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1. INTRODUCTION

1.1 Memory, Hebb'srule, hippocampus

The word ,,memory* is used to name the ability of a sysem to store and retrieve once

acquired information. (The very process of information acquidtion is usudly described as
Sleaning‘, and is functiondly inseparable from information Storage) Extendve research in
the various fidds of human activity — e.g. psychology, biology or computer science - gave rise
to diverdficaion of the term ,memory* itsdf, making it necessxy to differentiate, for
example, between the procedural, working, or the ROM one. Psychologists were able to
make severd useful didinctions 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 thet
requires continud rehearsa, has short duration and rather limited capacity. Quite opposte
quaities are the characterisics of the long-term memory; whereas the process that enables
the former to become the later is named consolidation. Working memory would be a
broader-scope verson of the short-term memory, and dlows for the posshility that severd
types of information are held smultaneoudly (e.g. playing amusica instrument)*.
In 1949, the Canadian psychologist Donad Hebb published a book ,,Organization of Behavi-
or‘, which contains the mogt 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 Smultaneous activation of a
group (or ,assembly”) of neurons, exposed to an extena <imulus. These neurons are
interconnected by ,plastic* syngpses, which can change their “drength” if the stimulus
perdsts long enough. This “drengthening” leads to the consolidation of cdl-cell interactions,
and repetition of the former (even incomplete) simulus is adle to activate the whole assembly
agan. An engram could be (1) widdy didributed among the neurons interconnections, and
(2) could involve the same neurons tha take part in sensation and perception. Hebb's hypo-
thess (dso known as ,cdls that fire together, wire together”) is illustrated in Figure 1.
However, the hypothess remained without an experimenta proof up to the early seventies
(vide infra), when research on long-term potentiation (LTP) in the hippocampus provided an
appropriate, redigtic, experiment-based context.

The role of the hippocampus in memory formation has been extensvely demondtrated,
and ranges from declarative memory consolidation to sensory discrimination and spatiad tasks.

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

! Different types of memory mentioned in this paragraph are merely to illustrate how widely this term is used.



tive neocortex via the entorhind cortex, through a bundle of axons described as the perforant
pathway. These axons synapse with the granule cdlls of the dentate gyrus, whereas the denta-
te gyrus axons (the mossy fibers) protrude to the hippocampus proper and make synapses
with the large pyramidd cdls of the CA3 region (which dso receive direct input from the
perforant pathway). Branches of CA3 pyramidd cdl axons - named Schaffer collaterals —
project onto smaler pyramida cdls of the CAL region, whose axons return to the neocortex.

This neuro-circuitry can be observed in every cross-section of the hippocampus.
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Figure 1. Illustration of the Hebb’srule (from Bear, Connorsand Par adiso, 1994).




Each of these cdls is glutamatergic, with the NMDA subtype of glutamate ionotropic recep-
tors being particularly abundant in zones containing the dendrites of dentate gyrus granule
cdls and CA1 pyramidd neurons (Ikonomovic et al., 1999). Asde those mgor pathways, the
hippocampus dso contans numerous GABAergic interneurons, recelving axon collaterds
from the glutamatergic neurons and thus mediaing inhibition via GABAa (fast 1PSPs,
ionotropic) and GABAg (dow IPSPs, metabotropic) receptors. A schematic drawing of the
hippocampus location in the brain, a cross section of it and its generdlized circuitry ae
depicted in Figure 2.
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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 L ongstaff, 1998).

1.2 LTP —adefinition

Long-term potentiation (LTP) is a term coined in the seventies, as a result of initid
discoveries made by Terje Lano of Norway in the mid sxties (Lamo, 1966), and his
subsequent  collaboration with Tim Bliss and A.R. Gardner-Medwin of England (Bliss and
Lano (a), 1970, Bliss and Lano (b), 1973, Bliss and Gardner-Medwin, 1973, Gardner-
Medwin and Lano, 1973). The fact that the granule cdls of the rabbit hippocampus showed
increased responsveness to an dectric simulus as a result of dimulaion of their afferent
pathway came as a first experimental support of the hypothesis postulated by Hebb in 1949.
This “potentiated” efficacy of syngptic transmisson in response to brief trans of high-fre-
quency simulation of excitatory pathways can be dicited in dl pathways of the hippocampus,



either in dices or - by implanted dectrodes - in anesthetized or conscious behaving animals.
Nowadays, the best understood form of LTP is the one of CA3-CA1 synagpses, with its proper-
ties fitting very wdl into Hebb's hypothess. LTP in other brain regions is aso wel documen
ted, but it is not aways of Hebbian type.

Figure 3. depicts the experimenta set-up, generdly used to measure increased syngptic trans-
mission in hippocampa dices.
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Figure 3. Schematic drawing of an LTP stimulation — recording scheme in hippocampal dice. Stim —
stimulation electrode; Rec — recording electrode. Sch.C. — Schaffer collateral. M ossy fbr. — mossy fibres.)

Induction of LTP is usudly peformed by applying tetanic simulus (e.g. 100 simuli of 100
Hz) to an afferent pathway. The response is recorded either from an individua neuron or from
a population of cdls. The festure commonly monitored is a rise in the dope of the fidd
EPSPs, which can last for hours in anesthetized animas or in vitro, but days in fredly moving
animds (Figure 4).

The firing pattern that is produced in the hippocampus of the rat, when exploring a nove en
vironment, happens to be very effective in inducing LTP. This pattern (named theta rhythm)
is normdly generated in the septal nucleus, a dructure that has an extensve projection to the
hippocampus. The theta rhythm conssts of burss of four action potentials at 100 Hz frequen-
cy, separated by intervals of approx. 200 ms.
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Figure4. Reecordingsof LTP from rat hippocampus in vivo. (a) Extracelular recordingsfrom the CA3
pyramidal cell layer (i) beforeand (ii) after tetanic astimulation (dashed line; dopeof e.p.sp.); (b) po-
tentiation of therising phase of thefield EPSPs after tetanus (full triangle) (from Revest and L ongstaff,
1998).

1.3 LTP - the cascade of events

As mentioned above, dl mgor populations of hippocampa cdls are glutamatergic by
nature. Receptors for L-glutamate fdl into two mgor dasses ligand-gated ion channd
(NMDA-, AMPA- and kainate/quisqualate- type) and metabotropic, G-protein coupled
(mGIuRS) receptors. Both classes have been shown to participate in LTP-related processes,
but their actua 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
(Kandd, Schwartz and Jessd, 2000) . Glutamatergic synapses in the hippocampus exhibit one
or the other type. LTP may be NMDAR-dependent or independent, with NMDA R-dependent
LTP beng usudly (but not invarigbly) associative, and NMDAR-independent being non-
associative. Asociative LTP  is observed @ most syngpses in the hippocampus, but not those
between granule cell mossy fibers and CA3 pyramida cells (Revest and Longstaff, 1998).

- Induction of LTP

The involvement of NMDARSs in asociative LTP has been unambiguoudy demorstra
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 mgor functiond property is the ability to act as
“coincidence detectors’ (Hebb, 1949). Namely, in order to open its ion channe and dlow the



flux of cdcium ions into the dendritess NMDARS require two conditions to be fulfilled: 1)
removing the voltage-dependent M?* block and 2) hinding of the neurotransmitter. (The
requirement (1) is met in vivo by strong depolarisation of the postsynaptic cell (Collingridge
et al., 1988 ab) and can be additiondly met in vitro by reducing/omitting magnesum ions
from the perfusate (Herron et al., 1985). This double-switch action alows the associative LTP
to take place.

LTP induction in vitro is enhanced at low Mg’ concentrations in the bathing medium,
and blocked by low externd Caf* concentration. Also, LTP induction can be prevented by
properly timed hyperpolarizing pulses, and it is facilitated by blocking postsynaptic inhibition
usng GABAAR antagonids. (GABA, being an inhibitory neurotranamitter, hyperpolarizes the
postsynaptic cel, thereby decreasing the probability of LTP induction, see Figure 5) (Revest
and Longdstaff, 1998). Once induced, subsequent expression of LTP (persstent increase of
cdl respondveness, mediated usualy 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 illugrated in Figure 5, both under conditions of
low- and high-frequency dimulation of Schaffer collaterds (CA3 axons projecting onto CA1
cel bodies). A sngle simulus evokes an EPSP in the postsyngptic CA1 cel which can been
blocked by AMPA/kainate receptor antagonists such as 6-cyano- 7-nitroquinoxdine-2,3-dione
(CNQX). It is rapidly “extinguished” by a biphasc IPSP, caused by excitation of GABAergic
interneurons resulting in the activation of GABAa and, subsequently, GABAg receptors.
Under such circumaances, the probability of activation of NMDARS is low, due to incomple-
te lift of their voltage-dependent M?* blockade by the brief depolarization (ibid.).

Exposng Scheffer collaerds to a high-frequency tetanic stimulus creates a rather different
scenario. It results in a sustained depolarization, required for activation of (comparably do-
wer) NMDARs as wdl: glutamate binds to the receptor, with the decrease in the membrane
potentid being large enough to push Mg™* away from the open channdl, thereby dlowing
Cca?* influx. These conditions are exactly of the kind demanded by Hebb's rule, i.e. smuita
neous coactivation of a presynaptic (glutamate release) and a postsynaptic (large depolarizati-
on) cdl (ibid.).

There exit severd posshbilities that could lead to large depolarisation generated by high-fre-
guency dimulaion: () tetanus, by inducing sustained glutamate release, causng summation
of AMPAR-medisted EPSPs, (b) GABAegic inhibition, which might become less powerful



due to raised concentrations of intracdlular CI and extracdlular K™ (prolonged activation of
GABAA and GABAg (K*-channd activity affecting) receptors, causing the equilibrium poten
tids for these ions to shift in the direction of depolarization); () GABAg autoreceptors, loca
ted on inhibitory nerve terminds, which may lead to reduced GABA redease, thus redudng in-
hibition. (The third mechanism remans ineactive a low-frequency stimulation, snce it tekes
over 10 msto develop; ibid.)
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Figure 5. Neurotransmitter systems in LTP during (&) low-frequency and (b) high
frequency (tetanic) stimulation, respectively (from Revest and L ongstaff, 1998).

- Role of calciumions

Involvement of cdcium ions in LTP is supported by a large body of convincing evi-
dence. Induction of LTP can be blocked by intracdlular injection of EGTA, a C&* chdator
(Lynch et al., 1983). Ca®* imaging, coupled with whole-cell patch clamping shows that tetanic
dimuli which activate NMDAR currents are able to produce increases in intracdlular cadum



concentration in dendritic spines. However, influx of extracdlular cacium ions gpparently is
not the only way by which the cytosolic C&* levels may rise during LTP. Release of caldum
ions from intracelular stores has aso been demonsrated to cortribute, snce thgpsigargin, a
drug which depletes Ca&?* stores, can aso block LTP (Reyes and Stanton, 1996). This effect is
probably related to the activation of G-protein—coupled, metabotropic GluRs | and V, which
aso play aprominent rolein LTP (vide infra).

- Role of protein kinases

If the mechanism of LTP maintenance is postsynaptic by naure (and in most of the
cases it is, but see below), it would mean that either the number or senstivity of receptors
involved in LTP expresson is increased. Both of these parameters could be influenced by
phosphorylation of the receptors and/or cytoskdetal proteins, triggered by activating second
messenger systems. Both AMPA and NMDA receptors have consensus sequences for
phosphorylaion dtes for a variety of protein kinases (Swope et al., 1999), and there is a
ggnificant body of experimentd evidence supporting the hypothess 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 mantenance of LTP in the intact hip-
pocampus could be blocked by nonspecific inhibitors of protein kinases, which led to the
suggestion that protein kinase C (PKC) was a mgor target (Lovinger et al., 1987). The role
of PKC has been more directly demorstrated by using inhibitor peptides that block the enzy-
me's dtes a the receptors. The PKC inhibitor peptide, PKCi9.31, blocks the induction of LTP,
as do antibodies generated againgt several PKC isoforms (Wang and Feng, 1992). If injected
into postsynaptic neurons, active PKC is able to produce synaptic potertiation (Hu et al.,
1987).

PKC, if activated by diacylglycerol (DAG), may remain active long after the second messen
ger concentrations have fdlen to basdine. This autonomous activation is the gppropriate fea
ture for a molecule expected to convert a transent sgnd into a stable change. Severd mecha-
nians have been identified, where perastent activation of PKC takes place (Sessoms et al.,
1992-93). The fact that peptide inhibitors (including PKCig.31) have been shown to reverse
LTP even severd hours after induction represents solid evidence for sustained PKC activity.
This condugon is further strengthened by observations that PKC substrates remain phospho-
rylated long after LTP induction (Klann et al., 1993).



Calcium/cailmodulin-dependent protein kinase 11 (CaMKII) is another obvious candidate
for an involvement in LTP dince it is activated by cacium ions and because, like PKC, it can
remain persstently active after the C&£* signd has decayed. Inhibitors of CaMKIl and inhibi-
tors of cadmodulin dso prevent the induction of LTP (Mdinow et al., 1988). CaMKII is se-
cond messenger-independent dready 5 min after tetanic stimulation, and both in vitro and in
vivo sudies have shown an increase in the mRNA for the a-, but not for the b-isoform of the
enzyme. The former gppears to follow, in a time scde-consstent manner, the didtribution
through the dendrites of the postsynaptic cdl. The a-isoform of CaMKII is a mgor compo-
nent of the postsynaptic density (PSD), which makes the enzyme idedly placed for both ac-
tivation by C&* influx and phosphorylation of targets in the postsynaptic membrane (Ouyang
et al., 1999). Hippocampa dices from transgenic mice lacking CaMKIl show severe deficits
inLTP (Stevenset al., 1994).

- Role of metabotropic GluRs

Use of wesk mGIUR agonists enables subthreshold tetani to induce LTP, and the type
I’V mGluR specific antagonist (+) a -methyl-4-carboxyphenylglycine (MCPG) prevents in-
duction of LTP a Schaffer collaterd-CAl syngpses in hippocampd dices (Bashir et al.,
1993). These results support the hypothess of mGIuRs being involved in LTP. Additiondly,
the involvement in LTP of PKC and the need of cacium reease from internd stores suggest
that metabotropic GIuRs required for LTP induction might belong to group |. However,
sudies carried out with knockout mice lacking mGIUR1 were inconggtent, having shown both
defective and normal LTP.
A dasscd approach has been much more informative: studies performed by Bortolotto et al.
in 1994 demondrated that sub-maximal LTP (induced by a sngle tetanus, which activates
both NMDARs and mGIuRs) prevents MCPG from blocking the induction of further LTP
(see Figure 6. The smplest interpretation of these results is the assumption that a single acti-
vation of mGluRs is required to trigger LTP, and that thelr subsequent reactivation is not ne-
cessary. However, maximal LTP requires severa bursts of NMDA activation. In other words,
it seems that MGIURs provide a metabolic switch, obligatory for the induction of potentiation.
This switch may be truned off by prolonged low-frequeny simulation, which causes synapses
to revert to a“ de-conditioned state”’ in which MCPG would block LTP induction.
These experiments have dso 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, dthough by different sub-
types. “Turning on” switch, kept in the off podgtion by kinase inhibitors, is condstent with the
propodtion that the actual signa transduction pathway proceeds via PKC and subsequent
phosphorylation.
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Figure 6. Evidence of conditioning by mGIuRs. The firg tetanic stimulus in the presence of MCPC
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).

1.4 Presynaptic LTP and role of retrograde messengers

Not dl the authors agree on the mechanism of LTP expresson. As in many other areas
of research, two mgor groups can be identified, advocating opposte points of view. The
issue of argumentation is whether LTP expresson is pre- or postsynaptic? Is the enhancement
in synaptic transmisson due to an increase in neurotranamitter release? And, if so, which kind
of sgnd is ddivering the message to presyngptic cel, that next time more glutamate should
be released? A current idea is that a diffusble second messenger, generated postsynaptically,
crosses the synaptic cleft in the “wrong” direction and, arriving at the presynaptic bouton, a-
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.
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Various agpproaches have been tried out in order to demondrate increased transmitter
release, including:
- depolarisation-evoked release of radiolabded glutamate from synaptosomes of hippo-
campd dicesfollowing LTPinduction in vivo or in vitro (Lynch et al., 1989);
- measuring extracdlular glutamate concentrations during LTP usng glutamate-sensiti-
ve electrodes or outside-out patches containing glutamate receptors (Jay et al., 1999);

- quanta analyss of neurotransmitter release (Voronin, 1994).

None of these drategies so far has offered solid support for increased glutamate release, but
severa 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 mogt investigated
retrograde messenger candidate?, is aso a source of big controversies, since mice lacking NO
synthase have been shown to have both norma and impared LTP. Reports from Eric
Kandd’s group suggest that the properties of the two subtypes of this enzyme (endothelia
and neurond) have to be taken into account, as wel as ther didribution throughout the
hippocampus (O’ Déll et al., 1994; Son et al., 1996).

4= -~ o~ tcoweu.

Type 1
isoform of

AC pryamidal

cell

" NMDAR

Figure7. Mossy fiber — CA3 LTP isprobably presynaptic (Revest and L ongstaff, 1998).

2“NO AND LTP" yielded 633 hitsin MEDLINE search on October 29™" 2000, compared to
12 and 40 for “PAF AND LTP’ and “arachidonic AND LTP”, respectively.



In one paticular case, the mossy fiber-CA3 synapses, it is well eaborated that LTP proceeds
by a presyngptic mechanism: LTP induced there is insendtive to the NMDAR antagonist
APS5, and it cannot be prevented by postsynaptic injection of cacium chdators. Nether can its
induction be achieved by postsynaptic depolarisation. Mechanism of this LTP therefore most
probably proceeds via activation of mGluR1l a the presynaptic membrane (Son and Carpen
ter, 1996). Cacium, released from presynapic endoplasmic reticulum, may bind to camoduli-
ne, which in turn binds to adenylate cyclase (isoform 1). Increased levels of CAMP could then
trigger PKA to phosphorylate P-type voltage-gated cacium channds, thus incressing their
permesbility and, consequently, glutamate release (Figure 7).

1.5 Calciumimagingand LTP

Cdcium ions play a pivotd role in the induction of long-term potentiation, and more than
a dozen of sendtive, fluorescent, cell-permesble dyes are avalable to record the change in
intracdlular C&£* level (Hougland, 1999).Therefore, it is possble to follow such changes by
means of fluorescence microscopy. Research on LTP done by cacium imaging has been
performed by both confocal lasr scanning and “normd”  fluorescence microscopy (e.g.
Hansd et al., 1997; Wu and Saggau, 1994; Abe and Saito, 1992; Tekkdk et al., 1999).
One of the most popular cacium-sengtive dyes is fura-2 (Poenie and Tsien, 1986) (for the
full name, seetheList of Abbreviations). Figure 8 depicts its chemica structure,

COOR COOR CEOR)COOR
N
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o

N—
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Figure8. Structural formula of fura2. (R = CH,OCOCHSz, H)
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Fura-2 is a UV-excitable dye, absorbing the light in the higher UV region (gpprox. 250 — 400

nm). The emisson maximum is a 510 nm (Figure 9).

Fluorescence excitation
Fluorescence emission

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 9. Fluorescence excitation (the emission detected at 510 nm) and emission (excited at 340 nm)
spectra of Ca®*-saturated (A) and Ca’’-free (B) fura2 in pH 7.2 buffer (copied from www.probescom,
Molecular Probesinc.)

Upon biding to cdcium ion, fura2 changes its fluorescence spectrum, shifting the excitetion
meximum from 380 to 340 nm. Therefore, formation of the [fura-2-Ca®"] complex (in
equimolar gtoichiometry, since cacium’'s coordination number is 8) could be registered ether
& an increase or a decrease in fluorescence intendty, excited by 340 and 380 nm,
respectivdly. The most important consequence of this “dud excitability” is a possbility to
avoid the influence of dye bleaching on the data acquired, since the loss in fluorescence
intengties a 340 and 380 nm does not affect the intengty ratio (Is4o/lsso). Retio vaues are
proportiond to cacium concentration, and there are severd methods of its cdibration
(Materialsand Methods, p. 40; Results, p. 15; Discussion, p. 44).

1.6 An application example

Alzhemer's dissase (AD) is the most common form of dementia among the aged
population. It manifests as a progressve loss of memory (particularly recent one) and other
cognitive functions. Halucinaion, confuson, aggresson, depresson and Pakinsonism dso
occur in some, but rot dl patients (Alberca et al., 2000). Death occurs after 315 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 corticd and subcortica brain
regions (West et d., 1994; Hof et al., 1990 (a); Hof et al., 1990 (b)). Brain weight is reduced
by 30-40% (Riederer and Jdlinger, 1982). In many patients, there is a large reduction in
cotica ectivity of the marker for cholinergic neurons, choline acetytransferase (Katzman et
al., 1988).

! OMe
—N \O NH,
§ ° < N
\\ N O _
\ N

E2020 (donepezil) tacrine
OH
galanthamine

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

This loss of chalinergic neurons is what underlies the rationde for use of the only three drugs
licensed for the AD treatment: tacrine (Qizilbash et al., 2000), E2020 (donepezil) (Birks and
Melzer, 2000) and gadanthamine (Fulton and Benfield, 1996) (Figure 10). All of them are
non-covaent blockers of acetylcholine esterase (AchE), whereas galathamine - as earlier Su-
dies from our group have demondrated .g. Schrattenholz et al., 1996) - shows another inte-
resting feature: it modulates NAChR currents, by binding to an dlogterica dte of the receptor.
Nicotinic acetylcholine receptors have been shown to play a sgnificant role in LTP modulati-
on, dnce nicotine treatment affects hippocampd long-term potentiation (Chen and Chen,
1999; Hunter et al., 1994; Sawada et al., 1994). In addition, nicotine is a wel-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. chronicd exposure) negatively correlaes
to incidence of developing Alzheimer’s disease (van Dujin and Hofman, 1991).

The chalinergic system is not the only one that becomes serioudy damaged by Alzhemer's
disease. Glutamatergic neurons adso belong to this group (Nordberg, 1992). Inter-reations
between plagticity, memory, memory loss, glutamate, acetylcholine and cdcium (nAChRs are
ion channds, permissve to cacium ions as well) were reasons for deciding to test the influen
ce of nicotine and gdanthamine on the C&* influx changes, using our experimentad modd

(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 demondrate that long-term potentiation (LTP)
can be dudied on a primary hippocampa cdl culture, usng fluorescence microscopy (caci-
um imaging). Such a modd system would provide a st of data complementary to the dectro-
physologicd ones mainly concerning spaio-tempora ion dynamics in the cdl or the cdl re
gon (e.g. dendryte or the cell body). In order to demongtrate it, typical features of eectrophy-
gologicdly studied LTP had to be confirmed in our sysem, by measuring intracdlular cdci-
um levels. These festuresinclude:

- critica dependence on NMDARs and mGIuRs, and
- relative independence on AMPARs and L-type VGCCs.

Another objective was providing an application example for the new LTP modd system. In
this work it was modulation of glutamate-induced potentiation by nicotine and gdanthamine,
an approved anti-AD drug. Rationale for choosing this gpplication example was:
- LTP is the widdy accepted modd for learning and memory on the alular/molecular
leve;
- AD patients memory is severdly 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 plagticity (LTP/LTD).
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2. MATERIALSAND METHODS

2.1 Primary culture of hippocampal cells

Cdl 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 femde Sprague — Dawley rats.

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

purpose of andyss by cdcium imaging and immunofluorescence experiments, cdls were

cultivated on glass coverdips (d = 12 mm).

Preparation of the glass coverdlips

glass coverdips (Assgent, Germany) were put into a large (d = 12 cm), derile Petri dish
(Greiner, Germany) and treated under shaking in absolute ethanol (Aldrich) for 4 h;

ethanol was poured off, and the coverdips washed ten times with de-ionized (Millipore)
water (conductance: 18.2 MW/cm);

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

after drying, coverdips were transferred into a clean glass vessd and heat-Serilized (180
°C,4h);

derile coverdips (at room temperature) were put into wells of a 24-wel cdl culture plae
(Grainer), one coverdip/well;

05 mL of poly-L-lysne (MW 70 — 150 kDa, Sgma) solution (50 ng/mL in water) was
poured into each well — incubation with PLL lasted from 20 min to 12 h, without notable
difference in qudity of the cdl culture;

after incubation, coverdips were washed twice with gerile Millipore water and adlowed to

dry.

Preparation of hippocampal cells

animas were killed by decapitation, and the scull was opened by two laterd cuts from the
pind opening up to the ears, and by one medid cut from the spina opening dmost to the
nose (paying attention not to damage the brain tissue underneeth!);

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, al Gibco);
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hippocampi were isolated by excisng ith a scdpe the bulbi olfactorii and the cerebellum,
than dividing the remaning dienr and tdencephdon longitudindly into two symetricd,
laterd haves, removing (by forceps) the basd ganglia that mask the hippocampus and
findly excisng/isolating it, ether by usng two forceps or, dternativey, one forceps and a

fine scissors (Figure 11);

bulbi olfactorii

1. dorsal view 2. lateral view

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

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

after isolaion, the meningee and larger blood vessdls were removed, and the tissue was
cut (transversdly to itslongituding axis) into approx. 500 mm thick dices,

dices were transferred — udng a gentle brush - into tubes with 2 mL of papain-containing
(20 U/mL, Sigma) HibA solution (4 hippocampi per tube);

these tubes, occasionaly shaken, were let to stay for 20 — 40 min in 37 °C water bath;

with the fire-polished, ar-cold Pasteur pipette (tip diameter gpprox. 1 mm), tissue pieces
were moved into fresh HibA solution (1, 5 mL) a the room temperature, each fresh
portion corresponding to the one papain-containing tube;

tissue pieces were triturated by the Pagsteur pipette, untill the cells (gpprox. 5 — 7 inrand-
out cycles) were properly dissociated;

this susgpension was alowed 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;
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the pellet (cdlls) was twice resuspended and washed with 2 mL of fresh HibA solution;

after a second washing, cdls were resuspended into 2 mL/tube NeurobasdA solution
(98.25% Neurobasa A medium, 1% B27 supplement, 0.25% 200 mM L-GIn solution, 0.5
% 100X penicllin-greptomycin solution, al Gibco), and combined into a single tube,
containing finaly 4 mL of the cdll suspenson.

Cell counting and plating

10 L of the cdl suspenson was mixed with 30 ni of trypan blue solution (1:4 dilution),
producing the suspenson of which an diquot was filled into the Neubauer cdl counting
chamber;

the number of cels (N) was counted from four big squares (V = 10 mL each) and was
used to caculate the tota yield (Y) of the preparation: Y = N*4*10* (4 is the correction
factor for the trypan blue dilution, and the initid volume of the cdl suspenson (4 mL) is
equa with the number of big squares, used for counting);

typicdly, Y of approx. 7,500,000 cels from 12 hippocampi was obtained and used to
make 18 mL of cdl suspenson (r @420,000 &lsmL), which was plated on 36 PLL-
coated glass coverdips (0.5 mL/well, approx. 110,000 cells/cn);

the cdl culture plates were put into an incubator (37 °C, 5% CO,) for 60 min, and the
coverdips were quickly moved into wells with fresh Neurobasa A solution;

medium was exchanged once a week, by removing approx. 1/3 of the volume and adding
250 L of the fresh one;

cdlswere cultured from two to four weeks.

2.2 Calciumimaging experiments

Fura-2 loading procedure (Haugland, 1999)

Fluorescent dye Fura2 AM (Molecuar Probes, Leiden, The Netherlands) stock solutions
(1 mM) were prepared in dry DM SO;

cdls were loaded with the fura2 AM by transferring the glass coverdips into Neuroba-
sdA medium, containing 2 mM fura2 AM;

after incubating for 40 min a 37 °C at 90% O, and 10% CO,, the coverdips were moved
to the dye-free medium, and additiond 30 min were dlowed to end the dye
deegterification.
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Acquiring fluorescent images (Abe and Saito, 1992)

- dter deesterification, coverdips were fixed (usng slicone 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 a40x objective, numericd aperture 0.75;

- Fura2 fluorescence was recorded by using excitation wavelengths of 340 (I 1) and 380
(I 2) nm, and emisson wavelength of 510 nm;

- images were acquired by cooled (- 25 °C) CCD-camera (Princeton Instruments), having
680 x 480 resolution with apixel sze of 6.8 x 6.8 mm;

- wavdength and illumination control were obtained by appropriate (340 and 380 nm)
filters and ashutter (speed: 20 ms), cortrolled by Ludl MAC 2000 Controller;

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

specimen

chromatic objective=
beam condenser
RN radiation below
\ cut off
\

excit.
filter

radiation above cut off

Figure 12. Scheme of the optical apparatus.

- acquistion and anayds of the data were performed by usng MetaFluor 2.0 software
(Universal Imaging Corporation);

- regions chosen to andyse were bodies of the cels identified as neurons (see Results,
Figure 19, immunogtaning);

- ingrument was cdibrated by the equation calibration method, described by Poenie et al.
in 1986 [(C&’*); = Ka(Firin/Fmax)(R-VRmin)/(VRmax-R)];
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(Ca®)o and (Cat")mex SOlUtions were obtained from Molecular Probes. (Kd = 224 nM,
Frin/Fmax @nd Rmin/Rmax represent | »- and ratio-image intendgties a zero and saturding
(Ca?™), respectively. V is viscosity factor).

Stimulation of the cells

if not stated dherwise, every group of cells was simulated twice for 30 s each (one pair of
images being acquired every five seconds), with 35 min intermisson between the gpplica
tions (Magaroli and Tsen, 1992);

stimulation buffer (SB) for the Ca*-imaging experiments contained, in mM: 125 NaCl, 5
KCI, 6 CaClp, 0.8 MgCl, 5 glucose, 20 HEPES (pH 7.3), and was added (in nmM) 50 L-
gutamate, 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 (NnAChR agonigt), 0.5 gdanthamine 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 KH,POy, 2
CaClz, 1 MgCl, 5 glucose, 20 HEPES (pH 7.3);

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

HEPES, NaCl, KCl, CaCk, MgCh, L-glutamae, glycine, nicotine and glucose were
obtained from Sigma;

AP-5, CNQX, MCPG, bicuculline and nifedipine were provided by BioTrend, Germany;
gdanthamine and rivadigmine were provided by Janssen Research Foundation, Beerse,
Bdgium.

Data analysis

during each stimulation (duration: 30s), Sx 340/380 nm image pairs were acquired (except
in the experiment depicted by the Figure 23);

regions of the cells were selected (neurond cdl bodies) for ratio caculation;

ratio values derived from the firs image pairs taken during the stimulation were taken as
representative for a given condition;

ratio values (corresponding to [C&’*];) in cells prior to stimulation were subtracted from

the values after simulation, thus giving ratio increase (DR);
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- theresulting DR values were compared to DR vaues from other simulation events,

- dggnificance of difference between the mean subtracted values was determined either by
independent two-population t-tests (0.05 level - error bars in al the graphs correspond to
sandard errors of mean) or by nonparametric tests (Kruskal-Wallis tests) (Motulsky,
1995);

- datigtica significance for the cases where 0.05 > p > 0.01, 0.01 > p > 0.001 and 0.001 > p
were marked by “*”, “**” and “***”  regpectively;

- casewhere no atistical significance could be stated (p > 0.05) were marked by “n.s.

Pasteur pipette

specimen
FLOW OUT FLOW IN
 —  —

B

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 hippocampa neurons were labdled by means of indirect immunofluorescence
technique, which utilisess primary (cdl-specific) and secondary (primary  antibody- specific)
antibodies. The primary antibody used in these experiments was directed agangt a-Tau
protein (1gG, rabbit, polyclond), diluted 1:100. The secondary antibody (goat, 1gG, anti-



2

rabbit, Texas Red-coupled, Jackson Research) was diluted 1:200. Antibody dilutions were
made in dilution buffer (DB): 10% fetd caf serum (FCS), 0.02% Sodium a&id in phosphate-
buffered sdine.

- cdls have been fixed for 15 — 20 min in 4% <olution of p-formadehyde in PBS, and
washed for 10 minin PBS aone (3 buffer exchanges);

- cdl membranes have been perforated by 0.5% solution of Triton X100 in PBS (10 min,
RT);

- washing: 1x 5min, in PBS,

- incubation with the primary antibody, 30 min a RT, insgde of amoist compartment;

- washing: 3Xx 5min, in PBS;

- incubation with the second antibody, 30 min a RT in the dak, indde of a moist
compartment;

- wadhing: 3x 5min, in PBS;
cdls have been covered by covering solution (Img/ml p-phenylendiamine in PBS, 30%
glycerine, 100 mg/ml evanol; pH 8.5, prepared from the diquotes kept at -20°C), in a
way that a drop of the solution has been gpplied onto an object glass and the coverdip
with the cells has been put into it (cdlls facing the drop);

- to protect the samples form drying out, coverdips have been covered with a film of nall
enamel and kept at —20 °C;

- 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 peforming experiments that could edtablish quantitative correaion between
changes in cdcium influx and various components of glutamatergic neurotransmisson in
primary culture of hippocampa cdls the following basc information about the system
needed to be obtained:

a) appropriate glutamate concentration for LTP induction;

b) andyssof effects of fura2 AM concentration on the glutamate-induced potentiation;
c) andysiswhether glutamate stimulation under our conditions induces excitotoxicity;

d) andyssof “contaminating” effects, due to the presence of glid cdls.

- Appropriate glutamate concentration for LTP induction

An important gep in finding optima conditions for the chemicad induction of LTP
was to determine the relationship between glutamate concentration applied and the cacium
influx produced. To obtain these data, a set of cells was exposed to subsequent gpplications
of 0.5, 2, 5, 10, 20, 50 and 100 nM of L-glutamate (Figure 14, Table 1). Each gpplication
lasted 15 seconds, with a 20 min intermission between each of thent. These data were fitted
with a one-gte binding sgmoida curve modd, with an apparent ECso of 5.6 + 0.3 mM. This
value is dmilar to those previoudy reported for glutamate and hippocampa neurons (e.g.
ECso = 2.3 nM: an dectrophysologicd sudy by Patneau and Mayer, 1990), but it is
noteworthy to mention that it might be influenced by the very property that we wanted to
determing, i.e. by time-dependent, glutamate-evoked changes in calcium influx. To test
this posshility, another, glutamate-untreated group of neurons was given a 50 nM Glu
dimulus, and the cdcdum influx (Figure 15) for this concentration under both paradigms

was compared.

! Fifteen seconds of stimulation was the minimal time that could be used with our application system (see Ma-
terialsand Methods). Twenty minutes of intermission was enough for all cellsto return to the basal state.
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Figure 14. Glutamate doseresponse curve, obtained with pre-stimulation. The signals were recorded
from agroup of cells, stimulated by increasing concentrations of glutamate (0.5, 2, 5, 10, 20, 50 and 100
mM). The stimuli lasted 15 s each, and were separated by 20 min long intermissions. Number of the cells
was 17. ECso = 5.6 £ 0.3mM. Error barsares.em.

Glu (mV) Norm. resp. (%) sd. sem. N
0.5 5.047 10488 2543 17

2 8.542 13.249 3213 17

5 40.705 24.685 5.987 17

10 80.389 22.751 5518 17

20 91871 4.916 1192 17

50 96.065 11.245 2,727 17
100 87.173 9.615 2332 17

Table 1. Data fitted into the doseresponse 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 sem. 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 niv
gutamate are dgnificantly larger if cdls were not pre-trested with a series of glutamate
dimuli. Therefore, in order to test the posshility that cdls without prior stimulation might
have ggnificantly different dose-response curve parameters, an experiment was peformed
where each glutamate concentration was applied onto previoudy nontstimulated group of
neurons (Figure 16, Table 3).

Two-population t-test at 0.05 level: t =-5.384 p=7.821x 10"’
At the 0.05 level, the two means are Sgnificantly different.

Prestimulation Mean sd. sem. N | Stat. sig.
without 219.575 87578 11.213 61 *r*
with 100 48.832 11.843 17 -

Table 2. Statistical comparison of the responses to 50 mM glutamate taken from the doseresponse curve
(Fig. 14) and the responses of previously non-stimulated cells. Mean intensity of the 50 mM response
from the doser esponse cur ve was taken to be 100.
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Figure 15. Response to 50 mM Glu is significantly smaller if the cells were previcusly stimulated, sugges-
ting that previous condition influences later responses. The column “without pre-stimulation” represents
the normalized ratio increase DR) after the cells were stimulated with glutamate for the first time. The
column “with prestimulation” corresponds to the DR value where the cells were already treated with 0.5,
2,5, 10 and 20 mM Glu before the 50 mM Glu stimulus was applied. Number of cells with and without
prestimulation was 17and 61, respectively. Error barsares.em.

The presimulation-unaffected dose-response curve has been made by agoplying given gluta-
mate concentration to a sample of untrested cdls. This method, however, is of much lower
accuracy because of unavoidable differences between the cel samples. The curve obtained
by such an approach (Figure 16, Table 3) resultsin larger ECsp vaue of 18 + 5.

120

100 %

Norm. response

-6,5 -6,0 -5,5 -5,0 -4,5 -4,0 -3,5
log (Glu)

Figure 16. Glutamate dose — response curve, obtained without pre-stimulation. Responses to various
glutamate concentrations (0.5, 2, 10, 20, 100, 200 mM) were recor ded each from a different sample of
previoudy non-stimulated cells. ECso = 18 + 5 mM. Number of experiments: 1. Number of cells per con-
centration varied from 17to 31. Error barsaresem.
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Glu (mM) Norm. resp. (%) sd. sem. N
05 0552 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 38341 7.378 27

Table 3. Data fitted into the doseresponse curve (Fig. 16). Response was normalized against the sample
with the largest mean calcium influx. Number of experiments: 1 (sd. and sem. are standard deviation
and standard error of mean, respectively.)

In order to select an optima concentration for our system, we referred to the available litera
ture and the data from our dose-response curves. In 1992, Magaroli and TSen described a
successful attempt of LTP induction in primary culture of hippocampd cdls, by appplying
50 nM glutamate for 30s. We tried 50 and 100 nmiM glutamate stimuli, snce both of them
were able to dicit strong responses (Figs. 14 and 16). The experimentd paradigm for LTP
induction and detection — as dready explaned — conssted of two subsequent glutamate
goplictions on the same group of cdls, with a 35 min intermisson 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 Kanddl, 1994). Figures 17, 18 and 19 shows how these two concentrations affected
changesin cadum influx:

1,44

1,24

1,04

0,8

DR

0,6

0,4

0,2

0,04
50:1st 50:2nd 50:2nd-1st

Figure 17. Glutamate application (50 mM, 30s) induces potentiation of calcium influx in the hippocampal
neurons, since the second response to 50 mM glutamate (50:2”") is larger than the first one (50:1%). Cell
response corresponds to increase in fluorescence intensity ratio (R = kao/lzgg). This increase represents
difference DR) between Rvalues before (Rp) and during (Rs) the stimulation. Number of the cells: 17.
Per centage of de- and potentiated cellswas 11.8 and 88.2, respectively. Error barsares. e m.
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Two-population t-test a 0.05 level (50:1% vs. 50:2"%) t =-6.937 p=3.347 x 10°
At the 0.05 levd, the two means are Sgnificantly different.

Glu (mM) Mean sd. sem. N Stat. Sig.
50:1% 0978 0.399 0.097 17 -
50:2" 1.184 0484 0.117 17 ok

50:2"-1st 0.206 0122 0.030 17 -

Table 4. Glutamate stimulus of 50 mM induces calcium influx potentiation. Potentiation is defined as dif-
ference in response (.e. ratio increase) DR, — DR;) between the second and the first stimulation. Num-
ber of experiments: 1.

100:1st

100:2nd 100:2nd-1st

Figure 18. Glutamate application (100 mM, 30s) induces potentiation of calcium influx in the hippocam-
pal neurons, since the second response to 100 mM glutamate (100:2"%) is larger than the first one
(100:1%). Cell response corresponds to increase in fluorescence intensity ratio (R = lzag/lago). Thisincre-

ase represents difference ODR) between Rvalues before (Rp) and during (Rs) the stimulation. Number of
thecells: 17. Percentage of potentiated cellswas 100. Error barsares.em.

Two-population t-test at 0.05 level (100:1% vs, 100:2"%) t =-8.221 p=1.659x 10’
At the 0.05 levd, the two means are Sgnificantly different.

Glu (mM) Mean sd. sem. N Stat. Sig.
100:1% 0.848 0.142 0.033 19 -
100:2" 0.930 0.162 0.037 19 ok k

100:2"%-1st 0.082 0044 0.010 19 -

Table 5. Glutamate stimulus of 100 mM induces calcium influx potentiation. Potentiation is defined as
difference in response (.e. ratio increase) DR, — DR;) between the second and the first stimulation.
Number of experiments:. 1.

Additiondly, it can be seen that 50 M Glu application induces larger potertiation than the
100 nM one (Figure 19).
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Figure 19. Application of 50 mM glutamate stimulus induces larger potentiation than the 100 mM one.
Patentiation is defined as the difference in response (.e. ratio increase) DR, — DR;) between the second

and the first stimulation. Data were nor malized against the mean potentiation induced by 50 mM gluta-
mate. Number of cells was 17 (50 mM) and 19 (100 mM). Duration of each stimulus: 30s. Number of ex-
periments. 1. Error barsrepresent standard error of mean.

Two-population t-test at 0.05 level: t =-4.123 p=2.273x 10"’
At the 0.05 levd, the two means are Sgnificantly different.

Glu (mM) Mean sd. sem. N Stat. Sig.
50 100 59438 14416 17 -
100 39.995 21.207 4.865 19 il

Table 6. A 50 mM glutamate stimulus induces larger potentiation than the 100 mM one. Potentiation is
defined as difference in response (.e. ratio increase) (DR; — DR;) between the second and the first stimu-

lation. Data were nor malized against the mean potentiation induced by 50 mM glutamate. Number of ex-
periments: 1.

These introductory experiments suggested that simulation by glutamate induces changes in
cdl responsveness to forthcoming simuli: ECsp values determined by two approaches —
with and without prestimulation - differ sgnificantly (5.6 £ 0.3 MM vs. 18 + 5 nM: see
Figures 14, 15, 16 and Tables 1, 2, 3 and glutamate application potentiates cacium influx
into the neurons (Figures 17, 18, 19 and Tables 4, 5, 6).

Based on these data, 50 M Glu was sdected to be our concentration of choice in looking
for further Smilarities between our paradigm and classcd LTP induction scheme. Smdler
concentrations were not tested, since 50 MM Glu is expected to dicit maxima Ca* influx
(Figure 16), thus providing better signd (higher sgnd/noise rétio).



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

As dready described in the Introduction, pladticity-related phenomena (i.e. LTP and
LTP) are triggered by cdcium influx into the cels. For the purpose of following such phe-
nomena directly, i.e. by meesuring Ce?* levels using fluorescence microscopy, it must be ex-
duded that the very process of measurement affects the data themselves. In other words, the
amount of cacium ions cheaed by fura2 must not be too large to deprive the LTP-indu-
cing pathways of its spiritus movens. We dready demonsdtrated that hippocampa neurons, if
simulated by 50 and 100 nmM glutamate, respectively, show increased responsiveness to a
second gimulation of the same kind (Figures 17 and 18). Both of these cdl samples were
diffuson-loaded in a solution containing 2 MM fura2 AM (recommended concentrations are
between 1 and 10 mM: see Haugland, 1999)*. To test whether higher fura-2 AM concertrati-
ons dfect the measurements, we tested the influence of 50 MM glutamate simulation on the
two groups of cdls, incubated in 2 and 20 MM fura2 AM. As shown in Figure 19, ten times
more dye in the incubation solution corrdates with smdler potentiation effects, which
prompted us to peform dl further experiments with 2 M fura2 AM. Furthermore, cacium
ggnd upon first simulation is dmog five times bigger when less dye is used (Figure 20,
Table 8).

120 ~

Norm. potentiation

fura-2 AM (mM)

Figure 20. Concentration of fura2 AM affects 50 mM glutamate-induced potentiation. Both groups of
cells were treated with 50 mM Glu for 30 s, and the stimulus was repeated after 35 min. Differencein re
tio changes {.e. Ca®* influx) between the two stimuli {.e. potentiation: DR, — DR;) for the two cells
groups (“2" and “20": cells incubated in 2 and 20 mM fura2 AM, respectively) was calculated, and nor -
malized for comparison. Mean potentiation of the cells incubated in 2 mM fura2 AM was taken to be
100. Number of the cellswas57 (“2") and 63 (“20"). Number of experiments: 2. Error barsares.em.

Y In our system, incubation in 1mM fura-2 AM solution produced significantly weaker signals (data not shown).



Two-population t-test a 0.05 level: t = -6.552 p = 1.556 x 10°
At the 0.05 levd, the two means are Sgnificantly different.

fura2 AM (mMV) Mean sd. sem. Sum N Stat. sig.
2 100 61.824 8.190 5699.985 57 -
20 37.132 42.312 5334 2339483 63 *rk

Table 7. Concentration of fura2 AM affects 50 mM glutamate-induced potentiation. Tenfold increase of
fura-2 AM amount in incubation solution correlates to 2.7-fold decrease in Ca?* influx potentiation.
Mean ratio change in the cells incubated in 2 mM fura2 AM was taken to be 100. Percentage of de- and
potentiated cellsin “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 mM fura2 AM solution (2) show nearly five times larger Ca?* influx du-
ring the first stimulation than the cells loaded with 20 mM fura2 AM solution (20). The two groups of
cellswere stimulated with 50mM glutamate and theyielding increasein Iz4/l3g0 ratio wascalculated

(DR = Ry — Rp: Ry and R, 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 mM fura2 AM was taken to ke 100). Number of the cells was 57 (“2") and 63 (“20").
Number of experiments. 2. Error barsares.em.

Two-population t-test at 0.05 level: t =-15.829 p =5.809 x 10!
At the 0.05 levd, the two means are Sgnificantly different.

fura2 AM (mM) Mean sd. sem. Sum N Stat.
2 100 35.023 4.639 5700.019 57 -
20 22403 16.149 2.035 1411.372 63 *rE

Table 8. Cells loaded with 2 mV fura2 AM solution (2) show nearly five times larger Ca®* influx during
the first stimulation than the cells loaded with 20 mM fura2 AM solution (20). For comparison, cell res-
ponses were normalized (mean ration increase for the group incubated in 2 mM fura2 AM was taken to
be 100). Number of thecellswas57 (“2") and 63 (“20"). Number of experiments: 2.

Although it would be expected tha the higher fura2 AM concentration gives rise to the
higher ratio sgnd, there are two factors that should not be neglected in evauating these da-
ta Firdly, it is possble that intracellular concentration of the dye is much bigger than the
concentration of incoming C&*, thus resulting in spectrum changes (see Introduction,
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Figure 9) of only minor fraction of the dye molecules The signd, gained by [fura-2-Ca®*]
complex, would have alarge background coming from *non-activated” fura-2 molecules.

Secondly, a fraction of fura-2 molecules might not be able to chelate cdcium ions a dl, as a
result of incomplete dye esterolyss (Yuste, 2000; Hougland, 1999). In fura2 AM, dl four
carboxy-groups are esterified Figure 8, thus enabling the dye to pass the cel membrane by
passve diffuson. In the cdl, incomplete esterolysis gives rise to mono-, di- and triacetome-
toxy esters, fura-2 derivaives with strong fluorescence signd, which do not complex C&*

(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 neurona cell deeth, mediated by influx of calci-
um ions (Lee et al., 1999; Miller et al., 1998). Therefore, it shares the inducing agent with
LTPLTD, but activates different sgnd transduction pathways. For example, incubation in
500 MM glutamate inhibits cacium/cdmodulin kinase 1l (CaMKII) ectivity in cultured hip-
pocampa neurons, and causes “delayed cdll death” (Churn et al., 1995). One of the typicd
changes in neurons exposed to neurotoxic glutamate concentrations is accumulation of intra-
cellular cacium (Burgard and Hablitz, 1995), i.e. failure of [C&"]; to return to its basd leve
upon simulus removad. We therefore tested whether 50 M glutamate induced excitotoxici-
ty in our sysem, dthough the concentrations reported to trigger glutamate-dependent cell
death are higher (500 "M - Churn et al., 1995; 100 M — Gray and Patel, 1995).

As demonstrated in Figures 22 and 23, [Ca®*]; returns to basal levels between the two stimu
li, indicating thet the influence of excitotoxicity in our experimental mode 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 mM Glu
stimuli (30 seconds). Trace represents the mean response of 33 cells. Error bars are s.em. Ratio images,
from which the datafor thisgraph were extracted, are shown in Figure 23.

Control Control
Stim. 1 (0O min): Stim. 2 (35 min):
1% sec 1% sec
8" sec 8" sec
26" sec 26" sec

Figure 23. Influx of Ca’" 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 O white: 2.20 ratio units). Thisis 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
intheanalysis.




- Analysis of “ contaminating” effects, due to the presence of glial cells

There are two main classes of cdls in the nervous sysem: nerve cdls (neurons) and
gid cdls (glia) (Nichalls et al., 1992). Centrd nervous system glia, as far as is known, are
not directly involved in information processing, but they have other vita roles physcd sup-
port of neurons (Kandd et al., 2000), growth factors release (Copelman et al., 2000),
scavenging toxic substances (Grewd et al., 1997), neurotransmitter re-uptake (Porter and
McCarthy, 1996), axon guidance (Hidago et al., 1995), axor/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 centra nervous system of
vertebrates (Kandel et al., 2000).

W

Figure 24. A group of fura2 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: fura2 loaded cells, illuminated by 340 nm light; Above, right:
the same region, labelled with neuronal marker, anti-a-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 arrowsindicate neurons. Black arrow indicates oneflat (dead?) neuron.



34

And dthough the glid cdls are known to have modulatory effect on LTPILTD (Wenzd et
al., 1991) and possess functiond glutamate receptors (Shelton and McCarthy, 1999), it has
not been shown that their eectrica responses could be potentiated as well. Our experiments
were performed on neurons cultured in NeurobasdA/B27, a serum-free medium formulated
by the research group of G.E. Brewer (Brewer et al., 1993). Neurobasa A/B27 supports neuw
rond surviva, whereas glid growth is reduced to 0.5% of the totd, nearly pure neurond po-
puletion (ibid.).

Alternative to this gpproach is cdl culturing in serum-containing media, typicaly 10% horse
or foetd cdf serum (Higgins and Banker, 1998). Under serum-containing conditions, how-
ever, glia grow and proliferate until a monolayer is formed. During this monolayer formeti-
on, neuronad growth is more and more suppressed, and the number of neurons decreases
(ibid.). Glia growth can be inhibited by induding anti-mitotic agents in the medium €.9. cy-
togne-b-D-arabinofuranoside, ibid.). These agents, however, damage neuronal DNA as well
(Park et al., 1998).

Therefore, by choosng NeurobasdA/B27 medium for the cdl culture, we minimized the
possihility that the sgnds measured come from non-neurond cel types. Additiondly, we
developed a method to differentiate between the neurona and glid cdlls, based on cdl body
morphology/coloration. As seen in Figure 24, fluorescence images of fura-2-loaded cdll bo-
dies, illuminated by 340 nm light, could be divided into two groups. 1) sharp, multicolow
red, and 2) diffuse-shgped, sngle-coloured ones. Immunogtaining with neurond and glid
markers reveded that the first group could be identified as neurons (red arrows), whereas the
second group (white arrows) are probably glial cdll bodies.

Figure 25 illugraes where the difference in cdl body coloration might come from. It is
possbly a consequence of the hill-like form of the neurona cdl bodies, compared to flat
cdl bodies of the glid cdls. Non-uniform neurond cdl height gives rise to a non-uniform
amount of the dye (and, therefore, fluorescence intengty) excited by illuminaion, thus beng
represented by differently coloured areas (from blue-green to white). Glid cdl bodies, on
the contrary, have more uniform cdl body height §.e. do not vary much in amount of illumi-
nated dye per optical path) and appesar, therefore, mostly blue-green.
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Figure 25. A possible explanation why fura2-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 fura2 molecules excited. This pro-
vides different coloration patter ns 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 biochemica systems within new
rond cdls, which give rise to LTP induction and maintenance. Robust increase of cytosolic
cacium concentration in the pogsyngptic cdl is the fird and most important event in the
cascade (Revest and Longdaff, 1998). Since the glutamatergic syssem dominates hippocam:
pad dructures, there are severa means of cacium entrance that could be opened, following
presynaptic glutamate release. Firgtly, there are ligand-gated Ca®* channdls, e.g. ion-channe
dutamate receptors (NMDA, AMPA, kainate/quisqualate). They dlow cacium ions from
the intercellular space to enter dendritic spines, activating CaMKIlI-, PKC- and PKA-depen
dent signd transduction pathways (ibid.). Upon glutamate release, AMPA and kainate/quis-
qualate receptors get activated quickly, becoming permeable to N&a and Ca®* (Koh et al.,
1995). This cation influx induces depolarisation of the cel membrane, an event which rdie-
ves M@?" block of NMDA receptors, enabling calcium influx through glutamate-bound re-
ceptors (Ascher and Johnson, 1994). Secondly, such depolarization activates voltage-gated
Ca?* channds (VGCC) (Belhage et al., 1996). Thirdly, simulaion of metabotropic gluta-
mate receptors induces cacium outflow from intracdlular stores, i.e. smooth endoplasmic
reticulum (Bliss and Collingridge, 1993).
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As duded to in the Introduction, contribution of these (but not only thesel) components is
typica for LTP. In order to demonstrate that the enhancement of [Ca']; induced by 50 mvi
glutamate in our system was LTP, we needed to demondrate that the system in use depends
on Smilar parameters. To achieve this, we performed a series of experiments where a 50 iVl
glutamate simulus was applied to the cels, together with the appropriate antagonist for
AMPA, NMDA and metabotropic glutamate receptors and a VGCC blocker. After 35 minu-
tes, the simulus was repeated and the difference in cacium ion influx (represented by the
ratio values) was messured. Control condition in al experiments was the repeated 50 niM
gutamate stimulus, which was able to induce Ca&* influx potentiation in dl the cases (as
dready depicted in Figures 17 and 22). To increase the probability that the particular
receptor/channd  type remains deactivated during the whole interva of gimulus duration,
washing buffer containing an appropriate antagonist (or blocker, in the case of VGCC) was
gpplied onto the cells prior to each simulation, for 2 minutes.

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

The most extensvely studied LTP type is the one of the hippocampa CAL cdls. It is
usudly induced dectricaly, dther by tetanic or theta-pattern stimuation of Schaffer collate-
ras (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 al the cdls express NMDAR-dependent LTP (Debray et al., 1997). In order to investi-
gate whether 50 nmM glutamate-induced potentiation of Ca* influx that we observed in our
system (Figures 19 and 22) was dependent on NMDA receptors, 25 nM of AP-5 (D-2-ami-
no-5-phosphonopentanoic acid) was added to the 50 nM glutamate-containing simulation
buffer. (AP-5 is a widdy used, competitive NMDAR antagonist: Jane et al., 1994). Prior to
esch dimulation — as explained in the previous paragraph — cdls were for 2 minutes
incubated in washing buffer, containing 25 mMM AP-5 as wdl. After fird gimulation with
dutamate/AP-5 mixture, cells were washed for 2 minutes and given the second glutame:
te/AP-5 dimulus after 35 minutes. The same procedure was repeated with the control groups
of cdls, except that they were treated with glutamate aone.

Under both conditions, the stimuli induced calcium ion influx. For each simulus ra
tio levels representing basd calcium concentration were subtracted from the ratio levels
acquired immediady after gpplication of the dimulation buffer (DR = Rs — Rp: Rs — ratio
during the dimulation; Ry, — basal date rétio), resulting in the rétio increase for the given gti-
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muus OR). Difference between the second and the first simulus DRt = DR> - DR;) isthe
measure of Ca2" influx potentiation (DR > 0) or depotentiation (DR < 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 cacium
ion influx.
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Figure 26. Competitive NMDAR antagoniss AP-5 (E/APV) blocks the potentiating effect of 50 mM
glutamate (E). Prior to each stimulation, cells from the E/APV group were incubated for 2 min in
washing buffer containing 25 mM AP-5, and then stimulated for 30 s vith 50mM Glu/25 mM AP-5.
Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min).
Control group of cdls (E) was subjected to the same treatment, but without AP-5. For normalisation,
mean potentiation ORy) induced in the control group was taken to be 100. Negative mean DRy valuein
the E/APV group does not suggest that AP-5 induces depotentiation, since it does not differ significantly
from O (one population ttest, 0.05 level: t = -1,673 ; p = 0,098). Percentage of de- and potentiated cellsin
E/APV group was 65.9 and 34.1, respectively. Control (E) group: 36.5 and 60.8. Number of experiments:
4.Error barsaresem.

Two-population t-test at 0.05 leve: t =-4509 p=1.266 x 10°
At the 0.05 leve, the two means are Sgnificantly different.

Stimulus Mean sd. sem. Sum N Stat.sig.
E (control) 100 199.851 23.232 7400 74 -
E/APV -29.296 161.484 17.515 -2490.188 85 il

Table 9. Coapplication of 25 mM AP-5, competitive NMDAR antagonist, prevents Ca®* influx potentiati-
on, induced by 50 mM glutamate. Prior to stimulation, cells were incubated for 2 min in washing buffer

with 25 mM AP-5 and then stimulated for 30 s with 50mM Glu/25 mM AP-5. Followi ng the washout of the
stimulus (2 min), stimulation procedure was repeated (after 35 min). Control group of cels (E) was
subjected to the sametreatment, 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 nivi
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CNQX (6-cyano-7-nitroquinoxdine-2,3-dione: a potent, competitive AMPA/kainate antago-
nig - Honoré et al., 1988) produced diminished potentiation, but the mean DRy vaue for
CNQX-treated neurons did not differ signficantly 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 mv
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 mM CNQX, and then stimulated for 30 s with 50mv
Glu/10 mM 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
nor malisation, 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 barsares.em.

Two-population t-test at 0.05 level: t=-1.295 p=0.197
At the 0.05 leve, the two means are NOT significantly different.

Stimulus Mean sd. sem. Sum N Stat.sig.
E (control) 100 199.851 23232 7400 74 -
E/CNOX 61.507 150.174 18.079 4243.966 69

Table 10. Coapplication of 10 mM CNQX, competitive AMPAR antagonist, does not affect significantly
Ca®* influx potentiation, induced by 50 mM glutamate. Prior to stimulation, cells were incubated for 2
min in washing buffer with 10 mM CNQX and then stimulated for 30 s with 50mM Glu/10 mM CNQX.
Folowing the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min).
Control group of cedls (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 dudies with mGIuR antagonists (Bortolot-
to et al., 1994; Bortolotto and Collingridge, 1999). Therefore, to examine the influence of
gutamate-induced potentiation in our system, we performed experiments where 500 iV

MCPG ((S)-a-methyl-carboxyphenyldycine: non-sdective mGluR I/l antagonist - Watkins
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and Collingridge, 1994) was coapplied with 50 mM glutamate. Data obtained from such ex-
periments are summarized in Figure 28 and Table 11, suggesting that the cdls, treated with
the mGluR antagonist, do not show enhancement in Ca* influx as a result of glutamate sti-
mulation.
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Figure 28. Non-sdective mGIuR antagonist MCPG (E/MCPG) blocks the potentiating effect of 50 mM
glutamate (E). Prior to each stimulation, cells from the EIMCPG group were incubated for 2 min in
washing buffer containing 500 mM AP-5, and then stimulated for 30 s with 50mM GIlu/500 mM MCPG.
Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min).
Control group of cdls (E) was subjected to the same treatment, but without MCPG. For normalisation,
mean potentiation OR7) induced in the control group (E) was taken to be 100. Positive mean DRy value
in the E/MCPG group does not suggest that glutamate/MCPG coapplication induces (small)
potentiation, since it does not differ significantly from O (one population ttest, 0.05 level: t = 0,627 ; p =
0,534). Percentage of de- and potentiated cedls in EIMCPG group was 60.5 and 372, respectively.
Controal (E) group: 15.6 and 77.2. Number of experiments: 3. Error barsares.em.

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

Stimulus Mean sd. sem. 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 mM MCPG, non-specific mGIuR antagonist, prevents Ca* influx poten-
tiation, induced by 50 mM glutamate. Prior to stimulation, cells were incubated for 2 min in washing buf-
fer with 500 mM MCPG and then stimulated for 30 s with 50mM GIlu/500 mM MCPG. Fallowing the
washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min). Control group of
cells (E) was subjected to the sametreatment, but without AP-5. Number of experiments: 3.

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

Voltage-gated cacium channels (especidly L-type) play a dgnificant role in tetanus-
and tetragthylammonium chloride (TEA)-induced LTP (Grover, 1998; Huber et al., 1995).
To test whether these ion channds influence glutamate-induced Ca?* potentiation in our sys-
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tem, we included 10 nM nifedipine (1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-pyridi-
nedicarboxylic acid dimethyl egter: L-type VGCC blocker - Tomlinson et al., 1993) in our
gimulation buffer. Conparison between the changes induced by glutamate and glutama
te/nifedipine cogpplication are depicted in  Figure 29 and Table 12. Non-sgnificantly wea
ker decreasein Ca* influx potentiation was observed.
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Figure 29. The VGCC blocker nifedipine coapplication (E/Nif) does not significantly dfect 50 mM 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 mM nifedipine, and then stimulated for 30 s with 50mM Glu/10
mM 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 ORy) 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 barsares.em.

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

Stimulus Mean sd. sem. Sum N Stat.sig.
E (contral) 100 108.127 13310 6599.963 66 -
E/Nif 59.503 143.176 22.360 2439.635 11 -

Table 12. Coapplication of 10 mM nifedipine, L-type VGCC blocker, does not affect significantly Ca?* in-
flux potentiation, induced by 50 mM glutamate. Prior to stimulation, cells were incubated for 2 min in

washing buffer with 10 mM nifedipine and then stimulated for 30 s with 50mM Glu/10 mM nifedipine.
Following the washout of the stimulus (2 min), stimulation procedure was repeated (after 35 min). Con-
trol group of cels (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 Alzhemer's dissase (AD) symp-
toms and a treatment drategy (Alberca et al., 2000; Schrattenholz et al., 1996). It has been
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mertioned that the approved AD medication modulates nicotinic currents by temporarily
blocking AChE activity and, in the case of gdanthaming, aso by dlostericd 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 channd receptors and dlow Na and C&* influx, it was
interesting to see whether and how nicotine application and co-gpplication with glutamate
increese intracellular  calcium  concentration.  Applying nicotine on primary  hippocampd
cdlsin the range of 1 to 500 M gave no rise to any changes in fura-2 fluorescence (data not
shown). However, if cogpplied with 50 nM glutamate a the concentration of 100 niM,
nicotine seems to influence glutamate-induced Ca* influx potentiation. Two populations of
neurons were clearly seen: the one that augments glutamate-induced potentiation effect, and
the one that reversesit (Figure 29, Table 13).
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Figure 29. Nicotine co-application (at 100 mM) can either augment (ENict) or diminish (ENic-) glutama-
te-induced potentiation (E). Nicotine (100 mM) has been co-applied with 50 mM glutamate for 30 sec,
inducing ratio increase DR;. Thirty-five minutes after washout, the stimulus was repeated, inducing
ratio increase DR,. Control group of cells (E) was subjected to the same treatment, but without nicotine.
For normalisation, mean potentiation PRt = DR, - DR;) induced in the control group (E) was taken to
be 100. Percentage of de- and potentiated cells in E, ENict and ENic- groups were 16 and 84, 8.6 and
91.4, 65.2 and 34.8, respectively. Number of experiments: 3. Error barsare standard error of mean.



Two-population t-test a 0.05 levd:

Evs. ENic+: t = 4.045, p=8.305x 10°; E vs. ENic-:t=-6.596, p = 4,455 x 10'1°
At the 0.05 levd, the two means are Sgnificantly different.

Stimulus Mean sd. sem. Sum N | Stat.sig.
E 100 161.39%6 14.858 11799.957 118 -
ENic+ 227.887 173.679 20.357 7976.036 35 *Hx
ENic- -63.351 160.636 19.773 -4181.103 66 i

V)

Table 13. Nicotine co-application (at 100 mM) can either augment (ENic+) or diminish (ENic-) glutama-
te-induced potentiation (E). Nicotine (100 mM) has been coapplied with 50 mM glutamate for 30 sec.
Thirty-five minutes after washout, stimulus was repeated. Control group of cells (E) was subj ected to the
same treatment, but without nicotine and nicotine/galanthamine coapplication. For nor malisation, mean
potentiation MRt = DR; - DR;) 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 barsare standard error of mean.

Whichever effects nicotine might exert on glutamate-induced potentiation, they reman un-
changed when gaarthamine (0.5 M) 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 mM) and nicotine/galanthamine mixture (ENicG:
100/0.5 mM) have been coapplied with 50 mM glutamate for 30 sec, inducing ratio increase DR;. Thirty-
five minutes after washout, stimulus was repeated, inducing ratio increase DR, For nor malisation, mean
potentiation MRt = DR, - DR;) 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 barsare standard error of mean.



Two-population t-test at 0.05 leve:
ENicvs. ENid/Gd: t =0.418 p=0.677
At the 0.05 leve, the two means are NOT dgnificantly different.

Stimulus Mean sd. sem. Sum N | Statsig.
E 100 90.903 7.7%4 13599.862 136 -
ENic -63.350 160.635 19.772 -4181.102 66 -
ENicG -48.572 119412 23.882 -1214.302 25 -

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

However, if glutamate is cogpplied with gdanthamine aone, control potentiation increases
sgnificantly. Interpretation of this effect as a consequence of AChE blockage is not suppor-
ted by the fact that another anti-cholinesterase, rivastigmine (0.5 nM), cogpplied with gluta-
mate, contributes to values closer to the control ones Figure 31, Table 15). Sgnificance of
this observation is supported by the two-population ttest at the 0.05 level. However, another
satistical procedure, Kruskal-Wallis Statigtics, does not confirm this (KW = 3.314 (correc-

ted for ties) The P value is 0.1907, considered NOT significant)®.
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Figure 31. Galanthamine coapplication (EGal) can increase glutamate-induced potentiation (E). Aug-
mentation induced by rivastigmine co-application (ERIiv) 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 mM) and rivastigmine (0.5 mM) have been coapplied with 50 mM glutamate for 30
sec inducing ratio increase DR;. Thirty-five minutes after washout, stimulus was repeated, inducing ratio
increase DR, For nor malisation, mean potentiation DRt = DR, - DR;) induced in the contral group (E)
was taken to be 100. Percentage of de- and potentiated cdls 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 istherefore more strict than t-test or ANOVA.



Two-population t-test at 0.05 leve:

Evs EGd:t=3.517 p=5573x10*

At the 0.05 levd, the two means are Sgnificantly different.
Evs.ERiv:t=1385 p=0.168

At the 0.05 levd, the two means are Sgnificantly different.

Stimulus Mean sd. sem. Sum N Stat.
E 100 90.903 7.794 13599.862 136 -
EGd 213.188 338.014 53.444 8527.536 40 *Ak
ERiv 131.159 202.873 32.077 5246.376 40

Table 15. Influence of anti-cholinesterases on glutamate-induced potentiation. Galanthamine (05 mVl)
and rivastigmine (0.5 mM) were co-applied with 50 mM glutamate for 30 sec. Thirty-five minutes after
washout, stimulus was repeated. (E — control (glutamate only); EGal — glutamate/galanthamine coappli-
cation; ERIiv — glutamate/rivastigmine coapplication) Number of experiments: 2.

Incoherence between these two datidtica interpretations arises from the big dispersion of
EGA values, and probably means that the possble effect is best to be addressed individual-
ly, from cell to cdl (Figure 32).
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Figure 32. Distribution of Ca?" influx potentiation {Rt) among the cells, induced by glutamate (E), glu-
tamate/galanthamine (EGal) and glutamaterivagigmine (ERiv) application. Galanthamine (0.5 mM)
and rivastigmine (0.5 mM) have been coapplied with 50 mM glutamate for 30 sec. Thirty-five minutes
after washout, stimuluswasrepeated. See also Figure 31. Number of experiments:. 2.



4. DISCUSSION

4.1 Selection of the method applied for LTP measurement

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

minant role as a tools for research on neurond pladticity phenomena. A key reason for this is
probably the type of information that can be extracted from the experimenta system. Long-
term potentition (LTP) and long-term depresson (LTD) are primarily (defined as) electrical
features, and variables that could affect them are most precisdly measured by means of eec-
trophysiology. Moreover, such experiments are well suited for studies on dice preparations.
Calcium imaging messurements 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 availdble, ranging from UV- to visble light-excitable, covering wide range of dis-
sociation congants for cacium binding (approx. 50 nM — 50 nM, 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 exig, it should be pointed out that fine tuning of such variddles is remarkably system-
sendtive. In the initid phase of this work two cacium-binding dyes have been tested, fura-2
and fluo-3. Since the dgnds obtained from cdls incubated in fura2 AM and fluo-3 AM were
of smilar intengty, we decided to use the former, due to its suitability to ratiometric measure-
ments. (Huo-3 measurements are peaformed usng sngle excitatory waveength, thus giving
rise to results which are distorted by bleaching (Haugland, 1999).) Two cdl culture media —
serum-containing and serum-free - were aso tried. The former provides cultures populated by
neurons and glia Results, Figure 24; Higgins and Banker, 1998), whereas the latter supports
dmogt exdudvely neuronad growth (Brewer et al., 1993). More reproducible signas were
recorded from the serum-free sysem, and it was therefore used in dl LTP experiments.
Culturing and imaging of organotypic hippocampd dices (Gahwiler et al., 1998) was aso
tried, but success of each preparation was very prone to variations and, therefore, unsuitable.

Other research groups used fluorescent messurement of cadcdum ion leves in
LTP/LTD research only as an accessory tools, usudly to eucidate cacium dynamics in dent
dritic spines, whereas the actud measurement of potentiation/depotentiation was performed e-
lectrophysiologically. These studies covered “normd” and laser scanning microscopy and uti-
lised various cdcium-senstive dyes quin2 (Minota et al., 1991; Williams and Johnston,
1989), fura-2 (Hansd et al., 1997; Wu and Saggau, 1994; Abe and Saito, 1992; Tekkok 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 (Y asuda and Tsumoto, 1996) and fluo-3 (Tekkok 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 @ cdcium influx is predominatdy up-regulated (as detected by repeated application),
and b) would not trigger excitotoxicity, another important effect related to glutamate exposu
re!. Since a key step in LTP formation is a large rise in intracellular concentration of cacium
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 nM Glu dimulus. This corcentration provides a cacium influx of high intensty, locaized
a the upper plateau of the sgmoidd, dose-response curve. If the dose-response curve is
obtained from the recordings performed by applying increesng glutamate concentrations to
the one group of cells Figure 14, ECso = 5.6 £ 0.3 M), glutamate concentrations above 10
nmM appear to dicit maxima response. However, in the case of dose-response curve where the
responses for each concentration were recorded from the previoudy non-simulated cel group
(Figure 15, ECso = 18 £ 5 M), the smdlest simulus that icits upper plateau response appe-
ars to be about 50 M. Additiondly, if the absolute response to 50 MM glutamate, taken from
the “pre-dimulation” dose-response curve (Figure 14) is compared to the 50 nM glutamate
response of nai ve, previoudy glutamateuntrested cels, it can be seen tha the mean ratio in-
crease is 2.19 times larger in the latter case Figure 16, Table 2. This suggests that previous
simuli affect later responses, and that the smalest glutamate concentration to induce plateau
response is rather 50 M than 10 nM. Another argument for using 50 M glutamate simulus
(application time 30 §) for LTP induction is its ability to potentiate Ca* influx stronger than
the 100 mM one (Figure 19).

! Excitotoxicity, aglutamate-induced neuronal cell death, istriggered by high intracellular calcium levels and
depends on NMDA - and AMPA -receptors. For excellent and up-to-date coverage on this subject, seeLeeet al.,
1999; also Miller et al., 1998.
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The same dimulus (50 M glutamate, 30s) for LTP induction was used by Madgaroli
and Tden in 1992. The modd sysdem in ther study was primary culture of hippocampa
neurons as wdl, but the potentiation was measured dectrophysiologicaly. 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-lagting (about 10 min) enhancement of
responsveness in acutdy isolated hippocampd cdls, by employing a perfuson device which
delivered dimulating solution (400 M glutamate, 5 nM glycine) & 20 Hz. Chemicd
induction has aso been used to induce LTP (lzumi et d., 1987, Cormier et d., 1993; Mudeh
et d., 1997) in hippocampd dices. In dl of these cases, chemicdly triggered LTP shared
mgjor propertties with its dectricaly induced counterpart: it was NMDAR- and mGluR-
dependent. Additionaly, chemicdly induced LTP could not be further potentiated by eectri-
cd dimuli, suggesting that the two dimulation protocols may activate same biochemicd ma-

chinery.
Sudy System Stimulustype Duration Property Detection
Izumi et al. ‘87 Acuteslice 100 M Glu, 15 mM K* 5min LTP Electrical
Ziberter et al. ‘90 |solated cells 400 nM Glu, 5mM Gly 20Hz, 15s STP Electrical
Malgaroli, Tsien‘92 | Cdl culture 50 M Glu 30s LTP Electrical
Cormier et al. ‘93 Acuteslice 1M Glu 5pulses, 10 s LTP Electrical
Musleh et al. ‘97 Slice culture 10mM Gly “brief” LTP Electrical

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

- Analysisof fura-2 AM concentration effects on the glutamate-induced potentiation

As shown in Figure 20, 50 nM glutamaeinduced potentigion is sgnificantly
sronger if the cdls were incubated in 2 M fura2 AM solution, compared to 20 M fura-2
AM-incubated cdls. Furthermore, under the two incubating conditions, mean cacium ion
influx upon the fird glutamete stimulus gppears to be nearly five times larger in the group of
cellsincubated in 2 MM fura=2 AM (Figure 21).

Loading protocol by passve diffusion is based on cdl 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 cdl membrane. Upon cell entrance, ester bonds (four in the case of fura-2
AM: Yuste, 2000; Hougland, 1999) are cleaved by intracdlular esterases yieding the dye
molecule with four free carboxy-groups, which can chdae cdcium ions. Furthermore, the

dye molecules after esterolysis can not exit the cdl passvely, due to increased polarity (bid.).
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A consequence of this is unchanged gradient of fura2 AM concentration in the solution (al-
ways smdler [fura2 AM] in intracdlular space, compared to the extracdlular), giving rise to
dye upconcentration within the cdls (i.e. [fura2]; > > [fura2 AM]e). It has been demonstrated
that the find hydrolysed concentration of cacum-chdating dye quin-2 can be severd hun-
dred times that of the initid concentration of the edter in the loading solution (TSen at al.,
1982). Therefore, the difference in intensity and potentiation of Ca* influx between the cdll
groups incubated in different fura2 AM-contaning solutions (Figures 20 and 21) might arise
from (&) much larger concentration in intracellular fura2 (>> 20 M in the cdls incubated in
20 nM fura-2 AM solution) and (b) incomplete dye hydrolyss (Takahashi et al., 1999), which
should also be more pronounced with the increased dye concentration. In the former case, dye
concentration in the cdls incubated in 20 "M fura2 AM would be sgnificantly larger than
the concentration of intracdlular Caf* during the stimulation (it is generaly accepted that the
[Ca?"]; does not exceed 5 MM: 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 cacium ions
Effects coming form the latter case (incomplete dye hydrolysis) would be smilar: background
fluorescence would be produced by the dye molecules unable to chelate Ca?*.

The optima dye loading concentration should therefore be high enough to provide sufficient-
ly srong sgnd, but dso low enough, in order not to induce large background. In our system,
itwas2 nM (cdlsincubated in 1 nM fura-2 AM gaveriseto very weak signals).

- Analysis whether glutamate stimulation under our conditions induces excitotoxicity

Figures 22 and 23 illusrate that intracdlular [C&'] returns to its basdl level between the
two gimulations by 50 M glutamate. As mentioned in the Results, this suggests that the
glutamate simulus did not activated the sgna transduction pathway which leads to neurond
death. Burgar and Hablitz (1995) have shown tha the exposure of neurons to excitotoxicity-
inducing glutamate concentrations correlates with failure of [C&']; to return to its basd level
upon simulus remova. Glutamate concentrations reported to trigger “delayed cell desath”
cover the range from 100 (Gray and Patel, 1995) to 500 niM (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 classfied ac-
cording to: @ the component (receptor) which is required for LTP induction, and b) the
component (receptor) whose response is actualy 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 mogt frequently encountered (ibid.). This classifi-
cation can only patly be useful in evduaion of the results presented in this work, since our
experimental design exduded invedtigation of  A-dependent/A-mediated events. As an illu-
dtration, it was impossble to investigate NMDAR-dependent/NMDAR-mediated LTP, since,
in our experiment amed a determining NMDAR influence on LTP, both gimuli contained
AP-5 an NMDAR antagonis. However, such a scheme 4ill dlows for NMDA-depen
dent/AMPA-mediated and mGluR-dependent/ AMPA/NMDA-mediated L TPs.

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

As summarised in Figure 26 and Table 9, 50 nM glutamate-induced potentiation of
ca?* influx could be prevented, if 10 mM AP-5 (O(-)-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 (Cdlingridge et d. in 1983,y Haris et al., 1984) and in vivo
(Morris et al., 1986) studies have demondrated the ability of AP-5 to prevent LTP induction.
However, not dl the cdls in our study exerted the same behavior — in the presence of AP-5
there was dill 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, latera and media perfo-
rant pathways, dentate gyrus granule cdls and the commissurd-associationd pathway to
CA3: Colino and Mderka, 1993; Errington et al., 1987; Morris et al., 1986), there are hippo-
campa cdls which comprise to NMDAR-independent LTP, i.e. the ones from the CA3 region
(Alger and Teyler, 1976; Zdutsky and Nicoll, 1990). Since our cell cultures were prepared by
dissodating 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 locdized. Quartitati-
ve esimations 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 srengthens this explanation.
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- Blocking of AMPARs with CNQX does not prevent glutamate-induced potentiation

In our experimenta system, groups of cdls stimulated by 50 nM glutamate and 50 Vi
GlwW10 nM CNQX (6-cyano-7-nitroquinoxdine-2,3-dione; a potent, competitive AMPA/Kai-
nate antagonig - Honoré et al., 1988) showed no datidicdly sgnificant difference in cacium
influx potentiation (Figure 27, Table 10). Fraction of potentiated cells was dso smilar (69%
by glutamate; 65.2% by glutamate/CNQX). Experiments of Kauer et al. (1988) performed on
CA1 syngpses demondrated that, following blockade of AMPAR with CNQX, high frequen
cy simuaion induced a full amplitude LTP. Those data comprised to the most accepted mo-
de for LTP induction (Introduction, Figure 5: fast trangmisson mediated by AMPARL[]
Na" entry 0 membrane depolarisation O relieving Mg ?* block from NMDARDO NMDAR
activation[J ca dum influxJ LTP induction), which assumes that the AMPARS can be by -
passed, without disabling the long term potentiation. However, usng the same modd system
(CAL synapses), Debray and colleagues (1997) have shown that AMPA blockade with CNQX
disbles the induction of NMDA-dependent LTP, but dso leads to the voltage-gated cadum
chamnel (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 M glutamate simulus falls to induce poten
tiation of cacium ion influx if the metabotropic glutamate receptors were blocked by MCPG
((S)-a-methyl-carboxyphenylglycine), a non-sdective mGIuR 1/l antagonis  (Watkins and
Collingridge, 1994). Contribution of potentiated and depotentiated cells was 37.2% and
60.5%, respectively, being smilar with values obtained by blockade of NMDARs by AP-5
(Figure 26, Table 9. In dectrophysiologica studies, MCPG was shown to reversbly block
LTP in CA1l, thus demondrating the absolute requirement for the mGluR activation by synap-
ticaly released glutamate in the LTP induction (Bashir et al., 1993). In 1994, Bortolotto et al.
blocked with MCPG the LTP induction a nonconditioned synapses, i.e. a those where no
activation of the mGIuR had occurred previously. Importance of mGluRs for LTP induction
was further emphasised by the experiments peformed with ACPD (amino-cyclopentane-
1S,3R-dicarboxylate), a group I/l mGIuR agonist (Knopfel et al., 1995). In presence of this
agonigt, short-term potentiation and LTP of the fidd EPSP in CA1 region were greatly erhan
ced, compared with control dices (McGuinness et al., 1991). This was confirmed in later stu-
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dies by Behnisch and Reymann (1992). Moreover, tetanicdly induced short-term potentiation
lasting 30 min was converted into LTP in the presence of 25 nM trans-ACPD (Aniksztgjn et
al., 1992). ACPD can adso induce a much faster onset LTP (peek attained in less than 10 min),
providing that NMDAR and mGIuR 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 incduded in simulati-
on buffer, 50 MM glutamate gpplication induces potentiation of C&* influx, which does not
differ dgnificantly from the control one, without nifedipine (Figure 29, Table 12). In dectro-
physologica dudies, dectricd gimulaion induced VGCC-dependent LTP. Thus, lzumi 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 hippocampa dices 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 aso 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 dices form old (24
months) rats, whereas in younger animas 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 23 days old.) Studies of Wang et al. (1997) on dentate gyrus neurons and CavuP
and Teyler (1996) on cells from CA1 region suggested that in these two hippocampd regions
NMDAR LTP and VGCC LTP might share (dentate gyrus) and not share (CA1) common in-
tracdllular sgna transduction pathways.

4.4 Modulation of glutamate-induced potentiation by nicotine and galanthamine

Nicotine has been shown to have profound influence on tetanus-induced, hippocampa
LTP (Wayner et al., 1996; Fujii et al., 2000a; Fujii et al.2000b, Fujii et al., 1999). Link be-
tween GluR-dependent plagticity phenomena and nicotine might be very important, since the

later is able to enhance cognitive functions by an unknown mechanism (ibid.). However, we



52

could not observe any nicotine-induced increase in cacium concentration, athough the hippo-
campa cells were shown to have a-7 nAChRs (Mike et al., 2000). This contradiction might
be due to the fact that a-7 nAChRs nAChR agonigts (including nicotine) are potent agents of
receptor desengtization (Briggs and McKenna, 1998). Thus, agonist concentrations thet eici-
ted only 0.6-1.2% nAChR activation were sufficient to inhibit the response to ACh by 50%
(ibid.). Additiondly, our sgnd acquisition sysem lagged about a second behind the stimulus
application. Provided that hippocampa nAChRs desenstise very quickly, cacium that could
have entered the cell would be probably buffered out prior to cdl illumination.

Nicotine effects that we were able to measure (i.e. modulation of 50 M glutamate-induced
potentiation by 100 nM nicotine Figure 29, Table 13) could be partly explained by condu-
sons from the studies mentioned above. Recent publications of Fujii and the colleagues de-
mordrate the ability of nicotine to postively modulate LTP by additiond dimulation of pyra-
mida neurons in a least two ways. 1) by activation of nona7 nAChRs, and 2) by inactivati-
on (desengitisation) of a 7 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-postive
cell population is concerned. In the cases where nicotine co-gpplication correlates to reversd
of potentiation, more additiond research is required. The same is true for the possible direct
influence of gdanthamine on potentiation. The mean vadue of cddum influx enhancement if
0.5 mM gdanthamine is cogpplied with 50 MM glutamate is 2.19 times bigger than control po-
tentiation (glutamate only) indeed (Figures 31, Table 15), but the disperson of potentiation
intendty among the galanthamine-treated cells is so huge (Figure 32) that cdl-to-cel appro-
ach might seem more promising. So far, very little is known about possble 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 1Cs vaues from 36.9 nmM for tacrine to 3.3 mM for gdanthamine. This
means that, a concentrations approximately four orders of magnitude larger than the ones we

used (0.5 mM), gdanthamine would inhibit induction of LTP.

45 Conclusion

Our work has shown that fluorescence microscopy of a primary hippocampa cdl culture
gystem can be used as a research tools for synaptic plasticity phenomena (LTP), with the po-
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tential to provide complemertary information to the one obtained by means of dectrophysio-
logy, enabling measurements of intracdlular - tempord and spatia - ion dynamics. Since ion
dynamics is an important indicator of the physiologicd date of the cdl, it could be used as a
source of prdiminary information for e.g. functiona proteomics. Additiondly equipped by
immunofluorescence data, cell subtype datistical andyss could be easily peformed as well,
thus compensating for lack of cdlular organisation in comparison with tissue dices. System
adjusment to imaging of organised structures — e.g. tissue dices — would be adso possble
(Yuste, 2000). The gpplication example of nicotine- and gdanthamine-modulated potentiation
suggests how this approach might provide additiond indght into various aspects of neurond

cdl physiology and patophysology.



5. SUMMARY AND PERSPECTIVE

This work’s am was to test whether LTP-like festures can aso be measured in cdl
culture and by methods that dlow to andyse a drger number of cels. A suitable method for
this purpose is cacium imaging. The raionde for this goproach lies in the fact that LTPILTD
are dependent on changes in intracdlular cacium concentrations. Cacium levels have been
measured usng the cacium sendtive dye fura2, whose fluorescence spectrum changes upon
formation of the [fura-2-Ca®*] complex.

Our LTP-inducing protocol comprised of two glutamate stimuli of identicd Sze and
duration (50 nM, 30 s) which were separated by 35 min. We could demondrate that such a
simulation pattern gives rise to gpprox. 25% larger cacium influx a the second simulus It
has been shown than such a simuation pattern gives rise to an average of 25% augmentation
(potentiation) of the second response, with 69% of potentiated cells. This experimenta para-
digm shows the pharmacologicad properties of LTP, established by previous eectrophysiolo-
gca sudies

- blocking of NMDARs and mGIuRs eliminates L TP induction;

- blocking of AMPARSs and L-type VGCCs does not diminate LTP induction.

Having obtaned a sygsem for induction and following of LTP-like changes, a
preliminary agpplication example was peformed. Its purpose was to investigae possble
influence of nicotine and gdanthamine on our potentiation effect. Nicotine (100 M) was
shown both to increese and to eiminate glutamate-induced potentiation. Gaanthamine coap-
plication (0.5 nmM) with nicotine and glutamate exerted no effect on nicotinic modulation.
However, gdanthamine cogpplied with glutamate done seems to augment glutamate-induced
potentiation.

An LTP modd sysem presented here could be additiondly refined, by variation of
dutamate gpplication times, and testing for dependence on various forms of protein kinases.
Gdanthamine effect would probably be better addressed by cdl-to-cdl measurements instead
of datistica approach, with subsequent identification of the cdl type. Alternativey, combined
cddumimaging — electrophysiologica experiments could be performed.

Spatiad and tempora properties of intracellular ion dynamics could be utilised as dia-
gnodtic tools of the phydologicd date of the cdls thereby finding its application in functio-

na proteomics.
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