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1.  INTRODUCTION 
 
 
1.1  Memory, Hebb’s rule, hippocampus 
 

The word „memory“ is used to name the ability of a system to store and retrieve once 

acquired information. (The very process of information acquisition is usually described as 

„learning“, and is functionally inseparable from information storage.) Extensive research in 

the various fields of human activity – e.g. psychology, biology or computer science - gave rise 

to diversification of the term „memory“ itself, making it necessary to differentiate, for 

example, between the procedural, working, or the ROM one.  Psychologists were able to 

make several useful distinctions related to the subject: Declarative memory is a „memory of 

facts“, i.e. learning poems by heart or studying maths. Procedural memory is memory for 

skills or behaviour (tying the shoes, for example). Short-term memory is an ability that 

requires continual rehearsal, has short duration and rather limited capacity. Quite opposite 

qualities are the characteristics of the long-term memory; whereas the process that enables 

the former to become the latter is named consolidation. Working memory would be a 

broader-scope version of the short-term memory, and allows for the possibility that several 

types of information are held simultaneously (e.g. playing a musical instrument)1.  

In 1949, the Canadian psychologist Donald Hebb published a book „Organization of Behavi-

or“, which contains the most valuable model of memory formation in the brain so far. Accor-

ding to Hebb, a memory trace - or an engram - is the result of a simultaneous activation of a 

group (or „assembly“) of neurons, exposed to an external stimulus. These neurons are 

interconnected by „plastic“ synapses, which can change their “strength” if the stimulus 

persists long enough. This “strengthening” leads to the consolidation of cell-cell interactions, 

and repetition of the former (even incomplete) stimulus is able to activate the whole assembly 

again. An engram could be (1) widely distributed among the neurons‘ interconnections, and 

(2) could involve the same neurons that take part in sensation and perception. Hebb’s hypo-

thesis (also known as: „cells that fire together, wire together“) is illustrated in Figure 1. 

However, the hypothesis remained without an experimental proof up to the early seventies 

(vide infra), when research on long-term potentiation (LTP) in the hippocampus provided an 

appropriate, realistic, experiment-based context. 

The role of the hippocampus in memory formation has been extensively demonstrated, 

and ranges from declarative memory consolidation to sensory discrimination and spatial tasks. 

The hippocampal structure is a part of the diencephalon, and receives inputs from the associa-

                                                                 
1 Different types of memory mentioned in this paragraph are merely to illustrate how widely this term is used. 
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tive neocortex via the entorhinal cortex, through a bundle of axons described as the perforant 

pathway. These axons synapse with the granule cells of the dentate gyrus, whereas the denta-

te gyrus axons (the mossy fibers ) protrude to the hippocampus proper and make synapses 

with the large pyramidal cells of the CA3 region (which also receive direct input from the 

perforant pathway). Branches of CA3 pyramidal cell axons - named Schaffer collaterals – 

project onto smaller pyramidal cells of the CA1 region, whose axons return to the neocortex. 

This neuro-circuitry can be observed in every cross-section of the hippocampus. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Illustration of the Hebb’s rule (from Bear, Connors and Paradiso, 1994). 
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Each of these cells is glutamatergic, with the NMDA subtype of glutamate ionotropic recep-

tors being particularly abundant in zones containing the dendrites of dentate gyrus’ granule 

cells and CA1 pyramidal neurons (Ikonomovic et al., 1999). Aside those major pathways, the 

hippocampus also contains numerous GABAergic interneurons, receiving axon collaterals 

from the glutamatergic neurons and thus mediating inhibition via GABAA (fast IPSPs, 

ionotropic) and GABAB (slow IPSPs, metabotropic) receptors. A schematic drawing of the 

hippocampus location in the brain, a cross section of it and its generalized circuitry are 

depicted in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
1.2  LTP – a definition 

 

Long-term potentiation (LTP) is a term coined in the seventies, as a result of initial 

discoveries made by Terje Lømo of Norway in the mid sixties (Lømo, 1966), and his 

subsequent collaboration with Tim Bliss and A.R. Gardner-Medwin of England (Bliss and 

Lømo (a), 1970, Bliss and Lømo (b), 1973, Bliss and Gardner-Medwin, 1973, Gardner-

Medwin and Lømo, 1973). The fact that the granule cells of the rabbit hippocampus showed 

increased responsiveness to an electric stimulus as a result of stimulation of their afferent 

pathway came as a first experimental support of the hypothesis postulated by Hebb in 1949. 

This “potentiated” efficacy of synaptic transmission in response to brief trains of high-fre-

quency stimulation of excitatory pathways can be elicited in all pathways of the hippocampus, 

Figure 2. Hippocampus: its location in rat brain (a), cross section (b) and schematic circuitry (c). DG, 
dentate gyrus, ENT, enthorinal cortex; mf, mossy fiber; pp, perforant pathway; rc, recurrent collateral; 
sc, Schafer collateral; SUB, subiculum (from Revest and Longstaff, 1998). 
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either in slices or - by implanted electrodes - in anesthetized or conscious behaving animals. 

Nowadays, the best understood form of LTP is the one of CA3-CA1 synapses, with its proper-

ties fitting very well into Hebb’s hypothesis. LTP in other brain regions is also well documen-

ted, but it is not always of Hebbian type. 

Figure 3. depicts the experimental set-up, generally used to measure increased synaptic trans-

mission in hippocampal slices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic drawing of an LTP stimulation – recording scheme in hippocampal slice. Stim – 
stimulation electrode; Rec – recording electrode. Sch.C. – Schaffer collateral. Mossy fbr. – mossy fibres.) 
 

Induction of LTP is usually performed by applying tetanic stimulus (e.g. 100 stimuli of 100 

Hz) to an afferent pathway. The response is recorded either from an individual neuron or from 

a  population of cells. The feature commonly monitored is a rise in the slope of the field 

EPSPs, which can last for hours in anesthetized animals or in vitro, but days in freely moving 

animals (Figure 4). 

The firing pattern that is produced in the hippocampus of the rat, when exploring a novel en-

vironment, happens to be very effective in inducing LTP. This pattern (named theta rhythm) 

is normally generated in the septal nucleus, a structure that has an extensive projection to the 

hippocampus. The theta rhythm consists of bursts of four action potentials at 100 Hz frequen-

cy, separated by intervals of approx. 200 ms.  

 

 

Stim Rec 
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1.3  LTP - the cascade of events 

 
As mentioned above, all major populations of hippocampal cells are glutamatergic by 

nature. Receptors for L-glutamate fall into two major classes: ligand-gated ion channel 

(NMDA-, AMPA- and kainate/quisqualate- type) and metabotropic, G-protein coupled 

(mGluRs) receptors. Both classes have been shown to participate in LTP-related processes, 

but their actual role depends on the very LTP type involved. LTP can be both associative 

(Hebbian) and non-associative, and these two forms seem to use rather different mechanisms 

(Kandel, Schwartz and Jessel, 2000) . Glutamatergic synapses in the hippocampus exhibit one 

or the other type. LTP may be NMDAR-dependent or independent, with NMDAR-dependent 

LTP being usually (but not invariably) associative, and NMDAR-independent being non-

associative. Associative LTP  is observed at most synapses in the hippocampus, but not those 

between granule cell mossy fibers and CA3 pyramidal cells (Revest and Longstaff, 1998).  

 

- Induction of LTP 

 

The involvement of NMDARs in associative LTP has been unambiguously demonstra-

ted by the fact that induction of LTP is blocked by NMDAR antagonists, such as AP-5 or 

MK-801 (Collingridge et al., 1983a, b). Their major functional property is the ability to act as 

“coincidence detectors” (Hebb, 1949). Namely, in order to open its ion channel and allow the 

Figure 4. Rcecordings of LTP from rat hippocampus  in vivo. (a) Extracellular recordings from the CA3 
pyramidal cell layer (i) before and (ii) after tetanic astimulation (dashed line: slope of e.p.s.p.); (b) po-
tentiation of the rising phase of the field EPSPs after tetanus (full triangle) (from Revest and Longstaff, 
1998). 
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flux of calcium ions into the dendrites, NMDARs require two conditions to be fulfilled: 1) 

removing the voltage-dependent Mg2+ block and 2) binding of the neurotransmitter. (The 

requirement (1) is met in vivo by strong depolarisation of the postsynaptic cell (Collingridge 

et al., 1988 a,b) and can be additionally met in vitro by reducing/omitting magnesium ions 

from the perfusate (Herron et al., 1985). This double-switch action allows the associative LTP 

to take place.  

LTP induction in vitro is enhanced at low Mg2+ concentrations in the bathing medium, 

and blocked by low external Ca2+ concentration. Also, LTP induction can be prevented by 

properly timed hyperpolarizing pulses, and it is facilitated by blocking postsynaptic inhibition 

using GABAAR antagonists. (GABA, being an inhibitory neurotransmitter, hyperpolarizes the 

postsynaptic cell, thereby decreasing the probability of LTP induction, see Figure 5.) (Revest 

and Longstaff, 1998). Once induced, subsequent expression of LTP (persistent increase of 

cell responsiveness, mediated usually by AMPARs) cannot be blocked any more by NMDAR 

antagonists, therefore strongly indicating that maintenance of LTP depends on receptors other 

than NMDARs (ibid.).  

The events that lead to LTP induction are illustrated in Figure 5, both under conditions of 

low- and high-frequency stimulation of Schaffer collaterals (CA3 axons projecting onto CA1 

cell bodies). A single stimulus evokes an EPSP in the postsynaptic CA1 cell which can been 

blocked by AMPA/kainate receptor antagonists such as 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX). It is rapidly “extinguished” by a biphasic IPSP, caused by excitation of GABAergic 

interneurons resulting in the activation of GABAA and, subsequently, GABAB receptors. 

Under such circumstances, the probability of activation of NMDARs is low, due to incomple-

te lift of their voltage-dependent Mg2+ blockade by the brief depolarization (ibid.).  

Exposing Schaffer collaterals to a high-frequency tetanic stimulus creates a rather different 

scenario. It results in a sustained depolarization, required for activation of (comparably slo-

wer) NMDARs as well: glutamate binds to the receptor, with the decrease in the membrane 

potential being large enough to push Mg2+ away from the open channel, thereby allowing 

Ca2+ influx. These conditions are exactly of the kind demanded by Hebb’s rule, i.e. simulta-

neous coactivation of a presynaptic  (glutamate release) and a postsynaptic (large depolarizati-

on) cell (ibid.).  

 

There exist several possibilities that could lead to large depolarisation generated by high-fre-

quency stimulation: (a) tetanus, by inducing sustained glutamate release, causing summation 

of AMPAR-mediated EPSPs; (b) GABAergic inhibition, which might become less powerful 
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due to raised concentrations of intracellular Cl- and extracellular K+ (prolonged activation of 

GABAA and GABAB (K+-channel activity affecting) receptors, causing the equilibrium poten-

tials for these ions to shift in the direction of depolarization); (c) GABAB autoreceptors, loca-

ted on inhibitory nerve terminals, which may lead to reduced GABA release, thus reducing in-

hibition. (The third mechanism remains inactive at low-frequency stimulation, since it takes 

over 10 ms to develop; ibid.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-  Role of calcium ions 

 

Involvement of calcium ions in LTP is supported by a large body of convincing evi-

dence. Induction of LTP can be blocked by intracellular injection of EGTA, a Ca2+ chelator 

(Lynch et al., 1983). Ca2+ imaging, coupled with whole-cell patch clamping shows that tetanic 

stimuli which activate NMDAR currents are able to produce increases in intracellular calcium 

Figure 5. Neurotransmitter systems in LTP during (a) low-frequency and (b) high-
frequency (tetanic) stimulation, respectively (from Revest and Longstaff, 1998). 
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concentration in dendritic spines. However, influx of extracellular calcium ions apparently is 

not the only way by which the cytosolic Ca2+ levels may rise during LTP. Release of calcium 

ions from intracellular stores has also been demonstrated to contribute, since thapsigargin, a 

drug which depletes Ca2+ stores, can also block LTP (Reyes and Stanton, 1996). This effect is 

probably related to the activation of G-protein–coupled, metabotropic GluRs I and V, which 

also play a prominent role in LTP (vide infra).   

 

 

-  Role of protein kinases  

 

If the mechanism of LTP maintenance is postsynaptic by nature (and in most of the 

cases it is, but see below), it would mean that either the number or sensitivity of receptors 

involved in LTP expression is increased. Both of these parameters could be influenced by 

phosphorylation of the receptors and/or cytoskeletal proteins, triggered by activating second 

messenger systems. Both AMPA and NMDA receptors have consensus sequences for 

phosphorylation sites for a variety of protein kinases (Swope et al., 1999), and there is a 

significant body of experimental evidence supporting the hypothesis of activated kinases 

during LTP (Liu et al., 1999; Powell et al., 1994; Klann et al., 1991). 

Already in 1987, it was discovered that induction and maintenance of LTP in the intact hip-

pocampus could be blocked by non-specific inhibitors of protein kinases, which led to the 

suggestion that protein kinase  C (PKC) was a major target (Lovinger et al., 1987). The role 

of PKC has been more directly demonstrated by using inhibitor peptides that block the enzy-

me’s sites at the receptors. The PKC inhibitor peptide, PKC19-31, blocks the induction of LTP, 

as do antibodies generated against several PKC isoforms (Wang and Feng, 1992). If injected 

into postsynaptic neurons, active PKC is able to produce synaptic potentiation (Hu et al., 

1987).  

PKC, if activated by diacylglycerol (DAG), may remain active long after the second messen-

ger concentrations have fallen to baseline. This autonomous activation is the appropriate fea-

ture for a molecule expected to convert a transient signal into a stable change. Several mecha-

nisms have been identified, where persistent activation of PKC takes place (Sessoms et al., 

1992-93). The fact that peptide inhibitors (including PKC19-31) have been shown to reverse 

LTP even several hours after induction represents solid evidence for sustained PKC activity. 

This conclusion is further strengthened by observations that PKC substrates remain phospho-

rylated long after LTP induction (Klann et al., 1993).  
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Calcium/calmodulin-dependent protein kinase II (CaMKII) is another obvious candidate 

for an involvement in LTP since it is activated by calcium ions and because, like PKC, it can 

remain persistently active after the Ca2+ signal has decayed. Inhibitors of CaMKII and inhibi-

tors of calmodulin also prevent the induction of LTP (Malinow et al., 1988). CaMKII is se-

cond messenger-independent already 5 min after tetanic stimulation, and both in vitro and in 

vivo studies have shown an increase in the mRNA for the α-, but not for the β-isoform of the 

enzyme. The former appears to follow, in a time scale-consistent manner, the distribution 

through the dendrites of the postsynaptic cell. The α-isoform of CaMKII is a major compo-

nent of the postsynaptic density (PSD), which makes the enzyme ideally placed for both ac-

tivation by Ca2+ influx and phosphorylation of targets in the postsynaptic membrane (Ouyang 

et al., 1999). Hippocampal slices from transgenic mice lacking CaMKII show severe deficits 

in LTP (Stevens et al., 1994).  

 

- Role of metabotropic GluRs 

 

Use of weak mGluR agonists enables subthreshold tetani to induce LTP, and the type 

I/V mGluR specific antagonist (+) αα -methyl-4-carboxyphenylglycine  (MCPG) prevents in-

duction of LTP at Schaffer collateral-CA1 synapses in hippocampal slices (Bashir et al., 

1993). These results support the hypothesis of mGluRs being involved in LTP. Additionally, 

the involvement in LTP of PKC and the need of calcium release from internal stores suggest 

that metabotropic GluRs required for LTP induction might belong to group I. However, 

studies carried out with knockout mice lacking mGluR1 were inconsistent, having shown both 

defective and normal LTP.  

A classical approach has been much more informative: studies performed by Bortolotto et al. 

in 1994 demonstrated that sub-maximal LTP (induced by a single tetanus, which activates 

both NMDARs and mGluRs) prevents MCPG from blocking the induction of further LTP 

(see Figure 6). The simplest interpretation of these results is the assumption that a single acti-

vation of mGluRs is required to trigger LTP, and that their subsequent reactivation is not ne-

cessary. However, maximal LTP requires several bursts of NMDA activation. In other words, 

it seems that mGluRs provide a metabolic switch, obligatory for the induction of potentiation. 

This switch may be truned off by prolonged low-frequeny stimulation, which causes synapses 

to revert to a “de-conditioned state” in which MCPG would block LTP induction. 

These experiments have also shown that the de-conditioning itself was blocked by MCPG and 

thus was MCPG dependent! Hence, the metabolic switch required for turning LTP on and off 
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would be controlled/mediated by metabotropic glutamate receptors, although by different sub-

types. “Turning on” switch, kept in the off position by kinase inhibitors, is consistent with the 

proposition that the actual signal transduction pathway proceeds via PKC and subsequent 

phosphorylation. 

 

 

 

 

 

 

 

 

 

 

This switch can be turned off by prolonged low-frequency stimulation, which causes synapses 

to revert to a de-conditioned state in which MCPG would block LTP induction.  

These experiments have also showed that the de-conditioning itself was blocked by MCPG 

and thus was mGluR dependent! Hence, the metabolic switch needed for turning LTP on and  

 

1.4   Presynaptic LTP and role of retrograde messengers 

 

Not all the authors agree on the mechanism of LTP expression. As in many other areas 

of research, two major groups can be identified, advocating  opposite points of view. The 

issue of argumentation is whether LTP expression is pre- or postsynaptic? Is the enhancement 

in synaptic transmission due to an increase in neurotransmitter release? And, if so, which kind 

of signal is delivering the message to presynaptic cell, that next time more glutamate should 

be released? A current idea is that a diffusible second messenger, generated postsynaptically, 

crosses the synaptic cleft in the “wrong” direction and, arriving at the presynaptic bouton, al-

ters release properties. Several candidates have been proposed for such a retrograde messen-

ger (see below). The concept of a presynaptic component in LTP implies enhanced activation 

of both AMPA and NMDA receptors, since both receptor subtypes would be exposed to 

increased glutamate concentration. This has been confirmed, with the AMPA component 

being potentiated to a greater extent than the NMDA one.  

Figure 6: Evidence of conditioning by mGluRs. The first tetanic stimulus in the presence of MCPG 
produces only a short-term potentiation but no LTP. The second tetanic stimulus after the drug has been 
washed out produces LTP. At “open triangle” point, the strength of the single stimulus used to test the 
preparation is reduced so as to restore the baseline. A third tetanic stimulation evokes further LTP even 
in the presence of MCPG (Bortolotto et al., 1994). 
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Various approaches have been tried out in order to demonstrate increased transmitter 

release, including: 

- depolarisation-evoked release of radiolabeled glutamate from synaptosomes of hippo-

campal slices following LTP induction in vivo or in vitro (Lynch et al., 1989); 

- measuring extracellular glutamate concentrations during LTP using glutamate-sensiti-

ve electrodes  or outside-out patches containing glutamate receptors (Jay et al., 1999); 

- quantal analysis of neurotransmitter release (Voronin, 1994). 

 

None of these strategies so far has offered solid support for increased glutamate release, but 

several candidates for retrograde messengers have been identified. They include platelet-acti-

vated factor (PAF) (Bazan, 1998), arachidonic acid (Williams et al., 1989) and nitric oxide 

(NO) (Kendrick et al., 1997). All of them have been shown to induce LTP, but none of them 

seems to be a necessary component in LTP induction. Nitric oxide, the most investigated 

retrograde messenger candidate2, is also a source of big controversies, since mice lacking NO 

synthase have been shown to have both normal and impaired LTP. Reports from Eric 

Kandel’s group suggest that the properties of the two subtypes of this enzyme (endothelial 

and neuronal) have to be taken into account, as well as their distribution throughout the 

hippocampus (O’Dell et al., 1994; Son et al., 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                 
2 “NO AND LTP” yielded 633 hits in MEDLINE search on October 29th 2000, compared to 
12 and 40 for “PAF AND LTP” and “arachidonic AND LTP”, respectively. 

Figure 7. Mossy fiber – CA3 LTP is probably presynaptic (Revest and Longstaff, 1998). 
 

NMDAR 
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In one particular case, the mossy fiber-CA3 synapses, it is well elaborated that LTP proceeds 

by a presynaptic mechanism: LTP induced there is insensitive to the NMDAR antagonist 

AP5, and it cannot be prevented by postsynaptic injection of calcium chelators. Neither can its 

induction be achieved by postsynaptic depolarisation. Mechanism of this LTP therefore most 

probably proceeds via activation of mGluR1 at the presynaptic membrane (Son and Carpen-

ter, 1996). Calcium, released from presynapic endoplasmic reticulum, may bind to calmoduli-

ne, which in turn binds to adenylate cyclase (isoform 1). Increased levels of cAMP could then 

trigger PKA to phosphorylate P-type voltage-gated calcium channels, thus increasing their 

permeability and, consequently, glutamate release (Figure 7).  

 
 
 
1.5 Calcium imaging and  LTP 

 
Calcium ions play a pivotal role in the induction of long-term potentiation, and more than 

a dozen of sensitive, fluorescent, cell-permeable dyes are available to record the change in 

intracellular Ca2+ level (Hougland, 1999).Therefore, it is possible to follow such changes by 

means of fluorescence microscopy. Research on LTP done by calcium imaging has been 

performed by both confocal laser scanning and “normal” fluorescence microscopy (e.g. 

Hansel et al., 1997; Wu and Saggau, 1994; Abe and Saito, 1992; Tekkök et al., 1999). 

One of the most popular calcium-sensitive dyes is fura-2 (Poenie and Tsien, 1986) (for the 

full name, see the List of Abbreviations). Figure 8 depicts its chemical structure. 
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Figure 8. Structural formula of fura-2. (R =  CH2OCOCH3, H) 
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Fura-2 is a UV-excitable dye, absorbing the light in the higher UV region (approx. 250 – 400 

nm). The emission maximum is at 510 nm (Figure 9).  

 
Figure 9. Fluorescence excitation (the emission detected at 510 nm) and emission (excited at 340 nm) 
spectra of Ca2+-saturated (A) and Ca2+-free (B) fura-2 in pH 7.2 buffer (copied from www.probes.com, 
Molecular Probes Inc.) 
 

Upon biding to calcium ion, fura-2 changes its fluorescence spectrum, shifting the excitation 

maximum from 380 to 340 nm. Therefore, formation of the [fura-2-Ca2+] complex (in 

equimolar stoichiometry, since calcium’s coordination number is 8) could be registered either 

as an increase or a decrease in fluorescence intensity, excited by 340 and 380 nm, 

respectively. The most important consequence of this “dual excitability” is a possibility to 

avoid the influence of dye bleaching on the data acquired, since the loss in fluorescence 

intensities at 340 and 380 nm does not affect the intensity ratio (I340/I380). Ratio values are 

proportional to calcium concentration, and there are several methods of its calibration 

(Materials and Methods , p. 40; Results, p. 15; Discussion, p. 44). 

 

1.6  An application example 

 

Alzheimer’s disease (AD) is the most common form of dementia among the aged 

population. It manifests as a progressive loss of memory (particularly recent one) and other 

cognitive functions. Hallucination, confusion, aggression, depression and Parkinsonism also 

occur in some, but not all patients (Alberca et al., 2000). Death occurs after 3-15 years, and 

incidence of the disease by people over 80 is more than 20% (Hoyert and Rosenberg, 1997: 

Hoyert and Rosenberg, 1999; Witthaus et al., 1999).  
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These symptoms correlate to a large loss of neurons, in both cortical and subcortical brain 

regions (West et al., 1994; Hof et al., 1990 (a); Hof et al., 1990 (b)). Brain weight is reduced 

by 30-40% (Riederer and Jellinger, 1982). In many patients, there is a large reduction in 

cortical activity of the marker for cholinergic neurons, choline acetytransferase (Katzman et 

al., 1988).  

 

 

Figure 10. AchE blockers, approved anti-AD drugs. 

 

This loss of cholinergic neurons is what underlies the rationale for use of the only three drugs 

licensed for the AD treatment: tacrine (Qizilbash et al., 2000), E2020 (donepezil) (Birks and 

Melzer, 2000) and galanthamine (Fulton and Benfield, 1996) (Figure 10). All of them are 

non-covalent blockers of acetylcholine esterase (AchE), whereas galanthamine - as earlier stu-

dies from our group have demonstrated (e.g. Schrattenholz et al., 1996) - shows another inte-

resting feature: it modulates nAChR currents, by binding to an allosterical site of the receptor.  

Nicotinic acetylcholine receptors have been shown to play a significant role in LTP modulati-

on, since nicotine treatment affects hippocampal long-term potentiation (Chen and Chen, 

1999; Hunter et al., 1994; Sawada et al., 1994). In addition, nicotine is a well-known memory 

enhancer in in vivo studies (Arendash et al., 1995; Radcliffe and Dani, 1998; Gamberino and 

Gold, 1999), and its consumption by smoking (i.e. chronical exposure) negatively correlates 

to incidence of developing Alzheimer’s disease (van Dujin and Hofman, 1991).  

The cholinergic system is not the only one that becomes seriously damaged by Alzheimer’s 

disease. Glutamatergic neurons also belong to this group (Nordberg, 1992). Inter-relations 

between plasticity, memory, memory loss, glutamate, acetylcholine and calcium (nAChRs are 

ion channels, permissive to calcium ions as well) were reasons for deciding to test the influen-

ce of nicotine and galanthamine on the Ca2+ influx changes, using our experimental model 

(see Results, p. 33, and Discussion, p 51). 
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1.7   AIM OF THE WORK 

 

 The main objective of this work was to demonstrate that long-term potentiation (LTP) 

can be studied on a primary hippocampal cell culture, using fluorescence microscopy (calci-

um imaging). Such a model system would provide a set of data complementary to the electro-

physiological ones, mainly concerning spatio-temporal ion dynamics in the cell or the  cell re-

gion (e.g. dendryte or the cell body). In order to demonstrate it, typical features of electrophy-

siologically studied LTP had to be confirmed in our system, by measuring intracellular calci-

um levels. These features include: 

- critical dependence on NMDARs and mGluRs, and 

- relative independence on AMPARs and L-type VGCCs.  

 

Another objective was providing an application example for the new LTP model system. In 

this work it was modulation of glutamate-induced potentiation by nicotine and galanthamine, 

an approved anti-AD drug. Rationale for choosing this application example was: 

- LTP is the widely accepted model for learning and memory on the cellular/molecular 

level;  

- AD patients’ memory is severely affected by the disease, and 

- AD is shown to damage nicotinergic and glutamatergic neurons in the hippocampus , 

both having been shown to play a prominent role in synaptic plasticity (LTP/LTD).  
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2.  MATERIALS AND METHODS 

 

2.1   Primary culture of hippocampal cells 

 

Cell cultures used in this work have been made according to the modified procedure of Bre-

wer’s (Brewer, 1995). Tissue originated from 1 – 3 days old female Sprague – Dawley rats. 

All steps of preparation were done under sterile conditions, in a laminar flow hood. For the 

purpose of analysis by calcium imaging and immunofluorescence experiments, cells were 

cultivated on glass coverslips (d = 12 mm).  

 

-  Preparation of the glass coverslips 

 
- glass coverslips (Assistent, Germany) were put into a large (d = 12 cm), sterile Petri dish 

(Greiner, Germany) and treated under shaking in absolute ethanol (Aldrich) for 4 h; 

- ethanol was poured off, and the coverslips washed ten times with de-ionized (Millipore)  

water (conductance: 18.2 MΩ/cm); 

- coverslips were moved on to a sheet of Whatman paper and allowed to air-dry; 

- after drying, coverslips were transferred into a clean glass vessel and heat-sterilized (180 
oC, 4 h); 

- sterile coverslips (at room temperature) were put into wells of a 24-well cell culture plate 

(Grainer), one coverslip/well; 

- 0.5 mL of poly-L-lysine (MW 70 – 150 kDa, Sigma)  solution (50 µg/mL in water) was 

poured into each well – incubation with PLL lasted from 20 min to 12 h, without notable 

difference in quality of the cell culture; 

- after incubation, coverslips were washed twice with sterile Millipore water and allowed to 

dry. 

 

-   Preparation of hippocampal cells 

 
- animals were killed by decapitation, and the scull was opened by two lateral cuts from the 

spinal opening up to the ears, and by one medial cut from the spinal opening almost to the 

nose (paying attention not to damage the brain tissue underneath!); 

- brains were transferred into ice-cold HibA solution (98.25% HibernateA medium, 1% B27 

supplement, 0.25% 200 mM L-glutamine solution, 0.5 % 100x penicillin-streptomycin 

solution, all Gibco); 
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- hippocampi were isolated by excising ith a scalpel the bulbi olfactorii and the cerebellum, 

than dividing the remaining dien- and telencephalon longitudinally into two symetrical, 

lateral halves, removing (by forceps) the basal ganglia that mask the hippocampus and 

finally excising/isolating it, either by using two forceps or, alternatively, one forceps and a 

fine scissors (Figure 11); 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Scheme of hippocamus isolation. Only one of the hippocampi is shown for clarity. Dashed lines 

represent the excision routes. (r, c, d, v: rostral, caudal, dorsal, ventral) 

 

- after isolation,  the meningae and larger blood vessels were removed, and the tissue was 

cut (transversely to its longitudinal axis) into approx. 500 µm thick slices; 

- slices were transferred –  using a gentle brush - into tubes with 2 mL of papain-containing 

(20 U/mL, Sigma) HibA solution  (4 hippocampi per tube); 

- these tubes, occasionally shaken, were let to stay for 20 – 40 min in 37 oC water bath; 

- with the fire-polished, air-cold Pasteur pipette (tip diameter approx. 1 mm), tissue pieces 

were moved into fresh HibA solution (1, 5 mL) at the room temperature, each fresh 

portion corresponding to the one papain-containing tube; 

- tissue pieces were triturated by the Pasteur pipette, untill the cells (approx. 5 – 7 in-and-

out cycles) were properly dissociated; 

- this suspension was allowed to settle (5 – 10 min), tissue pieces from the bottom of the 

tube were moved into fresh HibA solution and re-triturated to completion; 

- the resulting cell suspensions were combined into two tubes, and centrifuged for 6 min at 

1000 rpm; 

bulbi olfactorii 
hippocampus 

cerebellum 
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- the pellet (cells) was twice resuspended and washed with 2 mL of fresh HibA solution; 

- after a second washing, cells were resuspended into 2 mL/tube NeurobasalA solution 

(98.25% NeurobasalA medium, 1% B27 supplement, 0.25% 200 mM L-Gln solution, 0.5 

% 100X penicillin-streptomycin solution, all Gibco), and combined into a single tube, 

containing finally 4 mL of the cell suspension. 

 

-   Cell counting and plating 

 
- 10 µL of the cell suspension was mixed with 30 µL of trypan blue solution (1:4 dilution), 

producing the suspension of which an aliquot was filled into the Neubauer cell counting 

chamber; 

- the number of cells (N) was counted from four big squares (V = 10-4 mL each) and was 

used to calculate the total yield (Y) of the preparation: Y = N*4*104 (4 is the correction 

factor for the trypan blue dilution, and the initial volume of the cell suspension (4 mL) is 

equal with the number of big squares, used for counting); 

- typically, Y of approx. 7,500,000 cells from 12 hippocampi was obtained and used to 

make 18 mL of cell suspension (ρ ≅ 420,000 cells/mL), which was plated on 36 PLL-

coated glass coverslips (0.5 mL/well, approx. 110,000 cells/cm2); 

- the cell culture plates were put into an incubator (37 oC, 5% CO2) for 60 min, and the 

coverslips were quickly moved into wells with fresh NeurobasalA solution; 

- medium was exchanged once a week, by removing approx. 1/3 of the volume and adding 

250 µL of the fresh one; 

- cells were cultured from two to four weeks. 

 

2.2  Calcium imaging experiments 

 

-   Fura-2 loading procedure (Haugland, 1999) 

 

- Fluorescent dye Fura-2 AM (Molecular Probes, Leiden, The Netherlands) stock solutions 

(1 mM) were prepared in dry DMSO;  

- cells were loaded with the fura-2 AM by transferring the glass coverslips into Neuroba-

salA medium, containing  2 µM fura-2 AM; 

- after incubating for 40 min at 37 0C at 90% O2 and   10% CO2, the coverslips were moved 

to the dye-free medium, and additional 30 min were allowed to end the dye 

deesterification. 



 19 

 

-   Acquiring fluorescent images (Abe and Saito, 1992) 

 

- after deesterification, coverslips were fixed (using silicone grease) to the recording cham-

ber, which was then mounted onto the stage of an inverted light microscope (Axiovert 

100, ZEISS, Germany), equipped with a UV-illumination source (75W XBO lamp, OS-

RAM, Germany) and a 40x objective, numerical aperture 0.75; 

- Fura-2 fluorescence was recorded by using excitation wavelengths of 340 (λ1) and 380 

(λ2) nm, and emission wavelength of 510 nm; 

- images were acquired by cooled (- 25 oC) CCD-camera (Princeton Instruments), having 

680 x 480 resolution with a pixel size of 6.8 x 6.8 µm; 

- wavelength and illumination control were obtained by appropriate (340 and 380 nm) 

filters and a shutter (speed: 20 ms), controlled by Ludl MAC 2000 Controller;  

- illuminations at 340 and 380 nm lasted 500-700 and 120-150 ms, respectively; 

 

 

 

 

 

 

 

 

Figure 12. Scheme of the optical apparatus. 

 

- acquisition and analysis of the data were performed by using MetaFluor 2.0 software 

(Universal Imaging Corporation); 

- regions chosen to analyse were bodies of the cells identified as neurons (see Results, 

Figure 19, immunostaining); 

- instrument was calibrated by the equation calibration method, described by Poenie et al.  

in 1986 [(Ca2+)i = Kd(Fmin/Fmax)(R-VRmin)/(VRmax-R)]; 
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- (Ca2+)0 and (Ca2+)max  solutions were obtained from Molecular Probes. (Kd = 224 nM, 

Fmin/Fmax and Rmin/Rmax represent λ2- and ratio-image intensities at zero and saturating 

(Ca2+), respectively. V is viscosity factor).    

 

-   Stimulation of the cells 

 

- if not stated otherwise, every group of cells was stimulated twice for 30 s each (one pair of 

images being acquired every five seconds), with 35 min intermission between the applica-

tions (Malgaroli and Tsien, 1992);  

- stimulation buffer (SB) for the Ca2+-imaging experiments contained, in mM: 125 NaCl, 5 

KCl, 6 CaCl2, 0.8 MgCl2, 5 glucose, 20 HEPES (pH 7.3), and was added (in µM) 50 L-

glutamate, 10 glycine and 10 bicuculline; 

-  in blocking/modulation experiments, SB was added (in mM) 25 AP-5 (NMDAR 

antagonist), 10 CNQX (AMPAR antagonist), 500 (S)-MCPG (mGluR antagonist), 10 ni-

fedipine (L-type VGCC antagonist), 100 nicotine (nAChR agonist), 0.5 galanthamine and 

0.5 rivastigmine (AChE blockers), as explained in the Results; 

- composition of the washing buffer (WB) was (in mM): 125 NaCl, 5 KCl, 2 KH2PO4, 2 

CaCl2, 1 MgCl2, 5 glucose, 20 HEPES (pH 7.3); 

- washing was performed by gravity-fed perfusion system (Figure 13); 

- HEPES, NaCl, KCl, CaCl2, MgCl2, L-glutamate, glycine, nicotine and glucose were 

obtained from Sigma; 

- AP-5, CNQX, MCPG, bicuculline and nifedipine were provided by BioTrend, Germany; 

- galanthamine and rivastigmine were provided by Janssen Research Foundation, Beerse, 

Belgium. 

 

-   Data analysis 

 

- during each stimulation (duration: 30s), six 340/380 nm image pairs were acquired (except 

in the experiment depicted by the Figure 23); 

-  regions of the cells were selected (neuronal cell bodies) for ratio calculation; 

- ratio values derived from the first image pairs taken during the stimulation were taken as 

representative for a given condition; 

- ratio values (corresponding to [Ca2+]i) in cells prior to stimulation were subtracted from 

the values after stimulation, thus giving ratio increase (∆R); 
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- the resulting ∆R values were compared to ∆R values from other stimulation events; 

- significance of difference between the mean subtracted values was determined either by 

independent two-population t-tests (0.05 level - error bars in all the graphs correspond to 

standard errors of mean) or by non-parametric tests (Kruskal-Wallis tests) (Motulsky, 

1995); 

- statistical significance for the cases where 0.05 > p > 0.01, 0.01 > p > 0.001 and 0.001 > p 

were marked by “*”, “**” and “***”, respectively; 

- case where no statistical significance could be stated (p > 0.05) were marked by “n.s.“. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Schematic drawing of the stimulation and  washing apparatus. Flow-in and flow-out were 

gravity-fed. Stimulating solution was applied drop-wise onto the coverslip carrying the cells. 

 

2.3   Immunocytochemistry 

 
Primary hippocampal neurons were labelled by means of indirect immunofluorescence 

technique, which utilises primary (cell-specific) and secondary (primary antibody-specific) 

antibodies. The primary antibody used in these experiments was directed against α-Tau 

protein (IgG, rabbit, polyclonal), diluted 1:100. The secondary antibody (goat, IgG, anti-
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rabbit, Texas Red-coupled, Jackson Research) was diluted 1:200. Antibody dilutions were 

made in dilution buffer (DB): 10% fetal calf serum (FCS), 0.02% Sodium azid  in phosphate-

buffered saline. 

 

- cells have been fixed for 15 – 20 min in 4% solution of p-formaldehyde in PBS, and 

washed for 10 min in PBS alone (3 buffer exchanges); 

- cell membranes have been perforated by 0.5% solution of Triton X-100 in PBS (10 min, 

RT); 

- washing: 1 x 5 min, in PBS; 

- incubation with the primary antibody, 30 min at RT, inside of a moist compartment; 

- washing: 3 x 5 min, in PBS; 

- incubation with the second antibody, 30 min at RT in the dark, inside of a moist 

compartment; 

- washing: 3 x 5min, in PBS; 

- cells have been covered by covering solution (1mg/ml p-phenylendiamine in PBS, 30% 

glycerine, 100 mg/ml elvanol; pH 8.5, prepared from the aliquotes kept at -20°C), in a 

way that a drop of the solution has been applied onto an object glass and the coverslip 

with the cells has been put into it (cells facing the drop); 

- to protect the samples form drying out, coverslips have been covered with a film of nail 

enamel and kept at –20 0C; 

- fluorescent images have been taken using Zeiss upright microscope. 
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3. RESULTS 

 

3. 1. Description of the system used for biochemical studies of LTP 

 

Prior to performing experiments that could establish quantitative correlation between 

changes in calcium influx and various components of glutamatergic neurotransmission in 

primary culture of hippocampal cells, the following basic information about the system 

needed to be obtained: 

a) appropriate glutamate concentration for LTP induction; 

b) analysis of effects of fura-2 AM concentration on the glutamate-induced potentiation; 

c) analysis whether glutamate stimulation under our conditions induces excitotoxicity; 

d) analysis of “contaminating” effects, due to the presence of glial cells. 

 

 

-    Appropriate glutamate concentration for LTP induction 

 

An important step in finding optimal conditions for the chemical induction of LTP 

was to determine the relationship between glutamate concentration applied and  the calcium 

influx produced. To obtain these data, a set of cells was exposed to subsequent applications 

of 0.5, 2, 5, 10, 20, 50 and 100 µM of L-glutamate (Figure 14, Table 1). Each application 

lasted 15 seconds, with a 20 min intermission between each of them1. These data were fitted 

with a one-site binding sigmoidal curve model, with an apparent EC50 of 5.6 ± 0.3 µM. This 

value is similar to those previously reported for glutamate and hippocampal neurons (e.g. 

EC50 = 2.3 µM: an electrophysiological study by Patneau and Mayer, 1990), but it is 

noteworthy to mention that it might be influenced by the very property that we wanted to 

determine, i.e. by time-dependent, glutamate-evoked changes in calcium influx. To test 

this possibility, another, glutamate-untreated group of neurons was given a 50 µM Glu 

stimulus, and the calcium influx (Figure 15) for this concentration under both paradigms 

was compared. 

 

                                                                 
1 Fifteen seconds of stimulation was the minimal time that could be used with our application system (see Ma-
terials and Methods ). Twenty minutes of intermission was enough for all cells to return to the basal state. 
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Figure 14. Glutamate dose-response curve, obtained with pre-stimulation. The signals were recorded 
from a group of cells, stimulated by increasing concentrations of glutamate (0.5, 2, 5, 10, 20, 50 and 100 
µµM). The stimuli lasted 15 s each, and were separated by 20 min long intermissions. Number of the cells 
was 17. EC50 = 5.6 ± 0.3 µµM. Error bars are s.e.m. 
 

Glu (µµM) Norm. resp. (%) s.d. s.e.m. N 
0.5 5.047 10.488 2.543 17 
2 8.542 13.249 3.213 17 
5 40.705 24.685 5.987 17 
10 80.389 22.751 5.518 17 
20 91.871 4.916 1.192 17 
50 96.065 11.245 2.727 17 
100 87.173 9.615 2.332 17 

Table 1. Data fitted into the dose-response curve (Fig. 14). Response was normalized against the cell with 
the largest calcium influx. Number of cells: 17.  Number of experiments: 1.  (s.d. and s.e.m. are standard 
deviation and standard error of mean, respectively.) 
 

As can be concluded from Figures 14, 15 and Tables 1, 2, responses evoked by 50 µM 

glutamate are significantly larger if cells were not pre-treated with a series of glutamate 

stimuli. Therefore, in order to test the possibility that cells without prior stimulation might 

have significantly different dose-response curve parameters, an experiment was performed 

where each glutamate concentration was applied onto previously non-stimulated group of 

neurons (Figure 16, Table 3). 

 

     Two-population t-test at 0.05 level: t = -5.384   p = 7.821 x 10-7 

    At the 0.05 level, the two means are significantly different. 
Prestimulation Mean s.d. s.e.m. N Stat. sig. 

without 219.575 87.578 11.213 61 *** 
with 100 48.832 11.843 17 - 

Table 2. Statistical comparison of the responses to 50 µµM glutamate taken from the dose-response curve 
(Fig. 14) and the responses of previously non-stimulated cells.  Mean intensity of the 50 µµM response 
from the dose-response curve was taken to be 100.  
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Figure 15. Response to 50 µµM Glu is significantly smaller if the cells were previously stimulated, sugges-
ting that previous condition influences later responses. The column “without pre-stimulation” represents 
the normalized ratio increase (∆∆ R) after the cells were stimulated wi th glutamate for the first time. The 
column “with prestimulation” corresponds to the ∆∆ R value where the cells were already treated with 0.5, 
2, 5, 10 and 20 µµM Glu before the 50 µµM Glu stimulus was applied. Number of cells with and without 
prestimulation was 17and 61,  respectively. Error bars are s.e.m.  
 

The prestimulation-unaffected dose-response curve has been made by applying given gluta-

mate concentration to a sample of untreated cells. This method, however, is of much lower 

accuracy because of unavoidable differences between the cell samples. The curve obtained 

by such an approach (Figure 16, Table 3) results in larger EC50 value of 18 ± 5 µM.  
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Figure 16. Glutamate dose – response curve, obtained without pre-stimulation. Responses to various 
glutamate concentrations (0.5, 2, 10, 20, 100, 200 µµM) were recorded each from a different sample of 
previously non-stimulated cells. EC50 = 18 ± 5 µµM. Number of experiments: 1. Number of cells per con-
centration varied from 17 to 31. Error bars are s.e.m.  
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Glu (µµM) Norm. resp. (%) s.d. s.e.m. N 
0.5 0.552 0.6714 0.137 24 
2 24.189 29.188 7.079 17 

 10     26.190 37.351 8.803 18 
20 55.877 36.168 7.233 25 
100 100 39.550 7.103 31 
200 79.894 38.341 7.378 27 

Table 3. Data fitted into the dose-response curve (Fig. 16). Response was normalized against the sample 
with the largest mean calcium influx. Number of experiments: 1.  (s.d. and s.e.m. are standard deviation 
and standard error of mean, respectively.) 
 

In order to select an optimal concentration for our system, we referred to the available litera-

ture and the data from our dose-response curves. In 1992, Malgaroli and Tsien described a 

successful attempt of LTP induction in primary culture of hippocampal cells, by appplying 

50 µM glutamate for 30s. We tried 50 and 100 µM glutamate stimuli, since both of them 

were able to elicit strong responses (Figs. 14 and 16). The experimental paradigm for LTP 

induction and detection – as already explained – consisted of two subsequent glutamate 

applications on the same group of cells, with a 35 min intermission between them. 

Responses evoked by the stimuli were then compared, the first being subtracted from the 

second. The time of 35 min lies within the boundaries attributed to early-phase LTP (Huang 

and Kandel, 1994). Figures 17, 18 and 19 shows how these two concentrations affected  

changes in calcium influx: 
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Figure 17. Glutamate application (50 µµM, 30s) induces potentiation of calcium influx in the hippocampal 
neurons, since the second response to 50 µµM glutamate (50:2nd) is larger than the first one (50:1st). Cell 
response corresponds to increase in fluorescence intensity ratio (R = I340/I380). This increase represents 
difference (∆∆ R) between R-values before (Rb) and during (Rs) the stimulation. Number of the cells: 17. 
Percentage of de- and potentiated cells was 11.8 and 88.2, respectively. Error bars are s. e. m. 
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     Two-population t-test at 0.05 level (50:1st vs. 50:2nd) t = -6.937   p = 3.347 x 10-6 

    At the 0.05 level, the two means are significantly different. 
Glu (µµM) Mean s.d. s.e.m. N Stat. Sig. 

50:1st 0.978 0.399 0.097 17 - 
50:2nd 1.184 0.484 0.117 17 *** 

50:2nd-1st 0.206 0.122 0.030 17 - 
Table 4. Glutamate stimulus of 50 µµM induces calcium influx potentiation. Potentiation is defined as dif-
ference in response (i.e. ratio increase) (∆∆ R2 – ∆∆ R1) between the second and the first stimulation. Num-
ber of experiments: 1.  
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Figure 18. Glutamate application (100 µµM, 30s) induces potentiation of calcium influx in the hippocam-
pal neurons, since the second response to 100 µµM glutamate (100:2nd) is larger than the first one 
(100:1 st). Cell response corresponds to increase in fluorescence intensity ratio (R = I340/I380). This incre-
ase represents difference (∆∆ R) between R-values before (Rb) and during (Rs) the stimulation. Number of 
the cells: 17. Percentage of potentiated cells was 100. Error bars are s.e.m. 
 
 
     Two-population t-test at 0.05 level (100:1st vs. 100:2nd) t = -8.221   p = 1.659 x 10-7 

    At the 0.05 level, the two means are significantly different. 
Glu (µµM) Mean s.d. s.e.m. N Stat. Sig. 

100:1st 0.848 0.142 0.033 19 - 
100:2nd 0.930 0.162 0.037 19 *** 

100:2nd-1st 0.082 0.044 0.010 19 - 
Table 5. Glutamate stimulus of 100 µµM induces calcium influx potentiation. Potentiation is defined as 
difference in response (i.e. ratio increase) (∆∆ R2 – ∆∆ R1) between the second and the first stimulation. 
Number of experiments: 1.  
 
 
Additionally, it can be seen that 50 µM Glu application induces larger potentiation than the 

100 µM one (Figure 19).  
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Figure 19. Application of 50 µµM glutamate stimulus induces larger potentiation than the 100 µµM one. 
Potentiation is defined as the difference in response (i.e. ratio increase) (∆∆ R2 – ∆∆ R1) between the second 
and the first stimulation. Data were normalized against the mean potentiation induced by 50 µµM gluta-
mate. Number of  cells was 17 (50 µµM) and 19 (100 µµM). Duration of each stimulus: 30s. Number of ex-
periments: 1. Error bars represent standard error of mean. 
 

     Two-population t-test at 0.05 level: t = -4.123   p = 2.273 x 10-7 

    At the 0.05 level, the two means are significantly different. 
Glu (µµM) Mean s.d. s.e.m. N Stat. Sig. 

50 100 59.438 14.416 17 - 
100 39.995 21.207 4.865 19 *** 

Table 6. A 50 µµM glutamate stimulus induces larger potentiation than the 100 µµM one. Potentiation is 
defined as difference in response (i.e. ratio increase) (∆∆ R1 – ∆∆ R2) between the second and the first stimu-
lation. Data were normalized against the mean potentiation induced by 50 µµM glutamate. Number of ex-
periments: 1.  
 

These introductory experiments suggested that stimulation by glutamate induces changes in 

cell responsiveness to forthcoming stimuli: EC50 values determined by two approaches – 

with and without prestimulation - differ significantly (5.6 ± 0.3 µΜ vs. 18 ± 5 µM: see 

Figures 14, 15, 16 and Tables 1, 2, 3) and glutamate application potentiates calcium influx 

into the neurons (Figures 17, 18, 19 and Tables 4, 5, 6).  

Based on these data, 50 µM Glu was selected to be our concentration of choice in looking 

for further similarities between our paradigm and classical LTP induction scheme. Smaller 

concentrations were not tested, since 50 µM Glu is expected to elicit maximal Ca2+ influx 

(Figure 16), thus providing better signal (higher signal/noise ratio). 
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-  Analysis of fura-2 AM concentration effects on the glutamate-induced potentiation 

 

          As already described in the Introduction, plasticity-related phenomena (i.e. LTP and 

LTP) are triggered by calcium influx into the cells. For the purpose of following such phe-

nomena directly, i.e. by measuring Ca2+ levels using fluorescence microscopy, it must be ex-

cluded that the very process of measurement affects the data themselves. In other words, the 

amount of calcium ions chelated by fura-2 must not be too large to deprive the LTP-indu-

cing pathways of its spiritus movens. We already demonstrated that hippocampal neurons, if 

stimulated by 50 and 100 µM glutamate, respectively, show increased responsiveness to a 

second stimulation of the same kind (Figures 17 and 18). Both of these cell samples were 

diffusion-loaded in a solution containing 2 µM fura-2 AM (recommended concentrations are 

between 1 and 10 µM: see Haugland, 1999)1. To test whether higher fura-2 AM concentrati-

ons affect the measurements, we tested the influence of 50 µM glutamate stimulation on the 

two groups of cells, incubated in 2 and 20 µM fura-2 AM. As shown in Figure 19, ten times 

more dye in the incubation solution correlates with smaller potentiation effects, which 

prompted us to perform all further experiments with 2 µM fura-2 AM. Furthermore, calcium 

signal upon first stimulation is almost five times bigger when less dye is used (Figure 20, 

Table 8). 
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Figure 20. Concentration of fura-2 AM affects 50 µµM glutamate-induced potentiation.  Both groups of 
cells were treated with 50 µµM Glu for 30 s, and the stimulus was repeated after 35 min. Difference in ra-
tio changes (i.e. Ca2+ influx) between the two stimuli (i.e. potentiation: ∆∆ R2 – ∆∆ R1) for the two cells 
groups (“2” and “20”: cells incubated in 2 and 20 µµM fura-2 AM, respectively) was calculated, and nor-
malized for comparison. Mean potentiation of the cells incubated in 2 µµM fura-2 AM was taken to be 
100. Number of the cells was 57 (“2”) and 63 (“20”). Number of experiments: 2. Error bars are s.e.m. 
                                                                 
1 In our system, incubation in 1µM fura-2 AM solution produced significantly weaker signals (data not shown). 
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Two-population t-test at 0.05 level: t = -6.552  p = 1.556 x 10-9 
At the 0.05 level, the two means are significantly different. 

fura-2 AM (µµM) Mean s.d. s.e.m. Sum N Stat. sig. 
2 100 61.824 8.190 5699.985 57 - 
20 37.132 42.312 5.334 2339.483 63 *** 

Table 7. Concentration of fura-2 AM affects 50 µµM glutamate-induced potentiation. Tenfold increase of 
fura–2 AM amount in incubation solution correlates to 2.7-fold decrease in Ca2+ influx potentiation. 
Mean ratio change in the cells incubated in 2 µµM fura-2 AM was taken to be 100. Percentage of de- and 
potentiated cells in “2” and “20” group was 0 and 100, and 4.8 and 85.7, respectively. Number of experi-
ments: 2. 
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Figure 21. Cells loaded with 2 µµM fura-2 AM solution (2) show nearly five times larger Ca2+ influx du-
ring the first stimulation than the cells loaded with 20 µµM fura-2 AM solution (20). The two groups of 
cells were stimulated with 50 µµM glutamate and the yielding increase in I340/I380 ratio was calculated 
 (∆∆ R = Rs – Rb: Rs and Rb are the mean ratio values in the stimulated and the basal (resting) state, res-
pectively.) For comparison, cell responses were normalized (mean ration increase for the group 
incubated in 2 µµM fura-2 AM was taken to be 100). Number of the cells was 57 (“2”) and 63 (“20”). 
Number of experiments: 2. Error bars are s.e.m. 
 
Two-population t-test at 0.05 level: t = -15.829   p = 5.809 x 10-31 
At the 0.05 level, the two means are significantly different. 

fura-2 AM (µµM) Mean s.d. s.e.m. Sum N Stat. 
2 100 35.023 4.639 5700.019 57 - 
20 22.403 16.149 2.035 1411.372 63 *** 

Table 8. Cells loaded with 2 µµM fura-2 AM solution (2) show nearly five times larger Ca2+ influx during 
the first stimulation than the cells loaded with 20 µµM fura-2 AM solution (20). For comparison, cell res-
ponses were normalized (mean ration increase for the group incubated in 2 µµM fura-2 AM was taken to 
be 100). Number of the cells was 57 (“2”) and 63 (“20”). Number of experiments: 2. 
 
 
Although it would be expected that the higher fura-2 AM concentration gives rise to the 

higher ratio signal, there are two factors that should not be neglected in evaluating these da-

ta. Firstly, it is possible that intracellular concentration of the dye is much bigger than the 

concentration of incoming Ca2+, thus resulting in spectrum changes (see Introduction, 
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Figure 9) of only minor fraction of the dye molecules. The signal, gained by [fura-2-Ca2+] 

complex, would have a large background coming from “non-activated” fura-2 molecules.  

Secondly, a fraction of fura-2 molecules might not be able to chelate calcium ions at all, as a 

result of incomplete dye esterolysis (Yuste, 2000; Hougland, 1999). In fura-2 AM, all four 

carboxy-groups are esterified (Figure 8), thus enabling the dye to pass the cell membrane by 

passive diffusion. In the cell, incomplete esterolysis gives rise to mono-, di- and triacetome-

toxy esters, fura-2 derivatives with strong fluorescence signal, which do not complex Ca2+ 

(ibid.). Both of these effects should be more pronounced as fura-2 concentration increases. 

 

 

 

-   Analysis whether glutamate stimulation under our conditions  induces excitotoxicity 

 

Excitotoxicity is glutamate-induced neuronal cell death, mediated by influx of calci-

um ions (Lee et al., 1999; Miller et al., 1998). Therefore, it shares the inducing agent with 

LTP/LTD, but activates different signal transduction pathways. For example, incubation in 

500 µM glutamate inhibits calcium/calmodulin kinase II (CaMKII) activity in cultured hip-

pocampal neurons, and causes “delayed cell death” (Churn et al., 1995). One of the typical 

changes in neurons exposed to neurotoxic glutamate concentrations is accumulation of intra-

cellular calcium (Burgard and Hablitz, 1995), i.e. failure of [Ca2+]i to return to its basal level 

upon stimulus removal. We therefore tested whether 50 µM glutamate induced excitotoxici-

ty in our system, although the concentrations reported to trigger glutamate-dependent cell 

death are higher (500 µM - Churn et al., 1995; 100 µM – Gray and Patel, 1995).  

As demonstrated in Figures 22 and 23, [Ca2+]i returns to basal levels between the two stimu-

li, indicating that the influence of excitotoxicity in our experimental model can be neglected. 
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Figure 22. Calcium concentration returns to basal levels between the two stimulations. This suggests that 
during this time excitotoxicity has not been induced. Horizontal bars indicate duration of the 50 µµM Glu 
stimuli (30 seconds). Trace represents the mean response of 33 cells. Error bars are s.e.m. Ratio images, 
from which the data for this graph were extracted, are shown in Figure 23. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Influx of Ca2+ is higher during stimulation 2, compared to stimulation 1, and calcium 
concentration returns to its basal levels during the intermission (35 min). Colour intensity code: blue < 
green < yellow < red < white (blue: 0.60 � white: 2.20 ratio units).  Thi s is a part of the ratio sequence 
that served as data source for the graph in Figure 22. Black arrows mark the cell that does not return to 
its basal state between the stimulations. Signals from such cells (usually 1- 2 per sample) were not used 
in the analysis. 
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-   Analysis of “contaminating” effects, due to the presence of glial cells 

 

There are two main classes of cells in the nervous system: nerve cells (neurons) and 

glial cells (glia) (Nicholls et al., 1992). Central nervous system glia, as far as is known, are 

not directly involved in information processing, but they have other vital roles: physical sup-

port of neurons (Kandel et al., 2000), growth factors release (Copelman et al., 2000), 

scavenging toxic substances (Grewal et al., 1997), neurotransmitter re-uptake (Porter and 

McCarthy, 1996), axon guidance (Hidalgo et al., 1995), axon/dendrite insulation (Martini 

and Schachner, 1997) and forming blood-brain barrier (Vannucci et al., 1997). Furthermore, 

there are between 10 and 50 times more glia than neurons in the central nervous system of 

vertebrates (Kandel et al., 2000). 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. A group of fura-2 loaded cells from the glia-containing culture (DMEM/HS medium), indica-
ting that the difference between neurons and glia could be told from the fluorescence images acquired 
under 340 nm illumination. Above, left: fura-2 loaded cells, illuminated by 340 nm light; Above, right: 
the same region, labelled with neuronal marker, anti-αα -tau antibody; Beneath, left: the same region, la-
belled with glial marker, anti-GFAP antibody; Beneath, right: same region, seen under phase contrast. 
White arrows indicate the flat non-neuronal cells, which are not recognized by the neuron-specific 
antibody. Red arrows indicate neurons. Black arrow indicates one flat (dead?) neuron. 
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And although the glial cells are known to have modulatory effect on LTP/LTD (Wenzel et 

al., 1991) and possess functional glutamate receptors (Shelton and McCarthy, 1999), it has 

not been shown that their electrical responses could be potentiated as well. Our experiments 

were performed on neurons cultured in NeurobasalA/B27, a serum-free medium formulated 

by the research group of G.E. Brewer (Brewer et al., 1993). NeurobasalA/B27 supports neu-

ronal survival, whereas glial growth is reduced to 0.5% of the total, nearly pure neuronal po-

pulation (ibid.).  

Alternative to this approach is cell culturing in serum-containing media, typically 10% horse 

or foetal calf serum (Higgins and Banker, 1998). Under serum-containing conditions, how-

ever, glia grow and proliferate until a monolayer is formed. During this monolayer formati-

on, neuronal growth is more and more suppressed, and the number of neurons decreases 

(ibid.). Glia growth can be inhibited by including anti-mitotic agents in the medium (e.g. cy-

tosine-β-D-arabinofuranoside, ibid.). These agents, however, damage neuronal DNA as well 

(Park et al., 1998). 

Therefore, by choosing NeurobasalA/B27 medium for the cell culture, we minimized the 

possibility that the signals measured come from non-neuronal cell types. Additionally, we 

developed a method to differentiate between the neuronal and glial cells, based on cell body 

morphology/coloration. As seen in Figure 24, fluorescence images of fura-2-loaded cell bo-

dies, illuminated by 340 nm light,  could be divided into two groups: 1) sharp, multicolou-

red, and 2) diffuse-shaped, single-coloured ones. Immunostaining with neuronal and glial 

markers revealed that the first group could be identified as neurons (red arrows), whereas the 

second group (white arrows) are probably glial cell bodies. 

Figure 25 illustrates where the difference in cell body coloration might come from. It is 

possibly  a consequence of the hill-like form of the neuronal cell bodies, compared to flat 

cell bodies of the glial cells. Non-uniform neuronal cell height gives rise to a non-uniform 

amount of the dye (and, therefore, fluorescence intensity) excited by illumination, thus being 

represented by differently coloured areas (from blue-green to white). Glial cell bodies, on 

the contrary, have more uniform cell body height (i.e. do not vary much in amount of illumi-

nated dye per optical path) and appear, therefore, mostly blue-green.  
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Figure 25. A possible explanation why fura-2-loaded neuronal and glial cell bodies appear differently co-
loured in 340 nm–illuminated fluorescence images. Different length of optical paths through the cell bo-
dies (1, 2, 3: neuron; 4, 5: glial cell) determines different amounts of fura-2 molecules excited. This pro-
vides different coloration patterns of the two cell types, enabling their identification.  
 

 

3.2   Pharmacological analogies of our system  with electrophysiologically studied LTP 

 

In the Introduction, an overview was given of the biochemical systems within neu-

ronal cells, which give rise to LTP induction and maintenance. Robust increase of cytosolic 

calcium concentration in the postsynaptic cell is the first and most important event in the 

cascade (Revest and Longstaff, 1998). Since the glutamatergic system dominates hippocam-

pal structures, there are several means of calcium entrance that could be opened, following 

presynaptic glutamate release. Firstly, there are ligand-gated Ca2+ channels, e.g. ion-channel 

glutamate receptors (NMDA, AMPA, kainate/quisqualate). They allow calcium ions from 

the intercellular space to enter dendritic spines, activating CaMKII-, PKC- and PKA-depen-

dent signal transduction pathways (ibid.). Upon glutamate release, AMPA and kainate/quis-

qualate receptors get activated quickly, becoming permeable to Na+ and Ca2+ (Koh et al., 

1995). This cation influx induces depolarisation of the cell membrane, an event which relie-

ves Mg2+ block of NMDA receptors, enabling calcium influx through glutamate-bound re-

ceptors (Ascher and Johnson, 1994). Secondly, such depolarization activates voltage-gated 

Ca2+ channels (VGCC) (Belhage et al., 1996). Thirdly, stimulation of  metabotropic gluta-

mate receptors induces calcium outflow from intracellular stores, i.e. smooth endoplasmic 

reticulum (Bliss and Collingridge, 1993). 

1 2
3 4 5

 neuronal 
cell body 

glial cell 
body 

coverslip 

neuronal cell  
body image 

glial cell 
body image 



 36 

As eluded to in the Introduction, contribution of  these (but not only these!) components is 

typical for LTP. In order to demonstrate that the enhancement of [Ca2+]i induced by 50 µM 

glutamate in our system was LTP, we needed to demonstrate that the system in use depends 

on similar parameters. To achieve this, we performed a series of experiments where a 50 µM 

glutamate stimulus was applied to the cells, together with the appropriate antagonist for 

AMPA, NMDA and metabotropic glutamate receptors and a VGCC blocker. After 35 minu-

tes, the stimulus was repeated and the difference in calcium ion influx (represented by the 

ratio values) was measured. Control condition in all experiments was the repeated 50 µM 

glutamate stimulus, which was able to induce Ca2+ influx potentiation in all the cases (as 

already depicted in Figures 17 and 22). To increase the probability that the particular 

receptor/channel type remains deactivated during the whole interval of stimulus duration, 

washing buffer containing an appropriate antagonist (or blocker, in the case of VGCC) was 

applied onto the cells prior to each stimulation, for 2 minutes.  

 

-   Blocking of NMDARs with AP-5 prevents glutamate-induced potentiation 

 

The most extensively studied LTP type is the one of the hippocampal CA1 cells. It is 

usually induced electrically, either by tetanic or theta-pattern stimulation of Schaffer collate-

rals (Collingridge et al., 1983). It is supposed to be of Hebbian nature, and it is NMDA 

receptor-dependent (ibid.). However, it should be mentioned again that in the hippocampus 

not all the cells express NMDAR-dependent LTP (Debray et al., 1997). In order to investi-

gate whether 50 µM glutamate-induced potentiation of Ca2+ influx that we observed in our 

system (Figures 19 and 22) was dependent on NMDA receptors, 25 µM of AP-5 (D-2-ami-

no-5-phosphonopentanoic acid) was added to the 50 µM glutamate-containing stimulation 

buffer. (AP-5 is a widely used, competitive NMDAR antagonist: Jane et al., 1994). Prior to 

each stimulation – as explained in the previous paragraph – cells were for 2 minutes 

incubated in washing buffer, containing 25 µM AP-5 as well. After first stimulation with 

glutamate/AP-5 mixture, cells were washed for 2 minutes and given the second glutama-

te/AP-5 stimulus after 35 minutes. The same procedure was repeated with the control groups 

of cells, except that they were treated with glutamate alone.  

Under both conditions, the stimuli induced calcium ion influx. For each stimulus, ra-

tio levels representing basal calcium concentration were subtracted from the ratio levels 

acquired immediately after application of the stimulation buffer (∆∆ R = Rs – Rb: Rs – ratio 

during the stimulation; Rb – basal state ratio), resulting in the ratio increase for the given sti-
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mulus (∆∆ R). Difference between the second and the first stimulus (∆∆ RT = ∆∆ R2 - ∆∆ R1) is the 

measure of Ca2+ influx potentiation (∆∆ RT > 0) or depotentiation (∆∆ RT < 0).  

Figure 26 and Table 9 summarize the results of such experiments. It can be seen that, under 

our conditions, the presence of AP-5 prevents glutamate-induced enhancement of calcium 

ion influx.  
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Figure 26. Competitive NMDAR antagonist AP-5 (E/APV) blocks the potentiating effect of 50 µµM 
glutamate (E). Prior to each stimulation, cells from the E/APV group were incubated for 2 min in 
washing buffer containing 25 µµM AP-5, and then stimulated for 30 s with 50µµM Glu/25 µµM AP-5. 
Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min). 
Control group of cells (E) was subjected to the same treatment, but without AP-5. For normalisation, 
mean potentiation (∆∆ RT) induced in the control group was taken to be 100. Negative mean ∆∆ RT value in 
the E/APV group does not suggest that AP-5 induces depotentiation, since  it does not differ significantly 
from 0 (one population t-test, 0.05 level: t = -1,673 ; p = 0,098). Percentage of de- and potentiated cells in 
E/APV group was 65.9 and 34.1, respectively. Control (E) group: 36.5 and 60.8. Number of experiments: 
4. Error bars are s.e.m. 
 

Two-population t-test at 0.05 level: t = -4.509     p = 1.266 x 10-5 
At the 0.05 level, the two means are significantly different. 

Stimulus Mean s.d. s.e.m. Sum N Stat.sig. 
E (control) 100 199.851 23.232 7400 74 - 

E/APV -29.296 161.484 17.515 -2490.188 85 *** 
Table 9. Coapplication of 25 µµM AP-5, competitive NMDAR antagonist, prevents Ca2+ influx potentiati-
on, induced by 50 µµM glutamate. Prior to stimulation, cells were incubated for 2 min in washing buffer 
with 25 µµM AP-5 and then stimulated for 30 s with 50µµM Glu/25 µµM AP-5. Following the washout of the 
stimulus (2 min), stimulation procedure was repeated (after 35 min). Control group of cells (E) was 
subjected to the same treatment, but without AP-5. Number of experiments: 4. 
 

-   Blocking of AMPARs with CNQX does not  prevent glutamate-induced potentiation 

 

Some forms of LTP are affected by non-NMDAR antagonists, including the LTP on 

CA3-CA1 synapses (Grover, 1998). In our system, blocking the AMPA receptors by 10 µM 
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CNQX (6-cyano-7-nitroquinoxaline-2,3-dione: a potent, competitive AMPA/kainate antago-

nist - Honoré et al., 1988) produced diminished potentiation, but the  mean ∆RT  value for 

CNQX-treated neurons did not differ significantly from the control group one (Figure 27, 

Table 10).  
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Figure 27. The AMPAR antagonist CNQX  coapplication (E/CNQX) does not significantly affect 50 µµM 
glutamate–induced potentiation (E). Prior to each stimulation, cells from the E/CNQX group were incu-
bated for 2 min in washing buffer containing 10 µµM CNQX, and then stimulated for 30 s with 50µµM 
Glu/10 µµM CNQX. Following the washout of the stimulus (2 min), stimulation procedure was repeated 
(after 35 min). Control group of cells (E) was subjected to the same treatment, but without CNQX. For 
normalisation, mean potentiation (∆∆ RT) induced in the control group was taken to be 100. Percentage of 
de- and potentiated cells in E/CNQX group was 31.9 and 65.2, respectively. Control (E) group: 27.6 and 
69. Number of experiments: 4. Error bars are s.e.m. 
 
Two-population t-test at 0.05 level: t = -1.295   p = 0.197 
At the 0.05 level, the two means are NOT significantly different. 

Stimulus Mean s.d. s.e.m. Sum N Stat.sig. 
E (control) 100 199.851 23.232 7400 74 - 
E/CNQX 61.507 150.174 18.079 4243.966 69 - 

Table 10. Coapplication of 10 µµM CNQX, competitive AMPAR antagonist, does not affect significantly 
Ca2+ influx potentiation, induced by 50 µµM glutamate. Prior to stimulation, cells were incubated for 2 
min in washing buffer with 10 µµM CNQX and then stimulated for 30 s with 50µµM Glu/10 µµM CNQX. 
Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min). 
Control group of cells (E) was subjected to the same treatment, but without CNQX. Number of experi-
ments: 4. 
 

-  Blocking of mGluRs with MCPG  prevents glutamate-induced potentiation 

 

Activation of metabotropic glutamate receptors is required for induction of long-term 

potentiation in the hippocampus, as shown in the studies with mGluR antagonists (Bortolot-

to et al., 1994; Bortolotto and Collingridge, 1999). Therefore, to examine the influence of 

glutamate-induced potentiation in our system, we performed experiments where 500 µM 

MCPG ((S)-α-methyl-carboxyphenylglycine: non-selective mGluR I/II antagonist - Watkins 
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and Collingridge, 1994) was coapplied with 50 µM glutamate. Data obtained from such ex-

periments are summarized in Figure 28 and Table 11, suggesting that the cells, treated with 

the mGluR antagonist, do not show enhancement in Ca2+ influx as a result of glutamate sti-

mulation.  
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Figure 28. Non-selective mGluR antagonist MCPG (E/MCPG) blocks the potentiating effect of 50 µµM 
glutamate (E). Prior to each stimulation, cells from the E/MCPG group were incubated for 2 min in 
washing buffer containing 500 µµM AP-5, and then stimulated for 30 s with 50µµM Glu/500 µµM MCPG. 
Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min). 
Control group of cells (E) was subjected to the same treatment, but without MCPG. For normalisation, 
mean potentiation (∆∆ RT) induced in the control group (E) was taken to be 100. Positive mean ∆∆ RT value 
in the E/MCPG group does not suggest that glutamate/MCPG coapplication induces (small) 
potentiation, since it does not differ significantly from 0 (one population t-test, 0.05 level: t = 0,627 ; p = 
0,534). Percentage of de- and potentiated cells in E/MCPG group was 60.5 and 37.2, respectively. 
Control (E) group: 15.6 and 77.2. Number of experiments: 3. Error bars are s.e.m. 
 

Two-population t-test at 0.05 level: t = -2.787   p = 0.006 
At the 0.05 level, the two means are significantly different. 

Stimulus Mean s.d. s.e.m. Sum N Stat.sig. 
E (control) 100 108.128 13.310 6599.963 66 - 
E/MCPG 18.725 195.760 29.853 805.168 43 * 

Table 11. Coapplication of 500 µµM MCPG, non-specific mGluR antagonist, prevents Ca2+ influx poten-
tiation, induced by 50 µµM glutamate. Prior to stimulation, cells were incubated for 2 min in washing buf-
fer with 500 µµM MCPG and then stimulated for 30 s with 50µµM Glu/500 µµM MCPG. Following the 
washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min). Control group of 
cells (E) was subjected to the same treatment, but without AP-5. Number of experiments: 3. 
 

 

- Blocking of VGCCs with nifedipine does not  prevent glutamate-induced potentiation 

 

Voltage-gated calcium channels (especially L-type) play a significant role in tetanus- 

and tetraethylammonium chloride (TEA)-induced LTP (Grover, 1998; Huber et al., 1995). 

To test whether these ion channels influence glutamate-induced Ca2+ potentiation in our sys-
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tem, we included 10 µM nifedipine (1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-pyridi-

nedicarboxylic acid dimethyl ester: L-type VGCC blocker - Tomlinson et al., 1993) in our 

stimulation buffer. Comparison between the changes induced by glutamate and glutama-

te/nifedipine coapplication are depicted in  Figure 29 and Table 12. Non-significantly wea-

ker decrease in Ca2+ influx potentiation was observed. 
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Figure 29. The VGCC blocker nifedipine coapplication (E/Nif) does not significantly affect 50 µµM gluta-
mate–induced potentiation (E). Prior to each stimulation, cells from the E/Nif group were incubated for 
2 min in washing buffer containing 10 µµM nifedipine, and then stimulated for 30 s with 50µµM Glu/10 
µµM nifedipine. Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 
35 min). Control group of cells (E) was subjected to the same treatment, but without nifedipine. For nor-
malisation, mean potentiation (∆∆ RT) induced in the control group was taken to be 100. Percentage of de- 
and potentiated cells in E/Nif group was 21.9 and 73.2, respectively. Control (E) group: 13.6 and 81.9. 
Number of experiments: 3. Error bars are s.e.m. 
 

Two-population t-test at 0.05 level: t = -1.660   p = 0.099 
At the 0.05 level, the two means are NOT significantly different. 

Stimulus Mean s.d. s.e.m. Sum N Stat.sig. 
E (control) 100 108.127 13.310 6599.963 66 - 

E/Nif 59.503 143.176 22.360 2439.635 41 - 
Table 12. Coapplication of 10 µµM nifedipine, L-type VGCC blocker, does not affect significantly Ca2+ in-
flux potentiation, induced by 50 µµM glutamate. Prior to stimulation, cells were incubated for 2 min in 
washing buffer with 10 µµM nifedipine and then stimulated for 30 s with 50µµM Glu/10 µµM nifedipine. 
Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min). Con-
trol group of cells (E) was subjected to the same treatment, but without nifedipine. Number of experi-
ments: 3. 
 
 
 
3.3  Modulation of glutamate-induced potentiation by nicotine and galanthamine 

 

In the Introduction, there is a short description of Alzheimer’s disease (AD) symp-

toms and a treatment strategy (Alberca et al., 2000; Schrattenholz et al., 1996). It has been 
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mentioned that the approved AD medication modulates nicotinic currents by temporarily 

blocking AChE activity and, in the case of galanthamine,  also by allosterical modulation of 

nicotinic acetylcholine receptors (Schrattenholz et al., 1996). Nicotinic receptors have been 

shown to modulate long term potentiation (Fujii et al., 1999; Fujii et al., 2000). Since they 

belong to the family of ion channel receptors and allow Na+ and Ca2+ influx, it was 

interesting to see whether and how nicotine application and co-application with glutamate 

increase intracellular calcium concentration. Applying nicotine on primary hippocampal 

cells in the range of 1 to 500 µM gave no rise to any changes in fura-2 fluorescence (data not 

shown). However, if coapplied with 50 µM glutamate at the concentration of 100 µM, 

nicotine seems to influence glutamate-induced Ca2+ influx potentiation. Two populations of 

neurons were clearly seen: the one that augments glutamate-induced potentiation effect, and 

the one that reverses it (Figure 29, Table 13).  
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Figure 29. Nicotine co-application (at 100 µµM) can either augment (ENic+) or diminish (ENic-) glutama-
te-induced potentiation (E).  Nicotine (100 µµM) has been co-applied with 50 µµM glutamate for 30 sec, 
inducing ratio increase ∆∆ R1. Thirty-five minutes after washout, the stimulus was repeated, inducing 
ratio increase ∆∆ R2. Control group of cells (E) was subjected to the same treatment, but without nicotine. 
For normalisation, mean potentiation (∆∆ RT  = ∆∆ R2 - ∆∆ R1) induced in the control group (E) was taken to 
be 100.  Percentage of de- and potentiated cells in E, ENic+ and ENic- groups were 16 and 84, 8.6 and 
91.4, 65.2 and 34.8, respectively. Number of experiments: 3. Error bars are standard error of mean.  
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Two-population t-test at 0.05 level:  
E vs. ENic+: t = 4.045, p = 8.305 x 10-5;  E vs. ENic-: t = -6.596, p = 4,455 x 10-10 

At the 0.05 level, the two means are significantly different. 
Stimulus Mean  s.d. s.e.m. Sum N Stat.sig. 

E 100 161.396 14.858 11799.957 118 - 
ENic+ 227.887 173.679 29.357 7976.036 35 *** 
ENic- -63.351 160.636 19.773 -4181.103 66 *** 

Table 13. Nicotine co-application (at 100 µµM) can either augment (ENic+) or diminish (ENic-) glutama-
te-induced potentiation (E). Nicotine (100 µµM) has been coapplied with 50 µµM glutamate for 30 sec. 
Thirty-five minutes after washout, stimulus was repeated. Control group of cells (E) was subjected to the 
same treatment, but without nicotine and nicotine/galanthamine coapplication. For normalisation, mean 
potentiation (∆∆ RT  = ∆∆ R2 - ∆∆ R1) induced in the control group was taken to be 100.  Percentage of de- and 
potentiated cells in E, ENic and ENicGal groups were 16 and 84, 8.6 and 91.4, 65.2 and 34.8, respective-
ly. Number of experiments: 3. Error bars are standard error of mean.  
 
 
Whichever effects nicotine might exert on glutamate-induced potentiation, they remain un-

changed when galanthamine (0.5 µM) is added to stimulation mixture (data shown for “ne-

gative” nicotine population, Figure 30, Table 14).  
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Figure 30. Galanthamine (ENicG) coapplication does not influence nicotine modulation (ENic) of gluta-
mate-induced potentiation (E). Nicotine (ENic: 100 µµM) and nicotine/galanthamine mixture (ENicG: 
100/0.5 µµM) have been coapplied with 50 µµM glutamate for 30 sec, inducing ratio increase ∆∆ R1. Thirty-
five minutes after washout, stimulus was repeated, inducing ratio increase ∆∆ R2. For normalisation, mean 
potentiation (∆∆ RT  = ∆∆ R2 - ∆∆ R1) induced in the control group (E) was taken to be 100.  Percentage of de- 
and potentiated cells in E, ENic and ENicGal groups were 9.6 and 87.5, 66.7 and 33.3, 60 and 36, respec-
tively. Number of experiments: 3. Error bars are standard error of mean.  
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Two-population t-test at 0.05 level:  
ENic vs. ENic/Gal: t = 0.418   p = 0.677 
At the 0.05 level, the two means are NOT significantly different. 

Stimulus Mean  s.d. s.e.m. Sum N Stat.sig. 
E 100 90.903 7.794 13599.862 136 - 

ENic -63.350 160.635 19.772 -4181.102 66 - 
ENicG -48.572 119.412 23.882 -1214.302 25 - 

Table 14.  Galanthamine (ENicG) coapplication does not influence nicotine modulation (ENic) of 
glutamate-induced potentiation (E). Nicotine (100 µµM) and nicotine/galanthamine mixture (100/500 µµM) 
have been co-applied with 50 µµM glutamate for 30 sec. Thirty-five minutes after washout, stimulus was 
repeated. (E – control (glutamate only); ENic – glutamate/nicotine coappl ication; ENicG – glutamate/ni-
cotine/galanthamine coapplication) Number of experiments: 3. 
 

However, if glutamate is coapplied with galanthamine alone, control potentiation increases 

significantly. Interpretation of this effect as a consequence of AChE blockage is not suppor-

ted by the fact that another anti-cholinesterase, rivastigmine (0.5 µM), coapplied with gluta-

mate, contributes to values closer to the control ones (Figure 31, Table 15). Significance of 

this observation is supported by the two-population t-test at the 0.05 level. However, another 

statistical procedure, Kruskal-Wallis Statistics, does not confirm this (KW = 3.314 (correc-

ted for ties) The P value is 0.1907, considered NOT significant)1. 
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Figure 31. Galanthamine coapplication (EGal) can increase glutamate-induced potentiation (E). Aug-
mentation induced by rivastigmine co-application (ERiv) is not statistically significant, therefore sugges-
ting that the galanthamine-induced increasment in potentiation is not the consequence of AChE inhibiti-
on. Galanthamine (0.5 µµM) and rivastigmine (0.5 µµM) have been coapplied with 50 µµM glutamate for 30 
sec inducing ratio increase ∆∆ R1. Thirty-five minutes after washout, stimulus was repeated, inducing ratio 
increase ∆∆ R2. For normalisation, mean potentiation (∆∆ RT  = ∆∆ R2 - ∆∆ R1) induced in the control group (E) 
was taken to be 100.  Percentage of de- and potentiated cells in E, EGal and ERiv groups were 9.6 and 
89.0, 0 and 100, 10 and 82.5, respectively. Number of experiments: 2. 
 

 

                                                                 
1 KW analysis belongs to the group of non-parametric tests, which do not suppose that the values follow 
Gaussian distribution. It is therefore more strict than t-test or ANOVA. 
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Two-population t-test at 0.05 level:  
E vs. EGal: t = 3.517   p = 5.573 x 10-4 
At the 0.05 level, the two means are significantly different. 
E vs. ERiv: t = 1.385   p = 0.168 
At the 0.05 level, the two means are significantly different. 
 

Stimulus Mean  s.d. s.e.m. Sum N Stat. 
E 100 90.903 7.794 13599.862 136 - 

EGal 213.188 338.014 53.444 8527.536 40 *** 
ERiv 131.159 202.873 32.077 5246.376     40  - 

Table 15. Influence of anti-cholinesterases on glutamate-induced potentiation. Galanthamine (0.5 µµM) 
and rivastigmine (0.5 µµM) were co-applied with 50 µµM glutamate for 30 sec. Thirty-five minutes after 
washout, stimulus was repeated. (E – control (glutamate only); EGal – glutamate/galanthamine coappli-
cation; ERiv – glutamate/rivastigmine coapplication) Number of experiments: 2. 
 

Incoherence between these two statistical interpretations arises from the big dispersion of 

EGal values, and probably means that the possible effect is best to be addressed individual-

ly, from cell to cell (Figure 32).  
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Figure 32. Distribution of Ca2+ influx potentiation (∆∆ RT) among the cells, induced by glutamate (E), glu-
tamate/galanthamine (EGal) and glutamate/rivastigmine (ERiv) application. Galanthamine (0.5 µµM) 
and rivastigmine (0.5 µµM) have been coapplied with 50 µµM glutamate for 30 sec. Thirty-five minutes 
after washout, stimulus was repeated. See also Figure 31. Number of experiments: 2. 
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4.   DISCUSSION 

 

4.1   Selection of the method applied for LTP measurement 

 

It has been mentioned (Introduction, p. 12) that calcium imaging has not played a do-

minant role as a tools for research on neuronal plasticity phenomena. A key reason for this is 

probably the type of information that can be extracted from the experimental system. Long-

term potentiation (LTP) and long-term depression (LTD) are primarily (defined as) electrical 

features, and variables that could affect them are most precisely measured by means of elec-

trophysiology. Moreover, such experiments are well suited for studies on slice preparations. 

Calcium imaging measurements could not have been employed before the appropriate 

fluorescence dyes (in the early 80’s) came into use (Haugland, 1999). Nowadays, a multitude 

of dyes is available, ranging from UV- to visible light-excitable, covering wide range of dis-

sociation constants for calcium binding (approx. 50 nM – 50 µM, see Haugland, 1999; Tsien 

and Pozzan, 1989; Kao, 1994; Scheenen et al, 1998; Silver, 1998). In spite of the fact that “ru-

le of the thumb” criteria regarding choice of the probe, its loading protocol and way of measu-

rement exist, it should be pointed out that fine tuning of such variables is remarkably system-

sensitive. In the initial phase of this work two calcium-binding dyes have been tested, fura-2 

and fluo-3. Since the signals obtained from cells incubated in fura-2 AM and fluo-3 AM were 

of similar intensity, we decided to use the former, due to its suitability to ratiometric measure-

ments. (Fluo-3 measurements are performed using single excitatory wavelength, thus giving 

rise to results which are distorted by bleaching (Haugland, 1999).)  Two cell culture media – 

serum-containing and serum-free - were also tried. The former provides cultures populated by 

neurons and glia (Results, Figure 24; Higgins and Banker, 1998), whereas the latter supports 

almost exclusively neuronal growth (Brewer et al., 1993). More reproducible signals were 

recorded from the serum-free system, and it was therefore used in all LTP experiments. 

Culturing and imaging of organotypic hippocampal slices (Gähwiler et al., 1998) was also 

tried, but success of each preparation was very prone to variations and, therefore, unsuitable. 

Other research groups used fluorescent measurement of calcium ion levels in 

LTP/LTD research only as an accessory tools, usually to elucidate calcium dynamics in den-

dritic spines, whereas the actual measurement of potentiation/depotentiation was performed e-

lectrophysiologically. These studies covered “normal” and laser scanning microscopy and uti-

lised various calcium-sensitive dyes: quin2 (Minota et al., 1991; Williams and Johnston, 

1989), fura-2 (Hansel et al., 1997; Wu and Saggau, 1994; Abe and Saito, 1992; Tekkök et al., 
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1999; Isomura and Kato, 1999; Zheng et al., 1996; Larkum et al., 1994; Regher and Tank, 

1991), rhod-2 (Yasuda and Tsumoto, 1996) and fluo-3 (Tekkök et al, 1999). 

 

 

4.2   Description of the system used for biochemical studies of LTP 

 

- An appropriate glutamate concentration for LTP induction 

 

A necessary prerequisite for this work was to determine a glutamate concentration at 

which a) calcium influx is predominately up-regulated (as detected by repeated application), 

and b) would not trigger excitotoxicity, another important effect related to glutamate exposu-

re1. Since a key step in LTP formation is a large rise in intracellular concentration of calcium 

ions, it was inevitable to find a glutamate concentration which was sufficiently high to induce 

potentiation, but too low to induce excitotoxicity.  

Based on the glutamate dose-response curves (see Results, Figures 14, 16), we used a 

50 µM Glu stimulus. This concentration provides a calcium influx of high intensity, localized 

at the upper plateau of the sigmoidal, dose-response curve. If the dose-response curve is 

obtained from the recordings performed by applying increasing glutamate concentrations to 

the one group of cells (Figure 14, EC50 = 5.6 ± 0.3 µM), glutamate concentrations above 10 

µM appear to elicit maximal response. However, in the case of dose-response curve where the 

responses for each concentration were recorded from the previously non-stimulated cell group 

(Figure 15, EC50 = 18 ± 5 µM), the smallest stimulus that elicits upper plateau response appe-

ars to be about 50 µM.  Additionally, if the absolute response to 50 µM glutamate, taken from 

the “pre-stimulation” dose-response curve (Figure 14) is compared to the 50 µM glutamate 

response of naï ve, previously glutamate-untreated cells, it can be seen that the mean ratio in-

crease is 2.19 times larger in the latter case (Figure 16, Table 2). This suggests that previous 

stimuli affect later responses, and that the smallest glutamate concentration to induce plateau 

response is rather 50 µM than 10 µM. Another argument for using 50 µM glutamate stimulus 

(application time 30 s)  for LTP induction is its ability to potentiate Ca2+ influx stronger than 

the 100 µM one (Figure 19).  

                                                 
1 Excitotoxicity, a glutamate-induced neuronal cell death, is triggered by high intracellular calcium levels and 
depends on NMDA- and AMPA-receptors. For excellent and up-to-date coverage on this subject, see Lee et al., 
1999; also Miller et al., 1998. 
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The same stimulus (50 µM glutamate, 30s) for LTP induction was used by Malgaroli 

and Tsien in 1992. The model system in their study was primary culture of hippocampal 

neurons as well, but the potentiation was measured electrophysiologically. These authors 

reported 70% of potentiated cells, whereas in our experiments their number varied from 

60.8% to 100%. Zilberter et al. (1990) induced short-lasting (about 10 min) enhancement of 

responsiveness in acutely isolated hippocampal cells, by employing a perfusion device which 

delivered stimulating solution (400 µM glutamate, 5 µM glycine) at 20 Hz. Chemical 

induction has also been used to induce LTP (Izumi et al., 1987; Cormier et al., 1993; Musleh 

et al., 1997) in hippocampal slices. In all of these cases, chemically triggered LTP shared 

major properties with its electrically induced counterpart: it was NMDAR- and mGluR-

dependent. Additionally, chemically induced LTP could not be further potentiated by electri-

cal stimuli, suggesting that the two stimulation protocols may activate same biochemical ma-

chinery. 

Study System Stimulus type Duration Property Detection 

Izumi et al. ‘87 Acute slice 100 µM Glu, 15 mM K+ 5 min LTP Electrical 

Ziberter et al. ‘90 Isolated cells  400 µM Glu, 5 µM Gly 20 Hz, 15 s STP Electrical 

Malgaroli, Tsien ‘92 Cell culture 50 µM Glu 30 s LTP Electrical 

Cormier et al. ‘93 Acute slice 1 M  Glu 5 pulses, 10 s LTP Electrical 

Musleh et al. ‘97 Slice culture 10 mM Gly “brief” LTP Electrical 

Table 20. An overview of studies where potentiation was chemically induced.  Every experimental system 
was of hippocampal origin. STP is short-term potentiation. In all of the cases, detection was electrical. 
 

 

- Analysis of fura-2 AM concentration effects on the glutamate-induced potentiation 

 

As shown in Figure 20, 50 µM glutamate-induced potentiation is significantly 

stronger if the cells were incubated in 2 µM fura-2 AM solution, compared to 20 µM fura-2 

AM-incubated cells. Furthermore, under the two incubating conditions, mean calcium ion 

influx upon the first glutamate stimulus appears to be nearly five times larger in the group of 

cells incubated in 2 µM fura-2 AM (Figure 21).  

Loading protocol by passive diffusion is based on cell incubation in a solution containing ace-

tomethoxy- (AM) esters of the dye (Takahashi et al., 1999). Such esters are hydrophobic en-

ough to pass the cell membrane. Upon cell entrance, ester bonds (four in the case of fura-2 

AM: Yuste, 2000; Hougland, 1999) are cleaved by intracellular esterases, yielding the dye 

molecule with four free carboxy-groups, which can chelate calcium ions. Furthermore, the 

dye molecules after esterolysis can not exit the cell passively, due to increased polarity (ibid.). 
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A consequence of this is unchanged gradient of fura-2 AM concentration in the solution (al-

ways smaller [fura-2 AM] in intracellular space, compared to the extracellular), giving rise to 

dye upconcentration within the cells (i.e. [fura-2]i > > [fura-2 AM]e). It has been demonstrated 

that the final hydrolysed concentration of calcium-chelating dye quin-2 can be several hun-

dred times that of the initial concentration of the ester in the loading solution (Tsien at al., 

1982). Therefore, the difference in intensity and potentiation of Ca2+ influx between the cell 

groups incubated in different fura-2 AM-containing solutions (Figures 20 and 21) might arise 

from (a) much larger concentration in intracellular fura-2 (>> 20 µM in the cells incubated in 

20 µM fura-2 AM solution) and (b) incomplete dye hydrolysis (Takahashi et al., 1999), which 

should also be more pronounced with the increased dye concentration. In the former case, dye 

concentration in the cells incubated in 20 µM fura-2  AM would be significantly larger than 

the concentration of intracellular Ca2+ during the stimulation (it is generally accepted that the 

[Ca2+]i does not exceed 5 µM: Bear et al., 1995). Therefore, the more dye is used for loading, 

the bigger is the background coming form the dye molecules not bound to calcium ions. 

Effects coming form the latter case (incomplete dye hydrolysis) would be similar: background 

fluorescence would be produced by the dye molecules unable to chelate Ca2+. 

The optimal dye loading concentration should therefore be high enough to provide sufficient-

ly strong signal, but also low enough, in order not to induce large background. In our system, 

it was 2 µM (cells incubated in 1 µM fura-2 AM gave rise to very weak signals). 

 

    

- Analysis whether glutamate stimulation under our conditions  induces excitotoxicity 

 

Figures 22 and 23 illustrate that intracellular [Ca2+] returns to its basal level between the 

two stimulations by 50 µM glutamate. As mentioned in the Results, this suggests that the 

glutamate stimulus did not activated the signal transduction pathway which leads to neuronal 

death. Burgar and Hablitz (1995) have shown that the exposure of neurons to excitotoxicity-

inducing glutamate concentrations correlates with failure of [Ca2+]i to return to its basal level 

upon stimulus removal. Glutamate concentrations reported to trigger “delayed cell death” 

cover the range from 100 (Gray and Patel, 1995) to 500 µM (Churn et al., 1995). 
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4.3   Pharmacological analogies of our system  with electrophysiologically studied LTP 

 

Based on a suggestion by Fazeli and Collingridge (1996), LTP can be classified ac-

cording to: a) the component (receptor) which is required for LTP induction, and b) the 

component (receptor) whose response is actually potentiated. Therefore, we can talk about an 

LTP dependent on (triggered by) component A, and mediated by component B. Combinations 

of AMPAR-mediated (both NMDA-dependent and –independent) and NMDAR-mediated 

(NMDAR- and mGluR-dependent) LTP are most frequently encountered (ibid.). This classifi-

cation can only partly be useful in evaluation of the results presented in this work, since our 

experimental design excluded investigation of  A-dependent/A-mediated events. As an illu-

stration, it was impossible to investigate NMDAR-dependent/NMDAR-mediated LTP, since, 

in our experiment aimed at determining NMDAR influence on LTP, both stimuli contained 

AP-5, an NMDAR antagonist. However, such a scheme still allows for NMDA-depen-

dent/AMPA-mediated and mGluR-dependent/AMPA/NMDA-mediated LTPs.  

 

-   Blocking of NMDARs with AP-5 prevents glutamate-induced potentiation 

 

As summarised in Figure 26 and Table 9, 50 µM glutamate-induced potentiation of 

Ca2+ influx could be prevented, if 10 µM AP-5  (D(-)-2-amino-5-phosphonopentanoic acid: a 

widely used, competitive NMDAR antagonist: Jane et al., 1994) was included in the stimula-

tion buffer. Both in vitro (Collingridge et al. in 1983a,b; Harris et al., 1984) and in vivo 

(Morris et al., 1986) studies have demonstrated the ability of AP-5 to prevent LTP induction.  

However, not all the cells in our study exerted the same behavior – in the presence of AP-5 

there was still 34.1% of potentiated cells (Figure 26). This may be supported by observations 

that, in addition to NMDAR-dependent LTP (found to occur in CA1, lateral and medial perfo-

rant pathways, dentate gyrus granule cells and the commissural-associational pathway to 

CA3: Colino and Malenka, 1993; Errington et al., 1987; Morris et al., 1986), there are hippo-

campal cells which comprise to NMDAR-independent LTP, i.e. the ones from the CA3 region 

(Alger and Teyler, 1976; Zalutsky and Nicoll, 1990). Since our cell cultures were prepared by 

dissociating whole hippocampi, it must be taken into account that a fraction of the cells obser-

ved did not come from regions where the NMDAR-dependent LTP was localized. Quantitati-

ve estimations regarding the number of particular cell types in rat hippocampus (1,000,000 

granule cells, 250,000 belonging to CA1 and 160,000 to CA3: Shepherd, 1998) are an argu-

ment that further strengthens this explanation. 
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-   Blocking of AMPARs with CNQX does not  prevent glutamate-induced potentiation 

 

In our experimental system, groups of cells stimulated by 50 µM glutamate and 50 µM 

Glu/10 µM CNQX (6-cyano-7-nitroquinoxaline-2,3-dione: a potent, competitive AMPA/kai-

nate antagonist - Honoré et al., 1988) showed no statistically significant difference in calcium 

influx potentiation (Figure 27, Table 10). Fraction of potentiated cells was also similar (69% 

by glutamate; 65.2% by glutamate/CNQX). Experiments of Kauer et al. (1988) performed on 

CA1 synapses demonstrated that, following blockade of AMPAR with CNQX, high frequen-

cy stimulation induced a full amplitude LTP. Those data comprised to the most accepted mo-

del for LTP induction (Introduction, Figure 5: fast transmission mediated by AMPAR � 

Na+ entry � membrane depolarisation � relieving Mg 2+ block from NMDAR � NMDAR 

activation �  cal cium influx � LTP induction), which assumes that the AMPARs can be by -

passed, without disabling the long term potentiation. However, using the same model system 

(CA1 synapses), Debray and colleagues (1997) have shown that AMPA blockade with CNQX 

disables the induction of NMDA-dependent LTP, but also leads to the voltage-gated calcium 

channel (VGCC)-dependent one, blocked by nifedipine (vide infra).  

 

-  Blocking of mGluRs with MCPG  prevents glutamate-induced potentiation 

 

Our data (Figure 28, Table 11) indicate that 50 µM glutamate stimulus fails to induce poten-

tiation of calcium ion influx if the metabotropic glutamate receptors were blocked by MCPG 

((S)-α-methyl-carboxyphenylglycine), a non-selective mGluR I/II antagonist (Watkins and 

Collingridge, 1994). Contribution of potentiated and depotentiated cells was 37.2% and 

60.5%, respectively, being similar with values obtained by blockade of NMDARs by AP-5 

(Figure 26, Table 9). In electrophysiological studies, MCPG was shown to reversibly block 

LTP in CA1, thus demonstrating the absolute requirement for the mGluR activation by synap-

tically released glutamate in the LTP induction (Bashir et al., 1993). In 1994, Bortolotto et al. 

blocked with MCPG the LTP induction at non-conditioned synapses, i.e. at those where no 

activation of the mGluR had occurred previously. Importance of mGluRs for LTP induction 

was further emphasised by the experiments performed with ACPD (amino-cyclopentane-

1S,3R-dicarboxylate), a group I/II mGluR agonist (Knöpfel et al., 1995). In presence of this 

agonist, short-term potentiation and LTP of the field EPSP in CA1 region were greatly enhan-

ced, compared with control slices (McGuinness et al., 1991). This was confirmed in later stu-
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dies by Behnisch and Reymann (1992). Moreover, tetanically induced short-term potentiation 

lasting 30 min was converted into LTP in the presence of 25 µM trans-ACPD (Aniksztejn et 

al., 1992). ACPD can also induce a much faster onset LTP (peak attained in less than 10 min), 

providing that NMDAR and mGluR are activated coincidently. Thus, in the dentate gyrus, ap-

plication of ACPD combined with membrane depolarization sufficient to induce NMDAR ac-

tivation rapidly let to the induction of LTP (Connor et al., 1995).  

 

- Blocking of VGCCs with nifedipine does not  prevent glutamate-induced potentiation 

 

If a L-type VGCC blocker, nifedipine (1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-

3,5-pyridinedicarboxylic acid dimethyl ester Tomlinson et al., 1993), is included in stimulati-

on buffer, 50 µM glutamate application induces potentiation of Ca2+ influx, which does not 

differ significantly from the control one, without nifedipine (Figure 29, Table 12). In electro-

physiological studies, electrical stimulation induced VGCC-dependent LTP. Thus, Izumi and 

Zorumski (1998), Norris et al. (1998), Grover (1998) and Shankar et al. (1998) have proved 

that tetanus- or theta-burst-induced LTP in CA1 neurons of rat hippocampal slices have two 

components: NMDAR-dependent one (blocked by NMDAR antagonists AP-5 and MK-801) 

and L-type VGCC-dependent one (blocked by nifedipine). These studies provided also evi-

dence that relative contribution of the two LTPs correlates with age. Data from Shankar et al. 

(ibid.) demonstrated that VGCC-dependent LTP becomes dominant in slices form old (24 

months) rats, whereas in younger animals the NMDAR-dependent component is the dominant 

one. (For comparison, it should be noted that, on the day of preparation, rats in our experi-

ments were 2-3 days old.)  Studies of Wang et al. (1997) on dentate gyrus neurons and Cavuº 

and Teyler (1996) on cells from CA1 region  suggested that in these two hippocampal regions 

NMDAR LTP and VGCC LTP might share (dentate gyrus) and not share (CA1) common in-

tracellular signal transduction pathways. 

 

 

4.4   Modulation of glutamate-induced potentiation by nicotine and galanthamine 

 

Nicotine has been shown to have profound influence on tetanus-induced, hippocampal 

LTP (Wayner et al., 1996; Fujii et al., 2000a; Fujii et al.2000b, Fujii et al., 1999). Link be-

tween GluR-dependent plasticity phenomena and nicotine might be very important, since the 

latter is able to enhance cognitive functions by an unknown mechanism (ibid.). However, we 
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could not observe any nicotine-induced increase in calcium concentration, although the hippo-

campal cells were shown to have α-7 nAChRs (Mike et al., 2000). This contradiction might 

be due to the fact that α-7 nAChRs nAChR agonists (including nicotine) are potent agents of 

receptor desensitization (Briggs and McKenna, 1998). Thus, agonist concentrations that elici-

ted only 0.6-1.2% nAChR activation were sufficient to inhibit the response to ACh by 50% 

(ibid.). Additionally, our signal acquisition system lagged about a second behind the stimulus 

application. Provided that hippocampal nAChRs desensitise very quickly, calcium that could 

have entered the cell would be probably buffered out prior to cell illumination.  

Nicotine effects that we were able to measure (i.e. modulation of 50 µM glutamate-induced 

potentiation by 100 µM nicotine: Figure 29, Table 13) could be partly explained by conclu-

sions from the studies mentioned above. Recent publications of Fujii and the colleagues de-

monstrate the ability of nicotine to positively modulate LTP by additional stimulation of pyra-

midal neurons in at least two ways: 1) by activation of non-α7 nAChRs, and 2) by inactivati-

on (desensitisation) of α7 nAChR. 

Both of these activities further inactivate GABAergic interneurons, which adds up even more 

to a pro-LTP effect. This is in good accordance with our data, as far as the nicotine-positive 

cell population is concerned. In the cases where nicotine co-application correlates to reversal 

of potentiation, more additional research is required. The same is true for the possible direct 

influence of galanthamine on potentiation. The mean value of calcium influx enhancement if 

0.5 µM galanthamine is coapplied with 50 µM glutamate is 2.19 times bigger than control po-

tentiation (glutamate only) indeed (Figures 31, Table 15), but the dispersion of potentiation 

intensity among the galanthamine-treated cells is so huge (Figure 32) that cell-to-cell appro-

ach might seem more promising. So far, very little is known about possible action of anti-cho-

linesterase compounds on glutamateregic systems. A binding study, published by Wang et al. 

in 1999, has suggested that cholinesterase inhibitors might exhibit an antagonist effect on 

NMDARs, ranging in IC50 values from 36.9 µM for tacrine to 3.3 mM for galanthamine. This 

means that, at concentrations approximately four orders of magnitude larger than the ones we 

used (0.5 µM), galanthamine would inhibit induction of LTP.  

 

 

4.5   Conclusion 

 

Our work has shown that fluorescence microscopy of a primary hippocampal cell culture 

system can be used as a research tools for synaptic plasticity phenomena (LTP), with the po-
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tential to provide complementary information to the one obtained by means of electrophysio-

logy, enabling measurements of intracellular - temporal and spatial - ion dynamics. Since ion 

dynamics is an important indicator of the physiological state of the cell, it could be used as a 

source of preliminary information for e.g. functional proteomics. Additionally equipped by 

immunofluorescence data, cell subtype statistical analysis could be easily performed as well, 

thus compensating for lack of cellular organisation in comparison with tissue slices. System 

adjustment to imaging of organised structures – e.g. tissue slices – would be also possible 

(Yuste, 2000). The application example of nicotine- and galanthamine-modulated potentiation 

suggests how this approach might provide additional insight into various aspects of neuronal 

cell physiology and patophysiology. 
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5.    SUMMARY AND PERSPECTIVE 

 

 This work’s aim was to test whether LTP-like features can also be measured in cell 

culture and by methods that allow to analyse a alrger number of cells. A suitable method for 

this purpose is calcium imaging. The rationale for this approach lies in the fact that LTP/LTD 

are dependent on changes in intracellular calcium concentrations. Calcium levels have been 

measured using the calcium sensitive dye fura-2, whose fluorescence spectrum changes upon 

formation of the [fura-2-Ca2+] complex.  

Our LTP-inducing protocol comprised of two glutamate stimuli of identical size and 

duration (50 µM, 30 s) which were separated by 35 min. We could demonstrate that such a 

stimulation pattern gives rise to approx. 25% larger calcium influx at the second stimulus. It 

has been shown than such a stimulation pattern gives rise to an average of 25% augmentation 

(potentiation) of the second response, with 69% of potentiated cells. This experimental para-

digm shows the pharmacological properties of LTP, established by previous electrophysiolo-

gical studies: 

- blocking of NMDARs and mGluRs eliminates LTP induction; 

- blocking of AMPARs and L-type VGCCs does not eliminate LTP induction. 

 

Having obtained a system for induction and following of LTP-like changes, a 

preliminary application example was performed. Its purpose was to investigate possible 

influence of nicotine and galanthamine on our potentiation effect. Nicotine (100 µM) was 

shown both to increase and to eliminate glutamate-induced potentiation. Galanthamine coap-

plication (0.5 µM) with nicotine and glutamate exerted no effect on nicotinic modulation. 

However, galanthamine coapplied with glutamate alone seems to augment glutamate-induced 

potentiation. 

 

An LTP model system presented here could be additionally refined, by variation of 

glutamate application times, and testing for dependence on various forms of protein kinases. 

Galanthamine effect would probably be better addressed by cell-to-cell measurements instead 

of statistical approach, with subsequent identification of the cell type. Alternatively, combined 

calcium imaging – electrophysiological experiments could be performed.  

Spatial and temporal properties of intracellular ion dynamics could be utilised as dia-

gnostic tools of the physiological state of the cells, thereby finding its application in functio-

nal proteomics. 
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