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SUMMARY

The whole-cell patch-clamp technique was used to investigate the properties of GABAergic synaptic
transmission in thin slices of rat hippocampus and its sensitivity to pharmacological modulation.
Spontaneous GABAergic synaptic events recorded from pyramidal cells (PCs) of Stratum
Pyramidale (SP) were compared with those recorded from the interneurons of Stratum-Lacunosum
Moleculare (SL-M IN) in the CAl region. GABAergic spontaneous activity displayed similar
frequency (0.75+0.26 Hz vs. 0.53+0.11 Hz), amplitude (34.6+5.0 pA vs. 39.6+4.1 pA), rise-time
(2.9£0.4 ms vs. 3.2+0.3 ms) and decay-time (31.71.5 vs. 32.3+2.4) in PCs or SL-M INs,
respectively. Various pharmacological agents were bath-applied to induce changes in the frequency
of spontaneous postsynaptic currents (sPSCs). sPSC frequency increased after furosemide,
carbachol, trans-1-aminocyclopentane-1,3-dicarboxilic acid (t-ACPD) or l-arg, whereas it decreased
after 5-hydroxy-tryptamine (5-HT) or baclofen in either class of cells. Double patch recording from
one pyramidal cell and one SL-M IN revealed a number of simultaneous events 4.4 times larger than
the number of randomly occurring coincidences, as detected by cross-correlation analysis. The ratio
between measured and random coincidences did not vary when the sPSCs frequency was increased.
These results suggest that a single class of yet unidentified spontaneously active GABAergic cells
impinged on PC and on SL-M interneurons exerting an overall control on PC and on SL-M IN
through release of GABA.

The effect of Thyrotropin Releasing Hormone (TRH), a neuropeptide physiologically present in the
mammahan hippocampus, on épontaneous, miniature and evoked GABAergic postsynaptic currents
(PSCs) was investigated by recording from pyramidal cells and interneurons. Bath-application of 10 uM
TRH induced an increase in the frequency of sPSCs currents from 1.0740.68 Hz to 3.16+0.73 Hz in
pyramidal neurons and interneurons of the Stratum Lacunosum Moleculare (SL-M). In tetrodotoxin
(TTX) solution TRH did not change miniature PSCs. Application of TRH to mini-slices containing the

CA1 region only, still produced an increase in the sPSC frequency, indicative of an action by TRH upon a



local GABAergic circuitry. In a small subset of cells TRH induced the appearance of highly thythmic large
PSCs at a frequency of about 2 Hz as confirmed by autocorrelation analysis. Averaged PSCs evoked by
focal stimulation of the SL-M region were depressed (from 90+27 pA to 44+15 pA) after application of
TRH. This phenomenon was solely due to an increase in the number of synaptic failures. It is proposed
that the effect of TRH on the GABAergic system was primarily exerted on a subset of interneurons
controlling the activity of pyramidal cells as well as SL-M interneurons.

Chloride-cation-Transporter-Blockers (CTBs) furosemide and ammonium were used to test the
effect of changes in the internal [Cl-] on the spontaneous and miniature GABAergic PSCs of CA3
pyramidal cells. CTBs application in the presence of kynurenic acid raised (65+21%) the frequency
of GABAergic spontaneous PSCs leaving unchanged the miniature frequency, indicating that the
increase in synaptic activity was presynaptically caused by interneuronal firing. Partial removal of
external chloride yielded the same effect, suggesting that Eci” contributes to the resting potential of
interneurons. Furosemide prolonged PSC risetimes while PSC mean amplitude and the response to

exogenous muscimol were decreased, thus confirming that this agent produces some GABA,

i

receptor antagonism.



Chapter 1

Introduction

1.1 Synaptic inhibition in the brain

The nervous system connects different parts of the animal body and coordinates its activity. A major
function of the nervous system is to process incoming sensations and to elaborate a behavioural
output. This can be accomplished using three different types of unit: sensory neurons, that translate
“the energy of relevant stimuli into coded impulses, output units such as motor neurons producing
muscle contraction after nerve impulses, and interneurons, constituting the intermediate processing
device. While sensory and output neurons work essentially as excitatory devices since the earliest
steps in evolution, nature endowed the interneuronal machinery of inhibitory as well as excitatory
units, allowing tuning of behaviour through fine shaping 6f excitatory signals. Particularly in
verteb;ates, the high degree of divergence of excitatory pathways introduces the need for limiting the

spread of excitation to mantain motor activity under control. Inhibition can be defined as any



physiological process counteracting cellular excitation. Different mechanisms are used to implement

inhibition in the Central Nervous System (CNS).

1.2 Mechanisms of synaptic inhibition

Several mechanisms may dampen cellular excitability. A negative current may shift resting potential
towards more negative values moving it away from the firing threshold. Inflow of negative charges
or outflow of positive charges are two possible ways of obtaining a negativé current. Inhibitory
channels directly opened by ligands use mainly the first process while voltage-activated intrinsic
channels are often responsible for the second one. A further mechanism for inhibiﬁon is to decrease
synaptic transmission by lowering cell membrane resistance, so-called shunting' inhibition, either
presynaptically or postsynaptically (Frank and Fuortes, 1957). If a negative current ig associated with
an increase in cell conductance the inhibitory effect is maximal. The increase in ;cell conductance
accompanied by inflow of negative charges is indeed a widely distributed inhibit_{ory mechanism.
While in the spinal cord the amino acid glycine is the main inhibitory transmitter (Betz, 1992), in the
brain a central role is played by another aminoacid, namely y-amino-butyric acid (GABA; reviewed in
Sivilotti and Nistri, 1991; Kaila, 1994). As for several other neurotransmitters, ionotropic as well as
metabotropic membrane receptors do exist for GABA (Bowery et al., 1980). Ionotropic GABA
channels are permeable essentially to chloride (GABA4 receptor) whereas metabotropic receptors
“seem to lead to K channel opening (Newberry and Nicoll, 1984). We will focus our attention to
GABAA receptor activation. GABAergic interneurons (GINs) are recognizable with irnmunb-
histochemical, morphological and electrophysiological techniques. GINs are mostly confined to local
networks although important projection tracts are GABAergic as well. Here the main features of

inhibition through the so-called GABA, receptor are rapidly reviewed.



1.3 The GABA, receptor

In the adult mammalian brain the GABA, receptor (GABAAR) is a multimeric protein complex
which belongs to the superfamily of ligand-gated ion channels (Olsen and Tobin, 1990; Smith and
Olsen, 1995). It is made up of 5 subunits: two a, and one B, vy and 6 (Wisden and Seeburg, 1992). It
is characterized by its permeability to CI" (Krnjevic and Schwartz, 1967; Barker and Ransom, 1978),
by the sensitivity to the competitive antagonist bicuculline, and to the agonists muscimol and
isoguvacine (Macdonald et al., 1992). Moreover, it is allosterically modulated Ey benzodiazepines,
barbiturates and steroids (Macdonald et al. 1992; Maiewska, 1992). At the single channel level it
displays a conductance in the range 23-30 pS (Macdonald et al, 1992; Kaila, 1994). GABAsR
presents binding sites for Zn**, Ca®* and for phosphorilation (Macdonald et al., 1992; Stelzer, 1992).
Like the majority of the ligand-gated channels GABAsR (after agonist binding) develops
desensitization, namely gets temporarily into a closed state, refractory to further opening. Its
desensitization is faster at more negative transmembrane voltage and with high [Ca?]i (Frosch et al,,
1992; Hablitz, 1992, Gagé and Chung, 1994). A growing number of variants of GABA4R subunits
has been cloned although the basic features of the GABAAR do not seem to véry greatly from
invertebrates to mammals. GABARs can be found virtually in every region: basal ganglia (Bernardi
et al., 1976), cerebellum (Eccles et al,, 1967; Krnjevic, 1982; Vincent and Marty, 1993), retina
(Miiller et al.,1992), primary sensory areas (Kisvarday et al.,, 1993) and motor cortex (Branch and
‘ Martm, 1958; Krnjevic, 1964j, thalamus (Purpura and Cohen, 1963) and hippocampus (Alger and
Nicoll, 1980). Three ions are particularly abundant in the nervous tissue of mammals: Na’', K" and
CI'. Since Na* and K are used for action potential signalling by voltage gated conductances and for
synaptic excitation by non-selective cationic channels it is not surprising to ﬁotice that nature
developed an independent mechanism for inhibition based on CI' . CI" membrane transporters (Babila,

1989; Zhang et al., 1991) and probably an inwardly rectifying chloride conductance (Staley, 1994)



keep constantly low intracellular CI" concentration [CI'}; with respect to the external one [Cl], , with
the result that the Nernst potential for CI is near the resting cell potential or even more negative.
This in turn yields the effect that CI' currents are normally inhibitory because they are due to inflow
of negative charges and accompanied by a large increase in membrane conductance. Although these
properties apply to a wide a range of cells, the situation is slightly more complicated in the

developing rat brain.

1.4 The Hippocampus

The mammalian hippocampus is a suitable structure for unravelling the characteristics of the
GABAergic system and the modulation of its excitability. The discovery that the hippocampal
functional unit is the “lamella  (slice), unlike the neocortex which is organized in columns, greatly
helped physiologists and anatomists in starting a series of investigations which oiﬁen represented
pioneer experiments giving general insight into the CNS. The hippocampus can in fact be cut in slices
perpendicularly to the axis of its elongation (transverse slice) with minimal loss of functional
synapses. The wealth of well established anatomical, morphological, biochemical and physiological
data available for this area has provided a relatively detailed knowledge of the basic principles of
_ cellular function within an essentially preserved neuronal circuitry. Minimal variations in the anatomy
of hippocampus of different mammalian species are reported from rat to man as expected for a
phylogenetically old part of the CNS. The hippocampus makes up a relatively self-contained
information processing region receiving and projecting axons from the subiculum. Three main
different regions are cytoarchitectonically distinguishable in the hippocampus: a region
(Dentate Gyrus, DG) whose principal neurons are granule cells, and two adjacent regions around

Ammon’s horn (Cornu Ammoni), CA1 and CA3, whose principal cells are pyramidal shaped. In



primates an intermediate region (CA2) separatés the last two. The tissue surrounding the pyramidal
cell layer contains a relatively low density of cell bodies and one or more parallel bundlés of axons.
At the outer hippocampal surface, Oriens-Alveus (O-A), it is much thinner than in the inner side,
Stratum-Lacunosum Moleculare (SL-M). Backbone of the hippocampal circuitry is an excitatory
trisynaptic pathway that connects the input from high level sensory areas to the granule cells of the
Dentate Gyrus. Dentate Gyrus granule cells send their axons (mossy fibers) to CA3 pyramidal cells
which in turn project to CAl pyramidal cells with the Schaffer collaterals. In addition a direct
projection to both CA3 and CA1 is sent from the perforant path while a
recurrent collateral of the bifurcated axons from CA3 pyramidal cells feeds forward the CA3 region
itself. It is widely accepted that the all the synapses described above are excitatory and use the
amino-acid glutamate (Glu) as neurotransmitter (Bernard and Wheal, 1994). A scheme for the basic

hippocampal slice circuitry is shown in fig. 1.
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Fig.1. The trisynaptic excitatory circuit of hippocampus.

Above: granule cell of the Dentaté Gyrus receive an excitatory input from the perforant path projecting their
excitatory axons to CA3 pyramidal cells via the mossy fibers. CA3 pyramidal cells receive also a direct input
from the perforant path and send an excitatory input to CA1 pyramidal cells through the Schaffer collaterals.
CA1 pyramidal cells send their axons to the subiculum. The pyramidal cell layer is surrounded by the Oriens- .
Alveus (O-A) on one side and by the Stratum Radiatum (SR) and Stratum Lacunosum Moleculare (SL-M) on
the other side.

Below: neocortex is both a main afferent and efferent area for hippocampal cells. In fact, the neocortex infact
sends its output to the hippocampus through the perforant path and receives information from it through the

entorhinal cortex (from Rolls et al., 1993).



Besides the main excitatory backbone, the hippocampus receives an important input via fornix/fimbria
, a major myelinated afferent boundle entering the medial aspect of the CA3 region. Among

the fimbrial axons, most relevant are those coming from septal diagonal band of Broca, using

acetylcholine and GABA as transmitters, from Raphe’s nucleus using serotonin, and other ones using

monoamines, opioids, steroids and oligopeptidic hormones. Such inputs are believed to exert a

modulatory influence on the tri-synaptic circuit rather than directly driving its activity. The fimbria

also contains hippocampal efferent fibers to the same regions indicated above. A box diagram of the

main hippocampal afferents/efferents is shown in fig. 2.
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Fig.2: box diagram of hippocampal connections. The hippocampus is a part of the so-called limbic system which

includes hypothalamus, amygdala, cingulate gyrus and thalamus.



1.5 GABAergic interneurons in the hippocampus

GABAergic interneurons were identified in the hippocampus on the basis of their positive
immunohistochemical response to antibodies against the GABA-synthesizing enzyme, Glutamate
Decarboxylase (GAD), or to the Ca®* binding enzymes calbinding and parvalbumin, considered as
markers of GINs (Gulyas et al, 1990; Kawaguchi and Hama, 1987; Kunkel et al., 1988). The

presence of symmetrical synapses is also considered to be associate with GINs (Ribak et al., 1978).

FEED-BACK INHIBITION FEED-FORWARD INHIBITION

level 1

level 2

Fig.3 Inhibitory circuits: feed-forward inhibition is sent from a processing level (A) to a different one (B) while

feedback inhibition functionally links an excitatory cell (A) to other cells (B and C) of the same level.

On the pdstsynaptic membrane, binding studies using GABA, the GABA4 agonist muscimol and the

GABA. blocker bicuculline, confirmed the presence of GABA-sensitive sites, as also shown by



electrophysiologic means. In principle, each one of the cell types described above can receive an
inhibitory input driven either by feed-forward or from feed-back GINs as schematically depicted in
fig.3.From a morphological point of view a dozen of different GINs have been identified although a
simplified classification restricts them to three classes readily recognizable with optical methods in
the in vitro preparation: interneurons of the O-A (O-A INs), interneurons of the Stratum Pyramidale
(SP INs) and SL-M interneurons (SL-M INs). In particular pyramidal cells of the hippocampal CA1
region of the young rat receive a spontaneously active GABAergic drive (Ropert et al. 1990) whose
functional meaning is still unknown. It is not‘ clear whether GABAergic spontaneous events are an
exclusive feature of pyramidal cells or, on the contrary, non-pyramidal cells in CAl receive a
spontaneous input as well. Spontaneous postsynaptic currents (sPSCs) are considered as markers of
synaptic connection for helping to unravel hippocampal interneuronal circuitry. Interneurons in the
Stratum Lacunosum Moleculare (SL-M) or inner border of Stratum Radiatum are well studied both
from the morphological and electrophysiological point of view (Lacaille and Schwﬁgrtzkroin, 1988 a
and b, Williams and Lacaille 1992, Williams et al. 1994, Kunkel et al. 1988). T(; the best of our
knowledge., no information is available concerning a common input from any class of interneurons to
different types of hippocampal cells. This would allow us to improve the understanding of the
hippocampal circuitry and possibly to envisage new functional implications. Since in pilot
experiments SL-M interneurons displayed spontaneous synaptic GABAergic activity, in the present
project they were compared with pyramidal cells. Different types of hippocampal interneuron could
" be subjected to differential modulation by neurotransmitters. Metabotropic agonists for glutamate,
GABA and acetylcholine and serotonin receptors were used in order to modulate sPSCs. Direct
evidence for a common input would be provided by comparing sPSCs appearing simultaneously on a

cell of each class.



1.6 Modulation of synaptic transmission by neuropeptides

Several neuropeptides are known to affect neuronal excitability through different cellular
mechanisms. The tri-peptide Thyrotropin Releasing Hormone (TRH) present in the hypothalamus
elicits the hypophyseal secretion of thyrotropin, which in turn induces thyroxine release from the
thyroid. Beside its effect on the endocrine system TRH also affects neurotransmission. The
neuropeptide is indeed found in relatively high concentration in the hippocampus (Sharif, 1989). Its
distribution and receptor binding sites have been widely investigated (Manaker et al 1985; Low et al,,
1989; Eymin et al., 1993). Nevertheless, the function of TRH remains still unknown. Since TRH has been
shown to exert slow modulatory effects on brainstem (Reckling, 1990) and spinal neu%ons (Bayliss et al.,
1992; Fisher and Nistri 1993), attention has recently been payed to the possibility that TRH might exert a
modulatory role in the hippocampus as well. Within this framework it has been shown that TRH mimicks
the action of serotonin in depressing a high threshold Ca*" dependent K conductanc;e (Ballerini et al,
1994) and that it selectively enhances glutamatergic transmission mediated by N-methyl-D-aspartate
(NMDA) receptors (Stocca and Nistri, 1994, 1995) in analogy to the phenomenon reported in the
cerebral cortex (Kasparov et al, 1994). The mechanism through which TRH produces these effects is
unclear, but in analogy to the well documented effect of this peptide on phosphoinositol metabolism of
cultured pituitary cells (Gershengorn, 1986) it has been suggested that a similar phenomenon may take
place in hippocampal neurons (Ebihara and Akaike, 1993). Should this be the case one might expect that
" other neurotransmitter pathways might be susceptible to a modulatory action by TRH. In particular,
inilibitory neurotransmission mediated by GABA has not been thoroughly investigated for its sensitivity to

TRH.



1.7 GABA, and [CT']; in immature rat brain.

Pyramidal cells in the hippocampal CA3 region of neonatal rats receive a major input directly from
local GABAergic interneurons (Hosokawa et al., 1994). The interneurons themselves also receive a
large GABAergic afference (Lacaille et al., 1989). The transmembrane chloride gradient is regulated
by several mechanisms like movement of CI' through leak channels and active and passive CI'
transport (Cherubini et al., 1991; Misgeld et al., 1986). In the rat hippocampus [Cl]; is controlled by
chloride transporters among which the most relevant seems to be the so-calied Chloride-Cation
Transporter (CCT), which also involves Na" and K~ (Thompson et al. 1988a,b). A higher [CI'];
would explain why in neonatal pyramidal cells or in adult dentate gyrus GABA elicits membrane
depolarization (Ben Ari et al., 1989; Ito and Cherubini, 1991) whereas in adult pyramidal cells
GABA elicits the usual inhibitory effect. Developmental changes in the [CI] gradient have been
particularly studied in pyramidal ceﬂs of the CA1 region of the neonatal hippocampus (Zhang et al,
1991). Little is known about the role of [CI']; in interneuronal activity. The influence of [Cl]; on the
spontaneoﬁs GABAergic activity generated by interneurons in the CA3 region ‘of the neonatal
hippocampus was thus investigated in the course of the present project. Furosemidé and ammonium
ions were used in order to change [CIT; since they are known to block the activity of Chloride-
Cation-Transporter (CCT) in thick hippocampal slices (Misgeld et al., 1986), in hippocampal

organotypic cultures (Thompson and Gahwiler, 1989) and in other CNS preparations (Misgeld et al.,

' 1986; Hall et al., 1989; Nicoll, 1978).

10



1.8 Aims of the present investigation

This work addressed various issues:

a) What are the characteristics of spontaneous GABAergic activity recorded in different areas of the
hippocampus and from different cell types ?
b) Do different types of neuron share an inhibitory input with common features 7
¢) Do two cells of different type receive inputs from the same neuron?
d) Is there a common pharmacological modulation of the spontaneous GABAergic input to
pyramidal cells and interneurons ?
e) Do TRH affect GABAs-receptor-mediated synaptic transmission 7
If this is the case,
f) does TRH affect GABA s-receptor-mediated spontaneous synaptic transmission ?
g) does TRH affect GABAs-receptor-mediated evoked synaptic transmission ?
h) is the effect of TRH related to a presynaptic or postsynaptic action of the peptide ?
i) are TRH-sensitive neurons present in the same region of their target cells ?
j) what is the influence of [CI]; on spontaneous GABAergic release generated by interneurons in
neonatal hippocampus ? In more detail
does [CI']; contribute to the resting potential of GABAergic interneurons ?
' Since blockers of the Cl" pumps were used to examin this questions, it was also important to test if
CI" pump blockers had other presynaptic or postsynaptic effects on GABAergic activity ?
Electrophysiological experiments were performed in order to answer at least partialiy to these

questions.
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Chapter 2

Methods

2.1 The hippocampal thin-slice preparation

Relatively recent technical progress endowed electrophysiologists with a new instmment which for
the first time allows to use high-resolution patch-clamp directly on whole pieces o% nervous tissue,
so-called brain thin-slices (Edwards et al., 1989). The technique introduces several advantages with
respect to the traditional use of patch clamp of neuronal cell cultures. Synaptic connections at a local
level may be at least partially conserved. Furthermore, gene expression and other physiological
properties greatly vary in cell cultures from the source tissue, whereas this is unlikely in acutely
" removed brain tissue. The usual size of thin-slices allows the quite rapid diffusion of bath-applied
substances. The dilution of second-messengers in the patched postsynaptic cell is the price to be paid
for the high electrical resolution. Slices were obtained from locally bred Wistar rats. Animals (6 to 14
days-old) were anaesthetized with a solution of 5% urethane and decapitated. The brain was
immersed in low temperature (2-4 °C), oxygenated (95% O, 5% CO,) Krebs medium inside a Petri

dish where the two hemispheres were separated by a scalpel blade. After removal of the cerebellum a

12



brain emisphere was then layed on his medial surface and cut further to partially remove its parietal

aspect as indicated in fig. 4.

left right

Fig.4. Brain dissection: the two hemispheres are separated, placed on their medial aspect and cut further along

a line indicated in the figure. The surface of the cut is used for glueing the tissue to the vibroslicer.

The rest of the tissue was finally glued to a crystal surface in a cutting chamber whose bottom was
previously filled with Krebs solution and frozen. The chamber was then filled with Krebs solution
brought as close as possible to its freezing temperature. A magnet on the external bottom surface of
the chamber secured it to theAcutting motor allowing rotation and thus a precise placement of the
bfain with respect to the cutting blade. A vibro-slicer (FTB Vibracut 2.0) was used for qualitative
control of the forward movement speed and of the width of the horizontal vibration. In addition, a
manually-adjusted dial gauge allowed to lift the chamber in 10 pm steps. A nominal thickness of 280-
350 um was used for slicing depending on the animal age and on the brain size. Slices were used

only when it was possible to discern by eye the presence of the typical hippocampal structure. In

13



some cases mini-slices were cut from the whole hippocampal slice after removing the dentate gyrus, or the
CA3 area (or both) with a scalpel blade. The slices were removed and temporarily placed in a 10-cm-
o.d. bell-shaped glass container, filled with Krebs solution under which a resin filter allowed the

oxygenating mixture to bubble the Krebs solution. The whole container was kept at 32°C.

2.2 Solutions, drugs and electrodes

Krebs solution contained (mM) NaCl 126, KCl 3.5, NaH,PO+H,O 1.2, MgClL-6H,0O 1.3,
CaCl,-2H,0 2, NaHCOs; 25, glucose 11. Sodium bicarbonate was 11 mM in the solution at 32°C to
keep pH to 7.35. Thin slices were moved to the recording chamber where they were superfused at a
constant rate of 2-3 mL/min at room temperature (20-22 °C). Mainly two intracellular solutions
were used: a first one with internal Cs* to improve the cell resistance and with a hj'gh concentration
of the Ca> chelator ethylen-glycole-tetra-acetic acid (EGTA), while a second one Used K to allow
rapid cell repolarization and thus a normal cell firing under current clamp witﬁ a milder Ca”
buffering. These will be referred to as Solution Intral and Intra2. They had the following
composition (mM):

solution Intral: CsCl 146, NaATP 1.5, HEPES 10, MgCl, 2, EGTA 11.

solution Intra2: KC1 126, NaATP 1.5, HEPES 10, MgCl, 2, EGTA 1.

pH was adjusted at 7.35 with KOH. Osmolarity was brought to 305-315 mOsm with addition of
KClL.

Drugs were bath applied via the superfusate and took about 15-20 s to reach the tissue. All
substances were stored in stocks 10°-10* times concentrated and finally diluted in Krebs solution.
Kynurenic acid (ImM, Sigma) was applied to eliminate the ionotropic glutamatergic drive.

Kynurenic acid powder was first neutralized with some drops of KOH, dissolved in distilled water

14



and titrated with HCl to physiological pH. Bicuculline metachloride ¢ (RBI) was used in
concentration 2-20 pM to antagonize GABAA receptors. Picrotoxin (50-100 pM, RBI) and
penicillin-G (2mM, Sigma) were used for the same purpose. Furosemide (0.2-3 mM, RBI) and
ammonium (2 mM, Carlo Erba) were used as blockers of CI transport. The tri-peptide pyro-
glutamyl-histidyl-proline-amide or Thyrotropin Releasing Hormone (TRH), used in concentrations 3-
10 uM, was kindly supplied by Takeda. Carbachol, serotonin, trans-1-aminocyclopentane-1,3-
dicarboxilic acid (t-ACPD) and baclofen (Sigma) were used at concentrations of 10 uM.

Patch electrodes of about 3-6 MQ resistance were pulled with a two-steps LIST Veftical puller from
borosilicate tubings with 1.5 or 2 mm o.d. . Glass capillaries were previously washed in acetone and

their ends rounded on a Bunsen flame to prevent damage to the electrode-holder o-rings. Neither

electrode polishing nor coating was carried out.

2.3 The recording apparatus

An Axioscope Zeiss microscope endowed with Nomarski optics and a water-immersion lens (400x
total magnification) allowed to inspect the slice, select the region over which to perform the
recording and eventually identifying individual cells. The amplifier head-stage was held by a hydraulic
| \vatéf— or oil-filled finely adjuétable micro-manipulator (Narashige) which in turn was attached to a
courser micro-manipulator (Micro.Control) tightened to an aluminium tower. An antivibration table
(Newport) ensured minimal sensitivity to external mechanical movements. A Faraday cage
electrically isolated the recording chamber from the surrounding noise sources. Voltage- and current-
clamp experiments were performed with EPC-7 amplifiers either in voltage clamp or in current clamp

mode. Electrode and seal resistances were assessed by short (50-100 ms) voltage pulses.



Capacitance and series resistance correction were performed using the apposite built-in corrections.
Cells with series resistence larger than 30 MQ were discarded. The amplifier was driven by an input-
output control board (Digidata 1200) driven by a personal computer (IBM compatible) with the
pClamp 6.0.2 software, either in the continous or in the pulse mode. The basic recording

configuration is displayed in fig. 5.

\:\\ Recording
Chamber
““*-\\\

e ]
=

]

Scope _ Amplifier
Signal BExdernal

Out & Comm &3

AnalogfVideo tape @
Interface
i DACJADC

Video tape Interface ] pC
recorder

Fig.5. Basic recording apparatus: the basic scheme of recording is shown. The description of the arrangement is

reported in the text.

Extracellular focal stimulation was used to evoke postsynaptic potentials. The pClamp driven output
trigger was sent to a further trigger generating device (Digitimer 1000) to delay the start of the
stimulus with respect to the acquisition itself. The delayed signal was finally sent to an isolated
stimulator unit (Digitimer RS2A) used for generate stimuli in the range £ 1-100 V, 10 ps to 1 ms

long. Such a procedure allowed a clear identification of the stimulus artifact in the acquired traces.
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Stimulation was carried out in the slice by a patch electrode similar to that used for recording but
filled with extracellular solution. A ground electrode different from that of the signal amplifier was

used for stimulation. The circuit is shown in fig. 6.

recording “ Recording // stimulating
electrode \\ \ Chamber // electrode
\-\"\_._. -‘_,.r-"
= =
]
Scope "‘ Amplifier
Signal External
Out @ Comm & Isolation
Unit
AnaloglVideo tape - gglnag;'ator
Interface @
l DACJADC
Video tape Interface PC
recorder

Fig.6. Scheme of the recording apparatus for extracellular stimulation. It is basically the same scheme as in the
previous figure with an isolated stimulator unit driven by the trigger of the digitization board through a trigger

delay.

In a series of experiments simultaneous patch-clamp recording was performed using two EPC-7
amplifiers. As for single electrode recording with pClamp software it was possible to clamp voltage
~ (or current) on two separate channels as well as to perform digital conversion from two channels at

once. A scheme of the connections is given in fig. 7.

During double recording from a pyramidal cell and an interneuron the distance between the two cel]
: s

was about 100-200 pm.

17



recording Recording e recording
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Scope Amplifier 1 Amplifier 2
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out @ Comm @3 Comm @ ouwt @

Analog/Video tape @
Interface DACJADC

| Interface
Video tape . PC
recorder I

Fig.7. Two-electrode patch-recording. Two-channel patch-clamp recording is performed by' taking the output
signals from the patch amplifiers (driven by a two-channel DAC board) and recording them on video-tape

through a two-channel interface.

Voltage-clamp holding- potential was -70 mV. In current clamp experiments the holding current was
selected to mantain the resting potential at about -70 mV. Analog signals were sent to two-channel
video tape format interface (Instrutech, VR10B) and then to a videotape (Philips) for recording at 10
kHz sampling rate. The traces were then replayed off-line and digitized at 1-5 kHz after filtering at 1%
sampling rate (Electronic device, 8-poles Bessel filter) to eliminate possible signal aliasing. The data
were stored on the hard disk of a networked PC before analysis and then backed up onto magnetic
tape. Series of 50 responses to extracellular stimulation were often digitized on-line at 4 or 5 kHz

sampling rate.
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2.4 Data analysis

2.4.1 Spontaneous synaptic activity.

One-channel signals were digitized at 4 kHz and then analyzed with the program NO5 generously
supplied by Dr. S. Traynelis. Only non overlapping synaptic events were considered for analysis of
amplitude, rise-time and decay-time. Frequency was evaluated over 2- to 7-minute-long records. The
length of the record was selected in order to get at least about one hundred events per trace. The
strategy for analysis of the spontaneous events started with a manual selection of the starting point
for the visually detected event, and that was followed by the calculation of the baseline and noise
along an interval of 10-50 points before it. The program proceded to find automatically the starting
point as the one when the signal exceeded the noise by more than 50%. The event amplitude was
calculated as the difference between baseline and the maximum amplitude evaluated in a preset
window (usually 50 points). 20%-80% rise-time analysis supplied the time difference between the
related points on the straight line passing through the baseline start of the event and its peak. Single
or double exponential fit was performed by using the experimental curve points within a presettable
interval selected according to duration of the event as detected by eye. Often GABAergic synaptic
events display an exponential decay ending with a plateau followed by a sudden decrease. In such
cases exponential function(s) was(were) fitted up to the end of the plateau. A non-linear SIMPLEX
algorhythm yielded amplitude and decay-time of the events. For each record an event list was stored
in ar file containing starting p&)iﬂt, amplitude, rise-time and decay-time subsequently used for any
further analysis. Event frequency for each record was calculated simply dividing the number of
events by the length of the record. In general, results are reported as mean + s.e.m. unless otherwise
stated. Comparisons between different groups were done with paired or unpaired #-Student tests,

accepting as significant differences with p < 5%.
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2.4.2 Evoked postsynaptic currents

Voltage clamp was used to measure postsynaptic currents evoked by electrical stimulation of the
afferent fibers. Before each extracellular stimulation a small (5-10 mV) step was applied to
constantly monitor cell resistance. The extracellular stimulating electrode, similar to that used for
recording, was filled with extracellular solution. Stimulation polarity, length and intensity were varied
in order to get stable responses. In particular, stimulation intensity was adjusted to obtain a relatively
high percentage of failures (5-50%) to ensure activation of a minimal number of fibers. Tests
consisting in series of 50 responses were performed in control conditions, 2-5 min after
pharmacological treatment and (whenever possible) after washout. To avoid synaptic fatigue a time
lag of 10 seconds separated each acquisition which lasted by itself about 300 ms. Response latencies
were evaluated from the start of the stimulus artifact to the start of the conespondhg event. A trace
was considered as a failure whenever the signal did not exceeded the noise plus 50 %. Mean
amplitudes were calculated as the maximum of the averaged responses. Mean a@plimdes of the
currents were in the range of tens of pA although occasionaly amplitude up to some hundred pA
were observed. The variance of the amplitude was calculated the same point. Rise-time and decay-

times were calculated as reported above.

2.4.3 Cross correlation analysis

Traces simultaneously recorded from two different cells were digitized at 1 kHz in pulse mode using
" the maximum allowed window amplitude in order to lose as little interpulse delay as possible with
respect to the acquisition time. Traces as long as 800 seconds were acquired in order to get a
reasonable lafge number of correlated events for performing cross-correlation analysis. Two-channel
correlation analysis was performed with the help of a home made program written in Basic. To this
purpose the i™ event was considered as a Dirac delta function at the starting point to; with integral

equal to its amplitude A; for each function:
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fi2(t) = Zi Ajai @ O(t - tor2i) -
The calculation of the correlation function, defined by the following expression:

F(7) = fiace i () e B (£ - 7) AT

becames simply:

F(T) = Zgiti=e A1 (toir) © Az (foiz) -

Autocorrelation analysis was performed in some cases using for the autocorrelation function an

expression analogous to the above one, obtained by setting:

L =60
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Chapter 3

General electrophysiological characteristics of

hippocampal cells

Before going into details of the research project the basic cellular electrophysiologic properties of
pyramidal cells and interneurons of SL-M were measured and compared with data reported in the

literature.

3.1 Membrane properties

- 3.1.1 Choice of the pipette solution

Since Cs'-containing intracellular solutions decreases leak conductance the intracellular solution
Intral was selected whenever experimental objectives allowed it. On the other hand the presence of
intracellular Cs” also blocks the majority of voltage-gated K™ channels, preventing development of

normal firing patterns. In all cases in which firing pattern analysis was necessary, the solution Intra2

was used.
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3.1.2 Pyramidal cells

Cell input resistance was calculated with 60-ms long-pulses of 5-10 mV from a holding potential of
generally -70 mV. In CA3 pyramidal cells, using the intracellular solution Intral an average input
resistance of 202416 MQ was measured in control conditions (n=27). The mean resistance of CA1l
pyramidal cells in control conditions was 182 + 32 MQ with the intracellular solution Intra2 (n=48).
The data are comparable for instance with those reported by Williams et al. (237+117 M€, 1994) and by

Sciancalepore et al. (200-250 MC2, 1995).

3.1.3 SL-M interneurons

Patch-clamp experiments on interneurons of SL-M were performed in the CAl region, in which a
clear-cut border delimits the cell body region from the inner area. All patch—clémp experiments
performed on interneurons were done using the KCl intracellular solution Intra2, in order to observe
their firing pattern as stated above. The input resistance of SL-M interneurons in Cj%l was 363 + 92
MQ, (n=18), significantly higher (p<0.01) than that of pyramidal cells. Also in this case the
resistance values were comparable with literature data (McBain and Dingledine, 490+30 MQ, 1993;

Williams et al., 352+107 MQ, 1994).



3.2 Holding potential

Microelectrodes studies report an intracellular resting potential between -60 and -75 mV (Lacaille
and Schwartzkroin, 1988b) for pyramidal cells and -58.3+11.3 mV (Lacaille and Schwartzkroin,
1988a) for SL-M interneurons. We wanted to select as a holding potential a value as close as
possible to the physiological one, more negative than the activation threshold of low threshold-Ca®"-
channels (Carbone and Swandulla, 1989) without substantial activation of the slow inward rectifier
current present in pyramidal cells (Halliwell and Adams, 1982). To this end we selected the value of

-70 mV.

3.3 Current clamp responses

Different classes of neurons can be classified on the basis of their firing pattern, which is due to the
presence of different voltage gated conductances. It is reported (Ashwood et al., 1584; Kawaguchi,
1987) that action potential duration, after-hyperpolarization and firing accommodation differ
between pyramidal cells and interneurons in the hippocampus. In particular, interneurons display a
pronounced afterhypolarization after each individual spike. In pyramidal cells a long current pulse
ma? élicit no more than 10—15 spikes, unless an interval of some hundred milliseconds is interposed
or a strong repolarizing pulse is delivered. On the other hand, in the interneurons the absence of a
Ca’*-activated K* current with activation rate in the order of hundreds of milliseconds induces the
typical non-accommodating firing pattern. Thus, responses to a current pulse of about 1 s were used
to provide electrophysiological evidence for the neuronal type. Usually current pulses in the range

from 10 to 100 pA elicited sustained spiking, although occasionally current pulses up to 250 pA
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Fig.8 Firing pattern of hippocampal cells

Result of the application of a current pulse of 30 pA to a pyramidal cell (above) or to an interneuron in the CA1
region of hippocampus. The length of the pulse is 1500 ms for the pyramidal cell and 1000 ms for the
interneuron. In the pyramidal cell the interval between adjacent spikes markedly increases along the pulse,
while in the interneuron it stabilizes to an approximately constant value. Notice also the pronounced

afterhyperpolarization after each action potential and the shorter action potential width in the interneuron.

pSCs, recorded in the presence of the glutamate-receptor blocker kynurenic acid
us ’

Spontaneo “bolished by 10 uM bicuculline methacloride.

(1mM), were



were delivered. In fig.8 it is reported an example of the firing pattern of a CAl pyramidal cell

(above) and of a CAl SL-M interneuron (below).

3.4 Synaptic activity

The characteristics of postsynaptic GABAergic currents observed in the present project are compared
with those reported in the literature. Straightforward comparison is often difficult because of different

experimental temperature.

3.4.1 Spontaneous synaptic activity

Ropert et al. (1990) analyzed GABAergic sPSCs in the hippocampal CA1 region at 25°C reporting a
value of 3.1 ms for the time-to-peak and a mono-exponential decay time in the range of 21-28 ms.
Hosokawa et al. (1994) reported for the decay time a value of 2944 ms for sPSCs recoi'ded from CA3 at
22-24°C. Recording from granule cells of the dentate gyrus, Edwards et al. (1990) found a rise-time
smaller than 1 ms and a bi-exponential decay (2.0+0.4 ms and 54.4+18.0 ms at 21-23°C).

Spontaneous PSC conductances calculated by dividing the mean peak current by the chloride driving force
is in the range 0.26-0.56 nS in CA1 pyramidal cells (Ropert et al., 1990), 0.1-2.86 nS for CAS pyramidal
cells (Hosokawa et al.., 1994), 0.49+0.42 nS (Otis and Mody, 1992) in dentate gyrus granule cells or in

- the range 0.2-2.0 nS according to Edwards et al. (1990).

We measured spontaneous GAB Aergic currents from pyramidal cells and from SL-M interneurons (fig.9).
Bécause of the scarcity of literature on the characteristics of SL-M interneurons it was possible to make a
comparison only with the data obtained from pyramidal cells. Our results show that in the CA3 (n=27)
and CAl (n=47) region sPSCs have a rise-time of 3.640.9 ms and 2.940.4 ms, respectively and a

monoexponental decay with time constant 32.9+1.7 ms and 31.71.5, respectively. The mean
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Fig. 9 Voltage clamp recording of spontaneous GABAergic activity
Both pyramidal neuron (above) and interneuron (below) display spontaneous inward currents (in the presence
of glutamate receptor blockers) which are abolished by bicuculline. The kinetic characteristics of spontaneous

events in pyramidal cell or in interneuron do not differ significantly.

' ic acid (1mM),
1 he glutamate-receptor blocker kynurenic act
ded in the presence of t
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conductance was 0.2630.6 nS in CA1 and 0.46+0.07 nS in CA3. Kinetics and mean conductance are thus

largely comparable with the data of Edwards et al. (1990) and Hosokawa et al. (1994).

Tab.1 Literature data reporting the characteristics of spontaneous GABAergic PSCs in the hippocampus.

GABAergic region |tempera- | mean conduc- |rise time |decay time (ms)

sPSCs ture (°C) |tance (pS) (ms)

Ropert & al. CAl |25 250-560 3.1 21-28

Hosokawa &al. CA3 [22-24 100-2860 - 29+4

Edwards & al. DG [21-23 200-2000 <1 2.0+£0.4 , 54.4+18 (bi-exp)
Otis & Mody DG 22-24 200-400 - 21.8+£2.7

Sciancalepore & al. |CA1 |20-22 - 2.3+0.1 |32+4

3.4.2 Evoked synaptic activity

Several groups reported measurements of evoked GABAergic synaptic events. Again, comparison
between data is not straightforward because of different ways of stimulation and/or diﬁ’érent temperature
of recording. Lambert and Wilson (1993) evoked GABAergic PSCs (ePSCs) stimulating Stratum
Pyramidale either with a patch pipette or with a monopolar tungsten electrode in the CA3 region. At the
temperature of 31°C they report a rise-time of 0.8-1.0 ms and a decay-time of 8.9-11.0 ms. Pearce (1993)
evoked GABAergic PSCs in CAl stimulating from both Stratum Pyramidale (SP) or Stratum
" Lacunosum-Moleculare (SL-M), and showed significant differences between SP-evoked and SL-M-
evoked events with the SP-evoked ones displaying faster kinetics. Rise-time was 2.30.4 ms for SP-
evoked and 3.840.9 ms for SL-M-evoked PSCs. The decays of PSCs evoked by Stratum Radiatum (SR)
stimulation were fitted by the sum of two exponential functions with time constants of 4.0+0.8 ms for the
fast component and 39.2+5.2 ms for the slow one at a resting potential of -80 mV. On the other hand, the

decays of SP-evoked PSCs displayed only the fast component (3-8 ms). Edwards et. al (1990) recorded
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from DG granule cells at room temperature stimulating the granule cell layer itself. A fast kinetic was
found with a submillisecond rise-time and a bi-exponential decay with time constants 2.2+1.3 ms and
54.4+18.0 ms. Mean conductances were from 6.0£0.5 nS in CA3 (Lambert and Wilson, 1993) to 12 nS in
CA1 (Pearce, 1993) or 0.14-3 nS in DG granule cells (Edwards et al.).

In the present study evoked GABAergic PSCs from SL-M (see the example in fig. 10) had an average rise
time of 3.3+0.7 ms and a monoexponential decay with time constant 35.0+4.7 ms in CA1 with an average
conductance of 1.28+.0.39 nS (n=11). Although kinetic parameters are comparable with those obtained
by Pearce (1993) the mean conductance is sensibly smaller than that reported by Pearce (1993) and by
Lambert and Wilson (1993), probably because of our choice of working with a relatively high number of
failures in order to get the number of excited fibers as small as possible. The random nature of the release
and the high number of failures probably is also the reason why we measured relativel.y large fluctuations

in the ePSCs amplitude, with a variance of about 30 % of the mean response.

Tab.2 Literature data reporting the characteristics of evoked GABAergic PSCs in the hippecampus.

GABAergic region |tempera- | mean conduc- |rise time |decay time (mis)

ePSCs ture (°C) |tance nS (ms)

Lambert & Wilson |CA3 |31 6.0+0.5 0.8-1.0 8.9-11.0

Pearce CAl1 [22-24 12 . 3.8+0.9 |4.0+£0.8,39.2+3.2 (bi-exp)
Edwards & al. DG 22-24 3-14 - 2.2+1.3 | 54+18

3.4.3 Miniature currents

GABAergic spontaneous events were not suppressed by the application of 1 puM tetrodotoxin
(TTX). Miniature PSCs (mPSCs) were in fact still present with a frequency lower than that of sPSCs
although their mean amplitude was greatly diminished. Kinetic parameters were not significantly

varied by TTX application. In CA3 pyramidal cells, the frequency of sPSCs in Krebs control solution
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Fig. 10 Voltage clamp recording of evoked GABAergic currents

Pyramidal neuron receive a GABAergic afference from fibers activated by stimulation of Stratum Lacunosum-
Moleculare. Stimulation was delivered through a patch microelectrode filled with extracellular solution. The
stimulus length was 100 ps with 12 V intensity. The amplitude of the current evoked by the same stimulus is a
random quantity presenting also some null event (failure). Because of the randomness of the process averages

were taken usually over 50 events.

Calibration: 50 pA, 50 ms




was 0.86+0.30 Hz (n=11) while mPSC frequency was 0.25£0.04 Hz (n=5). In CAl average

miniature frequency was exactly the same (0.25£0.05, n=6).
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Chapter 4

Comparison between GABAergic activity in pyramidal

cells and in SL-M interneurons

4.1 General features of spontaneous synaptic activity

Because of its clear-cut borders between the Stratum Pyramidale and SL-M layer, the CAI region
was selected to perform a comparison between the spontaneous GABAergic activity in visually
identified cells of these two zones. The cells were recognized as pyramidal cells or interneurons on
the basis of their firing response to a current step in current clamp mode, as described above.
Twentysix cells recorded from the SP layer displayed the accommodating firing pattern typical of
pyramidal cells (fig.11,a left) whereas 20/24 cells recorded in the SL-M displayed the non-
accommodating firing pattern characteristic of interneurons (fig.11,a right). In 4 cells patched in the
SL-M current pulses did not produce a clear accommodating or non accommodating firing pattern
and were thus discarded from further analysis. Pyramidal cells and SL-M interneurons had different

input resistance (232 + 32 MQ pyramidal cell, n=24, 363 + 92 SL-M interneurons, n=18, p<0.05).
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Fig. 11: Comparison between properties of pyramidal cells and SL-M interneurons

a) Current clamp recording. Response to a depolarizing current pulse of 80 (pyramidal) and 50 pA
(interneuron) lasting about 1 s. Membrane potential was -70 mV in both cells. Pyramidal cell and SL-M
interneuron displayed respectively the typical accommodating and non-accommodating pattern.

b) Voltage clamp recording (-70 mV holding potential). In I mM kynurenic acid and symmetrical CI
concentration pyramidal cells as well as SL-M interneurons displayed spontaneous, bicuculline sensitive inward
currents.

¢) Cumulative interevent latency of the currents was described by an exponential curve: A(t) = 1 - ¢ (solid
line), where < is the reciprocal of the mean frequency. The bin width is 50 ms for both histograms. The value of

7 is 0.4610.06 s for the pyramidal cell and 0.74+0.13 s for the SL-M interneuron.



Under voltage clamp both pyramidal cells and SL-M interneurons displayed sustained, spontaneous,
synaptic activity (see fig.11,b). Spontaneous PSCs were abolished by 2 pM bicuculline methiodide,
or 50 UM picrotoxin, or 2 mM penicillin G, and their reversal potential was about 0 mV, close to the
Nernst potential for chloride in SL-M interneurons as well as in pyramidal neurons. Applications of
bicuculline elicited a significant variation of the baseline current (7.0 = 2.6 pA, n=6, p<0.05) towards
more negative values. Application of TTX decreased the frequency of sPSCs recorded from SL-M
interneurons by 88+32% (n=3). Mean frequency, amplitude, rise-time and decay-time of sPSCs in

pyramidal cells and SL-M interneurons in control conditions are reported in Tab.3 .

Tab. 3: comparison between kinetic characteristics of GABAergic synaptic currents in pyramidal cells or in SL-

M interneurons.

mean =+ s.e.m. pyramidal cells |n pyramidal cells  |n SL-M inter-neurons |n
CA3 CAl CAl

frequency (Hz) 0.86 +£0.30 27 0.75+0.26 26 [0.53+0.11 20

amplitude (pA) 18.1+4.7 27 346 5.0 21 |39.6+4.1 14

conductance (pS) |259 + 68 27 494 + 71 21 1565+59 14

rise time (ms) 3.6£0.9 27 29+04 3 32+03 13

decay time (ms) 329+17 27 31.7+15 8 323+24 13

Sampling rate was 4 kHz. No variations were detected in any of the parameters using non-paired z-Student test

at 5% of significance.

None of them was significantly different between pyramidal cells and interneurons. Analysis of the
interevent interval distribution was performed on 5 pyramidal cells and on 5 SL-M INs. To eliminate

the dependency on the bin size, histograms of cumulative interevent interval were calculated as
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shown in fig. 11 b) for a PC (left) and a SL-M IN (right). In all cases it was possible to represent the

histogram with a function
Ay =[1-e“9]

as shown in the example of fig.11 ¢ (continuous lines) where At is the event interval and t is the
inverse of the mean frequency, for PCs as well as for SL-M INs. This description is equivalent to the

distribution of interevent intervals by a 0-order poissonian with time constant 7.

4.2 Modulation of sPSCs frequency

Various drugs agonists were used to reveal possible differential modulation‘éf si)SCs from CAl
pyramidal cells or interneurons. Among those tested the most effective in changing $PSCs frequency
were furosemide, carbachol, trans-1-aminocyclopentane-1,3-dicarboxilic acid (t;ACPD), -Arg,
baclofen and serotonin (5-HT). Furosemide blocks the membrane Cl'-cation transporter (Misgeld et
al., 1986, Thompson and Gahwiler, 1989). It was used also for performing preliminary tests
concerning the influence of [CI'; on GABAergic interneurons, problem that was addressed in detail
‘in chapter 6. Carbachol, t-ACPD and baclofen activate metabotropic receptors for acetylcoline,
glutamate, GABA respectively in rat hippocampus (Bianchi and Wong 1994, Gerber and Gawhiler
1994, Sciancalepore et al. 1995). L-arg increases transmitter release by enhancing the synthesis of
nitric-oxide (Lonart et al., 1992; Segovia et al., 1994). 5-HT affects membrane excitability

through sevéral feceptors (Andrade and Nicoll 1987, Freund et al. 1990). Drugs were bath applied
to the preparation in different experiments producing variations in sPSCs frequency with a time lag

variable from 30 to 180 s. Furosemide (1 mM), carbachol (10 uM), t-ACPD (10 uM) and l-arg (2
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mM) significantly enhanced sPSCs frequency whereas 5-HT (10 uM) and baclofen (10 pM)
produced the opposite effect, regardless the cell type from which sPSCs were recorded (fig.12 1-6).
The results are reported in tab.4 as percentage of frequency variation after pharmacological

treatment.

Tab. 4: Increase in PSC frequency in CA1 pyramidal cell or in SL-}M interneurons after pharmacological

treatment.

frequency variation pyvramidal n | SL-M n
(%) after treatment cells interneurons

1 mM furosemide +65+41 4 |+151+68 4
10 pM carbachol +309£118 |5 |+257£70 5
10 pM t-ACPD +160+£100 |* |+371+£179 4
2 mM L-arg +357+29 3 1+142£31 4
10 uM 5-HT -57 £30 31-44 +£29 3
10 pM baclofen -97 £22 31-94 £34 3

The percentage of variation in sPSC frequency was calculated from the samples indicated. Bath-applied
furosemide, carbachol, t-ACPD and L-arg increase sPSC frequency whereas 5-HT and baclofen reduce
frequency in CA1 pyramidal cells as well as in SL-M interneurons. Statistical significance within each group is

assessed with the paired z-Student test. The asterisk (*) indicates data taken from Sciancalepore et al. (1995).

Postsynaptic effects were also present. Input resistance was varied by carbachol (+32218% in PCs,
n=5, and +33+5% in SL-M IN, n=5), SHT (-80£55% in PCs, n=3 and -60+37% in SL-M INs, n=3)
and baclofen (-25+4% in PCs, n=3 and -20£6 in SL-M INs, n=3) while it was unchanged by t-

ACPD.
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Fig. 12: effect of different drugs on sPSC frequency

Voltage clamp recording of sPSCs frompyramidalcells (left) and SL-M interneurons (right). In each pair of
traces the upper one was recorded in control conditions and lower one starts 30-150 s after pharmacological
treatment. Furosemide (1 mM), carbachol (10 pM), t-ACPD (10 pM) and l-arg (1mM) increase the frequency of
sPSCs whereas 5-HT (10 pM) and baclofen (10 pM) decrease sPSC frequency in pyramidal cells as well as in

SL-M cells. Calibration bar 1 s, 20 pA.



4.3 Simultaneous recording from a pyramidal cell and SL-M INs.

GABAergic neurons producing sPSCs could in principle establish synapses with different cell types.
To address the question whether a same GABAergic cell eliciting sPSCs on a PC could contact a
neighbour SL-M IN, simultaneous patch-clamp recording of sPSCs was performed on PC - SL-M IN
pairs. The presence in the two traces of correlated sPSCs would indicate a common afference. A
distance of about 150-200 pm separated pyramidal cell and interneuron in each pair. Cross-
correlation analysis in a window of 50 ms was performed determining the latencies between the
events in one channel with respect to the events in the other one. For 3 pairs the latencies were later
recalculated on the same traces displaced by 500 ms as control. The results are shown in latency
histograms for the simultaneous and for the displaced traces. In fig. 13 a series of double-recorded
traces are shown (left) with the related correlogram (right). Higher time resolutioﬁ of simultaneous
events is shown in fig. 14. Cross correlation was established when histograms from simultaneous
traces displayed a clear peak around the origin. The latency histogram evaluated for the same traces
displaced by 500 ms did not display any clear peak (n=3). A further control pafameter was the
frequency of randomly expected coincidences, given by Vindom = At -V1-va, where At is  the
maximum accepted latency for two correlated events, Vi and v, are the sSPSCs frequencies in the two
cells. Two events were considered as coincident if they showed a latency difference |At| < 4 ms.
Usir;g 4 ms as bin width, on 10/12 pyramidal-interneuron pairs, a clear peak in the histogram of
simultaneous traces was present, indicating the presence of a simultaneous input. In 10/12 cells the
average frequency of the simultaneous events (0.08840.041 Hz) was significantly larger than the
background frequency in the simultaneous traces themselves (0.021+0.010 Hz, n=10, p<0.05), the

frequency of “simultaneous” events in the traces displaced by 500 ms (0.020+0.010 Hz, n=3,

p<0.05), and finally the theoretically calculated frequency (0.017£0.014 Hz, n=10, n<0.05). The
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Fig.13: double whole-cell patch-clamp recording

Left: four representative records of two-electrode patch-recording from a pyramidal cell and a SL-M
interneuron (upper and lower traces of each pair). The arrows indicate pairs of events at a time lag (t) < 4 ms.
Calibration bar 1 s, 100 pA. Right: latency histogram of the two cells. The number of events at a given latency
from each other was evaluated over a 500 s long record sampled at 1 kHz. The bin width was 4 ms. The
histogram with striped bars was calculated shifting the traces by 500 ms, open bars represent the histogram

from the simultaneous traces. The amplitude of the correlated events at 0 ms latency is about 6-fold the average

amplitude at the other latencies.






Fig. 14 double-patch recordings
Simultaneous events shown on an expanded scale. Only accurate analysis in the millisecond range can assess

real simultaneity of the GABergic events.



number of detected coincidences was thus on average 4-5 times larger then the number of randomly
expected ones. In 2 cases carbachol was applied to increase sPSCs frequency. The ratio between
measured and randomly expected coincidences (Vmeasured/ Viandom) Was not significantly changed by the
treatment (Vimeasured/Vrandom = 6.2%1.3 in control conditions and 5.8+2.8 after treatment). An analysis of

the delays between the correlated events was also performed. Considering the pairs of events in each

of the two channels that occurred at latencies shorter than 4 ms, the average difference in the
latencies (0.70+£0.91 ms, n=10) did not significantly deviate from 0, indicating that in the paired

events none of them significantly preceded or followed the correlated one.
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Chapter 5

Modulation of GABAergic activity by TRH

1

Another set of experiments was performed to test the effects of TRH. A high concentration of TRH-
receptor has been found in the CA1 region of the hippocampus (Sharif, 1989). ThlS region was
therefore selected for testing the effect of the hormone on spontaneous and evoked GABAergic
PSCs. In this case the intracellular solution Intra2 was used, which allowed to discern pyramidal

neurons from interneurons after examination of their firing pattern.

5.1 Spontaneous activity

5.1.1 Pyramidal cells

Spontaneous sPSCs were present in all recorded pyramidal cells, identified by visual inspection. These

cells displayed a typically accommodating firing pattern (see fig.15,a). Applications of 10 uM TRH
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Fig. 15 Effect of TRH on sPSCs
Patch-clamp recording was performed from visually identified pyramidal neurons or from interneurons of SL-
"M layer. a) and c) are current clamp responses to a 40 pA current pulse (0.8-1 s). The pyramidal cell displays
typical accommodating firing pattern while the interneuron supports regular, high frequency sbiking with
virtually no accommodation. Calibration bars: 400 ms, S0 mV. Spontaneous PSCs recorded, under voltage
clamp, from pyramidal cell (b) as well as from SL-M interneuron (d) are shown as downward deflections
(inward currents) and are sensitive to TRH application. Note that tracings also contain outward (upwards)
current responses (plus transients) elicited by 5 mV step pulses (40 ms) used to regularly monitor cell input
resistance. In each pair of traces (b and D) upper records are controls while lower ones are after two min
application of TRH (10 mM). Kynurenic acid (1mM) is present throughout to eliminate the glutamatergic drive.
The increase in frequency is from 1.9 Hz to 6.1 for the pyramidal cell and from 1.8 to 8.0 for the SL-M

interneuron. Mean sPSC amplitude is not significantly varied by TRH. Calibration bars: 1 s, 20 pA.



elicited (after 30-60 s) an enhancement in the frequency of sPSCs in 21/24 CA1 pyramidal cells as shown
by the sample tracings in fig.15,b. The phenomenon of enhanced frequency of sPSCs uéually outlasted the
2-3 min application of TRH with a gradual return to baseline values after approximately 20 min. When the
application of TRH was repeated at this time, no response was observed. However, TRH application after
further 30 min wash elicited a response virtually identical to the first one. Therefore, an interval of at least
30 min was regarded as the minimum recovery time between successive applications. Because of such a
long-lasting desensitization to the action of TRH it was not possible to perform a dose-frequency
response curve. In 3 cells TRH was contiﬁuously superfused for 20 min. In the?se cases the rise in
frequency peaked at about 60 s and lasted for 8-15 minutes, followed by a gradual decline in frequency
and amplitude of the sSPSCs. Thirty-min washout was sufficient for substantial recovery. On avefage, after
application of TRH, the frequency of sPSCs increased from 1.07+0.68 Hz to 3.16£0.73 Hz (p<0.01,
n=21) as evaluated from records starting one to two min after the drug application. Fig.16 is an exemple
of frequency variation after TRH application as shown by the cumulative distribution of the interevent
interval. In the majority of cells (16/21) TRH did not significantly change the am;)litude of sPSCs
(29.4%7.6 pA in control vs. 33.7£12.1 pA in TRH); on a sample of 21 cells only m 5/21 cells the
amplitude was sig_niﬁcanﬂy increased (10813 %, see fig.17) after 3 min application of TRH as shown in
the example of fig.18 (upper panel) in which while the mean sPSCs amplitude almost doubles the other
kinetic parameters (rise- and decay-time) remain unchanged (Fig.18, middle and bottom panels). Cell input
resistance did not vary in the presence of TRH (13334 MQ in control vs. 125+45 MQ in TRH, n=24).
- Even when the input resistance was examined for the subset of 5 neurons upon which TRH elicited an
increased amplitude of sPSCs, no significant change was found (-10+14%), which ruled out that the
in&ease in postsynaptic currents was due to enhanced membrane resistance. TRH application did not
significantly change sPSC mean decay-time (39.7+12.8 ms in control vs. 35.2+4.4 ms in TRH, n=9) or
rise-time (3.2+0.5 ms in control vs. 2.9+0.5 ms in TRH, n=11). In order to check for a possible direct

regulation by TRH of GABA release mechanisms, miniature PSCs (mPSCs) were recorded after block of
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Fig. 16 Rise in frequency after TRH application
Cumulative probability histogram of the interval between adjacent sPSCs in control (filled bars) or after 10 pM
TRH (open bars). The mean interevent interval decreases from 2.5+ 0.2 to 0.6 + 0.3 s in TRH corresponding to

an increase in the frequency of sPSCs of 1.27 Hz.



probability

-100 -50 0 50 100 150 200

% of TRH-induced amplitude increment



Fig.17 effect of TRH on sPSC mean amplitude

Histogram of the mean amplitude variation (%) in TRH rispect to the control. On a sample of 21 cells a
population is clear in which the amplitude is unvaried by TRH whereas for a minority of cells (5/21) the mean
amplitude approximately doubles its amplitudes. The continuous line represents the fit of the distribution with

the sum of two gaussians.
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Fig. 18 Timecourse of TRH effect on GABAexgic sPSCs
Amplitude (upper panel), rise-time (middle panel) and decay-time (lower panel) of sPSCs before and during the
action of 10 uM TRH, indicated by the horfzontal bar are shown. In spite of the marked increase in frequency

none of these parameters was significantly clanged. Rise-time and decay-times were calculated only for a subset

of the total events.



action potentials by TTX (1 uM). Application of TRH in TTX solution did not significantly affect mPSC

frequency (0.25+0.05 Hz in control vs. 0.23+0.05 Hz in TRH, n=6).

5.1.2 Localization of cell responsiveness

To identify the regional location of TRH-sensitive GABAergic neurons mini-slices were cut from

transverse hippocampal slices by removing the dentate gyrus, the CA3 area or both, as shown in fig.19.

v

b]

Fig. 19 Hippocampal thin slices were cut further in order to remove regions as indicated by shaded areas.

7/8 cells displayed sPSCs in control or after the application of 10 uM TRH and in all cases TRH enhanced
sPSC frequency. Assigning the numbers I, I and IIT to the groups lacking respectively CA3, dentate gyrus
and both, the increase in frequency was from 3.49 Hz to 5.98 Hz for group I (n=3), from 1.12 Hz t0 2.65

Hz for group II (n=2) and from 0.57 Hz to 3.36 Hz for group I (n=3). The variation of the frequency for



the the whole group was from 1.56+0.95 Hz in control to 3.76x1.22 Hz after TRH. The variation in

frequency for the whole set and for group III were statistically significant (p<0.05).

5.1.3 Interneurons of SL-M

Interneurons were identified in SL-M and patch-clamped using the same conditions as for pyramidal cells.
The presence (or absence) of accommodation in the firing pattern (in current clamp mode) provided a
functional identification of the cell type (fig. 15,c). Mean amplitude (23.8%5.7 pA), rise-time (3.2£0.5 ms)
and decay-time (42.7#4.8 ms) of sPSCs were not significantly different from those recorded from
pyramidal cells (n=6). Application of 10 pM TRH elicited also in this case an increase in sPSC frequency
from 1.63+0.61 Hz to 3.28+0.63 Hz (n=13) as shown in the example of fig. 15,d. Cell input resistance in
control solution (436159 MQ), n=6) was significantly different (p<0.02) from that of pyramidal cells and

was not affected by TRH application (+8+27%).

5.1.4 Simultaneous recording from a pyramidal cell and a SL-M interneuron.

In 6 cases TRH was applied during simultaneous double recording from a visually ideintiﬁed pyramidal
neuron and a neighbouring interneuron. |
The calculated frequency of random concurrences was 0.022+0.012 Hz, while the experimentally
observed frequency was an order of magnitude larger, namely 0.103+0.089 (n=6). Spontaneous PSC
frequncy for both cell types was largely increased by TRH application (1.87+0.35 Hz in control vs.
431+0.72 Hz in TRH for pyramidal cells, and 1.67+0.32 Hz in control vs. 3.21£0.39 Hz in TRH for
interneurons) as also found with individual cell recording. The ratio between the frequency of measured
and random concurrences was 4.321.36 in control solution, a value virtually equal to that observed in
TRH solution (4.49£0.95). This finding indicates that in the presence of TRH the strong degree of

coupling of GABAergic events between the two neurons in the pair was preserved.
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5.1.5 TRH induced rhythmic PSCs

In 3/25 interneurons and in 1/42 pyramidal cells TRH application induced large-amplitude PSCs regularly
time-spaced at about 2 Hz as in the example in fig.19 a. Such PSCs displayed the typical kinetic and
pharmacological profile of GABAergic events since they were blocked by 10 uM bicuculline and their
rise- and decay-time were not significantly different from control ones. Autocorrelation analysis was
performed on series of rhythmic sPSCs, considering each event as a point-like Dirac delta function A-d(t-
to) where t, is its starting point, having an area equal to the event peak amplitude A. The intervals between
each PSC and its next 10 adjacent events were calculated and histogrammed in eéch trace. A peak at
about 500 ms in the autocorrelation function corresponding to the first harmonic was fitted by a gaussian
curve plus a constant describing the randomly occurring intervals, as exemplified in fig. !19 b. The center of-
the gaussian was at 526396 ms with a variance of 658 ms (n=4), corresponding to a frequency of
1.90+0.21 Hz. The ratio between the amplitude of the gaussian and the constant was 4.39%1.10,
significantly different from 0 (p<0.03). In one case rhythmic PSCs were detected in a SL-M interneuron
during a simultaneous recording from a pyramidal cell. In the pyramidal cell no large-kamplitude events
were readily recognizable synchronous with those in the interneuron. In one case TRH elicited large
amplitude, biphasic, inward currents with kinetic characteristics different from GABAergic potentials (see.
fig. 20). These currents had frequency comparable with those of GABAergic oscillations and gradually

faded in about 7-8 min.

5.2 Evoked synaptic activity

In order to detect any influence of TRH on the phasic release of GABA PSCs were evoked by direct
electrical activation of the local GABAergic circuitry. The stimulating electrode was placed onto the cell

body of a visually identified neuron of SL-M. Focal stimulation (5-50 V; 50-200 ps) of SL-M with a patch
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Fig.19 TRH induces rhythmic GABAergic PSCs recorded from a SL-M interneuron in the presemce of
kynurenic acid (1 mM).

a): spontaneous activity in control solution (top) and after about 2 min TRH application (bottom) when large
PSCs appear in a rhythmic fashion. Calibration bars: 1 s; 5 pA. b): plot of the autocorrelation function in
control (dotted line) and after application of TRH (broken line). The first harmonic of the autocorrelation
function‘in the presence of TRH is fitted by a gaussian (continuous line) centered at 408=6 ms with 809 ms

variance. The ratio between the amplitude of the gaussian and the baseline level is 2.660.18.



-10's

180 s

184 s

202's

262 s

474 s

500 s

515s

200 ms

l 200 p



Fig.20 TRH-induced oscillations

Application of TRH (10 pM) elicited in a single cell wide amplitude oscillations at time lags compatible with
those of the rhythmic GABAergic large-amplitude events (compare with the previous figure). GABAergic sPSCs
are visible as the small deflections from the baseline. The numbers reported at the left of the traces indicates the
distance of the starting point in respect to the application of TRH. The single events appear to be made up of a
first rapid rising and decaying phase followed by an inward current large mbre than 200 ms that progressively

decays in amplitude and in width but not in frequency. TRH was applied since the time 0 throughout the whole

experiment.



electrode evoked PSCs at a fixed latency in the range 3-6 ms (mean latency was 4.9+0.7 ms), suggestive
of a monosynaptic event as shown in the example of fig.21. Stimulation at a rate of 0.1 Hz did not
induced considerable synaptic fatigue as judged by the stability of ePSC amplitude averaged over 4-8
responses. In 11 cells the application of TRH elicited a statistically significant decrease in the PSC mean
amplitude from 90+27 to 44+15 pA (p<0.05, n=11) as shown in the example of fig.21 and 22 a,b. After
elimination of the failures from the calculation, the di‘ﬁ‘erenoe in PSC amplitude was, however, no longer
statistically significant (122+47 pA in control vs.82+26 pA in TRH, n=11). Rise-time (3.3£0.7 ms in
control vs 3.8+1.0 in TRH, n=6) and decay-time (35.0+4.7 ms in control vs 33.1%3.1 ms in TRH, n=6)
were also unchanged. TRH increased the probability of failure from 27+8% to 41£10% (p<0.05, n=11).
An example of this effect is shown in fig.22 c,d, in which the mean of all responses including failures
(displayéd in c) is clearly larger in control (left) than in TRH solution (right). Converseiy, after eliminating
failures from the calculation, the mean amplitude of response did not decrease after TRH application (see

fig.22 d).
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Fig.21 TRH effect of TRH on ePSCs

Evoked PSCs are recorded from a pyramidal cell following stimulation of the SL-M layer with a patch electrode
filled with extracellular solution. The first 20 of 50 evoked potentials are plotted in control (left) or after 10 pM
TRH application. Stimulus intensity was 18V per 120 ps width. TRH increases the number of the failures of
ePSCs from 8/50 to 16/50 leaving unchanged the amplitude of the non-failure events (0.48 £ 0.18 nA in control

vs. 0.51 + 0.21 nA in TRH). Calibrations: nA, ms.
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Fig.22 Effect of TRH on ePSCs

a) and b) show the first 20 superimposed raw traces before and after bath-application of 10 pM TRH (in the
presence of 1 mM kynurenic acid). For these responses the latency from the stimulus artifact is 4.5 ms, rise- and
decay-time are about 1.5 ms and 24 ms respectively. Calibration bars: 20 ms, 150 pA. ¢): averaging over 50
responses (including failures) yields a mean amplitude of 88%106 pA in control vs. 20%87 pA in 10 pM TRH.
Calibration bars: 40 ms; 60 pA. d): after excluding failures from averages it is clear that TRH does not depress

evoked responses. The number of failures raises from 28/50 in control solution to 42/50 in TRH solution.

Calibration bars: 40 ms; 160 pA.



Chapter 6
Modulation of GABAergic activity by [CI']; : effect of

CI'-transporter blockers

i
The effect of the variation in [Cl;]i was studied by analyzing the changes in the cil1aracteristics of
GABAergic sPSCs. Since in the CA3 area the frequency of sPSCs is higher than iﬁ CAl, the CA3
region was chosen for this patch-clamp study. Pyramidal cells were the ones selected for this
investigation, in which the intracellular solution Intral was used. In this series of experiment sPSCs

“had an average frequency of 0.86+0.30 Hz and a mean amplitude of 18.1+4.7 pA (n=27).
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6.1 Effect of furosemide

6.1.1 Spontaneous currents

The most striking effect caused by the appligation of 1 mM furosemide was that it increased the
frequency of sPSCs from 0.97+0.20 to 1.67+0.38 Hz (n=11), as shown in the example of fig.23, a.
In some experiments such an effect was reproduced up to 6 times on the same cell. The effect was
reversible and dose dependent, with an apparent dissociation constant Kg = 0.87+0.08 mM (fig.24,
a), calculated by fitting the experimental data to a dose-frequency response function of the form:
Af=Af, [ 1+ KJ/C)T! ,
where Af is the frequency variation, Af, is the maximal obtainable variation, C boncentration of
furosemide and n the Hill coefficient. :
The cumulative distribution of inter-event interval is shown in fig.23, ¢, for a typical cell in control
and after furosemide treatment. When furosemide was applied for 2-4 minutes a coinplete recovery
was usually obtained after ten minutes. Furosemide lowered sPSCs amplitudes (34£5%, n=11,
p<0.05) and increased the risetime values (28+8%, fig.24, b) with no significant change in the decay
times (12+14%). The presence of a postsynaptic effect of furosemide was tested with applications of
Vthé GABAA agonist muscimol. Bath-applied muscimol (100 nM) elicited a sustained inward current
(95£12 pA, n=3) and an increase in cell conductance (24=11 %, n=3). Furosemide application (3
minutes before muscimol) produced a statistically significant (p<0.05) reduction (16£5%) in the

inward current and a diminuition of the conductance increase (11£6%) induced by muscimol. Full

recovery was obtained after 10 minute washout.
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Fig. 23 Effect of chloride-transporter-blockers on spontaneous PSCs

a) above: control recording ; below recording after 150 s application of 1 mM furosemide. Calibration bar: 2 s,
40 pA.

b) variation of frequency after treatment with chloride transporter blockers: control conditions vs. treatment
(CTB; n=22). The asterisk (*) indicates that the differences from the control values are statistically significant
with vp<5%. The frequencies were calculated over time spans from 2 to 5 min in order to have at least 100 events
per epoch.

¢) and d) effect of furosemide and ammonium ions: cumulative frequency histograms before (open circles) and
after (filled circles) the treatment with 1 mM furosemide and 3 mM ammonium ions respectively, for single

representative cells.



6.1.2 Evoked currents

The effect of furosemide was tested also on evoked PSCs. In 3 experiments ePSCs were evoked by
stimulation of SR of CA3 (see fig. 25). The mean latency of the PSCs was 4.4 + 0.6 ms. Mean
amplitude of the ePSC in control was 173 + 116 pA with 17 = 4 % of failures. After application of 1
mM furosemide the amplitude of the ePSCs decreased to 111 £ 93 pA and the failures increased to
35 + 9 %. The decrease in amplitude of the ePSCs could in principle be due to a postsynaptic effect.
However, when recalculating the mean amplitude eliminating the failures, the amplitude decreased
from 217 + 93 pA in control to 180 = 89 in 1 mM furosemide, confirming that furosemide probably

induced a postsynaptic downregulation of GABAergic ePSCs.

6.2 Effect of ammonium

Ammonium was also used as chloride transport blocker. Two-three minutes after 3 mM NH;CI
application an increase in the frequency of sPSCs was detected (58+19%, n=11, fig.24,d), similar to
that obtained with furosemide (724+23%).

The increase in frequency induced by ammonium did not significantly affect mean amplitude, rise or
dece_ly_ time of the GABAergic sPSCs. Recovery was not complete following 3mM NH;Cl application
even after 20 minute washout. The mean variation in sPSCs frequency following the application of

furosemide or NH3Cl (n=11 in each case) is shown in fig. 23, b.
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Fig. 24

a) furosemide dose frequency-response curve

Each point represents the average variation of the frequency for n (indicated above each point) vs. the
logarithm of the concentration of furosemide. Mean + s.e.m. are reported. The curve has been fitted with the
expression Af = Af, [ 1 + (KJ/C)I! , with Af frequency variation, Af, maximal obtainable variation, Ky
dissociation constant, C concentration of furosemide and the Hill coefficient, yielding the values of Kq = 0.67 &+
0.08 mM and n=3.3+1.0.

b) postsynaptic effect of furosemide

Variation in the mean amplitude (A) and in the mean rise-time (B) of PSCs after application of 1 mM
furosemide (n=11). The average amplitude decreases while the mean risetime increases. The asterisk (*)
indicates that the differencies with the control values are statistically significant with p<5%.

¢) effect of low chloride solution

Timecourse in the variation of the frequency of sPSCs following 50% substitution of eﬁemﬂ chloride with
isethionate. The frequency values are normalized to the average of the steady state level. The frequencies are

calculated over an interval of 40 s (n=3).
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Fig.25 Effect of furosemide on evoked PSCs

Furosemide decreased the mean amplitude of the evoked PSCs:

a) 20 traces evoked by stimulation of the Stratum Lacunosum-Moleculare. Control traces are on the left, traces
after application of 1 mM furosemide on the right.

b) The mean of the evoked PSCs is reported for the overall acquisition period.

¢) The mean of the evoked PSCs is calculated after eliminating the failures.

For b) and c) calibration bar as for a).

Both in b) and in ¢) the mean amplitude decreases after application of furosemide.



6.3 Exchange of external [CI] or [K'];

Changing the chloride reversal potential by 50% substitution of extracellular chloride [Cl-], with
isethionate elicited a transient rise in the sPSC frequency (73+16%, n=3, fig. 24, c), followed by a
return to the previous (or even lower) frequency. Furosemide applications after lowering [Cl7], did
not significantly change sPSCs frequency but rather prolonged the time during which the frequency
increase was present (from about 3 minutes to 6-10 minutes). A rise in extracellular [K'] ([K'],)
should impair Cl- transport since CCTs are driven by the [K'] gradient. Changiﬁg [K+]o from 3.5 to
10 mM elicited, after about 3 minutes, a transient increase in the sPSCs frequency (118+83%, n=3).
No further enhancement was observed after the application of furosemide (1mM). The frequency
increase induced by the high [K’k]0 treatment was approximately 3-times larger than the one elicited

by previous application of furosemide alone.

6.4 Miniature PSCs

Since glutamatergic inputs were blocked, the increase in frequency of sPSCs might have been elicited
by increasing either interneuron firing rate or the mechanism of release itself. To test for the second
" possibility furosemide and ammonium chloride were applied (n=3 and n=2, respectively) in the
presence of 1 uM TTX to eliminate action potential driven release. No significative change in the
frequency of miniature PSCs (mPSCs) (0.25+0.04 after treatment vs. 0.29+0.04 Hz in control, n=5)

was observed.
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Chapter 7

Discussion

7.1 Characteristics of spontaneous GABAergic transmission

The characteristics of spontaneous GABAergic transmission were studied in pyramidal cells of the
CA1 and CA3 region of the hippocampus and in interneurons of the CA1 SL-M ;layer. Rise- and
decay-time of the sSPSCs did not statistically differ in the three groups of cell suggesting similarity of
the correspondent postsynaptic receptors. Differences in the amplitude of sPSCs between CAl and
CA3 could be due to a different number of synaptic GABA4-receptors or to a different electrotonic
filtering although the similar kinetics would favour the former interpretation. The slight differencies
invt}-lei fnean frequency may vreﬂect a lower degree of GABAergic connections onto interneurons in
respect with pyramidal cells (0.22 Hz), and onto CAL1 in respect with CA3 (0.11 Hz), although large
individual differences within each single sample do not allow a clear-cut cellular classification on this
basis. The interevent interval histograms were adequately fitted by a first order poissonian for
recordings from PCs as well as from SL-M INs. If PCs and SL-M INs receive a common input from

a distinct class of yet unidentified interneurons, GABAergic activity recorded from PCs or SL-M INs



should display similar modulation by exogenously-applied agonists via a receptor system located on
the input interneurons. For this purpose we used substances known to act in completely different
ways at cellular level, as reported in chapter 4. These substances shared the property of modifying
the frequency of spontaneous GABA release. Furosemide, carbachol and t-ACPD elicited an increase
while baclofen and 5-HT caused a decrease in the frequency of sPSCs, indicating an effect on the
afferent presynaptic GABAergic interneurons. Bath-application of agonists failed to reveal any
differential modulation of sPSCs characteristics in the two classes of neuron: in facts drugs inducing
variations in the frequency of sPSCs from pyrémidal cells elicited a similar effect on sPSCs recorded
from SL-M interneurons. Quantitative differences of drug-induced frequency variation can be
accounted for by the limited sample size. The unpaired Student #-test comparing the variation of
frequency in PCs and in SL-M interneurons was, in fact, non-significant in all cases. It was thus
impossible to prove two distinct sources of sPSCs in PCs or in SL-M IN, indicating that the same
distinct set of GINSs is probably responsible for both responses.
Simultaneous recording from a PC and a SL-M IN revealed a number of syn(chronous events
significantly larger than the number of randomly expected coincidences. The a%/erage time lag
between correlated events from the two cell types was a fraction of the mean ievent rise-time,
indicating that the correlated events were synchronous within the experimental error. The continous
presence of a glutamate receptor blocker suggests that simultaneous events were not caused by co-
activation of two distinct GINs by a glutamatergic input. Several possibilities could account for the
~observed synchronicity of synaptic currents. The first one is that the two cells directly influenced each
other but this interpretation would require that the activity of one cell would follow regularly the activity
of the other one at constant latency, a fact not borne out by experimental observations. Moreover, as both
cells were clamped at -70 mV, their ability to fire action potentials was blocked, thus preventing their
cross-communication. A more ]jkély possibility is that the high degree of synchronicity derived from the
fact that synaptic responses from each neuron were driven by the activity of a third, distinct GIN or set of

interneurons. PCs and SL-M INs seemed thus not only to share an input from a single class of GIN
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but even from a single cell or group of cells, giving further support to the hypothesis previously
raised that test neuromodulators used acted via the sarné class of cells.
The existence of several types of GINs is widely accepted (Buhl et al. 1994, Freund et al. 1990). In
the CA3 area and in DG the presence of cells identified as GINs projecting across and beyond the
layer of principal cells (Han et al. 1993, Gulyés et al. 1993) has been reported, suggesting that
interneurons projecting over a large distance are relatively widespread in the hippocampus.
Morphologically distinct types of interneurons are present in the three layers of the hippocampal
CA1 region: O-A INs, basket and vertical cells in or close to SP INs and SL-M INs.
A body of evidence indicates that SL-M INs, identified as stellate, horizontal and short axon
neurons, are positive for GAD staining and thus GABAergic (Ribak et al., 1978). The low level of
their spontaneous firing (Lacaille and Schwartzkroin 1988 a) suggests that they give a relatively
small contribﬁtion to spontaneous GABAergic activity in a slice preparation. On the other hand,
GINs of the oriens/alveus layer, which establish inhibitory connections with a number of hippocampal cells
including SP neurons and SL-M INs (Bemard and Wheal, 1994), exhibit prornine'nt and persistent
spontaneous firing (Lacaille and Williams 1990; Lacaille, 1991) although their sparse location makes
difficult to stimulate them with electrical pulses. Such characteristics make them likely candidates as a
source for the spontaneous GABAergic activty recorded in PCs and SL-M INs. Electrophysiological
evidence for the GABAergic nature of interneurons in O-A and SP is also available (Lacaille et al.
1987, Lacaille and Schwartzkroin 1988 a). These cells show a resting potential more positive with
‘respect to SL-M INs (-51 mV and -55 mV respectively vs. -58 mV, Lacaille et al,, 1987). In the
hippocampal CA1 area O-A INs show processes crossing SP and SR reaching SL-M (Lacaille and
Williams 1990).
The present results suggest the existence of a class of GABAergic interneurons simultaneously
projecting to PCs and to SL-M INs. O-A IN together with SP-INs are believed to exert the feed-
forward and feed-back inhibition elicited by activation of the primary afferents in the hippocampal

slice preparation (Miles and Wong 1987, Lacaille et al. 1987, Lacaille and Schwartzkroin 1988 a,
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Lacaille and Williams 1990, Lac##®: Williams and Lacaille 1992). Such a circuitry could shape

spatially or temporally neuronal ¥z mediating recurrent inhibition onto PCs and SL-M INs at

the same time, after phasic activi@#®Cs. Since spontaneous events occurred at high frequency

and were subjected to neurotrari: ation, a functional role for such a tonic GABAergic

spontaneous release seems likelgiki view of the fact that bicuculline application negatively

shifted the holding current. Spommmactivity might indeed act as a limiter for the overall activity

of the feedforward circuit. Since¥imeg is a continuous parameter, cellular excitability could thus

be varied by spontaneous GAB Agz#

ty in a non quantal fashion, allowing a flexible control by

different neuromodulators. This 4

girsis does not exclude that spontaneous GABA release might
also have a role in neuronal smsdance or synaptic plasticity during the formation of

hippocampus functional units dugs ent. This phenomenon would of course be important

-yt

in the developing brain tissue likefmeased in the present study on neonatal rats.

7.2 TRH modulation 1

A release

We focussed our attention to thmiiion by the endogenously-occurring neuropeptide TRH of

pharmacologically-isolated GABAgegr mediated transmission on rat hippocampal neurons. TRH

was used as a model neuromodulsesder to understand whether uniform changes in GABAergic

transmission could be observed fia#ent sources and at different locations. For this purpose two

diﬁerent types of synaptic evenuse eamsidered: the spontaneous ones and those obtained by
extracellular stimulation of the hipgsgek afferents. Such experiments were to confirm (or otherwise)
the proposal made in the previousdigregarding the widespread output of a subset of GABAergic
neurons that generated the spontamements. A differential action by TRH on evoked or spontaneous
PSCs may simply reflect distinct#itargets for the action of the peptide rather than dissimilar
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sensitivity of trasmitter release mechanisms within the same cell type. Thus, TRH might regulate the
excitability of pyramidal cells via different GABAergic cells to depress or augment specific inhibitory
inputs. GABAergic transmission indeed was not uniformly affected by TRH since sPSCs were enhanced

in their frequency while electrically-evoked PSCs were on average depressed.

7.2.1 Effects of TRH on spontaneous PSCs

TRH elicited a persistent, large increase in the frequency of sPSCs of pyramidal cells as well as of SL-M
interneurons. Since the frequency of mPSCs in TTX solution was not enhanced by TRH, a direct
involvement of TRH in the mechanisms of GABA release is unlikely. In most cells the increased sPSC
frequency was not accompanied by changes in the amplitude of the postsynaptic currents. Furthermore,
there was no effect of TRH on baseline current and input conductance. All these bbservations thus
suggest that the action of TRH was predominantly presynaptic at the level of the action potential-
dependent release of transmitter by GABAergic interneurons. Occasional increase in the amplitude of the
GABAergic currents were observed in a subset of cells. The large amplitude increase measured in those
cells suggests that a quiescent set of neurons with large quantal content (presumably different from the set
active at rest) had been recruited. The frequency of sPSCs in mini-slices lacking the dentate gyrus, the
CA3 region (or both) demonstrated that TRH-sensitive neurons projecting to CA1 PCs and SL-M INs
‘were localized within the CAI area itself In simultaneous measurements of synaptic activity from
pyymnidal neurons and SL-M interneurons the frequency of the spontaneous events in each cell, as well as
the number of coincident events from two cells, were raised, as expected, by the application of TRH, as
well as the number of coincident events, but the ratio between randomly expected and measured
concurrences of synaptic events remained unchanged, indicating that the peptide did not change the

degree of functional coupling between these two cells. Synaptic responses from each neuron were likely
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driven by the activity a the subset of GINs, probably those of the O-A layer, sensitive to TRH. This

proposal accords with the similarity of the characteristics of sPSCs from pyramidal neurons and SL-M

“interneurons (see fig. 9 and tab.3) and with the observation that a similar frequency modulation is induced

by the application of furosemide, carbachol, t-ACPD, l-arg, baclofen and SHT (see fig. 14). A comment
may be added on the tachyphylaxis of the effects of TRH which, once developed, required a long recovery
(about 30 min). It seems probable that tachyphylaxis was not the result of whole cell dialysis by the patch
pipette in view of the response recovery, but it might have been due to changes in the signal transduction
mechanisms mediating the action of TRH (Geréhengom, 1986) as previously discussed for other central

neurons recorded with sharp microelectrodes (Fisher and Nistri, 1993).

7.2.2 TRH-induced rhythmic PSCs

Even though large amplitude GABAergic rhythmic events were detected only in a mi_nority of cells, it
i

seemed of interest to observe that TRH was able to elicit them. The rthythm of such oscillatory PSCs

(about 2 Hz at room temperature) was near the lower values (4 Hz) of the hippocampal theta rhythm of in

vivo animals (Ylinen et al, 1995), especially when considering the large disparity in temperature. Although

the theta rhythm is traditionally supposed to be dependent on the cholinergic projection from the septal

area (Petsche et al, 1962) which is modulated by TRH (Lamour et al, 1985), it seems that GABAergic

“interneurons of the hippocampus are important to shape it (Stewart and Fox 1990; Ylinen et al., 1995).

The complex circuitry underlying the generation of theta rhythm prevents the use of the hippocampal slice
as a suitable model for theta oscillations. Nevertheless, at least in the cases found in the present study,
TRH could trigger GABAergic rhythmic oscillations even after severance of septal afferents in the process

of preparing the slices.



7.2.3 Effects of TRH on the evoked PSCs

In the presence of kynurenic acid, focal stimulation applied to the SL-M area elicited (after constant delay)
bicuculline-sensitive short-latency (probably monosynaptic) PSCs recorded from PCs. The stimulus
intensity was adjusted to activate only a very small number of fibres (possibly only one fiber, “minimal
stimulation™) as judged by the high rate of failures. In this case, the variability in the size of the ePSC
depends on the random number of vesicles released at every active site by the constant stimulation, and its
response, averaged over a sufficiently large lnumber of events, is constant in time. Although the
hippocampus provides severe technical challenges to a reliable quantal analysis, such a method has been
applied to excitatory synaptic transmission in the slice preparation, where regularly spaced peaks have
been obtained in the ampitude histograms (Jonas et al,, 1993). On the other hand, Quantal analysis of
GABAergic synaptic transmission often displays irregularly spaced peaks in the amplitude histograms in
hippocampus (Edwards et al., 1993) as well as in low-noise preparations (Borst et al., 1994). The lack of
a definite, unique, quantal size in the amplitude histograms of the evoked GABAergic c'urrents represents
a serious drawback in order to pursue 2 reliable quantal analysis since it also suggests péssible differences
in quantal content and in release probability between the different active sites. The dishomogeneity in the
quantal parameters would require introduction of a number of model parameters disproportionately large
(3 per each active site) with respect to the precision of the experimental histograms, which are limited by
electrical noise as well as by the maximum number of responses obtainable in stable conditions. In order to
“avoid the uncertainty of these experimental methods the present study used simple measurements which,
nonetheless, allowed to obtain important information with a relatively straightforward analysis. The
observed variation in the number of failures indicates a modulation of the release at a presynaptic level,
while a variation in the amplitude without changes in the number of failure may possibly be due to
postsynaptic causés (Voronin, 1993). In our case, the mean amplitude of a large number (usually 50) of

PSCs was depressed after application of TRH. The changes in PSCs amplitude were merely due to the
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increased number of failures of GABAergic currents as all the other parameters pertaining to these
responses were essentially unaltered by TRH. Against the hypothesis that TRH directly inhibited the
membrane excitability 'of SL-M interneurons stand the findings obtained with direct recording from the
interneurons, in which no inhibitory action by TRH could be demonstrated in terms of variations in
baseline current or input conductance. In TRH solution the increased frequency of sPSCs indicated that
the GABAergic input received by these cells was actually enhanced. This suggests an indirect action by
TRH, namely that the higher number of failures of SPSCs observed in pyramidal cells was probably due to
the increase in background inhibition impinging upon GABAergic SL-M INs which reduced their firing

probability and thus GABA release onto pyramidal cells.

7.2.4 Cellular mode of action of TRH

The effects of TRH on a large variety of cells ranging from pituitary cells (Geshengorn, 1986) to brain
neurons (Toledo-Aral et al., 1993) appear to be due to activation of intracellular Spcond messenger
pathways leading to formation of inositol-triphosphate and activation of protein kinase. C. These events
produce a transient rise in intracellular free Ca®". It is difficult to translate these effects iinto the observed
enhancement of spontaneous GABAergic activity particularly because the identity of the TRH-sensitive
neurons remains elusive. On pyramidal cells (Ballerini et al, 1994), septal neurons (Toledo-Aral et al,
1993) and pituitary cells (Bauer et al, 1990, Kramer et al, 1991) TRH can depress various K
conductances which contribute to inhibition of spike generation. One might suspect that, if a similar
“ suppression of intrinsic K™ conductances by TRH took place in a subset of GINs, the excitability of such
cells and consequently their spike-dependent release of GABA would be enhanced. This phenomenon
might have functional relevance to the operaﬁon of the network comprising CA1 PCs particularly since it
may help to complement the TRH-induced increase in NMDA receptor mediated synaptic transmission

(Stocca and Nistri, 1995).
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7.3 Modulation of GABA release by changes in [CI];

Finally, to address the problem of whether [CI]; influenced the behaviour of GABAergic
interneurons Cl'-pump blockers were applied to the preparation in the presence of glutamate receptor
blockers. Bath application of furosemide reversibly enhanced sPSC mean frequency. The K4 value
(Kg = 0.6740.08, fig. 24a) was similar to that found for a low affinity binding sife for furosemide in
the rat brain synaptosome preparation (Babila et al., 1989; K4 = 0.68 mM). Since the block of
glutamate receptors by kynurenate eliminated the main excitatéry input, the frequency increase
induced by furosemide on sPSCs was likely due to an enhancement in the activity of the interneurons
directly impinging on PCs. Mean amplitude and risetimes of the GABAergic sPSCs also changed
significantly after furosemide applications. While the frequency variation was certaihly a presynaptic
effect, the variation in the mean amplitude and risetime may be explained by a Partial block by
furosemide of the response to GABA. This phenomenon could also indirectly affect the excitability
of interneurons. Such effects of furosemide on the GABA-receptor were already described in
vertebrate (Nicoll, 1977) and invertebrate (Katchman and Zeimann, 1987) neurons as well as in
hippocampal slices (Pearce, 1993). The reduction of the response to exogenous muscimol after
furosemide application confirmed such findings.
'In order to block chloride transport (with no apparent effect on GABA,4 receptors) ammonium ions
were used. Bath application of 3 mM NH;Cl increased the frequency of GABAergic sPSCs with no

appreciable effect on amplitude or risetime. These results indicate that the ability of furosemide to
block CCT and to change [Cl-]; was probably responsible for the increase in sPSC frequency. Two
mechanisms determine the intracellular concentration of Cl~ : passive CI' flow (through leak Cl--

selective pores and GABA channels opened by the sPSCs) and ClI- transport via CCT (Zhang et al,,



1991). The former regulates [CI"]; in the first postnatal week (PN 2-5) whereas the latter prevails in
the adult animal (PN 15-20). The present data are comparable with those obtained by Zhang et al.

for the intermediate pool of cells PN 8-13. At this developmental stage both mechanisms seem to

determine [Cl-];: according to the Goldman-Hodgkin-Huxley equation the presence of a Cl passive
conductance leads the CI' reversal potential (Ecy.) to contribute to the interneuron resting potential
(V,) proportionally to the cell CI' conductance itself. Through this mechanism, in physiological
conditions, CCTs mantain a low interneurpnal excitability establishing a transmembrane [CI]
gradient. The action of CTBs would disrupt of the [CI] gradient restoring thus a higher excitability.
Moreover, the fall of the CI' gradient induced by CI'-Transporter-blockers (CTBs) would decrease
the effectiveness of the tonic, chloride-mediated inhibition present onto the presynaptic interneurons
(Lacaille et al., 1989) thus lowering their firing threshold. Such an interpretation would be in
agreement with studies on the cat motor cortex (Raabe and Gumnit, 1975). Another possibility that
does not exclude the previous one is that the variations in the chloride reversal poténtial induced by
CTBs directly affected interneuronal V.. V; is in fact determined by the resting» permeability to
different ions, including chloride. This view was confirmed by the fact that a positive shift of the
chloride reversal potential by partial substitution of extracellular chloride ([CI],) with isethionate
elicited a transient increase in sPSC frequency. The short duration of the activity enhancement
elicited by lowering [CI'], was probably due to a redistribution of [CI']; due to passive flow and
active transport. Furosemide application after low [CI'], treatment did not increase sPSC frequency
“but pfdlonged the period in which sPSC frequency was enhanced, as expected CCTs contributed to
Vi in a hyperpolarizing direction. The increase in the frequency of sPSCs following the elevation of
[K']o was mostly due to membrane depolarization, but was also partly due to the block of CCTs,
since a further increase in the sPSC frequency following application of furosemide in high [K'], was
not observed. CTBs could affect directly GABA release, through a change in [CI']; inside the axonal

terminals. This possibility seems unlikely since block of action potentials by TTX prevented a CTB-
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induced increase in mPSCs frequency. Like in the case of TRH, the enhancement in the frequency of
sPSC was associated with a decrease in the mean amplitude of the evoked PSC, further confirming
the hypothesis that GABAergic afferents to pyramidal cells are tonically inhibited by spontaneously

active afferents.

7.4 A possible role for hippocampal GABAergic interneurons

In spite of the wealth of information available about the biophysical and synaptic properties of
GABA-receptors and GABA release, the physiological role of the GABAergic hippocampal circuitry
is still far from being understood. Clinical studies on human epilepsy and some animal models give
some hints on the function the GABAergic system might have: excitation in the abéence of inhibition
tends to generate loops of oscillating activity leading in turn to seizures. Nevertheless, a general
malfunctioning of the GABAergic system, such as that induced in experimqntal animals by
application of GABA receptor blockers or by kindling, cannot be considered as the explanation for
the action of the GABAergic circuitry in the same way observations on braint lesions do not
necessarily explain the function of the damaged region. In order to explain hippocampal GABAergic
circuitry an analogy with the neocortex may be adopted. The neocortex is believed to use two broad
classes of interneuron: stellate cells and basket cells. The columnar organization of neocortex
prompts a hypothesis on the function of the two classes of interneuron: stellate cells would receive
" an extracortical input and would carry a feedforward inhibition onto pyramidal neurons of their own
column while basket interneurons would cause columns to work in relative isolation from each other
(Martin, 1991). .Basket and stellate interneurons are certainly present in the CA1 and CA3 regions of
the hippocampus, where stellate cells are believed to carry out feedforward inhibition whereas basket

cells are traditionally believed to elicit both feedforward and feedback inhibition.The structural

organization of neocortex differs from the hippocampal one and since the hippocampal structural unit
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is the Jamella, it seems reasonable to hypothesize a different connection for interneurons within the
same lamella or between different lamelle. Hence, stellate interneurons would supply each lamella
with inhibition coming from extrahippocampal areas while basket cells inhibiting a lamella would
receive their excitatory input from adjacent Jamelle and send their axons possibly to all types of
neuron within the lamella. Our results are compatible with the hypothesis that the hippocampus
would be wrapped by an inhibitory network represented by basket cells, highly susceptible to
modulation by neurotransmitters influencing the behaviour of both excitatory and inhibitory cells. On
the other hand, stellate cells per se may be less sensible to neuromodulators, but are indirectly
modulated by basket cells, and elicit postsynaptic inhibition just after phasié activation of the
afferents onto them. Neuromodulators can thus modify the overall number of interacting
hippocampal units or lamelle without interfering with the extrahippocampal input. A diagram of the

CA1 region is drawn in fig.26.
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Fig.26: Scheme of the connections considered during the present work in which we show the scheme of the
neuronal types involved in the modulation of the GABAergic transmission, the localization of the molecular sites
of action of some of the substances ﬁsed and their possible connectivity. O-A, SP, SR and SL—M indicate the
layers Ox'iens;Alveus, Stratum Pyramidale (shaded), Stratum Radiatum and Stratum Lacm:]osum-Moleculare
respectively. The presence of two types of GABAergic interneurons can account for the present data. The
triangle represents a pyramidal cell body while the squares and the circle represent interneurons. GABA and
glu indicate GABAergic and glutamatergic synapses respectively, TRH indicates the presence of the TRH
~receptor, CCT indicates CI'-Cation-Transporters, lk. ch. indicates the CI leak channels. A set of GABAergic
terminals that is activated by extracellular stimulation gives rise to potentials that are downjregulated by TRH
while the set of neurons that is the source of the spontaneous GABAergic activity is up-regulated by TRH. Since
the spontaneously active interneurons project both to pyramidal cells and to SL-M interneurons which mediate
feeq-forward inhibition to pyramidal cells, it is likely that the increase in the tonic TRH-induced enhancement

of inhibition increases the number of GABAergic failures onto pyramidal cells.
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Conclusions

GABAergic transmission in the rat hippocampal slice was investigated with the patch-clamp

technique. The main results may be synthesized as follows:

1) Pyramidal cells of the principal regions and interneurons of the Stratum Lacunosum-Moleculare
share a GABAergic afference which is normally active at rest and is modulated in a homogeneous

manner by substances acting through different cellular pathways.

2) The hormone TRH produces a differential modulation of the GABAergic transmission enhancing
the frequency of the tonic release of GABA and decreasing the amplitude of the currents evoked by
stimulation of the hippocampal afferents. Two different synaptic pathways can thus be classified on

the basis of their up- or down-regulation in response to TRH.

3) Changes in the internal [Cl]; affect the excitability of GABAergic interneurons by varying their

resting potential or by reducing the amplitude of the chloride-mediate inhibition.
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