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ABSTRACT

During development, correlated network activity plays a crucial role in establishing
functional synaptic contacts, thus contributing to the development of adult neuronal
circuits. In the hippocampus, a region of the brain involved in the formation of declarative
memories, network-driven giant depolarizing potentials or GDPs are generated by the
synergistic action of glutamate and GABA, which at this developmental stage is depolarizing
and excitatory. The depolarizing action of GABA during GDPs results in calcium flux via
NMDA receptors and voltage-dependent calcium channels. Calcium, in turn activates
different signaling pathways necessary for several developmental processes including
synaptogenesis. In previous work from our laboratory it was demonstrated that GDPs and
associated calcium transients act as coincident detectors for enhancing synaptic efficacy at

poorly developed mossy fibre-CA3 synapses in a Hebbian type of way.

In the first paper presented in my thesis we asked whether GDPs can enhance synaptic
efficacy at emerging glutamatergic Schaffer collateral-CA1 synapses. To this aim, the rising
phase of GDPs was used to trigger Schaffer collateral stimulation in such a way that
synchronized network activity was coincident with presynaptic activation of afferent input.
This procedure resulted in a persistent increase in spontaneous and evoked AMPA-mediated
glutamatergic currents. No potentiation was observed when a delay of 3 s was introduced
between GDPs and afferent stimulation. The induction of pairing-induced synaptic
potentiation required calcium influx into the postsynaptic cell through L-type of calcium
channels, since it was prevented by nifedipine, a broad voltage-dependent calcium channel
blocker. However, the expression of this form of synaptic plasticity was presynaptic as
suggested by the decrease in PPR and the increase in frequency, but not in the amplitude, of
spontaneous EPSCs. Pairing-induced potentiation of synaptic currents was mimicked by
exogenous application of BDNF and was prevented by a scavenger of endogenous BDNF or
TrkB receptors antagonists. Blocking TrkB receptors in the postsynaptic cell did not prevent
the effects of pairing, suggesting that BDNF, possibly secreted from the postsynaptic cell
during the depolarizing action of GDPs, acts on TrkB receptors localized on the presynaptic

neurons. In addition, pairing-induced synaptic potentiation was blocked by ERK inhibitors,




indicating that BDNF activates the MAPK/ERK cascade, which may lead to transcriptional
regulation and new protein synthesis in the postsynaptic neuron. Therefore, BDNF can act
presynaptically to alter the probability of glutamate release but also postsynaptically to
produce the morphological modifications necessary for the formation of new synapses and
the refinement of the adult neuronal circuit. In conclusion, these results support the
hypothesis that during a critical period of postnatal development, GDPs are instrumental in
tuning excitatory glutamatergic connections and provide new insights into the molecular

mechanisms involved in this process.

In the second part of my thesis, we investigated whether another associative form of
synaptic plasticity, the spike-timing dependent plasticity or STDP, can modify synaptic
strength at immature mossy fibres (MF)-CA3 synapses, which early in postnatal life are
GABAergic. Spike-timing dependent plasticity is essential for information processing in the
brain, and this process depends on the temporal order of pre and postsynaptic spiking. We
first demonstrated that GABA, released from MF terminals depolarizes tagged cells. Then we
found that when back propagating action potential followed the presynaptic stimulation of
MF, a persistent increase in amplitude of GABAA-mediated postsynaptic current (GPSCs) was
observed, an effect that was associated with a decrease in the number of failures and a
reduction in the paired-pulse ratio. Positive pairing (pre versus post) performed in current
clamp conditions, produced a stable potentiation of the slope of GPSPs which often
triggered action potentials. Therefore, after pairing, the probability of firing increased
significantly. In contrast, when the back propagating action potential preceded the
presynaptic stimulation, a significant reduction in amplitude of GPSCs was detected. The
temporal window of the potentiation or depression lasted for ~50 ms in both directions. The
potentiating effect required a rise of calcium in the postsynaptic cell via voltage-dependent
calcium channels since this effect was prevented by intracellular BAPTA or by nifedipine.
While the induction of this form of synaptic plasticity was postsynaptic, the expression was
presynaptic as suggested by the changes in failure rate and paired-pulse ratio, which
accompanied modifications in amplitude of GPSCs (in both directions). This suggests the
existence of a cross talk between the post and the presynaptic neuron and the involvement
of a transcellular retrograde signal that was identified in the BDNF. BDNF, released by the

postsynaptic neuron during spike-induced membrane depolarization may act on presynaptic




Trk B receptor to enhance transmitter release. Thus, Trk B receptor antagonists prevented
spike-time dependent potentiation and exogenous application of BDNF mimicked the effects
of pairing, further strengthening the initial observation. We found also that the effects of
BDNF on synaptic potentiation required the activity of protein kinase A. These results show
that, during postnatal development, pairing back propagating action potentials with MF-
GPSPs persistently enhances synaptic efficacy and brings CA3 principal cells to fire, thus
providing a reliable way to convey information from granule cells to the CA3 associative
network at a time when glutamatergic synapses are still poorly developed. It should be
stressed that in this study, to prevent possible contamination with glutamatergic
transmission, we routinely used D-APV and DNQX to block NMDA and AMPA/kainate
receptors, respectively. We noticed however, that when GYKI was used to block only AMPA
receptors, addition of DNQX caused an increase in MF-GPSCs, suggesting that presynaptic
kainate receptors (KARs) down regulate the release of GABA from MF terminals. Therefore,
in the third paper the functional role of KARs in regulating GABA release from MF terminals

was carefully investigated.

Presynaptic kainate receptors regulate synaptic transmission in several brain areas but are
not known to have this action at immature mossy fibers (MF) terminals which release mainly
GABA. We found that, during the first week of postnatal life, application of DNQX or UBP
302, a selective antagonist for GluK1 receptors, increased the amplitude of MF-GPSCs, an
effect associated with a decrease in failure rate and in PPR, indicating the involvement of
GluK1 receptors in the regulation of GABA release. These receptors were tonically activated
by “ambient” glutamate present in the extracellular space, since decreasing the extracellular
concentration of glutamate with a glutamate scavenger, prevented the activation of GluK1
receptors and mimicked the effects of KAR antagonists. In addition, the depressant effect of
GluK1 on GABA release was dependent on a metabotropic type of mechanism since the
potentiating effects of both UBP 302 and the glutamate scavenger on GPSCs were fully
blocked by Pertussis toxin. In the presence of U73122, a selective inhibitor of phospholipase
C, along the transduction pathway downstream to G protein, GluK1 activation enhanced the
probability of GABA release. This was probably mediated by the ionotropic action of GluK1
and was in line which the enhanced MF excitability which was probably dependent on the

direct depolarization of MF terminals via calcium-permeable cation channels. In addition, we




found that GluK1 dynamically regulated the direction of STDP being able to shift spike-time
dependent potentiation into depression. The GluK1-induced depression of MF-GPSCs would

prevent the excessive activation of the CA3 associative network by the excitatory action of

GABA and the onset of seizures.




INTRODUCTION

The Hippocampus

“Memories, light the corners of the mind” - So goes the popular song from the 1970s, but
actually it is believed that memories are formed deep within the brain rather than in the
corners. One brain structure known to be involved in the complex processes of forming,
sorting, and storing memories is the hippocampus. The hippocampus is a well characterized
brain structure, named by the sixteenth century anatomist Julius Caesar Aranzi (1529 —
1589), in his book “De Humano Foetu liber” (Rome, 1564), from the Greek word for sea
horse, hippos and kampos, meaning ‘horse’ and ‘sea monster’, respectively. This reference
follows the resemblance of its curved shape to that of a sea horse. The resemblance of the
hippocampus to the horns of a ram, prompted another name: “cornu arietis”, later changed
by Rene Croissant de Garengeot (1688 — 1759) to “cornu ammonis” because of the ancient
Egyptian God of Theba Amun, who was presented as a ram headed man, or a ram headed
sphinx. The shape of the hippocampus is conserved across a wide range of mammalian
species. Ramon y Cajal (1852 — 1934) contributed in a major way in understanding the
microscopic structure of the nervous system using a modification of the Golgi staining
method. This method stains a relatively small proportion of cells. With this technique, the
discoveries of the cellular architecture of the hippocampal formation and the associated
subdivisions still remain a key stone for understanding the functional structure of the

hippocampus.

A paired structure with mirror-image halves in either hemisphere of the brain, the
hippocampus is located inside the medial temporal lobe. Along with other structures in the
temporal lobe, the hippocampus is involved in learning and memory (Kandel, 2001), and
plays an important role in storage of long-term traces in humans and other mammalian
species (Milner et al., 1998; Kim and Baxter, 2001; Burgess et al., 2002). In the rodents, the
hippocampus plays a crucial role in spatial information processing, where specific cells called
“place cells” take part with a high rate of firing, when the animal moves through a specific

location in the environment (O’Keefe, 1983).




Anatomy

Anatomically, located on the medial wall of the later ventricle, the hippocampus is an
elongated structure with its longitudinal axis forming a semicircle around the thalamus. The
hippocampus proper and the surrounding regions, the dentate gyrus (DG), subiculum and
entorhinal cortex, together comprise the “hippocampal formation” (Figure 1). Cajal classified
the regions into areas CA1 — CA4, based on the size and structure of neurons. CA1 and CA3

form the larger zones, with the CA4 (or the hilus) corresponding to the initial part of CA3.

Although there is a lack of consensus relating to terms describing the hippocampus and the
adjacent cortex, the term hippocampal formation generally applies to the dentate gyrus,
fields CA1-CA3 and the subiculum (see also Cornu ammonis). The CA1 and CA3 fields make
up the hippocampus proper. Information flowing through the hippocampus proceeds from
dentate gyrus to CA3, CAl and the subiculum. CA2 represents only a very small portion of
the hippocampus and its presence is often neglected. The CA3 region is critical for the
initiation of hippocampal interictal-like activity. This depends on the presence of abundant
recurrent excitatory connections between CA3 pyramidal cells (Miles and Wong, 1983). In
area CA3, Lorente de No (1934) has identified 3 subareas by anatomical position — CA3a,
CA3b and CA3c, corresponding to the bend of CA3, the ventral portion between the bend
and the lateral end of the DG and the portion encapsulated by the blades of the DG,
respectively. A recent study has suggested that the CA3a region is involved in initiation of
ensemble activity (Wittner and Miles, 2007). This may be due to the fact that CA3a
pyramidal cells are more excitable and fire in bursts more frequently than CA3b cells. Hence,
at least in guinea pigs, CA3a cells have more complex dendritic arbors than CA3b cells

especially in zones targeted by recurrent synapses (Wittner and Miles, 2007).

Pyramidal cell soma are arranged in the stratum pyramidale in all the regions. Other regions
identified include the stratum oriens where the basal dendrites of the pyramidal cells could
be found, the stratum radiatum and stratum lacunosum moleculare, where the apical

dendrites are radially oriented.
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Figure 1: Neuronal elements of the hippocampal formation. Labelled areas include the subiculum,
part of the entorhinal cortex, the fornix, the dentate gyrus and the regions CAl to CA4. The
hippocampus proper is divided into alveus, stratus oriens, stratum pyramidale, stratus lucidum,

stratum radiatum and stratum lacunosum-moleculare. (Ramon y Cajal, 1911).

The Hippocampal Circuit

From the entorhinal cortex, a region which receives and integrates multisensory inputs from
the touch, auditory, olfactory and visual pathways as well inputs from the cingulated gyrus,
output fibers cross (perforate) the surrounding cortex and terminate into the dentate gyrus.
The so-called “perforant path” is generally considered the main input to the hippocampus.
The dentate granule cells have relatively short axons, called the “mossy fibers” which
connect the nearest part of the pyramidal cell population. These axons have been called
‘mossy’ by Ramon y Cajal (Ramon y Cajal, 1911) because of their particular appearance at
the light microscopic level that reminds, as the mossy fibers in the cerebellum, the shape of
the moss on trees. Mossy fibers (MF) give rise to large en passant swellings and terminal
expansions on CA3 principal neurons or mossy cells seen as giant boutons at the electron
microscopic level. These presynaptic swellings adapt very well to specialized postsynaptic

elements present on proximal dendrites of CA3 principal cells, called thorny excrescences.
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The MF synaptic complex contains multiple active zones (up to 50) associated with
postsynaptic densities. In addition MF make synaptic contacts with GABAergic interneurons
present in the hilus and in the CA3 area and these represent the majority of all MF
connections (Frotscher et al., 2006). In a seminal paper, Acsady et al., (1998) demonstrated
that MF connections with interneurons have either the shape of small boutons or filopodial
extensions. Differences in morphology between MF terminals at principal cells and
interneurons may account for the distinct functional properties of these synapses which

appear to be regulated in a target specific way (Nicoll and Schmitz, 2005).

The axons of CA3 principal cells project to the septum trough the fornix. In addition, they
send collaterals (Schaffer collateral) that make synaptic connections with the apical
dendrites of CA1 pyramidal neurons. The axons of CA3 pyramidal cells form also recurrent
excitatory synapses with neighboring principal cells giving rise to an auto-associative
network crucial for learning and memory functions. As already mentioned, the auto
associative CA3 network plays an important role in initiating ensemble network activity

during seizures.

The CA1l pyramidal cells project to a nearby cortical area, the subiculum which in turn

projects to the septum through the fornix.

For its relatively simple organization, the hippocampus is particularly well suited for studies
on slices, because it is constructed as a series of lamellae, each of which contain the whole

three synaptic circuit.




MAJOR NEURONAL TYPES IN THE HIPPOCAMPUS
Granule cells in the dentate gyrus

The principal neurons of the DG are the granule cells. These have a small, ovoid cell body
with a single dendritic tree which extends into the molecular layer and terminate near the
hippocampal fissure. Dendrites are heavily studded with spines. They receive a main
excitatory input from the enthorhinal cortex via the perforant path (Amaral and Witter,
1995). Granule cells receive also a number of inhibitory inputs from many different types of
interneurons, mostly from those present in the hilus. One peculiar characteristic of granule
cells in the dentate gyrus is that they are still post-mitotic at birth and continue to develop
until the second week of postnatal life. In addition, they continuously undergo turnover
throughout the life (Henze et al., 2000) since they are constantly generated from stem cells

in the hilus.
CA1 and CA3 pyramidal neurons

Pyramidal cells, which account for about 90% of hippocampal neurons, constitute a rather
uniform cell population with homogenous morphology. They are named for their somatic
shape and possess apical and basal dendrites. The basal dendrites occupy Stratum Oriens
while apical dendrites occupy Stratum Radiatum and Stratum-lacunosum Moleculare. The
dendrites are studded with spines, which are the sites of most excitatory connections
(Ramon y Cajal, 1904; Lorente de No, 1934; Bannister and Larkman, 1995; Megias et al.,
2001). Therefore, spine density can be used as a reasonable measure of excitatory synapses
density (Gray, 1959; Andersen et al., 1966a, 1966b; Megias et al., 2001). As already
mentioned, CA3 pyramidal cells posses a particular class of spines, the “thorny excrescences”
which are present mainly on the apical dendrites (Y40 on each neuron; Blackstad and
Kjaerheim, 1961; Amaral and Witter, 1989; Chicurel and Harris, 1992), where they form the
postsynaptic targets of mossy fibers. Spines contain several organelles including
mitochondria which contribute to calcium handling (in addition to serving as a primary
source of energy) and sarco-endoplasmic reticulum calcium ATPase which play a crucial role

in calcium buffering and release.

Pyramidal cells are excitatory and liberate the neurotransmitter glutamate (Storm-Mathisen,

1977; Roberts and Sharif, 1981). Pyramidal cells receive inhibitory inputs from local




GABAergic interneurons. These control pyramidal cell excitability via feed-back or feed-
forward inhibition. Feed-forward inhibition is mediated by GABAergic interneurons activated
by extra- or intra hippocampal inputs (Buzsaki, 1984; Lacaille et al., 1987). Feed-back
inhibition is mediated by local interneurons excited by pyramidal cells via recurrent
collaterals (Andersen et al., 1964). These inhibitory mechanisms play an important role in
synchronizing the activity of widely distributed neurons (Cobb et al., 1995) and have been
proposed to control the generation of oscillatory activity in neural networks (Buzsaki and

Chrobak, 1995).
Mossy cells

Mossy cells are part of numerous cell types present in the polymorphic layer (hilus) between
the granule cells in the DG and the CA3 pyramidal neurons (Amaral, 1978). These cells were
carefully characterized primarily because they were the first to degenerate during epilepsy
and ischemia. They consist of ovoid cell bodies with several primary dendrites. Mossy cells
receive excitatory input from MF and additional excitatory inputs from a subset of CA3
pyramidal neurons that send axon collaterals back into the hilus. They also receive
substantial inhibitory inputs, probably from basket cells of the dentate gyrus, from aspiny
hilar interneurons and GABAergic input from the medial septum. Their axons make
excitatory glutamatergic synapses with granule cells in the DG and with GABAergic

interneurons in the hilus (Buckmaster et al., 1996).
GABAergic interneurons

Inhibitory interneurons, which form about 10% of the total hippocampal neuronal
population constitute a heterogeneous group of cells which liberate the transmitter y-
aminobutyric acid (GABA, Freund and Buzsaki, 1996). They play a critical role in controlling
communication between pyramidal neurons and rythmogenesis. Interneurons are
distributed across all layers of the hippocampus and have a highly variable morphology. They
differ from pyramidal cells in their active and passive membrane properties. For instance,
pyramidal cells accommodate (during a steady current pulse the firing is not maintained but
declines with time) while interneurons usually do not accommodate and can fire at
frequencies up to 400 Hz with little reduction in frequency (Lacaille, 1991). This may be due
to major differences in transcript expressions for distinct subunits of voltage-gated K*

channels, which shape the action potential phenotypes of principal neurons and




interneurons in the cortex (Martina et al., 1998). The resting membrane potential of
pyramidal cells and interneurons also differs, with interneurons being more depolarized than
pyramidal cells. As shown for subicular interneurons (Richards et al., 2007), this difference
could be due to the expression of distinct a-subunits of the Na*/K*-ATPase in interneurons
and pyramidal cells. The Na*/K*-ATPase is known to contribute to the regulation of neuronal
membrane potential, since transmembrane Na* and K" exchange is electrogenic. Moreover,
in comparison with principal cells, interneurons exhibit a higher input resistance (Morin et
al., 1996; Cauli et al., 1997; Savic et al., 2001). These differences seem to depend on the
differential expression of pH-sensitive leak potassium channel TASK, a subtype of KCNK
channel that regulates resting membrane potential and input resistance. TASK channel
subunits 1 and 3 seem to be more highly expressed in pyramidal cells than in interneurons

(Taverna et al., 2005).

Pyramidal cells and interneurons also differ in peptide composition, neurotransmitter
receptor subunit expression and neurotransmitter release mechanisms (Buzsaki, 2001).
Further studies and novel techniques including gene expression profile may uncover
additional differences between these two classes of neurons. Microarray mRNA expression
analysis has been used to compare the cellular heterogeneity of excitatory and inhibitory
neurons in different brain areas (Sugino et al.,, 2006) including the CA1l region of the
hippocampus (Kamme et al., 2003). Immunocytochemical (Macdonald and Olsen 1994;
Pickard et al., 2000), combined patch and single cell PCR (Martina et al., 1998; Taverna et al.,
2005) and mRNA expression profile experiments (Telfeian et al.,, 2003) have revealed
differences in Glutamate and GABA receptor subunits composition between principal cells

and interneurons, which may contribute to the different behavior of these cells.

The term interneuron was originally used to describe invertebrate cells that were neither
input nor output neurons. As the concept of synaptic inhibition developed (Eccles, 1964), it
came to be used as a synonym for inhibitory cells with short axons. These cells were seen to
play an essential role in the regulation of local circuit excitability, while principal cells, with
longer axons, were thought to project information to distant brain regions. The continued
emergence of functional, biochemical and anatomical data on principal and inhibitory cells
has revealed exceptions to this definition such that the original view on interneurons is
clearly an oversimplification. Glutamatergic cells make synapses locally as well as at a

distance, and GABAergic cells can make synapses at a distance as well as locally. Since most,
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if not all, non-principal cells use GABA as a transmitter (Freund and Buzsaki, 1996), the
definition “GABAergic non-principal cells” appears to be the most adequate for hippocampal

interneurons.

Based on Golgi staining, Ramon y Cajal (1893) and Lorenté de No (1934) distinguished ~20
different types of hippocampal interneurons (Klausberger and Somogyi, 2008; Figure 2).
Distinct cell types were first described according to features of their axonal or dendritic
processes (e.g. basket cell, horizontal cell and stellate cell). Labeling techniques can now
reveal the entire dendritic and axonal processes of recorded cells (Buhl et al., 1994). The
large number of interneuron types was matched by an equally rich terminology including
both classical descriptions such as basket cells and new terms emphasizing different aspects
of interneuron anatomy (Gulyas et al., 1993). The postsynaptic target domain has been
highlighted for the ‘axo—axonic cells’, which innervate the axon initial segment of pyramidal
cells (Buhl et al.,1994). The site of layers containing the soma and axonal processes is noted
in the names of O-LM cells (Oriens—Lacunosum Moleculare, Freund and Buzsaki, 1996), P-LM
cells (Pyramidale—Lacunosum Moleculare, Oliva et al., 2000) and O-OR bistratified cells
(Oriens—Oriens and Radiatum, Maccaferri et al., 2000). Other names have emphasized the
orientation of interneuron dendrites, as in stellate cells, and the vertical or horizontal cells of
stratum oriens, as well as the nearby excitatory synapses on post-synaptic sites such as the

Schaffer collateral-associated interneurons.
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Figure 2: Three types of pyramidal cell are accompanied by at least 21 classes of interneurons in the
hippocampal CA1 area. The main termination of five glutamatergic inputs are indicated on the left. The
somata and dendrites of interneurons innervating pyramidal cells (blue) are orange, and those
innervating mainly other interneurons are pink. Axons are purple; the main synaptic terminations are
yellow. Note the association of the output synapses of different interneuron types with the
perisomatic region (left) and either the Schaffer collateral/commissural or the entorhinal pathway
termination zones (right), respectively. VIP, vasoactive intestinal polypeptide; VGLUT, vesicular

glutamate transporter; O-LM, oriens lacunosum moleculare (Klausberger and Somogyi, 2008).

Interneurons (except mossy cells) all contain GABA as a neurotransmitter (Storm-Mathisen
et al., 1983) and the GABA synthesizing enzymes GAD65 and GAD67 (Ribak, 1978). Specific
interneuron populations contain different peptides, including somatostatin, cholecystokinin
(CCK) and substance P, or Ca*-binding proteins, such as calbindin, parvalbumin and
calretinin, (Somogyi et al., 1984). These markers have been used to produce a
neurochemical classification which may also imply functional differences (Freund and
Buzsaki, 1996; Baraban and Tallent, 2004). Parvalbumin, calbindin or calretinin expression
seems to discriminate between interneurons with different dendritic geometry, postsynaptic
target selection and synaptic input density (Gulyas et al., 1999). However, morphologically
defined interneurons may co-exist in a single neurochemically identified subgroup. For
example, O-LM, O-bistratified, P-LM and R—-LM interneurons of the CA1 hippocampal
subfield are all immunoreactive for somatostatin (Katona et al., 1999; Maccaferri et al.,
2000; Oliva et al., 2000; Losonczy et al., 2002). Similarly, parvalbumin is expressed by basket
and axo—axonic cells (Kosaka et al., 1987; Klausberger et al., 2003) as well as at lower levels
in the soma and dendrites but not terminals of O—LM cells (Maccaferri et al., 2000; Losonczy
et al., 2002). Furthermore, distinct markers may be expressed in morphologically similar
interneurons with different functional properties. Basket cells for instance express
parvalbumin or CCK (Freund, 2003). Therefore, a combined neurochemical and anatomical

classification will be more useful than a scheme based on either one of these parameters.

Principal cells and GABAergic interneurons receive neuromodulatory inputs from a number
of subcortical areas. These include the cholinergic projection from basal forebrain
cholinergic neurons in the medial septum, diagonal band, substantia innominata and nucleus
basalis of Meynert (reviewed by McKinney, 2005), the noradrenergic, serotonergic and
dopaminergic inputs from the locus coeruleus, the raphe and the ventral tegmental area,

respectively. In particular, the cholinergic innervation, mediated via metabotropic (G-




protein-coupled) muscarinic and ionotropic nicotinic acetylcholine receptors contributes to
enhance activity-dependent synaptic plasticity processes. Deficits in the cholinergic system
produce impairment of cognitive functions that are particularly relevant during senescence
and in age-related neurodegenerative pathologies. In particular, Alzheimer's disease is
characterized by a selective loss of cholinergic neurons in the basal forebrain (Bartus et al.,
1982) and nAChRs in particular regions controlling memory processes such as the cortex and

the hippocampus (Paterson and Nordberg, 2000).

Glial cells

These include micro and macro glia. Microglial cells, which are distributed throughout the
CNS, form about 20% of all glial cells contained in the brain (Lawson et al., 1990). They have
a myeloid origin, deriving from bone marrow precursor cells (Ling and Wong, 1993) and form
a resident, stable population of innate immune cells whose phenotype seems to represent
an adaptation of the monocyte and macrophage cells of the blood to a neural environment.
In normal brain, microglial phenotype is down regulated and characterized by a low
expression of the CD45 leukocyte antigen. Microglias normally have no phagocytotic or
endocytotic activity and proteins that induce or mediate typical macrophage functions are
poorly expressed or absent (Kreutzberg, 1996). Normal levels of neuronal activity apparently
act to maintain this inactive microglial cell phenotype via neurotrophin signaling (Neumann
et al., 1998; Wei and Jonakait, 1999) as well as neurotransmitter and peptide levels (Hetier
et al., 1991; Delgado et al., 1998). It has recently been suggested that neurons signal directly
to microglia, in cell-to-cell fashion, with an inhibitory signal involving the membrane

glycoprotein OX2 (Hoek et al., 2000; Wright et al., 2000).

Macroglia are a large cell class including oligodendrocytes and astrocytes. As neurones they
originate from the differentiation of multipotent neural stem cells. Oligodendrocytes,
located in the white matter, act primarily to form myelin (Bunge, 1968), an insulation of
modified plasma membrane that surrounds axons. They govern the speed and efficacy of
axonal impulse conduction and so are essential for CNS function. Astrocytes were thought to
support neuronal function by supplying essential substrates and removing toxic substrates,
but recent data suggests they are intimately involved in the neurogenesis occurring in
restricted brain regions of adult mammals including the hippocampus (Doetsch and Scharff,

2001; Song et al., 2002). Astrocytes can retain stem cell like properties (Doetsch, 2003) and




induce differentiation in adult neural stem cells (Song et al., 2002) or direct differentiation in
neuronal cell types (Berninger et al., 2007). Another interesting role of astrocytes is as a
third partner, with pre- and post-synaptic elements in the structural and functional
organization of the synapse. Porter and colleagues have shown that astrocytes express
receptors and respond to several neurotransmitters including glutamate (Porter and
McCarthy, 1996; Porter and McCarthy, 1997) and GABA (Kang et al., 1998; Araque et al.,
2002). Astrocytes modulate also neurotransmission by controlling ambient transmitter levels
with glutamate transporters and instruct the development, maintenance and recovery of
synapses. Synaptic stimuli from neurones can evoke astrocytic responses including increases
in intracellular Ca?" and release of “gliotransmitter”. Self propagating waves of Ca?" signals
are reported to spread long distances to other glial cells via gap junctions or ATP signals
(Newman, 2001). Reports also suggest that astrocytes can release glutamate (Bezzi et al.,
1998; Araque et al., 2000; Pasti et al., 2001; D'Ascenzo et al., 2007; Fellin et al., 2007) or D-
Serine, an endogenous ligand for NMDA receptors (Mothet et al., 2005) and depolarize
neurons in several regions including hippocampus (Hassinger et al., 1995). Further, it has
been shown that interneuronal firing elicits a GABABR-mediated elevation of calcium in
neighboring astrocytes, which in turn potentiates inhibitory synaptic transmission, thereby
suggesting an involvement of astrocytes as an intermediate player in activity-dependent

modulation of inhibitory synapses in the hippocampus (Kang et al., 1998).




DEVELOPMENT OF THE HIPPOCAMPUS
Cell Proliferation

Along with the neocortex, the hippocampus derives from the telencephalic pallium. During
early development, the undifferentiated germinal cells (neuroepithelium) are localized in the
ventricular zone. From the neuroepithelial cells, pluripotent progenitors are born which in
turn lead to the generation of neuronal and glial precursors. Migration of the first
postmitotic cells happens in a radial manner, out of the neuroepithelium to form the first
recognizable cortical layer, called the preplate (or early marginal zone). In the rat, the

preplate is present at day 10-15 after conception.
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Figure 3: Left panel - Schematic representation of early developmental stages of cortical lamination in
the telencephalic wall. In the pseudostratified cerebral wall a preplate forms that contains the
pioneer neurons. Subsequently, post-mitotic neurons, migrating along radial glial cells, form a cortical
plate within the preplate. Abbreviations: V, ventricular zone; PP, preplate; 1Z, intermediate zone; SV,
subventricular zone; SP, subplate; CP, cortical plate; MZ, marginal zone (Uylings et al. 1990). Right
Panel - A schematic illustration showing the different developmental organizations of hippocampal
and neocortical lamination. Initially, all cortices have a similar lamination pattern (a ventricular zone
and a preplate) and formation of this pattern is followed by the formation of a dense cellular layer,
the cortical plate. Hereafter, cortical lamination shows a different development. In the reptilian
cortex, the cell-dense cortical plate remains, likewise in the hippocampus. However, in the neocortex
the cell-dense cortical plate differentiates into several sublayers (layers II/1lI-VIa). The marginal zone
develops into the molecular layer in reptiles and into the stratum lacunosum-moleculare and
radiatum in the hippocampus, and into layer | in the neocortex. The existence of a separate subplate

layer in reptiles is less clear, but it is tempting to speculate that the subcellular layer is derived from




this preplate layer. In the hippocampus it forms the stratum oriens, in the neocortex layer Vib, and in
primates it disappears. Abbreviations: VZ, ventricular zone; PP, preplate; CP, cortical plate; MZ,
marginal zone; SP, subplate; SL, subcellular layer; |Z, intermediate zone; OMZ, outer marginal zone;
IMZ, inner marginal zone; HP, hippocampal plate; ML, molecular layer; CL, cellular layer; EL,
ependymal layer; SLM, stratum lacunosum-moleculare; SR, stratum radiatum; PY, pyramidal cell layer;

SO, stratum oriens; WM, white matter; I-VIb, neocortical layers.

The adult rat neocortex, where the cortical plate expands and forms cortical layers, consists
of six layers. Layers | and VIb are from the preplate layers (Figure 3). In the developing
hippocampus, the marginal zone is subdivided into two segregated sublayers: the inner
marginal zone (IMZ) and the outer marginal zone (OMZ). The developing hippocampal
cortical plate (HP) does not become a multi-laminar cortex but remains a cell dense
pyramidal cell layer (PY). In the adult hippocampus, the OMZ becomes the stratum
lacunosum moleculare (SLM), the IMZ the stratum radiatum (SR), and the subplate the

stratum oriens (SO).
Neurogenesis and neuronal migration

The hippocampal pyramidal neurons are generated between the embryonic day 16 (E16)
and 20 (E20), in the ventricular zone of the pallium (Bayer, 1980a; Bayer, 1980b). From here,
they migrate towards the hippocampal plate (Rakic, 1995), using the radial glial fibres. The
migration features an inside-out sequence with the newly arrived neurons settling in the
upper level of the already migrated cells. The pyramidal cell layer becomes recognizable in
areas CA1 and CA3 around E20. Once the migration is completed, the radial glial cells retract
their end feet, undergo changes in their morphology and become astrocytes. This migration
process is supposed to be calcium dependent and regulated by NMDA, GABA receptors and
voltage-dependent calcium channels (Spitzer, 2002; Komuro and Rakic, 1998). At about the
same time, the granule cells in the dentate gyrus are also generated, although most of the
DG neurogenesis occurs later. Approximately 85% of the granule cells are generated during
the first postnatal month (Bayer, 1980a; Bayer, 1980b). These are generated mainly in the
ventricular zone and in the hilus, with only a small proportion being generated within the DG
itself. Granule cells migrate along glia fibres. GABAergic cells in the hippocampus are
generated before pyramidal neurons between E14 and E15. They migrate tangentially from
the ventricular zone of the subpallial telencephalon to their final destination mainly

prenatally between E16 and E17. GABA depolarizes neuronal progenitor cells thus favouring




calcium entry via voltage-dependent calcium channels. Calcium signalling in turn activates
several metabolic pathways necessary for cell survival and differentiation including DNA
synthesis (LoTurco et al., 1995). At this early developmental stage, neurotransmitters can
influence neurogenesis by acting at distance from their release sites (growth cones) in a
paracrine way (Demarque et al., 2002). Thus, “ambient” GABA and glutamate, present in the
extracellular space, may influence neuronal signalling by binding mainly to extrasynaptic
receptors. The release of neurotransmitters may occur in a non-vesicular fashion and does
not require vesicular release proteins. Later in development, with the occurrence of
conventional synapses, this system is replaced by a more focal form of neuronal
communication. Synaptic signalling is controlled by proteins (transporters), predominantly
expressed on axons and surrounding glial cells which facilitate the clearance of the
neurotransmitters from the synaptic cleft. Besides neurotransmitters, other factors such as
extracellular matrix proteins, neurotrophins and adhesion molecules contribute to regulate

neurogenesis (Super et al., 1998).

It is worth noting that in granule cells neurogenesis persists in adulthood (van Praag et al.,
2002). Also in this case, before being innervated by the pre-existing functional circuitry (Ge
et al.,, 2006), newborn granule cells in the adult dentate gyrus are tonically activated by

ambient GABA.

Studies on rats (Tyzio et al., 1999; Hennou et al., 2002) and non-human primates (Khazipov
et al., 2001) have shown that in both interneurons and pyramidal cells, functional GABAergic
synapses are formed before glutamatergic ones. In acute rat hippocampal slices at PO, only
few GABAergic interneurons (5%) were found to be non-innervated, 17% exhibited only
GABAergic synapses and 78% both GABAergic and glutamatergic synapses (Tyzio et al., 1999;
Khasipov et al., 2001; Hennou et al., 2002). In contrast, 80% of pyramidal cells in the CAl
area were found to lack apical dendrites and were electrophysiologically “silent”; 10%
expressed small apical dendrite restricted to the stratum radiatum and exhibited only
GABAergic synapses while the remaining 10% apical dendrites reaching stratum lacunosum
moleculare and exhibited both GABAergic and glutamatergic synapses. The sequential
expression of GABA and glutamate synapses was not related to the length of axons that was
found relatively well developed in all neurons. Interestingly, the GABA—glutamate sequence

is retained in newborn granule cells during adult neurogenesis (Ge et al., 2006).




GABAERGIC SIGNALLING EARLY IN POSTNATAL
DEVELOPMENT

Early in postnatal life, GABA depolarizes and excites target cells.

GABA is the main inhibitory neurotransmitter in the adult CNS. It inhibits neuronal firing by
activating two different classes of receptors: GABA, and GABAg. The GABA, receptors are
ligand-gated ion channels, permeable mainly to CI" and to HCOs'which are competitively
antagonized by bicuculline (Cherubini and Conti, 2001). The opening of the channels causes
a net flux of anions inside the cells with consequent membrane hyperpolarization and a
reduction of cell firing. The GABA; receptors do not contain an integral ion channel but are
coupled with cationic channels (usually inwardly rectifying potassium channels) via G; and G,
proteins (reviewed in Bettler et al., 2004; Couve et al., 2000). Activation of GABAg receptors
causes a membrane hyperpolarization and a reduction of cell firing (Lischer et al., 1997).
They are selectively activated by baclofen and antagonized by saclofen or phaclofen.
Activation of GABAg receptors also modulates cAMP production (Hashimoto and Kuriyama,
1997) leading to a wide range of actions on ion channels and proteins that are targets of the
cAMP-dependent kinase (protein kinase A, PKA), and thus modulate neuronal and synaptic

functions (Gerber and Gahwiler, 1994; Sakaba and Neher, 2003).

GABA, and GABA; receptors are localized also on presynaptic membranes. Activation of
GABA, receptors localized on GABAergic or glutamatergic terminals may contribute to
modulate spontaneous GABAergic and glutamatergic transmission. Using mechanically
dissociated rat hippocampal CA3 neurons (which still have intact presynaptic nerve endings)
Jang et al. (2006) found that exogenous application of muscimol increased the frequency of
spontaneous EPSCs, an effect that was blocked GABA, receptor antagonists. This was
probably due to GABA-induced depolarization of glutamatergic terminals. At mossy fiber-
CA3 synapses, presynaptic GABA, receptor activation resulted in a reduction or increase of

mossy fiber excitability depending on the [CI]..

Activation of presynaptic GABA; receptors (localized on both GABAergic and glutamatergic
terminals), decreases neurotransmitter release by inhibiting voltage-activated calcium
channels of the N or P/Q types (Amico C et al.,, 1995; Mintz and Bean, 1993; Poncer JC,
1997).




Interestingly, in the immediate postnatal period, when glutamatergic synapses are still
poorly developed (Hosokawa et al.,1994; Tyzio et al., 1999), GABA via GABA, receptors
depolarizes and excites target cells through an outwardly-directed flux of chloride. Towards
the end of the second postnatal week, GABA action shifts from depolarizing to the
hyperpolarizing direction as in adulthood (Ben-Ari et al., 1989). The first observations of a
developmentally regulated shift of GABA function was made by Obata et al., (1978), who
found that application of GABA or glycine depolarized 6-days and hyperpolarized 10-days old

chick spinal cord neurons in culture.

In the developing hippocampus, the depolarizing action of GABA firstly investigated with
intracellular recordings from CA3 pyramidal cells (Ben-Ari et al., 1989) was shown to be
dependent on the elevated intracellular chloride concentration. Subsequent work has
demonstrated that in pyramidal neurons of the rat hippocampus, the ontogenetic change in
GABA,-mediated responses from depolarizing to hyperpolarizing was coupled to a
developmental induction of the expression of the neuronal (Cl)-extruding K'/CI" co-
transporter, KCC2 (Kaila et al., 1999). The intracellular chloride homeostasis is under control
of two main CI" co-transporters, the NKCC1 and KCC2 that enhance and lower [CI7];,

respectively (Blaesse et al., 2009; Figure 4).
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Figure 4: lon-Transport Mechanisms Underlying GABA, and Glycine Receptor-Mediated Responses in
Immature and Mature Neurons. (Left) NKCC1 mediates CI” uptake in immature hippocampal and
cortical neurons, while an as yet unidentified Cl” transporter denoted by X operates in some neurons
either in parallel with NKCC1 or in its absence. (Right) In mature CNS neurons, KCC2 is the principal K-Cl
cotransporter, and it is often coexpressed with KCC3. CI” transport by all CCCs is fuelled by the Na* and
K* gradients generated by the Na-K ATPase. Because the intracellular concentration of CI” is high in

immature neurons (indicated by the shade of blue), Egaea and Egy, are not directly affected by the




intracellular HCO5;™ concentration, while in mature neurons, the channel-mediated net efflux of HCO5~

can have a major effect on the reversal potentials (Blaesse et al., 2009).

Due to the low expression of the KCC2 extruder at birth, chloride accumulates inside the
neuron via NKCC1. The developmentally up regulated expression of KCC2 towards the end of
the first postnatal week is responsible for the shift of GABA from the depolarizing to the
hyperpolarizing direction (Rivera et al.,, 1999). KCC2 extrudes K" and CI using the
electrochemical gradient for K*. CI” extrusion is weak in immature neurons and increases
with neuronal maturation (Khirug et al., 2005; Luhmann & Prince, 1991). Transfection of the
KCC2 gene into immature hippocampal neurons converts the action of GABA from excitatory
to inhibitory (Chudotvorova et al.,, 2005). Using in-utero electroporation to inject a
bicistronic construct encoding KCC2 and EGFP in a subpopulation of immature neurons,
Cancedda et al.,, (2007) were able to eliminated the excitatory action of GABA in a
subpopulation of rat ventricular progenitors and cortical neurons derived from these
progenitors, as assessed by changes in the reversal potential of GABA-induced currents and
the resting membrane potential after GABA, receptor blockade. Suppression of the
excitatory action of GABA resulted in a severe impairment of the morphological maturation
of cortical neurons in vivo, without significant effect on their radial migration. Furthermore,
reducing neuronal excitability of cortical neurons in vivo by overexpressing an inward-
rectifying K" channel, which lowered the resting membrane potential, they were able to
mimic the effect of premature KCC2 expression. These data strongly suggest that the
depolarizing action of GABA is essential for the morphological maturation of neonatal

cortical neurons in vivo (Cancedda et al., 2007; Figure 5).
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Figure 5: GABA excitation was essential for morphological maturation. A. Examples of -V
relationships for membrane current responses elicited by puffing GABA at the soma of layer
I/l neurons in acute slices of somatosensory cortex from P4-P6 rats, which were
transfected with KCC2/EGFP (red) or EGFP (green). Insets represent sample traces of GABA-
induced currents at different holding potentials. Calibration: 100 ms, 100 pA. B. E¢ values
determined by GABA puffing for P4—P6 neurons untransfected (gray) or transfected with
EGFP alone (green) or with KCC2/EGFP (red). Average values (+ SEM) are indicated on the
right. C. 2-D projection tracing of the dendritic arbor of 20 randomly sampled neurons in
layer 1I/1ll of P6 cortices transfected with EGFP or KCC2/EGFP. Scale bar, 100 um. D. Total
dendritic length and branch number of cortical neurons at P6 transfected with EGFP or
KCC2/EGFP. Data represent mean + SEM. For both parameters, the values of KCC2/EGFP-
transfected cells were significantly different from those of EGFP-transfected cells (p<0.001).
Numbers in parentheses refer to the total number of cells/rats analyzed. (Adapted from

Cancedda et al., 2007).

Similarly, using RNA interference to knock down in vivo the expression of the Na-K-2Cl co-
transporter NKCC1, it was found that changes in the direction of GABA action led to a
disruption of dendritic development associated with an alteration in the formation of

excitatory synapses (Wang and Kriegstein, 2008). Blocking NKCC1 with the diuretic

29




bumetanide (Dzhala et al., 2005; Sipild et al., 2006) caused similar effects. Interestingly,
these effects could be rescued by over expressing voltage-independent NMDA receptors,
indicating that GABA depolarization cooperates with NMDA receptor activation (the
depolarizing action of GABA would help relieving the magnesium block from the NMDA

receptors) to regulate the formation of excitatory synapses (Wang and Kriegstein, 2008;

Figure 6).
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Figure 6: Nkccl-shRNA expression disrupts morphology of cortical neurons. A. Confocal 3-D

reconstruction of dendrites of control or Nkccl-shRNA-expressing cortical neurons at 2 or 3




weeks postnatal. The left panels show the flattened stack of a neuron, and the right panels
show multiple rotational views as indicated by the plane and angle of rotation. Scale bar, 20
um. B, C. Quantification of average soma size (B) and number of primary dendrites (C) of
GFP+ cortical neurons demonstrate that, compared with control pyramidal neurons, Nkccl-
shRNA-expressing neurons display smaller soma size and fewer primary dendrites at both 2
and 3 weeks. Bar graphs indicate mean + SEM (**p < 0.005; ***p < 0.0001; t test). The
numbers of neurons are indicated in parentheses. (Adapted from Wang and Kriegstein,

2008).

Cooperation with NMDA receptor activation represents an early form of coincidence
detection between GABAergic and glutamatergic inputs. More recently, it was found that in
NKCC1 knock out mice, the diminished GABAergic excitation resulted in reduced and less
correlated spontaneous network activity and in a delayed maturation of glutamatergic and
GABAergic synapses in the absence of any detectable morphological modification (Pfeffer et
al., 2009). In a closed related study, based on another strain of animals (Sipila et al., 2009), it
was found that the loss of GABAergic excitation in NKCC1 knock out mice resulted in
unperturbed KCC2 expression and in enhanced AMPA receptor dependent network activity.
Although according to Sipila et al., (2009) the lack of depolarizing response to GABA would
promote a homeostatic compensatory increase in intrinsic excitability of glutamatergic

neurons, discrepancy between these two reports is unclear.

According to Ganguly et al., (2001), GABA itself may control the shift from excitation to
inhibition because the shift would not occur in cultured neurons exposed to GABA, receptor
antagonists. However, these data have been questioned in subsequent studies which have
shown that the developmental up regulation of KCC2 can take place in the complete
absence of GABA, receptor signaling (Ludwig et al., 2003; Titz et al., 2003). Furthermore,
during embryonic development in VIAAT knockout mice, KCC2 mRNA and protein levels are

unaffected, despite the absence of GABAergic synaptic transmission (Wojcik et al., 2006).

The developmental shift of GABA from the depolarizing to the hyperpolarizing direction is
likely to involve neurotrophins (Aguado et al., 2003; Rivera et al., 2004) although the exact
underlying molecular mechanisms are not known. Opposite results concerning the role of
neurotrophins on the regulation of the KCC2 transporter have been reported in different
preparations. Thus, while the in vivo overexpression of BDNF results in higher rates of

synaptogenesis, GABA production and expression of KCC2 (Aguado et al., 2003), exposure of




hippocampal slices to BDNF resulted in a reduction of KCC2 mRNA and protein (Rivera et al.,

2002).

As already mentioned, GABA, receptors are permeable to two physiologically relevant
anions, CI" and HCO3™ (Farrant, 2007; Kaila, 1994). Passive re-distribution of H" and HCO3"
ions would lead to a more acidic intraneuronal pH (Roos and Boron, 1981; Lee et al., 1996).
Hence, the electrochemical equilibrium potential for HCO3™ would be much less negative
(typically ~ -15 mV) than the resting membrane potential. Taking into account the relatively
low HCO3" vs CI" permeability ratio (0.2 - 0.4) of GABA, receptors, simple considerations
based on the Goldman-Hodgkin-Katz equation show that, when the intracellular chloride
concentration is low as in adulthood, the reversal potential of GABA, receptor-mediated
responses deviates significantly from the equilibrium potential of ClI" (Kaila et al., 1993).
However, the depolarizing GABA, receptor-mediated responses in immature neurons are
generally based on a high intracellular CI" concentration (Payne et al., 2003), which is often
higher than expected on the basis of passive distribution. Hence, the equilibrium potential of
Cl" is less negative than the resting membrane potential and this creates a driving force that
accounts for the depolarizing action of GABA in immature cells (Cherubini et al., 1991; Rivera

et al., 2005).

The development of fluorescent chloride indicators has allowed the direct measurement of
[CI']i (Mukhtarov et al., 2008, Markova et al., 2008). Using this tool it was clearly
demonstrated that [CI]; decreases during development of hippocampal neurons in culture

(Kuner and Augustine, 2000).

It is worth mentioning that GABA-induced depolarization may still result in inhibition of cell
firing if the positive shift in the membrane potential is associated with a strong “shunting
inhibition” (Lamsa et al., 2000). In organotypic hippocampal cultures, GABA released from
GABAergic interneurons depolarizes principal cells (Mohajerani and Cherubini, 2005).
However, while in the majority of cells (11/14), the depolarizing action was found to be
associated with inhibition of cell firing, in a few neurons (3/14) it was accompanied by a
strong increase in cell firing, an effect that was prevented by the GABA, receptor antagonist
bicuculline (Mohajerani and Cherubini, 2005). This indeed indicates that GABA-induced
membrane depolarization can still cause a “shunting inhibition” via an increase in CI

conductance.




In the immature hippocampus, the depolarizing action of GABA enables the induction of
synchronized activity, the so called giant depolarizing potentials or GDPs, which consist in
recurrent membrane depolarization with superimposed fast action potentials, separated by
quiescent intervals (Ben-Ari et al., 1989). GDPs which have been proposed to be the in vitro
counterpart of “sharp waves” recorded in rat pups during immobility periods, sleep and
feeding (Leinekugel et al., 2002) can be considered a primordial form of synchrony between
neurons, which precedes more organized forms of activity such as theta and gamma
rhythms (Buzsdki and Draguhn, 2004). Correlated network activity constitutes a hallmark of
developmental networks, well preserved during evolution that has been observed not only in
the hippocampus but in almost every brain structure examined, including the retina (Feller et
al., 1997), the neocortex (Owens et al., 1996; Dammerman et al., 2000; Maric et al., 2001),
the hypothalamus (Chen et al., 1996), the cerebellum (Yuste and Katz, 1991; Eilers et al.,
2001) and the spinal cord (Wang et al., 1994; O’Donovan, 1999).

The depolarizing action of GABA during GDPs results in calcium influx through the activation
of voltage-dependent calcium channels and N-methyl-D-aspartate (NMDA) receptors
(Leinekugel et al., 1997; Garaschuk et al., 1998; Figure 7). GDPs and associated calcium
transients lead to the activation of intracellular signaling pathways known to contribute to
several developmental processes including morphological maturation and synaptogenesis
(Owens and Kriegstein, 2002). More recently, GDPs and associated calcium transients have
been shown to act as coincident detectors for enhancing synaptic efficacy at poorly

developed synapses (Kasyanov et al., 2004; Mohajerani et al., 2007).

Figure 7: Spatially resolved changes in [Ca’']i in individual CA1 pyramidal neurones during a

spontaneous Ca’* burst. A. An epifluorescence image (taken at 390 nm excitation light) of




the cell body layer in the CA1 region of a hippocampal slice from a 3-day-old rat taken with a

x 40 objective lens. B-H. Pseudocolour ratio images were taken at various time points, as

indicated in |, during a Ca” burst consisting of four Ca”" transients. I. time course of the Ca**

burst calculated as a mean of all individual changes in [Ca™ i (n= 107 cells). (Adapted from

Garaschuk et al., 1998).

How GDPs are generated is still a matter of debate. In the disinhibited hippocampus,
population synchrony has been proposed to depend on an active process consisting in a
build up period during which synaptic traffic and cell firing exceeds a certain threshold
(Menendez de la Prida et al., 2006). Functionally excitatory synaptic interactions would
facilitate neuronal synchronization and the initiation of population bursts (Traub and Wong,
1982; Miles and Wong, 1987; Traub and Miles, 1991). A similar process may be involved in
the generation of GDPs early in postnatal life (Menendez de la Prida and Sanchez-Andres,
1999; 2000) when synaptic interactions are facilitated by the excitatory action of GABA
(Cherubini et al., 1991; Ben-Ari, 2002) and glutamate (Bolea et al., 1999). The presence of
intrinsically bursting neurons, which by virtue of their spontaneous discharge and large spike
output, can drive other neurons to fire in synchrony could contribute to GDPs generation
(Menendez de la Prida and Sanchez-Andres, 2000; Sanabria et al., 2001; Sipila et al., 2005). A
tonic GABA,-mediated conductance, well developed at birth (Marchionni et al., 2007) would
bring the membrane to the voltage window where voltage-dependent bursts are generated

(Sipila et al., 2005).

Early in postnatal development, the main neurotransmitter released from

mossy fiber terminals is GABA

As already mentioned, in adults, the MF input to CA3 is glutamatergic and comprises the
second synapse of the classical tri-synaptic hippocampal circuit. In particular conditions
however, MF can release in addition to glutamate also GABA. Thus, in the hippocampus of
epileptic animals (Gutiérrez and Heinemann, 2001; Romo-Parra et al., 2003) monosynaptic
GABAergic inhibitory postsynaptic potentials (IPSPs) occur in principal cells in response to
dentate gyrus stimulation. Seizures are associated with a transient up regulation of the
GABAergic markers GAD65 and GAD67 (Schwarzer and Sperk, 1995; Sloviter et al., 1996) as
well as the mRNA for the vesicular GABA transporter, VGAT (Lamas et al., 2001).

Interestingly, both GAD67 and its product GABA appear to be constitutively expressed in MF.




Further evidence suggests that MF can release glutamate and GABA also in physiological
conditions. Hence, Walker et al., (2001) and Gutiérrez et al., (2003) have demonstrated the
presence of both monosynaptic GABAergic and glutamatergic responses following activation
of granule cells in the dentate gyrus in juvenile guinea pigs and rats. In our laboratory,
Safiulina et al., (2006) have demonstrated that during the first week of postnatal life the

main neurotransmitter released by MF terminals into principal cells and interneurons is

GABA (Figure 8).
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Figure 8: Minimal stimulation of granule cells in the dentate gyrus evokes GABA,-mediated
monosynaptic responses in CA3 pyramidal cells. A. Paired stimuli delivered at 50 ms interval
to granule cells in the dentate gyrus evoked at -70 mV synaptic responses exhibiting strong
paired-pulse facilitation (average of 50 individual responses). Bottom traces represent mean
amplitude of synaptic responses evoked by stimulation of granule cells in the dentate gyrus
at 0.05 and 0.33 Hz. On the right, the two responses are normalized and superimposed. B.
The mean amplitude of synaptic currents evoked at 0.05 and 0.33 Hz (bars) is plotted against
time. Note the slow buildup of facilitation of synaptic responses at 0.33 Hz that completely
reversed to control values after returning to 0.05 Hz stimulation. Error bars represent SEM.
C. Synaptic responses obtained before and during application of L-AP-4 (10 uM) and L-AP-4

plus DNQX (20 uM). Addition of picrotoxin (PTX; 100 uM) completely abolished synaptic

currents. Each response is the average of 20 individual traces (including failures). Note that




GABAA-mediated synaptic currents were depressed by L-AP-4 but were unaffected by DNQX.
(Adapted from Safiulina et al., 2006).

Single fiber MF inputs to principal cells or interneurons were identified on the basis of their
sensitivity to group Ill mGIuR agonist L-AP4. In this regard, neonatal rats behave differently
from adult animals which are sensitive to DCG-IV but insensitive to L-AP4 (Lanthorn et al.,
1984). It should be stressed however, that both group Il and lll mGIluRs have been found on
rat MF terminals: while group Ill mGluRs are located predominantly in presynaptic active
zones, group Il in preterminal rather than terminal portions of axons (Shigemoto et al.,
1997). The inability of DCG-IV in modulating MF responses in immature neurons can be
attributed to the different expression and/or location of group I/l mGluRs early in
postnatal development. One intriguing aspect to be considered is how mGluRs are activated
early in postnatal days, when MFs seem to release only GABA. One possibility is that they are

constitutively activated by ambient glutamate present in the extracellular medium.

Interestingly, monosynaptic inhibitory responses obtained in principal cells by stimulating
GABAergic interneurons were found to be insensitive to mGIuR agonists (Walker et al., 2001;

Doherty et al., 2004; Kasyanov et al., 2004; Gutiérrez, 2005).

MF inputs were also identified on the basis of their strong paired pulse facilitation and short
term frequency-dependent facilitation (Salin et al., 1996). Strong paired pulse facilitation
was observed particularly at MF-CA3 synapses, which were often "silent" in response to the
first stimulus. At MF-interneuron synapses both paired pulse facilitation and depression
were observed while at interneuron-CA3 or interneuron-interneuron synapses the most
common feature was paired pulse depression. The degree of frequency-dependent
facilitation is another peculiar aspect of MF responses which probably depends on the
enhanced probability of neurotransmitter release following the large rise of intraterminal
calcium concentration and activation of calcium/calmodulin-dependent kinase Il (Salin et al.,
1996). Alternatively, synaptic facilitation may occur as the consequence of the progressive
and local saturation of calcium by the endogenous fast calcium buffer calbindin, which is
highly expressed in MF terminals. This would produce a gradual increase in calcium
concentration at releasing sites (Blatow et al.,, 2003). In our case, frequency facilitation
occurred already when the stimulation frequency was shifted from 0.05 to 0.3 Hz. However,
the increment in size of synaptic responses was larger at MF-CA3 principal cell connections

than at MF-interneuron synapses (see also Toth et al., 2000).




As expected for GABA,-mediated synaptic events, synaptic currents evoked in CA3 principal
cells or GABAergic interneurons by minimal stimulation of granule cells in the dentate gyrus
were completely blocked by picrotoxin or bicuculline. These responses which were highly
sensitive to L-AP4, exhibited a strong paired pulse facilitation and short term frequency-
dependent facilitation. Moreover, they were potentiated by NO-711, a blocker of the GABA

transporter GAT-1 and by flurazepam, an allosteric modulator of GABA, receptors.

Additional fibers releasing both glutamate and GABA into CA3 principal cells and
interneurons could be recruited by increasing the strength of stimulation (Safiulina et al.,
2006). In comparison with MF-induced GABAergic currents, glutamatergic responses
occurred with a shorter latency. These responses were mediated by MF, since they were
reversibly depressed by L-AP4 and were abolished when DNQX (10 uM) was added to
picrotoxin. Using a low chloride intracellular solution (E¢ -90 mV) to simultaneously record
AMPA- and GABA,-mediated events it was found that synaptic currents (intermingled with
response failures) fluctuated between outward, biphasic and inward, suggesting that GABA

and glutamate can be released independently from the same fiber.

Altogether these experiments are in line with previous reports showing the sequential
expression of GABAergic and glutamatergic synapses early in postnatal development
(Hosokawa et al., 1994; Tyzio et al., 1999) and clearly demonstrate that GABA is the main
neurotransmitter released from MFs during postnatal development. Further evidence in
favor of GABA as a transmitter at MF synapses is the observation that the vesicular GABA
transporter VGAT was found in MF terminals (Safiulina et al., 2006; but see Chaudhry et al.,
1998). However, in order to generate synaptic responses, GABA should not only be present
in synaptic vesicles and released in an activity-dependent manner but should bind to post
synaptic GABA, receptors. Although evidence for the presence of GABA, receptors facing
immature MF terminals early in development is still lacking, a previous study on adult rats
has demonstrated the presence of AMPA and GABA, receptors co-localized in front of the
respective active zones (Bergersen et al., 2003). GABA may also spills out to activate
neighboring extrasynaptic GABA, receptors localized away from the release sites as
suggested for juvenile guinea pigs and rats (Walker et al., 2001). However, the relatively fast
rise time of GABAergic responses found in the present experiments, similar to that of

glutamatergic synaptic currents makes this hypothesis unlikely.




Overall, the data of Safiulina et al. (2006) support the hypothesis that early in development,
MF contain two different set of low and high threshold fibers releasing GABA and GABA plus
glutamate respectively. While the first would disappear with maturation the second would
persist longer or would reappear in pathological conditions such as in epilepsy (Walker et al.,
2001; Gutiérrez et al., 2003). Comparable to our results it has been recently shown that
minimal stimulation of the granule cell layer in hippocampal slices obtained from P4-P6 mice
evoked GABAergic currents that were insensitive to 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), D-AP5 but were blocked by picrotoxin (Uchigashima et al., 2007). According to these
authors, these currents were due to GABA released from low threshold GABAergic
interneurons. It should be stressed however, that unlike putative MF responses described
here, which occurred with very low probability (responses were often silent to first pulse)
and exhibited strong short-term frequency-dependent facilitation, those reported by

Uchigashima et al., (2007) displayed only minimal facilitation.

Paired recordings from granule cells and postsynaptic neurons would probably allow better
understanding how MF establish their contact at early developmental stages. However, we
can not exclude the possibility that, during the first week of postnatal life, synaptic currents
evoked by minimal stimulation of granule cell in the dentate gyrus are generated by GAD or
GAD mRNA positive interneurons which early in development migrate to the upper and
middle portions of the granule layer cells (Dupuy and Houser, 1997) while maintaining all the

functional properties of later appearing glutamatergic MF responses.




SYNAPTIC PLASTICITY IN THE DEVELOPING
HIPPOCAMPUS

During the construction of neuronal circuits, both activity-dependent and activity-
independent mechanisms interact, shaping several aspects of neuronal development
including migration and differentiation, axonal path finding and the establishment of
functional synaptic connections. Synaptic plasticity relies in the ability of changing the
strength of synaptic connections. This constitutes the cellular basis for learning and memory
processes. On the basis of theoretical studies in 1949 Hebb proposed a coincidence-
detection rule, in which a synapse linking two cells is strengthened if the cells are active in
close temporal contiguity (Hebb, 1949). This prediction was verified subsequently at
excitatory connections between the perforant pathway and granule cells in the dentate
gyrus. Brief trains of high frequency stimulation to the perforant pathway induced an abrupt
and sustained increase in synaptic efficacy into granule cells that persisted for days or week
(Bliss and Lomo, 1973). This phenomenon, called long-term potentiation or LTP, has been
found not only at excitatory but also at inhibitory synapses and in several brain structures. In
addition, much progress has been made in elucidating the mechanisms regulating its
induction and expression. Neuronal circuits possess a high degree of flexibility and evidence
has been provided that they can modify synaptic strength in both directions. A persistent
decrease in synaptic strength caused by low-frequency stimulation of presynaptic fibers or in
an associative manner by asynchronous pairing of presynaptic and postsynaptic activity
constitutes the long-term depression or LTD (Bear and Abraham, 1996). Thus, a synapse that
is originally potentiated can be depotentiated. This resetting prevents saturation of LTP and
makes the synapses more responsive and temporally flexible that passive decay. In addition,
LTD of previously potentiated synapses could serve as a forgetting mechanism for
information storage, Furthermore, in a network of synaptic contacts, LTD may accentuate
the signals from neighbouring potentiated synapses in a manner analogous to the way

lateral inhibition function to promote edge detection in the visual system.

The importance of the temporal order of pre- and postsynaptic activity in long-term changes
in synaptic efficacy has been explored in a variety of glutamatergic and GABAergic synapses
in different brain regions (Bell et al., 1997; Bi and Poo, 1998; Debanne et al., 1998; Egger et
al., 1999; Sivakumaran et al., 2009; Woodin et al., 2003; for review, see Dan and Poo, 2006).

It was observed that when presynaptic spiking preceded the postsynaptic spiking (pre versus




post), LTP was induced while when the order of stimulation was reversed (post versus pre),
LTD was observed. The temporal window in either direction was several tens of milliseconds,
with the width of the window varying between different synapses or brain regions. This form
of activity dependent change in plasticity is now referred to as spike timing dependent
plasticity (STDP, Figure 9). One important characteristic of STDP is that, unlike conventional
protocols where high-frequency stimulation induces LTP and low-frequency stimulation

induces LTD, the same stimulation frequency can be used to induce both LTP and LTD.
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Figure 9: Synaptic modification (% change in EPSP slope) induced by repetitively pairing pre- and
postsynaptic spikes in layer 2/3 of visual cortical slices from the rat. Each symbol represents result from
one experiment. Curves are single exponential, least-squares fits of the data. Insets depict the

sequence of spiking in the pre- and postsynaptic neurons. (From Dan and Poo, 2006).

Persistent modifications in synaptic strength may involve changes in the expression of
postsynaptic receptors or modifications in the probability of transmitter release, including
convertion of “silent” synapses into active ones or vice versa. Synapses can be silent because
of either post or presynaptic mechanisms. “Presynaptically” silent synapses produce no
responses because no neurotransmitter is released whereas “postsynaptically” silent
synapses are unable to detect release due to the lack of postsynaptic receptors (Voronin and
Cherubini, 2004). Synapse unsilencing, due to the insertion of new AMPARs on the
postsynaptic membrane has been suggested to be particularly relevant during postnatal
development, when a significant fraction of excitatory synapses has been shown to express
only NMDA but not AMPAR. The number of cells expressing also AMPARs increases during
development (Durand et al., 1996). Immunogold studies indicate that maturation requires

incorporation of new AMPARs at pure NMDA synapses (Isaac, 2003). However this view has




been recently challenged by the following observations which strongly support presynaptic
modifications in the release machinery. Thus, Groc et al., (2002) found that spontaneous
AMPAR- and NMDAR-mediated synaptic events were present from birth and their relative
amplitude and frequency remained constant during the first postnatal week. Experiments on
evoked responses in which AMPAR-mediated currents to a second of two paired stimuli
could be detected in apparently silent synapses allow similar conclusions to be drawn
(Gasparini et al., 2000; Maggi et al., 2003). Maturation of presynaptic machinery may also
account for the increased number of AMPA responses observed during development of
cultured neurones (Renger et al., 2001). Interestingly, interfering with presynaptic vesicle
fusion by exposing mature cultures to tetanus toxin (which cleaves SNARE proteins) was able

to reconvert functional synapses into silent ones (Renger et al., 2001).

Since the pioneering work of Hubel and Wiesel (1959, 1962, 1963, 1968) on the effects of
visual deprivation on the development of the visual system, it has become increasingly clear
that electrical activity is essential for establishing the appropriate network connections in
many parts of the brain (Katz and Shatz, 1996; Zhang and Poo, 2001). In particular,
neurotransmitters, such as glutamate and GABA released during spontaneous or experience-
driven electrical activity have been shown to regulate many aspects of neuronal network
formation from migration to synaptogenesis (Manent and Represa, 2007). In this respect it is
worth noting that: I. neurotransmitters and receptors are expressed early in brain
development; Il. in the immature brain neurotransmitters may act as paracrine signaling
molecules acting at distance from the release site; Ill. Neurotransmitters regulate
intracellular calcium and transduction signaling pathway required for many cellular
functions, including dynamic changes of the cytoskeleton. As already mentioned, in recent
years evidence has been provided that in the immature hippocampus GABA acts as a
developmental signal regulating many developmental related aspects including cell

proliferation, migration, growth and synapse formation (Ben-Ari et al., 2007).
Plasticity processes at glutamatergic CA3-CA1 synapses

Unlike adulthood, before postnatal day 9 (P9), high frequency stimulation of the Schaffer
collateral induces in CA1 pyramidal neurons a form of LTP which requires the activation of
cyclic AMP-dependent protein kinase A (PKA) but not calcium/calmodulin-dependent

protein kinase Il (CaMKIl; Yasuda et al., 2003). During the first week of postnatal life, the




levels of CaMKIl are extremely low and most synapses present on CA1 principal cells occur
on the dendritic shafts. Interestingly, the number of synapses occurring on spines increases
dramatically between P1 and P12 in concomitance with the time when LTP become
dependent on CaMKIl activation. Therefore, cAMP dependent PKA would provide the

signaling pathway necessary for spine formation.

It should be stressed that, early in development, LTP would be facilitated in a associative
way by the depolarizing action of GABA which would activate voltage-dependent calcium
channels and NMDA receptors (GABA would be instrumental in relieving the magnesium

block from NMDA receptors).

A sustained low frequency stimulation of the Schaffer collateral (at 5 Hz for 3-4 min) induced
a form of LTD which, unlike adults, is independent of NMDA receptor activation but requires
the combined activation of voltage-dependent calcium channels and metabotropic
glutamate receptors (Bolshakov and Siegelbaum, 1994). Although in this case the induction
was postsynaptic, LTD expression was related to a reduced transmitter release from Schaffer
collaterals implying the involvement of a retrograde messenger (Bolshakov and Siegelbaum,

1994).
Plasticity processes at MF-CA3 synapses

As already mentioned, during the first week of postnatal life, MF-CA3 synapses are mainly
GABAergic. These synapses are characterized by a low probability of transmitter release and
are often “presynaptically” silent. It was found in our laboratory that, by pairing MF
stimulation with network-driven GDPs, produced a persistent increase in synaptic efficacy
that was restricted to the active synapse. In addition, the pairing protocol was able to
convert silent synapses into actives ones (Kasyanov et al., 2004; Spitzer, 2004; Figure 10).
The potentiation depended on calcium signals generated by GDPs via activation of voltage-
dependent calcium channels as demonstrated by the fact that synaptic potentiation was
blocked by nifedipine, a broad spectrum calcium channel blocker but not by the NMDA
receptor antagonist D-AP5. This Hebbian type of synaptic plasticity may be instrumental for

promoting synapse development and the refinement of synaptic circuits.
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Figure 10: Pairing GDPs with MF stimulation persistently enhances synaptic efficacy at MF-
CA3 synapses. A. Amplitudes of synaptic responses (dots) evoked by stimulation of MF
before and after pairing (arrow at time 0) are plotted against time. The traces above the
graph represent 7 individual responses evoked before (Left) and 15 min after pairing (Right);
lower traces represent the average of 48 individual responses (successes and failures)
obtained before (Left) and 15 min after pairing (Right). B. Temporal specificity of the
correlated activity required for LTP induction. During the pairing protocol, a delay of 0-5 s
was introduced between GDP rise time and synaptic stimulation. Each symbol represents the
mean percentage increase of EPSCs amplitude as a function of the delay for the number of
cells indicated (into brackets). Small bars represent the average of all open circles in a
column. Note that the maximum potentiating effect was achieved when pre- and

postsynaptic signals were coincident. (Adapted from Kasyanov et al., 2004).

In addition, a study on the intact hippocampal formation has revealed that spontaneous
ongoing synaptic activity is necessary for the normal development of GABAergic synapses
since blocking this activity for one day with TTX prevented the increase in frequency of mini

GABA,-mediated synaptic events which is an index of the formation of new functional
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GABAergic synapses (Colin-Le Brun et al., 2004). Similar results were obtained when
spontaneous activity was blocked with CNQX and D-AP5, indicating that a network-driven
activity requiring glutamatergic and GABAergic receptors is involved in the formation of

functional GABAergic synapses (Colin-Le Brun et al., 2004; see also Kuczewski et al., 2008a).

During the second postnatal week, with the appearance of glutamatergic synapses, the
coexistence of two distinct forms of LTD, associative and non-associative, was identified at
MF-CA3 synapses. Thus, while a high frequency stimulation train delivered to the MF in
stratum lucidum induced a form of LTD which was independent of NMDA or mGlu receptors
activation, low frequency stimulation of afferent inputs induced a form of LTD, which, like in
adults, was dependent on presynaptic mGluR. While the first form required postsynaptic
calcium rise, the second one was independent of calcium rise in the postsynaptic cell

(Domenici et al., 1998).

A novel form of LTD has been recently described at juvenile MF-CA3 synapses but not at MF-
interneuron connections. Here, a transient tonic depolarization of CA3 principal cells
induced a rise in postsynaptic calcium leading to a persistent depression of glutamate
release from presynaptic terminals associated with a switch of calcium permeable AMPA
receptors into calcium impermeable ones (Ho et al., 2007). Similar results were obtained
with bursts firing instead of a steady membrane depolarization (Ho et al., 2009). It should be
stressed that the early participation of calcium-permeable AMPA receptors to nascent
glutamatergic MF-pyramidal cell synapses may provide a postsynaptic calcium signal

important for synapse maturation.
Plasticity processes at GABAergic synapses

Both LTP and LTD have been reported to occur at GABAergic synapses.

Repetitive depolarizing pulses delivered to CA3 principal cells in the presence of the NMDA
and AMPA receptor antagonists D-AP5 and CNQX, respectively, induced long lasting changes
in amplitude and frequency of spontaneous and evoked GABA,-mediated postsynaptic
events in hippocampal slice obtained from PO and P8 (Caillard et al., 1999; Gubellini et al.,
2001; Gubellini et al., 2005). The induction mechanism of this form of LTP relied on
postsynaptic calcium rise via voltage-gated calcium channels since LTP was prevented by
chelating intracellular calcium with BAPTA or blocking voltage-dependent calcium channels

with nimodipine (Caillard et al., 2000). In few cases this conditioning protocol was able to




switch on previous silent synapses. In contrast with the induction that was clearly
postsynaptic, the expression of this form of LTP was presynaptic as suggested by the
increase in frequency of GABA,-mediated events. This required a retrograde signal which
was identified in the BDNF and TrkB receptors (Gubellini et al., 2005; Figure 11). Thus, LTP
did not develop in the presence of TrkB immunoglobulin, a “scavenger” on endogenous
BDNF, or in the presence of k252a, an inhibitor of TrkB receptors coupled-tyrosine kinase.
BDNF was probably released by the postsynaptic neuron by back propagating action

potentials (Kuczewski et al., 2008b).

Caz+

Figure 11: Retrograde signaling by BDNF. Calcium influx in the postsynaptic cell via voltage-gated
calcium channels (VGCC) leads to rise of intracellular calcium (Ca®"), triggering release of BDNF (red
circles) into the synaptic cleft. BDNF can act on both pre- and postsynaptic TrkB receptors (yellow). At

the presynaptic level, activation of TrkB by BDNF results in enhanced neurotransmitter release.

In conditions in which NMDA receptors were not blocked, the same conditioning protocol
caused LTD of GABA,-mediated synaptic currents (instead of LTP) indicating that this NMDA-
dependent form of synaptic plasticity required the combined activation of NMDA and GABA,
receptors (Caillard et al., 1999). As for LTP, also LTD induction was postsynaptic while its
expression was presynaptic. Both LTP and LTD were only induced at the time when GABA
was depolarizing and excitatory (McLean et al., 1996).

Interestingly, LTDgasan required calcium entry through NMDA receptors and release of

calcium from intracellular calcium stores (Caillard et al., 2000).

Changes in the strength of GABAergic inputs could also result from modifications in the

reversal of GABAergic synaptic currents in the depolarizing or hyperpolarizing directions.

Hence a reduction in synaptic strength was observed following prolonged postsynaptic




spiking which induced a Ca**-dependent downregulation of KCC2. This led to a positive shift
in Eq (without affecting GABA, receptor conductance) and to a reduced GABAergic
inhibition. In contrast, an increase in synaptic efficacy (in this case, synaptic inhibition) was
observed in concomitance with a hyperpolarizing shift of E, following repetitive
postsynaptic spiking within £ 5 ms of GABAergic stimulation of terminals and this effect was
prevented when the inward transport of ClI" through NKCC1 was blocked with bumetanide

(Balena and Woodin, 2008; Woodin et al., 2003; Fiumelli et al., 2005).




AIM OF THE STUDY

Correlated neuronal activity exerts a critical control over the functional refinement of
synaptic connections. In the developing hippocampus, giant depolarizing potentials or GDPs
might play a major role in such processe. In previous work from our laboratory it was
demonstrated that GDPs may act as coincidence detector signals for enhancing synaptic
efficacy at mossy fibre-CA3 synapses (Kasyanov et al.,, 2004) which at this early stage of
development are mainly GABAergic. Pairing GDPs with mossy fibers stimulation induced a
persistent increase in synaptic efficacy, further supporting Hebb’ postulate on activity-
dependent synaptic strengthening. GDPs occur synchronously over the entire hippocampus
and we hypothesized that activation of GDPs in coincidence with Schaffer collateral inputs

might play a major role in enhancing synaptic strength at emerging glutamatergic synapses.

Therefore, at the beginning of my PhD course, | joined Majid H. Mohajerani (final year PhD
student in our lab) in a project aimed at understanding whether during a critical period of
postnatal development (between PO and P6), GABA,-mediated GDPs control synaptic
plasticity at glutamatergic synapses. We used combined electrophysiological and
immunocytochemical approaches. In electrophysiological experiments (whole-cell patch
clamp recordings in current and voltage clamp mode) we recorded spontaneous
glutamatergic events from CA1l pyramidal cells in acute hippocampal slices prepared from
neonatal rats. Immature CA3-CAl synapses have the advantage to bear only a single
functional release site and therefore the amplitude distribution of sEPSCs matches very
closely that of miniature events recorded in the presence of tetrodotoxin. In some
experiments we recorded also excitatory postsynaptic currents evoked in CA1 principal cells
by stimulation of the Schaffer collateral. The rising phase of GABA,-mediated GDPs was used
to trigger Schaffer collateral stimulation in such a way that the synchronized network activity
was coincident with the activation of presynaptic afferent inputs. We found that this
procedure produced a persistent increase in amplitude of evoked EPSCs and in frequency of
spontaneous glutamatergic events. This effect required the influx of calcium into the
postsynaptic neuron via L-type calcium channels, and was independent of NMDA receptor
activation. Upon introduction of a temporal delay between GDPs and afferent stimulation,
no potentiation was observed, thereby indicating that coincident pre- and postsynaptic
activity was essential for synaptic potentiation. The presynaptic expression of this form of

LTP required the activation of a retrograde signaling molecule that was identified in the




BDNF. This neurotrophin, released from the postsynaptic neuron may act on both pre and
postsynaptic Trk B receptors. Activation of presynaptic receptors would lead to the
increased transmitter release while activation of postsynaptic receptors would trigger the
activation of the ERK pathway leading to transcriptional regulation and new protein

synthesis in the postsynaptic neuron.
This part of the work is published in paper N. 1.

Subsequently, | focused on another Hebbian form of synaptic plasticity, called spike timing
dependent plasticity or STDP, which has been extensively studied to investigate changes in
synaptic strength occurring at glutamatergic synapses. | studied whether STDP may occur
also at MF-CA3 synapses which early in development release mainly GABA. In a first set of
experiments | found that during the first week of postnatal life, GABA released from MF
terminals depolarize and excite tagged cells. Then, | paired MF stimulation with postsynaptic
spikes. This procedure caused a persistent change in synaptic efficacy (either an increase or
a decrease) depending on the temporal order of pre and postsynaptic stimulation. Then, |
identified the transduction signaling pathway responsible for pairing-induced synaptic
potentiation. As for GDPs-induced increase in synaptic efficacy at MF-CA3 and CA3-CA1l
synapses, the persistent increase observed here was independent of NMDA receptor
activation but required a rise of Ca’* in the postsynaptic neuron via voltage-dependent
calcium channels. As for emerging glutamatergic synapses, also at MF-CA3 synapses, pairing-
induced persistent changes in synaptic efficacy required BDNF and the activation of cyclic

AMP dependent-PKA which probably exerted a permissive role.
This part of the work is published in paper N. 2.

To avoid the involvement of ionotropic glutamate receptors activated by glutamate released
during synaptic stimulation, STDP was routinely induced in the presence of the ionotropic
AMPA and NMDA glutamate receptors antagonists. However, | noticed that a high
concentration of DNQX, which blocks AMPA and kainate receptors, caused an increase in
amplitude of MF GABA,-mdiated postsynaptic currents suggesting the involvement of

presynaptic kainate receptors.

Therefore, in collaboration with, Maddalena Delma Caiati, first year PhD student, we

investigated in detail this issue. We found that endogenous activation of presynaptic kainate




receptors (localized on MF) by ambient glutamate reversibly suppress GABA release from
MF terminals. We identified the type of kainate receptor involved, the GluK1, which has the
peculiarity to be an ionotropic and metabotropic receptor, since it is coupled with a G-
protein (Lerma et al., 2001). The depressant effect of GluK1 on GABA release was mediated
by a metabotropic type of action since it was prevented by treating the slices with pertussis
toxin. Interestingly, in the absence of kainate receptor antagonists, pairing presynatic MF
stimulation with postsynaptic spiking induced a long-term depression instead of

potentiation, indicating that GluK1 receptors control this form of synaptic plasticity.

This work which has been submitted for publication is described in paper N. 3.




RESULTS

Paper N. 1.

Correlated network activity enhances synaptic efficacy via BDNF and the

ERK pathway at immature CA3-CAl connections in the hippocampus.

Majid H. Mohajerani, Sudhir Sivakumaran, Paola Zacchi, Pedro Aguilera

and Enrico Cherubini.
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Correlated network activity enhances synaptic
efficacy via BDNF and the ERK pathway at
immature CA3-CA1 connections in the hippocampus
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At early developmental stages, correlated neuronal activity is
thought to exert a critical control on functional and structural
refinement of synaptic connections. In the hippocampus, between
postnatal day 2 (P2) and P6, network-driven giant depolarizing
potentials (GDPs) are generated by the synergistic action of glu-
tamate and GABA, which is depolarizing and excitatory. Here the
rising phase of GDPs was used to trigger Schaffer collateral
stimulation in such a way that synchronized network activity was
coincident with presynaptic activation of afferent input. This pro-
cedure produced a persistent increase in spontaneous and evoked
a-amino-3-hydroxy-5-methyl-4-isoxadepropionic  acid-mediated
glutamatergic currents, an effect that required calcium influx
through postsynaptic L-type calcium channels. No potentiation
was observed when a delay of 3 sec was introduced between GDPs
and afferent stimulation. Pairing-induced potentiation was pre-
vented by scavengers of endogenous BDNF or tropomyosin-related
kinase receptor B (TrkB) receptor antagonists. Blocking TrkB recep-
tors in the postsynaptic cell did not prevent the effects of pairing,
suggesting that BDNF, possibly secreted from the postsynaptic cell
during GDPs, acts on TrkB receptors localized on presynaptic
neurons. Application of exogenous BDNF mimicked the effects of
pairing on synaptic transmission. In addition, pairing-induced syn-
aptic potentiation was blocked by ERK inhibitors, suggesting that
BDNF activates the MAPK/ERK cascade, which may lead to tran-
scriptional regulation and new protein synthesis in the postsyn-
aptic neuron. These results support the hypothesis that, during a
critical period of postnatal development, GABAs-mediated GDPs
are instrumental in tuning excitatory synaptic connections and
provide insights into the molecular mechanisms involved in this
process.

development | giant depolarizing potential | excitatory postsynaptic
current | synaptic pairing | TrkB receptors

pontaneously occurring neuronal oscillations constitute a

hallmark of developmental networks (1). In the immature
hippocampus, giant depolarizing potentials (GDPs) represent a
primordial form of synchrony between neurons, which precedes
more organized forms of activity, such as the theta and gamma
rhythms (2). These events, which are characterized by recurrent
membrane depolarization with superimposed fast-action poten-
tials separated by long and variable intervals of several seconds,
are generated when the synaptic traffic and cell firing within the
network increase to a threshold level (3). GDPs are synaptic in
origin and involve the action of both glutamate and GABA,
which, during a restricted period of postnatal development, is
depolarizing and excitatory (4-6). The depolarizing action of
GABA during GDPs results in the activation of voltage-
dependent calcium channels and N-methyl-D-aspartate recep-
tors (7). GDPs also can be recorded in vivo in rat pups, in which
they occur during immobility periods, sleep, and feeding (8).
GDP-associated calcium waves are thought to be crucial for the
structural refinement of the neuronal connectivity and the
establishment of the adult neuronal circuit during a critical
period of synapse formation (9, 10). Rewiring would involve
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electrical activity and the cooperative and competitive interac-
tions between converging inputs.

As suggested by the Hebb postulate for associative learning
(11), correlated spiking of pre- and postsynaptic neurons can
result in strengthening or weakening of synapses depending on
the temporal order of spiking. GDPs are therefore ideal for
allowing associative modifications of coincident signals. We
previously demonstrated that at mossy fiber—CA3 connections,
which during the first postnatal week are mainly GABAergic
(12), pairing GDPs with afferent stimulation induced a persis-
tent increase in synaptic efficacy, which is usually restricted to
the activated synapse (13).

In the present work, we examined whether excitatory gluta-
matergic synapses can be modified in an associative way by
pairing GABAs-mediated GDPs with Schaffer collateral stim-
ulation. Our findings suggest that “pairing” persistently en-
hances synaptic efficacy at these synapses, an effect that depends
on the rise of calcium in the postsynaptic cell. In addition,
compared with our previous work (13), in the present study, we
identified the intracellular signaling pathway mediating pairing-
induced potentiation, which involves the activation of BDNF and
the ERK pathway.

Results

Pairing GDPs with Schaffer Collateral Stimulation Enhances Synaptic
Efficacy at CA3-CA1 Synapses. Whole-cell recordings in current-
clamp mode from 170 CA1 pyramidal neurons in hippocampal
slices from P2- to P6-old rats revealed the presence of GDPs
(Fig. 1B). In accord with a previous work from CA3 pyramidal
cells, we used a pairing procedure to correlate GDPs with
Schaffer collateral activation (Fig. 1A4). For this purpose, the
rising phase of GDPs (which occurred at the frequency of
0.069 = 0.012 Hz; n = 40) was used to trigger Schaffer collateral
stimulation in stratum radiatum in such a way that synchronized
network activity was coincident with presynaptic activation of
the afferent input (see Fig. 1B). Before pairing, minimal stim-
ulation of afferent fibers (at 0.05 Hz) evoked in CA1 principal
cells held at =53 mV (corresponding to Egapa) Synaptic currents
intermingled with response failures. Synaptic currents were
mediated by a-amino-3-hydroxy-5-methyl-4-isoxadepropionic
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Fig. 1. Pairing GDPs with Schaffer collateral stimulation persistently en-
hances synaptic efficacy at CA3-CA1 connections. (A) Diagram of the hip-
pocampus showing a CA1 pyramidal neuron receiving a synaptic input froma
CA3 principal cell. The stimulating electrode (stim) was positioned in stratum
radiatum. (B) GDPs recorded from a CA1 cellin current-clamp mode. Below the
trace, two GDPs are shown on an expanded time scale. Note the absence of
spikes riding on the top of GDPs because of a block of the sodium channel with
intracellular QX-314. The rising phase of GDPs (between the dashed lines) was
used to trigger synaptic stimulation (stim). (C) (Upper) Nine superimposed
individual responses (successes and failures) evoked by Schaffer collateral
stimulation and obtained in control and 20 min after pairing. (Lower) Average
of 19 trials (successes and failures) obtained in the same experimental condi-
tions. (D) Each bar represents the mean peak amplitude of synaptic responses
(including failures; n = 8) and PPR (n = 8) obtained before (open bars) and 20
min after (filled bars) pairing. *, P < 0.05; **, P < 0.01. (E) Consecutive traces
from the same neuron described in C showing sEPSCs obtained in control and
20 min after pairing. (F) Cumulative distribution of interevent interval (IEI)
(Left) and amplitude (Right) for the cell shown in E before (thin line) and after
(thick line) pairing. (G) Summary plots showing the mean frequency (Left) and
amplitude (Right) of sEPSCs obtained before and after pairing (arrows indi-
cate time 0; n = 14).

acid (AMPA) receptors because they were readily blocked by 20
uM 6,7-dinitroquinoxaline-2,3-dione (n = 6; data not shown).

After a control period of 7-10 min, the patch was switched
from voltage- to current-clamp mode, and Schaffer collateral
responses were paired for 7 min with GDPs. In this period, the
mean number of GDPs was 26.1 * 3.4. As illustrated in Fig. 1 C
and D, the pairing procedure produced a strong and persistent
potentiation of Schaffer collateral-mediated synaptic currents
(from 8.2 = 1.6 to 17.6 = 4.1 pA, 20 min after pairing; P < 0.01;
n = 8) that was associated with a significant increase in the
number of successes (from 15.3 = 4.1% to 37.8 = 55%; P <
0.01). In double-pulse experiments (n = 8), pairing-induced
long-term potentiation (LTP) was accompanied with a signifi-
cant reduction of the paired-pulse ratio (PPR) (from 5.7 = 1.6
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to 2.1 £ 0.7 pA; P < 0.05) (Fig. 1D) and a significant increase
in the inverse squared value of the coefficient of variation of
response amplitude (from 0.08 = 0.03 to 0.94 = 0.2 pA; P < 0.05;
n = 8), suggesting that an increased probability of glutamate
release accounted for LTP expression.

One interesting question is whether the pairing procedure may
also affect AMPA-mediated spontaneous excitatory postsynap-
tic currents (SEPSCs). Therefore, sEPSCs were analyzed in the
same cells used for the evoked responses. At immature CA3—
CALl synapses, the amplitude distribution of SEPSCs matches
closely that of miniature events recorded in the presence of
tetrodotoxin because these synapses bear only a single functional
release site (14, 15). sEPSCs occurred at the frequency of 0.11 =
0.03 Hz and had a mean amplitude of 14.3 * 2.4 pA (n = 21).
They were reversibly blocked by 20 uM 6,7-dinitroquinoxaline-
2,3-dione, indicating that they were mediated by glutamate
acting on AMPA receptors (n = 10; data not shown). Pairing
GDPs with afferent stimulation (same cell shown in Fig. 1C)
significantly and persistently (for at least 20 min) enhanced the
frequency but not the amplitude of individual events (Fig. 1 E
and F). On average, 20 min after pairing, the frequency of
sEPSCs was 71% higher than in controls (it changed from 0.07 =
0.02 to 0.12 = 0.02 Hz; n = 14; P < 0.01) (Fig. 1G). This effect
was not associated with significant changes in amplitude of
individual events (15.2 = 2.1 and 14.4 = 3.2 pA before and after
pairing, respectively; P > 0.5) (Fig. 1G). The increase in fre-
quency, but not in amplitude, of SEPSCs suggests a presynaptic
site of action.

In the absence of pairing, no significant changes in synaptic
efficacy could be detected. “No pairing” consisted of switching
the patch for 7 min from voltage- to current-clamp mode. In this
period, GDPs occurred randomly in the absence of afferent
stimulation. In these cells, the mean peak amplitude currents
were 7.9 = 2.1 and 7.1 = 1.9 pA in control and 20 min after
switching from current- to voltage-clamp conditions, respec-
tively. Similarly, the success rate varied from 21.1 = 5.8% to
18.4 £ 4.8% (n = 5; P > 0.5; data not shown), and the frequency
of SEPSCs varied from 0.12 = 0.02 to 0.11 = 0.03 Hz; P > 0.5;
n =17).

To test the temporal specificity for LTP induction in 10 cells,
a 3-sec delay between GDPs and synaptic stimulation was
introduced. In agreement with a previous study (13), we found
that with this delay the pairing procedure failed to induce
synaptic potentiation. Before and after pairing, the amplitude of
the evoked responses was not significantly different (6.4 = 1.1
and 4.4 = 0.9 pA, respectively; P > 0.5). In addition, no
significant changes in the frequency (0.14 = 0.06 and 0.13 = 0.07
Hz; P > 0.5) or amplitude (9.9 = 0.4 and 85 = 0.2 pA,
respectively) of sSEPSCs were detected [supporting information
(SI) Fig. 6].

Overall, these experiments clearly show that pairing with
Schaffer collateral stimulation GDPs causes a persistent poten-
tiation of the amplitude of evoked sEPSCs and the frequency of
SEPSCs. Although otherwise stated in the following experi-
ments, we focused only on pairing-induced long-term changes on
SEPSCs on CALl pyramidal cells, in which minimal stimulation
of Schaffer collaterals evoked sEPSCs to the first or second
stimulus.

Pairing-Induced Synaptic Potentiation Requires a Calcium Rise in the
Postsynaptic Cell. A common trigger for LTP is a postsynaptic rise
in intracellular calcium concentration (16). To test whether a rise
of postsynaptic calcium during GDPs is responsible for a pairing-
induced increase in synaptic efficacy, cells were loaded with a 20
mM concentration of the calcium chelator 1,2-bis (2-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA). In
these cases, the pairing procedure failed to cause any persistent
change in synaptic strength (n = 6; P > 0.1) (Fig. 2). A tendency
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Fig. 2. Pairing-induced potentiation requires a rise of intracellular calcium
concentration in the postsynaptic cell via voltage-dependent calcium chan-
nels. Mean frequency (Left) and amplitude (Right) of SEPSCs expressed as a
percentage of controls (dashed lines) obtained 20 min after pairing in the
presence of 20 mM intracellular BAPTA (white bars; n = 6), 10 uM extracellular
nifedipine (gray bars; n = 7), or 50 uM D-APS5 (black bars; n = 6). *, P < 0.05.

toward depression was observed, although it did not reach a
significant level (in the presence of BAPTA, the frequency of
SEPSCs measured in control and 20 min after pairing was 0.08 =
0.03 and 0.06 = 0.03 Hz, whereas the amplitude was 13.1 = 1.9
and 10.1 = 3.9 pA before and after pairing, respectively). These
experiments suggest that, at CA3-CAl synapses, a pairing-
induced persistent increase in the frequency of SEPSCs depends
on a calcium rise in the postsynaptic cell.

A rise of intracellular calcium may occur via voltage-
dependent calcium channels or NMDA receptors (7, 17). To
identify the source of calcium responsible for GDP-induced
potentiation in the frequency of sSEPSCs, additional experiments
were performed in the presence of a 50 uM concentration of the
NMDA receptor antagonist D-(—)-2-amino-5-phosphonopen-
taoic acid (D-AP5) (n = 6) or a 10 uM concentration of the
voltage-dependent calcium channel blocker nifedipine (n = 7).
D-APS failed to prevent pairing-induced persistent changes in
the frequency of SEPSCs (208.1 = 34.8% of control; P < 0.05),
whereas nifedipine blocked the changes (96.9 = 10.5% of
control; P > 0.5) (Fig. 2). It is worth noting that nifedipine and
D-APS5 did not modify the shape or amplitude of GDPs (data not
shown). These results indicate that, early in postnatal life, a
calcium rise through the voltage-dependent calcium channel is
the trigger for activity-dependent changes in synaptic strength.

To mimic the effects of GDPs on synaptic potentiation, we
repeatedly depolarized postsynaptic neurons with bursts of
action or plateau potentials evoked in the presence of 20 uM
D-APS. However, as illustrated in SI Fig. 7, a postsynaptic
calcium rise through theta bursts or plateau potentials failed to
enhance synaptic efficacy.

Pairing-Induced Synaptic Potentiation Requires the Activation of
BDNF and the ERK Pathway. The present data clearly show that,
although the induction of LTP is postsynaptic (dependent on the
postsynaptic rise of calcium through GDPs), its expression is
presynaptic, as suggested by the decrease in PPR and increase in
frequency, but not in the amplitude, of SEPSCs. Therefore, the
postsynaptic cell provides a transcellular retrograde signal to the
presynaptic neuron. One attractive candidate is BDNF, which
can be released in a calcium-dependent way by depolarization of
the postsynaptic cell (18-20) and plays a crucial role in synaptic
plasticity (21). BDNF acts on tropomyosin-related kinase recep-
tor B (TrkB), and this interaction activates different signaling
pathways. First, we proved that, at immature CA3-CA1 con-
nections, BDNF is able to mimic the effects of pairing on
synaptic strength. As illustrated in Fig. 3, bath application of 40
png/ml BDNF produced a strong potentiation of Schaffer collat-
eral-mediated synaptic currents (from 6.4 * 1.8 in control to
24.8 £ 9.4 pA 10 min after BDNF; P < 0.05; n = 6) that was
associated with a significant increase in the number of successes
(from 23.6 = 8.4% to 68.0 = 10.1%; P < 0.05) and a decrease
in PPR (from 2.9 = 0.5 to 0.9 = 0.1 pA; P < 0.05). In addition,
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Fig.3. BDNFenhancessynaptic efficacy at CA3-CA1 connections. (A) (Upper)
Nine superimposed individual responses (successes and failures) evoked by
Schaffer collateral stimulation and obtained in control and during bath
application of 40 pug/ml BDNF. (Lower) Average of 19 trials (successes and
failures) obtained in the same experimental conditions. (B) Each bar repre-
sents the mean peak amplitude of synaptic responses (including failures; n =
6) and PPR (n = 6) obtained in control (open bars) and during superfusion of
BDNF (filled bars). *, P < 0.05. (C) Consecutive traces from the same cell shown
in Aillustrating sEPSCs obtained in control and during application of BDNF. (D)
Cumulative distribution of interevent interval (IEl) (Left) and amplitude
(Right) for the cell shown in C before (thin line) and after (thick line) pairing.
(E) Summary plot showing the mean frequency (Left) and amplitude (Right) of
SEPSCs obtained before and after pairing (n = 8).

BDNF enhanced the frequency of SEPSCs (from 0.14 = 0.02 to
0.23 = 0.02 pA; P < 0.01; n = 8) without altering their amplitude
(from 15.9 = 1.5 to 15.2 = 2.1 pA; P > 0.1). These effects were
prevented by bath application of 150 nM k-252a, a specific
inhibitor of protein kinase coupled to Trk receptors (n = 3) (SI
Fig. 8) (22). However, when k-252a was included in the patch
pipette to block postsynaptic TrkB receptors (20), it failed to
prevent BDNF-induced potentiation of sEPSCs (n = 6) (SI Fig.
8), indicating that BDNF enhances synaptic efficacy acting on
presynaptic TrkB receptors. In a second set of experiments, the
involvement of endogenous BDNF in pairing-induced synaptic
potentiation was assessed with k-252a. Bath application of 150
nM k-252a fully prevented pairing-induced enhancement of the
frequency of SEPSCs. Mean frequency values were 0.14 + 0.03
and 0.16 * 0.04 Hz before and after pairing, respectively (P >
0.5;n = 9) (Fig. 4), whereas mean amplitude values were 14.9 =
1.1 and 15.7 = 2.3 pA before and after pairing, respectively (P >
0.5) (Fig. 4). In the absence of pairing, k-252a alone did not
modify the frequency and amplitude of sEPSCs (frequency
values were 0.11 = 0.03 vs. 0.12 = 0.02 Hz and amplitude values
were 14.2 £ 4.2 vs. 12.7 = 3.4 pA in control and in the presence
of k-252a, respectively). Similar results were obtained with 150
nM k-252b, which is a weaker inhibitor of protein kinase coupled
to Trk receptors (23). On average, in six cells before and after
pairing, the frequency values of SEPSCs were 0.08 * 0.02 and
0.07 £ 0.02 Hz, respectively (P > 0.5), whereas the amplitude
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Fig. 4. Pairing-induced increase in frequency of sEPSCs requires the activa-
tion of TrkB receptors by BDNF. Mean frequency (Left) and amplitude (Right)
of sEPSCs (normalized to prepairing control values; dashed lines) recorded
before and 20 min after pairing in the presence of 150 nM K252a in the bath
(n=9), 150 nM K252b in the bath (n = 6), 150 nM K252a into the patch pipette
(n = 6), 1 ng/ml TrkA-IgG (n = 5), and 1 ug/ml TrkB-IgG (n = 6). Note the
increase in sEPSC frequency in the presence of TrkA-IgG.

values were 15.9 = 2.5 and 14.8 £ 1.4 pA, respectively (P > 0.5)
(Fig. 4). To better assess the contribution of endogenous TrkB
ligands to GDP-induced potentiation, we incubated the slices for
at least 3 h with a soluble form of TrkB receptor (TrkB-IgG)
engineered as an immunoadhesin to prevent TrkB activation (24,
25). In slices preincubated with 1 ug/ml TrkB-IgGs, the pairing
procedure did not affect the frequency or amplitude of sEPSCs
(mean frequency values were 0.08 + 0.03 Hz in control and
0.08 = 0.02 Hz after pairing; n = 6; P > 0.5; mean amplitude
values were 18.9 * 2.7 pA in control and 17.7 £ 2.2 pA after
pairing; P > 0.5) (Fig. 4). TrkB-IgGs did not alter the frequency
or amplitude of synaptic events (frequency values were 0.09 =
0.02 vs. 0.08 = 0.03 Hz and amplitude values were 15.8 * 2.7 vs.
12.1 = 1.6 pA in the absence or presence of TrkB-IgG, respec-
tively). In contrast, when slices were incubated with TrkA-IgGs,
which sequester endogenous nerve growth factor, but not en-
dogenous BDNF (26), GDP pairing produced a persistent
increase in the frequency of SEPSCs (Fig. 4). On average, 20 min
after pairing, the frequency of SEPSCs was 107% higher than in
control (mean frequency values were 0.07 = 0.02 and 0.14 = 0.03
Hz before and after pairing, respectively; n = 7; P < 0.05),
whereas the amplitude was slightly reduced to 87.1 = 9% of
control (mean amplitude values were 16.3 = 1.9 and 14.2 = 1.6
pA before and after pairing, respectively; P > 0.5). Additionally,
in the case of TrkA-IgGs, no changes in the frequency or
amplitude of spontaneous synaptic activity were detected in the
absence of pairing. Although BDNF is probably released from
the postsynaptic cell during GDP-induced membrane depolar-
ization (20), it probably acts on TrkB receptors present on
presynaptic terminals because k-252a in the patch pipette was
unable to block pairing-induced potentiation (n = 6) (Fig. 4).
Altogether, these data show that endogenous TrkB, but not
TrkA ligands, is required for pairing-induced persistent poten-
tiation in the frequency of sEPSCs.

One of the most common signaling pathways activated by
BDNF after binding to TrkB receptor is the ERK, a subfamily
of MAPK (27). Upon phosphorylation, ERK is translocated into
the nucleus, where it activates the transcription factor cAMP
response element-binding protein, thus contributing to the per-
sistent modifications in synaptic efficacy (28-31). To assess the
role of ERK in synaptic potentiation, the pairing procedure was
performed in the presence of the ERK inhibitors U0126 and
PD98059. Bath application of 20 uM U0126 for 10 min did not
modify the frequency and amplitude of sEPSCs, which remained
at predrug levels (before and after U0126 application, the mean
frequency values were 0.12 + 0.02 and 0.11 = 0.01 Hz, whereas
the mean amplitude values were 14.9 = 2.2 and 15.6 = 1.5 pA;
P > 0.5 for both frequency and amplitude; n = 6). However, after
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Fig. 5. Pairing-induced increase in synaptic efficacy requires the activation
of the ERK pathway. (A) Mean frequency (Left) and amplitude (Right) of
sEPSCs (normalized to prepairing control values; dashed lines) recorded be-
fore and 20 min after pairing in the presence of the following ERK inhibitors:
20 uM U0126 (n = 5), 50 uM PD98059 added to the extracellular medium (n =
6), and 50 M PD98059 added to the intrapipette solution (n = 5). *, P < 0.05.
(B) (Left and Center) Immunofluorescence images showing different CA1
pyramidal cells stained with Oregon green BAPTA 488-1 (OGB-1) (Left), with
polyclonal antibodies recognizing the doubly phosphorylated form of ERK1/2
(PERK) (Center). (Right) Merged images. Pairing GDPs with Schaffer collateral
stimulation induced ERK phosphorylation in the recorded neuron (Top),
whereas no ERK phosphorylation was present in the absence of pairing
(Middle) or when pairing was performed in the presence of a 20 uM concen-
tration of the ERK inhibitor U0126 (Bottom). (Scale bar: 20 um.)

pairing, U0126 induced a persistent and significant reduction in
the frequency of sEPSCs. On average, 20 min after pairing the
frequency of SEPSCs was 71% of controls (frequency varied
from 0.21 = 0.04 to 0.15 = 0.04 Hz before and after pairing,
respectively; P < 0.05), whereas the amplitude was not signifi-
cantly modified (16.6 = 2.2 and 14.9 = 0.9 pA before and after
pairing, respectively; P > 0.5) (Fig. 54). Similar effects were
obtained with PD98059. Slices were preincubated for 10 min
with 50 uM PD98059. Although PD98059 did not modify the
frequency or amplitude of synaptic events (frequency values
were 0.11 = 0.02 and 0.09 = 0.02 Hz and amplitude values were
14.9 = 2.7 and 12.8 = 1.8 pA before and after drug application,
respectively; P > 0.5 for both frequency and amplitude), it
prevented the potentiating effect of pairing and caused a sig-
nificant reduction of the frequency of sSEPSCs (mean frequency
values were 0.15 = 0.04 and 0.08 * 0.02 Hz before and after
pairing, respectively; 57% of controls; P < 0.05), but not in the
amplitude (mean amplitude values were 15.2 = 2.7 and 14.3 =
3.1 pA before and after pairing, respectively; P > 0.5) of sSEPSCs
(n = 6) (Fig. 54).

To test whether ERK activation occurred into the postsynaptic
cell, PD98059 was applied directly into the patch pipette (32).
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Additionally, in this condition, 50 uM PD98059 prevented the
effects of ERK upon paired-induced potentiation of the fre-
quency of sSEPSCs (mean frequency values were 0.09 £ 0.03 and
0.07 = 0.02 Hz before and after pairing, respectively; P > 0.1;
mean amplitude values were 16.1 = 1.3 and 13.8 = 1.9 pA before
and after pairing, respectively; P > 0.1; n = 5) (Fig. 54).

The involvement of ERK in GDP-induced changes in synaptic
efficacy was further validated by immunocytochemical experi-
ments, which demonstrated that the pairing procedure was able
to induce ERK phosphorylation (n = 5), an effect that was
prevented by 20 uM U0126 (n = 4) (Fig. 5B). In the absence of
pairing, no ERK phosphorylation was observed (Fig. 5SB). These
data suggest that the persistent changes in frequency of SEPSCs
after GDP pairing require the activation of the ERK pathway.
ERK phosphorylation also was prevented by the TrkB receptor
inhibitor k-252a in the patch pipette (n = 4) or in the bath (n =
3), suggesting that, in the present experiments, ERK phosphor-
ylation was triggered by BDNF (SI Fig. 9).

Discussion

The present data clearly show that, during the first week of
postnatal life, correlated presynaptic (Schaffer collateral) and
postsynaptic (GDPs) activity induced a persistent enhancement
of synaptic efficacy at glutamatergic CA3—-CA1l connections.
This outcome required a transient rise of calcium in the postsyn-
aptic cell and the involvement of BDNF and the ERK pathway.

The pairing procedure not only produced a strong potentiation
of the SEPSCs evoked by the Schaffer collateral stimulation but
also persistently enhanced the frequency of spontaneous gluta-
matergic events.

In CA3 pyramidal neurons, evidence has been provided that,
during a restricted period of postnatal development, long-term
changes in GABAergic synaptic transmission can be induced by
repetitive depolarizing pulses (25, 33, 34). Although in these
studies the conditioning protocol used for LTP induction could
have been of physiological relevance, in the present case, the
persistent enhancement of glutamatergic transmission at CA3—
CA1 synapses depended on a calcium rise through a voltage-
dependent calcium channel activated by the depolarizing action
of GABA during GDPs. Interestingly, when the afferent stim-
ulation was paired with theta bursts or plateau potentials in the
postsynaptic cell to mimic GDPs, it failed to persistently enhance
the frequency of SEPSCs. When paired with afferent stimulation,
plateau potentials only briefly enhanced the frequency of sEP-
SCs, which declined to a control level a few minutes after pairing.
In the adult hippocampus, repetitive voltage pulses to the
postsynaptic cell have been shown to induce a short-lasting
potentiation of excitatory synaptic transmission (35). However,
unlike the present case, transient changes in synaptic strength
observed in the adult primarily depended on postsynaptic mech-
anisms because membrane depolarization not only enhanced the
frequency of miniature events but also the amplitude of re-
sponses to exogenously applied AMPA. Whatever the mecha-
nisms, our results indicate that the way by which calcium enters
into the cell is crucial for pairing-induced potentiation. We
cannot exclude, however, that in the present study GDPs may
concomitantly stimulate presynaptic terminals to further
strengthen synaptic currents. This result may, at least in part,
explain why depolarizing the postsynaptic cell with theta bursts
or plateau potentials failed to persistently enhance synaptic
strength.

In the present experiments, the involvement of BDNF in
GDP-induced synaptic potentiation was demonstrated by the
observation that scavengers of endogenous BDNF or blockers of
protein kinase coupled to Trk receptors were able to prevent
pairing-induced persistent enhancement of the frequency of
SEPSCs. The present results do not indicate whether endogenous
BDNF was released from the pre- or postsynaptic cell. However,
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evidence was recently provided that a moderate postsynaptic
depolarization can elicit the release of BDNF from the postsyn-
aptic cell in a calcium-dependent way (20). Once released,
BDNF would affect TrkB receptors localized on both pre- and
postsynaptic membranes. Although at the presynaptic level
BDNF-induced activation of TrkB receptors would enhance
transmitter release (20, 36, 37), at the postsynaptic level it would
activate fast dendritic calcium transients (38) and different
intracellular signaling pathways. One of the most common
signaling pathways activated by BDNF is the MAPK/ERK
cascade (28, 39). Activation of ERK would lead to transcriptional
regulation and new protein synthesis (27) required for the
enduring forms of synaptic plasticity (31). As in the late phase
of LTP (31), in the present case the activation of ERK was
targeted to the postsynaptic neuron as demonstrated by elec-
trophysiological and immunocytochemical experiments. How-
ever, we cannot exclude a concomitant activation of ERK in the
presynaptic neuron. The postsynaptic action of ERK may further
support structural changes (triggered by BDNF activation of
TrkB receptors), such as dendritic growth and increase in spine
density (30, 40). The ERK pathway also can be activated by
calcium entry by NMDA receptors (41). However, this event is
unlikely because pairing-induced potentiation was independent
of NMDA receptor activation. Therefore, BDNF can act pre-
synaptically to alter the probability of glutamate release but also
postsynaptically to produce the morphological modifications
necessary for the formation of new synapses and the refinement
of the adult neuronal hippocampal circuit.

In conclusion, our data demonstrate that network-driven
GABAergic oscillations such as GDPs are essential for the
functional maturation of glutamatergic synapses.

Materials and Methods

Slice Preparation. Experiments were performed on hippocampal
slices from P2-P6 Wistar rats as previously described (13).
Briefly, animals were decapitated after being anesthetized with
an i.p. injection of 2 g/kg urethane. The brain was quickly
removed from the skull and placed in ice-cold artificial cere-
brospinal fluid containing 130 mM NacCl, 3.5 mM KCl, 1.2 mM
NaH,POy, 25 mM NaHCOs3, 1.3 mM MgCl,, 2 mM CacCl,, and
25 mM glucose saturated with 95% O, and 5% CO, (pH 7.3-7.4).
Transverse hippocampal slices (400 um thick) were cut with a
vibratome and stored at room temperature in a holding bath
containing the same solution. After a recovery period of at least
1 h, an individual slice was transferred to the recording chamber,
where it was continuously superfused with oxygenated artificial
cerebrospinal fluid at a rate of 2 to 3 ml/min at 33-34°C.

Electrophysiological Recordings. Electrophysiological experiments
were performed with CA1 pyramidal cells by using the whole-cell
configuration of the patch-clamp technique in current- or voltage-
clamp mode. Synaptic responses were evoked at 0.05 Hz by minimal
stimulation of the Schaffer collateral. They were recorded in
voltage-clamp conditions from a holding potential of —53 mV
(EcaBa). In most cases, paired stimuli were applied at 50-msec
intervals. Patch electrodes were pulled from Borosilicate glass
capillaries (Hingelberg, Malsfeld, Germany). They had a resistance
of 4 to 6 M() when filled with an intracellular solution containing
135 mM K-gluconate, 20 mM KCl, 10 mM Hepes, 4 mM MgATP,
0.3 mM GTP, 0.5 mM EGTA, and 5 mM QX-314. In some
experiments, recordings were performed with patch pipettes con-
taining 20 mM BAPTA (Sigma-Aldrich, Milan, Italy). When 20
mM BAPTA was added to the pipette solution, K-gluconate was
reduced from 135 to 115 mM. For plateau potential experiments,
K-gluconate was substituted with CsMeSOs. In some experiments,
cells were visualized with 100 uM Oregon green 488 BAPTA-1
(Molecular Probes, Eugene, OR).

Recordings were made with a patch-clamp amplifier (Axo-
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patch 200A; Axon Instruments, Foster City, CA). Series resis-
tance compensation was used only for current-clamp recordings.
The stability of the patch was checked by repetitively monitoring
the input and series resistance during the experiment. Cells
exhibiting >20% changes in series resistance were excluded from
the analysis. The following drugs were used: D-AP5 and 6,7-
dinitroquinoxaline-2,3-dione (Tocris Cookson Ltd., Bristol,
U.K.); nifedipine and BDNF (Sigma-Aldrich); and k-252a,
k-252b, U0126, and PD 98059 (Calbiochem, La Jolla, CA).
Immunoadhesins TrkA-IgG and TrkB-IgG were gifts from A.
Cattaneo (International School for Advanced Studies).

All drugs except D-AP5 and BDNF were dissolved in DMSO.
The final concentration of DMSO in the bathing solution was
0.1%. At this concentration, DMSO alone did not modify the
shape or kinetics of synaptic currents. Drugs were applied in the
bath by a three-way tap system by changing the superfusion
solution to one differing only in its content of drugs. The ratio
of flow rate to bath volume ensured complete exchange within
2 min.

Immunofluorescence Staining. Hippocampal slices with paired or
unpaired neurons were fixed overnight in 4% paraformaldehyde
in 0.1 M phosphate buffer. After 2 h of preincubation in basic
buffer, primary antibodies to doubly phosphorylated ERK1/2
(Cell Signaling Technology, Danvers, MA) were applied at a
1:200 ratio overnight at 4°C. After washing, the resulting immune
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complexes were visualized with Alexa Fluor 594-labeled goat
anti-rabbit antibody (Invitrogen, Carlsbad, CA). Slices were
imaged with the DM-IRE2 (Leica, Wetzlar, Germany) confocal
system by using sequential dual-channel recording of the Oregon
green-injected cells.

Data Acquisition and Analysis. Data were stored on a disk after
digitization with an A/D converter (Digidata 1322A; Axon
Instruments, Union City, CA). Data were sampled at 20 kHz and
filtered with a cutoff frequency of 2 kHz. Data acquisition was
done by using pClamp 9 (Axon Instruments). sEPSCs and
evoked EPSCs were analyzed offline with the Clampfit 9 pro-
gram. sEPSCs were first collected by using the template function
of Clampfit and then reviewed by visual inspection. The mean
amplitude of SEPSCs was obtained by averaging successes and
failures. PPR was calculated as the ratio between the mean
amplitude of SEPSC2 and sEPSCI. The coefficient of variation
of response amplitude was determined as the ratio between the
standard deviation and the mean. Values are given as mean *
SEM. Significance of differences was assessed by Student’s ¢ test
and Wilcoxon signed rank test (P < 0.05).
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Supp. Info: Fig. 6. Temporal specificity of the correlated activity required for GDPs-induced
synaptic potentiation. During the pairing protocol, a delay of 0 or 3 sec was introduced
between GDP rise time and synaptic stimulation. (A) Each symbol represents the mean
percentage increase in amplitude of EPSCs evoked by Schaffer collateral stimulation
(successes and failures) as a function of the delay (0-sec delay, n = 9; 3-sec delay, n = 10).
Horizontal bars represent the average of all open circles in a column. (B) As in A, but for the
frequency of sEPSCs. No potentiating effect was found when pre- and postsynaptic signals
were delayed by 3 sec. Evoked and spontaneous activity was recorded from the same cells.

** P<0.01.
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Supp. Info: Fig. 7. Pairing theta bursts or plateau potentials with Schaffer collateral
stimulation fails to persistently enhance synaptic strength. (A and B) The rising phase of
theta bursts (five action potentials at 100 Hz evoked in the postsynaptic cell by short
depolarizing current pulses, repeated 10 times at the theta frequency every 10 sec) (A) or
plateau potentials (20 plateau potentials at 0.1 Hz evoked in the postsynaptic cells loaded
with calcium to block most of the potassium conductances) (B) were used to trigger Schaffer
collateral stimulation (stim). (C and D) Summary plots showing the mean frequency of
SEPSCs recorded in control conditions and after pairing (arrows at 0) with theta bursts (C) (n
= 8) or plateau potentials (D) (n = 10). Note the transient increase in frequency of sEPSCs
after pairing (*, P < 0.05). (E) Mean frequency (Left) and amplitude (Right) of sEPSCs
expressed as percentage of controls (dashed lines) obtained 20 min after pairing with theta
bursts (empty bars) or plateau potentials (filled bars). The frequency of sEPSCs was 0.1 +0.02
and 0.09 + 0.02 Hz before and 20 min after pairing with theta bursts, respectively (n = 8; P >
0.5); and the amplitude was 16.6 1.7 and 16.2 + 2.3 pA (n = 8; P > 0.5) before and 20 min
after pairing, respectively. The frequency of sEPSCs was 0.1 £0.04 and 0.11 + 0.02 Hz before
and 20 min after pairing with plateau potentials, respectively; and the amplitude was 13.6
+1.9 and 13.4 + 2.3 pA before and 20 min after pairing, respectively (P > 0.5 for both
frequency and amplitude; n = 8). These experiments demonstrate that a calcium rise in the
postsynaptic cell through voltage-dependent calcium channel is not sufficient to persistently

enhance glutamate release.
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Supp. Info: Fig. 8. The increase in frequency of sEPSCs induced by BDNF was dependent on
the activation of TrkB receptors localized on presynaptic neurons. Each bar represents the
mean frequency (white) and amplitude (black) of sEPSCs expressed as percentage of controls
(dashed lines) obtained by applying 40 mg/ml BDNF in the presence of 150 nM K252a into
the patch pipette (Left) (n = 6) or in the bath (Right) (n = 3). *, P < 0.05. Note that BDNF

significantly enhanced sePSCs only when K252a was present into the patch pipette.




Supp. Info: Fig. 9. Pairing-induced ERK phosphorylation is triggered by BDNF. (Upper)
Hippocampal slice (obtained from a P4 rat) incubated with 40 mg/ml BDNF for 1 h induced
ERK phosphorylation in pyramidal neurons (stained with polyclonal antibodies recognizing
the doubly phosphorylated form of ERK1/2). (Magnification: Left, x20; Center, x40; Right,
x60.) (Lower) CA1 pyramidal cell (from a P5 rat) stained with Oregon green BAPTA 488-1
(Left) and polyclonal antibodies recognizing the doubly phosphorylated form of ERK1/2.
(Right) Merged picture. The cell was paired in the presence of a 150 nM concentration of the
TrkB receptor antagonist K252a. Notice that K252a prevented ERK phosphorylation. (Scale

bars: Upper, 80 mm; Lower, 20 mm.)
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At Immature Mossy-Fiber—CA3 Synapses, Correlated
Presynaptic and Postsynaptic Activity Persistently Enhances
GABA Release and Network Excitability via BDNF and

cAMP-Dependent PKA

Sudhir Sivakumaran, Majid H. Mohajerani, and Enrico Cherubini
Neuroscience Programme, International School for Advanced Studies, 34014 Trieste, Italy

In the adult rat hippocampus, the axons of granule cells in the dentate gyrus, the mossy fibers (MF), form excitatory glutamatergic
synapses with CA3 principal cells. In neonates, MF release into their targets mainly GABA, which at this developmental stage is depolar-
izing. Here we tested the hypothesis that, at immature MF-CA3 synapses, correlated presynaptic [single fiber-evoked GABA ,-mediated
postsynaptic potentials (GPSPs)] and postsynaptic activity (back propagating action potentials) may exert a critical control on synaptic
efficacy. This form of plasticity, called spike-timing-dependent plasticity (STDP), is a Hebbian type form of learning extensively studied
at the level of glutamatergic synapses. Depending on the relative timing, pairing postsynaptic spiking and single MF-GPSPs induced
bidirectional changes in synaptic efficacy. In case of positive pairing, spike-timing-dependent-long-term potentiation (STD-LTP) was
associated with a persistent increase in GPSP slope and in the probability of cell firing. The transduction pathway involved a rise of
calcium in the postsynaptic cell and the combined activity of cAMP-dependent PKA (protein kinase A) and brain-derived neurotrophic
factor (BDNF). Retrograde signaling via BDNF and presynaptic TrkB receptors led to a persistent increase in GABA release. In “presyn-
aptically” silent neurons, the enhanced probability of GABA release induced by the pairing protocol, unsilenced these synapses. Shifting
Egapa from the depolarizing to the hyperpolarizing direction with bumetanide failed to modify synaptic strength. Thus, STD-LTP of
GPSPs provides a reliable way to convey information from granule cells to the CA3 associative network at a time when glutamatergic
synapses are still poorly developed.

Key words: hippocampal mossy fibres; excitatory action of GABA; spike-timing-dependent plasticity; increased synaptic efficacy; BDNF;

cAMP-dependent PKA

Introduction

Spike-timing-dependent plasticity (STDP) is a particular form of
associative Hebbian type of learning, crucial for information cod-
ing. STDP consists in a bidirectional modification of synaptic
strength which relies on the temporal order of presynaptic and
postsynaptic spiking (Dan and Poo, 2006). Thus, positively cor-
related presynaptic and postsynaptic spiking (pre before post)
within a critical window leads to long-term potentiation (LTP),
whereas a negative correlation (post before pre) induces long-
term depression (LTD) (Markram et al., 1997; Bi and Poo, 1998;
Debanne et al., 1998; Feldman, 2000) (for review, see Dan and
Poo, 2006). While at glutamatergic synapses STDP has been ex-
tensively studied (Dan and Poo, 2004, 2006; Caporale and Dan,
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2008), at GABAergic connections the information available is
limited (Caporale and Dan, 2008). In the hippocampus of juve-
nile animals, correlated spiking activity has been shown to induce
a downregulation of the K*-Cl ~ cotransporter KCC2 with con-
sequent increase in [Cl ™ ];, change in GABA equilibrium poten-
tial (Egapa)> and weakening of synaptic inhibition (Woodin et al.,
2003; Fiumelli et al., 2005; Fiumelli and Woodin, 2007). Whether
STDP may occur also at immature GABAergic synapses when the
action of GABA is depolarizing (Cherubini et al., 1991; Ben-Ari,
2002) is still unclear. The depolarizing action of GABA may facil-
itate synaptic plasticity processes via a rise of [Ca*"]; through
voltage-dependent calcium channels and NMDA receptors
(Cherubini et al., 1991; Ben-Ari et al., 2007). However, these
effects may be overwhelmed by the concomitant GABA,-
mediated shunting inhibition (Staley and Mody, 1992; Lamsa et
al., 2000; Mohajerani and Cherubini, 2005; Banke and McBain,
2006).

We examined this issue at mossy fiber (MF)—CA3 synapses,
which in the immediate postnatal period release mainly GABA
(Safiulina et al., 2006). Pairing single postsynaptic spikes with
unitary MF GABA ,-mediated postsynaptic potentials (GPSPs)
consistently upregulated or downregulated synaptic strength ac-
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cording to the temporal order of stimula-
tion. Positive pairing induced persistent
changes in GPSPs slope, which often
reached the threshold for action potential
generation. STD-LTP required a rise of
calcium in the postsynaptic cell via
voltage-dependent calcium channel and
the activation of brain-derived neurotro-
phic factor (BDNF) and cAMP-dependent
protein kinase A. STD-LTP was prevented
when GPSPs shifted from the depolarizing
to the hyperpolarizing direction with bu-
metanide, a selective inhibitor of neuronal
Cl~ uptake mediated by the Na"-K*-
2Cl~ cotransporter isoform 1 NKCCl1
(Sipild et al., 2006).

These results indicate that in the imme-
diate postnatal period, at mossy fiber syn-
apses, the precise temporal correlation be-
tween GPSPs and postsynaptic spiking
powerfully control synaptic strengthening
or weakening thus contributing to the
functional refinement of developing neu-
ronal circuits.

Materials and Methods

Slice preparation. Experiments were performed 0
on hippocampal slices from P2—P5 Wistar rats
as described previously (Gasparini et al., 2000).
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tion of urethane (2 g/kg). The brain was quickly
removed from the skull and placed in ice-cold
ACSF containing the following (in mm): 130
NaCl, 3.5 KCl, 1.2 NaH,PO,, 27 NaHCO;, 1.3
MgCl,, 2 CaCl,, 25 glucose, saturated with 95%
0, and 5% CO, (pH 7.3-7.4). Transverse hip-
pocampal slices (400 wm thick) were cut with a
vibratome and stored at room temperature
(20—24°C) in a holding bath containing the
same solution as above. After a recovery period
ofatleast 1 h, an individual slice was transferred
to the recording chamber where it was contin-
uously superfused with oxygenated ACSF at a
rate of 2-3 ml/min at 33—35°C.
Electrophysiological recordings. Electrophysiological experiments
were performed from CA3 pyramidal cells using the whole-cell con-
figuration of the patch-clamp technique in current or voltage-clamp
mode. Neurons were visualized using an upright microscope (Olym-
pus BX51WI) equipped with differential interference contrast (DIC)
optics and infrared video camera. Patch electrodes were pulled from
borosilicate glass capillaries (Hingelberg). They had a resistance of
4-6 MQ) when filled with an intracellular solution containing the
following (in mm): 140 KCl, 1 MgCl,, 10 HEPES, 4 MgATP, 0.5 EGTA,
pH 7.3. In some experiments, recordings were performed with patch
pipettes containing the calcium chelator 1,2-bis (2-aminophenoxy)
ethane- N, N,N',N’-tetraacetic acid (BAPTA 20 mm, Sigma). In these
cases, to maintain the same osmolarity (~290 mOsm), the intrapi-
pette concentration of KCl was reduced to 120 mm. Recordings were
made with a patch-clamp amplifier (Axopatch 200A; Axon Instru-
ments). Series resistance was assessed repetitively every 5 min and in
current-clamp recordings compensated at 75% throughout the ex-
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GABA released from MF terminals depolarizes principal cells. 4, Synaptic responses (successes plus failures) evoked
atthree different holding potentials (to the left of the traces) by stimulation of granule cells in the dentate gyrus in control (O) and
in the presence of bumetanide (@, 10 wm). B, Plot of GPSP amplitudes as a function of membrane potentials in control (O, n =
10) and in the presence of bumetanide (@, n = 9). Note that in bumetanide, E¢.; shifted toward more negative values (—71.5
mV vs —47.6 mV). C, GPSPs obtained in control and in the presence of bumetanide were sensitive to --AP4 (10 wm) and to
picrotoxin (100 wm). In bumetanide, GPSPs were recorded at —30 mV to increase the driving force for CI . D, E, Each symbol
represents E¢psp, (D) and Vy, (E) of individual cells obtained in control (O) and in the presence of bumetanide (@). The average
values are shown on the left of each group. *p << 0.05; **p << 0.01; ***p < 0.001.

periment. Cells exhibiting >15-20% changes in series resistance were
excluded from the analysis.

GABA ,-mediated synaptic potentials or currents (GPSPs or GPSCs)
were evoked at 0.05 Hz from a holding potential of =70 mV in the pres-
ence of DNQX (20 uMm) and p-AP5 (50 uMm) to block AMPA- and NMDA-
mediated synaptic responses, respectively. We used minimal stimulation
of the granule cells in the dentate gyrus to activate only one or few
presynaptic fibers. According to the technique described by Jonas et al.
(1993) and Allen and Stevens (1994), the stimulation intensity was de-
creased until only a single axon was activated. This was achieved when the
mean amplitude of the postsynaptic currents and failure probability re-
mained constant over a range of stimulus intensities near threshold for
detecting a response (Safiulina et al., 2006). An abrupt increase in the
mean peak amplitude of synaptic currents was observed when the stim-
ulus intensity was further increased. This all or none behavior let us to
assume that only a single fiber was stimulated. In addition, the latency
and the shape of individual synaptic responses remained constant for
repeated stimuli. The monosynaptic nature of synaptic currents was sup-
ported by the unimodal and narrow latencies and rise time distributions
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strong paired pulse facilitation and short term
frequency-dependent facilitation (Safiulina et
al., 2006). They were blocked by bicuculline or
picrotoxin, confirming their GABAergic na-
ture. In contrast to MF inputs, GABAergic in-
puts from interneurons were insensitive to
L-AP4 (Walker et al., 2001; Safiulina et al.,
2006).

Experiments were also performed using the
gramicidin-perforated patch (Kyrozis and
Reichling, 1995) to preserve the anionic condi-
tions of the recorded cells. In this case, the pi-
pette solution contained the same intracellular
solution plus 80 wg/ml gramicidin D (Sigma). A
20 mg/ml stock of gramicidin in dimethylsul-
phoxide (DMSO) was prepared freshly (<2 h
before recording) and sonicated. This was di-
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3
5
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p

litud
. 1
/
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luted with gramicidin-free solution, sonicated
L4 again for 20-30 s, and centrifuged. Patch pi-
pettes were back filled with a gramicidin con-
taining solution and then the tip of the pipette
was dipped into and filled with a gramicidin—
free solution by applying a negative pressure for
20-30 s to facilitate cell-attached formation
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10 15 (seal resistance >3 G{)). After ~40 min, series
resistance decreased and stabilized around 30
M(). The perforated patch condition was con-
stantly monitored and in the case of membrane
rupture recording was discontinued. In fact,
due to the high intracellular [C] "], the break of
the membrane was associated with a clear
change in membrane capacitance and a shift of
Egpsps near 0 mV (Tyzio et al. 2007).
‘ Usually, synaptic currents were recorded in
voltage-clamp mode for 5-10 min. Then,
changes in synaptic efficacy, induced by pairing

Time (min)

H I

()

Control After pairing

(in current-clamp conditions) presynaptic ac-
tivity with postsynaptic spiking (10 spikes
evoked at 0.1 Hz) at various time intervals, were
recorded for additional 15-60 min. Some ex-
periments were performed in current-clamp

Successes
PPR

*** %KoK
1.0 6
9 4
2 -
2
@ w O
0

R mode to correlate pairing-induced changes in

GPSPs slope with the probability of cell firing.

Drugs used were as follows: p-(-)-2-amino-
5-phosphonopentaoic acid (p-AP5), 6,7-

¢ dinitroquinoxaline-2,3-dione (DNQX), .-AP4,
PTX, bumetanide, Rp-cAMPS (all from Tocris
Bioscience); nifedipine, forskolin, BDNF (all

Control After pairing Control After pairing Control After pairing

Figure2.

pairing (@). Bigger symbols represent averaged values. ***p < 0.001.

which remained constant when the extracellular Ca**/Mg?* concentra-
tion ratio was reduced from 2:1.3 to 1:3 (Safiulina et al. 2006).

When the probability of synaptic failures in response to a first stimulus
was near 1 (failures were estimated by visual discrimination), we applied
a second pulse at 50 ms interval. If a response to a second stimulus
appeared in 15-30 consecutive trials (silent to the first stimulus), we
considered this synapse presynaptically silent.

MF inputs were identified on the basis of their sensitivity to group III
mGluR agonist 2-amino-4-phosphonobutyric acid (1-AP4 10 um)
(Gutiérrez et al., 2003; Kasyanov et al., 2004; Safiulina et al., 2006), their

Spike-timing dependent LTP induced by pairing MF GPSPs with postsynaptic spiking. A, Schematic representation of
the experimental design. B, Spike-timing protocol. GPSP preceded the postsynaptic spike by 15 ms (At). C, D, Peak amplitude of
MF GPSCs in presynaptically silent (€) and low probability neurons (D) evoked before and after pairing (arrows at time 0) as a
function of time. Insets above the graphs represent individual (top traces) and averaged GPSCs (bottom traces) evoked before and
after pairing. £, Summary plot of mean GPSCs amplitude recorded before and after pairing versus time (n = 12). F=I, Amplitude
(F), successes (G), paired-pulse ratio (H), and inverse squared of CV (/) measured in individual cells before (O) and 40 min after

from Sigma); K252a, protein kinase A inhibitor
6-22 amide (PKI 6-22), protein kinase A in-
hibitor 14—22 amide, cell-permeable (PKI 14—
22) (all from Calbiochem). All drugs were dis-
solved in either distilled water or ethanol, as
required, except DNQX, forskolin, and bumet-
anide, which were dissolved in DMSO. The fi-
nal concentration of DMSO in the bathing so-
lution was 0.1%. At this concentration, DMSO
alone did not modify the shape or the kinetics of
synaptic currents. Drugs were applied in the
bath via a three-way tap system, by changing the
superfusion solution to one differing only in its content of drug(s). The
ratio of flow rate to bath volume ensured complete exchange within 1-2
min.

Data acquisition and analysis. Data were acquired and digitized with an
A/D converter (Digidata 1200, Molecular Devices) and stored on a com-
puter hard disk. Acquisition and analysis of evoked responses were per-
formed with Clampfit 9 (Molecular Devices). Data were sampled at 20
kHz and filtered with a cutoft frequency of 1 kHz. Mean GPSCs ampli-
tude was obtained by averaging successes and failures. The paired pulse
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ratio (PPR) was calculated as the mean ampli-
tude of the synaptic response evoked by the sec-
ond stimulus over that evoked by the first one.
The coefficient of variation was calculated as
the ratio between the SD of synaptic currents
amplitude and the mean. Unless otherwise ‘
stated, data are presented as mean * SEM. \
Quantitative comparisons were based on stu- ‘
dents paired or unpaired ¢ test, as required and ! \
p values <0.05 were considered as significant.

Results

MEF inputs to principal cells were identified
on the basis of their strong paired pulse facil-
itation, their sensitivity to group III mGluR
agonist 1-AP4 and their short term
frequency-dependent facilitation (Kasyanov
etal., 2004; Safiulina et al., 2006). MF inputs
were mainly GABAergic since they were
readily and reversibly blocked by bicuculline
methiodide (20 uMm) or picrotoxin (100 wm)
(Walker et al., 2001; Safiulina et al., 2006). In
the present experiments, GPSPs or GPSCs
elicited by minimal stimulation of granule
cells in the dentate gyrus were routinely re-
corded at —60 mV from CA3 pyramidal cells
(at P2-P5) in the presence of DNQX (20
M) and D-AP5 (50 um) to block AMPA and
NMDA receptors, respectively. These syn-
apses were characterized by the low proba-

C

bility of GABA release. In several cases (n = Bume

22), stimulation of granule cells in the den-

tate gyrus failed to produce any synaptic re- Control
sponse over 15-30 consecutive trials. How-  _70 mV .

ever, occasional responses to a second
stimulus could occur, suggesting that these
synapses were presynaptically silent (Gaspa-
rini et al., 2000; Kasyanov et al., 2004) (see
Fig. 2C). .
Figure 3.
GABA released from MF terminals
depolarizes principal cells
A first set of experiments, using
gramicidin-perforated patch to preserve
the intracellular chloride concentration
(Kyrozis and Reichling, 1995) was aimed
at evaluating whether GABA released from
MF terminals exerts on principal cells a de-
polarizing or a hyperpolarizing action. The representative exam-
ple of Figure 1 A (Control) shows averaged responses (successes
plus failures) evoked by granule cell stimulation at three different
holding potentials. The reversal of GPSPs (Egpsp) was —50 mV.
Since the resting membrane potential (Vy) of this cell was —60
mV, the driving force for GABA, defined as Egpgp— Vi, was 10
mV. This indicates that GABA was depolarizing (Sipili et al.,
2006; Tyzio et al., 2007). Overall, in 10 cells, Egpsp was —47.6 =
3.3 mV (Fig. 1 B,D, open circles) while V was —56 * 2.2 mV
(Fig. 1 E, open circles). Eipgp value was very close to the threshold
for action potential generation (—49.3 = 2.4 mV; n = 21).

In accord with their MF origin (Gutiérrez et al., 2003, 2005;
Kasyanov et al., 2004; Safiulina et al., 2006), bath application of
L-AP4 (10 um) significantly reduced the amplitude of GPSPs
(34.7 = 8.2% of control; n = 8; p < 0.01), which were completely
blocked by picrotoxin (100 uMm) (Fig. 1C). The reduction of GP-

**p <0.01.
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Pairing-induced increase in GPSPs slope was associated with enhanced firing probability. 4, Representative traces
from one neuron showing the rising phases of GPSPs (evoked at 0.1 Hz) during pairing. Note the progressive increase of GPSPs
slope which occasionally gave rise to action potentials (with <<15 ms delay). B, The GPSPs slope obtained before and after pairing
(arrows at time 0) is plotted as a function of time (n = 7). C, Superimposed traces from a single neuron before and after pairing.
D, Each symbol represents the mean value of GPSPs slope obtained from individual cells before (O) and 15 min after pairing (@).
Larger symbols represent averaged values (n = 7). E, Representative examples of GPSPs (average of 15 traces) evoked in the
presence bumetanide before and after pairing. F, Each symbol represents the mean value of GPSPs slope obtained from individual
cells before (O) and 15 min after pairing (@) in the presence of bumetanide. Bigger symbols represent averaged values (n = 7).

SCsamplitude induced by L-AP4 was very similar to that found in
a previous study for MF-evoked synaptic currents (66 = 8%;
Safiulina et al., 2006).

To see whether accumulation of chloride inside the cell via the
cation-chloride cotransporter NKCC1 was responsible for the
depolarizing action of GABA, slices were incubated for 30-50
min with bumetanide (10 uM), a selective inhibitor of NKCCI
(Dzhala et al., 2005; Sipild et al., 2006). In all cells tested (n = 9),
bumetanide caused a slight membrane hyperpolarization (on av-
erage, Vy was —63.6 = 2.3 mV; p < 0.05 vs controls) (Fig. 1 E,
closed circles) and a shift of E;pgp toward more negative values
(—71.5 = 3.09 mV; p < 0.001 respect to controls) (Fig. 1A,B,D,
closed circles), indicating that GABA was hyperpolarizing. Also
in this case, bath application of L-AP4 induced a significant re-
duction in amplitude of GPSPs (34.9 = 8.6% of control) thus
confirming their MF origin (n = 5; p < 0.01) (Fig. 1C).
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duced in current-clamp mode by pairing 10
postsynaptic spikes (at 0.1 Hz) with afferent
stimulation, varying the relative timing of
presynaptic and postsynaptic activity (Fig.
2A,B). Postsynaptic firing without presyn-
aptic activation caused no changes in synap-
tic efficacy (the amplitude of GPSCs was
—28.6 = 3.2 pAand —29.3 * 2.8 pA, before
and after postsynaptic firing, respectively,
n = 6). In addition, no changes in synaptic
efficacy were detected changing stimulation
frequency from 0.05 to 0.1 Hz in the absence

of postsynaptic spikes (n = 4; data not
shown). Coincident presynaptic and
postsynaptic activity (0 ms delay) did not
modify synaptic strength. However, a delay
of 15 ms (pre before post) (Fig. 2 B) caused a
strong potentiation of GPSCs. Examples of
presynaptically silent or low probability syn-
apses are shown in Figure 2, Cand D, respec-
tively. In both cases, correlated activity (ar-
rows) induced an increase in GPSCs

5
Time (min)

10 I5 amplitude and successes rate which persisted

without decrement for periods of time vari-
able from 40 to 60 min indicating that
changes in synaptic efficacy were persistent

— * ok
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as in LTP. The time course of pairing-
induced modifications of synaptic strength
observed in 12 cells (including one presyn-
aptically silent) recorded for at least 40 min
[ after pairing is illustrated in Figure 2E. On
average, the peak amplitude of GPSCs (suc-
cesses plus failures) was 21.5 = 4.1 pA and

Control After pairing

Control After pairing

51.9 % 13.1 pA, before and 15 min after pair-
ing ( p <0.001) (Fig. 2 F), respectively, while
the success rate changed from 0.31 % 0.04 to
0.62 * 0.07 (p < 0.001) (Fig. 2G). These

m

0}4
oé

0.4

\
i=—=T1

effects were associated with a significant re-
duction of the PPR (from 1.66 * 0.22 to
0.64 = 0.09; p < 0.001) (Fig. 2H) and a sig-
nificant increase in the inverse squared value
of the coefficient of variation (CV ~2) of re-
sponses amplitude (from 0.91 * 0.14 to
2.43 +0.73; p < 0.001; n = 19, Fig. 21). The

Control After pairing

Figure 4.

inwhich n = 5). *p < 0.05; **p < 0.01.

These data demonstrate that at MF—CA3 synapses, due to the
accumulation of Cl ™ inside the cell by NKCC1, GABA exerts a
depolarizing action.

Bidirectional modifications of synaptic strength associated
with STDP

In the next series of experiments, we used a pairing procedure to
verify whether STDP could modify synaptic efficacy. STDP was in-

Control After pairing

Spike-timing dependent LTD induced by pairing MF GPSPs with postsynaptic spiking. 4, The inset represents the
spike-timing protocol. The postsynaptic spike (post) preceded the GPSP (pre) by 15 ms. Below, Individual (top) and averaged
(bottom) traces of GPSCs evoked before (Control) and after pairing. B, In the top graph, the peak amplitudes of GPSCs (shown in
A) obtained before and after pairing (arrows at time 0) are plotted against time. In the bottom graph, summary plot of GPSCs
amplitude versus time (n = 8). (=F, Amplitude (C), successes (D), paired-pulse ratio (E) and inverse squared of CV (F) measured
inindividual cells before (O) and after pairing (@). Bigger circles represent average values. (n = 8 for each group except for PPR

PPR was measured only in nonsilent cells.
After pairing the potency of synaptic re-
sponses (mean amplitude of successes with-
out failures) increased significantly (from
53.9 + 12.1 pAt090.1 = 13.9 pA; p < 0.01).
Positive pairing (with 15 ms delay) was
also performed in current-clamp condi-
tions (using gramicidin-perforated patch)
to measure changes in GPSPs slope and in
the probability of firing. As shown in Fig-
ure 3, B and D, pairing always (7/7) in-
duced a stable potentiation of GPSP slope (from 0.25 * 0.05 to
0.67 = 0.12; n = 7; p < 0.01) which sometimes initiated during
the pairing protocol (Fig. 3A; note that in this case changes in
GPSPs slope triggered action potentials). Due to the larger size of
synaptic events, after pairing it was easier to reach the threshold
for action potential generation (after pairing, the probability of
cell firing persistently increased from 0.04 to 0.5) (Fig. 3C).
STD-LTP did not depend on changes in the equilibrium po-
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Figure5. Temporal window for spike-timing dependent enhancement and reduction in the

efficacy of MF GPSCs. Plot of GPSC amplitude (as percentage of controls) from individual cells
(O)asafunction of At. Closed symbols represent the averaged values for each At. No changes
in amplitude were detected when the postsynaptic action potential was coincident with pre-
synaptic GPSPs (At = 0 ms). Note that the magnitude of synaptic potentiation reached the
maximum at At = 15 ms which corresponds to the peak of GPSP.

tential for GABA since similar Egpgp values were found before
and after pairing (—48.3 £ 2.5 mV and —43.8 = 4.1 mV, respec-
tively; n = 7) (supplemental Fig. S1, available at www.jneurosci.
org as supplemental material). These data indicate that correlat-
ing presynaptic and postsynaptic activity strongly enhances the
amplitude of GABA-mediated synaptic events leading to excita-
tion of principal cells. In cells treated with bumetanide (10 um),
the pairing protocol did not modify the slope of hyperpolarizing
GPSPs (Fig. 3E,F) (n = 7).

STD-LTP probably did not depend on general changes in in-
trinsic membrane properties of principal cells or changes in pre-
synaptic cell excitability, because the pairing procedure did mod-
ify neither the threshold for action potential generation (—49.3 +
1.5 mV and —47.9 = 2.1 mV before and after pairing, respec-
tively; n = 7) nor the firing frequency in response to depolarizing
current pulses (supplemental Fig. S2, available at www.jneurosci.
org as supplemental material).

Negative pairing (post before pre) (Fig. 4 A) with a 15 ms delay
was assessed in synapses with relatively high probability of re-
lease. This procedure induced a consistent depression of MF-
mediated GPSCs. After pairing, the mean peak amplitude of GP-
SCs (successes plus failures) shifted from 105.3 = 40.0 pA to
66.9 * 27.4 pA (n = 8; p < 0.05) (Fig. 4A,B). This was mainly
caused by a decrease in the number of successes (from 0.61 = 0.06
to 0.38 = 0.08, before and after pairing, respectively; n = 8; p <
0.01) (Fig. 4 B, D). The potency of the responses (mean amplitude
of successes without failures) was almost unchanged (174 = 49.7
pAand 150.5 = 36.9 pA before and after pairing, respectively; p >
0.1; data not shown). As expected for a reduction in the proba-
bility of GABA release, the increased number of failures was as-
sociated with a significant increase in PPR (from 1.04 = 0.16 to
1.52 £0.20; n = 5; p < 0.01) (Fig. 4E) and a significant decrease
of CV ™2 (from 1.63 = 0.35 to 1.0 = 0.2; n = 8; p < 0.01) (Fig.
4F).

The time window for bidirectional activity-dependent
changes in synaptic efficacy is summarized in Figure 5. When the
action potential was coincident with the GPSP, no changes in
synaptic strength were detected. However, when the postsynaptic
spike followed the GPSP onset with 15 ms delay (which corre-
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sponds to the peak of the synaptic event), the magnitude of syn-
aptic potentiation reached its maximum. GPSP potentiation de-
clined toward control level with delays of >50 ms. On the
contrary, when the postsynaptic spike preceded the GPSP we
observed a depression of the synaptic responses that regained the
control level with delays of >50 ms. Overall, these data indicate
that activity-dependent changes in synaptic efficacy strongly rely
on the temporal relationship between presynaptic and postsyn-
aptic activation being the critical window for STDP similar to that
described for most glutamatergic and GABAergic synapses (Dan
and Poo, 2006).

Pairing-induced synaptic potentiation requires a rise of
calcium in the postsynaptic cell via voltage-dependent
calcium channels

A common trigger for LTP is a postsynaptic rise in intracellular
calcium concentration (Malenka and Nicoll, 1999). To test
whether a rise of postsynaptic calcium during STDP is responsi-
ble for the increase in synaptic efficacy, cells were loaded with the
calcium chelator BAPTA (20 mMm). In these cases, the pairing
procedure failed to cause any persistent increase of synaptic
strength. Instead, a persistent depression of synaptic currents was
observed (Fig. 6A,B) (Kasyanov et al. 2004). In the presence of
BAPTA, the mean amplitude of GPSCs measured before and after
pairing was —36.9 * 5.3 pA and —22.1 * 2.6 pA, respectively
(n = 6; p = 0.01). These experiments suggest that at MF—CA3
synapses, pairing-induced LTP depends on calcium rise in the
postsynaptic cell. This may occur via voltage-dependent calcium
channels or via NMDA receptors (Leinekugel et al., 1997; Gara-
schuk et al., 1998; Kasyanov et al., 2004). NMDA receptors were
not involved, because as already reported, all experiments were
routinely performed in the presence of D-AP5 (50 um) (Fig.
6A,B). However, pairing-induced synaptic potentiation was pre-
vented by nifedipine (10 uMm), indicating the involvement of
voltage-dependent L-type of calcium channels. The mean ampli-
tude of GPSCs, measured before and after pairing was —46.3 =
9.2 pA and —22.2 * 6.8 pA, respectively; n = 5; p > 0.1 (Fig.
6A,B). These results indicate that, early in postnatal life, calcium
rise through VDCC triggers STD-LTP. In the following experi-
ments, we focused only on the signaling pathways involved in
STD-LTP.

Pairing-induced synaptic potentiation requires the activation
of TrkB receptors by BDNF

The present data clearly show that the induction of STD-LTP is
postsynaptic while its expression is presynaptic as suggested by
the decrease in PPR and by the increase in CV ~* of MF-mediated
synaptic responses. Therefore, the postsynaptic cell shall provide
a transcellular retrograde signal to the presynaptic neuron. One
attractive candidate is BDNF, which can be released in a calcium-
dependent way by depolarization of the postsynaptic cell (Good-
man et al., 1996; Lessmann et al., 2003; Magby et al., 2006; Kuc-
zewski et al.,, 2008b). Previous studies from the immature
hippocampus have shown that BDNF is the retrograde messenger
required for increasing the probability of GABA and glutamate
release at GABAergic and glutamatergic synapses, respectively
(Gubellini et al., 2005; Mohajerani et al., 2007). Therefore, we
tested whether BDNF was able to mimic the effects of STD-LTP
on MF-evoked GPSCs. As illustrated in Figure 74, in the absence
of BDNF, no changes in synaptic efficacy were detected (n = 5).
Bath application of BDNF (40 ng/ml for 5 min), however, pro-
duced a significant increase in amplitude of GPSCs (from 20.3 =
4.2 pAto44.7 = 7.5 pA; p < 0.01; n = 7) which persisted for at
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8 A, B) which persisted for at least 15 min
after forskolin was washed out. This effect
was associated with a significant increase
in the number of successes (from 0.37 =+
0.08 t0 0.63 = 0.10; p < 0.01) (Fig. 8C), in
the CV 2 (from 0.69 * 0.18 to 2.79 +
1.04; p < 0.05) (Fig. 8 E) and a decrease in
PPR (from 1.12 £0.29t0 0.38 = 0.13;p <
0.05) (Fig. 8D).

In subsequent experiments, the in-
ok volvement of endogenous cAMP-
dependent PKA in STD-LTP was assessed
using the selective cell permeant inhibitor
Rp-cAMPS. As illustrated in Figure 9, in
the presence of Rp-cAMPS (20 um), posi-
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tive pairing failed to potentiate MEF-
mediated synaptic currents suggesting that

Figure 6.

(n = 5)and p-AP5 (n = 5).**p < 0.01.

least 10—15 min after BDNF was washed out (Fig. 7B, C). This
effect was associated with a significant increase in the number of
successes (from 0.24 = 0.05 to 0.59 = 0.07; p < 0.01) (Fig. 7D)
and a significant decrease in PPR (from 2.63 * 0.4 to 0.52 * 0.22;
p < 0.01) (Fig. 7E). The effects of BDNF were prevented by bath
application of K252a (150 nm), a specific inhibitor of protein
tyrosine kinase coupled to TrkB receptors (n = 5) (supplemental
Fig. S3, available at www.jneurosci.org as supplemental material)
(Kniisel and Hefti, 1992), indicating that this neurotrophin was
acting on TrkB receptors. The involvement of endogenous BDNF
in pairing-induced synaptic potentiation was assessed using
K252a. Bath application of K252a (150 nm) fully prevented STD-
LTP. Surprisingly, in the presence of K252a, a persistent depres-
sion of synaptic currents was observed (mean GPSCs amplitude
was 45.2 = 6.7 pA and 32.1 = 4.4 pA, before and after pairing,
respectively; n = 7; p < 0.05) (Fig. 7F-H). This effect was asso-
ciated with a reduced number of successes and an increase in PPR
(0.75 = 0.18 and 0.99 * 0.21, before and after pairing, respec-
tively, p < 0.01) (Fig. 7 I,]) suggesting a presynaptic site of action.
The mechanisms underlying K252a-induced synaptic depression
are still unclear and further experiments need to elucidate this
issue. In the absence of pairing, K252a alone did not modify the
amplitude or kinetics of GPSCs (amplitude: 38.2 £ 4.6 pA and
37.9 £ 5.8 pA, in control and in the presence of K252a, respec-
tively; n = 5).

Altogether, these data show that at immature MF-CA3 syn-
apse endogenous BDNF is crucial for STD-LTP induction

Pairing-induced synaptic potentiation requires the activation
of cAMP-dependent PKA

In the neonatal rodent hippocampus, LTP requires the activation
of cAMP-dependent protein kinase A (PKA) (Yasuda et al,
2003). Therefore, in the following experiments we tested whether
at MF—CA3 synapses STD-LTP requires the activation of cAMP-
dependent PKA. First, we tested the effects of forskolin, an acti-
vator of adenylyl cyclase. Bath application of forskolin (50 um for
5 min) mimicked the effects of BDNF and induced a significant
increase in amplitude of GPSCs (from 45.4 = 11.1 pA in control
to 72.6 = 12.9 pA, 10 min after forskolin; p < 0.01; n = 6) (Fig.

Pairing-induced potentiation requires a postsynaptic rise of intracellular calcium via voltage-dependent calcium
channels. A, Averaged traces of GPSC evoked before and 15 min after pairing in neurons loaded with intracellular BAPTA (20 mm)
or exposed to extracellular solutions containing nifedipine (10 tum) or p-AP5 (50 um). B, Pairing-induced changes in the mean
amplitude and mean number of successes expressed as percentage of controls from all cells tested (BAPTA, n = 6), nifedipine

changes in synaptic efficacy requires the
activation of both BDNF and cAMP-
dependent PKA (peak amplitudes were
20.1 = 5.4pAand 17.1 = 4.3 pA, successes
rate 0.34 = 0.1 and 0.31 * 0.1, the PPR
1.09 * 0.2 and 1.03 + 0.2 and CV *
0.51 *= 0.08 and 0.6 *= 0.06, before and
after pairing, respectively).

Since cAMP has been shown to regulate the recruitment of
TrkB receptors to the plasma membrane (Meyer-Franke et al.,
1998) and to gate the effects of BDNF on hippocampal neurons
(Ji et al., 2005), we tested whether inhibitors of cAMP or PKA
were able to prevent the potentiating effects of BDNF on GPSCs.
In two separate set of experiments, bath application of Rp-
cAMPS (20 puM; n = 8) or PKI 14-22 (1 um; n = 6), a cell-
permeable inhibitor of PKA, fully prevented the effects of BDNF
on GPSCs (supplemental Fig. S4, available at www.jneurosci.org
as supplemental material). Finally, to identify the presynaptic or
postsynaptic site of PKA action, positive pairing was performed
in cells loaded with the membrane impermeable form of PKI
(PKI 6-22, 1 uM; n = 7). In these conditions, correlated presyn-
aptic and postsynaptic activity failed to produce any persistent
change in synaptic strength (Fig. 10A, B). In the presence of PKI
6-22, peak amplitudes of GPSCs were 26.0 * 3.6 pA and 24.9 =
7.3 pA, successes rate 0.34 = 0.06 and 0.33 = 0.07, PPR 1.47 =
0.12 and 1.33 * 0.28 and CV "2 0.76 * 0.11 and 0.75 = 0.17,
before and after pairing, respectively.

This indicates that PKA activity in the postsynaptic neuron
plays a crucial role in STDP.

Discussion

It is known that, in particular conditions, MF can release, in
addition to glutamate, GABA (Walker et al., 2001; Gutiérrez etal.,
2003, 2005), and a recent study from our laboratory has demon-
strated that, early in development, the main neurotransmitter
released from MF is GABA (Safiulina et al., 2006). During post-
natal development, granule cells transiently express both mRNA
coding for GAD 67 and GAD 67 protein (Dupuy and Houser,
1997; Frahm and Draguhn, 2001). This GABAergic phenotype
has been attributed either to principal cells synthesizing GABA,
which would be downregulated in adulthood (Frahm and Dra-
guhn, 2001) or to GAD-positive interneurons which would tran-
siently migrate to the upper and middle portions of the granule
cell layer (Dupuy and Houser, 1997; Uchigashima et al., 2007).
Whatever their origin, MF-mediated GPSCs exhibited all charac-
teristics of MF responses such as strong paired pulse facilitation,
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short term frequency-dependent facilita-
tion and sensitivity to the group III mGluR
agonist L-AP4 (Salin et al., 1996; Safiulina
et al., 2006). In addition, hyperpolarizing
GPSPs evoked by dentate gyrus stimula-
tion in the presence of bumetanide were
also sensitive to L-AP4 further indicating
their MF origin (monosynaptic responses
obtained in principal cells by stimulating
GABAergic interneurons were unaffected
by L-AP4) (Walker et al., 2001; Doherty et
al., 2004; Kasyanov et al., 2004; Gutiérrez,
2005; Safiulina et al., 2006).

GABA released from MF exerted a de- 0 5

polarizing action on CA3 pyramidal neu-

rons as assessed by measuring the driving
O

>

(=1
<

Amplitude (pA)
3

(=]

O

force for GABA (Egpgp-Vr)which was pos-
itive to V. GABA not only exerted a depo-
larizing action but after positive pairing
triggered action potential firing. This ef-
fect was not due to changes in intrinsic
membrane properties of tagged cells or
modifications in Egpgp, since similar firing
properties and Egpgp values were observed
before and after pairing. Unlike the
present experiments, in cultured hip-
pocampal neurons bearing depolarizing
responses to GABA, repetitive postsynap-
tic spiking within = 5 ms of GABA,-
mediated synaptic transmission was able
to downregulate the expression of the
cation-chloride cotransporter NKCCI1
leading to a reduction in [Cl ™ |; and a shift
of Eg below Vi (Balena and Woodin,
2008). It should be stressed, however, that
while in our experiments the STDP proto-
col consisted in 10 pairs of single postsyn-
aptic spikes with unitary GPSPs, cultured
neurons were stimulated with 150 pairs of
presynaptic and postsynaptic spikes at 5
Hz. In addition, in our case the temporal
correlation between weak inputs (single
MF-mediated synaptic events) and strong
inputs (back propagating action potential)
dictated the direction of synaptic changes
toward potentiation or depression. The
temporal window responsible for LTP and
LTD was very similar to that reported in
previous studies for glutamatergic syn-
apses (Magee and Johnston, 1997;
Markram et al., 1997; Bi and Poo, 1998;
Debanne et al. 1998; Zhang et al., 1998),
suggesting the similar learning rules regu-
late STDP at GABAergic connections.

As in other forms of developmental
plasticity (Gaiarsa et al., 2002; Kasyanov et
al., 2004; Mohajerani et al., 2007), calcium
entering into the cell through VDCCs was
responsible for positive changes in synaptic efficacy as demon-
strated by the lack of STD-LTP when BAPTA was present in the
recording pipette or when nifedipine was added to the extracel-
lular solution. In accord to the calcium hypothesis, the direction
of synaptic changes would be determined by distinct calcium
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Pairing-induced synaptic potentiation requires the activation of TrkB receptors by BDNF. A, Summary plot showing
the mean amplitude of GPSCs versus time in the absence of BDNF (Control; n = 5). Insets above the graph refer to GPSCs
(individual traces above and averaged traces below) recorded during the first (left) and the last (right) 5 min. B, Summary plot
showing the mean amplitude of GPSC (n = 7) evoked before, during and after bath application of BDNF (bar). The horizontal
dashed line represents the mean amplitude of GPSCs recorded in control before BDNF application. Insets above the graph repre-
sent superimposed individual (top) and averaged (bottom) traces of GPSCs evoked before (Control) and 15 min after the applica-
tion of BDNF (40 ng/ml). C~E, Amplitude (C), successes (D) and paired-pulse ratio (E) measured in individual cells before (O) and
15 min after BONF (@). Larger symbols represent averaged values. F-J, Asin Figure 2 but in the presence of K252a (n = 7). *p <

signals which would activate different molecular pathways (Ca-
porale and Dan, 2008). However, in the present case, positive
pairing in the presence of BAPTA not only prevented LTP but
induced LTD, suggesting that synaptic depression is tightly reg-
ulated by the amount of calcium entering into the postsynaptic
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Insets above the graph represent individual traces of GPSCs evoked before and after pairing.

cell. While the induction of STD-LTP was clearly postsynaptic, its
expression was presynaptic, as indicated by the pairing-induced
decrease in failures rate, in paired-pulse facilitation, and increase
in CV 7%, all traditional indices of changes in presynaptic release
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probability (Zucker, 1989). Changes in
failure rate and CV ~2 could result from
the insertion of new receptors on the sub-
synaptic membrane in silent synapses
(Kullmann, 2003). Moreover, pairing-
induced appearance of GPSCs in appar-
ently “presynaptically silent” neurons is

|

IY\;

sk consistent with an increase in release prob-
ability (Gasparini et al., 2000). Similar to
our findings, even in mature GABAergic
synapses, activity-dependent modifica-
tions required a postsynaptic calcium rise
through VDCCs (Woodin et al., 2003;

Haas et al., 2006). However, in these cases,

Control Forsk

LKy

a presynaptic expression mechanism was
excluded because no changes in paired
pulse ratio were detected.

The postsynaptic induction of STD-
LTP and its presynaptic expression implies
the existence of cross talk between the post
and presynaptic neuron and the involve-
ment of a transcellular retrograde signal.
One attractive candidate is BDNF, which
plays a crucial role in synaptic plasticity
(Poo, 2001), in GABA,-mediated LTP
(Gubellini et al., 2005), and is known to be

Control Forsk

Forskolin mimics the effects of BDNF. 4, Summary plot showing the mean amplitude of GPSC (n = 6) evoked before,
during and after bath application of forskolin (50 M, bar). Insets above the graph show averaged traces (15 GPSCs from a
representative neuron) evoked before and during bath application of forskolin. B—E, Amplitude (B), successes (C), paired-pulse
ratio (D) and inverse squared of CV () measured before (O) and during bath application of forskolin (@). Larger symbols

a potent regulator of spontaneous corre-
lated network activity at early develop-
mental stages (Aguado et al., 2003; Car-
mona et al., 2006). Although several lines
of evidence indicate that BDNF can be re-
leased in a calcium-dependent way by de-
polarization of the postsynaptic cell
(Goodman et al., 1996; Lessmann et al.,
2003; Magby et al., 2006; Kuczewski et al.,
2008a,b), the present data do not allow identifying the presynap-
tic or postsynaptic site of BDNF release. However, the recent
observation of a calcium-dependent dendritic release of BDNF
following spontaneous or evoked back propagating action poten-
tials in hippocampal neurons in culture, strongly support a
postsynaptic locus (Kuczewski et al., 2008b). Interestingly, as in
the present experiments, only a few spikes (eight at 4 Hz) were
sufficient to trigger BDNF secretion (Kuczewski et al., 2008b).
Once released, BDNF would interact with high affinity TrkB re-
ceptors localized on both presynaptic and postsynaptic mem-
branes. Activation of presynaptic TrkB receptors would lead to an
increase in transmitter release (Li et al., 1998) (for review, see
Poo, 2001; Du and Poo, 2004). In the present experiments, the
involvement of BDNF in STD-LTP was demonstrated by the ca-
pability of this neurotrophin to mimic the effects of pairing on
amplitude, successes rate and PPR of GPSCs and by the observa-
tion that SDT-LTP was prevented by K252a, a tyrosine kinase
inhibitor. It is worth noting that in the presence of K252a the
pairing procedure led to synaptic depression. Although this effect
was clearly presynaptic, as indicated by the increase in PPR, the
underlying mechanism is unclear. A tonic activation of TrkB re-
ceptor by endogenous BDNF can be excluded since K252a alone
did not affect synaptic transmission.

At excitatory synapses, the long-term effects of BDNF on
activity-dependent synaptic plasticity, has been found to be reg-
ulated by cAMP-dependent PKA. This molecule would exert a
permissive role by enhancing the sensitivity to BDNF (Boulanger
and Poo, 1999), by increasing TrkB phosphorylation (Ji et al.,
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2005) and by recruiting TrkB receptors to
dendritic spines (Meyer-Franke et al.,
1998) (for review, see Nagappan and Lu,
2005). Consistent with these studies, STD-
LTP of MF-GPSCs was blocked by Rp-
cAMPS and PKI 14-22, indicating that en-
dogenous BDNF required the activity of
cAMP-dependent PKA. In the present ex-
periments, however, forskolin alone was
able to mimic the effects of BDNF, and
STD-LTP was prevented when the
postsynaptic cell was loaded with the
membrane impermeable PKA inhibitor
PKI 6-22. This suggests that cAMP-
dependent PKA may regulate intracellular
calcium rise (Obrietan and van den Pol,
1997; Dunn et al., 2006), which in turn
would affect BDNF release from the
postsynaptic cell. The precise molecular
mechanisms regulating this cascade re-
main to be elucidated.

In conclusion, our results show that, during postnatal devel-
opment, pairing back propagating action potentials with MF-
GPSPs persistently enhances synaptic efficacy and brings CA3
principal cells to fire, thus providing a reliable way to convey
information from granule cells to the CA3 associative network at
a time when glutamatergic synapses are still poorly developed.

A

PKI 6-22
Control

Figure 10.
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Figure S1. STD-LTP does not modify EGPSP

A, Synaptic responses (successes plus failures) evoked at four different holding potentials
(on the left of the traces) by stimulation of granule cells in the dentate gyrus before
(Control), and 10 min after positive pairing. B, Plot of GPSPs amplitudes as a function of
membrane potentials before (o) and after pairing (®). EGPSP was -48.3233 + 2.51 mV and -
43.8688 + 4.103, (n=7), before and after pairing respectively. Note the increase in amplitude

of GPSPs after pairing. Recordings were performed with perforated patch.
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Figure S2. STD-LTP does not change the firing frequency of principal cells.

A, Firing patterns evoked in one CA3 pyramidal cell (at P3) by depolarizing current pulses
(below the traces) before (Control) and 10 min after positive pairing. Note that pairing did
not modify cell excitability or input resistance of the recorded cell. B, Each column
represents the mean firing frequency of principal cells before (white) and 10 min after
pairing (n=6; black). Bars represent the SEM. Recordings were performed with perforated

patch.
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Figure S3. K252a prevents the effect of BDNF on synaptic efficacy

A, Averaged traces (from a representative neuron) evoked in the presence of K252a before

and during bath application of BDNF. B, Summary plot showing the mean amplitude of GPSC

(n=4) evoked in the presence of K252a before and during bath application of BDNF (bar). C,

Each column represents the mean amplitude (n=4) and mean number of successes (n=4) of

GPSCs evoked in the presence of K252a before and during bath application of BDNF.
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Figure S4. The potentiating effect BDNF on synaptic efficacy is prevented by bath application
of Rp-cAMPS and PKI 14-22

A-B, Averaged traces (from two representative neurons; each trace is the average of 10
responses) evoked in the presence of Rp-cAMPS (20 uM; A) and PKI 14-22 (1 uM; B) before
(Control) and during application of BDNF (40 ng/ml). Note the lack of BDNFinduced
potentiation in both cases. C, Each column represents the mean GPSCs amplitude, mean
number of successes, mean PPR and inverse squared of CV, obtained during bath application
of BDNF and expressed as percentage of Controls (dashed lines) in slices superfused with of
Rp-cAMPS (white columns, n=8) or PKI 14-22 (black columns, n=6). Note the lack of BDNF-
induced potentiation in the presence of RpcAMPS and PKI 14-22.
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ABSTRACT

Presynaptic kainate receptors regulate synaptic transmission in several brain areas but are
not known to have this action at immature mossy fibers (MF) terminals which release mainly
GABA. Here, we report that during the first week of postnatal life, endogenous activation of
GluK1 receptors by ambient glutamate severely depresses MF-mediated GABAergic currents
(GPSCs). This effect was mediated by a metabotropic process sensitive to Pertussis toxin. In
the presence of U73122, a selective inhibitor of phospholipase C, along the transduction
pathway downstream to G protein, GluK1 activation increased the probability of GABA
release thus unveiling the ionotropic action of this receptor. In addition, we found that
GluK1 enhanced MF excitability by directly depolarizing MF terminals via calcium-permeable
cation channels. Furthermore, GluK1 dynamically regulated the direction of STDP occurring
by pairing MF stimulation with postsynaptic spiking and shifted spike time-dependent
potentiation into depression. The GluK1-induced depression of MF-GPSCs would prevent
excessive activation of the CA3 associative network by the excitatory action of GABA and the

emergence of seizures in the immature brain.




INTRODUCTION

Kainate receptors (KARs) are highly expressed in the CNS where they are involved in
different physiological functions (for a review see Jane et al. 2009). Five different receptor
subtypes have been so far cloned, named GluK1-5, which co-assemble in various
combinations to form functional receptors with distinct pharmacological and physiological
properties (Collingridge et al. 2009). Their role depends on the precise subcellular
localization at presynaptic, postsynaptic and extrasynaptic sites. While at some excitatory
connections KARs have been shown to carry at least in part, current charges of synaptic
responses (Castillo et al 1997; Vignes and Collingridge, 1997; Mulle et al. 1998; Cossart et al.
2002), at presynaptic sites they exert a powerful control of transmitter release at both
excitatory and inhibitory synapses (Lerma, 2003). In addition, evidence has been provided
that, in several CNS regions, KARs control cell excitability through a metabotropic type of
action, which may involve the activation of G protein and intracellular signal cascades
(Rodriguez-Moreno and Lerma, 1998; Rozas et al. 2003; Melyan et al. 2004; Lerma, 2006;
Rodriguez-Moreno and Sihra, 2007). The hippocampus is endowed with KARs with
preponderant presynaptic localization (Represa et al. 1987; Ben Ari and Cossart, 2000). In
particular, activation of KA autoreceptors localized on glutamatergic mossy fibres (MFs), the
axons of dentate gyrus granule cells, has been shown to enhance glutamate release
particularly during frequency-dependent facilitation, a form of short-term plasticity
characteristic of MF-CA3 synapses (Contractor et al. 2001; Lauri et al. 2001b; Schmitz et al.
2001; but see Kwon and Castillo, 2008). This effect has been attributed to kainate-induced
depolarization of presynaptic boutons or axon terminals (Lauri et al. 2001a; Kamiya et al.
2002; Nicoll and Schmitz, 2005) and the release of calcium from local stores (Scott et al.
2008). Interestingly, KARs are present also on presynaptic GABAergic terminals where they
control GABA release. Activation of these receptors relies on the source of glutamate, on the
spatio-temporal feature of glutamate release in the extracellular space, on the localization of
the receptors and their affinity for glutamate. According to the targeted cells (interneurons
or pyramidal cells), stimulation of KARs localized on GABAergic interneurons has been shown
to exert either a facilitatory (Mulle et al. 2000; Cossart et al. 2001) or a depressant
(Rodriguez-Moreno et al. 1997; Clarke et al. 1997; Rodriguez-Moreno and Lerma, 1998;

Maingret et al. 2005) action on GABA release.




Several lines of evidence suggest a role of KARs in neuronal development. In the
hippocampus, the expression of mRNA encoding for different KAR subunits including GluK1
is high early in development and declines later to lower adult levels (Bettler et al 1990; Bahn
et al. 1994). Signalling via presynaptic GluK1 containing KARs has been shown to be critical
for regulating the number of functional glutamatergic synapses (Vesikansa et al. 2007) and
the balance between GABAergic and glutamatergic transmission which control correlated
network activity (Lauri et al. 2005). Moreover, KARs localized on MF terminals have been
shown to regulate filopodia motility known to facilitate the establishment of initial synaptic
contacts and the stabilization of newly formed ones (Tashiro et al. 2003). Interestingly,
during the first week of postnatal life, the main neurotransmitter released from MF
terminals is GABA (Safiulina et al. 2006) and glutamatergic MF-evoked excitatory
postsynaptioc currents comprising kainate components start appearing after P6 (Marchal

and Mulle, 2004).

Here, we addressed whether, immediately after birth, MF-induced GABA,-mediated
postsynaptic currents (GPSCs) in CA3 principal cells are controlled by presynaptic KARs. We
report that, at this developmental stage, MF-GPSCs are down regulated by G protein-
coupled GluK1 receptors, which are endogenously activated by glutamate present in the
extracellular medium. We further demonstrated that, at these synapses, GluK1 receptors

dynamically regulate the direction of spike-time dependent plasticity.




MATERIALS AND METHODS

Slice preparation

Experiments were performed on hippocampal slices from P2-P5 Wistar rats as previously
described (Gasparini et al., 2000). All experiments were carried out in accordance with the
European Community Council Directive of 24 November 1986 (86/609EEC) and were
approved by local authority veterinary service. Briefly, animals were decapitated after being
anaesthetized with an i.p. injection of urethane (2g/kg). The brain was quickly removed from
the skull and placed in ice-cold ACSF containing (in mM): NaCl 130, KCl| 3.5, NaH,PO, 1.2,
NaHCO; 27, MgCl, 1.3, CaCl, 2, glucose 25, saturated with 95% O, and 5% CO, (pH 7.3-7.4).
Transverse hippocampal slices (400 um thick) were cut with a vibratome and stored at room
temperature (20-24 °C) in a holding bath containing the same solution as above. After a
recovery period of at least one-hour, an individual slice was transferred to the recording
chamber where it was continuously superfused with oxygenated ACSF at a rate of 2-3

ml/min at 33-35°C.
Electrophysiological recordings

Electrophysiological experiments were performed from CA3 pyramidal cells using the whole-
cell configuration of the patch-clamp technique in current or voltage-clamp mode. Neurons
were visualized using an upright microscope (Olympus BX51W!I) equipped with differential
interference contrast (DIC) optics and infrared video camera. Patch electrodes were pulled
from borosilicate glass capillaries (Hingelberg, Malsfeld, D). They had a resistance of 4-6 MQ
when filled with an intracellular solution containing (in mM): KCI 140, MgCl, 1, HEPES 10,
MgATP 4, EGTA 0.5 (pH 7.3). In some cases Guanosine 5’-[B-thio]di-phosphate (GDPES, from
Sigma) at the concentration of 0.3 mM was included into the patch pipette to block
postsynaptic G-protein coupled receptors. Recordings were made with a patch clamp
amplifier (Axopatch 200A; Axon Instruments, Foster City, CA). The access resistance was
repetitively monitored every five min with a voltage step and was < 20 MQ and the results

were discarded if it changed more than 15-20%.




Mossy fibers GABA,-mediated postsynaptic currents (GPSCs) were evoked at 0.05 Hz from a
holding potential of =70 mV. We used minimal stimulation of the granule cells in the dentate
gyrus in order to activate only one or few presynaptic fibers. According to the technique
described by Jonas et al., (1993) and Allen and Stevens (1994) the stimulation intensity was
decreased until only a single axon was activated. This was achieved when the mean
amplitude of the postsynaptic currents and failure probability remained constant over a
range of stimulus intensities near threshold for detecting a response (see Safiulina et al.,
2006; Fig. 1S). An abrupt increase in the mean peak amplitude of synaptic currents was
observed when the stimulus intensity was further increased. This all or none behavior let us
to assume that only a single fiber was stimulated. In addition, the latency and the shape of
individual synaptic responses remained constant for repeated stimuli. The monosynaptic
nature of synaptic currents was supported by the unimodal and narrow latencies and rise
time distributions which remained constant when the extracellular CaZJ'/Mg2+ concentration

ratio was reduced from 2:1.3 to 1:3 (Safiulina et al. 2006).

When the probability of synaptic failures in response to a first stimulus was near 1 (failures
were estimated by visual discrimination), we applied a second pulse at 50 ms interval. If a
response to a second stimulus appeared in 15-30 consecutive trials (silent to the first

stimulus) we considered this synapse “presynaptically” silent.

MF inputs were identified on the basis of their sensitivity to group lll mGIuR agonist 2-
amino-4-phosphonobutyric acid (L-AP4 10 uM; Gutierrez et al., 2003; Kasyanov et al., 2004;
Safiulina et al., 2006), their strong paired pulse facilitation and short term frequency-
dependent facilitation (Safiulina et al., 2006). GPSCs were blocked by bicuculline or
picrotoxin. In contrast to MF inputs, GABAergic inputs from interneurons were insensitive to
L-AP4 (Walker et al., 2001; Safiulina et al., 2006). To block G protein mediated signals, slices

were incubated overnight in a medium containing pertussis toxin (PTx, 5 pg/ml).

In some experiments, antidromic action potentials were recorded from visually identified
granule cells in dentate gyrus. In this case the intracellular solution contained K-gluconate
(150 mM) instead of KCI. Extracellular stimuli (at 0.3 Hz, duration 150 s) were delivered via a

stimulation electrode positioned in stratum lucidum ~ 200 um away from granule cell layer.

Spike-time dependent plasticity (STDP) was induced in current clamp mode by pairing MF

stimulation with postsynaptic spikes. MF-GPSCs were recorded first in voltage clamp mode




for 5-10 min to obtain a stable baseline. Then, STDP was induced by pairing presynaptic
stimulation of granule cells in the dentate gyrus with postsynaptic spiking (10 spikes at 0.1
Hz, 15 ms delay pre versus post). Changes in synaptic efficacy were monitored by recording

synaptic currents for additional 20-30 min after pairing.

Drugs used were: 6,7-dinitroquinoxaline-2,3-dione (DNQX), L(+)-2-amino-4-
phosphonobutyric acid (L-AP4), Picrotoxin (PTX), 4-(8-methyl-9H-1,3-dioxolo[4,5-
h][2,3]benzodiazepin-5-yl)-benzenamine hydrochloride (GYKI), (S)-1-(2-Amino-2-
carboxyethyl)-3-(2-carboxybenzyl)pyrimidine-2,4-dione  (UBP 302), (RS)-2-Amino-3-(3-
hydroxy-5-tert-butylisoxazol-4-yl)propanoic acid (ATPA), D-(-)-2-amino-5-
phosphonopentaoic acid (D-AP5), LY341495, Philanthotoxin (PhTx), Pertussis toxin (PTx),
U73122 (all purchased from Tocris Cookson Ltd, Bristol, UK); glutamate scavenger system
(glutamic-pyruvic transaminase [GPT] + pyruvate), 4-[[4-Formyl-5-hydroxy-6-methyl-3-
[(phosphonooxy)methyl]-2-pyridinyllazo]-1,3-benzenedisulfonic  acid tetrasodium salt
(PPADS), dihydro-beta erythroidine (DHBE), atropine, Guanosine 5’-[B-thio]diphosphate
(GDPBS), baclofen and CGP 52432 were purchased from Sigma (Milan, Italy).

All drugs were dissolved in water, ethanol or dimethylsulphoxide (DMSO), as required. UBP
302 was dissolved in 1 eq. NaOH. DNQX, GYKI, LY341495 were dissolved in DMSO. The final
concentration of DMSO in the bathing solution was 0.1%. At this concentration, DMSO alone
did not modify the shape or the kinetics of synaptic currents. Drugs were applied in the bath
via a three-way tap system, by changing the superfusion solution to one differing only in its
content of drug(s). The ratio of flow rate to bath volume ensured complete exchange within

1-2 min.
Data acquisition and analysis

Data were acquired and digitized with an A/D converter (Digidata 1200, Molecular Devices)
and stored on a computer hard disk. Acquisition and analysis of evoked responses were
performed with Clampfit 9 (Axon Instruments, Foster City, CA). Data were sampled at 20 kHz
and filtered with a cut off frequency of 1 kHz. Mean GPSCs amplitude was obtained by
averaging successes and failures. The paired pulse ratio (PPR) was calculated as the mean
amplitude of the synaptic response evoked by the second stimulus over that evoked by the
first one. The coefficient of variation was calculated as the ratio between the standard

deviation of synaptic currents amplitude and the mean. Unless otherwise stated, data are




presented as mean = SEM. Quantitative comparisons were based on students paired or

unpaired t-test, as required and p values < 0.05 were considered as significant.

RESULTS

Tonic activation of presynaptic GluK1 receptors down regulates GABA release
from MF terminals

Whole cell patch clamp recordings were performed from CA3 principal cells in hippocampal
slices obtained from P2-P5 old rats. In agreement with previous studies (Gutierrez et al.,
2003; Kasyanov et al., 2004; Safiulina et al. 2006; Safiulina and Cherubini, 2009; Sivakumaran
et al., 2009), during the first week of postnatal life, minimal stimulation of granule cells in
the dentate gyrus elicited low probability GABA-mediated postsynaptic currents (GPSCs),
which were completely blocked by bicuculline (10 uM) or picrotoxin (100 uM). Depolarizing
the cell to positive potentials (+40 mV) produced outward currents with latency, onset and
deactivation kinetics similar to those obtained at -70 mV and sensitive to bicuculline, further
indicating that they were mediated by GABA, receptors (data not shown; see also Safiulina
et al., 2006). Consistent with previous observations (Safiulina et al., 2006; Safiulina and
Cherubini, 2009), bath application of GYKI (30 uM) which at this concentration selectively
blocks AMPA receptors, did not modify the amplitude, the shape, the latency and rise time
of individual responses, indicating that AMPA receptors do not contribute to synaptic
currents (Fig. 1A-D). On average, on five cells, the amplitude of MF-evoked GPSCs was 40 + 2
pA and 39 £ 1 pA (p=0.8), the rise time 1.8 + 0.2 ms and 1. 9 £ 0.3 ms (p=0.4) and latency 2.8

+0.2 and 2.8 + 0.3 ms (p=0.8), before and during GYKI application, respectively.
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Figure 1. AMPA receptors do not contribute to unitary postsynaptic currents evoked in CA3 principal
cells by minimal stimulation of granule cells in the dentate gyrus.

A. Unitary synaptic currents evoked in a CA3 pyramidal cell at P4 with different stimulation intensities
before (Control) and during application of GYKI (30 LM). Each trace is the average of 15-20 responses

(including failures). B. Peak amplitudes of synaptic currents represented in A are plotted as a function
of stimulus intensities. Bars are SEM, dashed lines the averaged amplitude of GPSCs. Latency (C) and
rise time (D) distributions of individual currents evoked in a CA3 pyramidal cell by minimal stimulation
of granule cells in the dentate gyrus in the absence (Control) and in the presence of GYKI. Note that in
the presence of GYKI the unimodal distribution of latencies and rise times of individual responses did

not change.

Interestingly, the addition of DNQX (50 uM, which blocks both AMPA and kainate receptors)
to GYKI, significantly enhanced the amplitude of single fibre-evoked GPSCs, an effect that
was associated with an increase in the number of successes (Fig. 2A). On average, in 8 cells,
the peak amplitude of GPSCs (successes plus failures) was 30 + 4 pA and 53 + 10 pA, before
and after DNQX, respectively; (p=0.01; Fig. 2 B and C) while the success rate changed from
0.34 + 0.05 to 0.57 + 0.08 (p=0.006; Fig. 2D). These effects were associated with a significant
reduction of the PPR from 1.33 + 0.23 to 0.67 + 0.11 (p=0.001; Fig. 2E) and a significant

increase in the inverse squared value of the coefficient of variation (CV?) of responses
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amplitude from 0.73 £ 0.15 to 2.28 + 0.44 (p=0.03; Fig. 2F). While changes in successes rate
may be indicative of pre or postsynaptic changes, PPR and CV™ are largely used to evaluate
changes in probability of transmitter release (Zucker and Regehr, 2002). These effects
occurred in the absence of any change in input resistance or in the holding current of the
recorded neurons. As expected for MF-mediated responses, GPSCs were significantly
reduced in amplitude by group Ill mGIuR agonist L-AP4 (10 uM) and completely blocked by
picrotoxin (100 uM; Fig. 2B; see also Gutierrez, 2003; Kasyanov et al. 2004; Safiulina et al.,
2006). Synaptic currents originated from GABAergic interneurons could be readily
distinguished from MF-GPSCs since unlike the latter which exhibited paired-pulse
facilitation, they exhibited paired pulse depression and were insensitive to L-AP4 (the peak
amplitude of synaptic currents was 39 + 8 pA and 36 + 9 pA before and during L-AP4,
respectively; p=0.1; n=7; see also Walker et al. 2001 and Safiulina et al. 2006; data not

shown).
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Figure 2. Endogenous activation of presynaptic kainate receptors down regulate MF-GPSCs.

A. Superimposed individual traces of MF-GPSCs evoked in the presence of GYKI (30 uM) and GYKI plus
DNQX (50 uM). Note that in this and in the following experiments, GYKI was always present in the
bathing solution in control conditions. Below: averaged traces (successes plus failures). Note that
DNQX enhanced the amplitude of the first response and reduced the number of synaptic failures. B.




Summary plot showing the mean amplitude of GPSCs obtained in 8 cells in the presence of DNQX, L-
AP4 and PTX. Vertical bars are SEM. The horizontal dashed line refers to the mean amplitude value
measured before DNQX. C-F. Amplitude (C), Successes (D), PPR (E) and inversed square of CV (F)
measured in individual cells before and after application of DNQX. Bigger symbols represent averaged
values. ¥***p<0.001

To exclude the possibility of an indirect effect via kainate-induced modulation of other
receptors known to depress transmitter release such as GABA; receptors (Safiulina and
Cherubini, 2009), nicotine and muscarinic acetylcholine receptors (Maggi et al., 2004),
purinergic P2Y receptors (Zhang et al. 2003; Safiulina et al. 2005) and metabotropic
glutamate receptors (mGIuRs, Scanziani et al., 1997), in a set of experiments (n=18) DNQX
was applied in the presence of CGP 52432 (1 uM), DHBE (50 uM), atropine (1 uM), PPADS
(50 uM), LY341495 (100 uM), selective antagonists for these receptors. Also in this case,
DNQX induced a significant increase in GPSCs amplitude similar to that obtained in the
absence of the blockers, suggesting a direct effect of DNQX on kainate receptors localized on

MF terminals (Fig. 1S).
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Figure 1S. At immature MF-CA3 synapses, the effects of kainate receptors on GABA release are not
indirectly mediated via GABAg, muscarinic, nicotinic, purinergic or mGlu- receptors.

Each column represents the mean amplitude of GPSCs obtained in the presence of GYKI (30 uM ) and
DNQX (50 uM) plus DHBE (50 uM; n=3), atropine (1 uM; n=3), PPADS (50 uM; n=3), LY341495 (100 uM;
n=5) and CGP 52432 (3 uM; n=6). The amplitude of the GPSCs was normalized to that obtained in the
absence of the drugs (dashed line). The groups are not significantly different from each other, but are
significantly different from controls. * p<0.05; ** p<0.01.

In order to identify which kainate receptor subtype was involved in the observed effects, we

used UBP 302 which is a selective GluK1 kainate receptor antagonist (More et al., 2004; Jane
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et al., 2009). The rationale behind was that, during postnatal development, GluK1 receptors
are highly expressed in the hippocampus (Bahn et al., 1994; Ritter et al. 2002) and previous
work from immature CA3 pyramidal cells demonstrated the involvement of GluK1 in
modulation of spontaneous, network-driven giant depolarizing potentials (GDPs; Lauri et al.
2005) which are highly expressed in the CA3 area (Ben-Ari et al., 2007). Like DNQX, UBP 302
(10 uM) caused a significant increase in amplitude of GPSCs (from 48 + 8 pA to 84 + 15 pA;
n=19; p=0.001; Fig. 3A-C) and in successes rate (from 0.4 + 0.04 to 0.7 + 0.03; p=0.001; Fig.
3D). These effects were associated with a significant decrease in PPR from 1.4 + 0.2 t0 0.6 +
0.1 (n=16; p=0.001; Fig. 3E) and a significant increase in CV? from 0.97 + 0.2 to 3.3 + 0.9
(p=0.001; n= 19, Fig. 3F).
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Figure 3. Endogenous activation GluK1 kainate receptors depress GABA release from MF terminals.

A. Superimposed individual MF-GPSCs evoked in the presence of GYKI (30 uM, Control) and GYKI plus
UBP 302 (10 uM). Below: average traces (successes plus failures). Note that UBP 302 enhanced the
amplitude of the first response and reduced the number of synaptic failures. B. Summary plot showing
the mean amplitude of GPSCs obtained in 19 cells in the presence of UBP 302, L-AP4 and PTX. C-F.
Amplitude (C), Successes (D), PPR (E) and inversed square of CV (F) measured in individual cells before
and after application of UBP 302. Bigger symbols represent averaged values. ** p<0.01; ***p<0.001.




In six cases, stimulation of granule cells in the dentate gyrus, failed to produce any synaptic
response to the first stimulus (over at least 30 consecutive trials). However, occasional
responses to the second stimulus suggested that these synapses were "presynaptically"
silent (Gasparini et al. 2000; Kasyanov et al. 2004; Sivakumaran et al. 2009; Safiulina and
Cherubini, 2009). Application of UBP 302 to “presynaptically” silent cells induced the
appearance of synaptic responses to the first stimulus (Fig. 2S). In these cases, the PPR could
not be measured because calculated ratios are infinitely large when the mean amplitude of
the first response is close to zero. Compatible with a lack of quantal release, in these cases

also the CV* was close to zero.
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Figure 2S. Blocking GluK1 receptors with UBP 302 enhances the probability of GABA release and

converts "presynaptically"” silent synapses into active ones.

A. Superimposed individual (up) and averaged traces (down) of a “presynaptically” silent MF-CA3
connection before (Control) and during application of UBP 302. Note the appearance of successes in
response to the first stimulus in UBP 302. B. Time course of the peak amplitude of the first (left) and
second (right) response shown in A, in control and during bath application of UBP (bars). C. Summary

data (amplitude and successes rate) for 6 “presynaptically” silent cells.




In contrast to UBP 302, pharmacological activation of GluK1 receptors with ATPA, a selective
GluK1 agonist (Clarke et al., 1997), reversibly decreased the amplitude of MF-GPSCs (from 54
+ 9 pA to 22 + 4 pA; n=11; p=0.001; Fig. 4A-C), an effect that was accompanied with a
decrease in the number of successes (0.6 + 0.1 to 0.35 + 0.1; p=0.001; Fig. 4D), an increase in
PPR (0.8 + 0.1 to 1.3 + 0.2; n=7; p=0.008; Fig. 4E) and a decrease in the CV* (1.5+ 1.3 t0 1.1
+ 0.2; n=11; p=0.01; Fig. 4F). Taken together, these data strongly indicate that presynaptic

GluK1 receptors depress GABA release from immature MF terminals.
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Figure 4. Bath application of the selective GluK1l agonist ATPA mimic the effects of endogenous

glutamate on kainate receptors.

A. Averaged traces of GPSCs evoked in a CA3 pyramidal cell by stimulation of granule cells in the
dentate gyrus, in control condition and after addiction of ATPA (1uM). B. Summary plot for 11 cells. C-
F. Amplitude (C), Successes (D), PPR (E) and inversed square of CV (F) measured in individual cells

before and after application of ATPA. ** p<0.01; ***p<0.001.




Presynaptic GluK1 receptors are endogenously activated by glutamate present
in the extracellular space

How could presynaptic GluK1 receptors be activated if, early in postnatal development, MF
release mainly GABA? One possibility is that these receptors are tonically activated by
endogenous glutamate present in the extracellular space. To test this hypothesis, in another
set of experiments, we used an enzymatic glutamate scavenger system (glutamic-pyruvic
transaminase [GPT] + pyruvate) (Overstreet et al., 1997; Min et al., 1998) on the assumption
that enhancing the clearance of glutamate from the extracellular space prevents the
activation of presynaptic kainate receptors. GPT catalyzes the conversion of glutamate and
pyruvate to B-ketoglutarate and alanine. To exclude any effect via metabotropic glutamate
receptors (mGluRs, Scanziani et al. 1997), we routinely added in the bathing solution the
broad spectrum mGIuR;.g antagonist LY341495 (100 uM, Fitzjohn at al., 1998). The scavenger
mimicked in all respects the facilitating effects of UBP 302 on GPSCs (the peak amplitude of
GPSCs was 44 *+ 8 pA and 73 = 10 pA, before and after the scavenger, respectively; n=7;
p=0.003; Fig. 5A and B). The scavenger caused also a significant increase in successes rate
(from 0.5 £ 0.1 to 0.8 £ 0.1; p=0.01; Fig. 5C), a significant decrease in PPR (from 1.5 £ 0.2 to
0.7 £ 0.1; n=7; p=0.008; Fig. 5D), and a significant increase in CV? (from 1.02 + 0.2 to 3.4 *
0.94; n=7; p=0.01; Fig. 5E), further suggesting a presynaptic site of action. In addition, the
facilitating effect of the scavenger on GPSCs was fully occluded by subsequent application of
UBP (the peak amplitude of GPSCs was 73 *+ 10 pA and 70 = 12 pA, in the presence of the
scavenger and the scavenger plus UBP 302, respectively; n=7; Fig. 5B). Application of the
scavenger after UBP 302 was also ineffective (n=5; p=0.3; data not shown). These results
indicate that early in postnatal life, depression of GABA release from MF terminals occurs via

activation of GluK1 receptors by endogenous glutamate present in the extracellular space.
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Figure 5. Ambient glutamate activates presynaptic GluK1 kainate receptors on mossy fibres terminals.

A. Averaged traces of GPSCs evoked by stimulation of granule cells in the dentate gyrus, before and
after addiction of the glutamate scavenger (glutamic-pyruvic transaminase [GPT] + pyruvate) and the
scavenger plus UBP 302. The broad spectrum mGluR;.g antagonist LY341495 (100 uM) was present
throughout the experiments. B. Pooled data from 7 cells to show that the glutamate scavenger
increased the mean peak amplitude of GPSCs and fully occluded the effects of UBP 302. C-E. Successes
(C), PPR (D) and inversed square of CV (E) measured in individual cells before and after application of

the glutamate scavenger. ** p<0.01.

The depressant effect of kainate on MF GPSCs is mediated by G-coupled
receptors

At inhibitory synapses, kainate-induced depression of GABA release has been shown to
involve the presynaptic activation of a pertussis toxin (PTx)-sensitive G, protein coupled
kainate receptor (Lerma, 2006; Rodriguez-Moreno and Sihra, 2007). G-protein in turn would
activate phospholipase C (PLC) leading to the release of calcium from intracellular stores.
The concomitant activation of protein kinase C (PKC) would inhibit voltage-dependent N-
type calcium channels known to control transmitter release (Castillo et al., 1994; Dunlap et
al. 1995; Li et al. 2007). To elucidate whether the effects of kainate on GPSCs involved a G

protein, hippocampal slices were incubated overnight with a solution containing PTx (5




pg/mil). In these conditions, bath application of the GABAg receptor agonist baclofen (from a
holding potential of -60 mV), failed to evoked any outward current (data not shown; see also
Lauri et al. 2005). In the presence of PTx, UBP 302 did not modify GPSCs amplitude (the peak
amplitude of GPSCs was 71 + 14 pA and 61 & 13 pA, in the absence or in the presence of UBP
302, respectively; n= 10; p=0.2; Fig. 6A, closed circles). Similarly, the amplitude of GPSC was
unaltered when the scavenger was applied to slices incubated in PTx (on average, in 6 cells
the peak amplitude of GPSCs was 61 £ 14 pA and 59 * 16 pA, in the absence and in the
presence of the scavenger, respectively; p=0.6; Fig. 6B, closed circles). Incubation with PTx
affects G protein-coupled receptors present on both pre and postsynaptic membranes. To
see whether the depression of MF-GPSCs involved G-coupled receptors localized on the
presynaptic site, additional experiments (n=5) were performed using GDPS (0.3 mM) into
the patch pipette. This treatment completely blocked postsynaptic GABA; receptors. Thus, in
the presence of GDPBS, the GABA; receptor agonist baclofen (20 uM) failed to induce
outward currents (baclofen evoked-currents were 53 £ 5 pA and 5 + 2 pA in the absence or
in the presence of GDPS, respectively, n=6; p=0.001; Fig. 6C and D). However, as shown in
the example of Fig. 6C, baclofen, via presynaptic GABA; receptors, depressed spontaneous
ongoing synaptic currents. Bath application of UBP 302 to neurons recorded with GDPES,
was still able to enhance GPSCs amplitude (the peak amplitude of GPSCs varied from 29 £ 4
pA to 43 + 5 pA; n=5; p=0.003; Fig. 6E and F), indicating that the depression of MF-GPSCs is

mediated by G protein-coupled kainate receptors, present on MF terminals.
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Figure 6. The depressant effect of kainate on GPSCs involves a G protein-mediated mechanism.

A. Summary plot showing the effects of UBP 302 on the peak amplitude of GPSCs in controls (open
symbols) and after overnight treatment with pertussis toxin (PTx, closed symbols). Note that in cells
treated with PTx, UBP 302 was ineffective (see also inset above the graph representing average traces
obtained in the presence of GYKI and GYKI plus UBP 302). B. as in A but in the presence of the
glutamate scavenger showing that also the effect of the scavenger is dependent on G protein. C.
Application of baclofen (20 uM, bar) induced an outward currents associated with a reduction in
spontaneous synaptic events (upper trace). Application of baclofen to a cell recorded with a patch
pipette containing GDPPS, failed to produce an outward current, but was still able to depress the
ongoing synaptic activity (bottom trace). D. Each column represents the mean amplitude of baclofen-
induced currents recorded with a normal intrapipette solution (Control) and with one containing
GDPBS (n=6). E-F. GDPBS into the intrapipette solution did not affect UBP 302-induced GPSCs

facilitation. E. representative traces. F. summary plot from 5 cells. ***p<0.001.

As already mentioned, the most common transduction signaling pathway stimulated by G
protein involves PLC activation (Rodriguez-Moreno and Lerma, 1998; Rozas et al., 2003).

Therefore, in the following experiments, we tried to disrupt the intracellular cascade




downstream to G-protein activation with U73122 (10 uM), a selective PLC blocker.
Surprisingly, we found that, unlike PTx, application of UBP 302 in the presence of U73122
caused a significant depression of MF-GPSCs, probably unmasking the ionotropic action of
GluK1. The amplitude of MF-GPSCs was 50 + 9 pA and 29 * 11 pA, in the absence or in the
presence of UBP 302, respectively (n=6; p=0.01; Fig. 7A and B). Differences between PTx and
U73122 could be explained by the fact that, incubating the slices with PTx for several hours,

may inhibit G proteins not only coupled with KARs, leading to a different effect.
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Figure 7. Blocking PLC with U73122 reveals the ionotropic action of GluK1 on MF-GPSCs.

A. Averaged traces of MF-GPSCs evoked in a CA3 principal cell in the presence of U73122 (10 uM,
Control) and U73122 plus UBP 302 (10 wM). B. Summary plot showing the mean amplitude of GPSCs
obtained in 6 cells in the presence of U73122 before and during application of UBP 302 (bar). The

amplitude of synaptic responses are normalized to those obtained before UBP 302 (dashed line).

Activation of presynaptic kainate receptors enhances MF excitability

In juvenile animals, activation of presynaptic kainate receptors has been found to directly
depolarize via cation channels glutamatergic MF (Kamiya and Ozawa, 2000) or GABAergic
terminals (Semyanov and Kullmann, 2001) thus lowering the threshold for antidromic action
potential generation. To test whether activation of GluK1 receptors localized on immature
MF terminals exhibits similar characteristics, we recorded antidromic spikes from single
granule cells (held at -70 mV), in response to stimulation of MFs via a stimulation electrode
positioned in stratum lucidum. When we used stimuli able to evoke antidromic spikes in > 50
% of trials, application of UBP 302 (10 uM), reversibly decreased the probability of successes
from 0.6 = 0.05 to 0.15 + 0.02 (n=7; p=0.001; Fig. 8A and B). In contrast, ATPA reversibly
increased the probability of successes when antidromic spikes were evoked by weak stimuli
(< 50 % of successes). The successes rate was 0.38 £ 0.04 and 0.72 + 0.04, in the absence or

in the presence of ATPA, respectively (n=7; p=0.001; Fig. 8C and D). Since GluK1 receptors




are known to be highly permeable to calcium (Lauri et al. 2003; Scott et al. 2008), in another
set of experiments we applied philanthotoxin (PhTx, 3 uM) which blocks calcium permeable
AMPA/kainate receptor (Fletcher and Lodge, 1996). As UBP 302, PhTx significantly reduced
the number of successes from 0.59 + 0.04 to 0.15 *+ 0.05 (n=7; p=0.001; Fig. 8E and F). In the
presence of PhTx, we increased the stimulation intensity to obtain again > 50% of successes
and then we applied UBP 302. In this case, the drug failed to produce any effect. The
successes rate was 0.58 £ 0.09 and 0.61 * 0.09, before and during UBP 302, respectively
(n=7; p=0.08; Fig. 8G and H). These data indicate GIluK1 increases MF excitability through the

activation of calcium-permeable cationic channels and depolarization of MF terminals.

B

Successes rate

;\‘
.
S
- —ge
0.0

Control UBP 302

o 1
=
©
o
7]
Q
7]
»
0]
Q
3]
=]
(2]

ool
Control ATPA

Successes rate

o
o

o J20mv Control
2ms

I

+UBP 302
Y

Successes rate

—77]

S P PhTx +UBP 302

-
2ms

Figure 8. GluK1 receptors sensitive to philantotoxin control MF excitability.

A. Consecutive traces showing antidromic spikes recorded in granule cells upon stimulation of MF in
stratum lucidum before and during application of UBP 302 (note that the stimulus strength was set to
obtain > than 50 % of successes. B. Summary plot of UBP 302 effects on successes rate (n=7). C-D. In
cells with < than 50% of successes, ATPA enhanced MF excitability and the successes rate (n=7). E-F.
Philantotoxin (PhTx, 3 uM) mimicked the effects of UBP 302 (n=7). G-H. In the presence of
philantotoxin, UBP was not effective (n=7). *** p<0.001.




GluK1Rs control the direction of spike-time dependent plasticity (STDP)

In a previous study we demonstrated that, depending on the relative timing, pairing afferent
stimulation with postsynaptic spiking induced bidirectional changes in synaptic efficacy
(Sivakumaran et al. 2009). In particular, a persistent increase in synaptic strength was
observed when MF stimulation preceded postsynaptic spiking. To avoid possible
contamination with glutamatergic events, experiments were routinely performed in the
presence of D-AP5 and DNQX to block NMDA and AMPA/kainate receptors, respectively.
Therefore, to see whether GluK1 receptors control spike-time dependent LTP, in another set
of experiments, the pairing procedure was repeated only in the presence of GYKI, to prevent
the activation of AMPA receptors. Pairing consisted in correlating (in current clamp mode)
MF stimulation with 10 postsynaptic spikes (at 0.1 Hz) using, as in previous work, a delay of
15 ms (corresponding to the peak of the synaptic responses, Fig. 9A and B). As shown in the
representative example of Fig. 9C, pairing (arrow) induced a reduction in amplitude of GPSCs
which persisted for at least 20 min. On average, the peak amplitude of GPSCs (successes plus
failures) was 42 + 6 pA and 19 * 2 pA, before and 20 min after pairing, respectively (p=
0.003; n=11; Fig. 9C and E). This effect was associated with a significant decrease in
successes rate (from 0.46 + 0.06 to 0.25 + 0.06; p=0.005; Fig. 9E), in the inversed square of
the coefficient of variation of responses amplitude (from 1.67 + 0.49 to 0.96 + 0.29; p=0.02;
Fig. 9E) and a significant increase in PPR (from 0.86 + 0.27 to 1.97 + 0.47; n=8; p=0.01; Fig.
9E). When UBP 302 was added to GYKI, the pairing procedure produced a persistent
potentiation of synaptic responses that was in all respects similar to that already described
(Sivakumaran et al. 2009). In summary the amplitude of GPSCs varied from 84 + 15 pAto 124
+ 18 pA (p=0.001; Fig. 9D and E). This effects was associated with an increase in successes
rate (from 0.5 + 0.05 to 0.8 + 0.06; p=0.001), in CV (from 1.19+ 0.2 to 4.1 + 1; p=0.01) and a
decrease in PPR (from 1.5 £ 0.2 to 0.8 + 0.2; n=9; p=0.004; Fig. 9 E). These results indicate

that presynaptic GluK1 control the direction of STDP at immature MF-CA3 synapses.
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Figure 9. At immature MF-CA3 synapses, presynaptic kainate receptors control the direction of spike-

time dependent plasticity (STDP).

A. Schematic representation of the experimental design. B. The stimulation of granule cells in the
dentate gyrus (pre) preceded the postsynaptic spike (post) by 15 ms (At). C. Summary plot of the mean
peak amplitude of GPSCs recorded in the presence of GYKI before and after pairing (arrow at time O;
n=11). The dashed line represents the mean amplitude of GPSCs before pairing. Insets represent
averaged GPSCs obtained from a single neuron before and after pairing. Note that pairing induced
synaptic depression. D. As in C but in the presence of UBP 302 (n=9). In this case, pairing induced
synaptic potentiation E. Each column represents the mean amplitude, successes rate, PPR and inverse
squared of CV of GPSCs obtained after pairing and normalized to controls (before paring, dashed lines)

in neurons exposed only to GYKI (white) or GYKI plus UBP 302 (black). * p<0.05; ** p<0.01; ***p<0.001.




DISCUSSION

The present experiments from the immature hippocampus have revealed the presence of
functional presynaptic kainate receptors on GABAergic MF terminals. Endogenous activation
of these receptors by glutamate present in the extracellular medium reduces the probability
of GABA release contributing in some cases to synapses silencing. Moreover, GluK1
receptors present on MF terminals dynamically regulate the direction of STDP being able to

switch spike time-dependent potentiation into depression.

In previous studies, we provided evidence that, during the first week of postnatal life, the
main neurotransmitter released from MF terminals is GABA (Kasyanov et al., 2004; Safiulina
et al., 2006; Safiulina and Cherubini, 2009; Sivakumaran et al.,, 2009). MF-mediated
glutamatergic responses start appearing during the second week of postnatal life (Amaral
and Dent, 1981). In particular, kainate-mediated EPSCs have been detected only after P6, in
coincidence with the appearance of large amplitude AMPA responses and with the onset of
low frequency facilitation (Marchal and Mulle, 2004). This period tightly correlates with that
in which GABAs-mediated synaptic responses shift from the depolarizing to the
hyperpolarizing direction (Cherubini et al. 1991; Ben-Ari et al. 2007). In the present
experiments, GPSCs originated from MF since they exhibited strong paired pulse facilitation,
and were sensitive to group Ill mGIluR agonist L-AP4, (Gutierrez et al. 2005; Safiulina et al.,
2006). In this respect they could be easily distinguished from those originating from
GABAergic interneurons which were insensitive to L-AP4 and exhibited paired pulse
depression (Walker et al. 2001; Safiulina et al. 2006). MF-mediated synaptic responses did
not carry AMPA-mediated components since GYKI, at the concentration used to block AMPA
receptors, failed to modify the amplitude, rise time or latency of synaptic currents. However,
in the presence of GYKI, synaptic currents were reversibly enhanced by DNQX or UBP 302,
indicating that presynaptic KARs down regulate GABA release from MF terminals. In this
respect, our results are similar to those obtained by Maingret et al. (2005) on GABAa-
mediated postsynaptic currents evoked in neonatal CA1 pyramidal neurons by electrical
stimulation of GABAergic axons. In the immature hippocampus, presynaptic GluK1 receptors
have been well documented (Bahn et al., 1994; Ritter et al. 2002) and a recent study has

provide evidence that at CA3-CA1l synapses functional GluK1l receptors, down regulate




glutamate release (Lauri et al. 2006). Moreover, in the CA3 hippocampal region, activation of
GluK1 receptors reversibly blocks spontaneous network-driven bursts such as GDPs (Lauri et
al. 2005). In our case, the depression of MF-GPSCs by KARs was not mediated indirectly via
other signalling molecules known to inhibit GABA release, since DNQX was still able to
enhance the amplitude of GPSCs when applied in the presence of various receptor

antagonists including those for GABAg, nicotinic, muscarinic, P2Y and mGlu.

Several line of evidence suggest that GluK1 receptors localized on MF terminals reduces the
probability of GABA release: i. the increase in amplitude of MF-GPSCs by DNQX or UBP 302
was associated with an enhanced successes rate and paired-pulse ratio, considered an index

of presynaptic release probability (Zucker and Regehr, 2002). ii. The GluK1 agonist ATPA

induced a powerful depression of MF-evoked synaptic responses, an effect associated with a
significant increase in transmitter failures and in the paired-pulse ratio. iii. Decreasing the
concentration of “ambient” glutamate with the scavenger, prevented the activation of GluK1
receptors and mimicked the effects of KAR antagonists. Previous studies from different brain
structures have demonstrated that physiological modifications in glutamate concentration
may cause a switch in KAR function from facilitation to inhibition (Jiang et al. 2001; Delaney
and Jahr, 2002; Braga et al. 2003; Youn and Randic, 2004; Lerma, 2006). It is therefore likely
that early in postnatal development, a high level of glutamate in the extracellular space,
maintained by a less efficient glutamate transport mechanism (Danbolt, 2001; Diamond,
2005) and a poorly developed diffusional barrier (Jansson et al., 2000) facilitates the
activation of high affinity KARs with consequent reduction in the probability of transmitter

release.

KARs have been shown to exert both a ionotropic and a metabotropic type of action (for a
review see Lerma, 2006). In particular, the depression of transmitter release seems to occur
via G-protein-coupled KARs (Rodriguez-Moreno and Lerma, 1998; Frerking et al., 2001;
Cunha et al. 2000; Lauri et al. 2005; 2006). Also in our case, the depressant effect of kainate
on GABA release was likely dependent on a metabotropic type of mechanism since the
potentiating effects of both UBP 302 and the glutamate scavenger on GPSCs were fully
blocked by PTx. The signaling pathway likely involved the release of calcium from
intracellular stores, the activation of phospholipase C and PKC with consequent inhibition of
voltage-dependent calcium channels (Rodriguez-Moreno and Lerma, 1998; Rozas et al.

2003). Interestingly, after blocking PLC with U73122, downstream to G protein activation, a

100




facilitatory effect of GIluK1 on MF GPSCs was unveiled. This effect was probably dependent
on a ionotropic type of action. Similarly, GluK1-induced increase in MF excitability was
dependent on calcium flux through calcium-permeable cationic channels, which by
depolarizing presynaptic terminals, lowered the threshold for antidromic spikes (see also
Kamiya and Ozawa, 2000; Schmitz et al. 2001; Semyanov and Kullmann, 2001; Maingret et
al., 2005). How can an increased MF excitability be reconciled with a depression of GABA
release? According to Kamiya and Ozawa (2000) this may occur via inactivation of Na'/Ca®'
channels or electrical shunting but this seems unlikely in view of the recent finding of KA-
induced facilitation of action potential evoked calcium entry in MF boutons via a calcium
store-dependent mechanism (Scott et al., 2008). However, it should be stressed that early in
postnatal life MF axons terminate in very small, spherical expansions (Amaral and Dent,

1981) and do not exhibit yet use-dependent facilitation of transmission (Marchal and Mulle,

2004).

It is unclear whether the dual signaling pathways (ionotropic and metabotropic) which
depend on the common ionotropic GluK1 subunit are independent or functionally coupled.
In a previous study from dorsal root ganglion cells, it has been demonstrated that KA
through GluK1 receptors induces a G protein-dependent rise in [Ca®']i, favoring its release
from the internal stores (Rozas et al., 2003). As a matter of speculation we favor the
hypothesis that calcium entering through calcium-permeable cationic channels (which by
enhancing MF excitability should facilitate the probability of GABA release) may directly or
indirectly interfere with G protein-mediated signaling leading to a dominant inhibitory action
on MF-GPSCs. The interplay between these two different pathways has been recently shown
to account for the PKC-dependent autoregulation of membrane KARs (Rivera et al. 2007).

However, much work is needed to elucidate this issue.

Early in postnatal development, G protein dependent mechanisms linked to KA activation
have been well established particularly at glutamatergic synapses (Lauri et al., 2005; 2006).
These receptors have a very high affinity for glutamate a condition required for being
endogenously activated by glutamate present in the extracellular medium. With maturation,
presynaptic KARs in an activity-dependent manner would be gradually lost and replaced by
low affinity ones, not longer able to be activated by ambient glutamate (Lauri et al. 2006). In
the present experiments, tonic activation of presynaptic KARs by endogenous glutamate

accounted for the persistent depression of MF-GPSCs observed after pairing presynaptic MF
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stimulation with postsynaptic spiking as demonstrated by the possibility to switch spike-time
dependent depression into potentiation with UBP 302. Spike time dependent potentiation of
MF-GPSCs, observed in the presence of KAR antagonists was dependent on intracellular
calcium rise and release of BDNF (Sivakumaran et al. 2009). Although the precise
mechanisms underlying these phenomenona are still unclear, we can not exclude the
possibility that KA-induced synaptic depression may rely on a distinct calcium signal which in
turn may activate a different molecular pathway, as suggested by the calcium hypothesis

(Caporale and Dan, 2008).

Whatever is the mechanism, it is conceivable that, at immature MF-CA3 synapses, KA-
induced depression of GABAergic transmission by ambient glutamate limits the excessive
activation of the auto-associative CA3 network by the excitatory action of GABA, thus
preventing the onset of seizures. These properties are likely to be critical for information
processing at immature MF-CA3 synapses and for the proper development of the proper

adult hippocampal circuitry.
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FUTURE PERSPECTIVES

The last paper included in my thesis has revealed the presence of presynaptic kainate
receptors on GABAergic MF terminals. Endogenous activation of GluK1l receptors by
glutamate present in the extracellular medium led to a depression of GABA release and to
the shift of spike-time-dependent potentiation into depression. These effects likely involved
a G-protein coupled GluK1 receptor since they were blocked by pertussis toxin. The signaling
pathway downstream of G-protein activation entails the stimulation of PLC. A first
interesting question to ask is whether, blocking PLC downstream of G-protein activation,
reveals the ionotropic type of action of GluKl. We have seen that the GluKl-induced
enhancement of cell excitability at MF terminals is mediated by the ionotropic receptors
since this effect was blocked by philantotoxin and in the presence of philantotoxin the
selective GluK1 reecptor antagonist UBP 302 was not anymore effective. Therefore,
repeating the pairing protocol for STDP in the presence of a selective PLC blocker would
probably allow revealing the ionotropic action of GluK1 receptor in this form of synaptic
plasticity. In addition, taking advantage of the two photon microscopy associated with a
patch clamp set up present in our lab, it will be of interest to measure the intracellular
calcium concentration (in cells loaded with the calcium-sensitive dye Oregon green) before,
during and after the STDP protocol. The induction of spike-time dependent LTP recorded in
the presence of AMPA/kainate receptor antagonists was dependent on intracellular calcium
flux via voltage-dependent calcium channels. It would be interesting to see whether spike-
time dependent LTD observed in the absence of AMPA/kainate receptor blockers is also
associated with an intracellular calcium rise. If this is the case, the next question to be solved
is why a rise of [Ca’"]; leads to the activation of different transduction pathways. May be
different intracellular calcium levels may account for different signaling in the case of LTP
and LTD, respectively as suggested by the calcium hypothesis, according to which the
direction of synaptic changes is determined by distinct calcium signals which would activate
different molecular pathways (Caporale and Dan, 2008). In the case of LTD, the possibility
that intracellular calcium rise may occur via calcium-permeable kainate receptors and/or via
calcium release from the internal stores following a signaling pathway downstream of G-

protein activation should be also considered.




Another point not taken into account in the present work is what happens in the case of
negative pairing (postsynaptic spiking before presynaptic stimulation of MF) which in the
presence of AMPA/kainate receptor antagonists leads to LTD. Similar experiments should be
repeated in the absence of ionotropic glutamatergic blockers to see whether presynaptic

kainate receptors modulate also this form of synaptic plasticity.

Another interesting form of synaptic plasticity whih has been described at MF-CA3 synapses
of juvenile animals consists in a persistent depression of AMPA-mediated synaptic responses
following a transient tonic depolarization of CA3 principal cells (Ho et al., 2007) or bursts
firing induced in pyramidal cells by brief trains of suprathreshold current pulses (Ho et al.,
2009). Both protocols lead to a rise in postsynaptic calcium and a switch of calcium
permeable AMPA receptors into calcium impermeable ones. Early in postnatal development
however, the main neurotransmitter released from MF terminals is GABA (Safiulina et al.,
2006) and consistent with this study, during my thesis work | have found that GYKI, a
selective antagonist of AMPA receptors does not modify the amplitude, latency, rise time or
kinetics of individual MF-evoked responses indicating that AMPA receptors do not
contribute to synaptic currents. Safiulina et al. (2006) have found that, in some cases,
increasing the strength of MF stimulation can lead to the release of both GABA and
glutamate probably from the same fiber. This is in line with the work of Marchal and Mulle
(2004), performed in the presence of bicuculline which has documented the presence of MF-
mediated AMPA responses only after P3. It would be interesting to see whether a persistent
depression of AMPA-mediated synaptic currents could be induced by pairing (after P3) GDPs
with MF stimulation (in the presence of GABA, receptor antagonists). In comparison with
the transient membrane depolarization or with bursts firing, GDPs would certainly represent
a more “physiological” signal. This would allow ascertaining whether GDPs contribute to the
developmental shift of calcium-permeable AMPA receptors into calcium impermeable. In
previous work from the group of McBain, it was found that the expression of calcium-
permeable AMPA receptors on CA3 pyramidal cells is limited to the first three weeks of
postnatal life and is regulated by the PDZ domain containing protein interacting with C
kinase (PICK1). It would be also of interest to see whether the pairing procedure interferes
with the PDZ domain and/or with PICK1 function. If this is the case, by disrupting the

interaction between PICK1 and calcium permeable AMPA receptors (using a small interfering




peptide, the EVKI; Ho et al., 2007) should abolish synaptic depression as well as the shift of

AMPA receptors from calcium-permeable to calcium impermeable.

In the adult hippocampus, calcium-permeable AMPA receptors have been shown to be
expressed mainly on GABAergic interneurons. Parallel experiments may allow investigating
whether a similar procedure can shift the expression of calcium permeable AMPA receptors
into calcium impermeable on GABAergic interneurons. To this aim we can take advantage of
GIN mice, present in our colony, which express EGFP in a subpopulation of GABAergic
interneurons containing somatostatin. These interneurons which are highly expressed in
stratum orines and project to stratum lacunosum moleculare (O-LM) are actively involved in
rhythmogenesis. In preliminary experiments from our lab, the presence of calcium
permeable AMPA receptors on O-LM interneurons has been well documented already at

P10-P15 when GDPs are still present.

In adult animals, markers of the GABAergic phenotype can be transiently expressed in
granule cells of the dentate gyrus during epileptiform activity induced by convulsants, by
electrical stimulation of the perforant pathway or kindling (Gutiérrez, 2005). In these
animals, the upregulation of GAD 67 and its mRNA in granule cells has been found to be
associated with the release of GABA from MF terminals. This gives rise to monosynaptic
GABA,-mediated responses in CA3 principal cells which express GABA, receptors just in
apposition to presynaptic MF terminals (Bergersen et al. 2003). It would be of interest to see
whether GABA release from MF terminals of seizured animals is controlled by presynaptic
GluK1 receptors in the same way as in immature MF terminals. Usually, activation of kainate
autoreceptors localized on adult glutamatergic mossy fibres has been show to enhance
glutamate release particularly during frequency-dependent facilitation, a form of short-term
plasticity characteristic of these synapses (Contractor et al. 2001; Lauri et al. 2001; Schmitz
et al. 2001; but see Kwon and Castillo, 2008). Although in animal models of epilepsy GABA
released from MF has been shown to exert a strong inhibitory control on CA3 principal cells
and interneurons (with subsequent disinhibition) it is unclear whether this mechanism may
protect or facilitate seizures. In addition, presynaptic auto (GABA, and GABA;) and
heteroreceptors (kainate) may control the release of this neurotransmitter and activity-
dependent plasticity processes such as STDP. Pairing stimulation of MF with postsynaptic
spiking and vice versa in animals subjected to seizures, would allow elucidating how

information from granule cells to the CA3 associative network is conveyed and processed.
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Paper N.2., “At immature mossy fiber-CA3 synapses, correlated pre and postsynaptic activity
persistently enhances GABA release and network excitability via BDNF and cAMP-dependent
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Spike-Timing-Dependent Plasticity Induces Presynaptic
Changes at Immature Hippocampal Mossy Fiber Synapses

Frederic Lanore, Nelson Rebola, and Mario Carta
Centre National de la Recherche Scientifique Unité Mixte de Recherche 5091, Bordeaux Neuroscience Institute, University of Bordeaux, 33077 Bordeaux,

France

Review of Sivakumaran et al. (http://www.jneurosci.org/cgi/content/full/29/8/2637)

Activity-dependent modulations of syn-
aptic strength play a crucial role in the
structural and functional refinement of
neuronal connections (Goda and Davis,
2003), which are thought to be the cellular
basis of information storage and memory
formation. Long-lasting modifications in
the efficacy of synaptic transmission can
be induced by coincident presynaptic and
postsynaptic activity in a form of plasticity
known as spike-timing-dependent plas-
ticity (STDP) (Caporale and Dan, 2008).
In this form of plasticity, the precise tim-
ing and the order of presynaptic and
postsynaptic action potentials determine
the magnitude and the direction of the
change in synaptic strength.

STDP can occur at both glutamatergic
and GABAergic synapses, with slightly
different induction rules. At glutamater-
gic synapses, when a postsynaptic action
potential follows a presynaptic spike
within a window of tens of milliseconds,
long-term potentiation (LTP) usually oc-
curs, whereas the reverse order results in
depression (LTD). The induction rules for
STDP at GABAergic synapses appear to be
more variable (Caporale and Dan, 2008).
The current hypothesis suggests that the
direction of plasticity depends on the peak
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amplitude of the postsynaptic intracellu-
lar calcium concentrations: high calcium
levels lead to LTP, whereas low to moder-
ate levels lead to LTD (Caporale and Dan,
2008).

STDP has been already described in
many areas of the brain, but so far it was
not known whether it occurs at hip-
pocampal mossy fiber synapses made be-
tween granule cells and CA3 pyramidal
cells (Mf—CA3 synapses). In adult ani-
mals, Mf-CA3 synapses are glutamatergic
synapses, but during the first week of de-
velopment, GABA is the main neuro-
transmitter released (Safiulina et al,
2006). These synapses display several
unique features, including low basal re-
lease probability, pronounced paired-
pulse facilitation, and frequency facilita-
tion. Moreover, Mf—CA3 synapses also
display a particular form of LTP that is
expressed presynaptically and is indepen-
dent of NMDA receptor activation. Con-
versely, Mf—~CA3 synapses are commonly
assumed not to express the classical
NMDA-dependent LTP associated with
postsynaptic AMPA-EPSCs.

At Mf-CA3 synapses, whether presyn-
aptic LTP depends on postsynaptic induc-
tion mechanisms has been a matter of de-
bate. Williams and Johnston (1989) and
Yeckel et al. (1999) argued that presynap-
tic LTP requires postsynaptic increases in
Ca’* and metabotropic glutamate recep-
tor (mGluR) activation. The dependence
of mossy fiber presynaptic LTP on
postsynaptic mechanisms was further

supported by the observation that pairing
presynaptic stimulation of mossy fibers
with CA3 pyramidal cell depolarization
induces LTP at Mf—~CA3 synapses (Urban
and Barrionuevo, 1996). However, Mellor
and Nicoll (2001) showed that mossy fiber
LTP is independent of postsynaptic Ca>"
and mGluRs receptor activation, arguing
that the postsynaptic cell does not partic-
ipate in inducing synaptic plasticity at
Mf-CA3 synapses. Regardless of this con-
troversy, the question that remains unan-
swered is whether mossy fibers present a
Hebbian-like form of LTP.

In a recent study published in The
Journal of Neuroscience, Sivakumaran et
al. (2009) elegantly explored the presence
of STDP at hippocampal Mf-CA3 pyra-
midal cell synapses. They examined this
issue during an early postnatal period
(postnatal day 2-5) when these synapses
are thought to operate mainly through de-
polarizing GABA, synaptic currents
(Safiulina et al, 2006). Mossy fiber
GABA ,-mediated synaptic potentials or
currents (Mf-GPSPs or Mf-GPSCs) were
evoked at 0.05 Hz from a holding poten-
tial of =70 mV in the presence of DNQX
(20 uMm) and D-AP5 (50 uMm) to block
AMPA- and NMDA-mediated synaptic
responses, respectively. Using a paired-
pulse stimulation recording paradigm
(interstimulus interval 50 ms), the au-
thors recorded from what they classified
as “presynaptic silent synapses.” These
correspond to synapses at which a synap-
tic response was detected following the
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second stimulus of a pair, but not after the
first stimulus. Semantically, the term “si-
lent synapses” should not be used to refer
to synapses with a very low probability of
release, which are not very active, but also
not silent. Although we agree that the dif-
ference between the two is subtle and that
the term “silent synapses” is commonly
used to refer to these synapses with very
low probability of release, it is important
to distinguish these from postsynaptically
silent synapses whose definition is not de-
pendent on the rate of stimulation. Maybe
it is more appropriate to use the definition
“whispering” synapses, a term already
adopted by Voronin and Cherubini
(2004).

By applying a pairing paradigm (10
postsynaptic spikes evoked at 0.1 Hz with
afferent stimulation) between presynaptic
and postsynaptic activity, the authors ob-
served STDP in immature Mf—CA3 syn-
apses. The observed activity-dependent
changes in synaptic efficacy strongly re-
lied on the temporal relationship between
presynaptic and postsynaptic activation,
with a critical window for STDP similar to
that described for most glutamatergic and
GABAergic synapses. If a positive pairing
of postsynaptic spikes 15 ms after single
Mf-GPSCs was used, LTP was observed;
however, if postsynaptic spikes preceded
Mf-GPSCs by 15 ms, LTD was induced.

Coincident presynaptic and postsyn-
aptic activity had been shown previously
to modulate synaptic strength at GABAer-
gic synapses when GABA is still depolariz-
ing (Woodin etal., 2003). However, in the
previous study, the modulation of synap-
tic strength was related to a calcium-
dependent decrease of the K*—Cl~ co-
transport activity. This seems not to be the
mechanism involved in the activity-
dependent modulation of GABAergic
synaptic responses at immature mossy fi-
ber synapses, since no change in GABA
equilibrium potential was observed after
pairing.

Interestingly, both LTP and LTD ap-
peared to be induced postsynaptically and
expressed presynaptically. In support of
the presynaptic expression, the authors
observed that LTP was followed by a de-
crease in paired-pulse ratio, decrease in
the number of failures, and increase in the
CV 7?2 (inverse squared value of coeffi-
cient of variation), whereas LTD was ac-
companied by opposite changes in these
parameters. However, as mentioned by
the authors, these parameters should be
analyzed with caution, because insertion
or removal of postsynaptic receptors

could in the same circumstances produce
the same effects.

The authors observed that LTP induc-
tion by the pairing protocol led to synapse
“fully speaking,” further supporting the
presynaptic locus of expression of the ob-
served LTP. Moreover, in a recent paper
the authors showed that the “whispering”
state of mossy fiber synapses at this age
seems to be related to presynaptic tonic
GABAj receptor activation inhibiting
synaptic release (Safiulina and Cherubini,
2009). In future work, it would be inter-
esting to investigate whether “fully speak-
ing” synapse induced by the pairing pro-
tocol operates by modulating tonic
GABAj receptor activation.

Mechanistically, Sivakumaran et al.
(2009) found that STDP-LTP of GPSCs
depended on postsynaptic calcium rise,
postsynaptic protein kinase A (PKA) ac-
tivity, and TrkB [brain-derived neurotro-
phic factor (BDNF) receptor] receptor ac-
tivation. The authors hypothesize that the
pairing protocol induced an activity-
dependent release of BDNF from CA3 py-
ramidal cells, which in turn acted presyn-
aptically at mossy fiber terminals to
increase probability of release. Conse-
quently, exogenous BDNF application did
indeed increase synaptic efficacy at imma-
ture Mf-CA3 pyramidal cell synapses
through a presynaptic mechanism re-
quired on PKA activity. To further sup-
port BDNF action through presynaptic
TrkB receptors it would have been inter-
esting to test the effect of exogenous
BDNF  application while blocking
postsynaptic PKA activity. This experi-
ment would rule out the possible modula-
tion of synaptic transmission by BDNF
acting on postsynaptic TrkB receptors as
it has been suggested by Huang et al.
(2008). While there are substantial evi-
dence that BDNF can act as a retrograde
messenger in several other synapses (Poo,
2001), this is the first time that such a phe-
nomenon is reported to occur at Mf—~CA3
synapses.

Surprisingly, when the authors
blocked LTP induction by using a TrkB
receptor antagonist or by reducing
postsynaptic calcium rise using an an-
tagonist of voltage-dependent L-type
calcium channels (nifedipine) or with
patch pipettes containing the calcium
chelator 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N’-tetraacetic acid (BAPTA), they
observed LTD of Mf-GPSCs instead. Al-
though the nature of LTD obtained with
BAPTA and with nifedipine is not clear, it
could simply result from blockade of a
calcium-dependent protection mecha-
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nism against a decrease in Cl~ conduc-
tance as proposed by others (Woodin et
al., 2003). The authors stated that the per-
sistent synaptic depression obtained by
blocking TrkB receptors was also of pre-
synaptic origin because of the reduced
number of successes and the significant
increase in paired-pulse ratio. It might
suggest the presence of a second pathway
of postsynaptic/presynaptic communica-
tion that apparently does not depend on
postsynaptic calcium rise and BDNF as a
retrograde messenger. An interesting pos-
sibility would be to test the role of
mGluRs, since this synapse can also re-
lease glutamate at this age (Safiulina et al.,
2006).

An important point that we would also
like to underline concerns the induction
protocol of STDP. Immature Mf-CA3
synapses are normally “whispering” syn-
apses (i.e., no postsynaptic response is
triggered at the first stimulus). How is it
then possible to explain that isolated pre-
synaptic stimulations used during the
pairing protocol, which should not trigger
a postsynaptic response, give rise to these
forms of plasticity? Indeed STDP at im-
mature Mf-CA3 synapses requires both
presynaptic and postsynaptic activity. A
possible explanation is that another (a
second) neurotransmitter is released by
mossy fiber stimulation during the pair-
ing protocol. Again, glutamate seems like
a good candidate. An intriguing possibil-
ity is that glutamate released from Mfs
during the pairing protocol would acti-
vate postsynaptic mGluRs, inducing in-
crease of intracellular calcium levels and
in turn BDNF release. In their experi-
ments the authors had blocked ionotropic
glutamate receptors, but not mGluRs,
leaving this possibility open. It would be
of great importance to verify the possible
role of these receptors in STDP.

In conclusion, the work of Sivakuma-
ran et al. (2009) describes for the first time
a Hebbian-like form of synaptic plasticity
at immature hippocampal mossy fiber
synapses. This form of plasticity may con-
tribute to the shaping of neuronal connec-
tivity before the establishment of the adult
neuronal circuits. Interestingly this new
form of plasticity can result in both LTP
and LTD, depending on the precise timing
of presynaptic versus postsynaptic activ-
ity, which are both postsynaptically in-
duced and presynaptically expressed. The
current work raises also the need to read-
dress the role of the postsynaptic compo-
nent in modulating synaptic plasticity in-
duction at mossy fiber synapses in adult
animals.
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