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Abstract

Giant Depolarizing Potentials (GDPs) .are network-driven oscillations occuring in the
hippocampus during the two first postnatal weeks at the frequency of 1-7 GDPs/min. They
consist in large depolarizations lasting 300-500 ms with superimposed fast action potentials, are
GABA s-mediated and are synchronous over the entire hippocampus. The present study has
investigated firstly the mechanisms of GDPs generation in hippocampal slices during the first
postnatal week and their modulation by acetylcholine acting on muscarinic receptors. Moreover,
since the main source of acetylcholine (ACh) within the hippocampus derives from the septo-
hippocampal pathway that originates from basal forebrain (BF) cholinergic neurons (thaf depend
on nerve growth factor (NGF) for their survival and maintenance), in a second set of
experiments, the role of NGF on the cholinergic function of hippocampal cells has been
elucidated.

Whole cell patch clamp recordings from CA3 pyramidal cells under current clamp conditions
revealed that GDPs originated from the interplay of y-aminobutyric acid (GABA) acting on
GABA, receptors and glutamate acting on ionotropic (RS)-0-amino-3-hydroxy-5-methyl-4-
isoxadepropionate (AMPA) receptors. Bath application of D(-)2-amino-5-phosphovaleric acid
(AP-5, 50 uM) or (+)-3-(2-carboxy-piperazin-4-yl)-propyl-1-phosphonic acid (CPP, 20 uM)
produced only a transient reduction in GDPs frequency by 37 £9 % and 36 £ 11 %, respectively
(mean = SEM; n=10 and n=7). In contrast, superfusion of 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 10-40 uM) completely blocked GDPs. However, in the presence of CNQX, it was still -
possible to re-induce the appearance of GDPs with GABA (20 uM), AMPA (5 uM) or KCl1 (6.5
mM). This effect was prevented by the more potent and selective AMPA receptor antagonist

GYKI 53655 (50-100 uM). In the presence of GYKI 53655, both kainic and domoic acid (0.1-1



uM) were unable to induce GDPs. 6-chloro-3,4dihydro-3-[2-norbornen-5-y1]-2H-1,2-
4benzothiadiazine-7- sulfonamide 1,1-dioxide (cyclothiazide, 20 uM), a selective blocker of
AMPA receptor desensitization, increased GDPs frequency by 76 + 14%. Experiments were also
performed using an intracellular solution containing potassium fluoride (KF) to block GABA4
receptor-mediated responses. In these conditions, a glutamatergic AMPA component of GDPs
was revealed in the majority of the cells, atr least 30 min after breaking into the whole cell
configuration, as indicated by the change in GDPs reversal potential towards more positive
values (from -40.8 + 6.2 mV immediately after breaking into the ;vhole cell configuration to
-15.8 + 13.1 mV after 30-40 min of cell dialysis with intracellular F), by the linearity of the
amplitude-voltage relationship and by the sensitivity of the residual component of GDPs to
CNQX. With a F-containing solution, GDPs could still be recorded synchronous with those
detected simuitaneously with KCl-filled electrodes, although their amplitude was smaller.
Similar results were found in pair recordings obtained from minislices containing only a small
portion of the CA3 area, suggesting that GDPs generation requires activation of AMPA receptors
by local release of glutamate from recurrent collaterals. GDPs were modulated by endogenous
ACh acting on muscarinic receptors. Thus their frequency increased in the presence of the
acetylcholinesterase inhibitor edrophonium (20 UM), in a developmentally regulated way from
17 + 8 % at P3 to 102 £ 23 % at P6, suggesting an increase in cholinergic fibres and/or receptors
with age. The effects of edrophonium were prevented by low concentration of pirenzepine,
indicating the involvement of M1 receptor types. Exogenous application of carbachol produced
both an up and down regulation of GABA release assessed as GDPs. These effects were
mediated by M1 and non M1 (possibly M2) receptor subtypes since they were prevented by

pirenzepine and methoctramine, respectively. The potentiating effect of carbachol on GDPs



frequency and membrane depolarization were blocked by GYKI 53665 (50 puM) and by
bicuculline (10 uM) indicating that they were due to a muscarinic-dependent increase in the.
glutamatergic drive to interneurons. In GYKI‘53665, carbachol was still able to increase the
frequency of spontaneous GABA-mediated synaptic potentials, suggesting a direct action of
carbachol on muscarinic receptors localised on interneurons.

Intracellular and extracellular recordings have been used to assess the cholinergic function in
hippocampal slices from juvenile rats chronically deprived of NGF. NGF was neutralised by
implanting into the lateral ventricle of postnatal (P) days 2 rats, aD11 hybridoma cells (secreting
monoclonal antibodies specific for NGF). Parental myeloma cells (P3U) were used as controls.
At P15-P18, slow cholinergic EPSPs could be elicited in cells from both aD11- and P3U-treated
rats. However, slices from oD11-implanted rats exhibited a 50% reduction in acetylcholine
release following electrical stimulation of cholinergic fibres. This effect was associated to a
significant increase in the sensitivity of pyramidal cells to carbachol, as suggested by the shift to
the left of the dose/response curve. This may reflect a compensatory mechanism for the reduced
efficacy of cholinergic innervation in NGF-deprived rats. In both aD11 and P3U-treated rats,
carbachol was able to induce a similar concentration-dependent depression of the field EPSPs,
evoked by Schaffer collateral stimulation, suggesting that presynaptic muscarinic receptors were
not altered. In rats implanted with oD 11 cells at P2 and sacrificed one week later, a significant
reduction in GDPs frequency was observed in the CA3 hippocampal area (from 3.3 + 0.33
GDPs/min in controls to 1.7 £ 0.32 GDPs/min in aD11-treated animals). Probably this is in
relation to the reduced levels of ACh in the hippocampus of NGF-deprived animals. In keeping
with this, ACh released following electrical stimulation of hippocampal slices of aD11 treated

rats was reduced with respect to control animal. Moreover, in oD11-treated animals it was

Xil



impossible to evoke slow cholinergic EPSP in the CA1 region. In rats implanted with oD11 cells
at P15 and sacrificed at P21-P24, no changes in. the sensitivity to carbachol were found. At this
developmental stage, no differences in acetylcholine release were observed between P3U- and
oaD11-treated animals.

The present data clearly demonstrate that GDPs result from the interplay of GABA and
glutamate acting mainly on AMPA receptor types. ACh by activating muscarinic receptors
would further strenghten the action of GDPs, thus contributing to tﬁe fine tuning of hippocampal

neuronal circuitry in a period when theta rhythm is not developed yet.
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1 Introduction

1.1 The hippocampal formation

1.1.1 Functions of the hippocampus

The hippocampus is an elongated structure located on the medial wall of the lateral ventricle,
whose longitudinal axis forms a semicircle around the thalamus. The hippocampus is among the
best characterized cortical structures. Its layered organization (Andersen et al., 1971) is
particularly suitable for anatomical and physiological investigations. The hippocampus is
connected with several cortical and subcortical areas via the entorhinal cortex, the subiculum and
the fimbria-fornix. It plays a crucial role in many physiological functions. Neuropsychological
studies on patients with hippocampal damage have indicated that this structure is essential for
learning and memory processes (Scoville and Milner, 1957). In particular, it has been suggested
that in humans the hippocampus is fundamental for declarative memory: the memory for
everyday facts aﬁd events that is subjected to conscious recollection and verbal or other explicit
means of expression (for a review see Jaffard and Meunier, 1993). Another suggested function
concerns the spatial memory that in rodents is associated to a cognitive map. ‘This memory
reflects the ability of the animal to recognize cues in the environment (a typical test consists to
find a specific place such as a platform in opaque water). Experimeﬁts in rats indicate the
presence of "place cells”, whose firing rate appears to be related to the spatial position of the
animal (Nadel, 1991). Furthermore, rats with hippocampal lesions typically exhibit an
impairment in conventional radial arm maze tasks, even if some experiments demonstrate that
other cortical structures could be involved in place learning (Eichenbaum, 1996).

Memory has been classified also as episodic and semantic. Episodic memory consists in a record
of personal events while semantic is the memory of knowledge acquired in lifetime. In this
scheme the hippocampus is critical for everyday episodic memory. Recent findings linking data
from declarative, spatial and episodic memory, suggest that the principal function of the

hippocampus is to promote flexible associations by recognizing relations among different items.



For example by measuring the activation of cortical areas with magnetic resonance imaging in
human subjects, it has been observed that the subiculum is maximally activated when there is a
recall of the word associated to a known corresponding object picture (retrieval task), whereas
the parahippocampal cortex is maximally activated during acquisition of new information such
as new words associated to new objects (encoding task, Gabrieli et al., 1997).

Defining exactly hippocampal functions is difficult, since most of the information is derived
from hippocampal lesions which in humans are usually not restricted exclusively to the
hippocampal formation but involve also surrounding areas.

The hippocampus is also involved in neurological disorders such as epilepsy, stroke and

Alzheimer’s disease.

1.1.2 Organization of the hippocampal formation

1.1.2.1 Internal circuit

The hippocampal formation includes the entorhinal cortex (EC), the subiculum, the dentate gyrus
(DG) and the hippocampus proper. The hippocampus proper has been divided by Lorente de No’
(Lorente de No’,1934) in four different regions, named CA1, CA2, CA3 and CA4 (from Cornus

Ammonis). The CA2 region is so small that it is often ignored and the CA4 usually refers to the

Figure 1.1 Position of hippocampal
formation in rat brain in which the cortical
surface has been removed

The hippocampus is an elongated structure
with the septotemporal axis from the septal
nuclei (s) to the temporal cortex (T). The in
vitro experiments have been performed on
transversal slices showed in the picture at
the top. In this picture are shown the major
neuronal elements and the ‘three synaptic
circuit’ (see text). Dentate gyrus (DG),
perforant path (PP), mossy fiber (mf),
Shaffer collateral (sc). (Amaral and Witter,
1989)




terminal part of the CA3. As mentioned before the hippocampus presents a layered organization
through its longitudinal axis. Thus, when the hippocampus is cut across its transverse axis (the
septotemporal one), it is possible to indentify an intrinsic circuit that is preserved in all slices
taken with this orientation (Skrede and Westgard, 1971). Fig. 1.1 shows a transverse slice of the
hippocampal formation. The classical view of the three-synaptic circuit’ is schematized in Fig.
1.1 (picture at the top). The dentate gyrus receives the main input from the perforant pathway,
which originates in the entorhinal cortex (layer II). Then the granular cells of DG project to CA3
pyramidal neurons through their axons, the mossy fibers. CA3 cells make synaptic contacts with
the dendrites of pyramidal cells located in the CAl region through their axons, the Schaffer
collaterals. In this classical picture, many connections are not considered (Amaral, 1993): EC
sends direct projections also to neurons located in the CAl and CA3 regions and in the
subiculum; the subiculum receives a projection from the CAl area; cells in the CAl and
subiculum project in turn to neurons localized in layer V/VI of the EC. We should consider in
this circuit also the recurrent collaterals of principal cells (mostly in the CA3 region) and the
interneurons. A simplified diagram of the circuitry of the hippocampal formation and its

connections is shown in Fig. 1.2.
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Figure 1.2 Diagram of the circuitry of the hippocampal formation and its fundamental connections.
Abbreviations: DG dentate, gyrus; EC, entorinal cortex; S, subiculum; Par/Oc Ctx, parietal occipital
cortex; RSP Ctx, retroeplenian cortex; PrS, presubiculum; PaS, parasubiculum; PR Ctx, perrinal cortex;
POR Ctx, postrhinal cortex.




1.1.2.2 Input and output of the hippocampal formation

'The hippocampus receives many input from several brain regions: the principal ones are from the
EC, the septal region and the controlateral hippocampus. The input from the EC is the major
sensory input, since the EC receives projections from olfactory, associative cortices, several
thalamic nuclei, claustrum and the amygdala. The septohippocampal pathway (reviewed by
Dutar et al., 1995) originates in the basal forebrain (BF) from the medial septal nucleus and the
nucleus of the diagonal band of Broca and enter in the hippocampus mainly through the fimbria,
the dorsal fornix and the supracallosal striae. Septal neurons project mainly to the ipsilateral
hippocampus. The target areas are both the dentate gyrus and the hippocampus proper. The
septohippocampal pathway provides most of the cholinergic innervation to the hippocampal
formation: about 80% of septohippocampal pathway’s fibers are cholinergic, while the remaining
ones are GABAergic. This pathway should be considered bidirectional, therefore, it is also an
output from the hippocampus. It plays a critical role in learning and memory processes, in the
generation and maintenance of the theta rhythm (see pag. 24), and in neurodegenerative diseases
such as Alzheimer’s and Parkinson’s diseases (Dutar et al.,, 1995). Other important
neuromodulatory inputs are serotonergic fibers originating from the medial raphe nucleus
(Azmitia and Segal, 1979) and noradrenergic projections from the locus coeruleus (Lindvall and
Bjorkland, 1974).

The hippocampus projects back to the same regions from which its input originate, such as EC
(layer V/VI), the septal complex via the fimbria-fornix (precommisural ﬁbers), the controlateral
hippocampus, again through the fimbria fornix. Moreover, the anterior thalamus and
hypothalamus receive a projection from postcommisural fibers of the fornix, arising mainly from

the subiculum.

1.1.3 Neuronal cells
Hippocampal neurons can be divided into two main groups: principal cells and interneurones.

These two types of cells differ for their morphological and electrophysiological properties.



1.1.3.1 Morphological properties

Principal cells

In the dentate area, principal cells are the granule cells and the mossy cells. Granule cells are
distributed along the DG and have only apical dendrites that arborize in the stratum moleculare.
Their axons (mossy fibers) project to the hilus, where they give wrisc to several local collaterals,
and to the stratum lucidum of the CA3 region. Mossy cells have densely spiny dendrites that are
typically confined to the hilar region, and their postsynaptic targets are usually the dendrites of
granule cells.

Principal neurons in the hippocampus proper are pyramidal cells, which have cell bodies
arranged in a layer that forms the stratum pyramidale of CAl and CA3 regions. They bear basal
dendrites that arborize and form the stratum oriens and apical‘ dendrites that are radially
orientated in stratum radiatum and lacunosum-moleculare. Both basal and apical dendrites are
covered with spines, where synaptic contacts occur. A characteristic of CA3 pyramidal neurons
is the presence on their proximal dendrites of thorny excrescences where large boutons of mossy
fibers make synapses en passant. Quantitative estimations indicate that each CA3 pyramidal
neuron on average receives roughly 80 synaptic inputs from the mossy-fibers, 7700 from other
CA3 pyramidal neurons and 4500 from the perforant path (Traub and Miles, 1991; Bernard and
Wheal, 1994). Pyramidal cells project also to interneurons (a pyramidal cell innervates about 200
interneurons, Sik et al., 1993). In most of the cases they make only a single synaptic contact.
Principal cells in the DG, in the hilus and in hippocampus proper are excitatory and release
glutamate as neurotransmitter.

Interneurons

Most non-pyramidal neurons are local interneurons. Some of them however, have an
extrahippocampal or commissural projection. In contrast with the rather uniform population of
principal cells, interneurons show a great variability in morphology and axonal arborization and
they are distributed in the entire hippocampus. Interneurons are essential for synchronization of a

large population of principal cells and therefore they play a crucial role in network oscillations,



plasticity and epileptic phenomena. They innervate both the soma and/or dendrites of pyramidal
cells (Miles et al., 1996) or interneurons and are heavily. interconnected (for an extensive review
see Freund and Buzsaki, 1996). They mediate both feedback and feed-forward inhibition. In the
feedback inhibition they receive excitatory inputs from collaterals of principal cells of the same
hippocampal region, while in the feed-forward their activation is caused by extrahippocampal or
intrahippocampal inputs. On the basis of their function four classes of interneurones can be
distinguished: axo-axonic cells (or chandelier), basket cells, dendritic inhibitory cells,
interneuron-selective cells (IS). Axo-axonic cells, whose soma is located within or immediately
adjacent to stratum pyramidale and whose dendrites span all hippocampal layers, make synaptic
contacts on the initial axonal segment of principal cells. Basket cells innervate the perisomatic
region (cell body and proximal dendrites) of principal cells and are activated either in a feedback
or in a feed-forward manner. They can also innervate interneurons. They are highly divergent
making synaptic contacts with 1000-2000 pyramidal cells with 2-10 boutons in the same region
and receive typically monosynaptic input from about 100-200 excitatory cells.

Dendritic inhibitory cells are extremely variable in their localization and pattern of axonal and
dendritic arborizations. As the other types of interneurons they make synaptic contacts with
1000-2000 pyramidal neurons with 2-10 synapses but on different dendritic branches.

The last class of interneurons innervates exclusively other interneurons, both on the soma and on
the dendrites. They receive excitatory input from the Schaffer collaterals and perhaps from the
entorhinal cortex. A possible role for this class could be the control of population oscillations
and/or disinhibition in hippocampal networks by inhibiting interneurons that innervate pyramidal
cells.

Interneurons mediate the inhibition of principal cells and interneurons: they release Y-
aminobutyric acid (GABA) as neurotransmitter. The common feature of highly convergent and
divergent signals is responsible for the capability of interneurons to synchronize a large

population of pyramidal cells.



1.1.3.2 Electrophysiological properties

Pyramidal cells and interneurons differ not only in their morphological aspect but also in their
electrophysiological properties that reflect different distribution and/or type of receptor subunits
and/or ion channels. Although different interneurons may have distinct electrophysiological
characteristics, usually they differ from pyramidal cells in their higher membrane input
resistance, faster membrane time constant, higher spontaneous firing rate, shorter-duration and
smaller-amplitude action potential, larger amplitude of fast- and medium-afterhyperpolarization
and weaker spike frequency accommodation in response to depolarizing current injection
(Lacaille and Williams, 1990, Morin et al., 1996). Despite the variability in intrinsic membrane
properties, pyramidal cells and interneurons have similar evoked inhibitory and excitatory
postsynaptic currents (IPSCs and EPSCs respectively; Morin et al., 1996).

Different classes of interneurons mediate different responses in pyramidal cells. Dual recordings
from interneurons and pyramidal cells indicate that basket and axo-axonic interneurons are the
source of the prominent IPSPs of pyramidal neurons, whereas dendritic interneurons evoke
slower IPSPs (measured in the soma). Also the function between perisomatic and dentritic
interneurons is different: the first class limits the repetitive discharge of sodium-dependent spikes
while the second one could suppress the generation of calcium-dependent action potentials
(Miles et al., 1996).

Interneurons can synchronize a large population of pyramidal cells and a mechanism proposed to
explain this synchronization is the interaction between synaptic events and intrinsic
conductances. An action potential evoked in basket or axo-axonic cells induces an IPSP in the
postsynaptic pyramidal neurons followed, if the post-synaptic element is sufficiently depolarized
(<60 mV), by a rebound that is able to trigger action potential. The same mechanism could be
responsible for the phase relationship between subthreshold oscillation in pyramidal cells and
activity in these interneurons. Similar effects can be obtained by hyperpolarizing with brief
current pulses the pyramidal cell, suggesting that the intrinsic mémbrane conductances are

responsible for the events (Cobb et al., 1995). The postinhibitory rebound could be either to the



inactivation of an inward current or the deactivation of a persistent outward current.

1.2 Principal neurotransmitters within the hippocampus
Neurotransmitters act on two different types of receptors: ionotropic and metabotropic.
Ionotropic receptors consist in proteins that gate ion channels and mediate fast synaptic
transmission. |

Metabotropic receptors are linked through G-protein to ionic channels, directly or by second
messenger systems, and mediate slow synaptic transmission. They allow both divergence and
convergence of signals. Activation of the same receptor can be linked to different metabolic
pathways and/or channels. On the other hand, the same cellular process can be regulated by
different neurotransmitters. The effects of the same neurotransmitter could vary between
different cells but also in different regions of the same cell, according to the expression of
different receptor subtypes.

GABA and glutamate are the principal neurotransmitters within the hippocampus. In the
following paragraphs a brief description of these neurotransmitters and their receptors is given.
Then the effects of acetylcholine mediated by muscarinic receptors, different subtypes of these

receptors and the development of the cholinergic system in the hippocampus are described.

1.2.1 GABA

1.2.1.1 GABA in adult rats

GABA is the main inhibitory neurotransmitter in the adult hippocampus. It is released by
GABAergic interneurons on both soma and dendrites of principal cells and on interneurons.
Beside GABAergic terminals originating from local interneurons, the hippocampus receives
GABAergic afferents from the entorhinal cortex via the perforant path and from the medial
septal nuclei through the septohippocampal pathway whose GABAergic component innervates

only interneurons (Freund and Antal, 1988).



GABA stabilizes the resting potential and so inhibits firing and of the cell by acting on two main
classes of receptors: GABA, and GABA,, coupled to an anionic and a cationic conductance,
respectively.

GABA, receptors mediate fast synaptic responses and constitute an integral ion channel
permeable to chloride (CI'). Other anions can flow through the channel, such as bicarbonate
(HCOB— ), Br, I', acetate (Borman et al., 1987). The channel is almost impermeable to F', the
permeability ratio between F and CI is 1:50. The action of GABA through these receptors is
competitively antagonized by bicuculline and blocked by picrotoxin in a non-competitive way
(Sivilotti and Nistri, 1991). Picrotoxin acts as a channel blocker and in some preparation it has
been used to block GABA, receptors from inside the cell (Akaike et al. 1995). When the
receptor is activated an inward or outward chloride current can be generated, depending on the
electrochemical driving force. In pyramidal cells it has been shown that application of GABA in
the dendritic layer induces a membrane depolarization, while in the soma a membrane
hyperpolarization (Alger and Nicoll, 1979; Andersen et al., 1980). A difference in chloride
equilibrium potential between soma and dendrites could account for these findings (Misgeld et
al.,1986). The hyperpolarizing or depolarizing nature of GABA may depend on the amount of
transmitter released. At higher doses of GABA (such as those achieved with high frequency
stimulation) the electrochemical gradient for Cl- is diminished and the efflux of bicarbonate
anions could be responsible for the depolarizing response (Grover et al., 1993; Staley et al.,
1995). Changes in the equilibrium potential for bicarbonate affect the depolarizing effect more
than the hyperpolarizing one, while the latter effect is more sensitive to changes in Cl” gradient
(Perkins and Wong, 1996). In physiological conditions, the polarity of GABA responses could be
due to the concentration of CO, and therefore could be dependent on the energy consumption of
the locally active neurons. Recently the depolarizing action of GABA has been attributed to
bicarbonate-dependent K" transient (Kaila et al., 1997).

GABA, receptors mediate the slow synaptic responses (Dutar and Nicoll, 1988a). They are

selectively activated by baclofen and blocked by phaclofen, 2-hydroxy-saclofen, CGP 35348 or



CGP 55945A (Bowery, 1993). These receptors are linked to a pertussis toxin (PTX) sensitive G-
protein and they induce an increase in K" conductance and/or decrease in voltage-dependent Ca2+
conductances (Bormann, 1988). GABAgp autoreceptors are thought to downregulate GABA

release (Thomson and Gahwiler, 1989; Misgeld et al., 1995; Jarolimek and Misgeld, 1997).

1.2.1.2 GABA in neonatal rats

The GABAergic system is completely developed at birth. A peculiar characteristic of GABA in
neonatal rats is that its action through GABA, receptors is depolarizing. During the first
postnatal week, GABA provides most of the excitatory drive to principal cells (Ben-Ari et al.,
1989; Cherubini et al., 1991). Through its depolarizing action, GABA exerts a trophic function.
In fact it ensures elevation of intracellular calcium [Ca*"]; following calcium entry through the
activation éf voltage-dependent calcium channels (Leinekugel et al., 1995). These calcium
signals are essential for consolidation of synaptic connections and development of the adult
neuronal circuit (Shatz, 1990). The depolarizing effect of GABA could be attributed to a
reversed chloride gradient (the reversal potential for Cl is about -50 mV in neonatal versus -70
mV in adults) following changes in the chloride homeostasis. This can be due to the deficiency
of an outwardly directed CI" pump (Misgeld et al., 1986). Other reasons could be differences in
permeability of GABA-gated CI channel to other anions (HCO3), or lack of an inward rectifying
CI channel (CIC-2) that in adult neurons contribute to maintain a low chloride concentration
inside the cell (Stanley, 1994). The CIC-2 channel, which belongs to a large gene family
including in mammals at Ieast nine different members (Jentsch, 1996), is highly expressed in
neuronal and non-neuronal tissues. Recently, in our laboratory a novel form of CIC-2 channel
(CIC-2nh) has been cloned from a neonatal cDNA library (Mladinic, 1997). This channel, which
as a result of alternating splicing, is truncated in the amino terminal region, is highly expressed in
neonatal but not in the adult hippocampus. When expressed in Xenopus oocytes it induces
currents that strongly rectify in the outward direction. Hence, channei opening by depolarization

(as during burst of action potentials) leads to chloride accumulation inside the cell above the
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equilibrium. Therefore, activation of GABA, receptors would produce an outwardly directed
flux of chloride.

In neonatal hippocampal neurons another response to GABA probably mediated by a different
receptor type has been recently characterized. Like GABAA-mediated responses this novel
response to GABA is chloride dependent but bicuculline and baclofen insensitive (Strata and
Cherubini, 1994). It is blocked by picrotoxin and shows only a moderate desensitization and a
very fast recovery from desensitization (Martina et al., 1995). For its similarity with GABA
response obtained in the visual pathway and in the retina it is supposed to be mediated by

GABA(-like receptors (Cherubini and Strata, 1997).

1.2.2 Glutamate
Glutamate is the main excitatory neurotransmitter in the CNS. In the hippocampus it is released
by pyramidal cells and by afferent fibers from EC and DG. It acts on ionotropic and

metabotropic receptors localized in pyramidal cells and interneurons.

1.2.2.1 Ionotropic receptors

Ionotropic receptors can be divided according to their different electrophysiological and
pharmacological properties in two main categories: N-methyl-D-aspartate (NMDA) and non-
NMDA receptors. They mediate fast and slow component of EPSPs, respectively.

NMDA receptors are activated by NMDA and blocked by the channel blocker MK 801, by
selective  competitive  receptors  antagonists  (+)-3-(2-carboxy-piperazin-4-yl)-propyl-1-
phosphonic acid (CPP), D(-)2-amino-5-phosphovaleric acid (D-AP5) and by the broad spectrum
ionotropic antagonist kynurenic acid. Five NMDA receptor (NMDAR) subunits have been
cloned: the NMDARI and four types of NMDAR?2 (24, 2B, 2C, 2D). A functional receptor is
composed by the NMDARI1 and one or more subunits of NMDAR?2 type (Edmonds et al., 1995).
They open predominantly large single conductance channels (46—50 pS) that show high

permeability to calcium. They require glycine as a co-agonist (Johnson and Ascher, 1987). A
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peculiar characteristic is their voltage-dependent block by extracellular magnesium (Mg>*). The
block can be removed upon cell depolarization. This characteristic confers a negative slope
conductance in the current-voltage relationship between -40 and -80 mV and suggests a role of
detector of coincident events: the depolarization of a postsynaptic cell and the release of
glutamate. This is important in synaptic plasticity phenomena according to Hebb ’s hypothesis. In
fact Hebb (Hebb, 1949) proposed that

“When an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes
part in firing it, some growth process or metabolic change take place in one or both cells such as
that A’s efficiency, as one of the cells firing B, is increased”

As a consequence the efficacy of the synapses increases or decreases according to the
synchronism of the activity of the two neurons. An example of phenomenon that follow this rule
is the long term potentiation (LTP), that consists in a long-lasting increase in the amplitude of a
synaptic response following brief, high frequency activity of a synapse. Since their function of
coincidence detectors allows calcium entry, NMDA receptors play a crucial role in LTP in the
CAl area and a form of LTP in CA3 (when the stimulus involves the collateral fibers but not
mossy fibers). Blocking these receptors prevents LTP.

Non-NMDA receptors have been classified as (RS)-o-amino-3-hydroxy-5-methyl-4-
isoxadepropionate (AMPA) and kainate receptors on the basis of their pharmacological
properties. Now they are classified according to the homology of cloned subunits. They are
assembled from a family of subunits consisting of several different members: GluR1-4 comprise
the AMPA receptor sﬁbunits, GluR5-7 with KA-1 and KA-2 the kainate receptors subunits
(Edmonds et al., 1995). They open relative low conductance channels (<20 pS for AMPA and 4
pS for kainate). These channels are less permeable to calcium even if in interneurons Ca*
permeability of AMPA receptors is higher that in pyramidal neurons (Jonas et al., 1994). This
could be due to the lack of the GluR2 subunit that is not expressed in most AMPA receptors
localised on interneurons (Leranth et al., 1996). The lack of this sugunit would confer calcium

permeability to AMPA receptors (Hollman et al., 1991; Burnashev et al., 1992). AMPA and
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kainate receptors may coexist in the same neuron (Lerma et al., 1993). The lack of specific
receptor agonists has precluded the differentiation between kainate- and AMPA- mediated
responses. In fact kainic (or domoic) acid and AMPA activate both kind of receptors. Moreover
antagonists such as 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 6,7-dinitroquinoxaline-
2,3(1H,4H)-dione (DNQX), 6-nitro-7-sulphamoylbenzo(f)-quinoxaline-2,3-dione (NBQX),
kynurenic acid do not discriminate between these two receptor types and many responses
thought to be mediated by kainate are in fact AMPA dependent. Recently a new compound has
been synthesized (GYKI 53665, from Lilly Indianapolis) that selectively blocks AMPA
receptors, thus allowing the isolation of kainate receptor-mediated responses (Paternain et al.,
1995). Recent reports have shown that repetitive stimulation of the mossy fibers activate kainate
receptors in the CA3 region (Castillo et al.,, 1997; Vignes and Collingridge, 1997). These
receptors, probably extra synaptic, would be activated by spill-over of glutamate following a
brief tetanus (Lerma, 1997). Using the less specific compound GYKI 52466, a presynaptic
inhibitory action exerted by kainate receptors has been suggested: activation of kainate receptors
inhibits glutamate release from synaptosomes and decrease NMDA evoked EPSP (Chittajallu et
al., 1996) inhibiting Ca®" influx into presynaptic fefminals (Kamiya and Ozawa, 1998). Also a
down-regulation of GABAergic inhibition in hippocampal CA1 pyramidal neurons induced by
kainate or a selective agonist for GluRS5 ((RS)-2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-
yl)propanoic acid, ATPA) has been reported (Rodriguez-Moreno et al., 1997, Clarke et al.,
1997). This may account for the increased cell excitability and epileptogenic propérties of kainic

acid.

1.2.2.2 Metabotropic receptors

There are different subtypes of metabotropic glutamate receptors (mGluR, at present 8) that
differ in their pharmacological properties, signal transduction pathway and location. They can be
divided into three groups according to their transduction mechénisms and pharmacology.

Members of group I activate phospholipase C (PLC), while those of groups II and III inhibits

13



adenylyl cyclase, even if the exact transduction mechanisms can be more complex (Pin and
Bockaert, 1995). The most used agonist and antagonist are the trans-1-aminocyclopentane-1,3-
dicarboxylic acid (+~ACPD) and (RS)-o-methyl-4-carboxyphenylglycine (MCPG) respectively,
even if the potency of the drugs varies between differenf groups (Pin and Bockaert, 1995). The
high variability in the subtypes and second messenger systems involved is reflected by the broad
spectrum of electrophysiological responses (for a review see Schoepp and Conn, 1993; Pin and
Bockaert, 1995). These receptors are located pre- and postsynaptically. At the post-synaptic level
they modulate ionotropic AMPA and NMDA receptors activity and many membrane currents
such as Iapp, Iy and Ic,. At pre-synaptic level these receptors may potentiate the releasé process
by activating the protein kinase C (PKC) or potentiating the activity of Ca®* channels: they may
also inhibit release by blocking N-type voltage sensitive calcium channels (VSCCs). Of
particular interest are mGIluR 2/3 that are localized on the mossy fibers where they inhibit
transmitter release. They can be selectively activated by 2-(2,3-dicarboxycyclopropyl) glycine

(DCG-IV).

1.2.2.3 Glutamate in the neonatal hippocampus

The glutamatergic system, in contrast to GABAergic one, is not completely developed at birth.
In the immediate postnatal period, granule cells in the DG are still postmitotic and their axons,
the mossy fibers, even if they start to make synaptic contacts with CA3 pyramidal neurons
already at P1, reach a complete development towards the end of the second postnatal week
(Amaral and Dent, 1981). The thorny excrescences can not be observed before P9. Moreover, in
the CA3 region, spontaneous glutamatergic synaptic potentials are difficult to detect before the
énd of the first postnatal week (Hosokawa et al. 1994). It has been suggested that at birth, in the
CALl region, only NMDA receptors are functional while AMPA-mediated responses are silent
(Isaac et al., 1995; Liao et al., 1995). The percentage of silent synapses decreases from postnatal
day (P) 2 to P5 (Durand et al., 1996). Sﬂent synapses can be conveﬁed into functional ones by

various pattern of electrical stimulation of afferent fibers (Isaac et al., 1995; Durand et al., 1996).
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This process requires activation of NMDA receptors, intracellular calcium and, according to
Hebb’s rule, coincident activity of pre- and post-synaptic site since it is input specific. A study of
the development of the excitatory circuit revealed that the association between CA3 and CAl
cells strengthens over development by increasing the number of functional synaptic contacts
between CA3-CAl cell pairs, rather than by changing the reliability or efficacy of individual

synapses (Hsia et al., 1998).

1.2.3 Acetylcholine

As mentioned before the hippocampus receives a large cholinergic innervation from the septo-
hippocampal pathway that originates from the medial septal nucleus and the diagonal band of
Broca in the basal forebrain. Cholinergic fibers innervate in a laminar fashion both the soma and
the dendrites of pyramidal cells and interneurones. In contrast to GABAergic fibers, cholinergic
fibers do not have a preferred postsynaptic target, since they innervate pyramidal cells and
interneurons in the same proportion as occur in the neuropil (Frotscher and Leranth, 1983;
Freund and Buzsaki, 1996). Acetylcholine (ACh) released from cholinergic terminals acts on
both muscarinic and nicotinic receptor types.

Here only muscarinic receptors and their responses will be considered. Muscarinic receptors are
metabotropic receptors distributed both post-and pre-synaptically where they exert different type

of effects (Krnjevic, 1993).

1.2.3.1 Postsynaptic effects in pyramidal neurons

In the hippocampus, acetylcholine decreases several membrane K conductances. This effect can
be mimicked by muscarine and blocked by atropine. This modulation can strongly affect the
excitability of a cell, since K™ currents contribute to the resting membrane potential, spike
repolarization, spike frequency adaptation and after-hyperpolarization (Storm, 1990). The
decrease in K' conductance may involve block of Iy (Halliwell and Adams, 1982), Iaup

(Bernardo and Prince, 1982; Cole and Nicoll, 1984; Figenschou et al., 1996), Ixieax (Madison et
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al., 1987; Benson et al. 1988). Also a block of Iy has been reported in cultured hippocampal
neurons (Nakajima et al., 1986). The blocking effect of ACh on Iagp can be due to a direct effect
of this neurotransmitter on calcium-dependent potassium channels or to a reduction in calcium
entry through voltage-dependent calcium channels. However, since carbachol affects neither
spike repolarization nor the fast AHP, its effect may occur at some step after calcium entry
(Lancaster and Nicoll, 1986). Other effects associated to muscarinic activation are: activation of
a Ca2+-dependent inward current (Caeser et al., 1993; Gahwiler and Brown, 1987’), modulation of
the delayed rectifier K™ current Ix (Zhang et al., 1992), Iy (Colino and Halliwell, 1993) and
sodium current (Cantrell et al., 1996). An increase in K conductance by muscarinic agonists,
although present in central neurones (McCormick and Prince, 1986; Egan and North, 1986;
McCormick and Pape, 1988), has not been described in the hippocampus.

Moreover, ACh modulates NMDA responses. It has been shown that, after an initial suppression,
ionophoretic application of acetylcholine produces a long-lasting facilitation of the slow NMDA-
mediated component of the EPSP. The effect of ACh is postsynaptic since this neurotransmitter
enhances the responses evoked by puff application of NMDA in the presence of tetrodotoxin,
without affecting the responses induced by application of kainate or quisqualate (Markram and

Segal, 1990).

1.2.3.2 Effects presynaptic to pyramidal neurons

Effects of acetylcholine at presynaptic level have been also demonstrated. Local application of
ACh on the apical dendrites of principal cells reduces the amplitude of the field EPSP and
somatic population spike. It also reduces the amplitude of intracellularly recorded EPSPs and
IPSPs without affecting the kinetics of the responses and membrane conductance (Hounsgard,
1978). When applied to the pyramidal layer, ACh exerts a disinhibitory role: facilitate population
spike (Krnjevic et al., 1981; Ben-Ari et al., 1981) and reduces the amplitude of IPSPs (Valentino
and Dingledine, 1981). Similar results can be produced by electrical stimulation of the medial

septum (Krnjevic et al., 1988; Rovira et al., 1983). In this case however, a direct inhibitory effect

16



on GABAergic interneurons, the target of the GABAergic septohippocampal projection, can not
be ruled out (Toth et al.,, 1997). Experiments on synaptosomes demonstrate that ACh acting
through muscarinic receptors inhibits release of ACh (autoreceptors) and other neurotransmitters
(heteroreceptors) (Raiteri et al., 1984; Marchi and Raiteri, 1989). Recently it has been
demonstrated that carbachol increases the frequency of spontaneous and miniature (m) EPSPs,
recorded in the presence of tetrodotoxin (TTX, Bouron and Reuter, 1997). The mechanism
underlying the presynaptic effect of ACh on muscarinic receptors is not clearly understood. A
reduction in calcium conductance, an increase in K conductance and/or a modulation of
intracellular calcium can account for a decrease in transmitter release. The contribution of
nicotinic receptors in controlling transmitter release cannot be neglected. In particular in the CAl
region, it has been shown that nicotinic agents enhance the population spike when applied in the
somatic region and enhance the field EPSP when applied in the dendritic region (Rovira et al.
1983). The enhancement of population spike has been interpreted has a disinhibitory effect.
However more recently a direct excitatory effect of nicotine on interneurons has been reported

(Jones and Yakel, 1997).

1.2.3.3 Effects on interneurons

All the muscarinic effects described have been studied in pyramidal neurons in hippocampal
slices. The action of ACh on interneurons has not been deeply investigated. Direct evidence for
an excitatory action of ACh on identified interneurons has been found by Recce and
Schwartzkroin, 1991. Thus, the application of carbachol induces a rapid membrane
depolarization, an effect that is antagonized by muscarinic antagonists and persists when
synaptic transmission is blocked. Some indirect evidence for this action has been obtained
measuring inhibitory post-synaptic potentials in pyramidal neurons (Pitler and Alger, 1992;
Behrends and ten Bruggencate, 1993). Carbachol exerts mainly three actions: depression of the
evoked IPSP or EPSC, enhancement in frequency and amplitude of spontaneous action potential

dependent GABAa-mediated IPSPs and reduction in frequency of mIPSCs. These contradictory
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effects (enhance of spontaneous events and decrease in miniature and evoked ones) could be
explained - by different actions of carbachol. Receptors localized on terminals where
neurotransmitters (GABA or glutammate) are released would decreased the release, while other
subtypes localized on dendrite and soma would increase the excitability of cells and so the action

potential dependent activity.

1.2.3.4 Muscarinic receptor subtypes: pharmac‘ology, distribution and intracellular pathways
There are five distinct subtypes of muscarinic receptors named M1-MS5 and codified by the five
genes ml-m5. They show different pharmacology and distribution within the hippocampus.
Furthermore they present different electrophysiological characteristics and are linked to different

second messenger systems.

Pharmacology of muscarinic receptors

The muscarinic receptor subtypes show different affinity to acetylcholine. M1, the most
abundant within the hippocampus have a lower affinity than the other muscarinic receptor
subtypes (McKinney, 1993). Many compounds have been used to study and identify different
subtypes of muscarinic receptors. As a general antagonist atropine is used, while the most used
fnuscarinic agonist is carbachol that activates all subtype of receptors, although it is not selective
since it can activate also nicotinic receptors. Selective agonists for the different subtypes of

muscarinic receptors are not available, and even if some drugs bind preferentially certain

Tab. 1.1: Antagonist affinity constant for mammalian muscarinic receptors.

M1 M2 M3 M4 M5
Atropine 9.0-97 9093 8998 9196 8997
Pirenzepine 7.8-85 6.3-67 6771 7.1-81 6.2-7.1
Methoctramine  7.1-8.5 7.8-83  6.3-69 74-81 69-72
4-DAMP 86-92 7.8-84 8993 8494 8990

Log affinity constant (pKp values) for the most common antagonist for the 5
muscarinic receptor subtypes. Data are from a variety of mammalian species
and include information from binding and functional studies (From Caufield
and Birdsall, 1998).
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subtypes their affinity constants are very close to one another. The selectivity for the antagonists
is higher, but far from giving good pharmacological tools that allow to distinguish without
ambiguity between different receptor subtypes. For example pirenzepine, the most used
antagonist, allows one to distinguish M1 from M2, but the affinity constants for M4 and M1 are
not sufficiently distant to separate responses mediated by these two receptor subtypes. Since cells
usually coexpress more than one receptor subtype, to study the affinity of various compounds for
different receptor subtypes, cloned M1-5 receptors can be expressed in cell lines. In these cases
only one receptor subtype is expressed and so the binding properties can be determined without
ambiguity. Although the situation in neuronal cells may be different, affinity constant obtained
with these experiments have been remarkably comparable with apparent affinity constants
determined in functional experiments using Arunlakshana-Schild analysis (Caufield and Birdsall,

1998). Table 1.1 summarizes the Log affinity constant for the most used antagonists.

Distribution of muscarinic receptors within the hippocampus

To study the localization of different receptor subtypes many different methods can be used. In
situ hybridization allows one to identify and to localize the mRNA encoding for different genes,
but does not permit a quantitative study. Receptor autoradiography identifies binding sites of
different agonists/antagonists and thus distinguishes different receptors on the basis of their
pharmacological properties. This method however, has the limitation that the selectivity of
different compounds for distinct muscarinic receptor sub-types is quite poor. A third method
consists in using specific antibodies against different receptor subtypes to detect the
immunoreactivity or to do immunoprecipitation analysis to quantify the data.

Recently, Levey et al. (1995), using specific antibodies against different muscarinic receptors,
mapped their location within the rat hippocampus. M1 subtypes were found in the soma of
pyramidal cells in all regions (more abundant in the CAl region) and in the apical and basal
dendrites of stratum radiatum and stratum oriens, respectively. M2 were present especially in

non-pyramidal neurons with higher levels in the CA3 region. M3 were observed in pyramidal
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neurons of the CA3 subfield. M4 were distributed on commissural pathway fibers. Due to low
levels of M5 protein, these receptors were not considered. The same approach was used to
identify muscarinic receptor subtypes expressed on afferent fibers (Rouse and Levey, 1996).
These authors found that M2, M3 and, to a lesser extent, M1 receptors are expressed in
septohippocampal pathway fibers; M1, M3 and M4 in commissural/associative pathway; M1 and
M3 subtypes were expressed in the perforant path (also few M2 and M4); finally M1 subtype
was found to be expressed in raphe-hippocampal terminals. The M2 receptor subtype is a typical
presynaptic autoreceptor localized on presynaptic terminals: its activation down regulates the
release of acetylcholine and other neurotransmitters (Raiteri et al., 1984; Marchi and Raiteri,
1989). Mc Kinney et al., (1993) have proposed that in the hippocampus presynaptic receptors are
a mixture of M2 and M4, with a dominance of M4.

The discrepancy between different studies could be explained by the low selectivity of

muscarinic agonists and antagonists for different receptors.

Intracellular pathways and electrophysiological responses

The multiple pre and postsynaptic effects of achetylcholine described can be attributed to distinct
muscarinic receptor subtypes (McKinney, 1993). Most of the work in slices has been done when
only two receptor subtypes were known and various effects were classified as pirenzepine
sensitive or insensitive, mediated by M1 and M2 receptor subtypes, respectively. Carbachol-
induced membrane depolarization and block of AHP Wefe associated to M1 receptors, while
block of the M current and reduction of EPSPs amplitude to M2 (Dutar and Nicoll, 1988b).
Subsequently, the block of K gax conductance was associated to M3 receptors (Pitler and
Alger, 1990). It can be concluded that M1, M3, and M5 mediate mainly postsynaptic responses,
while M2 and M4 mediate the presynaptic ones, although this classification can not be consider
absolute. For example, carbachol-induced LTP has been considered a postsynaptic effect
mediated by M2 receptbrs (Auerbach and Segal, 1996). On the othf;r hand, carbachol-induced

decrease in amplitude of the field EPSPs, a typical presynaptic effect, has been associated to M1



(Sheridan and Sutor, 1990). Even in these cases the poor selectivity of agonists and antagonists
could account for different interpretations.

All receptor subtypes are coupled with a G-protein but, as for the electrophysiological responses,
the identification of the intracellular pathways associated with the activation of distinct receptor
subtypes is not trivial. For this purpose different muscarinic receptors were expressed in NG108-
15 neuroblastoma glioma hybrid cells (Brown et al., 1993). Although the situation in native
neuronal receptors may be very different, cells that expressed M1 or M3 receptors responded to
application of ACh (or ACh agonists) with an increased production of inositol phosphate and
intracellular Ca®* concentration (with consequent activation of a Ca-dependent K current (Ixc,),
and inhibition of the voltage-gated K current Iyy). These effects are resistant to Pertussis Toxin
(PTX). Cells that expressed M2 or M4 responded with a reduced production of cyclic AMP (with

consequent inhibition of a voltage-gated Ca-current, an effect totally prevented by PTX).

1.2.3.5 Cholinergic system in neonatal rat hippocampus

The septo-hippocampal pathway is not completely developed at birth. Biochemical and
immunoistochemical methods have been used to study the ontogenetic development of
acetylcholine esterase (AChE) and choline acetyl transferase (ChAT), the two enzymes
responsible for degradation and synthesis of ACh, respectively (Matthews et al., 1974; Nadler et
al., 1974; Milner et al., 1983). It has been found in mice that acetylcholine esterase (AChE) and
ChAT positive fibers enter in the hippocampus at P2 (Hohmann and Ebner, 1985). These fibers
start to reach their targets during the first postnatal weak (Rami et al., 1989). In this period the
two cholinergic‘markers increase dramatically and only towards the end of the third postnatal
week the system can be consider almost completely developed (Nyakas et al, 1994). Binding
studies have revealed that muscarinic receptor are present at about one-third of the adult level
(Rotter et al., 1979). There is a first increase in number of muscariniq receptors at P4 and then a

sharp increase between P7 and P10 (Ben-Barak and Duday, 1979). The increase in binding sites
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continues until the age of 4-6 weeks. At P16 all receptor Subtypes are present in the same

percentage as in adulthood (Tice et al., 1996).
In spite of changes in cholinergic innervation and receptors, during the first postnatal week

electrophysiological responses to ACh or carbachol are similar to those found in the adult (Recce

and Schwartzkroin, 1991).

1.2.3.6 Role of Nerve Growth Factor (NGF) in the maintenance and survival of cholinergic
neurons

The nerve growth factor (NGF) is a member of the neurotrophin family, which acts on a tyrosine
kinase (TrkA) and on the low affinity P75 receptors (Chao, 92). Neurotrophins exert a trophic
action in the nervous system (Barde, 1989). In particular several studies have demonstrated a
specific action of NGF on the maintenance and survival of basal forebrain (BF) cholinergic
neurons. NGF and NGF mRNA are highly expressed in hippocampal neurons innervated by
cholinergic fibres (Korshing et al, 1985; Shelton and Reichardt, 1986). The NGF receptors TrkA
and P75 are expressed on BF cholinergic neurons; NGF injected into the hippocampus is taken
up by cholinergic nerve terminals and retrogradely transported (Auberger et al, 1987).
Transection of the septo-hippocampal pathway results in retrograde degeneration of neurons in
the medial septum and in the diagonal band of Broca. This causes a decrease in both choline
acetyltransferase (ChAT) and acetylcholine esterase (AChE) activities in the hippocampus (Gage
et al., 1986). This lesion leads also to an impairment of various behavioral tasks. All these effects
could be prevented by local application of NGF (Hefti, 1986), suggesting that neuronal death
depends on the lack of retrograde transport of NGF and not on the gbsence of contact between

 afferent fibers and their targets (Hefti, 1986).
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1.3 Oscillations and rhythmic activities

The ability to generate synchronized oscillatory activities appears to be a particular feature of
mammalian central nervous system. Many kinds of oscillations can be detected from several
neural structures by means of different recording techniques. Persistent fluctuating potentials
were discovered in 1875 by Caton who described them as “feeble current of the brain” (Brazier,
1968). With the development of the electroencephalogram, applied for the first to humans by
Berger in 1924, rhythmic waves were identified. These waves arise from the collective activity
of a large number of neurons. This electrical activity changes according to different brain regions
from which it is detected, age and behavioural state of the subject. The improvement of
technology has allowed the recordings of activity from a more limited number of neurons (with
intratissue extracellular electrodes) or from a single neuron (intracellular electrode). These
techniques have been extensively used in vivo and in vitro to detect the activity of many braih
areas. In particular the introduction of intracellular recordings has revealed that the single-neuron
correlate of electroencephalographic waves are constituted by membrane potential oscillations
comprising periodic pattern of action potentials (Steriade et al. 1994).

In general, oscillations can be generated by a network of neurons or by the intrinsic properties of
single neurons. Network-driven activity is induced by means of functional contacts between the
elements of the network, even if these elements are not intrinsically able to produce a similar
behavior when synaptically isolated. Intrinsic oscillations are due to membrane properties of
single cells, in particular to Voltage;dependent conductances.

Oscillations constitute the basic form of communication between different cell assemblies at

cortical or subcortical level. They can synchronize the activity of anatomically distributed
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populations of neurons in different structures (Klimesch, 1996; Buzsaki and Chrobak, 1995).
This cooperation has been hypothesized to play a fundamental role in information encoding. Tt
has been suggested that oscillations do not contain information, but provide the temporal
structure for correlated neurons that do encode specific information (Gray et al., 1989; Koning et
al., 1996). It has been also proposed that oscillatory activity may provide a timing reference for a
neronal code based on the phase relationship of individual neurons to the reference oscillation
(O’Keefe and Recce 1993; Hopfield, 1995).

How information is encoded and transmitted within the central nervous system is one of the most
challenging question in neuroscience. Pyramidal cells and interneurons in the cortex have been
initially viewed as elements that integrate and fire. Then it has been demonstrated that the highly
irregular firing of cortic‘al cells can not be simply explained by the temporal integration of
random EPSPs (Softky and Koch, 1993). The precise timing of action potentials depends on a
particular combination of presynaptic inputs, suggesting that neurons act as coincidence
detectors. In this case the information is carried by the precise timing of action potentials
(Softky, 1995; Mainen and Sejnowski, 1995). An alternative theory emphasizes the role of firing
rate in information processing. In this view the membrane potential is assumed to undergo a
random walk between the resting membrane potential and spike threshold, hence the timing of
action potential is irrelevant (Shadlen and Newsome, 1994; Zohary et al., 1994). Recently it has
been suggested that the information is better transmitted by brief (<25 ms) bursts of action
potentials (Lismann, 1997). Central synapses are very unreliable and therefore they do not
propagate the information relative to a single action potential that, at least in some cortical
structures, can be considered just noise. In contrast, when two or more stimuli occur within 10-

20 ms, if a single synapse does not respond to the first stimulus, its probability of responding to
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the second is almost 1, hence the information is propagated. When the synapse responds to the
first stimulus its probability of responding also to the second is very low (Stevens and Wang,
1995). |

Whatever are the mechanisms for encoding information, oscillations seem to play a fundamental

role in this important function.

1.3.1 Oscillations in the hippocampus
Many types of oscillations occurring at different frequency are present in the hippocampus.
These include the theta rhythm (4-10 Hz), gamma oscillations (20-80 Hz) and high frequency

(150-200 Hz) oscillations.

1.3.1.1 Theta rhythm

The most studied oscillatory activity in the hippocampus is the theta rhythm. It can be observed
in juvenile and adult animals both in pyramidal cells and interneurons at a frequency ranging
from 4 to 12 Hz. Since the septum is crucial for the expression of the theta rhythm, this rhythmic
activity can not be observed in hippocampal slices, and until now it can be clearly recorded only
in vivo. Recently two novel kinds of preparation in vitro that contain both the hippocampus and
the septum have been developed: slices including septum and hippocampus (Toth et al., 1997)
and the intact hippocampal formation (Khalilov et al., 1997). |

There are two kinds of theta rhythm classified by their pharmacological properties.

The type I theta (7-10 Hz) is associated with arousal and exploration in the intact animal. It is

atropine-resistant and can not be detected during anesthesia. The type II can be observed under



anesthesia and sometimes during immobility; it is atropine-sensitive and the oscillation
frequency is 4-6 Hz.

Since the description of the theta rhythm by Green and Arduini (1954), one of the most
intriguing controversies is whether this activity is generated intrinsically to the hippocampal
formation or whether it requires an extrinsic pacemaker, such as the medial septum. Many
experimental observations suggest that the cholinergic system within the septum is responsible
for the type II theta rhythm generation (reviewed by Bland, 1986). The septohippocampal
pathway is mainly cholinergic and lesion of septal nuclei could abolish the hippocampal theta
thythm while septal electrical stimulation at the theta frequency could induce it. Furthermore
application of atropine to the septum abolishes the theta rhythm while acetylcholine agonists or
the anticholinesterase eserine elicited it. Then, the finding that in hippocampal slices
acetylcholine or its agonists are able to induce rhythmic pyramidal cell oscillations at 4-8 Hz
(Bland et al., 1988;MacVicar and Tse, 1989) lead to the hypothesis that pyramidal neurons can
generate theta rhythm. As an altemative interpretation, based mostly on anatomical evidence that
the cholinergic septohippocampal projection mainly terminates on interneurons, a role of
interneurons in the theta rhythm generation has been suggested (Buzsaki, 1984).

In the last years the role of GABA in theta rhythm generation has been put forward. It has been
found that the septohippocampal projection contains a GABAergic component that selectively
innervates interneurons (Freund and Antal, 1988). Furthermore it was observed that, selective
lesions of septal cholinergic cells reduce but do not abolish hippocampal theta activity (Lee et
al., 1994). Recently it has been observed that stimulation at 5 Hz of the septohippocampal

pathway, through disinhibition of GABAergic interneurons by GABA released from GABAergic

26



fibers (after blockade of AMPA/kainate, NMDA and muscarinic receptors) may reproduce a

theta-like activity (Toth et al., 1997).

1.3.1.2 Gamma oscillations

Gamma rhythms range from 20 to 80 Hz and have been identified in several cortical areas. In the
hippocampus they tend to occur during theta rhythm. Pyramidal cells and interneurons fire in
phase (Bragin et al., 1995). Several models have been proposed for gamma oscillations. These
include: network of excitatory-inhibitory neurons, recurrent inhibitory loops, mutual excitation,
intrinsic oscillator in a network and network of inhibitory neurons (Jefferys et al., 1996).
Recently it has been suggested that the inhibitory network excited by glutamate acting on
metabotropic receptors (without fast EPSPs) may sustain gamma oscillations (Whittington et al.,

1995).

1.3.1.3 High frequency oscillations

High frequency network oscillations (150-200 Hz) are present in hippocampal slices in vitro
where they can be detected at the principal cell layers level as brief series of repetitive population
spikes. It has been recently demonstrated that, in contrast to other types of synchronized activity
(theta or gamma rhythms) which are mediated by chemical synaptic transmission, they are
probably due to direct electrotonic coupling between neurons, most likely through gap-junctional

connections (Draguhn et al., 1998).



1.3.2 Oscillations during development

Spontaneous forms of correlated activity constitute a particular feature of CNS development.
During development, neuronal oscillations have been shown to regulate patterning of
connections (Shatz, 1990), to direct neuronal differentiation (Spitzer, 1994) and to regulate the
rate of cell migration (Komuryo and Rakic, 1996). In the visual system, in absence of any
stimulus, highly correlated activity occurs in ganglion cells and resembles waves that propagate
across the retina. This activity occurs in clusters of retinal ganglion cells and requires synaptic
activity (Meister et al., 1991; Wong et al., 1993) and cholinergic input (Feller et al., 1996). The
mechanism responsible for this synchronous activation seems to be electrical coupling between
retinal ganglion cells (Penn et al., 1994; Kandler and Katz, 1995). Another exarhple of patterned
spontaneous activity during development is present in the rat neocortex, where spontaneous
increase in cytosolic calcium can be detected in subpopulation of cells, the so called electrical
domains. Within each domain the cells are coupled with gap junctions, but in contrast to the
activity detected in the retina, these oscillations are not blocked by TTX (Yuste et al., 1992).

Also in the hippocampus in early postnatal life a highly correlated activity can be detected in the

form of giant depolarizing potentials (GDPs). These will constitute the main object of this thesis.

1.3.3 Giant depolarizing potentials (GDPs)

A peculiar characteristic of the hippocampus of neonatal rats is the presence of spontaneous
events called Giant Depolarizing Potentials (GDPs, Ben Ari et al., 1989; Xie et al., 1994). GDPs
can be recorded in hippocampal slices as well as in the intact hippocampal formation (Khalilov
et al, 1997). GDPs consist in large (25-50 mV) depolarizations lasting 300-500 ms with

superimposed fast action potentials and followed by an afterhyperpolarization. Their frequency
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varies from slice to slice, but usually it ranges from 0.05 to 0.2 Hz. GDPs are network driven
events since: i) they are synchronous in extracellular and intracellular recordings; ii) they are
synchronéus within the entire hippocampus as shown by pair of intracellular recordings (Strata et
al., 1997, Menendez de la Prida et al., 1998); iii) their frequency is independent of membrane
potential; iv) they are abolished either by TTX or by superfusion with a solution containing a
high concentration of divalent cations, known to preferentially block polysynaptic activity.

The large depolarization induced by GDPs triggers an elevation of [Ca®); following calcium
entry through activation of voltage-dependent calcium channels (Leinekugel et al., 1995). Thus,
calcium fluctuations co-active with GDPs can be detected by optical recordings with- Ca™*-
sensitive dyes in groups of neighboring cells, both pyramidal neurons and interneurons
(Garaschuk et al., 1998).

GDPs are events mediated by GABA acting on GABA, receptors: they reverse at the same
potential of the responses induced by exogenous applications of GABA or the GABA, agonist
isoguvacine and they are reversibly blocked by bicuculline or picrotoxin. As already mentioned,
GABA acting through GABAA, receptors, at this developmental stage, is depolarizing. Towards
the end of the first postnatal week, a shift from the depolarizing to the hyperpolarizing direction
of GABA responses occurs without any significant change in resting membrane potential. In
concomitance with this circumstance, GDPs, can be recorded as spontaneous hyperpolarizing
events (Ben-Ari et al, 1989, Gaiarsa et al., 1991). Then, they disappear towards the end of the
second postnatal week. Until P5 bicuculline suppresses all synaptic activity, whereas after this
age it starts to induce spontaneous synchronized interictal discharges (Ben-Ari et al., 1989),
similar to those observed in the disinhibited adult hippocampus. Bicuculline-insensitive

spontaneous EPSPs can be recorded only after P6 (Hosokawa et al., 1994). In contrast to the
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CA3 area, in the CA1 subfield, bicuculline does not induce any interictal activity until P13
(Garaschuk et al., 1998). It should be mentioned that while GDPs are synchronous within the
entire hippocampus (Khazipov et al., 1997; Menendez de la Prida et al., 1998; Garaschuk et al.,
1998), interictal discharges recorded in disinhibited juvenile or adult hippocampal slices are
generated in the CA3 area and then propagate to the CAL.

GDPs need a glutamatergic drive for their expression. In previous studies (Ben Ari et al., 1989;
Gaiarsa et al., 1991; Strata et al., 1995) it has been shown that GDPs can be modulated by
activation of both ionotropic and metabotropic glutamate receptors. Antagonists of NMDA
receptors reduce GDPs frequency or sometimes block them, whereas the AMPA/kainate
receptors antagonist CNQX always blocks GDPs. GDPs are also blocked by the broad spectrum
jonotropic glutamatergic antagonist kynurenic acid. The application of any ionotropic
glutamatergic agonist increases their frequency (Gaiarsa et al., 1991). Also metabotropic
receptors play a modulatory role. Bath perfusion of the metabotropic glutamatergic receptor
(mGluR) agonist or antagonist (RS)-0-methyl-4-carboxyphenylglycine (MCPG) increases or
reduces GDPs frequency, respectively. +-ACPD as well as the electrical stimulation of the hilus
are able to trigger GDPs in the presence of kynurenic acid an effect that is antagonized by
MCPG or bicuculline (Strata et al. 1995). This suggests that, in early postnatal life, glutamate
through mGIuR enhances the synchronous release of GABA, responsible for GDPs. This effect
seems to be mediated by protein kinase A (PKA): the effect of t-ACPD is in fact mimicked by 8-
Br-cAMP, forskolin or IBMX and it is prevented by the PKA inhibitor Rp-cAMPS (Strata et al.,
1995). GDPs frequency is also increased by application of micromolar concentrations of glycine,
an effect that is mimicked by D-serine and is antagonized by the NMDA receptor antagonist D-

APV (Gaiarsa et al., 1990). The effect of glycine is insensitive to strychnine, indicating that
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occurs on the glycine site of presynaptically located NMDA receptors. GDPs can be also
modulated by GABA. Application of GABA increases the frequency of GDPs and induces their
appearance when they are blocked by kynurenic acid. Similar effects can be obtained by
applying the competitive inhibitor of the GABA transporter nipecotic acid (Strata, 1996). GDPs
can be also evoked by stimulation of the hilus. They are strongly reduced by AP-5 and, as
spontaneous GDPs, they are completely abolished by bicuculline (Ben-Ari et al., 1989).

The mechanisms underlying neuronal synchronization and GDPs disappearance are still a matter
of speculation. It has been suggested that gap junctions play a crucial role in GDPs generation. In
the hilar region interneurons are electrically coupled and the number of dye coupled cells
decreases during the first two postnatal weeks (Strata et al., 1997). In this hippocampal region,
oscillations would be paced by an inward rectifier cationic current with properties similar to In.
In favour of this hypothesis is the observation that GDPs disappear when extracellular Cs+ or
gap junction blockers are present in the bath (Strata et al., 1997).

Recently it has been suggested that synchronization could be determined by the interplay of
excitatory GABAergic connections between intémeurons and glutamatergic connections
presumably from pyramidal cells to interneurons (Khazipov et al., 1997). Hence, in interneurons
a glutamatergic component of the GDP could be revealed after intracellular blockade of GABAx
receptors with an internal solution containing fluoride (Khazipov et al., 1997). In particular, it
has been suggested that the main contribution to GDP generation may be provided by NMDA
receptors that would be activated following GABA-induced depolarization, while AMPA
receptors would play only a minor role (McLean et al. 1995; Leinekugel et al. 1997; Ben Ari et

al., 1997).
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Although the function of GDPs in synaptogenesis is still not fully understood, a recent report
underlines the importance of spontaneous network oscillations in promoting the maturation of
glutamatergic synapses in the developing hippocampus through a mechanism similar to long-
term potentiation (Konnerth et al, 1998). Thus, an active recruitment of new synapses rather than
an active elimination of redundant connections would be the principal mechanism underlying

activity-dependent synaptic reorganization in the immature hippocampus.
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2 Aim of the work

Aim of this thesis was to investigate: 1. the roie of the glutamatergic drive in GDPs induction; ii.
the role of ACh on GDPs modulation; iii. the effects of NGF deprivation of the cholinergic
function in the hippocampus.

As already mentioned, GDPs constitute a peculiar feature of hippocampal development. They
are generated by GABA acting on GABA receptors and are modulated by glutamate acting on
both ionotropic and metabotropic receptor subtypes. However, it is not clear whether a
glutamatergic drive is necessary for GDPs induction and if this is true, through which type of
jonotropic glutamate receptors glutamate exerts its effect. According to previous work from this
laboratory (Strata, 1996) GABA itself would be able to synchronize the entire network as
suggested by the experiments in which GDPs could be re-induce by GABA in the presence of the
broad spectrum ionotropic glutamate receptors antagonist kynurenic acid. On the other hand, 1t
has been recently proposed that GDPs result from the synergistic action of GABA and glutamate
that would preferentially activate NMDA receptors (Ben Ari et al., 1997). In this thesis the role
of glutamate on AMPA/kainate receptors has been further investigated, taking advantage of new
pharmacological tools selective for AMPA receptor subtype. Furthermore the question whethef
GDPs bear a glutamatergic component has been addressed by blocking at the level of single
pyramidal cell the GABAergic response with intracellular fluoride. Pair recordings using
different anions in the patch pipettes (KF or KCI) have been used to study the depolarizing action
of GABA in network synchroniiation and to identify the source of glutamatergic drive in
minislices disconnected from the rest of the hippocampus.

The hippocampus receives a large cholinergic input from the septohippocampal pathway and this

pathway is of fundamental importance in maintaining higher cognitive functions. In view of the
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developmental profile of the cholinergic fibers and the role played by GDPs in synaptogenesis
the modulation of GDPs by ACh has been investigated. In particular, this study has been aimed
at clarifying how ACh regulates GDPs, which subtype of muscarinic receptors is involved and
the mechanisms underlying network synchronization.

As already described in the introduction the basal forebrain cholinergic neurons, from which the
septohippocampal pathway originates, depend on NGF for their survival and maintenance. The
following experiments have been therefore undertaken to assess the effects of NGF deprivation
on the cholinergic function on hippocampal neurons, the target of the cholinergic projection.
NGF was neutralized by specific monoclonal antibodies, released by hybridoma cells implanted
in the lateral ventricle of rats. To see whether the effects of endogenous NGF on the cholinergic
function are age-dependent, rats were implanted at three different postnatal ages: P2, P8 and P15
and the experiments were performed one or two weeks later.

All these aims were pursued with electrophysiological experiments on hippocampal slices, using

standard intracellular technique or the patch clamp technique in the whole cell configuration.
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3 Methods

3.1 Slice preparation

Hippocampal slices were prepared from postnatal day P1-P24 old Wistar rats (PO is the day of
birth). Animals were decapitated after being anaesthetized with intraperitoneal injection of
urethane (2 g Kg'l). The brain was quickly removed from the skull and immersed in oxygenated
(95% O, and 5% CO,) cold artificial cerebrospinal fluid (ACSF). The hippocampi were dissected
free. Transverse 500-600 pm thick slices were cut with a Mcllwain tissue chopper and
maintained at room temperature (22-24 °C) in artificial cerebrospinal fluid (ACSF) containing
(in mM): NaCl 126, KCl1 3.5, NaH,POq4 1.2, MgCl, 1.3, CaCl, 2, NaHCO;s 25, glucose 11, (when
oxygenated the pH was 7.3-7.4). After incubation for at least one hour, an individual slice was
transferred to a submerged recording chamber, continuously superfused at 33-34°C with
oxygenated ACSF at a rate of 3ml/min. In some experiments minislices were prepared by
isolating by a knife cut a small portion of the CA3 region from the rest of the hippocampus.

In the cases of animals treated with hybridoma or myeloma cells, slices were obtained only from
the hippocampus controlateral to the injection side, while the ipsilateral one was quickly frozen

in dry ice for ELISA experiments.

3.2 Solutions and drugs

In patch clamp experiments, the intracellular solution contained (in mM): KCl or KF 140, MgCl,
1, NaCl 1, EGTA 1, HEPES 5, KbATP 2; the pH was adjusted to 7.3 with KOH; the osmolarity
was adjusted to 280 mOsm with sucrose. In a few experiments in order to differentiate

glutamatergic from GABAergic synaptic events, a mix of K-gluconate (90 mM) and KCI (40
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mM) was used. In these cases, the CI” equilibrium potential was at about -30 mV. At this
potential GDPs could be clearly recognized from the synaptic noise. In intracellular experiments
the solution used in the electrode was KC1 3M or K-methylsulphate 2M.

Drugs were dissolved in ACSF and applied in the bath by changing the superfusion solution to
one which differed only in its content of drug(s). The ratio of flow rate to bath volume ensured
complete exchange within 1 min. Drugs used were:
(RS)-0-amino-3-hydroxy-5-methyl-4-isoxadepropionate (AMPA), domoic acid, kainic acid, N-
methyl-D-Aspartate  (NMDA), (+)—3—(2-carboxy—piperazin—4-yl)-propyl—1-phosphonic acid
(CPP), D(-)-2-amino-5-phosphonopentanoic  acid (D-APS), 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) or CNQX disodium, 6,7—dinitroquinoxaline—2,3(1H,4H)—dione (DNQX), ¥~
aminobutyric acid (GABA), bicuculline, all puchased from Tocris; kynurenic acid, tetrodotoxin
(TTX),  carbachol, 6-chloro—3,4dihydr0-3—[2-norbornen—5—y1]-ZH—1,2—4benzothiadiazine—7-
sulfonamide 1,1-dioxide (cyclothiazide), physostigmine (eserine), ethyl[m-hydroxyphenil]-
dimethylammonium (edrophonium) chloride, atropine sulfate salt, 5,11Dihydro-1 1[(4-methyl-1-
piperazinyl)acetyl]—6H—pyrid0—[2,3—b][1,4]benzodiazepin-6one (pirenzepine) dihychloride from
SIGMA; GYKI 52466, N,N’-bis[6-[[(Z—Methoxyphenyl)methyl]amino]hexyl]—1,8-0ctane
diamine (methoctramine) tetrahydrochloride from RBI; GYKI 53655, from Lilly; echothiophate,
gift of Prof. Andrea Nistri.

Stock solution of CNQX, DNQX, cyclothiazide were solved in DMSO at concentrations at least
1000 times lower than those used for the experiments; kynurenic acid was solved at a
concentration of 100mM in NaOH equimolar solution. A solution containing DMSO at 1/1000

was tested in some experiments and did not change GDPs frequency or membrane potential.
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3.3 Electrophysiological recordings

3.3.1 Patch claimp whole cell recordings

To study GDPs and their modulation by glutamate and ACh during the first postnatal week,
patch clamp whole cell recordings (in current clamp configuration) were performed from CA3
and CA1 pyramidal cells. The patch was blind and neurons were idenﬁfiéd mainly from their
electrophysiological properties (i.e. accomodation). According to the blind technique, a patch
pipette is advanced through the slice and positive pressure is continuously applied to it. A current
pulse of 1 nA lasting 100 ms is continuously applied. When a voltage variation during the
current injection occurs, presumably the pipette tip is touching the cell membrane. At this point
the amplitude and duration of current pulse are reduced to 0.5 nA and 50 ms respectively and the
positive pressure is released usually causing an increase in amplitude of the voltage step. Then, a
negative pressure is applied aﬁd a high resistance seal is established. The amplitude and duration
of the current pulse are reduced to 0.01 nA and 20 ms and further negative pressure breaks the
patched membrane to establish a whole-cell configuration. Current was injected through the
recording electrode by means of a standard amplifier (Axoclamp 2B, Axon Instruments, Foster
City, CA). Patch pipettes were pulled from borosilicate glass capillaries (1.5 mm od) and had a
resistance ranging from 3 to 6 M when filled with the intracellular solution. When the electrode
was placed in the bath, its resistance was balanced in bridge mode, and capacitative transients
were minimized by negative capacity compensation. The bridge balance was further adjusted and
checked repeatedly during the experiments, usually it had a value ranging from 20 to 50 MQ. A
low positive pressure to the pipette applied just after breaking into the whole-cell configuration
helped to keep the electrode resistance low. Cell input resistance was measured from the

amplitude of hyperpolarizing potentials evoked by injecting a steady current through the
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recording electrode and usually ranged from 200 to 500 MQ. Single spikes were evoked by

injecting depolarizing current pulses of 0.1-0.4 nA for 10 ms through the recording electrode.

Accommodation was checked injecting current pulses of different amplitude (0.1- 0.3 nA) for

800 ms.

3.3.2 Intracellular recordings

To investigate the effects caused by NGF deprivation on the cholinergic function in the
hippocampus, intracellular recordings were performed on CAl pyramidal neurons using
conventional microelectrodes. The CAl area was chosen because this region receives a large
innervation from the septohippocampal pathway. Cholinergic fibers are rather compact in
stratum oriens and therefore easy to stimulate. Pipettes were pulled from borosilicate glass
capillaries (Clark 1.2 mm od) and had a resistance ranging from 40 to 120 MQ when filled with
KCI and from 70 to 140 MQ when filled with K-methylsulphate. The recording methods were
‘similar to those described for the blind patch. Also the measurements of input resistance, spike

accommodation, etc. were similar.

3.3.3 Extracellular recordings

The presynaptic effects of carbachol on the release of glutamate in NFG deprived animals was
studied using extracellular field potentials (fEPSP). fEPSPs, evoked in the CAl region by
stimulation of the Schaffer collaterals (at 0.05 Hz using bipolar twisted NiCr insulated
electrodes) were recorded with 2 M NaCl-filled electrodes (resistance 2-5 MQ) positioned in the
stratumn radiatum. The stimulation intensity was set so that the amplitude of the fEPSP was about

half of the maximal response. fEPSPs were recorded with a Dam 80 Differential Amplifier (WPI,
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Tnc., USA) and acquired and analyzed with the 'LTP’ software package (courtesy of Dr. W.W.

Anderson, Bristol University, UK).

3.3.4 Electrical stimulation

GDPs recorded With a patch pipette in CA3 region were evoked with stimulating electrodes
(twisted NiCr insulated wire, 50 wm o.d.) placed in the hilus or in the stratum radiatum. Usually
the stimulation intensity was increased until it reached the threshold for GDPs, and then fixed to
a value 20-30% higher. Clusters of GDPs could be elicited by a train of stimuli (20-50 at 10-30
Hz) delivered by stimulating electrodes placed in the hilus, stratum radiatum or in the fimbria.
The stimulation intensity was 2-3 times that required to induced single GDPs. Slow cholinergic
EPSPs were evoked in the CAl region by stimulation of cholinergic fibers in stratum oriens.

Parameters of stimulation consisted in 30-50 pulses (40 ps duration each), at 15-25 Hz.

3.3.5 Data acquisition and analysis

During the experiments, the sampled voltages and currents were simultaneously recorded on a
pen recorder and displayed on a digital oscilloscope. They were also stored on a magnetic tape
after digitization with an A/D converter (Digidata 1200). The program pCLAMP (Axon
Instruments, Foster City, CA) was used to inject current pulses, to trigger evoked events and to
acquire data on line. Signals acquired from the computer were amplified 5 times and filtered at
10 kHz. Sampling time was different between events. Input resistance, accommodation and I/'V
curve were measured acquiring data at a frequency of 1.25 kHz. The frequency used to record
GDPs was 3 kHz, while that used to acquire a spike was 10 kHz. The amplitude and frequency of

GDPs were analyzed off-line with Axoscope (Axon Instruments, Foster City, CA) after a
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reacquisition of data from tape. Even in this case data were amplified 5 times, filtered at 100 kHz
and the frequency of acquisition was 1 or 2 kHz. |

The amplitude, rising phase, half width of GDPs were analyzed in some cells. Events were
detected and analyzed with AxoGraph 3.5.5 program (Axon Instrument). To identify the events,
the program uses a detection algorithm based on threshold in amplitude or on a sliding template.
The template did not induced any bias in the sampling of the events since it was moved along the
data trace one point at a time and was optimally scaled to fit the data at each position. Data traces
were sampled at a frequency of 5 kHz and then filtered at 10 Hz in order to eliminate spikes. The
detection criterion was calculated from the scaling factor of template and from how closely the
scaled template fitted the data. The threshold for detection was set at 5 times the standard
deviation of the baseline noise. If an appropriate template is used, the program can detect all
GDPs present in the analyzed trace. GDPs are usually clearly distinguishable from other events.
The program marks all detected events on the trace analyzed and it allows one to verify them in
an expanded scale.

Tf not otherwise stated, data are expressed as mean + S EM. Student’s unpaired t-test was used

for comparison of unpaired data.

3.4 Cell culture and intraventricular injection of anti-NGF

antibodies in vivo

To study the role of endogenous NGF on the cholinergic function in the hippocampus,
hybridoma cells secreting oD11 monoclonal antibodies selective for NGF (Cattaneo et al,
1988), were injected into the right lateral ventricle of Wistar rats at P2 or P15. This antibody

neutralises NGF action by inhibiting its binding to TrkA receptor and is specific for NGF, as it
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does not cross-react with other neurotrophins in an in vitro bioassay (Gonfloni, 1995). Parental
myeloma cells (cells line P3-X63Ag8, briefly P3U) were injected as a control. Hybridoma and
myeloma cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Cells were washed four times in Hank’s balanced salt solution and finally
resuspended at 2x10° cells/l and implanted into the right ventricle at postnatal (P) day P2 (1 ul)
or P15 (2). Animals weré sacrificed one or two weeks after the injéction. For the injection,
animals were anaesthetized with ether at P2 or with chloral hydrate (4 ml/kg, 0.9% of saline
sterile solution) at P15. Cells were injected with a 17 gauge needle connected to a 25 pl
Hamilton by a polyethylene cannula, 1.5 mm lateral to the median suture and 0.5 mm posterior
to Bregma at P2 and 1,5 lateral 0.5 anterior to Bregma at P15. After injection, animals were
treated with cyclosporin A (Sandoz, 15 mg/kg) every other day in order to prevent implant
rejection’. In previous work it was demonstrated that hybridoma cells are present in the host brain

up to one month after injection (Domenici et al., 1994).

3.5 Antibody detection

In animals injected with hybridoma cells, levels of D11 antibodies were detected in the
hippocampus by means of ELISA. Cortices and hippocampi of injected rats were collected and
rapidly frozen on dry ice. On these samples, proteic extracts were perfomed. Hippocampi and
cortices were homogenized (1:5 weight/volume) in extraction buffer (0.125 M NaCl, 0.05 M Tris
pH 7.6, 2 mM EGTA, 2 mM EDTA, aprotinin 100 ng/ml, leupeptin 2 ng/ml and
phenylmethansulfonyl fluoride 0.2 M). The homogenized tissue was centrifuged at 44.000 rpm
for 30 minutes at 4°C. The soluble fraction collected was centrifuged-again at 12.000 rpm for 15

minutes at 4°C. NUNC Maxi Sorp plates (Applied Scientific, San Francisco, CA) were coated
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with NGF (Spg/ml, 50ul per well). Plates were then washed 5 times in 0.05 % Tween 20 in PBS
followed by 5 washes with PBS, and then blocked with 100 ul of 10% of 10mM PBS containing
2% milk for 2 hours at room temperature. D11 standards were prepared by serial dilution with
PBS 2% milk from 250 ng to 0.125 ng of aD11 antibody. For the CSF samples, the standards
were diluted in PBS 2% milk. For the tissue samples, standards were diluted in 50 pl of PBS/2%
milk, containing proteic extracts from cortices and hippocampi of normal rats, diluted 1:10.
Tissue samples were prepared by diluting the extracts 1:10 in 50 ul PBS 2% milk and incubated
with solid phase NGF overnight at 4°C. The plates were then washed as above, and incubated 2
hours at room temperature with 50 ul per well of biotinylated rabbit anti rat IgG (AMITY) in
PBS/2% milk. After washing, the peroxidase reaction was developed by adding to each well 50
ul of 1-step TMB Turbo ELISA (PIERCE) and this reaction was stopped by adding 50 pl of 2 M

sulphuric acid. Standards and samples were analyzed with an ELISA-reader at 450 nm.

3.6 Determination of acetylcholine release following stimulation of

hippocampal slices

For releasing experiments, hippocampal slices (400 um thick) were obtained from 29 Wistar rats
(implanted with P3U or aD11 cells at P2 or P15, see Table 4.5 in tﬁe Results). Slices prepared
according to a previously described technique (Vannucchi et al., 1990) were kept at room
temperature in oxygenated ACSF for 30 min and then for an additional 20 min in ACSF
containing physostigmine sulphate (3.8 uM, Sigma). They were then transferred to Perspex
superfusion chambers of 0.9 ml volume and superfused at 37°C with oxygenated ACSF

containing 3.8 UM physostigmine sulphate (at the rate of 0.2 ml min™"). Following 60 min of
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washing, 5 min fractions were collected from each chamber. After collection of two 5 min
samples, slices were electrically field-stimulated at 2 Hz for 5 min with rectangular pulses of
alternating polarity (current strength: 30 mA cm?, pulse duration: 5 ms). One cycle of
stimulation was followed by a 10 min period of rest. At the end of the experiments, slices were
weighed. 1 ml samples of superfusate added to 50 pl of 0.25 pM ethylhomocholine (EHC) as
internal standard were purified over Sephadex G-10 columns (Vannucchi et al., 1990). ACh was
eluted from columns with 2 ml of formic acid (10 mM). The eluate was then dried in a vacuum
centrifuge, resuspended in 100 pl of bidistilled water, filtered over Whatman GF/C paper in a
blue Gilson tip, and centrifuged for 5 min at 2,000 g. ACh release was quantified by HPLC
according to the method described (Casamenti et al., 1993). In brief, ACh was separated in a
cation exchange column prepared by loading a reverse-phase Chromspher Cartridge C18 column
(Chrompack, Middleburg, The Netherlands) with sodium lauryl sulphate. An enzymatic post-
column reactor (10 X 2.1 mm, Chrompack) containing acetylcholinesterase (EC 3.1.1.7, type VI-
S) and choline (Ch) oxidase (EC 1.1.3.7), obtained from Sigma Chemical (St. Louis, MO, USA),
covalently attached to Hypersil APS—Z, activated with glutaraldehyde was used. In the enzymatic
reactor, ACh is hydrolyzed to acetate and Ch; Ch is subsequently oxidized enzymatically to
produce hydrogen peroxide. The latter compound was electrochemically detected by a platinum
electrode at +500 mV. The mobile phase consisted of 0.2 M potassium phosphate (pH 8)
containing 5 mM KCl, 1 mM tetramethylammonium chloride and 0.3 mM EDTA. The flow rate
was 0.7 ml min™. To evaluate the amount of ACh in the perfusate, standard calibration curves
were constructed by spiking 1 ml of ACSF solution, containing 0.5 pM EHC as internal
standard, with known amounts of ACh. All the standards were then passed through the Sephadex

G-10 columns described above. The peak height ratios of standard ACh to the internal standard
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were then plotted against their concentrations, and the concentration of ACh estimated by

regression analysis.

3.7 Immunohistochemistry

Brains were collected from animals injected at P2, P8 or P15, one, two or three weeks after the
injection. All animals were deeply anaesthetized and perfused through the left cardiac ventricle
with saline solution followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer pH 7.4
(PB: 1ml/gr of body weight). Brains were postfixed in this solution for 4 hours, and then
cryoprotected with 25% sucrose in PB 0.1 M pH 7.4. Coronal brain sections were cut with a
sliding microtome at a thickness of 40 pm (P2 and P8) or 30 um (P15) and collected in 0.1 M PB
pH 7.4.

Cholinergic neurons of the basal forebrain were labeled with a monoclonal antibody directed to
cholinacetyltransferase (ChAT) (Umbriaco et al., 1994). Brain sections were washed in 0.1 M
PB, and incubated overnight at 4°C in the primary antibodyr diluted in 0.1 M PB pH 74
containing 0.3% TritonX-100 and 10% normal goat serum (NGS), at a final concentration of 2.5
ng/ml. Section were washed in 0.1 M PB and incubated in biotinylated goat anti-mouse IgG
(Sigma, ST. Louis, MO) at a dilution of 1: 200 in 0.1 M PB containing 0.3% Triton-X 100 and
10% NGS, for 1 hour at room temperature. Following washes in 0.1 M PB, sections were
incubated in an avidin-biotin-peroxidase mixture (Vectastain ABC Kit, Vector Laboratories,
Belmont, CA) diluted in 0.1 M PB containing 0.3% TritonX-100, for a further hour at room
temperature. The peroxidase reaction was revealed with a nickel intensified method. Sections
were washed in 0.1 M PB followed by washes in 0.1 M sodium citrate (Na citrate) pH 6, and

then incubated in a developing solution for 5 to 10 minutes [0.04% 3,3’-diaminobenzidine
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tetrahydrochloride (Sigma), 0.2% nickel ammonium sulphate, 0.2% D(+)-glucose, 0.002%
glucose oxidase (Sigma) in Na citrate 0.1 M pH 6]. Sections were then washed in Na citrate pH

6, followed by washes in 0.1 M PB pH 7.4, mounted on 2% gelatin coated slides, dehydrated and

mounted with DPX.

3.7.1 Quantitative analysis

To evaluate the density of ChAT positive cells, cell counts were made at 200x magnification
using an ocular grid mounted on a Zeiss Axiophot microscope. ChAT positive cells were
counted at 4 representative levels through the whole rostrocaudal extention of the medial septum
(MS) and diagonal band (DB) regions. MS was demarcated against DB by an horizontal line
paralleling the anterior commisure. For each age, 3 controls and 3 experimental animals were
analyzed. For each group the mean of density was calculated (cell/mm?), and un-paired t-test was
performed on the mean density to evaluate the statistical significance. Furthermore, in the same
areas the cell body size was measured with the MicroComputerImagingDevice software
(IMAGING Research Incorporation, Ontario, Canada). Only cells with the nucleus on the focus
plap were selected. The statistical significance was evaluated applying the man whitney rank
sum test. In order to have a quantitative indication of the cell soma reduction, shrinkage index
was calculated on the data obtained from the soma size measurements. It is defined as the
difference between the mean of the median of P3U injected rats and the mean of the median of

aD11 injected animals.
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4. Results

4.1 Role of ionotropic glutamate and muscarinic receptors in GDPs

modulation

As already described in the introduction, GDPs are modulated by both NMDA and non-NMDA
jonotropic glutamatergic receptors (Ben-Ari et al., 1989, Gaiarsa et al., 1991). However, the
different role played by these receptors in GDPs regulation has not been completely elucidated.
Therefore, in a first set of experiments, the role of ionotropic glutamate receptors in‘GDPs
generation was re-examined, taking advantage of new and more selective pharmacological tools.
Moreover, the conductances activated during GDPs were studied in pyramidal cells after the
block of GABA-receptor mediated inward current with an intracellular solution containing
fluoride. Then, in a second series of experiments, the capability of endogenous ACh or
carbachol, to modulate GDPs via muscarinic receptors was studied. The rationale behind these
experiments is in the relatively late postnatal development of the septo -hippocampal pathway.
This projection consists of cholinergic and GABAergic fibers (about 80% and 20%,
respectively); the cholinergic projection plays a fundamental role in maintaining higher cognitive
functions. Cholinergic fibers start to reach their target in the hippocampus at P1-P3 but attain an
adult pattern only towards the end of the second postnatal week.

Stable whole cell recordings (in current clamp configuration) lasting more than 30 min were
obtained from 250 CA3 pyramidal cells in slices from P1-P6 old rats which exhibited
spontaneous GDPs. GDPs consisted of large (30-50 mV) depolarizing potentials lasting 400-700

ms, which triggered action potentials, followed by an afterhyperpoléfization and occurred at the
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frequency of 4.3 + 0.4 GDPs/min. Analysis of the frequency of GDPs at different ages did not

show any significant difference.

4.1.1 AMPA receptor activation is necessary for GDPs induction

To test the role of AMPA receptors in GDPs induction, the selective AMPA/kainate receptor
antagonist CNQX (10-40 uM) was applied (n=4). As reported earlier (Gaiarsa et al., 1991), this
compound completely blocked spontaneous GDPs (Figure 4.1), even in slices from rats as young

as P2. A full recovery was obtained 10-15 min after wash. The effects of CNQX were not due to
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Figure 4.1 10 pM CNQX only partially blocks AMPA receptors.

A, B, C are recordings from the same CA3 pyramidal neurons recorded at P5. A Bath application of CNQX (arrow)
blocked the spontaneous but not the evoked GDP (shown on the right on an expanded time scale). This effect was
associated to an increase in frequency and amplitude of spontaneous synaptic events. In the presence of CNQX, bath
application of GABA (20 uM, B) or AMPA (5 uM, C) was able to restore GDPs.
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the solvent (DMSO) in which CNQX was dissolved,‘ since the same concentration of DMSO did
not produce any effect. Moreover in some experiments (n=6) CNQX disodium salt was used, and
similar results were obtained. Mc Bain et al. (1992) have reported that bath application of CNQX
to CA3 pyramidal neurons induced an increase in GABA-mediated synaptic noise. This effect
was peculiar to CNQX and it was not mimicked by DNQX or kynurehic acid. The authors
suggest a direct depolarizing action of CNQX on a smaﬂ population of local interneurons. To
avoid this problem, other AMPA receptors antagonists was tested. Similarly to CNQX, DNQX
(20 uM, n=5), GYKI 52466 (20-100 uM, n=6) and kynurenic acid (2 mM, n=8) blocked GDPs.
However, in the presence of these antagonists, it was still possible to evoke GDPs by focal
stimulation (Figure 4.1) or to re-induce the appearance of spontaneous GDPs by bath application

of GABA (20 uM), AMPA (5 pM) or NMDA (1 uM), although NMDA was ineffective in the

presence of kynurenic acid. In the presence of kynurenic acid (2mM), increasing concentrations

kynurenic acid (2 mM)
+ KCI (6.5 mM)

10s

Figure 4.2 Bath application of 6.5 mM potassium in the presence of kynurenic acid induces the
appearance of GDPs.
In slice from a P6 rat bath perfusion of kynurenic acid blocked GDPs. Increasing the extracellular
potassium concentration from 3.5 to 6.5 (bar) induced the re-appearance of GDPs followed by a
membrane depolarization associated to an increase in synaptic noise.
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of external potassium (from 3.5 to 6.5 mM) were also able to induce the re-appearance of GDPs
(Figure4.2) suggesting that a general increase in cell excitability and/or a depolarization of the
terminals was sufficient to release neurotransmitters (including glutamate) able to synchronize
the entire network.

AMPA-induced GDPs were usually associated to a 5-12 mV membrane depolarization. Both
GDPs as well as the membrane depolarization were prevented (in the presence of kynurenic acid)
by bicuculline (10 uM), suggesting that both phenomena were due to the release of GABA

(Figure 4.3). The possibility to synchronize again the network with AMPA suggests that the

A Kynurenic acid 2mM
+ AMPA 5uM l J 10 mv

-52 mV
B
+ Bicuculline 10uM
+ AMPA 5uM
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Figure 4.3 The AMPA-induced depolarization observed in the presence of kynurenic acid is prevented by
bicuculline (P4) o

A in the presence of kynurenic acid, AMPA (5 UM) induced the re-appearance of GDPs followed a membrane
depolarization and an increase in synaptic noise. B The effects of AMPA were prevented by bicuculline (10 uM).
Downward deflection in A and B are electrotonic potentials evoked by injection of rectangular current pulses (250
ms duration) through the recording electrode
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concentrations of the competitive antagonists used were not sufficient to block AMPA receptors.
To check whether this hypothesis was correct, a more potent, selective and non competitive
AMPA receptor antagonist, GYKI 53655 (Paternain et al., 1995) was tested. GYKI 53655 (50-
100 uM) blocked spontaneous GDPs, but in this case neither electrical stimulation nor AMPA (5
uM) or GABA (20 uM) application could induce evoked or spontaneous GDPs (Figure 4.4).

These data suggest that the glutamatergic drive via AMPA receptors is essential for GDPs

generation.
A | GYKI 53665 (50 uM)
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Figure 4.4 AMPA receptor activation is essential for GDPs induction

A, B, C and D are tracings from the same cell (recorded at P5). A Bath application of the selective AMPA receptor
antagonist GYKI 53655 (arrow) readily blocked spontaneous and evoked GDPs. In ‘the presence of GYKI 53655,
electrical stimulation failed to evoke a GDP (in the inset above the trace on an expanded time scale). B,C n the
presence of GYKY 53655, both AMPA (bar, B) and GABA (bar, C) failed to re-induce GDPs. D 30 minutes after
washing GYKI, spontaneous GDPs reappeared. Bath application of GABA (20 uM, bar) was able to increase their
frequency.
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To further examine the role of AMPA receptors in GDPs induction, experiments were performed
in the presence of cyclothiazide, a selective blocker of AMPA receptor desensitization (Partin et
al., 1993). In the presence of cyclothiazide (20 uM) GDPs frequency increased by 76 = 14%
(n=6, Figure 4.5). In three of these experiments slices were obtained from rats as young as Pl;
P2. Although in these cases the effects of cyclothiazide were less pronounced (only a 50%
incyease in GDPs frequency was observed) these findings suggest that functional AMPA

receptors are already present at very early stages of postnatal development.
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Figure 4.5 Cyclothiazide increases the frequency of GDPs.

A, B Representative tracing from a CA3 pyramidal cell recorded at P4 in control condition (A) and during bath
application of cyclothiazide (B). C GDPs frequency of the cell shown in A and B is plotted against time. Each
column represents the number of GDPs recorded in one min. '
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Kainate receptors were not apparently involved in GDPs induction, since in the presence of

GYKI 53655 both kainate and domoic acid (0.1-1 uM) failed to induce GDPs (n=3, Figure 4.6).

They increased synaptic noise without altering the membrane potential. In the absence of GYKI

53655, kainate and domoic acid increased GDPs frequency and synaptic noise and induce a

membrane depolarization of 36 = 4 mV (n=5, Figure 4.6).
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Figure 4.6 GYKI 53665 blocks the depolarization and increase in GDPs frequency induced by kainic acid.

A and B are recording from the same cell (at P5). A Bath application of kainic acid induced an increase in
GDPs frequency associated with a membrane depolarization and to an increase of synaptic noise. B Both GDPs
and membrane depolarization were prevented by GYKI 53665. Downward deflection in A and B are
electrotonic potentials evoked by injection of steady current through the recording electrode
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4.1.2 NMDA receptors contribute to GDPs generation
To assess if NMDA receptors were necessary for GDPs generation, the selective NMDA
receptor antagonists D-AP5 and CPP were applied in the bath. As shown in Figure 4.7, D-AP5

(50 uM) applied for 10-15 min produced a reduction of GDPs frequency that was not maintained

throughout the period of drug application but slowly tended to recover towards control values.

A D-AP5 (50 uM) B

control D-APS
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Figure 4.7. NMDA receptor activation is not essential for GDPs generation.
A Representative tracing from a CA3 pyramidal cell recorded at P4 in control condition and during bath

application of D-AP5 (bar). B Two GDPs from the recording in A, are shown on an expanded time scale. C GDPs
frequency for the cell shown in A is plotted against time. Each column represents the number of GDPs recorded in
one min. D Normalized GDPs frequency recorded during application of D-AP5 (50 uM) and CPP (20 uM) respect
to pre-drug treatment (100%, dotted line). Bars indicate standard error of the mean; n refers to the number of

experiments
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During D-APS applications, the GDPs frequency was reduced by an average of 35 £7 % (n=10).
Similar results were obtained with CPP (20 uM, n=7; Figure 4.7 D). In two cases (out of

seventeen) a complete blockade was observed during the first minutes of NMDA antagonist

application, but also in this case after few minutes GDPs reappeared (Figure 4.8). Usually no

| CPP[20 uM]

GDPs/min
£

Al

time (min)

20

Figure 4.8 CPP induces a transient block of GDPs
A Representative tracing from a CA3 pyramidal cell recorded at P5. Bath perfusion of CPP (arrow) induced a

transient block of GDPs whose frequency 7 min after CPP application was close to the pre-drug value. B GDPs
frequency of the cell shown in A is plotted against time. Each column represents the number of GDPs recorded

in one min.
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changes in the shape of GDPs were observed during application of NMDA antagonists. These
data suggest that while NMDA receptors may contribute to GDPs expression they are not
essential for their induction. It is worthwhile noticing that, in the presence of CNQX (10-40 pM),
DNQX ( 10-20 pM) or GYKI 52466 (the less specific one) GDPs re-induction by GABA or
AMPA could be prevented by adding to the perfusate D-APV (30 uM) or CPP (20 uM) (Figure
4.9). In these experimental conditions also evoked GDPs could not be elicited. These
observations indicate that the contribution of NMDA receptors to network synchronization is

essential after partial block of AMPA/kainate receptors.

CNQX 20uM + APS 50uM
+ GABA 20.M

Figure 4.9 Co-application of CNQX plus AP-5 prevented re-induction of GDPs by GABA

Tracing of a CA3 cell at P4. Bath application of CNQX and AP-5 cmpletely abolished GDPs. These were
not re-induced by application of GABA (bar). GABAproduced only a slight membrane depolarization
associated with an increase in firing (upward deflection)
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4.1.3 Intracellular blockade of GABA,-receptor with fluoride reveals an AMPA-mediated
component of GDPs

In a previous work aimed at understanding synchronization of interneuronal network (Khazipov
et al. 1997), whole cell recordings were made from interneurons dialyzed with the poorly
permeable anion F~ which suppresses GABA inward current (Bormann et al. 1987). We have
used a similar approach to see whether also in pyramidal cells, glutamate receptors are activated
during GDPs. To this purpose we have tesféd: i. GDPs reversal potential immediately and 30-40
min after a full whole-cell access was achieved with a F containing solution; ii. the
pharmacological sensitivity of GDPs to ionotfopic NMDA and non NMDA glutamatergic
receptor antagonists. Furthermore we have tested whether GABA-induced responses were really
blocked in the recorded cell and if NMDA and AMPA responses were altered using -
containing solution.

Immediately (3 to 5 min) after breaking into whole cell configuration, the reversal of evoked
and spontaneous GDPs was 457 + 6.1 mV (n=28) and -40.8 £ 6.2 mV (n=11), respectively.
Plots of amplitude/voltage relationships were always linear. The slope of the regression lines
through different data points was 20.58 +0.19 (n=28) for evoked (Figure 4.10) and -0.67 £ 0.14
(n=11) for spontaneous GDPs. After 30-40 minutes of dialysis with an intracellular F containing
solution, a complete block of GABA-evoked responses in the presence of TTX (1 uM) was -
observed (Figure 4.11). The GABA4 inward current suppression was associated to a significant
shift of the reversal of GDPs towards more positive values and to a reduction in the slope of the
regression lines, indicating a reduction of GDPs amplitude (Figure 4.10).

The reversal of the evoked and spontaneous GDPs was -14.1 £ 114 mV (n=17) and -15.8 £13.1

mV (n=6), respectively, while the slope of regression line was -0.29 £ 0.12, n=17 for evoked and
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Figure 4.10 Intracellular blockade of GABA receptors with fluoride reveals a novel component of evoked GDP.
A Evoked GDPs (arrows) recorded at different membrane potentials (at P4) with a patch pipette containing KF,
1 min (left) and 40 min (right) after breaking into the whole cell configuration. B Plot of GDPs (shown in A)
amplitude versus membrane potentials. Note the shift to the right of the reversal potential and the change in the
slope of the amplitude-voltage plot, 40 min after dialyzing the cell with fluoride.
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Figure 4.11. Intracellular fluoride blocks
GABA 4 receptors.

Pairs of recordings from adjacent CA3
pyramidal cells patched with pipettes
containing KCl and KF. Application of
GABA (bar) in the presence of TTX (1uM)
induced a membrane depolarization
associated to an increase in membrane
conductance only in the cell recorded with
KCl. Downwards deflections are electrotonic
potentials evoked by injection of steady
current pulses of the same amplitude (250
ms duration).

GDPs amplitude (mV)
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-0.31 £ 0.13, n=6 for spontaneous. In the majority of cells the amplitude/voltage relationship was
linear, while in four cases a rectification at more negative potentials was observed. The shift of
the reversal potential towards more positive values as well as the reduction of the slope in the
amplitude/voltage relationship suggest the presence of a different component unmasked after
intracellular blockade of GABA, inward current with F. To understand the nature of this
residual component, spontaneous and evoked GDPs were recorded at different membrane
potentials in the presence of AMPA and NMDA receptor antagonists (Figure 4.12). Bath

application of CNQX (10-20 pM) completely abolished the residual component of spontaneous

GDPs and in 8/11 cases completely blocked the evoked GDPs. In 3/11 cells, D-APV (50 uM),
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Figure 4.12. NMDA and non-NMDA glutamatergic component of the evoked GDP revealed after blocking
GABA with intracellular fluoride.

A GDP evoked after 30 min breaking into whole-cell configuration, in control condition and in the presence of
D-APS5 (50 uM) and CNQX (20 pM). Membrane potential —80 mV. B Plot of GDPs amplitude versus
membrane potential in control conditions (closed circles) and in the presence of D-APS (open circles). C GDP
evoked in another neuron in the same experimental conditions as in A. Note the presence of D-APS sensitive
component. Arrows indicate the time of stimulation: membrane potential ranges from ~77 mV to -65 mV.
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reduced the amplitude and duration of GDPs. In the presence of D-APS and CNQX, GDPs could
not be evoked.

It could be that the glutamatergic component of GDPs, which remains after blockade of GABAA
inward current, is amplified as the result of the interference of intracellular F~ with phosphatases
(Andrews and Babior, 1984), enzymes that regulate receptor desensitization (Yakel, 1997). To
test this hypothesis, the amplitude of AMPA responses recorded in TTX (1 uM) with a F
containing intrapipette solution was compared with that of responses recorded with a KCl

solution. As shown in Figure 4.13, in F, AMPA responses were not significantly (p>0.08)

different from those recorded in KCI.

Figure 4.13. Intracellular fluoride does not
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Paired recordings performed from adjacent CA3 pyramidal cells (n=21), using two different
intrapipette solutions showed that GDPs recorded with KF and KCl were still synchronous in the
two cells confirming their combined glutamatergic and GABAergic nature (Figure 4.14).
However, a clear difference in the shape of GDPs recorded with KF or KCl1 was observed. As
depicted in Figure 4.14, in KF GDPs were smaller and exhibited a slower rising phase that often

did not reach the threshold for action potential generation. When GABA (20 uM) or AMPA

(5uM) were applied in the presence of kynurenic acid (1 mM), they were able to re-induce GDPs
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Figure 4.14 GDPs recorded with KCI or KF are synchronous but have different size

A. Pairs of recordings from adjacent pyramidal cells (at P5) patched with intrapipette solutions containing
either KCl (top) or KF (bottom). Note that GDPs are synchronous in the two recordings. B Two GDPs (marked
with an asterisk) are superimposed shown on an expanded time scale. GDPs recorded with KF are smaller in
amplitude and exhibit slower kinetics.
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kynurenic acid (1 mM)
+GABA (20 uM)
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Figure 4.15 Kynurenic acid 1mM does not completely abolish the glutamatergic component of GDPs

A Pair recordings from the same cells of Figure 4.14. Bath application of the broad spectrum NMDA and non-
NMDA ionotropic glutamatergic antagonist kynurenic acid abolished GDPs, that could be re-induced by bath
application of GABA (bar) on the cell patched with KClI containing electrode (top trace). Note that a small
component of GDPs coul be still detected in the cell patched with KF containing pipette (bottom trace). B Traces
during GABA application are shown in an expanded time scale.
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in the cell recorded with KCl electrode (Figure 4.15), but only a small response could be detected
with the KF containing pipette synchronous with the GDPs recorded with the KCl electrode. In
contrast when the antagonist concentration was increased to 2 mM no signals could be detected

with the KF pipette though GABA still had a small depolarizing effect (Figure 4.16).

kynurenic acid (2 mM)
+GABA (20 pM)
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Figure 4.16 Kynurenic acid 2 mM completely abolishes the glutamatergic component of GDPs.
Pairs of recordings from the same cells of Figure 4.14 and 4.15. In the presence of kynurenic acid 2 mM,
bath application of GABA could re-induced GDPs only in the cell patched with KCI. containing electrode.

4.1.4 Source of glutamatergic drive needed to synchronize GABAergic interneurons

Glutamate may be released from mossy fibers, known to make synaptic contacts with the
proximal dendrites of CA3 pyramidal neurons and with GABAergic interneurons (Acsddy et al.,
1998). In early postnatal days, when the present experiments have been performed, mossy fibers

are not completely developed (Gaarskjaer, 1986) and therefore their contribution to GDPs
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induction is expected to be modest. On the contrary, associative-commisural fibers from the
controlateral hippocampus as well as collaterals of CA3 pyramidal cells may be a good candidate
for the source of this glutamatergic drive. In order to examine this‘ hypothesis, in 3 slices, a small
portion of the CA3 region was isolated with a knife cut from the rest of the hippocampus and
paired’recordings were performed from two adjacent CA3 pyramidal cells using two intrapipette
solutions containing KF and KClI, respectively. In these conditions GDPs with characteristic
similar to those reported above could be still recorded synchronously in the two cells (Figure
4.17). This suggests that a local population of pyramidal cells and interneurons is sufficient to
generate GDPs and that collaterals of principal cells are probably the main source of

glutamatergic drive.
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Figure 4.17 GDPs are still present in minislices of the CA3 region.

A Schematic diagram showing a minislice of the CA3 region disconnected with a knife cut from the rest of

the hippocampus at P5. B Pairs of recordings from adjacent pyramidal cells (patched with KCl and KF
~ intrapipette solutions) are still synchronous. In this case, the glutamatergic component of the GDP detected

with KF can originate only from a local circuit.
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4.1.5 Endogenous acetylcholine increases the frequency of GDPs

In order to see whether endogenous ACh was able to modulate GDPs, the muscarinic receptor
antagonist atropine (2 WM) was applied in 5 slices from P3 to P6 old rats. In three cases, atropine
rapidly (2-3 min) induced a decrease in the frequency of GDPs of 71 + 8.5 % without changing

their shape. This effect was concentration-dependent. In two cells the effect of atropine was
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Figure 4.18 Atropine causes a reduction in GDPs frequency

A and B are continuous recording from a P4 pyramidal cell in control condition (A) and during application of
atropine (1 UM, B). Note that in atropine the frequency of GDPs (marked with * or *) decreased. On the right,
a single GDP and a cluster of GDPs (asterisks), occuring in control and in atropine application, are shown in an
expanded time scale. C GDPs frequency of the cell shown in A and B is plotted against time. Each column
represents the number of GDPs recorded in 1 min
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transient: it lasted for 4-7 min and then GDPs frequency returned to control values in presence of
the antagonist. In the remaining two cases atropine was ineffective. In Figure 4.18 the cell in
which the inhibitory effect of atropine was maintained throughout the period of drug application
is shown. Interestingly, in this case during atropine application GDPs started to appear grouped
in clusters of 3-5 GDPs (in the histogram each peak during atropine superfusion corresponds to a
cluster of GDPs) and within the cluster they also changed their shape (they showed a faster rising
time 288 * 23 ms versus 152 + 14 ms and a reduced half width 54 £ 10 ms versus 21 = 1 ms, in
control and atropine, respectively). However overall, no significant (p>0.5) differences were
observed in the rising time and half width of single GDPs in control and during atropine
application.

Superfusion of the M1 or M2 receptor antagonists pirenzepine or methoctramine induced in
some cases a transient effect similar to those of atropine. In 3 out of 7 cells, pirenzepine (1 — 3
uM) induced a reduction in GDPs frequency of 40 & 18 %, while methoctramine (1 tM) induced
a reduction of 50% in one out of three neurons. Since ACh is rapidly hydrolyzed by
acetylcholinesterase, the following experiments were done in the presence of the
acetylcholinesterase inhibitor edrophonium (20 pM). This compound caused an increase in the
frequency of GDPs in almost all neurons tested (50/57, Figure 4.19). The mean frequency was
3.42 + 0.24 GDPs/min in control and 5.76 + 0.42 GDPs/min in the presence of edrophonium.
These values were significantly different (p< 1075). The effect was rapid in onset (2 or 3 min) and
was not associated to changes in membrane potential or membrane input resistance. In two cells
(out of three analyzed) edrophonium changed the shape of GDPs, increasing their rise time by
10%. As shown in the graph of Figure 4.19, a transient block or a reduction of GDPs frequency

occurred upon wash out of the drug. This effect was observed in 7 out of 8 cases, and it may due
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to receptor desensitization following accumulation of ACh in the tissue induced by the block of

AChE. To see whether this hypothesis was correct, edrophonium was applied in the bath for 12-

18 min. In these cases the increase in frequency of GDPs was maintained for the entire period of

drug application, ruling out the possibility that the observed block or reduction in GDPs

frequency was due to an effect caused by the increased ACh concentration in the tissue. The

effect of edrophonium was reproducible since two applications of this drug, separated by 15 min
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Figure 4.19 Edrophonium enhances GDPs frequency in a developmentally regulated way.

A, B Representative traces from a P5 old CA3 pyramidal cell in control condition (A) and during bath
application of edrophonium (B). C GDPs frequency of the cell shown in A and B is plotted against time. Each
column represents the number of GDPs recorded in 1 min. D Mean of normalized GDPs frequency at different
postnatal ages. Bars are SEM; n, number of cell tested in each group.
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of wash, induced similar effects. When the second application was made in presence of atropine
the potentiating effect of edrophonium was prevented (n=2, data not shown).

The effect of endogenous ACh on GDPs frequency was developmentally regulated as shown by
the fact that, in edrophonium, the percentage increase in frequency of GDPs varied from 17 £ 8
% at P3 to 102 £ 23 % at P6 (Figure 4.19). This suggests that an increase in cholinergic fibers
and/or muscarinic receptors occurs with age.

In another set of experiments the effect of atropine, pirenzepine and methoctramine in
antagonizing the action of edrophonium was investigated. Atropine (2 uM) induced a reduction
in GDPs frequency of 64 £ 10 % (n=3). This reduction was only transient since after 7-15
minutes GDPs frequency increased again, although it never reached the value measured before
atropine application (on average a 15% reduction of GDPs frequency was attained). Like
atropine, pirenzepine and methoctramine, in the presence of edrophonium, reduced the frequency
of GDPs up to about 50%. The concentrations of pirenzepine and methoctramine that gave 50%

of maximum effect (ECsp) were 30 and 430 nM, respectively (Figure 4.20). The higher potency
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of pirenzepine in antagonizing the effects of edrophonium on GDPs frequency in comparison to
methoctra}mine, strongly suggests that M1 subtype of muscarinic receptors are involved in
edrophonium action. As for atropine, also the effect of pirenzepine and methoctramine was
transient. However, the duration of the effect increased with the concentration of the antagonist

used.

4.1.6 Carbachol enhances GDPs frequency
In Figure 4.21 a representative example of the effect of carbachol in a CA3 pyramidal cell at P5

is shown. Carbachol enhanced GDPs frequency in a concentration dependent way. Usually this

control

-59 mv

carbachol (5 uM)

*

carbachol (10 ;}M)

Figura 4.21 Carbachol increases GDPs frequency and changes their shape in concentration dependent way.
Example of traces recorded from a CA3 pyramidal neuron at P5 in control condition (top trace) and during
application of carbachol 5 pM (midle trace) and 10 M (bottom trace). GDPs marked with an asterisk are
shown on the right in expanded scale. Down deflections are electrotonic potential evoked by injection of
steady current through recording electrode
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effect was not associated to any change in membrane input resistance. Carbachol (10 puM),
induced a transient increase in GDPs followed by an increase in synaptic noise. Carbachol
modified also the shape of GDPs that became wider: their amplitude was slightly reduced and
the following AHP was abolished (see Figure 4.21).

Since the effect of edrophonium wés age dependent, the same concentration of carbachol (3 M)
was applied in slices obtained from P3-P6 old animals (for 2-3 minutes at a membrane potential
ranging from -65 to -75 mV). As for edrophonium, the effects of this drug changed markedly
during development. At P3-P4, carbachol produced an increase in frequency of GDPs with small

(about 2-4 mV) or no changes in membrane potential (Figure 4.22 A). The effect was rapid in

P4 carbachol (3uM)

P6

carbachol {3uM)
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Figure 4.22 Effect of carbachol at different postnatal ages
A Recording from CA3 pyramidal neuron at P4. Bath application of carbachol (bar) induced an increase of
GDPs frequency, in the absence of any change in membrane potential. B The same concentration of
carbachol applied to a CA3 pyramidal cell at P6 induced a transient increase in GDPs frequency followed
by a membrane depolarization and an increase in synaptic noise
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onset (about one-two minutes after carbachol reached the tissue) and lasted for several minutes
after wash out of the drug. After PS5, carbachol caused only a transient but elevated increase in
GDPs frequency followed, in the majority of the cases, by a membrane depolarization and an
increase in synaptic noise. This often gave rise to high frequency action potentials (Figure 4.22
B). Upon wash out of the drug, the membrane potential came back to the resting value, but the
increase in synaptic noise persisted for a prolonged period of time (from 1 to 4 minutes). During
this period GDPs were usually absent, they started reappearing several minutes after wash. In
Table 4.1 the parameters that described carbachol effects at different postnatal ages (ratio
between maximum GDPs frequency, during at least 10 s, in the presence of carbachol and mean
GDPs frequency in control, membrane depolarization and duration of the period during which
GDPs were absent) are quantified. The effects of carbachol were prevented by application of

atropine 2 UM (data not shown).

Table 4.1 Parameters describing carbachol effect at different post-natal ages.

frequency increase membrane depolarization inhibitory period

(mV) (min)
P3 51204 (n=4) 2 £2  (p=5) 0 20 (n=6)
P4 6.1+1.1 (n=15) 1511 (n=11) 1.7£05 (n=11)
P5 8.2x43 (n=10) 122£3.1 (n=12) 3.5£0.6 (n=9)
P6 10.7+4.8 (n=8) 193+24 (n=9) 47+0.6 (n=8)

Frequency increase expressed as a ration between the maximum frequency during carbachol
application and mean frequency during control, membrane depolarization and the period during
which GDPs are absent increase with postnatal age. Data are expressed as mean + SE; n number of
experiments
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4.1.7 The effects of carbachol on GABA release are mediated by at least two different
muscarinic receptor subtypes.

To see whether the effect of carbachol on GDPs frequency were mediated by distinct muscarinic
receptors, additional experiments were performed using the selective muscarinic receptor
antagonists pirenzepine and methoctramine known to act on M1 and M2 receptors, respectively
(Auerbach & Segal, 1996). As shown in the representative example of Figure 4.23, application of
pirenzepine (3 UM), prevented the effects of carbachol on GDPs frequency, synaptic noise and
membrane depolarization. In contrast, in the same cell, carbachol applied in the presence of the

M2 antagonist methoctramine (3 tM) caused an increase in GDPs frequency, which appeared

control carbachol (3 uM)

pirenzepine (3 pM) + carbachol (3 uM)

methoctramine (3 pM) + carbachol (3 uM)
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Figure 4.23 Pirenzepine and methoctramine depresses and enhances the action of carbachol respectively.
Recordings from the same cell at P4. A Application of carbachol (bar) in control conditions induced an increase
in GDPs frequency, that often occurred in cluster followed by increase of synaptic noise. B Bath perfusion of
pirenzepine (3 M) prevented the effects of carbachol observed in control. In this case carbachol induced a
decrease in GDPs frequency. C Methoctramine (3 tM) potentiated the effect of carbachol on GDPs frequency.
Note that GDPs occurred in clusters.
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often grouped in clusters (Figure 4.23). A complete recovery was obtained after wash out of
these drugs. Both the effects of pirenzepine and methoctramine were very consistent and could
be reproduced in all cells tested (n=4). Pirenzepine always prevented the effects of carbachol. In
3 out of 4 cells this drug reduced the effects of carbachol on GDPs frequency by 50 = 4%. In
contrast during application of methoctramine (3 UM), the effect of carbachol was potentiated.
The effect of carbachol was measured as the ratio between the GDPs frequency during
application of this drug over that obtained in the absence of carbachol. This ratio in the presence
of methoctramine was enhanced (117 £ 4 %). Since the effects of carbachol were quite variable
at different postnatal ages and between cells from different slices of the same age, it was
impossible to determine the relative ECs, values for these drugs. These experiments indicate that
carbachol exerts two different effeéts on GDPs: it increases their frequency through a Ml
receptor subtype, while it exerts an inhibitory action via a non M1, presumably a M2 receptor

subtype.

4.1.8 Carbachol enhances the release of GABA from GABAergic interneurones either directly
or indirectly through an action on glutamatergic cells

As already mentioned GDPs appear to be generated by the synergistic action of GABA and
glutamate acting mainly on AMPA type of receptors. To see whether the increase in GABA
release by carbachol was triggered by glutamate acting on ionotropic types of receptors,
carbachol was applied either in the presence of NMDA or non NMDA receptor antagonists.
Superfusion of the NMDA receptor antagonist CPP (20 puM) did not modify the effects of
carbachol on GDPs, membrane depolarization and increase in synaptic noise (n=4, Figure 4.24).

When carbachol was applied in the presence of kynurenic acid (1mM) or DNQX (10-20 uM), it

71



A control
+ carbachol (3 uM)

Lo LI

CPP (20 uM)
+ carbachol (3 uM)

Figure 4.24 CPP does not affect the action of carbachol on GDPs
Recordings from the same cell at P4. Carbachol applied in the bath (bar) induced a similar increase in GDPs (*)
frequency in control condition (A) and in the presence of the NMDA receptor antagonist CPP (B).
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Figure 4.25 Bath application of carbachol in the presence of kynurenic acid induces the appearance of GDPs.
In a P5 old rat bath perfusion of kynurenic acid blocked GDPs. GDPs reappeared after addition of a low
concentration of carbachol (1.5 uM, third trace). Bath application of atropine (0.5 uM) prevented the effect of
carbachol (bottom trace),
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always increased the synaptic noise and in the majority of the cells (6/8) it induced the
reappearance of GDPs (Figure 4.25). Atropine (0.5-2 uM) and bicuculline (10 pM) prevented
this effect. However, as for AMPA and GABA, carbachol failed to re-induce GDPs when
applied in the presence of CNQX (10 uM) or DNQX (20 uM) plus CPP (20 uM) or in the
presence of GYKI 53665 (50 uM). An increase in synaptic noise, that often reached the

threshold for action potential generation, was observed when carbachol was applied in the

presence of GYKI 53665 (Figure 4.26). These data suggest that carbachol control GABA release

A control
carbachol (3 uM)

76myV M

B
GYKI 53665 (50 uM) + CPP (20 uM)

+ carbachol (3 uM)

T4 mV LU ,1““»' 1T

Figure 4.26 The effects of carbachol on GDPs and mebrane depolarization are prevented by GYKI 53655 and
CPP.

Effect of carbachol applied in the bath (bars) at P5 in control condition (A) and during superfusion of GYKI
53665 plus CPP (B). Note that in the presence of glutamate ionotropic receptor antagonists carbacholwas still
able to increase spontaneous GABAergic synaptic noise and firing rate.
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Figure 4.27 The effect of carbachol on GDPs and membrane depolarization are prevented by bicuculline.
Effect of carbachol applied in the bath (bars, at P6) in control condition (A) and during superfusion of
bicuculline (B). Note that in bicuculline carbachol induced interictal-like discharges whose shape (shown in the
right at an expanded time scale) was different from GDPs

either indirectly through an action on the glutamatergic drive to interneurons (GDPs frequency
and membrane depolarization) or directly through an action on GABAergic cells (spontaneous
synaptic noise).

Carbachol-induced increase in frequency of GDPs, spontaneous ongoing synaptic noise as well
as membrane depolarization were prevented by bath application of bicuculline (10 uM, Figure
4.27). When bicuculline was applied in P4-P6 slices for more that 5 minutes, often (n=5/7),
induced the appearance of interictal bursts. These occurred at the frequency of 0.06-0.72
events/min. In contrast to GDPs that reversed near the reversal poténtial for CI', they changed

polarity at around 0 mV, independently from the chloride concentration in the pipette solution,
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indicating that they were due to ionotropic glutamate receptors activation. In agreement with
previous reports (Psarropoulou & Dallaire, 1998) carbachol increased the frequency of interictal
bursts in a dose dependent manner (Figure 4.28) and it reduced their amplitude. Interictal bursts
were blocked by CNQX (10 pM), indicating that they were due to the action of glutamate on
AMPA/kainate teceptor types. As already reported (Psarropoulou & Dallaire, 1998) the
potentiating effects of carbachol on interictal bursts triggered at P5-P8 by bicucul]ine, was

prevented by pirenzepine, indicating an action on M1 receptor subtypes (Figure 4.28).
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Figure 4.28 Carbachol enhances interictal discharges recorded in bicuculline (at P6)

A and B Carbachol enhaced interictal bursts recorded in bicuculline in a concentration dependent way. C This
effect was partially antagonized by pirenzepine (1 UM).

On the right interictal bursts recorded before and during carbachol application are shown on an expanded time
scale

75



It is interesting to note that, in our experimental conditions, we failed to observe direct
postsynaptic effects of ACh on principal cells such as the slow cholinergic EPSP and/or
carbachol-induced membrane depolarization or a change in membrane resistance in the presence
of TTX. This may be due to the loss of some intracellular factor during cell dialysis, after
breaking into the whole cell configuration. In age-matched experiments, using conventional
microelectrodes, carbachol—induced membrane depolarization associated to a decrease in

membrane conductance could be easily observed in the presence of TTX (data not shown).

4.2 Cholinergic function in the hippocampus of Nerve Growth

Factor (NGF) deprived animals

The septohippocampal pathway originates in the basal forebrain (BF) from the medial septal and
the diagonal band of Broca nuclei. This projection provides the main cholinergic input to the
hippocampus. One characteristic of basal forebrain neurons is their dependence on NGF for their
survival and maintenance. Antibody studies have confirmed the role of endegenous NGF in the
maintenance of the cholinergic phenotype of BF neurons. However, the functional consequences
of this NGF-dependent regulation are not known. To investigate at the cellular level the role of
NGF deprivation on the cholinergic function in the hiplp‘ocampus, one of the target areas of BF
neurons, endogenous NGF was neutralized by implanting D11 hybridoma cells (which secrete
monoclonal antibodies specific for NGF) into the lateral ventricle of rats at different postnatal
ages. Control rats were injected with parental myeloma cell line, P3U. It has been shown that
endogenous NGF blockade results in a reduction of BF ChAT immonoreactive neurons in
newborn but not in adult rats (Holtzman et al, 1995; Vantini et al., 1987). Therefore the

antibodies injections were performed at different postnatal ages to study whether the possible
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effects of NGF on the cholinergic function are developmentally regulated. The level of
_antibodies present in the hippocampus and cortex was assessed by ELISA in the same animals
used for immunohystochemical or electrophysiological experiments. One, two or three weeks
after the injection, immunohystochemical experiments were performed to test the sensitivity of
BF neurons to NGF deprivation. The cholinergic function in the hippocampus was assessed by
electrophysiological experiments performed in the CAl and CA3 area. ACh release, following
electrical stimulation of hippocampal slices was also measured one or two weeks after antibodies

injection.

4.2.1 ELISA experiments allow to detect anti-NGF antibodies in injected animals

The presence of anti-NGF antibodies in the tissue was investigated performing ELISA analysis
on proteic extracts of cortices and hippocampi of hybridoma injected animals.

In all cases, one or two weeks after the injection, oD11 monoclonal antibody levels were in the
range of ng/mg, independently from the age of the injection (Table 4.2). No significant
differences were observed between samples from regions ipsi and controlateral to the injection
site. These data indicate that after one week, the diffusion of the antibodies is quite homogenous

throughout the entire brain. It is important to note that one week after the injection, the antibody

Table 4.2 Levels of anti-NGF anibodies

Age hippocampus cortex
P15-P18 (P2) 131204 (n=11) 25+13 (n=13)
P21-P24 (P15) 1.1+£0.8 (n=7) 23+£0.6 (0=7)

ELISA method was used to detect the levels of anti-NGF antibody (expressed in ng/mg of tissue) in the
hippocampus and cortex in rats implanted with oD11 cells (day of implantation in brackets). The
experiments were performed at P15-P18 and at P21-P24 (n = number of animals).
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level was similar in animals injected at P2 or at P15. Thus the diffusion of antibodies from the
lateral ventricle to the parenchyma does not change at the different postnatal ages tested. No
major difference in aD11 levels was observed between the first and the second week after the
injection. The level of antibodies was in vast molar excess over the level of endogenous NGF

reported in the cortex and hippocampus (Nishio et al., 1992; Korsching, 1986).

4.2.2 Immunohystochemical analysis of ChAT positive cells in BF neurons

The number of ChAT positive cells was evaluated in the basal forebrain of D11 and myeloma

injected rats. When animals were injected at P2, a large reduction in the number of ChAT
positive neurons was observed one week later in rats injected with hybridoma cells respect to
controls (Fig 4.29). In the septum, this effect was stronger than in the diagonal band (reduced by
71% and 57% respectively; table 4.3). Two weeks after the injection, there was a decrease of the
effects of NGF deprivation: a 39% decrease of ChAT positive neurons was found in the septum
whereas no differences were found in the diagonal band. After three weeks no differences could

be detected between NGF-deprived animals and controls (Fig 4.30).

Table 4.3 Number of ChAT positive cells in the medial septum and diagonal band of aD11- and P3U-
treated animal

' SEPTUM " DIAGONAL BAND
Age of perfusion/
Age of injection P3U oD11 P3U aD11
Po/P2 229 £ 25 66 £22 ** 363 +20 157 £ 34 **
P15/P2 208 +34 126 +24 * 289 £ 36 276+ 13
P24/P2 195+ 14 183 +£44 195+ 14 183 +44
P15/P8 237 £30 196 £ 10 309 +25 302 +24
P22/P15 21140 20710 255+40 265+ 26

Density of the ChAT positive cells (cel/mm?) counted in the medial septum and in the diagonal band in
oD11- and P3U- rats. Data are expressed as mean + standad deviation and are obtained from three animals
for each group. Asterisks indicate the statistical significant differences (* p<0.05, ** p<0.01).
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Figure 4.29 Immunohistochemistry of ChAT positive cells in the septal complex of 9 days old rats implanted
with myeloma or hybridoma cells at P2.

a Labelled neurons in control rats implanted with myeloma cells. b Labelled neurons in rats implanted with
hybridoma cells. The number of ChAT neurons in rats implanted with anti-NGF producing cells is decreased
with respect to the control. Scale bar in (b) 90 pm.

When the soma size of ChAT positive neurons was analyzed, it was found that one week after
the injection (at P2), the soma of the residual ChAT positive cells was smaller in NGF deprived
animals respect to controls, both in the septum and in the diagonal band. Two weeks later,
although there was less shrinkage, this effect was still present. Three weeks after the injection the
shrinkage was present only in the diagonal band. The medians of the mean distributions of ChAT
positive cells soma size data obtained from oD11- and P3U-treated animals are illustrated in
Table 4.4. Summarizing (Tables 4.5), in the septum both the number of ChAT positive neurons,

as well as their soma size, showed a complete recovery to control values, three weeks after the
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Figure 4.30 ChAT immunoreactive cells in the septal complex of rats implanted with myeloma and
hybridoma cells at P2.

a and b Labelled neurons in the septal complex of P15 rats implanted with myeloma cells (a) or hybridoma
cells (b). ¢ and d Labelled neurons in the septal complex of P24 rats implanted with myeloma cells (c) or
hybridoma cells (d). Note the small reduction of the density of ChAT positive cells only in the septum of P15
rats. Three weeks after the injection at P2 no differences in the ChAT positive cells density were observed.
(scale bar 200 mm)
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Table 4.4 Median of cells soma size distribution in the septum and diagonal band of aD11- and

P3U-treated rats
SEPTUM "~ DIAGONAL BAND
Age of perfusion/
Age of injection P3U oD11 P3U aD11
Po/P2 87 50 106 86
P15/P2 100 85 142 125
P24/P15 102 99 127 131

Median of a soma size distribution of pulled data. Data are expressed in um?, n=3 for each group of
animals. Note that there is an evident shrinkage in animal injected at P2 and sacrificed one week later,
in this age the index shrinkage is 27and 25 for septum and diagonal band, respectively. One week
later, the shrinkage is less evident. The index shrinkage is reduced to 15 for the septum and 17 for the
diagonal band

injection of the antibodies at P2, in spite of the continuous presence of aD11 antibodies. To
determine whether this recovery was due to the time between the injection and the experiments,
animals were injected at P8 and at P15 and analyzed one week later. At P15 (in rats injected at
P8), the only difference found between NGF-deprived and control animals was a shrinkage in the
neurons of the diagonal band, while at P21 (injected at P15) no differences between control and
oD11-treated rats were detected. These results indicate that the recovery in the effects of NGF

deprivation observed three weeks after the injection were not due to the time elapsed between the

Table 4.5 Summary of the effects of endogenous NGF neutralization on BF cholinergic neurons

SEPTUM DIAGONAL BAND

Age of perfusion/
Age of injection ChAT + shrinkage ChAT + Shrinkage

cells cells
P9/P2 -+ +++ +4 +++
P15/P2 + + - +
P24/P2 - - - +
P15/P8 - - - +
P22/P15 - - - -

The differences between NGF deprived and control animals for different postnatal ages are summarized.
The injection of hybridoma cells in the lateral ventricle of the rat affects the soma size and the number of
ChAT positive cells only during the first two postnatal weeks. The effects of the injection at P2 are almost
completely recovered three weeks after the injection.
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injection and the experiments. These data suggest that the aD11 treatment affects the number

and the soma size of ChAT positive neurons in BF during the first postnatal week and to a lesser
extent during the second one. It can be concluded that this treatment exerts a transient and

reversible effect on cholinergic BF neurons.

4.2.3 Cholinergic function in the hippocampus assessed by electrophysiological experiments
Most of the electrophysiological experiments were performed in rats injected at P2 and sacrificed
at P15-P18. This age range was chosen as a compromise between the development of cholinergic
fibers, which is almost complete after two postnatal weeks and the effects of NGF deprivation on
BF neurons. Acetylcholine released from septo-hippocampal fibers exerts a complex modulatory
role on hippocampal cell excitability through its action on different membrane conductances. At
this age, the effects of NGF deprivation on the cholinergic function in the hippocampus was
investigated in CA1 hippocampal neurons on a variety of responses. These included: i. passive
and active membrane properties; ii. responses that resulted from the activation of cholinergic
fibres such as slow EPSPs or block of accommodation of spike discharge; iii. responses evoked
by the direct activation of both pre or postsynaptic muscarinic receptors with carbachol.

In view of immunohystochemical data showing that the maximum effect of NGF deprivation on
BF neurons occurred one week after the injection (at P2), slow EPSPs evoked by stimulation of
cholinergic fibers were tested in the CA1 region of the hippocampus also in this gnimal group.
Moreover, since GABA-mediated GDPs, which occur synchronously over the entire
hippocampus of neonatal animals have been shown to be modulated by endogenous ACh, in
parallel experiments, GDPs frequency was analyzed in the CA3 area of NGF-deprived animals.

To conclude, in view of immunohistochemical experiments showing that BF cholinergic neurons
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are sensitive to NGF regulation only when NGF is neutralized during the first two postnatal
weeks, we also examined whether neurons in slices from rats injected at P15 and sacrificed at

P21 exibited a different sensitivity of CA1 pyramidal cells to applied carbachol.

4.2.3.1 Rats implanted with oD11 or P3U cells at P2 and sacrificed at P15-P-18

Passive and active membrane properties of CAI pyramidal cells.

As shown in Table 4.6, no significant (p>0.5) changes in resting membrane potential or input
resistance were found in CA1 pyramidal neurons from slices obtained from oD11 or P3U treated
animals. Single action potentials were elicited by brief (10 ms) depolarizing current pulses from -
a membrane potential close to the resting level (from -60 to -70 mV). Parameters such as spike
threshold, amplitude, duration, and area were measured in cells from both experimental groups.
Figure 4.31 shows examples of action potentials elicited in CA1 pyramidal cells from aD11 or

P3U treated animals. As indicated in the figure, the threshold for action potential generation and

Table 4.6 Basic membrane properties and spike parameters in P15-P18 cells from P3U or D11
treated rats

P3U aDl11
Resting membrane potential (mV) -66 £ 0.97 (n=17) -66 £ 1.2 (n=16)
Input resistance (MQ) 46 £ 4.4 (n=13) 54 +£5.2 (n=13)
Spike threshold (mV) -58 £0.72 (n=17) -58 £0.71 (n=18)
Spike amplitude (mV) 83+ 1.73 (n=12) 81 £ 1.4 (n=15)
Spike duration (ms) 1.7 £0.06 (n=11) 1.9£0.07 (n=11) *
Spike area (ms-mV) 62.5£1.8 (n=11) 68.3£1.9 (n=11) *

P3U and aD11treated animals show identical passive membrane properties. Action potentials have same
threshold and amplitude but different duration and area. Spike duration was measured at baseline.

* significantly different (p<0.05; t-test)
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spike amplitude was approximately the same in both experimental conditions. However a small
but significant (p<0.05) increase in spike duration (measured at baseline) and area was found in

oD11-treated neurons as compared to P3U-treated cells (Table 4.6 and Figure 4.31).

Figure 4.31 Spike broadening in oD11-treated animals.

A Action potentials elicited in P3U or oD11 rats by depolarizing current pulses of 0.2 and 0.4 nA (10 ms duration)
respectively. Holding membrane potentials were -63 mV for P3U and -67 mV for D11 cells. B The action potentials
represented in A are superimposed. Animals were implanted at P2 and sacrificed at P15.
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Slow EPSPs and changes in spike accommodation induced by stimulation of cholinergic fibers

In order to see whether chronic NGF deprivation could affect endogenous release of
acetylcholine from septo-hippocampal fibres, repetitive stimulation was delivered to the stratum
oriens, a region rich in cholinergic fibres. This pattern of stimulation has previously been shown
to induce a slow depolarization and an increase in cell excitability, that are selectively enhanced
by the cholinesterase inhibitor eserine and blocked by the muscarinic antagonist atropine (Cole
and Nicoll, 1984). Slow EPSPs (n=14 in D11 and n=13 in P3U cells) were hi ghly variable from
cell to cell in terms of amplitude and duration, probably because of differences in resting
membrane potential, number of fibres stimulated, or distance between recording and stimulating

electrode. In spite of this variability, slow EPSPs could be elicited in both experimental groups.

Figure 4.32 P3U and aD11-treated animals exhibit similar siow EPSPs.

Examples of slow EPSPs elicited in P17 (P3U) and P16 (eD11) neurons by repetitive stimulation (20 Hz 2.5 s,
arrows) of cholinergic fibres in stratum oriens, in the presence of 3 UM eserine. Membrane potentials are -59 mV
in P3U and -65 mV in aD11. Spikes display different amplitude as a consequence of digitization.
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As shown in the example of Figure 4.32, repetitive stimulation of the stratum oriens (of slices
obtained from both aD11- and P3U-treated animals) from a resting membrane potential ranging
from -55 to -65 mV, induced a slow membrane depolarization (from 2 to 6 mV) associated to an
increase in synaptic noise and cell firing that lasted for 1 to 2 minutes. These responses were
markedly enhanced by 8-10 min pre-incubation with the cholinesterase inhibitors eserine (3 UM,
n=17) or echothiophate (300 nM, n=5). In 5 cases (2 aD11 and 3 P3U cells), we failed to
observe any slow EPSP in response to stratum oriens stimulation.

Acetylcholine released upon stimulation of cholinergic fibres has also profound effects on
accommodation of spike discharges evoked by long depolarizing current pulses and on the slow

afterhyperpolarization that follows the end of the pulse (Cole and Nicoll, 1984). We therefore

control after stimulation of recovery
cholinergic fibers
P3U
-84 mv = ) . w‘{
aD11 )
-60 mV
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Figure 4.33 Attenuation of spike discharge accommodation in aD11-treated animals.

Spike discharge elicited by intracellular injection of depolarizing current pulses (800 ms duration) in control condition,
10-15 s after repetitive stimulation (20 Hz, 2.5 s) of cholinergic fibers, and 5 min later (recovery) in P3U and oD11-
treated animals. Note that in control conditions, spike discharge accommodation was less evident in D11 than in P3U
cells. However, a more effective reduction in spike accomodation (following the cholinergic fibres stimulation) was
obtained in P3U rather than in aD11-treated rats. Electrodes were filled with K-methylsulfate.
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examined whether these effects could still be observed in cells from oD11-treated animals. As

illustrated in the representative example of Figure 4.33, the cholinergic-induced change in spike
frequency adaptation was less evident in cells from aD11-treated animals, as compared to P3U.
In the absence of tetanic stimulation, accommodation of spike discharge, evoked by 800 ms
depglarizing current pulses, was evaluated in ten cells by calculating the ratio between the
number of spikes present in the first 200 ms and the total number of spikes: this value was 0.75 =
0.06 (n=6) in cells from P3U and 0.55 + 0.03 from oD11-treated rats (n=4). These values were
significantly different (p<0.05; t-test). After tetanic stimulation, spike discharge accommodation
was attenuated in both experimental groups. However, the degree of attenuation of spike
discharge was higher in P3U than in aD11 cells. The ratio after the train was reduced by 52 % in
cell from P3U implanted rat (0.36 + 0.03, n=3), whereas only a 14% of reduction was observed
in NGF deprived animal (0.47 = 0.04, n=3). The increased number of spikes during the
depolarizing current pulse was associated with a decrease in amplitude of the slow

afterhyperpolarization that followed the end of the pulse.

Responses evoked by the direct activation of postsynaptic muscarinic receptors with carbachol.

In the presence of TTX (1 uM), bath application of carbachol produced (in both aD11 and P3U
treated animals) a membrane depolarization, from a potential of -68 to -62 mV, associated with a
decrease in membrane conductance. The decrease in membrane conducténce persisted after
repolarizing the membrane potential to its resting value. The conductance decrease induced by
carbachol (3 uM) was 22 = 6 % (n=6) and 44 + 7 % (n=6) in P3U- and aD11-treated slices,
respectively. These value were significantly different (p<0.05, t-test). The effects of carbachol

could be seen at concentrations as low as 300 nM and were dose-dependent (Figure 4.34). With
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Figure 4.34 Increased sensitivity to carbachol in cells from oD11-treated animals.

A and B Bath application of increasing concentrations of carbachol (bars) in the presence of TTX (1 uM) in
P3U- (A) and oD11- (B) treated animals. Downward deflections are electrotonic potentials resulting from the
injection of a fixed current pulse through the recording electrode. Upward deflections in B are calcium action
potentials. Resting membrane potential is -62 mV in A and in B. In C and D dose response curves for carbachol
of cells shown in A and B, respectively. Note that the same concentration of carbachol induced larger response
in aD11-treated rats

higher concentrations of the agonist, the membrane depolarization increased and reached the
threshold for calcium action potentials generation. Pooled data of the effects of carbachol are
shown in Figure 4.35. As shown in the graph, oiD11-treated cells exhibited higher sensitivity to

carbachol than P3U-treated cells, as demonstrated by the shift to the left of the dose/response
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curve. The ECsq values for carbachol (estimated by non-linear regression fit to data) were 1.8
UM and 3.8 uM for oD11 and P3U cells, respectively. The Hill coefficient however, did not
change between the two experimental groups (the n value was 1.1 and 1.2 for D11 and P3U

cells, respectively).
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Figure 4.35 Dose-response curves to carbachol in NGF deprived and control animals.

Data points are the mean values of responses to carbachol obtained from 5-16 experiments in slices
from animals implanted with D11 or P3U cells at P2 and sacrificed at P15-P18. Bars indicate
SEM. The curves are fitted with the Hill equation: V(c) = V. /[1+(ECso/c)"], where V is the
amplitude of the response, c is the agonist concentration, Vi, is the maximal response, ECsg is the
effective concentration producing half maximum response and n is the Hill coefficient.

*p<0.05; ™" p<0.01 (unpaired r-test).

Extracellular recordings
In order to assess whether chronic NGF deprivation could also affect the function of presynaptic

muscarinic receptors, which control the release of glutamate from presynaptic nerve terminals
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Figure 4.36 Carbachol induces a similar depression in amplitude of the field EPSP in both P3U- and

oD11-treated animals.

Field EPSPs evoked in stratum radiatum by stimulation of the Schaffer collaterals in control
conditions or in the presence of increasing concentration of carbachol. B, Dose response curve for the
inhibitory action of carbachol on the field EPSPs in slices from P3U or aD11-treated animals. Each
point is the mean of 4-6 experiments; bars are SD. Data points are fitted with the Hill equation.

(Hounsgard, 1978; Valentino and Dingledine, 1981), field EPSPs eveked by Schaffer collateral

stimulation were recorded in the stratum radiatum of CA1 pyramidal neurons in the absence or in
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the presence of carbachol. In agreement with previous studies, we found that superfusion of
increasing concentrations of carbachol (from 0.1 to 100 pM) induced a concentration-dependent
depression in the amplimde of the field EPSPs. This effect, similar to that reported by Sheridan
and Sutor (Sheridan and Sutor, 1990), is considered to be presynaptic in origin. However, no
significant differences (p>0.5, r-test) were detected between carbachol data groups obtained in
oD11 and P3U treated rats (estimated ECsq values were 1 UM and 0.8 UM respectively, Figure

4.33).

4.2.3.2 Rats implanted with aD11 or P3U cells at P2 and sacrificed at P6-P11

In slices from rats implanted with aD11 cells at P2 and sacrificed one week later, GDPs were
still present over the entire hippocampus. However, their frequency in the CA3 hippocampal
region was significantly (p<0.05) lower than in controls. The mean frequency was 1.7 £ 0.32
GDPs/min (n=8) in NGF deprived animals and 3.3 £ 0.33 GDPs/min in controls (n=31).

In another set of experiments in slices from the same group of animals, the possibility to evoke
slow EPSPs by stimulation of the cholinergic fibers was tested in the CA1 hippocampal region.
As shown in Figure 4.37 (A1), in control conditions (P3U treated rats), the electrical stimulation
of the cholinergic fibers in stratum oriens induced changes in neuronal excitability in 6 out of 8
cells. These changes consisted in increase in synaptic noise (lasting 3-7 min) associated to brief
membrane depolarizations with superimposed fast action potentials. These effects were due to
ACh acting on muscarinic receptors since they were enhanced by eserine (3 UM) and selectively
blocked by atropine (10 pM). In one case, a slow EPSP with characteristics similar to those

found in cells from P15-P18 animals was detected. In contrast, in oaD11-treated rats (n=10), the
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tetanic stimulation of cholinergic fibers failed to evoke responses, except for one case in which

an increase in synaptic noise was observed.
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Figure 4.37 Increased cells excitability induced in P8-P9 CA1 pyramidal cells by stimulation of cholinergic
fiber only in slices from P3U but not in D1 /-treated animals.

A Tetanic stimulation of cholinergic fibers (arrows), in the presence of eserine (3 uM) induced brief
membrane depolarizations with fast action potentials associated to a long lasting enhancement in synaptic
noise (Al left), effect was blocked by atropine (A1 right). In A2 the tetanic stimulation induced a slow
EPSP. B Tetanic stimulation failed to induce a response in a cell from aD/I-treated animal. C Each
column represents the percentage of cholinergic responses (out of the total number of cells tested) obtained
in P3U and aD11 rats following a tetanus in the stratum oriens between P8 and P11

4.2.3.3 Rats implanted with aD11 or P3U cells at P15 and sacrificed at P21-P24
Unlike the results obtained in the group of animals implanted at P2 and sacrificed at P15 in
which an increased sensitivity of principal cells to carbachol was found, in this group of animals,

no significant differences (p > 0.5) in carbachol sensitivity between P3U (n=8) and aD1 1-treated
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animals (n=9) were observed (Figure 4.38). Estimated ECs, values were 0.7 and 0.9 in oD11 and

P3U treated animals, respectively. As expected from immunohistochemical experiments, the
tetanic stimulation of the stratum oriens induced slow EPSPs with similar characteristics in both

controls and oD 11-treated rats.
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Figure 4.38. Dose-response curve to carbachol in P21-P24 aD11- or P3U-treated animals.
Dose-response curves to carbachol in slices from animals implanted with oD11 or P3U cells at P15
and sacrificed at P21-P24. Data points are the mean values obtained from 6-9 experiments. Bars
indicate SEM. The curves are fitted with the Hill equation (see Figure 4.32 for comparison).

4.2.4 Releasing studies

In agreement with electrophysiological and himmunohistochemical experiments, the effect of
electrical stimulation (2 Hz for 5 min) on ACh release was significantly smaller ‘(P<0.05) in
hippocampal slices from rats implanted with aD11 cells at P2 and sacrificed at P15-P18’, in

comparison with slices from P3U-treated rats (Table 4.7). In contrast, no differences (P>0.5)
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were detected between the two experimental groups when oD11 cells were implanted at P15 and
the animals were sacrificed at P21 (see Table 4.7).

In rats implanted at P2 and sacrificed a week later, successful experiments were obtained only in
two cases (out of 6) for control and NGF-deprived animals. In these cases a clear reduction in the

effect of stimulation on ACh release was found (about 50%)

Table 4.7 acetylcholine release from NGF-deprived and control animals

P3U aDl11
P15-P18 (P2) 6.0£0.9 (n=8) 31207 (n=9) *
P21-P24 (P15) 83+1.9 (n=5) 9.0£1.8 (n=7)

ACh release (pg/mg/min + SEM) from electrically stimulated hippocampal slices from P3U or D11 treated
rats at P15-P18 (implanted at P2) and P 21-P24 (implanted at P15).
* Significantly different (p<0.05; r-test).

94



5. Discussion

The main findings of the present study are:

GDPs need AMPA receptors activation for their induction. NMDA receptors play only a
modulatory role but are not essential for their induction

Achetylcoline through activation of muscarinic receptors (probably M1) positively modulate
GDPs in a developmentally regulated way. The muscarinic agonist carbachol produces both an
up and down regulation of the release of GABA, assessed as GDPs. These effects are due to the
activation of M1 and non-M1 (possible M2) muscarinic receptors, respectively.

In NGF deprived animals, in comparison to control, a significant reduction in GDPs frequency is
observed during the first postnatal week. This may be due to a reduction in the ACh released
from the septohippocampal pathway. Moreover in this period the slow cholinergic EPSP could
not be evoked. Later on, at P15, an increase in the sensitivity of the postsynaptic response to
carbachol is observed. This may reflect a compensatory mechanism for the loss of cholinergic

innervation.

5.1 Role of ionotropic glutamate receptors in GDPs modulation-

5.1.1 Role of AMPA receptors in GDPs generation

The role of AMPA and NMDA receptors in the generation of GDPs has been investigated in
pharmacological experiments using selective NMDA and non-NMDA receptor antagonists.
AMPA/kainate receptors activation was necessary for GDPs induction as proved by the
observation that non-NMDA receptors antagonists were fully effecﬁ\.le in blocking spontaneous

GDPs. An interesting finding was that in the presence of conventional AMPA/kainate receptors
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antagonists, GDPs could be still evoked by focal stimulation. Moreover spontaneous GDPs could
be re-induced by application of GABA or KCI. Surprisingly they could also be reinduced by
application of AMPA, even if CNQX and DNQX were used at concentrations known to block
the non-NMDA component of EPSPs recorded in pyramidal cells and interneurons of adult rats
(Isa et al., 1996; Neuman et al, 1988). It is possible that in our conditions, the antagonist is
competitively displaced by the concentration of AMPA used. The displacement may be also
induced by glutamate released by the depolarizing action of GABA during GDPs as shown by
the fact that AMPA effects were abolished in the presence of bicuculline and that, in the
presence of CNQX and DNQX, GDPs could be re-induced by GABA or KCI. The concentration
of glutamate released during GDPs may be very high, because of the simultaneous activity of a
population of cells. The fact that in double recording experiments (with KF or KCI) in the
presence of kynurenic acid it is still possible to re-induce spontaneous GDPs with GABA or to
evoke GDPs by focal stimulation only in the cell recorded with KCl electrode (but not with KF,
in which the GABAergic component is abolished) indicates that AMPA receptors are fully
blocked in pyramidal cells but not in interneurons.

The strongest evidence in favor of an essential role of AMPA receptors in GDPs generation is
provided by the experiments in which the more selective AMPA receptor antagonist GYKI
53655 was used. In these experiments it was shown that GDPs were blocked and could not be re-
induced by AMPA or GABA. Also the electrical stimulation was ineffective in evoking GDPs.
This antagonist does not act on GABA,, NMDA or metabotrobic glutamate receptors (Ouardouz
and Durand, 1991). It is similar to GYKI 52466 but is more potent and does not affect kainate

receptors. Moreover, unlike CNQX or DNQX, this compound is not competitive and therefore its
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block is independent of agonist concentration (Donevan and Rogawski, 1993; Zorumski et al.,
1993).

Kainic and domoic acid were not able to re-induce the appearance of GDPs in the presence of
GYKI 53655, excluding the possibility that kainate receptors are involved in GDPs induction.
After blockade of AMPA receptors with GYKI 53655, kainate has been reported to inhibit
evoked GABAergic responses by presynaptic mechanisms in adult CA1 pyramidal cells (Clarke
et al., 1997; Rodriguez-Moreno et al., 1997). Since GYKI 53655 is selective for AMPA
receptors and does not block kainate receptors, it can not be excluded that, when AMPA
receptors are already blocked, glutamate exerts an inhibitory action through kainate receptors
thus preventing the re-induction of GDPs. Experiments using more selective kainate receptor
agonists and antagonists (Clarke et al., 1997) would be useful in clarifying the role of this

receptor in GDPs regulation.

5.1.2 Contribution of NMDA receptors to GDPs

In previous reports (Ben-Ari et al., 1997, Kazipov et al., 1997) it was proposed that NMDA
receptors play a fundamental role in GDPs generation. In the present experiments NMDA
antagonists only produced a transient reduction, or occasionally a transient block, of GDPs
frequency (see also Gaiarsa et al, 1991). In contrast to the present results, in the CA1 region it
has been recently shown (Garaschuk et al., 1998) that both CNQX and AP-5 block calcium
transient associated to GDPs. Although a block of calcium oscillations does not necessary imply
a block of membrane "dei)o]arikzatic‘)n associated to GDPs (calcium could flow through NMDA
channels, but see also Leinekugel et al., 1997), differences between CAl and CA3 areas can not

be excluded. The low efficacy of NMDA receptors antagonists in blocking GDPs in the CA3

97



region can be attributed to the lack of functional NMDARI subunits in the stratum lucidum
(Watanabe et al., 1998, Siegel et al., 1994). This may explain also the lack of one NMDA-
dependent form of LTP at the mossy fibre-CA3 synapse (Watanabe et al., 1998, Siegel et al.,
1994).

NMDA receptors contribute to network synchronization as proved by the possibility to prevent
GDPs re-induction (by GABA or AMPA in the presence of CNQX and DNQX) by AP-5. It is
conceivable that, in the presence of AMPA/kainate receptor antagonists, partially active AMPA
receptors, would provide the membrane depolarization necessary to remove the magnesium
block and to render NMDA receptors fully functional.

A crucial role of NMDA receptors in early development has been demonstrated in the CAl
hippocampal region (Durand et al., 1996; Hsia et al., 1998; Isaac et al., 1995). It has been shown
that in early postnatal days, a large proportion of synapses do not bear functional AMPA
receptors and only possess NMDA receptors. These synapses are functionally silent, because of
the magnesium block of NMDA receptors at resting membrane potential. However, NMDA
receptors would contribute to the formation of ‘adult” synapses, since AMPA receptor-mediated
responses can be detected after various patterns of afferent stimulation (Isaac et al, 1995; Durand
et al., 1996). Differently from the CAl region, in the CA3 area at P2, AMPA receptors are
already functional, as demonstrated by the blocking or facilitating effects of CNQX and,
cyclothiazide (the AMPA receptor desensitization blocker) on GDPs frequency, respectively.

As discussed above, the difference between the CA3 and the CAl region may be ascribed to
distinct receptor subunits and/or distribution. Furthermore, early in postnatal life, in the CA3
region, spontaneous synaptic activity is mainly GABA-mediated since it is completely abolished

by bicuculline and almost unaffected by kynurenic acid (Hosokawa et al., 1994), whereas in the
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CALl area picrotoxin-resistant EPSCs can be detected (Hsia et al., 1998). However, it should be
considered that GDPs are generated by the interplay between pyramidal cells and interneurons.
Therefore we cannot exclude a difference in AMPA receptors development, properties or
distribution between these two neuronal types. For example, in comparison with pyramidal cells,
interneurons display on average smaller amplitude NMDA currents and calcium-permeable
AMPA receptors (Freund and Buszaki, 1996). This raises the possibility that calcium enters in
interneurons through AMPA receptors and this event may contribute to trigger synaptic plasticity

processes involved in synapses formation during development.

5.1.3 Glutamate component of GDPs in CA3 pyramidal neurons

Having assessed the contribution of AMPA and NMDA receptors to the generation of GDPs in
the network, other experiments have been performed in order to identify a possible glutamatergic
component of GDPs generated on pyramidal neurons. Since the block of GABA, or AMPA
receptors in the whole network would prevent GDPs generation, it was necessary to act at single
cell level to dissect out the different GDPs components. To this purpose, GABAA induced
responses in principal cells were blocked by perfusing the recorded neuron with fluoride (see
also Khazipov et al. 1997). This procedure revealed the presence of a residual GDP component
with slower kinetics. Within the first 30-40 minutes of cell dialysis with fluoride, GDPs undergo
a shift in their reversal potential towards more positive values. The slope of the amplitude-
voltage plot changed with time, suggesting a progressive loss of the GABAergic component. The
- shift in reversal was similar to that already reported for GDPs in interneurons (Khazipov et al.
1997). The residual GDPs components were characterized, in the majority of the cases, by a

linear amplitude/voltage relationship. This indicates that they were mediated by the activation of
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a non-NMDA receptor type, unmasked after intracellular blockade of GABA. Further support of
this interpretation is provided by pharmacological experiments in which CNQX was able to
completely block the residual component of GDPs (8/11cases). An NMDA component was
found in ronly 3/11 cases. In this respect our data differ from those reported by Khazipov et al.
(1997) in interneurons, where the dialysis-resistant component rectified at membrane potential
more negative than -20. However, in that report no pharmacological tools were used to dissect
out the different glutamatergic components and the assumption that the residual part of GDPs
(which remains after intracellular dialysis with F) is NMDA-dependent was based only on the
voltage dependency of the responses. In the present experiments, the similarity in the
dose/response curves for AMPA, obtained in the presence of TTX, with intracellular solutions
containing KCI or KF, excludes the possibility that the residual AMPA-mediated component of
the GDPs is overestimated as a result of the interference of F with some phosphorylation

processes (Andrews and Babior, 1984).

5.1.4 Recurrent collaterals from pyramidal cells may provide the glutamatergic drive to
interneurons

As already shown (Khazipov et al., 1997; Garaschuk et al., 1998; Menendez de la Prida et al.,
1998), GDPs were still present in small CA3 islands isolated from the rest of the hippocampus,
implying that a local circuit consisting of a relatively small population of principal cells and
interneurons was sufficient to generate them. In these cases, the glutamatergic input presumably
originates from collaterals of principal cells, since the mossy fibers were disconnected from the

granule cells of the dentate gyrus. Moreover, the glutamatergic component revealed in pyramidal
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cells recorded with KF is also presumably due to glutamate released from recurrent collaterals,
since it was present also in isolated’ CA3 islands.

In summary this first set of experiments suggests that GDPs generation requires activation of
AMPA receptors by local release of glutamate from recurrent collaterals. Other glutamatergic

components may also be involved but do not seem to be essential.

5.2 Role of muscarinic receptors in GDP modulation

5.2.1 Endogenous ACh enhances GDPs frequency acting on M1 muscarinic receptors

The present experiments have clearly shown that during the first postnatal week, endogenous
ACh is able to modulate GDPs frequency and therefore the release of GABA in a
developmentally regulated way through the activation of M1 muscarinic receptors. Evidence in
favour of an upregulation of GDPs frequency by ACh acting on muscarinic receptors is given by
the experiments with atropine, in about 50% of which GDPs frequency was reduced. Also the
experiments with edrophonium strongly suggest that endogenous ACh modulates GABA release,
assessed as GDPs. This compound in fact, by blocking AChE increased the levels of endogenous
ACh and enhanced GDPs frequency. The effect induced by edrophonium was mediated by
muscarinic receptors since it was prevented by application of atropine. We cannot rule out the
possibility that edrophonium, as other anti-cholinoesterase drugs, could have a direct actions at
some cholinergic receptor sites, as either agonist or antagonist (Goodman and Gilman, 1996).
However studies on the heart and on airway smooth muscles suggest that edrophonium does not
exert any agonist-like action on muscarinic receptors (Shibata et al., 1996; Backman et al., 1996;
Endou et al., 1997).

It is not clear why immediately after washout of edrophonium a block or a reduction in GDPs
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frequency occurs. A desensitization of ACh muscarinic receptors following accumulation of
ACh in the tissue as the consequence of AChE inhibition by edrophonium can be excluded since
the potentiating effects of edrophonium persisted when edrophonium was applied for prolonged
periods of time. Another mechanism that could account for this effect is an unbalance between
M1 and M2/M4 receptor activation during washout of the AChE inhibitor edrophonium. In these
conditions, the concentration of ACh in the tissue would be abruptly reduced and this would
cause a preferential activation of higher affinity presynaptic inhibitory M2 and M4 muscarinic
receptors, which are usually associated to inhibitory responses.

Interestingly, the enhancement of GDPs frequency induced by edrophonium was
developmentally regulated, as shown by the increased efficacy of the effects of this drug with
age. These effects could be due to a progressive increase of both muscarinic receptors and
cholinergic innervation during the first postnatal week. According to Niakas et al. (1994) at P1,
the density of AChE-positive fibers is extremely low; cholinergic fibers undergo a rapid
increment during the first postnatal week, they reach a pattern closely resembling the adult age
conditions by P10, although they continue to increase until P30. Muscarinic receptors are already
present at birth, but binding studies have shown that their number sharply increases from P4 to
P10-P15 (Ben-Barak and Dudai, 1979). As for thé cholinergic innervation, the total binding
continues to increase gradually until P30 (Tice et. al., 1996). |

The effects of ACh were mediated by M1 muscarinic receptors, as suggested by the possibility to
antagonize the action of edrophonium with low concentration of pirenzepine. This drug in fact
antagonized the effect of edrophonium with an ECsy lower than methoctramine. However, we
can not exclude the possibility that, M3 receptors could be also involved. M1 and M3 receptors

have been shown to be preferentially localized on the somata and dendrites of pyramidal neurons
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and interneurons (Levey et al., 1995). Therefore, activation of these receptors would increase the
excitability of the network probably by suppressing several potassium conductances, that causes

an increase of GDPs frequency.

5.2.2 Carbachol increases and decreases GDPs frequency acting on M1 and M2 muscarinic
receptors, respectively | |

Like those of edrophonium, the effects of carbachol were developmentally regulated. Direct
application of carbachol was able to increase GDPs frequency and, after PS5, to enhance the
synaﬁtic noise and to depolarize the cell. These effects were presynaptic as assessed by the fact
that: i. the action of carbachol was detected also in the absence of changes in membrane potential
or input resistance. ii. when the membrane depolarization was present, this was blocked by
GYKI 53665 or bicuculline, implying that it was due to the release of glutamate or GABA,
following activation of muscarinic receptors. As for ACh, carbachol would activate muscarinic
receptors localized on pyramidal cells and/or interneurons. An increase in pyramidal cells
excitability would enhance the glutamatergic drive to interneurons that would be ultimately
responsible for the increésed GABA release. NMDA receptors appear not to be involved in the
potentiating effects of carbachol on GDPs since NMDA antagonists failed to prevent the action
of carbachol. Therefore glutamate released from pyramidal cells would activate AMPA
receptors. Carbachol exerts also a direct excitatory effect on GABAergic interneurons as shown
by the increase in frequency of spontaneously occurring GABA-mediated synaptic potentials in
the presence of GYKI 53655 and AP-5. This implies, as already described in adults (Pitler and
Alger, 1992; Beherends and ten Bruggencate, 1993), a direct action of carbachol on muscarinic

receptors localized on GABAergic interneurons. As for endogenous ACh, the potentiating effect
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of carbachol on GDPs was mediated by M1 receptors, as suggested by the ability of pirenzepine
to prevent the effects of carbachol. Carbachol-induced oscillations in adult neurons (Williams
and Kauer, 1997) were blocked by pirenzepine and not by methoctramine, indicating that also in
this case, M1 receptor subtypes were involved. We can not exclude the possibility that also in
our case, like in adulthood, M3 receptors are also involved.

Unlike the action of endogenous ACh, carbachol had also a clear depressant presynaptic effect
on GDPs. This was revealed after blockade of the excitatory effect with pirenzepine. While in
juvenile and adult rats, the depressant effect of carbachol on excitatory transmitter release has
been well documented (Hounsgaard, 1978; Valentino and Dingledine, 1981; Dutar & Nicoll,
1988b), in neonatal hippocampal and cortical neurons a delayed maturation of functional
muscarinic receptors has been reported (Vaknin and Teyler, 1991; Milburn and Prince, 1993).
Thus, at P5-P7, only a modest depressant effect of carbachol on the field EPSP has been
observed in the CAl region of the hippocampus. However the question through which
muscarinic receptor this effect is mediated is still controversial (for a review see McKinney,
1993). M1 (Sheridan & Sutor, 1990), M2 (Dutar & Nicoll, 1988b; Marchi & Raiteri, 1989), M3
receptor subtypes (Hsu et al., 1995) and M4 (McKinney et al., 1993) have been suggested. In our
case a non-M1, most likely a M2 receptor subtype seems to be involved as demonstrated by the
experiments in which the M2 antagonist methoctramine was able to enhance the excitatory effect
of carbachol, presumably by blocking the inhibitory effect of carbachol on glutamate release
(and therefore on the glutamatergic drive to interneurons). The precise mechanism by which
ACh diminishes glutamate release from presynaptic nerve endings is not certain. Several
mechanisms can be put forward. These include: opening of potassium channels either directly

(Egan & North, 1986) or indirectly through an increase in intracellular calcium (Fukuda et al.
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1988), inhibition of calcium fluxes through voltage activated calcium channels (Géhwiler &
Brown, 1987; Higashida et al. 1990), direct depolarization of the terminals. Interestingly both the
direct effect of ACh on potassium and calcium channels are mediated by M2 and M4 receptor
subtypes (McKinney, 1993).

It remains to be clarified why carbachol exerts both an excitatory and a depressant action on
GABA release whereas only excitatory effects can be detected following activation of
muscarinic receptors by endogenous ACh. It is conceivable that carbachol activates both
synaptic and extrasynaptic receptors and the physiological properties of the latter would be
different from the former.

It is interesting to notice that, in juvenile (Postlethwaite et al. 1998) or adult rats (Williams &
Kauer, 1997), high doses of carbachol were shown to produce an oscillatory behaviour that
closely resembled epileptic-like phenomena (Traub et al. 1996) and that was only disrupted by
bicuculline. In the present experiments, bicuculline completely abolished GDPs and only
towards the end of the first postnatal week was able to produce spontaneous interictal discharges,

whose frequency was enhanced by carbachol as in juvenile animals (Psarropoulou & Dallaire,

1998).

5.3 Role of endogenous NGF on hippocampal function

5.3.1 NGF is necessary to maintain the cholinergic function in the hippocampus of neonatal
animals

The dependence of BF neurons on NGF for the maintenance of the cholinergic phenotype is well
documented. However, little is known about the functional consequences of NGF deprivation on

the area targeted by the cholinergic innervation. To antagonize NGF action, we implanted
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hybridoma cells secreting the monoclonal antibody oD11 (Cattaneo et al., 1988). which

efficiently neutralises NGF action and which does not cross react with qther neurotrophins
(Gonfloni, 1995). This delivery method was previously shown to be effective in antagonizing the
action of NGF in vivo on the development of the geniculo-cortical pathway (Domenici et al.,
1994) and on the cholinergic phenotype of BF neurons (Molnar et al. 1997; Molnar et al. 1998).
The present experiments clearly show that:

1. rats treated with anti-NGF antibodies at P2 and sacrificed one week later, present a significant
downregulation (possibly ACh-dependent) of GDPs frequency ii. rats treated with anti-NGF
antibodies at P2 and sacrificed two weeks later exhibit a 50% reduction in the effect on
acetylcholine release following stimulation of cholinergic fibers and an increased postsynaptic
sensitivity of pyramidal cells to carbachol. iii. rats treated with anti-NGF antibodies at P15 and
sacrificed one week later do not show any change in the sensitivity of principal cells to carbachol

or in acetylcholine release.

5.3.2 Effect observed in rat injected at P2 and sacrificed at P15

The present experiments show that rats treated with anti-NGF antibodies at P2, exhibited two
weeks after implantation a 50% reduction in the effect of electrical stimulation on acetylcholine
release following stimulation of cholinergic fibres and an increased postsynaptic sensitivity of
pyramidal cells to carbachol. Moreover, neurons in slices from animals implanted with oD11
exhibited broader action potentials and a reduction in spike discharge accommodation. In spite of
the reduction in acetylcholine release at P15, no changes in the slow cholinergic EPSP were

detected. This probably reflects a compensatory mechanism, whereby a reduction in cholinergic
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“innervation in young animals is counterbalanced by an increase in postsynaptic sensitivity to
acetylcholine.
An alteration of the cholinergic function in the hippocampus, following destruction of NGF
receptor-bearing cholinergic neurons in the BF with the toxin 192-IgG-saporin, which is taken up
by cholinergic terminals, (Jouvenceau et al. 1987; Heckers et al. 1994) has been recently
observed. In this case however, the slow cholinergic EPSPs was abolished, probably because of
the almost complete loss of BF cholinergic neurons.
It is most likely that the effects obser\(ed were due to the chronic deprivation of NGF, since the
levels of anti-NGF antibodies should be sufficiently high to completely neutralise endogenous
NGF (Korsching et al. 1985). The action of anti-NGF antibodies injected at P2 seems to be
localized at the BF level, as suggested by the shrinkage and reduction in the number of ChAT
positive cells within this region (Molnar et al. 1997; Molnar et al. 1998). Moreover, the identical
basic membrane properties found with electrophysiological experiments in aD11- and P3U-
treated animals, suggest no major morphological alterations of hippocampal cells. Therefore, the
observed effects are most likely due to an action of the anti-NGF antibodies on BF cholinergic
neurons. These cells express from birth, both high and low affinity receptors for NGF (Holtzman
et al. 1992; Holtzman et al. 1995; Koh et al. 1991), while the presence of TrkA and p75 mRNA
within the hippocampus is still controversial (Cellerino, 1996). In rats injected at P2 and
sacrificed two weeks later, CA1 pyramidal cells of NGF deprived animal show, in comparison to
control, broader action potentials, a reduction in spike discharge accommodation and an

increased postsynaptic sensitivity to carbachol.
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5.3.2.1 Action potential broadening

The present data also revealed a small but significant change in the shape of the action potential
due to spike broadening in slices from oD11-treated animals. At this stage the mechanisms
underlying this phenomenon are a matter of speculation. It has been reported that activation of
muscarinic receptors by low concentrations of carbachol are capable of increasing spike duration
with little or noichanges in spike amplitude (Figenschou et al., 1996). This effect may involve
the phosphotidylinositide second messenger cascade or direct activation of protein kinase C
(Figenschou et al., 1996). Spike broadening may result from a muscarinic suppression of
potassium conductances underling the I. Although this effect has been described in cultured
hippocampal neurons, it does not appear to occur in pyramidal cells in fresh slices (Figenschou et
al, 1996). We propose the possibility that changes in muscarinic receptors properties or in the
second messanger cascade, following chronic NGF deprivation, may affect calcium entry
through a direct or indirect action on voltage-gated calcium channels. Whatever the mechanism,
such an effect may lead to an increase in calcium influx and therefore in calcium-dependent

processes (Llinas et al., 1982).

5.3.2.2 Reduction in spike discharge accommodation

Cells in slices from oD11-treated animals exhibited spikes discharge that, in comparison with
controls, accommodated less. However, during stimulation of cholinergic fibres, the block of
accommodation was greater in cells from P3U than in oD11-treated rats. This effect was
probably due to a reduction in acetylcholine release from presynaptic nerve endings of slices
from oD11-treated animals. The reduction in spike discharge accommodation prior to tetanic

stimulation could have similar mechanisms to those previously suggested for spike broadening.
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9.3.2.3 Increased sensitivity of hippocampal cells to carbachol

The enhanced sensitivity of muscarinic receptors to carbachol found in the present experiments
is similar to that observed in denervated rat hippocampus (Benson et al., 1989). However, in
contrast to the present data, in denervation conditions the shift to the left of the dose/response
curve to carbachol was associated with an increase in the maximum response, indicating an
increased number of muscarinic receptors. In our case the apparent maximum was similar in P3U
and oD11 treated rats, suggesting that the total number of receptors was unchanged in both
experimental conditions. A qualitative change in receptor subtypes or changes in coupling
mechanisms between the receptors and acceptors may underline the reduction in ECsq value
found in NGF-deprived rats. It -is also possible that a reduced exposure to ‘ambient’
acetylcholine following cholinergic denervation might induce changes in desensitization and
recycling of muscarinic receptors, leading to an alteration of the ECsp value (Bogatkewitsch et
al., 1996).

In contrast to postsynaptic muscarinic receptors, presynaptic receptors, at least in CA1 area, were
not altered in‘ NGF-deprived animals as suggested by the fact that carbachol reduced the
amplitude of the field EPSPs to the same extent in both oD11 and P3U treated rats. It is well
established that inhibition of glutamate release in the hippocampus is mediated by the M2
subtype of muscarinic receptors (Dutar and Nicoll, 1988b; Marchi and Raiteri, 1989) whereas the
carbachol-induced membrane depolarization appears to result from the activation of the M1
subtype of muscarinic receptors (Dutar and Nicoll, 1988b). It is therefore possible that
neutralization of NGF with anti-NGF antibodies selectively affepts only the postsynaptic

receptors belonging to the M1 subtype, while sparing the M2 subtype localized on glutamatergic
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terminals. It is also likely that the effect of acetylcholine on spike discharge accommodation is
mediated by M1 subtype of muscarinic receptors (Dutar and Nicoll, 1988b). In line with this, an
increase in M1 but not M2 subtype of muscarinic receptors has been found in the hippocampus
of animals that have received 1-2 weeks earlier a lesion of the cholinergic pathway, a cut of the
fimbria-fornix or an intraventricular injection saporin Igl92 (Levey et al., 1995). This toxin
binds to the low affinity receptors for NGF (and other neurotrophine of the same family) P75

(highly expressed by BF cholinergic neurons), is taken up by cholinergic terminals and cell dead

occurs.

5.3.3 Effect observed in rat injected at P2 and sacrificed at P6-P11

In keeping with anatomicalvresults, one week after the injection (at P2) of aD11 cells, the slow
cholinergic EPSP could not be evoked in the CA1 area. Furthermore, in NGF deprived animals,
GDPs frequency recorded in the CA3 region was significantly reduced. Since GDPs are
modulated by endogenous acetylcholine, it is likely that this effect is due to a reduced ACh level
in the tissue. In support of this hypothesis are the data obtained from the releasing experiments.
Although, due to intrinsic technical difficulties, few experiments were performed in this animal

group, very low level of ACh were detected following stimulation of hippocampal slices.

5.3.4 Lack of change in the sensitivity to carbachol of hippocampal cells from rats treated with
anti NGF antibodies at P15 and sacrificed at P21

When the injection was performed at P15 and the animals were sacrificed one week later, both
the sensitivity to carbachol of hippocampal cells and acetylcholine ‘release were unchanged, in

agreement with anatomical data that have shown no changes in the size and number of BF
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cholinergic neurons at this time point (Molnar et al 1997; Molnar et al. 1998) and in spite of the
high levels of D11 antibodies présent in the hippocampus and cortex. The shift to the left of the
dose response curve to carbachol found in slices from P3U-treated animals may reflect a
normally occurring developmental proéess. On the other hand, the unchanged sensitivity to
carbachol, with respect to controls, of neurons from oD11-treated rats is consistent with the lack
of alterations in the cholinergic phenotype of BF neurons under these experimental conditions.

The mechanisms underlying the transition in the sensitivity of BF neurons to NGF neutralization
which occurs around P15 are still unclear. One possibility could be a switch of BF neurons in
their dependence to other neurotrophic factors, a phenomenon well described in other sYstems
(Davies, 1997). Alternatively, one may speculate that around P15, Trk A receptors may become
activated in a NGF-independent way, producing a basal level of signaling, similarly to what is
reported when these receptors are overexpressed in transfected cells (Hempstead, 1992).
Changes in the ratio of TrkA versus p75~ ™~ réceptors could conceivably mediate the differential
sensitivity of BF neurons to NGF deprivation before and after P15 (Bredesen and Rabizadeh,
1997). Interfering with the activity of TrkA receptors in TrkA-/- mice, leads to a partial different
picture, possibly due to residual NGF signalling through p75: at P20-P25, BF cholinergic
neurons are not fully mature and display a downregulation of ChAT immunoreactivity as well as

a 20% reduction in the number of ChAT immunoreactive neurons (Fagan et al., 1997).

5.3.5 Conclusion
Recently in the intact in vitro septal-hippocampal preparation (Leinekugel et al., 1998) it has
been shown that GDPs have a preferential septo-temporal propagation gradient. The septal pole,

being most active, would pace the rhythm of the entire structure. Although originated within the
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hippocampus, GDPs propagate to the septum, probably via the hippocampal-septal projection.
Therefore, at a time when theta activity is not developed yet (LeBlanc and Bland, 1979), GDPs
would ensure synchronization of large neuronal ‘ensembles’ (mainly GABAergic cells) within
the developing limbic structure. By differentially regulating synaptic efficacy between neurons
according to their septo-temporal distance, they may drive the formation of functional units in
the septo-hippocampal complex. Synchronization of large neuronal ‘ensembles’ would be
particularly important in synaptogenesis and would considerably enhance encoding of
information during a particular period of postnatal development. ACh by activation of
muscarinic receptors would further strengthen this action, thus contributing to the fine tuning of

hippocampal neuronal circuitry.
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