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Chap’ter 1

introduction

1.1 Ligand-gated ion channels: the receptor superfamily

lonic channels are macromolecular pores adapted to the role of
regulating the transmembrane flow of ions. Two distinct groups of ionic channels
can be recognized on the basis of the stimulus needed to gate them: the voltage
gated and the ligand gated channels. The sequencing of genes that encode for
ionic channels allow us to reveal strong structural similarities among groups of
channels. Now we can talk about families of homologous channel proteins that
would have evolved from duplications and divergences of an ancestral gene.
Inside this family, the superfamily of receptor channel proteins with similar
structural features and evolutionary conserved motifs is present (Hille, 1992).
Signal transmission at chemical synapses involves the receptor channels
superfamily that transduce neurotransmitter binding into electrical signals. These
ligand-gated ion channels mediate rapid transduction events» (less than one
millisecond). GABA,, glycine, muscle and neuronal nicotinic acetylcholine, N-
methyl-D-aspartate, kainate, AMPA and serotonin (5-HTs) belong to this class
(Hille, 1992; Barnard, 1992; Betz, 1990). The ATP (P2x) receptor is also a ligand
gated channel but its structural motif is different from that of channels of this
superfamily (Valera et al, 1994; Brake et al, 1994; Surprenant et al, 1995).
Ligand-gated ionic channels for amino acid transmitters have been isolated, and
their cDNA have been cloned and sequenced. Hydropathy analysis predicts a

cleavable signal sequence, an extended hydrophilic extracellular domain with



potential glycosylation sites and in the C-terminal half, four hydrophobic
segments (M1-M4) of sufficient length to form transmembrane a-helices for the

subunits of each of these receptors. (Figure 1.1). Each channel is a multisubunit
glycoprotein in which the subunits are arranged in a pseudo-symmetric fashion,

thus forming a central aqueous pore (Unwin, 1993).
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Figure 1.1 Structure of various aminoacid receptor proteins. The putative signal
peptide (LSS) and the transmembrane segments (M1-M4) are indicate by black
bars, exposed hydrophilic regions by open bars, cysteine residues by S, the
conserved cysteine domains by SS and potential N-glycosylation sites by branch
structures. All polypeptides are assumed to display the transmembrane topology
of nAChR subunits, i.e., having both N-and C-termini located extracellularly.
Note variable length of the extracellular domains (ED) and cytoplasmic loop
regions (CL). (From Betz,1990).



Another class of molecules are the receptérs coupled to a second messanger or
to a G protein for their transduction, with the channel involved being separated
from the receptor. These kind of receptors operate on a slower time scale (in the
millisecond to second range). Muscarinic acetylcholine, quisqualate, GABAg ,
serotonin (5-HT; and 5-HT), ATP (Pzy and Pgy), histamine (Hy, Hz and Hs),
catecholamines, peptides, light, odorants and tastants receptors belong to this

category (Hille, 1992).

1.2 Glycine receptors

Glycine is considered to be the major inhibitory neurotransmitter in the
spinal cord and brain stem, whereas y-aminobutyric acid (GABA) is the major
inhibitory neurotransmitter in higher regions of the central nervous system (Kelly
and Krnjevic, 1968; Curtis and Johnston, 1974). Glycine and GABA are small
amino acid molecules as shown in Figure 1.2. Both inhibit neurcnal firing and
stabilize the resting membrane potential by binding to pharmacologically distinct
receptors, which increase the chloride permeability of the neuronal membrane
and thus antagonize the depolarization by Na* influx. Glycinergic inhibition is
selectively antagonized by the convulsive plant alkaloid strychnine (Curtis et al,
1968) whereas GABA-mediated inhibitory responses are competitively blocked
by bicuculline and allosterically modulated by several compounds, some of them
of therapeutic interest such as barbiturates and benzodiazepines (Olsen, 1982).
Two decades ago, a postsynaptic receptor protein specific for glycine, the
glycine receptor (GlyR), was identified by ligand binding studies (Young and
Snyder, 1973; 1974) and was shown to be different from the GABA receptor

(Sigel and Barnard, 1984). The GlyR can be activated also by other amino acids



which differ from glycine (for the length of the carbon chain or for the presence
of hydroxidic groups or for a cyclic structure as shown in Figure 1.2). In spinal
cord neurons, the potency at eliciting inhibition decreases in the following order:
glycine > B-alanine > taurine >> L-alanine, L-serine > proline (Langosch et al,
1990; Becker, 1992). GlyR was purified from the mammalian central nervous
system and its subunits composition and sequences were determined (Langosch
et al, 1990). In the following paragraphs the structure, the molecular

heterogeneity and the localization of glycine receptors will be discussed.
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Figure 1.2Structure of GlyR agonists. (a) Glycine, (b) p-alanine, (c) taurine, (d)
alanine, (e) serine, (f) proline and (g) GABA. (From Betz, 1987).



1.2.1 Structure

The inhibitory GlyR was isolated from detergent extracts of rat spinal
cord membranes using a strychnine affinity matrix (Pfeiffer et al, 1982). SDS-
Polyacrylamide gel electrophoresis of affinity purified GlyR preparations
revealed three major polypeptide species: two glycosylated and one non
glycosilated protein bands. The glycosylated protein bands with molecular
masses of 48 and 58 kDa représent integral membrane-spanning subunits of the
receptor (o and P subunits respectively), which, upon solubilization, sediment as
a macromolecular complex of 250 kDa. Photoaffinity labelling experiments using
[®H]strychnine have localized the ligand binding site of the GlyR to the o subunit
(Graham et al, 1983). The non glycosylated protein of 93 kDa copurified with the
o and B subunits (Schmitt et al, 1987; Becker et al, 1989) is associated with the
cytoplasmic face of the glycinergic postsynaptic membrane (Triller et al, 1985).
The presence of this protein at that location and its capacity to bind to
polymerized tubulin (Kirsch et al, 1991) are consistent with an anchoring function
to imobilize the GlyR complex to the postsynaptic membrane. For this reason the
93 kDa protein has been called gephyrin (from the greek yecﬁvpoc = “bridge”).
Infact gephyrin is essential for the formation of glycine receptor clusters (Kirsch
et al, 1993b) and it is widely expressed in the central nervous system (Kirsch et
al, 1993a). The basic functional properties of the GlyR are preserved during
purification. In fact o and B subunits reconstituted in lipid vesicles display
chloride flux upon application of glycine or glycine agonists. This agonist-
induced chloride flux is blocked by strychnine (Garcia-Calvo, 1989).

Either the ligand-binding o or the presumptive “structural” B subunit alone, when

expressed in oocytes (Grenningloh et al, 1990b; Schmieden et al, 1989; 1992;



Kuhse et al, 1990a; 1990b) or mammélian cells (Sontheimer et al, 1989;
Bormann et al, 1993) produce glycine-activated chloride currents. The B-homo-
oligomer which responds only weakly to glycine, with a Hill coefficient of 1, is
strychnine insensitive and is only poorly inhibited by picrotoxin, usually used as
a putative GABA, receptor chloride channel blocker. In contrast, the a-homo-
oligomer is highly strychnine-sensitive, has an ECs, for glycine 100 times lower
than that of the B subunit and has a Hill coefficient of 3. Coexpression of a and
"B subunits results in hetero-oligomeric channels that in comparison to a-homo-
oligomeric channels are 50- to 200-fold less sensitive to picrotoxin block (Pribilla
et al, 1992).

Cross-linking, sedimentation analysis of the affinity-purified GlyR and its reaction
with anti-o. and anti-B subunit antibodies, indicate that the receptor subunits form
a pentamer, with a putative o:p stoichiometry of 3:2 (Langosch et al, 1988). The
pentameric structure is conserved in other members of the ligand-gated ion
channél superfamily, e.g., the nicotinic acetylcholine receptor and the GABA
receptor.

The primary structure of GlyR o and B subunits have been determined by cDNA
sequencing (Grenningloh et al, 19872;1990). Analysis of the deduced
polypeptides uncovered several features wich are shared by other ligand-gated
ion channel proteins (Noda et al, 1983; Schofield et al, 1987).

The domains for channel function and ligand binding are as follows.

( i) A cleavable signal sequence at the N-terminus.
(ii) Four hydrophobic segments (M1-M4) long enough to span the hydrophobic

core of a lipid bilayer as a-helices. M1-M3 transmembrane segments have a

high degree of conservation between GlyR and GABAAR subunits, suggesting



that these segments are important in chlo_fide channel formation (Grenningloh et
al, 1987b). Segment M2 displays a high content of uncharged polar amino acid
residues and therefore is thought to provide the hydrophilic inner lining of the
chloride channel. Consistent with the hypothesis that the segment M2 provides
the aqueous channel interaction site for ions, in comparison to anion channels,
the segment M2 of cation channels has more negative charges (Barnard et al,
1987). A pentameric arrangment of segment M2 o-helices of 5 subunits may
create a central pore of 0.58 nm in diameter, a value which closely matches the
experimentally determined sizes of both GlyR and GABAR channels (Bormann
et al, 1987). With exception of the GlyR B subunit, the M2 segments of anion-
selective GlyR and GABAA4R proteins terminate with positively charged residues
both intra- and extra-cellularly. Furthermore, positively charged residues are
abundant in close vicinity to the M1 and M3 sequences. These clustered
charges in the putative chloride channel-mouth domain, have been implicated in
anion binding and channel selectivity (Grenningloh et al, 1987a; Schofield et al,
1987). Patch-clamp data indicate two sequentially occupied anion binding sites
(Bormann et al, 1987). Cation conducting nicotinic acetylcholine receptors, in
contrast, have negatively charged side chains in addition to positive charges
bordering transmembrane segment M2 (Noda et al, 1983; Numa, 1989). Indeed,
the rings of negatively charged residues bordering the M2 regions of this
receptor have been shown to determine the conductivity of this cation channel
(Imoto et al, 1988).

(iii) The extended N-terminal extracellular qomain contains a pair of cysteine
residues, whose positions are conserved between different subunits ofaamino

acid gated ion channels (Figure 1.1). For the nicotinic acetylcholine receptor,



these cysteines have been proposed to form a disulfide bridge essential for
receptor tertiary structure and/or subunit assembly (Mishina et al, 1985). Thus,
also for GlyR, a similar role of these residues may be assigned and a similar
folding pattern may exist. The mechanism of agonist discrimination at these
receptors is not underistood. Covalent labeling and site-directed mutagenesis
experiments indicate that several discontinuous domains in the N-terminal
extracellular region contribute to the formation of the binding pocket (Graham et
al, 1983; Schmieden et al, 1992; 1993). Evidence that multiple side-chain in the
second half of the extracellular domain of o subunits are involved in the
formation of the ligand-binding site of the GlyR also comes from analysis of
agonist responses (Horikoshi et al 1988; Schmieden et al, 1988). Comparison of
agonist efficacy profiles of expressed a1 and a2 subunit receptor combined with
substitution of several divergent amino acids by oligonucleotide-directed
mutagenesis revealed two positions, isoleucine 111 and alanine 212 of the al
subunit, as major determinants of B-alanine and taurine activation sites
(Schmieden et al, 1992). These data have led to a multi-site model of the GlyR's
ligand-binding region, which includes both high- and low-affinity agonist subsites
within an extended binding domain encompassing a major portion of the
extracellular region of a subunits (Schmieden et al, 1992). Accordingly, ligand
recognition implies interactions with several side-chains folding together in the
assembled GlyR channel complex. Within the N-terminal region, in accordance
with the glycoprotein nature of these proteins, potential N-glycosylation sites are
present.

( iv) A large intracellular hydrophilic loop between segments M3 and M4,

contains consensus sequences for phosphorylation by protein kinase C (PKC).



Therefore it constitutes a potential substrate for protein phosphorylation
suggesting a role for PKC in the modulation of GlyR function (Ruiz-Gémez et al,
1991; Vaello‘ ét al, 1992; 1994; Schdnrock and Bormann, 1995).

A tentative model of the GlyR deduced from these data is presented in Figure

1.3 (Betz, 1992).
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Figure 1.3 The postsynaptic GlyR is shown in a hemisection depicting three of
its five membrane spanning subunits. Within the transmembrane portions of the
48 kDa and 58 kDa subunits, the putative transmembrane topologies of the
polypeptide chains are depicted. S-S symbolize disulfide bridges, and branched
structures putative glycosylation sites. Amino acid positions important for ligand
binding as identified by site directed mutagenesis are indicated by asterisk, and
positive charges thought to provide chloride binding sites at the inner and outer
mouths of the channel by a + sign. Moreover, the position of the cytoplasmatic
associated 93 kDa protein gephyrin is oﬁtlined. (From Betz, 1992).



1.2.2 Glycine receptor a-subunif variants

Molecular cloning studies have recently revealed that the heterogeneity
of GlyRs observed at both the protein and mRNA expression level reflects the
existence of several GlyR a-subunit genes. By low stringency screening of cDNA
and genomic libraries, clones encoding different isoforms of the originally
described GlyR o subunit have been isolated (Langosch et al, 1990). Two
variant of the rat a1 cDNAs have been identified (Malosio et al, 1991). Two
different a2 cDNAs (02 and a2*) and an o3 cDNA have been found to be
differentially expressed in rats and humans (Grenningloh et al, 1990; Kuhse et
al, 1990a; 1990b; 1991). Genomic sequences encoding a fourth variant, the o4,
are available from mice (Matzenbach et al, 1994). All these a-subunit sequences
display a high degree of amino acid identity with each other and correspond to
GlyR polypeptides, the expression of which is under distinct temporal and
regional control (Betz, 1991).
Functional expression in Xenopus oocytes has allowed a pharmacological
characterization of various GlyR o-subunits. Upon injection, al, o2 and o3
cDNAs generate glycine-gated chloride channels that are blocked by nanomolar
concentrations of strychnine and with distinct glycine binding affinities
(Schmieden et al, 1989; 1992; Sontheimer et al, 1989; Grenningloh et al, 1990;
Kuhse et al, 1990a; 1990b; 1991; Akagi et al, 1991). However, a rat o2 variant
sequence, a2*, assembles into channels that display 30-40-fold lower affinity for
the agonist glycine and 500-fold lower sensitivity for the antagonist strychnine.
a2* is therefore thought to correspond to the ligand-binding subunit of the
strychnine-insensitive GlyR in the neonatal rat spinal cord. Using site-directed

mutagenesis, it was shown that a single glycine to glutamate exchange at

10



position 167 of the o2 polypeptide was enough to cause the different
pharmacological properties of the two receptors (Kuhse et al, 1990a). Recently,
substitution of the homologous residue glycine 160 and the neighbouring
tyrosine 161 as well as the distant positions lysine 200 and tyrosine 202 in the
human o1 subunit was shown to profoundly reduce strychnine inhibition
(Vandenberg et al, 1992). This finding underlines the importance of minor amino
acid substitutions for ligand binding, a conclusion further supported by other
characteristic differences in agonist-gating profiles between the expressed ad,
o2 and o3 subunits (Grenningloh et al, 1990; Kuhse et al, 1990a; 1990b). The
alternative splicing of a1 and o2 mRNAs has been shown to be responsible for
the creation of additional diversity of GlyR. For the rat a1 subunit, a variant
cDNA has been identified that originates from alternate splice acceptor site
selection at an exon encoding the cytoplasmic domain adjacent to
transmembrane segment M3 (Malosio et al, 1991). This generates a novel
consensus phosphorylation site (insertion of eight additional amino acids) in the
intracellular loop domain and thus may allow further receptor regulation.
Interestingly, an equivalent eight amino acid insertion has also been found for
the y2 subunit of the GABA, receptor and has been shown to provide a
sequence that, in vitro, is efficiently phosphorylated by protein kinase C (Whiting
et al, 1990). In the rat a2 gene, alternative use of the two closely spaced
versions of exon 3 generates subunit isoforms, which differ by only two
isofunctional amino acid substitutions in the N-terminal extracellular region
(Kuhse et al, 1991). Whether similar variants generated by alternative splicing

also exist for other GlyR a subunit transcripts is presently unclear. However, the
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data obtained so far underline the importeince of post-transcriptional processing
in generating GlyR diversity (Betz ,1991).

1.2.3 Heterogeneity of glycine receptor in the CNS during
development

Pharmacological, biochemical and cDNA sequencing data have
established subtype diversity as a general phenomenon for receptors in the CNS
(Betz, 1990). Evidence for subtype heterogeneity of the GlyR was first detected
in studies of rodent spinal cord development, in which a neonatal isoform
prevalent at birth was shown to differ from the adult GlyR in pharmacological,
immunological and biochemical properties (Becker et al, 1988; Hoch et al, 1989).
In particular, this neonatal receptor is characterized by low strychnine binding
affinity, altered antigenicity and a ligand binding o subunit differing in molecular
weight (49 kDa) from that of the adult receptor (48 kDa). The neonatal o subunit
is abundant at birth (70% of the total receptor protein). Within 2-3 weeks after
birth, the neonatal glycine receptor in the spinal cord is completely replaced by
the adult type receptor, resulting in a strong postnatal increase of high affinity
[’H]strychnine binding (Becker et al, 1988). Immunological énalysis of GlyR
expression in postnatal rat cortex indicate a tight developmental regulation with
high levels of immunoreactivity at birth, which transiently increased during the
second postnatal week, but subsequently declined to low adult levels.
Immunologically, cortical GlyRs resemble the neonatal receptor isoform of spinal
cord (Becker et al, 1993).
The developmental heterogeneity of the GlyR comes also from mRNA
expression studies in Xenopus oocytes. Poly(A)" RNA was isolated from adult rat

cerebral cortex and spinal cord and from newborn spinal cord. All three mRNAs
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injected into Xenopus oocytes cause éxpression of glycine-gated chloride
channels. If each preparation 6f mRNA is fractionated by sedimentation on
sucrose density gradients, two classes of GlyR mRNAs could be separated, both
of which gave raise to functional channels when expressed in oocytes (Akagi
and Miledi, 1988). A rapidly sedimenting mRNA species was abundant in the
spinal cord of adult rats, whereas fractions from the neonatal spinal cord and
adult brain cortex contained mainly the smaller GlyR mRNA. The
electrophysiological properties of GlyR from the two classes of mRNAs extracted
from newborn spinal cord have been found to be different from those from adult
spinal cord (Morales et al, 1994). Moreover, hybrid-arrest experiments
employing three synthetic oligodeoxynucleotides complementary to different
parts of an RNA encoding a glycine receptor subunit allowed further
differentiation of the fractionated mRNA (Akagi et al, 1989).

1.2.4 Distribution of glycine receptor in the CNS

The distribution of GlyR in the CNS has been analysed by [’H]strychnine
autoradiography of CNS sections (Zarbin et al, 1981; Frostholm and Rotter,
1985; Probst et al, 1986; Frost et al, 1990). These studies disclosed a marked
rostro-caudal gradient of the receptors, with highest levels being found in the
brain stem and spinal cord. Immunocytochemistry with monoclonal antibodies
raised against affinity-purified rat GlyR (Pfeiffer et al, 1984) allowed a more
accurate mapping at both light and electron microscope level. The distribution of
o subunit antigen and gephyrin were generally found to match that of
[®H]strychnine-binding sites, although no perfect overlap was obtained (Triller et
al, 1985; 1987; Altschuler et al, 1.986; Van den Pol and Gorcs, 1988). Several
higher brain regions, including the olfactory bulb, midbrain and cerebellum,

displayed low but significant immunoreactivity. Application of a monoclonal
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antibody directed against an epitope conserved in the different GlyR o subunit
variants (Schroder et al, 1991) has recently modified this picture:
immunoreactive cells have now been identified in many higher brain regions
including cortex (Naas et al, 1991). An even more complex picture arises from in
situ hybridization experiments with subunit sequence-specific oligonucleotides
(Malosio et al, 1991). In the adult rat, GlyR a1 subunit mRNA was abundant in
spinal cord, but was also seen in brain stem and colliculi, whereas a2 transcripts
were found in several brain regions including cerebral cortex and hippocampus.
GlyR o3 subunit mRNA was expressed at low levels in cerebellum, olfactory bulb
and hippocampus, while high amounts of B subunit transcripts were widely
distributed throughout spinal cord and brain. During development, a2 mRNA
accumulated already prenatally and decreased after birth, whereas a1 and o3
subunit transcripts appeared only in postnatal brain structures. In the cerebellar
cortex, a structure that reaches maturity only very late after birth, transient a2
hybridization signals were seen in the first two weeks of postnatal life.

From the localization of the GlyR o subunit transcripts, GlyRs appear to be

particularly important in areas implicated in motor and sensory processing.

1.3 Cerebellum

1.3.1 Cellular organization of the cerebellum

The axons entering the cerebellum from the spinal cord, the vestibular
nuclei, the pons and elsewhere give off collaterals to the deep cerebellar nuclei
and distribute their branches to the deepest layer of the cerebellar cortex, the

granular layer, constituted by the granule cells, the only excitatory neurons of the
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cerebellum. These extremely small neurons with a high packing density use
glutamate as neurotransmitter. In the granular layer the branches of afferent
fibers (called mossy fibers because they end in large, somewhat lobulated
terminals) make synapses with the short, clawlike dendrites of the granule cells
(Figure 1.4). In turn the granule cells send thin, unmyelinated axons to the most
superficial layer of the cerebellar cortex, the molecular layer. It is a stratum
occupied largely by neuronal processes. In the molecular layer each arriving
axon bifurcates into a left and right collateral. Each collateral runs parallel to the
long axis of the folium (the cerebellar con‘volution) in which the parent fiber
arrived. Such collaterals are called parallel fibers. In the molecular layer
dendrites of the Purkinje cells are also present: large inhibitory neurons whose
flask-shaped cell bodies are found at intervals of about 100 micrometers in a row
at the interface between the granule cell layer and the molecular layer, which
constitutes the third layer of the cerebellar cortex: the Purkinje cell layer. Each
Purkinje cell has one or, more commonly, two or three dendritic trunks that rise
in the molecular layer. There they produce an extraordinary tree, all in a single
plane perpedicular to the long axis of the folium, and thus to the parallel fibers
(Figure 1.4). The tree is notable for a wealth of short, thick dendritic spines
(preferential sites of synapses). They are sites at which each Purkinje cell
receives excitatory signals from the multitude of parallel fibers that pass through
its dendritic plane. The axons of Purkinje cells in turn leave the cerebellar cortex
and makes GABAergic inhibitory synapses in the deep cerebellar nuclei which
project to other brain structures including red nucleus, ventral nucleus of the

thalamus and other places beyond the cerebellum.
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Figure 1.4 Cellular organization of the cerebellum. The cerebellar cortex is
organized into three layers and contains five types of neurons. This vertical
section of a single cerebellar folium, in both longitudinal and transverse planes,
illustrates the general organization of the cerebellar cortex. (From Kandel et al,
1991).

Figure 1.5 Auxiliary circuits of the cerebellum. Two classes of cerebellar
neurons, the stellate cells (a) and the basket cells (b) receive their input from
parallel fibers and inhibit Purkinje cells. In contrast, the Golgi cells(c) receive the
same input but inhibit granule cells. Finally the cererbellar afferents called
climbing fibers (d) disinhibit Purkinje cells. (From Nauma and Feirtag, 1986).



There are, however, detouArs. In particulér, the information channeled into the
basic pathway from mossy fiber to granule cell to Purkinje cell to deep cerebellar
nuclei encounters auxiliary circuits (Figure 1.5). One of them is characterized by
stellate cells whose body is in the molecular layer. These cells are so few to give
the impression that this layer is devoid of cell bodies. The dendritic tree of
stellate cells is flattened into a plane athwart the traffic of parallel fibers. Thus
the stellate cell, like the Purkinje cell, gets its input from parallel fibers. lts axon
passes above Purkinje cells and makes inhibitory synapses with their dendritic
trees.

A second auxiliary circuit in the cerebellar cortex is constituted by the basket
cells whose bodies lie deep in the molecular layer. They receive their imputs
from parallel fibers and send their axons across folium, over a length of about a
millimeter, emitting collaterals that descend to weave axonal baskets around the
cell bodies of as many as 12 Purkinje cells. Side branches emerge from the trunk
of the axon and also from the collaterals and weave baskets around still other
Purkinje cells. In this way a single basket cell participates in weaving axonal
baskets around the cell bodies of a hundred or even two hundred Purkinje cells.
Conversely, the basket around each Purkinje cell is woven by several basket
cells. Their anatomical arrangement suggests that basket cells exert a powerful
inhibition on Purkinje cells.

A third circuit is established by Golgi cells whose cell bodies are in the granular
layer, just under Purkinje cells. After receiving their imputs from parallel fibers
they inhibit granule cells. This inhibition is mediated by GABA (Bisti et al 1971).
Golgi cells accumulate and release also the inhibitory neurotransmitter glycine
(Morales and Tapia, 1987). Indeed most Golgi cell terminals exhibit both GABA-

and glycine-like immunoreactivity (Ottersen et al, 1988; 1990).
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In summary, the impulses travelling aloné parallel fibers are conveyed to the
dendrites of four types of cells: Purkinje cells, which are the only projection cells
in the circuit, since only their axons leave the cerebellar cortex; basket cells,
whose axons exert a powerful inhibition on the cell bodies and initial axon
segments of Purkinje cells; stellate cells, whose axons exert a more graded
inhibition in the dendritic tree of Purkinje cells; and Golgi cells, whose axons
exert an inhibition on granule cells (Figure 1.6).

Finally we have to mention the climbing fibers, the only cerebellar afferents that
transmit their influence to Purkinje cells directly. On entering the cerebellum
each climbing fiber gives off collaterals to the deep cerebellar nuclei and then it
passes straight through the granular layer of the cerebellar cortex, and straight
through the Purkinje cell layer as well. In the molecular layer its ramifications
cling to the main dendritic trunks of Purkinje cells. Each climbing fiber contacts
only 1-10 Purkinje neurons, and each Purkinje cell receives synaptic imput from
only a single climbing fiber. The entire extent of the clinging is packed with
synatic vesicles. Each climbing fiber tends to be quiescent for some time, and
then to give an excitation so intense to erase all preexisting inhibition imposed
on that cell by the axons of basket and stellate cells. Climbing fibers originate in
the inferior olivary nucleus. They would modify the response of Purkinje cells to
mossy fiber inputs for prolonged periods of time (Nauma and Feirtag, 1986;

Kandel, 1991).
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Figure 1.6 Basic neuronal circuit of the cerebellum.
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1.3.2 Cerebellar granule cells

As already mentioned, cerebellar granule cells comprise the largest
~ population of identifiable neurons in the vertebrate brain. The granule cells
together with the stellate and the basket cells are generated in a displaced
proliferative zone, the external germinal layer (Figure 1.7). At early postnatal
periods, this layer contains a rapidly dividing population of cells, called
neuroblasts, that migrate inwardly between birth and postnatal day 14 to form
the internal granular layer (Rakic, 1971). Only Purkinje and Golgi cells are
formed in the cerebellar nucleus in embryo. In the late embryonic period the
proliferation of immature granule cells depends on homotypic neuron-neuron
interactions leading to a rapid thickening of the external germinal layer and
restricting the fate of multipotential precursor cells in this proliferative zone to
granule neurons. Proliferation continues until interactions with glial cells arrest
the divison and subsequently support the migration of terminally differentiated
cells into the internal granular layer (Gao et al, 1991).

Granule cells can be isolated and maintained in culture. For this purpose they
are prepared from one week old rats, when a large proportion' of cells are still
immature. Their maturation can be influenced by environmental factors such as
high (25 mM) potassium concentration culture medium or excitatory amino acids
treatment which mimic the effects of afferent inputs, the glutamatergic mossy
fibers (Gallo et al, 1987; Baldzs et al, 1988). The high extracellular potassium
may induce intracellular events that are normally elicited by the depolarization
and activation of voltage-sensitive calcium channels with consequent calcium
influx info the cells and induction of an up regulation of N-methyl-D-aspartate
receptors (Van der Valk et al, 1991). With an external potassium concentration

of 25 mM, the formation of functional synapses is inhibited (Irving et al, 1992);
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only small amplitude spontaneous N-methyl-D-aspartate-mediated excitatory
synaptic currents can be detected (Kilic et al, 1991). On the other hand, in low
»(SmM) potassium medium several cells maintain their undifferentiated state and
many of them stain positive with antibody for glutamic acid decarboxylase
(GAD), the synthetic enzyme for GABA: they therefore synthetize and release
GABA as a neurotransmitter (Randall et al, 1993). In fact, in 5 mM potassium,

cerebellar granule cells exhibit spontaneous GABA-mediated synaptic currents

(Virginio et al, 1995).
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Figure 1.7 Temporal-spatial pattern of differentiation of granule cells in the
developing mouse cerebellar cortex. On postnatal day 8, immature granule cells
representing each of the major steps in development, neurogenesis, axon
outgrowth, migration and synaptogenesis, are distributed in discrete layers of the
cerebellar cortex. (a) External germinal layer (EGL) precursor cells undergoing
mitosis (filled cells) are located at the pial surface. (b) Postmitotic cells
undergoing axon extension and glial guided-migration through the molecular
layer (ML) are located below the proliferating precursor cell population. (c)
Postmigratory cells are transiting the Purkinje cell layer (PCL) to establish (d) the
internal granule cell layer (IGL). The ingrowth of the mossy fibers (MF) is
illustrated at the bottom of the panels a-c. (Adapted from Kuhar et al 1993).
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Chapter 2

Functional expression of glycine receptors in

oocytes injected with neonatal cerebellar mRNA

As already mentioned, in the cerebellar cortex, a structure that reaches
maturity only very late after birth, mRNAs for strychnine sensitive GlyR subunits are
present only during the first two weeks of postnatal life (Malosio et al, 1991).
Moreover functional strychnine sensitive glycine responses have been described in
the hippocampus of neonatal animals (lto and Cherubini, 1991), in hippocampal,
cerebellar and cortical cells in culture (Fatima-Shad and Barry, 1992; Huck and Lux,
1987; Siebler et al, 1993) and in Xenopus oocytes injected with mRNA isolated from
cultured mouse cerebellar granule cells (Wahl et al, 1994). This suggest that
inhibitory GlyRs, although not present in higher brain regions of adult animals, may
be transiently expressed during development and therefore play a role in early
postnatal life.

For this reason in this study, firstly we analyzed whether functional strychnine
sensitive GlyRs can be expressed in Xenopus oocytes following injection of mRNA
isolated from neonatal or adult rat cerebellum (Miledi et al, 1989), and secondly we
studied the expression of strychnine sensitive GlyRs in cerebellar granule cells in

culture.

2.1 Isolation of rat cerebellum mRNA

Neonatal (<« 5 days old) or adult (> 30 days old) Wistar rats were

decapitated under ether anaesthesia. The cerebella were dissected free and
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immediately frozen in liquid nitrogen. The —poly(A)" mRNA was isolated using the
Fast Track mRNA isolation kit (Invitrogen, San Diego, CA, U.S.A.), based on
oligo(dT) affinity chromatography. Cerebellar Neonatal or Adult mRNA (NmRNA or
AmRNA) was extracted sequentially with equal volumes of phenol,
phenol/chloroform, chloroform followed by spectrophotometric quantification of the
extracted mRNA, precipitated with Na-acetate and ethanol and stored at -80°C. In
the present study four different neonatal and five different adult mRNA preparations

were used.

2.2 Expression in oocytes

Ovarian lobes were removed aseptically from adult female Xenopus laevis
frogs (NASCO, Ft. Atkinson, WI), anaesthetized by immersion in iced water for 15 to
30 minutes. Stage V or VI oocytes which have a diameter of about one mm were
isolated manually in Barth's Solution (BS) containing (in mM): NaCl, 88; KCI, 1;
MgSO4, 0.82; Ca(NO3)2, 0.33; CaCl2, 0.41; NaHCO3, 2.4; Tris-HCI, 5 (pH 7.4).
Oocytes were defolliculated with collagenase type 1A (1 mg/ml, Sigma) and injected
with 100 ng of AmMRNA or NmRNA reconstituted in a volume of
diethylpyrocarbonate-treated water (Sigma) using an automatic injector (Drummond
Scientific Co., Broomall, PA). After 3 to 7 days incubation at 19°C in BS containing
gentamycin (50 mg/mi, Sigma) and heat inactivated horse serum (5%, Sigma),
oocytes were tested for GlyRs expression. Five and seven batches of oocytes

extracted from different frogs were used for A or NmRNA respectively.
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2.3 Electrophysiological recérdings and data analysis

The oocyte was placed in a 300 pl recording chamber and continuously
superfused with Normal Frog Ringer of the following composition (in mM): NaCl,
115; KCI, 1.8; CaCl2, 1.8; Hepes, 10 (pH 7.2). Glycine was applied to the oocyte
through the perfusion system. Glycine activated currents were recorded at room
temperature (20-23°C) with a two-microelectrode voltage-clamp device using a
virtual ground circuit. The voltage and current electrodes were filled with filtered 3M
K-methyl sulfate and had impedances of 0.5-1 MQ. Cells with a resting potential
more depolarized than -40 mV were discarded.

Data acquisition and analysis were performed using the Acquire and TAC programs
of the Instrutech Corporation (Elmont, N.Y.). Data were obtained at the recording
frequency of 100 Hz and filtered on line at 1 kHz with an 8-pole Bessel filter before

being digitized. Data are expressed as mean + S.E.M.

2.4 Glycine-activated currents in oocytes

Bath application of glycine (1mM) to oocytes previously injected with
neonatal rat cerebellum mRNA, voltage clamped at -80 mV, induced in 14 out of 46
cases, an inward current that slowly reached a peak in few seconds and slowly
declined to a plateau level. The mean peak current amplitude was 73.7 £ 22.6 nA
(n=14). The effect of glycine was concentration dependent (the maximun response
being attained with 5 mM glycine). In two cases a dose response curve was
constructed. Data points were fitted with the empirical Hill equation. ECso values
were 625 and 730 pM. The amplitude of the current increased with membrane
hyperpolarization and decreased with membrane depolarization. In two cases the

current became outward at -28.4 and -32.5 mV. These values are very close to the
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reversal potential for chloride ions found i;l oocytes (Barish, 1983) (Figure 2.1).
Glycine evoked currents were completely abolished in a reversible manner by 1 pM
strychnine, a competitive glycine antagonist (data not shown). In oocytes injected
with adult rat cerebellum mRNA glycine (1-5 mM) failed to induce any current (n =
20).

These experiments clearly show that only oocytes injected with mRNA from neonatal

rat cerebella are able to express functional strychnine-sensitive glycine receptors.

A glycine glycine glycine
-60 mV -40 mV -20 mV

20 nA L_ I(nA)
B 20s 100 ~

50 -

a

-100 -

Figure 2.1 Glycine activated currents in an oocyte injected with neonatal rat
cerebellar mBNA. (A) Currents evoked by glycine (1 mM, closed bars) at holding
potentials indicated below each trace. (B) Peak amplitude of glycine currents are
plotted as a function of the holding pctential. The I/V relationship was linear in
the potential range from -80 to 20 mV. The reversal potential was -33 mV.
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Chapter 3

Cerebellar granule cells in culture

Inhibitory GlyRs seem to be transiently expressed during development. /n
situ hybridization experiments for the detection of mRNA for GlyR o subunits in the
rat brain have revealed the presence of this nucleic acid in the cerebellum of rats
only during the first two postnatal weeks (Malosio et al, 1991). Moreover the
expression of GlyRs is detectable only in Xenopus oocytes injected with mRNA
extracted from neonatal rat cerebellum (present data). Since granule cellls constitute
the major neuronal population in the cerebellum, the following experiments have
been devoted to see whether these cells express functional GlyRs. In order to
maintain granule cells in an undifferentiated state, as they are during the first two

weeks of postnatal life, they were grown in a low (5 mM) potassium medium.

3.1 Cell culture preparation

Granule cells were isolated from cerebella of 7 to 9 postnafal day old Wistar
rats using a standard procedure (Levi et al, 1984). All steps of preparation were
done under sterile conditions. Ether anesthetized rat pups were decapitated and the
cerebella were dissected and placed in a solution containing (in mM): NaCl 124, KCl
5.37, NaH,PO, 1.01, D-glucose 14.5, Hepes 25, MgSO, 1.2, phenol red (Sigma) 10
ug/ml, bovine serum albumin (Sigma) 3 mg/ml and gentamicin (Sigma) 100 pg/ml.
The cerebella’s meninges were carefully peeled off and the cerebella were sliced
with a chopper (300 um thick slices) in one direction and then again at a 90° angle

to the previous cuts. The minced tissue was placed in a tube containing the solution
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described before, exept gentamicin, and céntrifugated at 1000 RPM for 45 s. The
cell pellet was treated with 0.25 mg/ml trypsin (Sigma) at 37° for 10 min in order to
digest the connective tissue. The action of trypsin was blocked by the addition of
166.4 pg/ml Soybean trypsin inhibitor (Sigma). DNA released from lysed cells was
degraded by 25.6 pg/ml DNAse (Sigma). After a rest of 5 min the cells were
centrifugated at 1000 RPM for 45 s and placed in the previous described solution
exept gentamicin, containing also 240 pg/ml DNAse, 1.56 mg/ml trypsin inhibitor and
5.8 mM MgSQ.. Cells were further mechanically dissociated using fire polished
Pasteur pipettes of a diameter such as to dissolve cell clumps. Separated cells were
washed with a solution containing Ca?*. After a centrifugation at 1000 RPM for 5 min,
the pellet of dissociated cells was resuspended in Basal Eagle’s medium (Gibco), in
which the KCI concentration was 5 mM, supplemented with 2 mM L-glutamine, 20
mM KCI, 100 pg/ml gentamicin and 10% of heat inactivated fetal calf serum (Gibco).
Cerebellar granule cells were plated on 35 mm diameter Petri dishes, each
containing 2 ml of cell suspension at a density of about 0.5x1 0° - 1x10° per ml of
suspension. Petri dishes had been previously coated with poly L-lysine (Sigma) by
incubating for 15 min each dish with 2 ml of poly L-lysine (5 pg/ml). The cells were
kept in the incubator (Heraeus B5061 EK-02) at 37° C and 5% CO.. After one day in
culture, the K* concentration of the medium was decreased from 25 to 5 mM. To
inhibit the growth of non neuronal cells 10 pM of the mitotic inhibitor cytosine B-D-
arabino furanoside (Sigma) was added per dish at about 24 hours after plating. In
order to provide food for the cells 10 uM D-glucose was added per dish after 7 days
in culture (DIC). Under these conditions the cells were maintained in culture for
about 15 days and were available for experiments starting from the second day in

culture.
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Granule cells were >90% of the cells in the culture and were morphologically
identified by the oval or round cell body, small size (5-10 pm diameter) and bipolar

neurites (Thangnipon et al, 1983). An example of cerebellar granule cell culture is

shown in Figure 3.1.

Figure 3.1 Cerebellar granule cells in culture. Primary cultures of cerebellar

granule cells (7 DIC) stained with a fluorescein. Notice that neuronal processes

at this stage are well developed. Bar =20 pm.
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3.2 Whole-cell and outside-out patch-clamp recordings

The patch-clamp technique was first applied about 20 years ago as a
variation of the classical voltage-clamp method (Neher and Sakmann, 1976). It was
originally developed to directly measure the current through the single ionic channel.
The principle of the method is to electrically isolate a patch of membrane and to
record the current flowing through the patch. During recording the potential across
the patch is controlled. In brief, this method consists of placing a microelectrode on
the membrane to be investigated, with an especially tight contact between the
electrode tip and the membrane (the resistance of the contact is of the order of 10"
Q). Therefore using a command circuit to control the membrane potential, the
current flowing between the pipette electrode and an external electrode will be the
ionic current passing through the ionic channels of the patched membrane. The
equivalent electrical circuit of the patch-clamp configuration is shown in Figure 3.2.
In order to obtain a good control of the patch potential it is important to make a
gigaseal in which the resistance of the seal is much higher than the resistance of
membrane patch (Rs >> Ry). In this condition it is possible to record the membrane
currents produced by opening and closing of single ionic cﬁannels. Different
manipulations after achieving the tight seal between the pipette and the membrane
allow several patch-clamp configurations for specifically required currents
recordings, such as the whole-cell current or the single-channel recordings (Figure
3.3; Hamiill et al, 1981). Among all the configurations, the cell-attached configuration
is directly obtained by the formation of the seal between the pipette and the
membrane. With this method the cell content is kept intact allowing the study of ionic
channels which are sensitive to the metabolic processes of the cell. The other two

recording configurations, inside-out and outsie-out, are obtained by pulling up the
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recording pipette before or after disrupting the pétched cell membrane. In these two
cases, the ionic current recorded is that flowing through this small piece of
membrane. These two configurations open the possibility to easily control the
“Intracellular’ or “extracellular’ compositions of the patched membrane. The whole-
cell configuration is achieved by applying a negative pressure or voltage pulses to
break the membrane after the cell-attached configuration is formed. Since the direct
communication is established between the pipette and the intracellular compartment
in the whole cell configuration, the intracellular solution is rapidly dialyzed to the

pipette solution, giving a control of the intracellular composition of the patched cell.
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Figure 3.2 Equivalent circuit of the patch-clamp pipette attached to the cell
membrane. Measurement of single-channel events can be obtained if the current
passing from the pipette interior to the external solution is considerably small in
comparison with the current produced by opening of ionic channels in the
membrane patch.
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Figure 3.3 Different patch-clamp configurations. (Adapted from Hamill et al
1981).
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In the present experiments the recording électrode were made from borosilicate
glass capillaries with internal filament (Hilgenberg) pulled with a two stage
procedure by a vertical patch-clamp puller (List Medical Electronics). Tips of
recording pipettes were fire polished under a microscope. Pipette resistance was in
the range of 5-10 MQ measured in working solutions.

GABA- or glycine-evoked currents were studied using a standard patch clamp
amplifier (EPC-7, List Medical Instruments, Darmstadt, Germany). The patch-clamp
instruments used in our experiments were organized as in Figure 3.4 (the recording
part) and 3.5 (the support part).

The cell dish was mounted on a movable support on a microscope (IM35, Zeiss,
FRG) with Nomarski optics. The |-V converter of the EPC-7 was mounted on a three
dimensional micro movement manipulator (Micro-Control, France). The final fine
movement of recording pipette was controlled by a piezoelectric micromanipulator
(Physik Instruments, Germany). The aquisition and electrical stimulation were done
using a microcomputer (ATARI 1040ST) after digitization with a 16 bits analogue-
digital converter (ITC-16, Instrutech, USA). The operation of converter was
controlled by a microcomputer which used a commercial pfogram “Acquire”
(Instrutech), written in Modula-2 by H. Affolter from Yale University. The current
signal filtered at 10 kHz was directly recorded from one output of EPC-7 on video
tape using the combination of Pulse Code Modulator (PCM; Instrutech,USA) and
" video recorder (VTR). During experiments the current signal was filtered at 2 kHz
and simultaneously monitored on an oscilloscope and on the monitor of a
microcomputer. Data stored on the tape were filtered at a cut off frequency, as
specified later, with a low pass 8-pole Bessel filter (302LPF2, Frequency devices,
Haverhill, Massachusetts). Data were digitized and transferred to the microcomputer

hard disk at appropriate sampling time. Whole-cell glycine currents were sampled at
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100 Hz and filtered at 1 KHz. Spontaneous GABA-mediated synaptic currents were

sampled at 1 kHz and filtered at 300 Hz. Single channel currents were sampled at 5

kHz and filtered at 2 kHz.
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Figure 3.4 Electronic part of the patch-clamp equipment.
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Figure 3.5 Mechanical part of the patch-clamp set up. AMP: Patch-clamp

amplifier. AT: antivibratory table. EC: experimental chamber. FC: Faraday cage.
FM: fine micromanipulators. IM: inverted micrscope. IV: current to voltage
converter. CM: Three dimensional micro movement controller. MM coarse
micromanipulators. OP: Microscope optics. RE: Reference electrode. TP: tube
for applying pressure.
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3.3 Solutions

The solutions used in electrophysiological experiments are shown in Table
1. Pipette and bath solutions were the same for whole-cell and outside-out
configurations. The pH of bath and pipette solutions was adjusted to 7.3 with NaOH
and CsOH respectively. Some experiments were performed in low extracellular
chloride solutions. In these cases, 40 or 90 mM NaCl were substituted with 40 or 90
mM sodium isethionate in order to have a final [Cl], of 50 or 100 mM, respectively. In
these conditions liquid junction potentials resulting from different mobilities of ions at
interfaces between solutions having different ionic composition (the electrode and
the bathing solution) develop. To avoid this problem in some experiments an agar
bridge was used. This consisted of a teflon tube filled with agar. The agar was
prepared with the control bath solution in which the concentration of CI' ions was
close to that of the pipette solution. One end of the agar bridge was immersed in the
bath solution and in the other end the ground wire was inserted. In this way the
solutions in contact with the silver chloride electrode in the pipette and in the bath
(the ground electrode) had the same concentration of CI ions.
High concentration of Cs* was present in the pipette solution in order to block most
of potassium channels. The presence of Mg® in the extracellular solution provided a
blocker at the negative holding potentials of spontaneous channels which were
mainly mediated by glutamate acting on NMDA receptors (Kilic et al, 1991). As
mentioned in the introduction glycine receptor subunits contain a consensus
sequence for phosphorylation by protein kinase C and A (Ruiz-Gémez et al, 1991
Vaello et al, 1992; 1994; Schonrock and Bormann, 1995) that, as for GABAa-
receptors (Stelzer et al, 1988), have a role in the modulation of glycine receptor

function. In spinal cord neurons GlyR can be phosphorylated in response to the
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presence of either PKC or PKA activators and the stimulation of these transduction
pathways leads to a decrease or an enhancement of GlyR functionality respectively
(Vaello et al, 1994), while in cultured hippocampal neurons GlyR is positively
modulated by PKC (Schénrock and Bormann, 1995). Therefore to prevent eventual
run-down of glycine-activated currents due to the loss of cytoplasmic components,

ATP and Mg2+ were routinely included in the pipette solution.

Bath [mM] Pipette [mM]
NaCl 140 CsCl 137
KCl 3 MgCl 4
CaCl; 1.5 EGTA 5
MgClz 2 ATP-Na, 2
Hepes-NaOH 10 Hepes-CsOH 10
D-glucose 10

Table 1. Extracellular (bath) and intracellular (pipette) solutions for whole-cell patch-
clamp recordings.

3.4 Drug application

Granule cells were kept at room temperature (22-24°C) and continuously
superfused with extracellular (control) solution applied by gravity (at 2 ml min™)
through a barrel. Receptor antagonists or channel blockers such as bicuculline,
strychnine or picrotoxin were dissolved in the bathing solution and applied by gravity
through a second barrel. The barrels terminated in a small teflon tube (diameter of
about 1 mm) located at the periphery of the Petri dish as shown in Figure 3.6. With

this application method the equilibrium was reached in one minute. The suction iube
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was opposed to the perfusion tube. GABA and glycine were applied by a fast
perfusion system, using the Y tube method (Akaike et al, 1991; Figure 3.6). Brieily,
the Y tube was made of polyethylene tubing (2 mm o.d.,1.5 mmi.d.) and the outlet
tip (0.18 mm o.d., 0.10 mm i.d.) was set at about 200 pm from the patched cell. One
end of the tube was placed into a tube containing the test or the control solution; the
other end was connected to an electromagnetic valve controlled by an electronic
device which allowed the close time setting of the valve. When the valve was
opened, the external solution was changed by a negative pressure. When the valve
was closed, flow through the Y tube was inverted and the solution was rapidly
expelled from the outlet tip for gravity. With this method a complete exchange of the
external solution surrounding the neuron was achieved within 100 ms. Drugs used
were: glycine, GABA, strychnine, picrotoxin and bicuculline methiodide, all

purchased from Sigma.
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Figure 3.6 Fast perfusion system.
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3.5 Data analysis

Whole cell currents were analyzed with the “TAC” program of the Instrutech
Corporation (Elmont, N.Y.). Dose-response curves were fitted with the empirical Hill

equation:

Vinax = 1/1+ (K/ )" (2-1)

where [ is the peak of agonist induced current, lnx is the peak of maximal induced
current, ¢ is the concentration of the agonist, K is the half-maximum concentration
which corresponds to the ECs and n is the Hill coefficient. This and the following
fittings were performed in Sigma Plot (Jandel Corporation) which uses a least
squares procedure.

A slightly rearranged equation was used to fit dose-response curves for the
blockage effect of receptor antagonists or channel blockers in the presence of

constant, non saturating concentration of the agonist:

Lt/ lo =171+ (Ki/ [ant])™ (2-2)

where /. is the peak of agonist induced current in the presence of the antagonist, /;
is the agonist induced current in the absence of the antagonist, [ani] is the
concentration of the antagonist, K;is the half-maximum blocking concentration of the
antagonist which corresponds to the 50% inhibition concentration (ICso) and n;is the
Hill coefficient of antagonist inhibition.

Inactivating currents evoked by neurotransmitters needed time to recover from

desensitization before the receptors were able to be activated again. To study the
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recovery process a double-pulse protocol was used. In each train of stimuli two

identical agonist pulses, separated in time, were applied to the same cell. We

estimated the recovery time constant (t;) according to the equation:

1/, =-[exp (/1) + 1] (2-3)

where I, is the peak current of the first agonist pulse and /is the peak current of the
same pulse applied after the time t from the end of the first.

Single channel currents were analyzed with the TAC program (Instrutech; Sigworth,
1985) which uses 50% threshold criteria in the detection of channel opening and
closing. The open and close time histograms were fitted with exponential functions
by the method of Sigworth and Sine (1987). The total open time (Np), defined as the
product of the number N of channels in a patch and the open probability p for each
channel, was calculated as the ratio between the sum of all open times and the total
observation time, taking the agonist application as the total observation time. This is
true if the openings of separated channels in the patch are indipendent events.
Amplitude distribution histograms of single channel openings were fitted, by eye,
with the sum of Gaussian functions using the same program.

Current-voltage relationship for whole-cell or single channel currents was described

by a first grade equation as follows:

I=mV+q (2-4)

where | is the peak current for whole cell recordings or the mean value of the

Gaussian used to fit single channel amplitude histograms at different membrane
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voltages V. The value mis the slope and q s the intercept on y axis of the straight

line. The reversal potential value was obtained from the operation:

E.=-g/m | (2-5)

For single channel experiments the slope conductance coincided with m.

Open and close time histograms were fitted with the sum of two exponential curves
using the least squares method.

Student's paired and unpaired ttests were used for comparison of paired and

unpaired data respectively. Results are usually expressed as mean + S.E.M.
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Chapter 4

Results

4.1 Glycine evoked whole-cell currents

In this paragraph the electrophysiological and pharmacological properties of
currents evoked by glycine in primary cultures of cerebellar granule cells have been
studied.

4.1.1 Dose-response

Fast application of glycine to cerebellar granule cells between two and
fourteen days in culture (DIC), at a holding potential of -60 mV elicited inward
currents in 50 % of the neurons. Although there was a considerable variability in the
amplitude of the responses from cell to cell even within the same culture plate, in the
same cell the amplitude of the responses was concentration dependent. The
minimum effective dose for glycine was 30 pM. Figure 4.1A shows whole cell
currents elicited by increasing concentrations of glycine (from 30 to 300 pM).
Glycine-induced currents increased steeply as the agonist concentration increased.
The mean peak current amplitude elicited by glycine (300 uM), at a holding potential
of -60 mV, was 124.9 £ 17.49 pA (n=71). A nearly maximal response was obtained
with 1 mM of glycine. Decline of the responses during continuous agonist application
was observed only at glycine concentration higher then 30 pM. 'fhe affinity and
stoichiometry of glycine binding to its receptors can be studied using
electrophysiological means by measuring the peak amplitudes of glycine-activated
whole-cell currents as a function>of glycine concentration. The relationship between

the peak current amplitude recorded at -60 mV and agonist concentration is
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represented in Figure 4.1B. All responses‘were normalized to the peak current
induced by 1 mM of glycine and plotted against the logarithm of glycine
concentration. Data points were fitted with the empirical Hill equation (2-1). The K,
corresponding to the concentration of glycine producing half maximum response
was 72.8 £ 2.5 uM. The Hill coefficient was 1.6 + 0.1 suggesting that more than one
molecule of glycine is required for opening the channel.

In our experimental conditions, with 2 mM ATP in the recording pipette, we failed to
observe any run down of glycine evoked currents. This is shown in Figure 4.2 where

glycine (300 uM ) was repetitively applied every 3 minutes for 15 minutes.
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Figure 4.1 Concentration-response relationship of glycine-evoked currents. A.
Whole cell currents evoked by application of increasing concentrations of glycine
(closed bars) at a holding potential of -60 mV. Desensitization of glycine responses
occurred with concentration of the agonist higher than 30 pM. B. Plot of the peak
amplitude of glycine currents normalized to those evoked at 10° M glycine versus
agonist concentrations. Each point represents the mean of 29 observations. Bars
are the SEM.. The continuous line is the best fit to the empirical Hill equation.
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Figure 4.2 Stability of glycine evoked currents. Currents were evoked at 3 minutes
intervals and their peak amplitude, expressed as a percentage of the current evoked
by the first application of glycine, were plotted versus the time. Each point represent
the mean value of 4-8 observations. Bars are the SEM.

4.1.2 Current-voltage relationship

Figure 4.3A shows a family of currents evoked by glyciﬁe (300 uM), in
nearly symmetrical CI" solutions ([Cl], 150 mM) at a holding potential of -20, 0 and
20 mV. These currents were inward at negative potentials, their amplitude
decreased with membrane depolarization and became outward at potentials more
positive than 4.9 + 0.9 mV (n=14) a value close to the predicted CI' equilibrium
potential (-0.86 mM), calculated from Nernst equation in our recording conditions.
The relationship between amplitude of the current and membrane potential (Figure
4.3B, diamonds) was linear in the potential range between -40 to 40 mV. As shown
in the same Figure, in six cells decreasing [CI], from 150 (diamonds) to 100 (circles)

and 50 (tiangles) mM (isethionate substitution) caused the reversal potential for
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glycine (Egy) to shift to more positive voltages (10.4 £ 0.8 mV and 27.1 £ 0.5 mV,
respectively). These values were very close to those predicted by the Nernst
equation. A three fold change in [Cl], yielded a change in Eg, of 22 mV (Figure

4.3C), indicating that glycine conductance is highly permeable to chloride ions.
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Figure 4.3 Currentivoltage relationship of glycine-evoked currents. A. Whole cell
currents evoked by glycine (300 uM, closed bars) at various holding potentials, in
the presence of 150 mM (left) or 50 mM (right) of [CI], (isethionate substitution). B.
Peak amplitude of glycine activated currents evoked in 150 (diamond), 100 (circles)
or 50 (triangles) mM of [Cl], (shown in A) are plotted as a function of the holding
potential. The I/V relationship was linear in the potential range from -40 to 40 mV. C.
Relationship between the reversal potentials of glycine-induced currents (Egy) and
[CITe. Each point represents the mean and SEM obtained in six cells. The dotted line
correspond to the values of the reversal potential for chloride ions calculated from

the Nernst equation in different [Cl .



4.1.3 Desensitization

As already mentioned, decline of the response during continuous glycine
application was concentration dependent. In fact with a low concentration of glycine
(30 uM) the current decline was not detectable, whereas with high dose of glycine
(300 uM) the decline progressed rapidly (Figure 4.1A). In Figure 4.4A the ratio
between lpeak / Iseacyste Of Whole cell glycine currents elicited at a holding potential of
-60 mV, versus different agonist concentrations is plotted. As shown in the Figure,
the peak to plateau ratio shifted from 1.1 + 0.05 to 2.1 + 0.13 when glycine
concentration was enhanced from 3 X 10° to 1X10° M, respectively (n=18). The
ratio between lpea / lsteay-stae Was voltage independent in the potential range from -60
mV to 60 mV (Figure 4.4B). For glycine (300 uM) the ratio was 2.1 £ 0.3 at -40 mV
and 2.2 £ 0.2 at 40 mV (n=10). The values of the decay time constant (t4) of glycine-
evoked currents (300 uM) were similar at different holding potentials. At -40 mV and

40 mV 14 values were 3 £ 0.6 and 3.2 + 1.7 s, respectively (n=5).
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Figure 4.4 Desensitization of glycine-induced currents is concentration dependent
and voltage independent. A. Plot of the peak () to plateau (ls) ratio of whole cell
currents evoked by different glycine concentrations. Each point represents the mean
of 18 observations. B. Plot of the peak to plateau ratio of currents evoked by glycine
(300 pM) versus different holding potentials. Each point represents the mean of 10

observations. In A and B, bars are the SEM.
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4.1.4 Recovery from desensitizatic;n

To further characterize glycine-evoked responses, the recovery from
desensitization was studied by applying pairs of glycine pulses (300 uM) separated
by different time intervals. At a holding potential of -60 mV the recovery from
desensitization was relatively fast being completed in 30 sec (Figure 4.5). In Figure
4.5B, the peak amplitude of the response to the 2™ application of agonist normalized
to that of the 1% application is plotted versus the time interval between the end of the
first and the onset of the second response. Data points were fitted with a single

exponential function (2-3) obtaining a time constant of 5.05 £ 0.21 s (n=10).
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Figure 4.5 Recovery from desensitization of glycine-evoked whole cell currents. A.
Pairs of glycine pulses (300 uM, closed bars) separated in time by 2 (upper), 5
(middle) or 20 (lower trace) s. B. Recovery from desensitization, expressed as the
ratio I/l, versus interstimuli intervals. I, represents the peak amplitude of the
conditioning glycine response and | the peak amplitude of the test response. The
best fitting of the data was obtained with a single exponential having a time constant
of 5.1 + 0.2 s. Each point represents the mean of 10 observations. Bars are the
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4.1.5 Antagonists

The convulsant alkaloid stfychnine is considered a selective antagonist of
glycine receptors (Curtis et al, 1968). This substance reversibly blocked the
response to glycine in a concentration-dependent manner by binding on a site of the
N-terminal extracellular region that may also be involved in forming part of the
glycine binding site (Pfeiffer et al, 1982; Graham et al, 1983; Grenningloh et al,
1987: Ruiz-Gémez et al, 1990; Vandenberg et al, 1992). An almost complete block
was achieved by strychnine at 1uM. In Figure 4.6A whole cell currents evoked by
application of 200 uM glycine in the absence or presence of two different
concentrations of strychnine. Whole cell currents evoked by this non saturating
concentration of glycine (200 uM) in the presence of increasing concentrations of
strychnine and normalized to the control response were plotted versus the logarithm
of different strychnine concentrations (Figure 4.6C). Data points were fitted with the
empirical Hill equation (2-2). The half inhibition dose of strychnine (ICso) was 57.9
3.9 nM (n=7). A parallel shift to the right of the dose-response curve for glycine was
obtained in the presence of strychnine (100, 300 nM) suggesting, as expected, a
competitive action of this antagonist (not shown).
The response to glycine was also antagonized by picrotoxin, a chloride channel
blocker, in a dose-dependent manner (Figure 4.6B and D). Picrotoxin however was
at least three orders of magnitude less potent then strychnine. The ICs value for

picrotoxin was 172.1 £0.21 uM (n=5).
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Figure 4.6 Glycine currents are antagonized by strychnine or picrotoxin. Whole-cell
currents evoked by application of 200 uM glycine in the absence or presence of two
different concentrations of strychnine (A) or picrotoxin (B). C. Dose/response curve
for the inhibitory action of strychnine on the peak current amplitude induced by
glycine (200 pM). Holding potential was -60 mV. Currents evoked in the presence of
strychnine were normalized to those obtained in the absence of the alkaloid. Data
points were fitted with the empirical Hill equation. Half maximal block was achieved
with a concentration of strychnine of 58 nM. Each point represents the mean of 7
observations. Bars are the SEM. D. Dose response curve for the inhibitory action of
picrotoxin on the peak amplitude of glycine evoked currents (200 pM). Glycine
currents evoked in the presence of increasing concentrations of picrotoxin were
normalized as in C. Data points (from 5 observations) were fitted as in C. Half

maximal block was achieved with a concentration of picrotoxin of 172 uM.
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4.1.6 Modulation by extracellular ;'inc

Glycine currents were further characterized by their ability to be modulated
by zinc. In fact this divalent cation is present in the brain, stored in synaptic vesicles
from which it can be released upon nerve stimulation (Smart et al, 1994). The
clearest and most quoted example of a zinc-containing nerve fibre pathway is the
mossy fibre projection running from the granule cell layer in the hippocampus to the
pyramidal neurons of the region CA3 (Slomianka, 1992). There are many other
nerve fibres that contain zinc: some of them are local fibres and others project
between identifiable CNS structures. Histological staining for zinc containing fibres
has been detected in the hypothalamus, brain stem and cerebellum (Faber et al,
1989: Perez-Clausell et al, 1989; Frederickson, 1989). Moreover in zinc-deficient
rats the cerebellum as well as the whole brain is reduced in size. In particular the
cerebellar cortex appears underdeveloped and shows a persistence of the external
granule cell layer, a reduction in the thickness of molecular layer and a decrease in
the area of the internal granule cell layer (Dvergsten et al, 1983).Furthermore
extracellular zinc modulates glycine-induced whole-cell currents of cultured spinal
neurones, of Xenopus oocytes expressing al, o2 or ai/B glycine 4receptor subunits
(Laube et al, 1995) and of chick ciliary ganglion neurons (Zhang and Berg, 1995).
Co-application of zinc (in the range of 0.1-100 uM) and glycine (200 puM) to granule
cells in culture induced a potentiation of glycine-evoked currents. This effect was
concentration dependent and was reversible upon 5 minutes of wash out (Figure
4.7). Zinc (100 uM) potentiated the peak of glycine currents by 24.1£7.4 % (n=6) in
a reversible way. The concentrations of zinc used here are comparable with those

employed by Laube et al (1995) and Zhang and Berg (1 995).
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Figure 4.7 Potentiating effect of zinc on glycine currents. A. Currents evoked by
glycine (200 uM, bars) at a holding potential of -60 mV in the absence or in the
presence of 1 and 10 puM zinc. B. Plot of the percentage of potentiation of the peak
amplitude glycine currents versus zinc concentration. Each point represents the

mean of six responses. Bars are the SEM.
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4.1.7 Glycine and GABA act on c;istinct receptor channels: antagonist
specificity

To see whether the depressant effect of strychnine was selective for
glycine, both strychnine and bicuculline were tested on the responses induced on
the same neuron by fast application of glycine or GABA. Strychnine (1 pM)
antagonized the response to glycine but had no effects on GABA-evoked current
(300 pM, n=2). In contrast, bicuculline (100 pM) strongly depressed GABA
responses without affecting glycine-induced currents (300 uM, n=7, Figure 4.8). The
selective block of glycine or GABA currents by étrychnine or bicuculline respectively
suggests the involvement of two different receptors. It was therefore interesting to
further examine whether these amino acids in turn activated separate channels with
different properties. If we asssume that GABA or glycine activate different
conductances, a saturating concentration of glycine should give a response not
occluded by co-application of GABA and viceversa. A typical experiment is
represented in Figure 4.9. When GABA (3 puM) was applied together with a
saturating concentration of glycine (1 mM), the conductance i‘ncrease produced by
the two agonists was additive. Moreover, no cross desensitization was observed
when GABA was applied during glycine desensitization. Similar results were
obtained in eight additional experiments. These data clearly indicate that GABA and

glycine activate two different populations of ion channels.
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Figure 4.8 Glycine evoked current is not blocked by the specific GABA antagonist

bicuculine. Bicuculline (100 uM) strongly depressed GABA currents activated by 300
uM GABA, whitout affecting glycine induced currents (300uM).
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Figure 4.9 GABA and glycine activate different populations of receptor channels. A.
The cell was held at -60 mV. GABA (open bar) and glycine (closed bar) were applied
either separately or in combination. When applied together, the current induced by
glycine summed to that produced by GABA. B. Application of glycine for about 1
min, induced an inward current that after an initial peak desensitized to a plateau
level. Superfusion of GABA during the plateau phase produced a response similar to
that induced by GABA in the absence of glycine, suggesting that no cross
desensitization between the two agonists was present.
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4.2 Glycine-activated single channel currents

Glycine-activated single channel currents were studied in excised patches.
Single channel events were recorded in outside-out patches which contained less
than three channels.

4.2.1 Conductance levels

In preliminary experiments from six excised, outside-out patches the
responses to glycine were studied at the single channel level. No openings were
observed in the presence of the control solution. At a holding potential of -40 mV,
bath application of glycine (in the range of 30-300 uM) activated single channel
currents of different amplitudes. The single channel events were reversibly blocked
by strychnine (1 uM), suggesting that they were mediated by activation of glycine
receptors (data not shown). In 2 cases the amplitude distribution of glycine gated
channels were fitted with the sum of three Gaussian curves. Chord conductance
values, estimated from the driving potential (-40 mV), were 28.5 + 2.3 pS (n = 3),
52.5+ 1.8 pS (n =5) and 85.5 £ 5.25 pS (n = 2, Figure 4.10A). Figure 4.10B shows
a typical amplitude distribution histogram of glycine (100 uM, for 100 s) evoked
single channel events at -40 mV. When the three conductance channels were
present on the same cell, the most frequently occurring one was the 52.5 pS
(relative frequency 21 and 57%). The amplitude of single channel currents
measured at different holding potentials was plotted versus different voltages. As for
whole cell currents, single channel I/V relationship was linear in the potential range -
60, 60 mV suggesting that the pore of glycine-receptor channel does not change the
permeability for CI" at the voltages examined. Conductances, estimated from the

slope of the I/V curves were 31, 53 and 84 pS (Figure 4.10C).
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Figure 4.10 Single channel currents activated by glycine. A. Representative traces
of single channel currents activated by glycine in an outside-out membrane patch at
different holding potentials. Traces were digitized at 5 kHz, after low-pass filtering at
1 kHz. Expanded portions of one traces (between arrows) is shown. B. Amplitude

distribution histogram of single channel currents recorded at -40 mV (see A). C.

Single-channel current-voltage relationship for the same cell. Experimental data
were fitted by leyast-squares linear regressions, yelding slope conductances of 31 pS

(circles), 53 pS (squares) and 84 pS (triangles).
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The different channels exhibited different “kinetic properties. The 53 and 84pS
channels showed prolonged openings while the 31 pS showed brief and more
frequent openings (see Figure 4.11A). In two cells only the 31 and 84 pS
conductance states were observed (Figure 4.11A), suggesting a different
stoichiometry of the subunits in the receptor channel and/or different subunit
composition. Because the most frequent éingle channel event was the 53 pS one,
the kinetic properties of this channel have been studied in more detail. The opening
frequency of this channel was concentration dependent. Outside-out patches were
exposed to 30, 100 and 300 puM glycine at a holding potential of -40 mV and channel
activity was quantified by measuring Np, as already described in chapter 3. As
shown in Figure 4.12, raising glycine concentraton from 30 to 300 puM, induced a

2.2-fold increase in Np.
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Figure 4.11 Glycine gated single-channel currents. A. Examples of the 84 pS
(upper trace), 53 pS (middle trace) and 31 pS (lower trace) conductances. The
single channel currents were evoked by 100 pM glycine at a holding potential of
-40 mV. Trace are from three different neurons. B and C. Time course of single
channel openings for the 53 pS (B) and 31 pS (C). Note the desensitization of

the 53 pS channel. Each bin = 250 ms.
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Figure 4.12 Probability of single channel opening increase with glycine
concentration. The open channel probability, Np, was plotted as a function of
glycine concentration. Np measured in the presence of 30 and 100 uM glycine
was normalized with respect to the value obtained with 300 uM. Data points

represent the average of 3 patches. Bars are SEM.

4.2.2 Kinetic analysis

In Table 2 are summarized the open, closed and burst time constants of
single channel events activated at -40 mV by two concentrations of glycine (30 and
300 pM). In the presence of 30 uM glycine, open time histograms could be fitted with
the surh of two exponential curves having time constants (t) of 0.9 and 140 ms (n =
4). Similarly, in the presence of 300 puM glycine, open time histograms could be fitted
with the sum of two exponential curves having T of 1.6 and 160 ms (n = 6, Figure
4.13A. These values were not significantly (p > 0.1) different from those obtained in
the presence of 30 uM glycine. As the open time values also the relative weights, or

exponential areas, were similar in both experimental conditions.
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The closed time histograms obtained with glycine 30 M could be fitted with the sum
of two exponentials having time constants of 12 and 2700 ms (n = 4). In the
presence of 300 uM glycine closed time histograms could also be fitted with the sum
of two exponential curves having 1 of 4.7 and 1790 ms (n = 7; Figure 4.13B). The
fast closed time constants of single channel events obtained in 30 and 300 uM
glycine were significantly (p < 0.01) different. Furthermore the relative contribution of
the fast and slow closed time constants was different in the two experimental
conditions: the relative contribution of the fast component decreased, while that of
the slow component increased at higher glycine concentration. It is possible that we
overestimated the value of 1c, because of the partiél desensitization of agonist
induced response as shown in Figure 4.11B in which the time course of the 53 pS

channel openings is compared with that of 31 pS conductance state channel (Figure

4.11C).

In order to characterize burst properties of the 53 pS glycine-gated channel,
recordings were reanalyzed ignoring closed time intervals shorter than the double of
the faster close time constant. In the presence of 30 uM glycine the burst duration
histogram could be fitted with the sum of two exponential curves having the time

constants of 0.6 and 410 ms. Similarly values of burst time constants were observed
with glycine 300 uM (0.7 and 420 ms for the tb; and b, respectively). As the burst
time constants also the relative weights, or exponential areas, were not significantly

(p > 0.5) different in the two experimental conditions.
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time constants (ms) 30uM glycine 300uM glycine
areas (%)

10 0.94 0.4 (4) 1.6+0.4 (6)
a04 0.43+0.09 0.44 £0.08
102 140 +10 (4) 160 + 20 (6)
aoz 0.57+£0.09 0.56 £0.08

¢y 12+2.4 (4) 4.7 +0.4 (7)
acy 0.83+0.03 0.60+0.07
1C2 2700 +910 (4) 1790 +590 (7)
acs 0.17+0.03 0.40+£0.07
1b; 0.63+0.01 (3) 0.73+0.15 (6)
ab; 0.62+0.02 0.67£0.05
be 410 %50 (3) 420 + 140 (6)
ab, 0.38+£0.02 0.33+£0.05

Table 2. Open (104, 102), closed (t¢;, 1¢2) and burst (tby, 1b,) time constants of 53 pS
single channel conductance state activated by glycine (30 and 300 uM) at a holding
potential of -40 mV. The correspondmg relative areas (aox, ac, ab,) of exponential
components fitted to hlstograms as shown in Figure 4.13A, are normalized to 1. In
parenthesis the number of observations.
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Figure 4.13 Open and closed time histograms activated by glycine (100 pM).
The mean open (A) and shut times (B) were fitted with exponential function
= 0.8 ms and 102 =

according to Sigworth and Sine (1987). 104 121 ms. B. 1¢; =

8.1 ms and 1tc; = 530 ms. A and B are from the same experiment.
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4.3 Expression of glycine and GABA receptors is
developmentally regulated

The expression of glycine and GABA receptors during days in culture in
cerebellar granule cells was quantified by calculating the current densities by
dividing the total GABA4 or glycine currents evoked by 300 uM of GABA or glycine,
by the membrane capacitance, obtained from the compensation of the capacitance
transient. Striking differences between GABA, and glycine activated currents were
found during days in culture. All cells tested between 2 and 15 DIC responded to
GABA, whereas only 50% responded to glycine (Figure 4.14 inset). Morebver, in
contrast to GABA, glycine-evoked current were maximally expressed between the
4th and the 7th DIC. The density of glycine induced currents varied significantly
(p<0.02) between 4-7 and 8-14 DIC (from 28.3 + 4.3 pA/pF, n=51 to 11.5 + 2.1
pA/pF, n=18). In contrast, the density of GABA-evoked currents calculated on the
same cells that responded to glycine were not significantly (p>0.5) different between

4-7 and 8-14 DIC (346.4 +27.7 pA/pF and 348.5 + 32.3 pA/pF, respectively).
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Figure 4.14 Changes in glycine and GABA currents during days in culture. A.
Current density (pA/pF) induced by glycine (300 uM) is plotted against days in
culture (DIC). Notice that the maximal expression density occurred between 4 and 7
DIC. The graph in the inset represents the number of cells tested (ordinate) versus
DIC (abscissa). Only 50% of the cells tested responded to glycine (closed bars). The
plot in B. represents the current density (pA/pF) produced by GABA (300 pM)

against DIC. The inset represents the number of cell tested versus DIC. Notice that
all cells tested responded to GABA. 60



4.4 Modulation of spontaneoﬁs GABAergic synaptic currents
by glycine

In our culture conditions (low potassium medium), granule cells exhibit
spontaneous synaptic currents mediated by GABA which probably is released from
undifferentiated GABAergic interneurons (Virginio et al, 1995). As already
mentioned in the introduction in the adult cerebellum most Golgi cell terminals
exhibit both GABA- and glycine-like immunoreactivity (Ottersen 1988). Moreover
these cells may release both GABA and glycine (Morales and Tapia, 1987).
However, in our cultures, the application of 1 pM strychnine failed to induce any
change in amplitude or frequency of spontaneous events (n=5). This suggest that
endogenous glycine was not released in our culture conditions.
May GlyRs, in these undifferentiated cells have a role in the modulation of
GABAergic spontaneous events? To ask this question the following experiments
were undertaken to see whether glycine can modulate spontaneous GABA-
mediated synaptic currents.
Bath application of glycine (300 uM) produced an inward current of 24.6 + 17.8 pA
and an increase in the baseline noise (n=4). In three cells glycine induced a marked
reduction in the frequency of spontaneous GABAergic currents (from 2.3 + 0.09 to
0.54 £ 0.05 Hz, Figure 4.15A). These values were significantly (p<0.01) different.
The decrease in frequency of spontaneous synaptic currents was not associated
with any significant (p>0.1) change in the amplitude of synaptic events (the mean
amplitude ratio -control over glycine- was 1.14 £ 0.07) and was rapidly reversed
upon wash out of glycine. In one case, glycine produced a three fold increase in

frequency of spontaneous GABA-mediated events (from 1.1 to 3.2 Hz, Figure
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4.15B). The effects of glycine persisted in the presence of kynurenic acid (1 mM) but

were abolished by TTX (1 uM).
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Figure 4.15 Modulatory effects of glycine on spontaneous GABAergic currents. A.
Spontaneous currents recorded in the presence of kynurenic acid (1 mM) from a
granule cell (7 DIC) held at -60 mV. Application of glycine produced a small inward
current (24.6 £ 17.8pA), an increase in the baseline noise_ and a decrease in the
frequency of spontaneous events. This effect was reversed by strychnine (1 uM). B.
In another cell (7 DIC), glycine, applied in the presence of kynurenic acid (1 mM)
produced a striking increase in frequency of spontaneous events. Also this effect
was associated with an increase in the baseline noise and was partially reversed by

strychnine.
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Chapter 5

Discussion

5.1 Glycine activated whole cell current

The present experiments show that cerebellar granule cells in culture bear
functional strychnine-sensitive glycine receptors similar in many aspects to those
found in granule cells in thin cerebellar slices (Kaneda et al, 1995) and in other brain
structures (Bormann et al, 1987; lto and Cherubini, 1991; Fatima-Shad and Barry,
1992; Lewis and Faber, 1993). Evidence in favour of the existence of GlyRs in the
cerebellar cortex is provided by in situ hybridization studies which have
demonstrated the presence of GlyR subunits mRNA mainly in the first two weeks of
postnatal life (Malosio et al 1991b).

Glycine gated channels were chloride permeable as suggested by the shift in Egy
towards more positive voltages in the presence of decreasing concentrations of [Cl],
in the same way as predicted from the Nernst equation. In contrast to other neuronal
preparations (Bormann et al, 1987) which show a marked outward rectification,
glycine currents present in cultured cerebellar granule cells were voltage
independent, at least in the potential range between -40 mV and 40 mV. In this
respect they behaved as glycine responses in neonatal hippocampal and medulla
oblongata neurons (Krishtal et al, 1988; lto and Cherubini, 1991).

With higher agonist concentration a slow desensitizing component of glycine-evoked
currents has been observed. In comparison to GABA, the desensitization kinetic of
glycine currents was slower (Kilic et al, 1993) and the recovery from desensitization

was faster (1, was 36 and 5 s for GABA and glycine, respectively, Kilic et al, 1993).
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Thus, the slow desensitization kinetic andhthe fast recovery from desensitization
would contribute to prolong the action of glycine. The activation of chloride
conductance by glycine was competitively and reversibly antagonized by the
convulsant alkaloid strychnine, considered the most potent glycine antagonist
(Curtis et al, 1968). The effect of strychnine was selective for glycine, since this
substance did not modify the response to GABA; on the other hand the selective
GABAs-receptor competitive antagonist bicuculline was ineffective on glycine
evoked currents, suggesting that glycine was acting via a receptor distinct from the
GABA, one. Glycine evoked currents were also reversibly blocked by picrotoxin,
thought to bind within the pore of chloride channel and routinely used to block GABA
‘responses (Olsen, 1982). This observation may favour the hypothesis that GABA
and glycine responses, although mediated through two distinct receptor types may
activate channels having similar properties. However, no occlusion or cross
desensitization was found with combined application of GABA and glycine
suggesting that these amino acids act on receptors coupled to different chloride
channels.

The finding that zinc potentiates glycine responses is also of interést in view of the
modulatory role of this divalent cation in synaptic transmission (Smart et al, 1994).
Zinc has been shown to depress GABA responses in a non competitive way in the
same cultured cell preparation (Kilic et al, 1993). Recently it has been found that in
chick ciliary ganglion neurons, glycine induced currents were slightly enhanced by
low concentrations of zinc (2-10 uM), whereas at higher concentrations (> 100 pM),
zinc substantially inhibited these responses (Zhang and Berg, 1995). A biphasic
modulation of glycine currents by zinc was also described in cultured spinal neurons

and in oocytes expressing recombinant homo (o, o) and hetero-oligomeric (ou/j)



human glycine receptors (Laube et al, 1595). The positive modulation by zinc,
obtained when it was applied extracellularly at concentrations of 0.5-10 uM, was
abolished in chimeric constructs in which one segment of the oy subunit was
replaced by the homologous B-cDNA sequence. In these chimeras the negative
modulation of glycine responses at higher zinc concentrations was conserved. The
positive modulation of glycine response by zinc found in the present experiments
allow to exclude the involvment of glycine channels containing exclusively o, oe

subunit or a combination of a./B.

5.2 Glycine evoked single channel events

The single-channel study confirmed the existence of distinct class of
receptors for GABA and glycine. In fact the single channel conductances found in
the present experiments for glycine were clearly different from those activated by
GABA in the same preparation (Kilic et al, 1993; Martina, personal communication).
The three different conductance states for glycine were in the same range of those
found in other neuronal preparations (Bormann et al, 1987, Twyma.n and
MacDonald, 1991; Takahashi and Momiyama, 1991;Takahashi et al, 1992) or in
granule cells from thin cerebellar slices (Kaneda et al, 1995). The small difference
between the conductance values observed in cerebellar granule cells in slices or in
culture may be ascribed to the fact that in the former preparation single channel
events were recorded and measured in the whole cell configuration. It is interesting
to note that the value of the larger conductance channel found in cerebellar granule
cells in culture (84 pS) is similar to that observed in rat spinal cord neurons from
neonatal animals (79 pS, Takahashi and Momiyama, 1991) that disappears later in

development (Takahashi et al, 1992). Also in ococytes expressing different glycine
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receptor subunits combinations from three t_o six different conductance states have
been observed (Bormann et al, 1993). The coexpression of the B with the o subunit
induces channels having conductance states of 36, 54 and 80 pS, values very close
to those found in the present experiments.

As revealed by kinetic analysis, the 53 pS conductance channel yielded two open,
two close and two burst time constants indicating that this channel can exist in
several open or close states. The values of open time constants were similar to
those reported for glycine evoked single channel currents in spinal cord neurons or
in Xenopus oocytes expressing o homomeric receptor channels (Takahashi et al,
1992). The similar values found for the fast burst and fast open time constant
indicate that they refer to the same event: the brief opening.

Glycine concentration did not affect the mean open, slow close or burst time
constants but only reduced the fast close one. The latter correspond to the closures
within a burst. These findings suggest that the increase of glycine concentration

enhances the open channel probability.

5.3 Molecular model

Glycine receptor is thought to be a pentameric membrane protein composed
of 3 o and 2 B subunits (Betz, 1992). Pharmacological, biochemical and cDNA
sequence data have revealed marked differences in the regional distribution and
developmental expression of glycine receptors (Malosio et al, 1991). A neonatal
isoform, characterized by low strychnine binding affinity and containing o subunits
of 49 kDa prevails in the spinal cord of neonatal rats (Becker et al, 1988). This
developmentally regulated subunit is also expressed in the cerebral cortex and in

the hippocampus (Malosio et al, 1991; Akagi et al, 1991; Becker et al, 1993). Also



cerebellar granule cells in culture are likely to express the o glycine receptor
subunit as suggested by Wahl et al (1994) on the basis of the relative sensitivity to
B-alanine and taurine. The co-expression of the o and B subunits results in hetero-
oligomeric channels that are less sensitive to picrotoxinin, the toxic component of
picrotoxin: the 1Cs value for picrotoxinin in homo-oligomeric channels was in the
range of 5-9 uM while it was > 1mM for oy/p and ow/p hetero-oligomers and 300 uM
for op/p hetero-oligomer (Pribilla et al, 1992). Our observations that glycinergic
currents were moderately sensitive to picrotoxin (ECs, = 172 uM) are compatible with
the presence of both homo-oligomeric (o) and/or hetero-oligomeric (o/B)
channnels. In this respect our findings differ from those of Kaneda et al (1995) in
which the responses to glycine were insensitive to 100 uM of picrotoxin (in our case
this concentration caused a 35% block).

Furthermore the co-expression of the B with the o subunit induces channels with
conductance states of 36, 54 and 80 pS (Bormann et al, 1993). On the other hand
expression of the o subunit alone induces the expression of channels having
conductances of 36, 48, 66, 91 and 111 pS (Bormann et al, 1993). It is therefore
possible that the native glycine receptors present in cerebellar granule cells in
culture result from the assembling of the o and B subunits. The B subunit infact is
widely expressed either in neonatal or in adult brain (Malosio et al, 1991).
Furthermore the open time constants obtained from the analysis of 53 pS
conductance channel confirm the presence of the ap-subunit in our preparation
(Takahashi et al, 1992).

Itis interestihg to note that, in comparison to GABA, glycine current density changed
drastically with DIC, the maximal expression being between the 4th and the 7th DIC.

This probably reflects changes in synthesis of channel proteins and not loss of a
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neuronal population as indicated by the fact that the same cells were still able to
respond to GABA. It appears, therefore, that the expression of glycine receptors in
the cerebellum is developmentally regulated as shown by in situ hybridization

studies (Malosio et al, 1991).

5.4 Physiological role of glycine receptors

In the adult rat cerebellum, granule cells are inhibited by Golgi interneurons,
whose terminals show strong glycine-like immunoreactivity (Ottersen et al, 1988).
Ottersen et al (1990) have also demonstrated that Golgi terminals co-release glycine
and GABA. In cultured cerebellar granule cells grown in a low potassium medium,
although GABA-mediated synaptic currents have been recently described (Virginio
et al, 1995), no glycinergic events have been detected. Therefore, even if GlyRs are
present in our cultured neurons, they are not activated synaptically by the release of
endogenous glycine, as shown by the lack of effect of strychnine on spontaneous
synaptic currents. Activation of GlyR by exogenously applied glycine caused a
strong inhibition of GABA release, measured by the reduction in the frequency of the
spontaneous GABA-mediated synaptic events. In keeping with these results are the
observations of Wahl et al (1994) that showed a strong depression of the K'-evoked
release of D-[’H]-aspartate following activation of glycine receptors. The excitatory
effect of glycine on GABA release found in one experiment and also described by
Kaneda et al. (1995) in granule cells from thin cerebellar slices, is compatible with a
depolarizing action of this amino acid during development (lto and Cherubini, 1991;
Cherubini et al, 1991). A different degree of maturity of cultured GABAergic neurons
may be responsible for the shift in the CI” equilibrium potential and therefore for the

excitatory or inhibitory effects of glycine on spontaneous GABAergic currents. In the
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present study, 50% of tested neurons were responsive to glycine. This heterogeneity
in glycine sensitive cells may reflect again different developmental states of
individual neurons.

In conclusion the present data indicate that cultured granule cells express the gene
for the glycine receptor and this expression is developmentally regulated. A
developmental regulation of GlyR expression has been also demonstrated in the
cerebellum in vivo (Malosio et al 1991). Therefore cerebellar granule cells in culture
could be a good model to study the possible role of GlyRs in the development of

cerebellum and the factors influencing their expression.
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