarvey (1984) which found that emetine, cycloheximide 

and puromycin blocked LTP in CA l while, surprisingly, anisomycin was unable to 

block LTP.

Although it is impossible to confirm whether or not protein synthesis is occurring in 

the pre- or postsynaptic cells o f the dentate gyrus using bath application o f protein 

synthesis inhibitors, the evidence to date suggests that it is occurring in the 

postsynaptic granule cells. Inhibition o f protein synthesis in the entorhinal cortex 

where the cell bodies o f the presynaptic perforant path axons are located has no 

effect on L-LTP indicating that presynaptic cells are not involved in the protein 

synthesis which maintains L-LTP (Otani and Abraham, 1989). Furthermore, high- 

frequency stimulation which induces LTP leads to the production o f a wide range o f 

mRNAs and proteins as well as immediate-early genes in dentate granule cells 

(Cole et al., 1989; Hughes and Dragunow, 1995). A quantitative increase in protein 

synthesis has also been reported after high-frequency stimulation in in vivo studies 

in the dentate gyrus (Fazeli et al., 1993). Other studies in C A l in which dendrites 

were severed from CA l pyramidal cell bodies reported that only a transient early- 

phase LTP remained under these conditions (Frey et al., 1989). Taken together, this 

evidence suggests that the protein synthesis which is induced by high-frequency 

stimulation is occurring at a postsynaptic site in the dentate gyrus. However, in 

mossy fibre LTP there is evidence for both presynaptic and postsynaptic cells 

contributing to the induction and maintenance o f LTP which can be influenced by 

protein synthesis inhibitors. A retrograde signalling cascade involving EphB 

receptor-ephrin ligand interaction which links an influx o f Ca in the postsynaptic 

cell with an increase in presynaptic transmitter release has been discovered in this
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region and similar to the effect o f emetine, inhibition o f these receptors produces an 

early decline o f LTP (Contractor et al., 2002; Calixto et al., 2003).

While the traditional view o f protein synthesis is that it occurs in the cell body o f 

the neuron, recent studies have found that local protein synthesis can also occur in 

the postsynaptic cell in response to a train o f stimulation (Aakalu et al., 2001; Job 

and Eberwine, 2001; Smith et al., 2001; Steward and Schuman, 2001; Steward and 

Worley, 2002). Local protein synthesis has also been implicated in the conversion 

o f silent synapses into functionally active synapses as the expression and insertion 

o f AMPA receptors can be induced in dendritic spines by high-frequency 

stimulation (Kacharmina et al., 2000; Malinow and Malenka, 2002). The expression 

o f other proteins such as cellular adhesion molecules (cadherins and proteins o f 

cytoskeleton) and CaMKlI are also induced locally by high-frequency stimulation 

(Kim and Lisman, 1999; Krucker et al., 2000; Chicurel et al., 1993). The finding 

that CaMKII can be induced locally is particularly interesting as this molecule is 

thought to be critical for the induction and maintenance o f NMDA receptor- 

dependent LTP (Finn and Browning, 1980; Mody et al., 1984; Ouyang et al., 1999; 

Krucker et al., 2000) and aCaM KIl has been shown to have an important role in 

learning and memory (Silva et al., 1992a; Silva et al., 1992b). It is possible that the 

translation o f pre-existing CaMKII mRNAs in the postsynaptic cells in the dentate 

gyrus are required for the induction o f multiple spaced 200 Hz LTP and incubation 

o f slices in either emetine or anisomycin prior to the multiple spaced 200 Hz 

protocol would thus inhibit the induction o f large amplitude LTP by preventing the 

local protein synthesis o f CaMKII. Also, it has been demonstrated that new proteins 

are synthesised about 15-45 min after high-frequency stimulation, which is 

consistent with the finding from the present study that anisomycin applied after the 

final tetanus did not cause a reduction in the early-phase LTP (Lynch et al., 1994; 

Osten et al., 1996; Lanahan and Worley, 1998; Ouyang et al., 1999).

The most important finding from the present study is that the mechanisms which 

underlie the induction and maintenance o f multiple spaced 200 Hz LTP are 

markedly different from those which underlie LTP induced by a more temporally 

compressed stimulation. In particular, the large temporal spacing o f the multiple 

spaced 200 Hz protocol appears to have a critical effect on the induction o f LTP. At 

a behavioural level it has been known for a long time that multiple training trials 

which are spaced far apart are generally more effective at promoting robust learning
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and memory than trials which are compressed together. This phenomenon is know 

as the trial spacing effect and while it has been extensively studied in behaviour 

models, very few studies have tried to replicate its effects at the cellular 

electrophysiological level using spaced stimulation in hippocampal experiments in 

vivo or in vitro (Ebbinghaus, 1885; Hintzman, 1974; Lattal, 1999; Rescorla, 1988; 

Wu et al., 2001a). In the fruit fly, Drosophila melanogaster, a temporally spaced 

protocol has been found to produce enhanced long-term memory for conditioned 

odour avoidance as compared with a more temporally massed protocol but this 

improvement was eliminated with inhibitors o f protein synthesis (Tully et al., 

1994). Other studies have shown that the induction o f an inhibitory CREB transgene 

reduces the development o f long-term memory after spaced training while the 

induction o f an activator isoform o f CREB enables the development o f long-term 

memory even with a massed stimulation protocol (Yin et al., 1994). Together these 

studies suggest that a temporally spaced protocol is more effective than a massed 

protocol at activating CREB-modulated protein synthesis.

In the mouse model, knockouts o f the a- and 5-isoforms o f CREB have been shown 

to have impaired long-term memory but this reduced long-term memory can be 

rescued by spaced training (Kogan et al., 1997). Again, this provides evidence that 

the temporal nature o f behavioural training is vitally important for initiating long

term memory via mechanisms that are dependent on protein synthesis. To date only 

one study has examined the role o f protein synthesis in the trial spacing effect in 

both behavioural long-term memory and LTP in rodents (Scharf et al., 2001). 

Scharf et al. (2001) found that LTP induced by a temporally spaced tetraburst 

protocol o f 100 Hz with a 5 min intertrain interval was larger than the LTP induced 

by a temporally massed tetraburst protocol o f 100 Hz with a 20 sec intertrain 

interval. In addition to this they also found that the maintenance o f LTP induced by 

a temporally spaced protocol was impaired much more rapidly by anisomycin than 

the LTP induced by the temporally massed protocol. These electrophysiological 

experiments were coupled with behavioural experiments which showed that 

temporally spaced training improved long-term memory for contextual fear 

conditioning to a greater extent than temporally massed training and the 

improvement in long-term memory in both cases was impaired with anisomycin 

(Scharf et al., 2001). Although there is no direct evidence that L-LTP contributes to 

long-term memory, the similarities between the responses o f both the behavioural
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and the electrophysiological models to distinct temporal patterns o f training and 

stimulation suggest that both processes may be closely related. The fact that 

enhanced memory and LTP are both dependent on protein synthesis also 

strengthens this hypothesis.

Another factor which is thought to be important for the expression o f L-LTP is the 

phosphorylation o f CREB which can be mediated by both PKA and MAP kinase 

(Impey et al., 1998; Roberson et al., 1999). In mice which express an inhibitory 

subunit o f PKA, L-LTP induced by spaced stimulation has been shown to be 

impaired whereas L-LTP induced by a massed theta-burst protocol is unaffected 

(Abel et al., 1997; Woo et al., 2000a,b). In addition to this, contextual fear 

conditioning has been shown to be impaired after spaced, but not after massed, 

training in PKA mutant mice (Woo et al., 2000b). Spaced stimulation has also been 

shown to persistently activate MAP kinase and to initiate the protrusion o f new 

dendritic filopodia in cultured hippocampal neurons (Wu et al., 2001a). All o f this 

evidence overwhelmingly points to the fact that different stimulation protocols can 

recruit different intracellular cascades depending on the strength and the temporal 

nature o f the stimulation protocol employed.

4.6 PKC

The results with BlS-1 show that LTP induction is significantly reduced but not 

inhibited in the presence o f the PKC inhibitor. LTP also remains stable at this 

reduced level (-150% ) for the duration o f the experiment. These results suggest that 

PKC activation is required for the full expression o f LTP induced by the multiple 

spaced 200 Hz protocol but that even in the presence o f  the PKC inhibitor this 

strong protocol can still induce a mild LTP which is independent o f  PKC activity.

A variety o f other extracellularly applied PKC inhibitors such as mellitin, 

polymyxin B, H7, sphinosine, K-252a, staurosporine, and calphostin C have been 

shown to inhibit LTP induction in the hippocampus (Lovinger et al., 1987; Malinow 

et al., 1988; Colley et al., 1990; Denny et al., 1990). Other studies have found 

similar results with the intracellular application o f peptide inhibitors PK C 1 9 . 3 1  and 

PK C 1 9 . 3 6  (Wang and Feng, 1992; Malinow et al., 1989). The reliability o f these 

early studies has however been questioned because o f the lack o f  specificity o f the 

inhibitors used and more recent studies have found that more potent inhibitors o f
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PKC such as chelerythrine, Ro-31-8220 and Go 6983, have no effect on the 

induction o f LTP (Bortolotto and Collingridge, 2000).

In the present study, slices were treated with BIS-1 (A!'i=10nM) for the duration o f 

the experiment. BIS-1 is a specific inhibitor o f PKCa, pi, (311, y, 5, and e, so it is 

unlikely that the reduction in LTP induction is due to non-specific actions o f the 

inhibitor. Regional and methodological differences might account for the 

differences between the present study and that o f Collingridge and Bortolotto 

(2000). In contrast to the present study, the Collingridge and Bortolotto (2000) 

study was carried out in the CA l and a moderate stimulation protocol o f 100 Hz for 

1 sec was used. It is possible that the large magnitude LTP induced with the 

multiple spaced 200 Hz protocol is more dependent on PKC activation than an LTP 

induced by a milder protocol. As a stronger stimulation protocol will produce a 

greater increase in postsynaptic Câ "̂  and is also capable o f supplementing the post- 

tetanic rise in Ca^^ by recruiting VDCCs (Grover and Teyler, 1990; Morgan and 

Teyler, 2001) the increased Ca^^ concentration after the multiple spaced 200 Hz 

protocol is likely to cause a greater activation o f PKC, which would contribute to 

the greater magnitude o f LTP. Previous studies have also demonstrated that PKC is 

involved in the induction o f the NMDA receptor component o f  LTP in the dentate

gyrus (O ’Connor et al., 1995) and that PKC subspecies can be stimulated 15 sec
■^1

after tetanic stimulation (Sacktor et al., 1993). A postsynaptic rise in Ca can cause 

the translocation o f PKCa/p/y from the cytosol to the membrane (Angenstein and 

Staak, 1997) and when these PKC isozymes bind DAG they can become completely 

activated (Huang and Huang, 1993). The DAG necessary for PKC activation can be 

provided by stimulation o f group I mGluRs. Stimulation o f group I mGluRs which 

are coupled to PLC produce DAG and IP3 and so if  mGluRs are involved in the 

triggering o f PKC activation, inhibition o f mGluRs should produce similar effects 

on LTP as inhibition o f PKC. The previous results in this study with the mGluR 

antagonist, LY341495, show that inhibition o f mGluRs significantly reduced late- 

phase LTP but had no effect on LTP induction. Taken together, these results suggest 

that the activation o f PKC might be mediated by different receptors during the time- 

course o f the experiment, with late-phase activation being dependent on mGluRs 

and early-phase activation mediated by another as yet undetermined receptor or 

group o f receptors. PKC seems to have a widespread role in synaptic plasticity as 

there is also strong evidence for the involvement o f PKC in synaptic depression
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with studies showing that PKC inhibitors can block the induction o f  mGluR-LTD in 

both CA l and the dentate gyrus (Oliet et al., 1997; Wang et al., 1998).

Interestingly, the mGluR antagonist, MCPG, has been shown to block the 

translocation o f PKCy into the cytosol which normally occurs after the induction o f 

LTP (Angenstein and Staak, 1997). This suggests that mGluRs might also have a 

modulatory role in activating PKC during LTP induction. In conjunction with this, 

the induction o f LTP both pharmacologically, with the mGluR agonist, ACPD, and 

electrically, by high-frequency stimulation, has been shown to be inhibited with the 

PKC inhibitor PK C 1 9 . 3 1  (O ’Connor et al., 1995). Taken together with the present 

results showing that the induction o f multiple spaced 200 Hz LTP is significantly 

attenuated by BIS-1, it is likely that PKC activation is mediating a phosporylation o f 

the NMDA receptor or a site downstream of the NMDA receptor. Supporting this 

view are previous studies which have found that PKC inhibitors can inhibit a 

reversible potentiation o f NMDA receptors in the CA l (Aniksztejn et al., 1992). 

Furthermore, phorbol esters which directly activate PKC have been found to 

enhance the NMDA-mediated response in dorsal spinal horn neurons and Xenopus 

oocytes (Gerber et al., 1989; Kelso et al., 1992) while PKC injection into terminal 

neurons potentiated NMDA-mediated currents and this potentiation was abolished 

with a peptide inhibitor (Chen and Huang, 1992).

In contrast, some studies have found that transient activation o f PKC with a phorbol 

ester can substitute for weak synaptic activity in priming synapses to suppress LTP 

(Stanton, 1995) and PKC phosphorylation o f mGluRs can also desensitise these 

receptors under certain conditions (De Blasi et al., 2001). However, the role o f PKC 

mediated phosphorylation o f mGluRs appears to be quite complex as the

phosphorylation o f mGluRs at Thr840 is not involved in the desensitisation o f the
2+receptor but is responsible for the generation o f Ca oscillations in response to

agonists in mGluRsa-receptor expressing cells and similarly stimulation o f the

phosphorylated m G luR ia induces a single peak Câ "̂  response (Kawabata et al.,

1996). Further evidence which suggests that PKC may have an important role in

regulating the increase in Ca^^ during LTP induction has come from studies in
2+cultured astrocytes which have shown that mGluR mediated Ca oscillations in 

these cells are inhibited by PKC inhibitors (Nakahara et al., 1997). An interaction 

between PKC and mGluR has also been implicated in the potentiation o f mGluRs 

by NMDA receptors. NMDA receptors can potentiate group I mGluR-mediated
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responses in hippocampal slices (Luthi et al., 1994; Alagarsamy et al., 1999) and 

this has been found to be dependent on the activation o f calcineurin and the 

dephosphorylation o f the PKC phosphorylation sites that participate in mGluRs 

desensitisation (Alagarsamy et al., 1999). Recent studies have also shown that 

calmodulin can inhibit mGluRs receptor signalling by binding directly to the 

receptor at the PKC phosphorylation sites (Minakami et al., 1997).

Overall, PKC seems to have a dynamic role in the regulation o f second messenger 

signalling and the integration o f the post-tetanic rise in Ca with downstream 

effector molecules. The results o f the present study confirm its importance in the 

induction and maintenance o f LTP induced by a strong multiple spaced 200 Hz 

protocol.

The stability o f the mild LTP induced in the presence o f B IS-1 suggests that PKC is 

persistently activated by the multiple spaced 200 Hz protocol under control 

conditions. Persistent PKC activation may reflect the fact that PKC substrates are 

phosphorylated at different time points with GAP-43 phosphorylation seen to 

increase 10-60 min after tetanus while neurogranin phosphosphorylation increases 

only after 60 min (Gianotti et al., 1992; Leahy et al., 1993; Ramakers et al., 1995; 

Oestreicher et al., 1997). In particular, the interaction between phosphorylated 

GAP-43 and PI(4,5)P2 can influence neurite outgrowth and growth cone steering 

(Laux et al., 2000). GAP-43 has also been implicated in vesicular recycling (Neve 

et al., 1998) and consistent with this, noradrenaline release from synaptosomes has 

been found to be dependent on phosphorylation o f  GAP-43 (Robinson, 1991). 

Although the elimination o f wild-type GAP-43 does not affect LTP in C A l, the 

over-expression o f a mutated GAP-43 which is constitutively active did result in 

enhanced LTP and increased paired-pulse facilitation (Hulo et al., 2002). 

Behavioural studies have also shown that there is enhanced learning in the same 

mouse model that over-expresses the persistently active GAP-43 (Routtenburg et 

al., 2000). Overall, the evidence suggests that the inhibition o f GAP-43 in BIS-1 

treated slices may well contribute to the attenuation o f the induction and expression 

o f  multiple spaced 200 Hz o f LTP.

RC3/neurogranin is a specific substrate for PKCy which is found postsynaptically 

(Ramakers et al., 1999). A model has been proposed whereby RC3/neurogranin can 

regulate calmodulin availability in dendritic spines and calmodulin in turn can 

regulate the ability o f RC3/neurogranin to amplify the mobilisation o f Ca^^ in
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response to mGluR stimulation (Gerendasy and Sutcliffe, 1997). RC3/neurogranin 

can release CaM in response to influxes o f Ca and it is the relationship between 

phosphorylated and unphosphorylated RC3/neurogranin which determines the level 

o f activation o f CaMKII (Krucker et al., 2002). Thus, PKC can also influence the 

induction and expression o f LTP by regulating CaMKII activity through the 

phosphorylation o f RC3/neurogranin. Inhibition o f PKC such as occurs in the 

present study might cause a reduction in LTP induction and expression by 

disrupting this PKC-RC3/neurogranin-CaMKII pathway.

4.7 PKA

The results with the cell-permeable inhibitor o f PKA, KT 5720, show that PKA 

activation is required for both the induction and the maintenance o f multiple spaced 

200 Hz LTP. As KT 5720 has no preferential affinity for blocking particular 

isoforms o f PKA at the concentration used in the present study (l^ M ) (Kase et al., 

1987) this reduction o f both LTP induction and maintenance cannot be attributed to 

any one isoform but indicates a general dependence o f multiple spaced 200 Hz LTP 

on PKA activation.

When KT 5720 was applied before the tetanus there was an obvious but non

significant reduction in the magnitude o f the EPSPs after each o f  the three 200 Hz 

trains and the ensuing LTP continued to decline rapidly with the reduction 

becoming significant 20 min after the 3'̂ ‘* 200 Hz. While there was a large reduction 

in LTP when KT 5720 was present throughout the experiment, LTP was not 

completely inhibited and EPSPs were still mildly potentiated at the end o f the 

experiment (~125% after 2 hours). This finding is consistent with a number of 

recent studies which have re-examined the role o f PKA in early-phase LTP and LTP 

induction.

Until recently it was thought that PKA did not have a role in early-phase LTP or 

LTP induction and both pharmacological and genetic studies reported that inhibition 

o f the cAMP pathway did not affect early-phase LTP or LTP induction (Qi et al., 

1996; Abel et ah, 1997; W inder et al., 1998). Late-phase LTP, by contrast, has been 

shown to be dependent on PKA activation (Frey et al., 1993; Huang and Kandel, 

1994). The present findings however are in agreement with more recent studies 

which have shown that PKA and adenylyl cyclase activation are required for both
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early and late-phase LTP (Otmakhova et al., 2000; Wong et al., 1999; Woo et al., 

2003; Duffy and Nguyen, 2003).

To further investigate whether or not persistent PKA activation is required for the 

expression o f multiple spaced 200 Hz LTP, KT 5720 was also applied immediately 

after the final 200 Hz stimulation. Under these conditions LTP again declined 

rapidly and the level o f LTP for the final hour o f the experiment was virtually 

identical to that o f the previous experiment with KT 5720 present during HFS (Fig. 

3.19). This result suggests that PKA activation is not only required for the induction 

o f multiple spaced 200 Hz LTP but that persistent PKA activation is also necessary 

for the full expression o f late-phase LTP. Previous studies in the hippocampus have 

not investigated the effects o f PKA inhibitors applied after tetanus but biochemical 

studies in the CA l have found that PKA activity is only transiently activated 

between 2 and 10 min and decays by 45 min after LTP-inducing HFS (Roberson 

and Sweatt, 1996). It is unlikely that the application o f the PKA inhibitor 

immediately after the 3'̂ '̂  200 Hz stimulation could have produced an inhibition of 

PKA activation within the time window of 2 to 10 mins, therefore one possibility is 

that the onset o f PKA activation occurs at a later time point in the dentate gyrus. 

Another possibility is that persistent PKA activation is required for the expression 

of the large amplitude LTP induced by the multiple spaced 200 Hz protocol. 

Consistent with this, recent studies have shown that the temporal spacing of 

multiple trains o f HFS critically modulates the PKA-dependence o f  LTP in CAl 

and dentate gyrus (Woo et al., 2003; Woo et al., 2000; Nguyen and Kandel, 1996). 

LTP induced by two compressed protocols (four trains o f  100 H z/lsec spaced 20 

sec or 3 sec apart) was normally expressed in R(AB) transgenic mice which have 

reduced PKA activity but LTP was impaired in R(AB) mice if  a more temporally 

spaced tetraburst stimulation was used (four trains o f 100 H z/lsec spaced 5 min 

apart) (Woo et al., 2003). Extrapolating from these results, a likely scenario for the 

present study is that the longer spacing o f 10 min between each 200 Hz train 

induces a large amplitude LTP with an even greater dependence on PKA activation. 

Using R(AB) mice it is not possible to determine whether or not the LTP induced 

by compressed protocols represents a PKA-independent form o f LTP or an LTP that 

requires the activation o f particular isoforms o f PKA that are still expressed in the 

hippocampus o f R(AB) mice. This problem has been circumvented by the use o f KT 

5720 which blocks all isoforms o f PKA with equal potency. Studies have shown
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that the LTP induced by compressed protocols in R(AB) mice are also unaffected 

by KT 5720 which demonstrates that LTP does not require PKA activation under 

these experimental conditions (Woo et al., 2003).

In contrast, KT 5720 has been shown to impair LTP induced by 4 trains o f 100 Hz 

spaced 5 min apart in wild-type mice (Woo et al., 2003). The reduction o f LTP 

induced by temporally spaced stimulation with KT 5720 displays a similar time- 

course in the present study to that o f Woo et al. (2003) indicating that the inhibition 

o f PKA might be affecting a common PKA-dependent pathway in both the dentate 

gyrus and the C A l.

These studies with stronger stimulation protocols complement earlier studies which 

have shown that milder single 100 Hz trains are less effective at inducing PKA- 

dependent LTP (Huang and Kandel, 1994; Abel et al., 1997). The complicated 

interplay between stimulation protocols and PKA activation is demonstrated by the 

fact that R(AB) mice have impaired LTP, with the temporally spaced protocol (four 

100 Hz/1 sec trains applied every 5 min) and normal LTP with a protocol o f 60 

pulses applied in a theta-burst pattern, while Rp-cAMPS can block the expression of 

LTP induced by both o f these protocols (Woo et al., 2000). The explanation for this 

is that the theta-burst stimulation protocol must be capable o f recruiting isoforms of 

PKA containing regulatory subunits other than the mutant RIa subunit while the 

tetraburst protocol recruits the RIa subunit which is deficient in R(AB) mice. One 

possibility is that theta-burst stimulation might activate tetramers o f PKA- 

containing RII subunits whose subcellular localisation is regulated by interactions 

with A-kinase anchoring proteins (Scott et al., 1990; Carr et al., 1991). This 

combination o f pharmacological and genetic experiments demonstrates that 

different stimulation protocols are capable o f recruiting different isoforms o f PKA 

for the induction and expression o f LTP.

Overall, the evidence to date suggests that the amount o f  stimulation and the 

spacing o f stimulation can both critically modulate the PKA-dependence o f LTP. 

This is in contrast to protein synthesis which has recently been shown to be required 

for LTP induced by both compressed and spaced tetanic stimulation (Scharf et al., 

2002). Different pathways have previously been shown to be differentially activated 

depending on the frequency and intensity o f synaptic stimulation (Cavus and Teyler, 

1996).
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") +Both PKA and adenylyl cyclase can be activated when Ca influxes through 

NMD A receptors during HFS (Chetkovich et al., 1991; Chetkovich and Sweatt, 

1993; Roberson and Sweatt, 1996) and this influx o f Câ "̂  through NMD A receptors 

is critical for LTP induced by 100 Hz trains in the CA l (Collingridge et al., 1983). 

However, the possibility that temporally spaced stimulation might alter the NMDA- 

dependence o f LTP was ruled out by the finding that both temporally spaced and 

temporally compressed protocols are both equally dependent on NMDA receptor 

activation (Woo et al., 2003).

A contributory factor in the greater PKA-dependence o f LTP induced by temporally 

spaced stimulation may be the reduced activation o f inhibitory synaptic pathways 

with this protocol in comparison with more compressed protocols. The enhanced 

synaptic excitation due to decreased activation o f inhibitory pathways may have a 

greater PKA-dependence.

PKA has also been shown to have an important role in ERK and CREB pathways. 

Both PKA and receptors coupled to PKA such as P-adrenergic receptors have been 

found to activate ERKIl (Roberson et al., 1999) which can lead to new protein 

synthesis. There is added complexity in the PKA-ERK cascade as PKA inhibits the 

Ras-Rafl wing o f the ERK pathway but activates the R apl-B -R af pathway (Vossler 

et al., 1997). The sustained large amplitude LTP induced multiple spaced 200 Hz 

protocol may reflect an enhanced activation o f ERK through PKA stimulation 

which would contribute to the synthesis o f new proteins that sustain late-phase LTP. 

The transcription factor CREB can also be directly phosphorylated by PKA at serine 

133 (Enslen et al., 1994) and phosphorylated CREB can activate the transcription 

factor c-fos and the immediate early gene zif268  (Goodman, 1990; Hergen and 

Leah, 1998). Thus, downstream o f PKA activation there is a diverse range of 

cascades which can contribute to the expression and maintenance o f  large amplitude 

LTP induced by multiple spaced 200 Hz protocol. Confirming this is the finding 

that, while PKA can activate CREB directly, the forskolin induced activation of 

CREB is inhibited by the ERK inhibitor U0126 (Roberson et al., 1999). This 

indicates that PKA can influence CREB-mediated transcriptional activation both 

directly and indirectly.

Late-phase LTP which is dependent on transcription can be induced in all three 

hippocampal regions with forskolin application (Huang and Kandel, 1994; Huang et 

al., 1994; Nguyen et al., 1994) and CREB and ERK are also increased in the dentate
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gyrus after acute forskolin application (Sarvey and Voulalas, 1995; Voulalas and 

Sarvey, 1995). Therefore, the application o f forskolin which activates PKA can 

prepare the neuron with the molecular machinery necessary for new protein 

synthesis which supports late-phase LTP.

Other targets for PKA-mediated phosphorylation are G luRl and AMP A receptors 

(Banke et al., 2000; Lee et al., 2000; Wang et a l ,  1991). The phosphorylation of 

GluRl is thought to be particularly important for the bidirectional regulation of 

plasticity (Banke et al., 2000; Lee et al., 2000). NMDA receptor mediated currents 

can also be increased after PKA phosphorylation (Raman et al., 1996; Leonard and 

Hell, 1997) and in addition to this, PKA has been shown to be linked to NMDA 

receptors by the synaptic scaffolding protein yotiao (W estphal et al., 1999). The 

PKA-mediated phosphorylation o f inhibitor-1 (I-l) is an important gating

mechanism for the regulation o f LTP induction and expression. Phosphorylated I-l 

suppresses the activity o f protein phosphatase-1 (PP-1) and consequently protects 

CaMKII from inhibition by PP-1, thus ensuring the successful induction and 

expression o f LTP (Blitzer et al., 1995, 1998; Brown et al., 2000). More recently, 

CREB phosphorylation has been shown to be inhibited when fusion proteins 

containing PKI and nuclear localisation signals are delivered into the nuclear 

compartment o f  neurons (Matsushita et al., 2001). This inhibition o f CREB 

phosphorylation caused a block o f late-phase LTP and indicates that PKA-mediated 

phosphorylation o f CREB might be a critical target for the expression o f late-phase 

LTP (Impey et al., 1996; Matsushita et al., 2001).

The results o f the present study complement previous studies investigating the 

relationship between LTP induced by different stimulation protocols. This study 

also extends previous findings in so far as it demonstrates that the full expression of 

large amplitude LTP induced by multiple spaced 200 Hz requires PKA activation 

both during and after the high-frequency stimulation.

More recent studies have addressed the question o f the cellular locus o f PKA 

activation which is necessary for the expression o f  LTP. In one study injection of 

cell-impermeant inhibitors o f PKA or adenylyl cyclase were found to have no effect 

on early-phase LTP but these experiments did not continue beyond 40 min post

tetanus so it was impossible to determine whether or not PKA was required for late- 

phase LTP (Otmakhova et al., 2000). Postsynaptic injection o f Sp-cAMPS which 

activates PKA produces mild synaptic facilitation while postsynaptic injection of
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Rp-cA M PS w hich  inhibits PK A results in an impairment o f  late-phase LTP in the 

Schaffer collateral pathway (Blitzer et al., 1995). W hile these studies point to a 

postsynaptic location for PK A activation, the possib ility  o f  a presynaptic locus o f  

activation cannot be ruled out because both o f  these drugs are cell-perm eable. A 

recent study how ever has em ployed a cell-im perm eant PK A  inhibitor (PKI6-22) and 

found that postsynaptic injection o f  this inhibitor causes a significant reduction o f  

LTP induced by four 100 Hz trains at 5 min intervals w ithin  1.5 hours (D uffy and 

N guyen, 2003). Postsynaptic injection o f  PKI6.22 did not how ever have any effect on 

LTP induced by a single 100 H z train (D uffy and N guyen, 2003). This is consistent 

with the body o f  evidence w hich  indicates that PK A is differentially activated by 

different stim ulation protocols (Frey et al.,  1993; M atthies and Reym ann, 1993; 

Huang and Kandel, 1994; Blitzer et al.,  1995; Impey et al,  1996; A bel et al.,  1997; 

W oo et  al.,  2000; W oo et  al.,  2003). Furthermore, a postsynaptic injection o f  the 

constitutively active PK A catalytic subunit, Ca, caused a long-lasting synaptic 

facilitation in C A l pyramidal neurons (D uffy and N guyen, 2003). Confirm ing this 

hypothesis o f  a postsynaptic locus o f  PKA activation are studies w hich  have shown  

that the PK A-dependent synthesis o f  postsynaptic A M P A  receptors is required to 

support the induction o f  LTP by multiple trains o f  high-frequency stimulation  

(Nayak et al.,  1998).

4.8 CaMKII

The results from the present set o f  experim ents have show n that the induction o f  

m ultiple spaced 200 H z LTP is significantly reduced in the presence o f  the specific  

CaMKII inhibitor K N -62. After the slices were incubated in 3|J.M K N -62, LTP was 

-3 0 %  below  control im m ediately after the 3 ‘̂‘̂ 200  H z and it declined to a level that 

was -4 5 %  b elow  control by 140 min. Another set o f  experim ents w as then carried 

using an alternative CaMKII inhibitor, K N -93. Again, peak LTP after induction was 

reduced (by -2 8 % ) but in this case the reduction w as not significant. The decline o f  

LTP in the presence o f  K N -93 w as not as great as that seen  w ith K N -62 and at 140 

min post-tetanus, LTP in K N -93 treated slices w as -2 8 %  b elow  the control level. 

Previous studies have found that K N -62 blocks the induction o f  LTP in C A l (Ito et  

al.,  1991; Bortolotto and C ollingridge, 1998) w h ile  LTP in m ossy  fibre CA3  

synapses w as unaffected by K N -62 (Ito et  al., 1991). There has only been one
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previous study investigating the effects o f KN-93 on LTP in the hippocampus and 

that study found that KN-93 bloclced the induction o f LTP in CA l (Kasahara et a i,  

2001). It is difficult however to draw comparisons between the present study and 

that o f Kasahara et al. (2001) as they used a very high concentration o f KN-93 

(50|j,M) which blocks both CaMKIV and CaMKII whereas the much lower 

concentration o f KN-93 (3|xM) used in the present study selectively blocks only 

CaMKII. KN-93 has a K\ value o f 370nM for CaMKII (Fan et al., 1997; Fan et al., 

1999) so the concentration o f 3|xM used in the present experiment should be 

sufficient to block CaMKII. KN-62 has a K\ value o f 900nM for CaMKII and it 

competes with Ca /CaM which might also enable it to inhibit other calmodulin- 

sensitive enzymes (Fan et al., 1999; Kidaka and Yokokura, 1996). The possible 

inhibition o f other calmodulin-sensitive enzymes besides CaMKII with KN-62 

might account for its greater reduction o f LTP induction and expression in 

comparison to KN-93.

The most likely explanation for the difference between the effect o f the CaMKII

inhibitors on LTP induction in the present experiments and that o f  previous studies

is the nature o f the stimulation protocol employed. Mild stimulation protocols of

100 Hz for 1 sec (Bortolotto and Collingridge, 1998) or 2 trains o f  100 Hz for 1 sec

with 20 sec intertrain intervals (Kasahara et al., 2001) were used in the previous

studies while the present study employed a stronger intensity protocol o f multiple

200 Hz trains with a 10 min spacing between each train. It is possible that both the

strong intensity and the spaced nature o f this protocol elicits a large amplitude LTP

which is only partially dependent on CaMKII activation for its induction and
2+maintenance. The large post-tetanic rise in Ca concentration after such a protocol 

may well activate a greater number o f kinase cascades than milder stimulation 

protocols and under these conditions the inhibition o f  CaMKII could be 

compensated for by other kinases and receptors such as PKA, PKC, CaMKIV, 

mGluRs, mAChRs and adrenergic receptors.

Previous studies have consistently shown a block o f LTP induction with peptide 

inhibitors o f CaMKII but again these studies used either much milder stimulation 

protocols than the one used in the present study or else a pairing protocol where 

low-frequency stimulation is coupled with depolarisation o f the postsynaptic 

membrane (Malinow et al., 1989; Wang and Kelly, 1995; Otmakhov et al., 1997; 

Hvalby et al., 1994). The results with the pairing protocol rule out the possibility
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that CaMKII inhibitors block LTP induction by interfering with the postsynaptic 

depolarisation rather than the core processes downstream o f NMDA receptors 

(Otmakhov et al., 1997). Inhibitors o f calmodulin have also been found to block 

both CaMKII activation and LTP induction (Malenka et al., 1989; Liu et al., 1999). 

From the foregoing it is evident that there is a wealth o f evidence derived from a 

pharmacological approach implicating a role for CaMKII in LTP induction. The 

results o f the present study suggest that the dependence o f  LTP on CaMKII 

activation is correlated with the strength o f the high-frequency stimulation protocol 

and that the induction o f large magnitude LTP induced by multiple spaced 200 Hz is 

only partially dependent on CaMKII activation. While the induction o f multiple 

spaced 200 Hz LTP is not completely inhibited in the presence o f either KN-62 or 

KN-93, it should still be noted that there is a large decrease in peak LTP and in late- 

phase LTP in the presence o f both drugs.

One problem with the pharmacological approach is that CaMKII inhibitors can 

probably inhibit CaMKI and CaMKIV to some extent (Lisman et al., 2002). The 

roles o f these CaMK subtypes are still not well known but CaMKIV has been 

shown to activate CREB and it is thought to regulate gene expression in a neuronal 

activity-dependent manner (Bito et al., 1996). In addition to this, CaMKIV-deficient 

mice exhibit reduced CREB phosphorylation and also reduced potentiation at a later 

stage o f CA l LTP (Ho et al., 2000; Riber et al., 2000). Therefore, if  CaMKIV is 

inhibited by KN-62 and KN-93 in the present experiments, it might contribute to a 

reduction in late-phase LTP through an inhibition o f CREB-dependent protein 

synthesis. In contrast to the long lasting activation o f CaMKII which is seen after 

LTP induction (Fukunaga et al., 1993; Fukunaga et al., 1995), CaMKIV shows a 

more transient activation after high-frequency stimulation (Fukunaga et al., 1992; 

Kasahara et al., 1999; Kasahara et al., 2001). One possible explanation for this 

difference in time scale between the two subtypes is that a large increase in Câ "̂  

concentration will activate CaMKIV and its dephosphorylating enzyme, PP2B, 

simultaneously which would cause CaMKIV to be rapidly dephosphorylated 

(Kasahara et al., 1999). In contrast, CaMKII cannot be deposphorylated by this 

phosphatase (Goto et al., 1985).

The role o f CaMKII in LTP has been confirmed with genetic studies using single 

amino acid modifications o f the Thr286 phosphorylation site o f  CaMKII. When 

Thr286 is replaced with alanine CaMKII can exhibit Ca^”̂ -dependent activity and it
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is unable to become persistently activated. In agreement with previous 

pharmacological experiments, LTP was almost completely blocked in this mouse 

model (Giese et al., 1998). Again, these studies suggest that KN-93 and KN-62 are 

not producing their effects through an inhibition o f the generation o f dendritic 

spikes or an inhibition o f the summation o f synaptic inputs required for LTP 

induction but that the disruption o f CaMKII affects a critical cascade that is 

necessary for LTP production.

From the present set o f experiments it is not possible to distinguish between a pre- 

or postsynaptic locus o f activity for CaMKII but there is evidence that CaMKII can 

mediate its effects postsynaptically by enhancing AMPA receptor currents 

(Malenka and Nicoll, 1999). The postsynaptic injection o f CaMKII or the 

expression o f a constitutively active CaMKII causes potentiation which occludes 

with tetanus-induced LTP (Petit et al., 1994; Lledo et al., 1995; Shirke and 

Malinow, 1997) and this potentiation is thought to be mediated by direct 

phosphorylation o f G luRl leading to an increase in conductance through these 

channels as well as the insertion o f new GluRl subunits into the synapse (Benke et 

al., 1998; Derkach et al., 1999; Hayashi et al., 2000). Similar to LTP, the 

potentiation induced by injection o f CaMKII causes an increase in quantal size as 

measured by the amplitude o f spontaneous EPSCs and a decrease in the probability 

o f failure rate which is the probability that a presynaptic action potential will fail to 

produce a postsynaptic response (Lledo et al., 1995). The decrease in failure rate is 

due to the fact that, before LTP, vesicles are released at silent synapses which 

contain NMDA receptors but no AMPA receptors and are therefore functionally 

silent during baseline activity, whereas after LTP, these previously silent synapses 

become active by the insertion o f AMPA receptors into the membrane (Liao et al., 

1995).

An important mechanism for CaMKII-mediated potentiation is its binding to the

NMDA receptor in the PSD. Once it binds to the NR2B subunit it remains active
") +even after the dissociation o f Ca /calmodulin (Bayer et al., 2001). This activation is 

transient and lasts for seconds to minutes but is likely to have important 

consequences as it cannot be reversed by a phosphatase and it causes “trapping” of 

the kinase whereby a secondary autophosphorylation or the CaM -binding domain is 

prevented. This transient activation also facilitates further autophosphorylation 

around the ring o f the CaMKII molecule. Overall, the binding o f CaMKII to
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NMDAR facilitates further autophosphorylation o f  the kinase which will strengthen 

the binding o f CaMKIl to NMDA receptors.

Another way in which CaMKIl contributes to LTP is via the phosphorylation o f 

AMPA receptor subunit G luRl at serine 831. After phosphorylation, the 

conductance through these channels increases by about 50% (Barria et al.., 1997; 

Mammen et al., 1997; Derkach et al., 1999). Both an NMDA receptor antagonist 

and the same CaMKIl antagonist used in the present study, KN-62, have been 

shown to block this phosphorylation o f G luR l. Interestingly, the time-course o f 

phosphorylation o f G luRl suggests that CaMKII is persistently activated as 

phosphorylation is increased both 30 min and 1 hour after LTP induction (Lee et al., 

2000).

In addition to the phosphorylation o f G luR l, CaMKII also has a role in AMPA 

receptor insertion into the membrane and the capture o f AMPA receptors at synaptic 

sites. While these mechanisms are still under investigation experiments have 

already demonstrated the transformation o f a silent synapse into a functionally 

active synapse after the induction o f LTP and the insertion o f new receptors into 

membranes (Hayashi et al., 2000).

After LTP, AMPA receptors have been shown to move from dendrites to spines and 

to insert themselves into the membrane by a process o f exocytosis (Lledo et al., 

1998; Shi et al., 1999). Studies have used the lipophilic dye FM l-43 to demonstrate 

that inhibitors o f CaMKII block this exocytosis while constitutively active CaMKII 

stimulates the process (Maletic-Savatic et al., 1998). The mechanisms o f AMPA 

receptor anchoring into the membrane are thought to be dependent on translocation 

o f CaMKII into the PSD and its subsequent binding to NMDA receptors (Liao et 

al., 2001; Lisman and Zhabotinsky, 2001).

Whether or not CaMKII is involved in the maintenance o f LTP after high-frequency 

stimulation has not yet been fully resolved. In the present study the CaMKII 

inhibitors were present throughout the experiment so it was not possible to 

determine whether or not the decline o f LTP after tetanus was due to disruption o f 

the induction process or to inhibition o f the persistent activation o f CaMKII. In the 

presence o f KN-62, LTP declined by -30%  over a 2 hr period after the final 200 Hz 

stimulation whereas the control LTP declined by only -20%  over the same time 

period. However, in the presence o f KN-93, LTP exhibited a much smaller decline 

o f -15%  over a 2 hour period after the final 200 Hz stimulation. It is possible that a
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higher concentration o f KN-93 is required in order to produce the same magnitude 

o f decline as that seen in KN-62 treated slices. Another possibility is that KN-62 

might be inhibiting other CaMKs such as CaMKI and CaMKIV to a greater extent 

than KN-93. Experiments with both CaMKII inhibitors added after the final tetanus 

are required to further elucidate the role o f CaMKII in the maintenance o f multiple 

spaced 200 Hz LTP. Most studies to date have found that the postsynaptic 

application o f a CaMKII inhibitor do not affect the maintenance o f LTP (Fukunaga 

et al., 1995; M alinow et a i ,  1989; but see Feng, 1995). A mutation o f Thr286 

prevents the persistent activation o f CaMKII and causes an inhibition o f the 

induction o f LTP but again a distinction cannot be made between short-term and 

long-term persistent activation with this model. The autophosphorylation of 

CaMKII might extend the activation o f the kinase to a few minutes which would be 

long enough to trigger persistent downstream mechanisms which are the actual 

source o f memory storage.

However, this scheme is difficult to reconcile with recent studies which have shown 

that GluR 1 can be phosphorylated for up to 1 hour by CaMKII after LTP induction 

(Lee et al., 2000). Other studies have shown that depotentiation causes a decrease in 

the phosphorylation level o f Thr286 (Huang et al., 2001). These elaborate 

mechanisms suggest that persistent CaMKII phosphorylation has an important role 

to play in the maintenance o f LTP. While the application o f CaMKII inhibitors after 

the induction o f  LTP have not as yet confirmed this, one possible explanation for 

their lack o f effect on LTP maintenance could be that there is not enough 

phosphatase activity to dephosphorylate CaMKII during the time-course o f these 

experiments. This proposal has been confirmed recently with the finding that a 15 

minute application o f the general kinase inhibitor H7 reduced the phosphorylation 

o f several kinase proteins but not CaMKII in the PSD (Gardoni et al., 2001). 

Theoretical studies have also estimated that it would take more than a day for all 

CaMKII to become dephosphorylated (Lisman and Zhabotinsky, 2001). In order to 

fully elucidate the role o f CaMKII in the maintenance o f  LTP future experiments 

will probably have to be carried out over much longer time-courses to enable PPl to 

dephosphorylate CaMKII.

Overall, the results from the present experiments show that while CaMKII has a role 

in the induction o f LTP, its inhibition cannot completely block induction by the 

multiple spaced 200 Hz protocol. This finding extends the work o f previous studies

126



which have shown that inhibitors o f CaMKII completely block the induction o f LTP 

by milder stimulation protocols and suggests that the activation o f a large number of 

cascades by the stronger spaced protocol may result in a certain amount of 

redundancy in the processes that underlie induction and consequently induction can 

be rescued by cascades which are unaffected by the CaMKII inhibitors.

4.9 MAP kinase

The results from the present experiments show that the dependence o f LTP on ERK 

MAP kinase (referred to here as MAP kinase) activation is related to the intensity 

and the temporal nature o f the stimulus protocol used to elicit LTP. In all 

experiments PD98059 (a specific inhibitor o f MAP kinase kinase or MEK) was 

used at a concentration o f 50|4,M which has previously been shown to inhibit MAP 

kinase activation (Alessi et al., 1995; Pang et a i ,  1995; English and Sweatt, 1997). 

The application o f PD98059 had no effect on the mild amplitude, decremental LTP 

induced by a conventional protocol o f 8 trains o f  200 Hz with a 2 sec intertrain 

interval. In contrast, the application o f PD98059 inhibited the large amplitude non- 

decremental LTP induced by the multiple spaced 200 Hz protocol. In these 

experiments LTP declined rapidly after the 3'̂ '̂ 200 Hz train and after 2 hours EPSPs 

were not significantly different from baseline levels. In order to distinguish between 

an interference o f MAP kinase activation during the induction or the expression of 

multiple spaced 200 Hz LTP, PD98059 was applied immediately after the 3'̂ ‘* 200 

Hz or else during the baseline and then washed out immediately after the 3‘̂‘* 200 

Hz. When PD98059 was applied immediately after the 3’̂‘* 200 Hz there was a rapid 

decline in LTP, similar in time-course to that seen when PD98059 was applied 

throughout the experiment. Indeed, a comparison o f  these two sets o f experiments 

revealed no significant difference between them at any point during the recording 

(Fig. 3.25). These results indicate that in both cases PD98059 is primarily exerting 

its influence by interfering with the activation o f MAP kinase after the induction 

process. This was confirmed by experiments where PD98059 was present during the 

baseline and the three spaced 200 Hz trains o f stimulation but was washed out 

immediately after the final tetanus. Under these conditions, LTP was successfully 

induced and was not significantly different from control LTP at any point during the 

2 hour experiment.
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Overall, these results indicate that in the dentate gyrus the activation o f MAP kinase 

is determined by the type o f protocol used to elicit LTP and that large amplitude 

LTP has a greater dependence on MAP kinase activation than mild amplitude LTP. 

In addition to this, the results presented here further elucidate the nature o f MAP 

kinase activation in multiple spaced 200 Hz LTP by demonstrating that MAP kinase 

activation is not required for the induction o f this non-decremental LTP but that it is 

necessary for its expression. The variable activation o f MAP kinase depending on 

the stimulation protocol used to induce LTP may help to explain some o f the 

differences between studies using inhibitors o f MAP kinase. A number o f previous 

studies have shown that HFS-induced LTP is not affected by MEK inhibitors, 

indicating that MAP kinase activation is not essential for LTP (Opazo et al., 2003; 

Winder et al., 1999; Watabe et al., 2000; Kasahara et al., 2001) while other studies 

have shown that hippocampal LTP is inhibited by MEK inhibitors (English and 

Sweatt, 1997; Atkins et al., 1998; Coogan et al., 1999; W inder et al., 1999; Watabe 

et al., 2000; Giovanni et al., 2001). It is interesting to note that previous studies 

have also found differences between the MAP kinase-dependence o f LTP induced 

by HFS protocols and brief theta frequency stimulation protocols (W inder et al., 

1999; Watabe et al., 2000). In these studies, MEK inhibitors had no effect on LTP 

induced by 100 Hz stimulation whereas LTP induced by a 30 sec stimulation o f 5 

Hz was rapidly inhibited in the presence o f the same inhibitors (W inder et al., 1999; 

Watabe et al., 2000). These results indicate that the activation o f  MAP kinase is 

critically dependent on the type o f stimulation paradigm used (i.e. high-frequency 

stimulation protocols or protocols modelled on the theta frequency) as well as the 

duration or temporal spacing o f a particular paradigm. Furthermore, a number of 

these previous studies concluded that MAP kinase was involved in the induction o f 

LTP based on experiments in which the MAP kinase inhibitor was present both 

prior to and following high-frequency stimulation (English and Sweatt, 1997; 

Atkins et al., 1998; W inder et al., 1998; Coogan et al., 1999; Liu et al., 1999; 

Kanterewicz et al., 2000; Watabe et al., 2000; Giovanni et al., 2001). Such a 

protocol cannot however distinguish between the induction and expression o f LTP. 

In the present experiments in which PD98059 was present prior to high-frequency 

stimulation but was washed out immediately after the final tetanus, LTP was not 

inhibited, clearly demonstrating that the MAP kinase cascade is not involved in the 

induction o f multiple spaced 200 Hz LTP.
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Recent studies in cultured pyramidal neurons and dentate gyrus explants have 

revealed very similar results to the present findings in relation to the effects o f 

temporal spacing o f stimulation on the activation o f MAP kinase (Wu et al., 2001a). 

A single stimulation o f the cultured neurons by 3 min depolarisation was found to 

produce the same initial peak MAP kinase phosphorylation as 4 trains o f 3 min 

depolarisation with a 10 min intertrain interval but the spaced stimulation generated 

a prolonged phosphorylation o f MAP kinase, whereas the single stimulation 

generated a phosphorylation o f MAP kinase which returned to baseline levels 

within 30 min (W u et al., 2001a). Similar to the single stimulation, a massed 

stimulation o f 12 min depolarisation only produced a transient activation o f MAP 

kinase while a prolonged 42 min stimulation was not as effective as the spaced 

stimulation at producing a sustained increase in MAP kinase activation (Wu et al., 

2001a). Furthermore, the application o f PD98059 immediately after the spaced 

stimulation reduced MAP kinase phosphorylation very rapidly during the first 20 

min post-stimulation and phosphorylation returned to baseline levels at 50 min post

stimulus. This time-course o f  decline o f phosphorylated MAP kinase is very similar 

to the decline in LTP seen in the present study when PD98059 was added after the 

final tetanus (Fig. 3.24). Together, these results suggest that spaced stimulation has 

a common mode o f action in both pyramidal cell cultures and hippocampal slices. In 

addition to this, the fall in MAP kinase phosphorylation with PD98059 in cultured 

neurons strongly indicates that the reduction in LTP seen with the same inhibitor is 

also due to the inhibition o f persistent MAP kinase activation.

Pharmacological investigation o f the initial peak in MAP kinase phosphorylation 

revealed that it was dependent on L-type voltage-dependent Ca^^ channels 

(VDCCs), CaM kinase, Ras and MEK pathways and independent o f PKA and PKC 

cascades (Wu et al., 2001a). The dependence o f the initial peak on VDCCs is 

particularly relevant to the present study as strong 200 Hz-LTP has previously been 

shown to be dependent on VDCCs (Grover and Teyler, 1990; Cavus and Teyler, 

1996; Morgan and Teyler, 2001). It is therefore likely that the multiple spaced 200 

Hz protocol used in the present study elicits an LTP with a strong VDCC 

component and the large influx o f Ca^^ through these channels is possibly one o f the 

pathways used to rapidly phosphorylate MAP kinase. The hypothesis that CaMK 

can regulate the initial peak in MAP kinase phosphorylation is consistent with 

previous studies which have shown that the CaM kinase kinase (CaMKII)/CaMKIV

129



cascade can strongly activate MAP kinase (Enslen et al., 1996). However, more 

recent studies have indicated that both o f these kinases have very distinct roles in 

the temporal regulation o f synaptic transmission after a depolarisation o f cultured 

neurons or a tetanus delivered to a hippocampal slice (Deisseroth et al., 1996; 

Hardingham et al., 1999; Ho et al., 2000; Riber et al., 2000; Wu et al., 2001b).

Both CaMK and MAP kinase can activate CREB which is a key regulator o f gene 

expression but CaMK can rapidly activate CREB independently o f MAP kinase 

during the first 10 min post-stimulus while it can also initiate a slower cascade 

which activates CREB at 60 min post-stimulus using MAP kinase as an 

intermediate (Wu et al., 2001b). There is also an intermediate phase at 30 min post

stimulus where both the MAP kinase-independent and MAP kinase-dependent 

pathways contribute equally to the activation o f CREB (W u et al., 2001b). The fast 

activation o f CREB is thought to be mediated by the CaMKIV cascade (Bito et al., 

1996) while the later onset dual CaMK-MAP kinase activation o f CREB is thought 

to be due to the translocation o f MAP kinsase to the nucleus where it mediates the 

phosphorylation o f CREB indirectly through Rsk2 (Finkbeiner et al., 1997; Martin 

et al., 1997; Impey et al., 1998). Sustained Ca^^ influx after prolonged stimulation 

has also been shown to inactivate a PP-1 mediated dephosphorylation o f CREB 

which is promoted by calcineurin (Bito et al., 1996; Liu and Graybiel, 1996).

The delayed nature o f MAP kinase mediated phosphorylation o f CREB is accounted 

for by a number o f factors including the slow kinetics o f phosphorylated MAP 

kinase formation, the large number o f intermediates that lie upstream of 

phosphorylated MAP kinase and the necessity o f recruiting Rsk2 for the 

phosphorylation o f CREB.

As some studies have argued that CREB phosphorylation is mediated 

predominantly by MAP kinase (Impey et al., 1998) while others have shown that in 

CaMKIV mutant mice there is a decrease in CREB phosphorylation at both early 

and late time points (Ho et al., 2000; Riber et al., 2000), the most likely solution to 

these conflicts lies in a cross-talk between CaMK and MAP kinase. One possibility 

is that CaMKII can regulate MAP kinase signalling by phosphorylating SynGAP 

which would result in the disinhibition o f Ras (Chen et al., 1998; Kim et al., 1998). 

Another possibility is that while CaMKIV normally stimulates MAP kinase (Enslen 

et al., 1996) this activation o f MAP kinase is lost when CaMK inhibitors are applied 

to slices or cultured neurons. Consistent with this hypothesis is the finding that both
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CaMKIV and MAP kinase 1 and 2 are present in the nucleus and cytoplasm of 

pyramidal cells (Deisseroth et al., 1996; Deisseroth et al., 1998; Martin et a l ,  

1997).

Another feature o f the differential regulation o f CREB phosphorylation is that 

milder stimulation protocols which lead to a modest increase in postsynaptic Câ "̂  

only lead to an activation o f  the CaMK pathway whereas stronger stimulation 

protocols which cause a greater rise in postsynaptic Câ "̂  concentration recruit both 

pathways and cause a more pronounced increase in CREB phosphorylation (Wu et 

al., 2001b). This is consistent with the findings from the present study which clearly 

show that PD98059 had no effect on the LTP elicited by a mild stimulation protocol 

whereas it attenuated the LTP produced by strong multiple trains o f high frequency 

stimulation. In this way the differential regulation o f the MAP kinase and CaM 

kinase signalling pathways may be useful for conferring information about the 

strength o f the stimulus to the nucleus. Regarding the induction o f LTP, the 

selective activation o f the CaMK cascade for the first 10 min after a stimulation 

suggests that the induction process is primarily concerned with the activation o f this 

cascade and not the activation o f the MAP kinase cascade which comes online after 

the immediate early-phase o f LTP (i.e. >10 min post-stimulation). This hypothesis 

is also consistent with the present results which show that PD98059 has no effect on 

the induction o f LTP whereas it attenuates LTP when applied immediately after the 

multiple spaced 200 Hz protocol.

Another possible use for the employment o f signalling pathways with fast and slow 

kinetics is in the computation o f the distance between the source o f the stimulus and 

the nucleus. A short delay between the arrival o f the two signalling pathways would 

indicate that the stimulus originated from a nearby synapse whereas a longer delay 

between the arrival o f the cascades would indicate that the origin o f the stimulus 

was further away.

While the results clearly show that persistent MAP kinase activation is required for 

the expression o f LTP (Fig. 3.24), the next question to address is the mechanism or 

mechanisms which underlie this persistent activation o f MAP kinase. One 

possibility is that MEK might be constitutively activated after synaptic stimulation. 

This however, is unlikely as PD98059 directly inhibits the activation o f MEK as 

opposed to its ability to phosphorylate substrates (Favata et al., 1998; Dudley et al., 

1995). The autophosphorylation o f the kinase is a more plausible explanation for the
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persistent activity o f MAP kinase especially when considered in the light of 

previous studies which have shown that MAP kinase can be autophosphorylated 

after the induction o f LTP in a similar fashion to the autophosphorylation of 

CaMKIl (Murphy et al., 1994; Lisman et al., 2002).

Other kinases such as phosphatidylinositol 3-kinase (PI3-kinase) and PKC have 

recently been shown to be persistently activated after the induction o f LTP (Sanna 

et al., 2002; Ling et al., 2002). P13-kinase is a Ras effector and pharmacological 

inhibition o f this kinase has been shown to disrupt LTP (Kelly and Lynch, 2000; 

Lin et al., 2001; Raymond et al., 2002; Sanna et al., 2002). Furthermore, activation 

o f MAP kinase 2 by stimulation o f NMDA receptors has been shown to be 

completely dependent on PI-3 kinase activity in cultured neurons (Chandler et al., 

2001; Perkinton et al., 2002) and the PI-3 inhibitor, LY294002, has also been 

shown to inhibit established LTP but not the induction o f LTP in the CA l (Sanna et 

al., 2002). A VDCC-dependent LTP induced by a strong stimulation protocol was 

also found to be reduced by a PI3-kinase inhibitor when it was applied after the 

stimulus (Sanna et al., 2002). Thus, the effects o f PI3-kinase inhibitors on LTP are 

very similar to those o f PD98059, indicating that PI3-kinase which lies upstream of 

MEK may be an important form o f biochemical memory which contributes to the 

persistent activation o f MAP kinase.

Earlier studies have shown that the inhibition o f most forms o f PKC during or 

immediately after a stimulation protocol prevents the induction o f LTP whereas the 

same inhibitors do not have any effect on LTP once it has been successfully 

established (Denny et al., 1990). However, more recent studies have shown that the 

activity o f the autonomously active, independent catalytic domain o f the atypical 

PKC isosyme, PKMi^, is increased during the maintenance o f  LTP (Ling et al., 

2002). Similar to inhibitors o f MAP kinase, two inhibitors o f PKM^, chelerythrine 

and myristoylated i^-pseudosubstrate peptide, were both found to inhibit the 

expression o f LTP when applied after LTP induction (Ling et al., 2002). However, 

in contrast to MAPK, PKMi^ was also shown to be involved in the induction o f LTP 

as application o f recombinant PKMi^ directly induced LTP (Ling et al., 2002).

It should also be noted that persistent PKM^ activity is achieved by the proteolytic 

cleavage o f the catalytic domain o f PKC and not by autophosphorylation. There are 

a number o f distinctions between these two processes which confer them with 

different roles in the regulation o f potentiation. For example, proteolytic cleavage is
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irreversible whereas autophosphorylation can be reversed by phosphatases. It is 

possible that different induction protocols can selectively recruit one or other o f 

these mechanisms and the activation o f proteolysis might result in the development 

o f a non-decremental LTP which cannot undergo depotentiation.

While CaMKII has consistently been shown to be involved in the induction o f LTP 

(Malinow et al., 1989; Lisman et al., 2002), its role in the expression o f LTP is less 

certain. CaMKII can be autophosphorylated and subsequently become independent 

o f Ca^^ (Lisman et al., 1985). As discussed in more detail in a previous section, this 

property o f autophosphorylation has led to the proposal that CaMKII is a 

“molecular switch” which can store long-term synaptic information (Lisman, 1985; 

Lisman et al., 2002). Although CaMKII activity has been shown to persist for at 

least 1 hour after the induction o f LTP, the application o f  CaMKII inhibitors after 

the induction o f LTP has no effect on its subsequent expression (Malinow et al., 

1989; Otmakov et al., 1997; Lisman et al., 2002). One hypothesis that has been put 

forward as an explanation for this is that the phosphatase activity in the postsynaptic 

density might not be sufficient to dephosphorylate CaMKII (Otmakov et al., 1997; 

Lisman et al., 2002). The reverse o f this might be true for MAP kinase, i.e. the 

concentration o f  MAP kinase phosphatases might be at a high enough level to cause 

the dephosphorylation o f MAP kinase.

The further elucidate the nature o f the persistent activation o f MAP kinase, 

PD98059 was added to the slice 30 min after the induction o f LTP and was washed 

out after 1 hour. Established LTP was again rapidly reduced but the washout of 

PD98059 resulted in a reappearance o f the maintenance o f LTP. This experiment 

demonstrated that the effect o f PD98059 was reversible and also that MAP kinase 

activation was required for the expression but not the maintenance o f  LTP induced 

by the multiple spaced 200 Hz protocol. The persistent signal underlying LTP can 

be maintained even during an interruption o f its expression by PD98059 but once 

the inhibitor is removed LTP is restored because the inhibitor is only capable o f 

blocking the expression o f the signal, it is unable to block the underlying 

maintenance o f the signal.

This distinction between the maintenance and the expression o f LTP was first 

proposed by Malinow et al. (1988) who found that the wide-spectrum kinase 

inhibitor, H-7, could reduce LTP in a reversible manner. They concluded that the 

mechanisms underlying the maintenance o f LTP were not affected by the kinase
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inhibitor despite the fact that LTP expression was inhibited by H-7 (MaUnow et a i ,  

1988). The results from the present study extend those o f M alinow et al., by 

demonstrating the reversibility o f LTP with a specific inhibitor o f MEK rather than 

a wide spectrum kinase inhibitor. The results also suggest that the pharmacological 

profile o f LTP changes after the induction o f LTP as PD98059 has no effect on LTP 

when it is washed out after the induction protocol whereas it rapidly attenuates LTP 

when applied after the final tetanus. It is interesting to note that the inhibition o f 

both a VDCC-dependent and an NMDA-dependent LTP with the PI-3 kinase, 

LY294002, was also found to be reversible. As PI-3 kinase is a Ras effector and Ras 

in turn can activate MAP kinase it is possible that PI-3 kinase can act as a persistent 

upstream activator o f MAP kinase. The fact that LTP recovers after the washout of 

PD98059 also suggests that the persistent signal does not require the continuous 

activation o f a feedback loop involving MAP kinase or another downstream effector 

and this further strengthens the idea that an upstream activator o f MAP kinase such 

as PI-3 kinase may be responsible for the persistent signal.

The activation o f MAP kinase by multiple spaced stimuli has also been shown to 

have an important role in the development o f new dendritic filopodia. Both 

electrical and chemical stimulation facilitate the growth o f mature spines and new 

filopodial processes on the dendrite (Maletic-Savatic et al., 1999; Engert and 

Bonhoeffer, 1999; Toni et al., 1999; Wu et al., 2002a) and these morphological 

changes are inhibited when dendrites are exposed to MEK inhibitors (W u et al., 

2002a). It has also been discovered that once the new structures are formed, acute 

application o f a MEK inhibitor does not cause them to collapse. This indicates that 

they are not dependent on ongoing MAP kinase activity for their stability (Wu et al., 

2002a). This dependence o f the structural morphology on MAP kinase for the 

expression but not the maintenance o f filopodial extensions strongly correlates with 

the dependence o f LTP on MAP kinase for the expression but not the maintenance 

o f enhanced potentiation. Taken together, the evidence suggests that spaced 

stimulation may give rise to non-decremental LTP through the MAP kinase- 

dependent formation o f new spines which become independent o f MAP kinase 

activity once they are fully formed. MAP kinase activation might also have a role in 

the regulation o f  activity-dependent clustering o f synapses and the bifurcation o f 

existing spines (Edwards, 1995; Kavalali et al., 1999; Toni et al., 1999). MAP 

kinase could mediate its effects through an effector such as eIF4e which would
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promote local protein synthesis from globally distributed mRNAs (Raught and 

Gingras, 1999; Schuman, 1999). Another possibility is that after temporally spaced 

stimulation the bifurcation o f existing spines and the development o f new filopodia 

facilitate an interaction with a nuclear derived structural protein which aids the 

enhanced synaptic transmission after the spaced stimulation.

Overall, the evidence from the present study taken together with previous studies 

indicates that MAP kinase has a number o f important characteristics which suggest 

that it is a good candidate for storing information and regulating the enhanced 

potentiation which results from spaced synaptic stimulation.
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