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1 ABSTRACT

The patch clamp technique (whole cell configuration) was used to record excitatory
postsynaptic currents (EPSCs) evoked by repetitive stimulation (3-10 pulses at 40-80 ms
interval) of afferent fibers in the Stratum Lucidum-Radiatum. Different synaptic behaviours
(EPSC patterns) were classified in terms of facilitation or depression of the mean amplitude
of the second, third and fourth EPSC with respect to the previous one. A large variety of
EPSC patterns was observed by stimulating different afferent fibers. Experiments with the
mGluR2/mGluR3 agonist DCG-IV (1 uM), a compound that reduces release at mossy but
not at associative commisural fibers and therefore allows to identify the origin of synaptic
responses, showed that particular EPSC patterns could not be associated to the activation of
a specific type of synaptic input. In several experiments the extracellular calcium
concentration was varied from 0.8 mM to 4 mM. EPSC patterns dominated by depression,
characteristic of high release probability conditions, could be observed in the majority of the
cases in the presence of higher calcium concentrations.

A simple model for the dynamics of transmitter release has been developed. Experimental
results have been compared to data computed with the simplest implementation of a model
taking into account the probability of release and the time course of reavailability. This
comparison indicates that short-term changes of presynaptic conditions occurring during a
train of action potential may account for the high variability of EPSC responses.

In order to further analyse EPSCs elicited by trains of presynaptic action potentials and to
characterise their variability, an approach based on stochastic chains has been developed.
Excitatory postsynaptic currents have been statistically analysed with simple binomial
distributions and with binomial chains. The comparison shows that although both models
could give a good description of synaptic responses at the level of single spikes, only
stochastic chains could account for the correlation observed within the train.

This approach has also been applied to analyse excitatory synaptic potentials from paired
pyramidal neurons in the neocortex and GABAergic synaptic currents in CA3 pyramidal
neurons. This analysis shows that variability and short-term plasticity are intrinsic

characteristics of different synaptic systems in the brain. In particular, in comparisons to



other synaptic systems, glutamatergic synaptic responses in the hippocampus are
characterised by a larger variability both in amplitude and in short-term plasticity
behaviours.

e The statistics of binomial chains, investigated with computer simulations, indicates that
different release probabilities may lead to distinct forms of presynaptic short-term plasticity
of synaptic responses, that could in principle be discriminated from those due to
contributions of postsynaptic mechanisms.

e The analysis of synaptic responses at different frequencies of presynaptic firing allows a
measure of transmitted information to be associated to synaptic variability. The type of
short term plasticity could be altered from facilitating to depressing by increasing the
extracellular calcium concentration, as mentioned above. This resulted in a change in

synaptic variability and in a faster time course for the related transmitted information.

e Appendix. A considerable part of my PhD work has been devoted to the development of a
high space-time resolution imaging system, utilised to investigate the time-course of
intracellular calcium concentration ([Ca®*];) gradients generated by action potentials in CA1-
CA3 pyramidal cells within brain slices of the rat hippocampus. The system, based on a fast
commercial CCD camera with customised hardware and software partially developed in my
PhD work, could acquire hundreds of 128x128 pixel images in sequence, with minimal
inter-frame interval of 1.36 ms (735 frames/sec) and 12 bit/pixel accuracy. By synchronising
patch clamp recordings with image capture, the timing of transmembrane potential variation,
ionic Ca®* current and Ca®* diffusion were resolved at the limit of the relaxation time for the
dye-Ca** binding reaction (approximately 5 ms at room temperature). Numerical simulations
were used to relate measured fluorescence transients to the spatio-temporal distribution of
intracellular Ca®* gradients. The results obtained indicate that dye reaction-diffusion
contributes critically to shaping intracellular ion gradients. The imaging system was used to
investigate the role of temperature on depolarising GABAergic activity in the hippocampus
of neonatal rats. During the first postnatal week, network activity is characterised by GABA-
driven giant depolarising potentials (GDPs). These spontaneous events, which are associated
to calcium transients, are strongly temperature-dependent since they are blocked when

temperature is lowered from 32 °C to 24 °C. The role of temperature in regulating



GABAergic synaptic transmission and GDPs generation was investigated in the CA3 area of
the rat hippocampus during the first postnatal week by combining electrophysiological
recordings and high space-time resolution calcium imaging. It was found that GDPs- and
GABA-triggered calcium signals spread to neighbouring cells in hundreds of ms and that
their propagation is faster and involves a larger number of neurons at higher temperature. At
32 °C, miniature GABAergic currents occurred at higher frequency and showed faster
kinetics. Moreover, at this temperature, the depression of synaptic currents evoked by low
frequency trains of stimulation was weaker. These results suggest that the temperature-
dependent change in network activity, leading to a transition from a non-oscillating to an
oscillating state, is due to an increased effectiveness of GABA-mediated intercellular
communication. This follows the enhancement of GABA release and the concomitant
reduction of the shunting properties associated to the speed up of postsynaptic GABAA

receptor kinetics.



2 INTRODUCTION

The function of the nervous system depends on the signal integration properties of neurons and
synapses. Since passive and active signal integration in neurons can be well described by
deterministic input-output functions as the Hodgkin and Huxley equations (Hodgkin and
Huxley, 1952), it is tempting to investigate the complex behaviours of neural networks simply
in terms of chaotic dynamics. However, it turns out that synaptic transmission and therefore the
way in which neurons can communicate is rather understood as a stochastic process in which, at
the level of single synapses and single synaptic events, the coefficient of variation, associated to
synaptic signals, can be higher than 1. In order to investigate the biophysics of synaptic
transmission and the way in which synaptic signals can be integrated by nervous systems, it is
therefore necessary to characterise synaptic signals and to describe them with models based on
the theory of stochastic processes. Particularly, the study of synaptic transmission elicited by
repetitive firing of presynaptic neurons is fundamental to understand both the dynamics of
synapses and the possibility of time integration of synaptic signals.

In this chapter, the basic concepts of synaptic transmission that I have used are briefly
described. The fundamental theory of synaptic transmission is introduced in the first two
sections. The third section is a short anatomical and physiological description of the
hippocampus. The fourth section is dedicated to the phenomenon of short term plasticity, i.e. to
the changes in the conditions of synaptic transmission normally occurring when synapses are

repetitively activated within a time interval shorter than one second.

2.1 Chemical synaptic transmission

2.1.1 General theory
Chemical synaptic transmission is one predominant way of communication among nervous
cells and the dynamics of synaptic transmission is the fundamental ingredient that determines

the functions of neural networks.



Chemical synapses operate through the release of a neurotransmitter from the presynaptic
neuron that directly changes the membrane conductance of the postsynaptic neuron, in the case
of ionotropic synaptic transmission, or that activates intracellular cascades of processes, in the
case of metabotropic synaptic transmission. Ionotropic synaptic transmission is responsible for
fast communication in the nervous system. Figure 2.1 shows an oversimplified general model
of a fast chemical synapse. The process of ionotropic synaptic transmission includes the
presynaptic mechanism of neurotransmitter release followed by the postsynaptic mechanism of
neurotransmitter-receptor binding.

Neurotransmitter release occurs when an action potential reaches the nerve terminal and
activates voltage-dependent calcium channels. These proteins are clustered in the
neighbourhood of active zones where synaptic vesicles are docked (Fatt and Katz 1952; Del
Castillo and Katz 1954a). The rise in cytosolic calcium concentration [Ca2+]i, following an
action potential, triggers a cascade of events leading to fusion, exocytosis of synaptic vesicles
and release of transmitter into the synaptic cleft. The synaptic vesicle cycle can be divided in
several steps and involves a large number of proteins (Siidhof, 1995). Synaptic vesicles filled
with neurotransmitter dock at the active zone and become available for fast release after a
maturation process (priming). These processes are regulated by frafficking proteins such as
Rab3. Vesicle fusion and exocytosis involve several vesicle proteins such as sinaptrotagmins
that bind to Ca®* let in by action potentials. After exocytosis, empty vesicle rapidly internalise
(endocytosis) and translocate intov the interior for recycling. Vesicles accumulate
neurotransmitter by active transport driven by an electrochemical gradient created by a proton
pump (uptake). Neurotransmitter transporters are the proteins involved in the uptake process.
Finally synaptic vesicles diffuse again to the active zone ending the vesicle cycle.

At the postsynaptic site, neurotransmitter molecules bind to receptors placed in the postsynaptic
membrane. Ionotropic receptors are ionic channels that are normally closed and that open when
they are bound by neurotransmitter molecules, allowing the flow of ions within the cell
membrane. Tonotropic receptors are selective either to cations or anions. The flow of ions into
the postsynaptic neuron changes its membrane potential either in the positive (depolarisation)
or negative (hyperpolarisation) direction. In the case of receptors permeable to Ca*, the flow of

this ion can also activate intracellular biochemical processes.



vesicle exocytosis

neurotransmitter diffusion

synaptic cascade

receptor opening

Ca?* influx

ion flow

Figure 2.1 Scheme of synaptic transmission. Action potentials in the presynaptic neuron invading synaptic
terminals cause Ca’" influx (1). This activates a cascade of intracellular processes (2) leading to fusion and
exocytosis of synaptic vesicles (3). Neurotransmitter molecules diffuse in the intersynaptic space (synaptic cleft)
(4) and bind to postsynaptic receptors that open (5) and allow cation or anion flow from or to the postsynaptic

cytoplasm (6). This flow of current changes the postsynaptic membrane potential.

After opening, postsynaptic receptors normally desensitise, i.e. they remain in an “open state”
without allowing ion flow, and they restore their initial condition after recovering from
desensitisation.

In the case of metabotropic synaptic transmission, the responses to activation of receptors are
mediated by G proteins, so named because they bind guanosine diphosphate and guanosine
triphosphate. G proteins modify the activity cof other receptor proteins that regulate the synthesis
of second messengers. The best understood of the second messenger systems is the type that
uses a cyclic nucleotide (most prevalent adenosine 3’,5’-cyclic monophosphate) as the
intracellular signal molecule. This includes dopamine, serotonin and histamine synaptic systems
as well as the cholinergic activity mediated by muscarinic receptors. The inositol triphosphate

second messenger pathway is proper of noradrenaline synaptic systems and of glutamate



activity mediated by metabotropic glutamate receptors (mGluR). Intracellular second messenger
pathways are basically targeted to ion channels and pumps and they can modulate passive and
active membrane properties as well as synaptic transmission itself. (see Shephard, 1994;

Nicholls et al.,1992).

2.1.2 Time course of synaptic signals

The time course of fast postsynaptic signals depends on that of transmitter diffusion and
receptor binding as well as on the kinetics of desensitisation. The time course of transmitter
diffusion depends on several parameters such as the number of vesicles simultaneously
released, the concentration of the transmitter in each vesicle, the diffusion coefficient of the
transmitter, the geometry of the cleft and other parameters (Clements, 1996). It has been
estimated that transmitter concentration during a synapfic event has a peak ranging between 1
mM and 5 mM and decays in a biphasic manner with time constants of approximately 100 ps
and 2 ms. The rising phase of postsynaptic signals is determined by the binding process
between transmitter molecules and receptors, that depends on the transmitter concentration time
course in the synaptic cleft, and by the receptor opening rate. The decay phase of postsynaptic
signal is mainly determined by the unbinding process when desensitisation is considerably slow
as in the case of nicotinic acetylcholine receptors, or depends also on the kinetics of
desensitisation when desensitisation occurs at a time scale comparable to the one of transmitter
concentration as in the case of (RS)-o-amino-3-hydroxy-5-methyl-4-isoxadepropionate
(AMPA) glutamate receptors (Jones and Westbrook, 1996).

Another important factor that can play a fundamental role in shaping synaptic signals is the
receptor saturation. This occurs in synapses where all or almost all receptors at the
postsynaptic membrane are activated by the released neurotransmitter molecules (Clements,
1996). Receptor saturation prevents the increase of postsynaptic signal amplitudes when a

larger number of neurotransmitter molecules is released.

2.1.3 Synaptic transmission in the brain
In the mammalian brain, the principal neurotransmitters operating through ionotropic receptors
are glutamate and y-aminobutyric acid (GABA). Glutamate receptors are cationic channels

whereas ionotropic GABA (GABA,) receptors are anionic channels. According to the Goldman



equation, cationic or anionic currents can produce depolarisations or hyperpolarisations
depending on the extracellular and intracellular ionic concentrations. Glutamate is always
depolarising, while GABA operating through GABA, receptors is normally hyperpolarizing,
and 1s depolarising in the developing hippocampus where the intracellular Cl” concentration
([CT'];) is higher (Ben Ari et al., 1989; Cherubini et al., 1991).

Three families of ionotropic glutamate receptors are present in the central nervous system
(CNS). The N-methyl-D-Aspartate (NMDA) receptors are channels that are normally blocked at
resting membrane potential by Mg2+ ions and that can be activated only when the cell is
depolarised (Ascher and Novak, 1988). These receptors are highly permeable to Ca?'
(Burnashev, 1992), have a slow kinetics and relative synaptic currents last hundreds of ms
(Randall and Collingridge, 1992). NMDA receptors can be blocked by MK 801, D(-)2-amino-
5-phosphonovalerate  (AP5), D(-)2-amino-7-phosphonovalerate (AP7) and (+)3-(2-
carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP).

AMPA receptors are voltage independent, have a Ca** permeability depending on the subunit
composition and have a much faster kinetics with synaptic currents lasting few ms. The kainate
(KA) receptors have kinetics properties similar to those of AMPA receptors and are
preferentially activated by KA. Non-NMDA receptors are blocked by 6-cyano-7-
nitroquinoxaline-2,3-dione  (CNQX), 6-7-dinitroquinoxaline-2,3-dione (DNQX) and by
kynurenic acid which also blocks NMDA receptors.

Distinct metabotfopic glutamate receptors (mGluR 1-8) are known to be present in the brain.
Synaptic responses mediated by mGIuR result from blockade of K™ conductance (Charpak and
Gihwiler, 1991); mGluRs differ in their primary sequence and in their signal transduction
pathway as well as in their location in distinct neurons V(Pin and Bockaert, 1995).

GABA activates two distinct classes of receptors. GABA, receptors are characterised by their
high permeability to anions and their sensitivity to the competitive antagonist bicuculline, to the
non-competitive antagonist picrotoxin and to the agonist isoguvacine (Mac Donald and Olsen,
1994). GABAg receptors are associated to second messenger pathways resulting in an increase
in K conductance (Newbarry and Nicoll, 1984) or in a decrease of voltage-dependent Ca®*

conductance (Dunlap, 1981).



2.2 The quantal theory of neurotransmitter release

2.2.1 The binomial quantal model of neurotransmitter release

Although the expression synaptic transmission is specifically referred to neurons, the
understanding of the process of release comes from the early studies of acetylcholine (ACh)
release at the neuromuscular junction. In this system, the effect of ACh is to open cationic
channels in the endplate membrane and to induce an endplate potential (EPP).

According to the quantal hypothesis, developed at the neuromuscular junction by Del Castillo
and Katz (1954a), transmitter is released in packets or quanta each of them containing
thousands of transmitter molecules. A packet, or quantum, simply represents the smallest unit
in which the neurotransmitter is secreted. Quantal release means that only an integer number of
quanta is released from the terminals. In general, the number of quanta released from the nerve
terminal may vary, but the number of molecules in each quantum is relatively fixed. The early
studies on the neuromuscular junction showed that the process of release of acetylcholine
quanta is not deterministic, but it occurs in a probabilistic manner. Particularly, variability of
EPPs reflects the stochastic fluctuations in the number of released quanta (Del Castillo and
Katz, 1954a). It has been demonstrated that the amplitudes of end plate potentials evoked by a
presynaptic action potential follow a binomial distribution, reflecting the independence of
release of each quantum from the others.

Later on the basic concepts of the neurotransmitter process have been extended to the central
synaptic transmission. Whereas at the neuromuscular junction many quanta are released by a
single terminal in response to electrical stimulation of the nerve, activation of single
presynaptic fibers in many central synapses usually produces small synaptic responses and
failures (no response following activation of the presynaptic fiber) (Fesce, 1990).

In a synapse in which N quanta are available for release and the process follows a simple
binomial distribution with the same probability p for all the quanta, the probability p(n) that n

synaptic quanta are released by one action potential is

N! N-n

— -
Al (N-m! P (1-p) 2.1

p(n) =

The mean number of released quanta <n>, its standard deviations ¢, and the probability to have

a failure p(0) (release of O quanta) are



<n> =p-N (2.2)

o2 = N-p:(1-p) 2.3)

p©) = (1-pN. 2.4)
The compound binomial distribution extends this model to the more general scenario in which
the release occurs from R releasing sites with a different release probability. In this case, if N,
is the number of available quanta of the o releasing site and p, the corresponding release

probability, equations 2.2, 2.3 and 2.4 are generalised by

R
<n> = a___lpoz'N(x (2.5)
R R
2 _ N - 2.
on = T PNy X (Rl N, (2:6)
R N
pO = II (t-p,) %. @7
a=1

Two extreme cases of the compound binomial model are the simple binomial model, in the case
in which the R different releasing sites have the same release probability (p,=p Vo), and the
release from releasing sites with a single available quantum, in the case in which N =1 Va.
Finally, in the case of very low release probability, the binomial statistics can be approximated
by Poisson statisfics. The statistics of synaptic responses can be obtained, from equations 2.5-
2.7 by accounting for the possible different synaptic responses to a single quantum (quantal
amplitudes) at each releasing site. Thus, the term N, in equations 2.5 and 2.6 must be replaced
by o, N, where the coefficient @, accounts for the different quantal amplitudes and, in the

presence of non-negligible variability in the quantal amplitudes, the quantal amplitude

variances must be added to the summation in the r.h.s. of equation 2.6.

2.2.2 Quantal analysis of synaptic responses

The use of statistical techniques, based on the assumptions of the quantal theory of
neurotransmitter release, to analyse synaptic responses is called Quantal Analysis (QA). QA is
based on the general assumption, first utilised at the neuromuscular junction, that under the

same experimental conditions the postsynaptic effect of a single quantum is rather constant, but
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the number of quanta released changes from trial to trial in a stochastic manner (Fatt and Katz
1952; Barrett and Stevens 1972). Thus, fluctuations in amplitude of postsynaptic currents
reflect variations in the number of quanta (Voronin 1994) and the postsynaptic current or
potential corresponding to the release of a single quantum is called quantal size.

QA basically consists in finding the best fit of experimental synaptic responses using a
particular statistical model (Redman, 1990). For example, in the case of the simple binomial
model, QA determines the best values for p and N relative to a particular set of experimental
synaptic responses. In order to do that, it is first necessary to assign quantitative criteria to
determine whether a particular model with a particular set of parameters is statistically
significant and to discriminate within different models and/or within different sets of

parameters in the same model.

D . e ex .
The significance of the agreement between experimental distributions @ p(n) with those

@Mo del

predicted by particular models (n) can be evaluated with the ;(2 goodness-of-fit, i.e. by

calculating the quantity

,  ul(em-om (n))2

Z = nz;;) (I)model(n) : (28)

N is the number of states of the model distribution, i.e. the number of bins in which the
experimental distribution is divided. The probability of agreement between the two

distributions is giVen by the function

P(z*) = 1-T, (x*,N-n+D 2.9)
where Ty indicates the incomplete gamma function and 1) is the number of free parameters of
the model (Press et al., 1989).

An alternative way to minimise the discrepancy between the statistics of experimental data and

the binomial chain is to use the maximum likelihood L (Kendall and Stuart, 1979) instead of

;(2 which, in the case of a single distribution has advantages in that it allows to determine

confidence limits and significance of the model used (Stricker et al., 1994). In this respect,
Expectation-Maximization algorithms (Kullmann, 1989), based on the determination of the
maximal likelihood, allow to discriminate within different models (Stricker and Redman,

1994). The search of the best discrete distribution can be done for example by running

11



Montecarlo minimisation algorithms in the space of free parameters of the statistical model
used, by deconvolution techniques using information on the noise (Kullmann, 1994a), or in
other ways.

Generally speaking, methods using simplified statistical model such as the simple binomial
models are defined basic quantal analysis whereas the use of more detailed statistical models,
such as the compound binomial model, is referred to as complete quantal analysis (Voronin,
1994). In the contest of both approaches, information on the quantal parameters can be obtained
by indirect methods based on the evaluation of the number of failures (i.e. trials with no
detectable response) and/or of the coefficient of variation (CV). These indirect methods,
particularly the CV method, have been used with excessive simplification to determine the
origin of changes in synaptic efficacy, as pointed out by Korn and Faber, (1991). Any change in
the CV has been interpreted as a sign of a presynaptic locus of expression of the synaptic
efficacy change. A more accurate evaluation of the CV shows that a change in the CV can be
also associated to postsynaptic modifications, and the applicability of a CV method must be
based on a more detailed analysis of the statistics of synaptic responses (Faber and Korn, 1991).
The search of the mechanisms underlying long-term changes in synaptic efficacy has been the
main application of QA. For instance, if the simple binomial QA of synaptic responses before
and after a change in the statistics of synaptic responses can be accounted for by a change in p
and/or in N, then this is evidence in favour of a presynaptic mechanism. On the other hand, a
relevant change in quantal size can be interpreted as an increase or decrease in the postsynaptic
membrane conductance and/or in the number of transmitter molecules contained in synaptic
vesicles. Long-term changes in synaptic efficacy (long-term plasticity) are normally induced at
central synapses by the activity of the synapse. The most important example of long-term
plasticity is the phenomenon of Long-Term Potentiation (LTP), a long lasting increase in
synaptic efficacy induced in several in vitro preparations by repetitive activation of presynaptic
fibers with high frequency trains of stimulation. LTP, firstly observed in the hippocampus
(Bliss and Lgmo, 1973), has been considered the first candidate for a synaptic mechanism of
rapid learning in mammals as it is similar to the memory mechanism postulated by Hebb,
(1949). “When an axon of a cell A is near enough to excite a cell B and repeatedly or
persistently takes part in firing it, some growth process of metabolic change take place in one or

both cells such as that A’s efficiency, as one of theb cells firing B, is increased”. The strict
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definition of hebbian synapse (as proposed by Hebb for a mechanism of associative memory) is
a synapse that is strengthened when there is a co-occurrence of presynaptic and postsynaptic
activity.

At central synapses, the study of the site of expression of LTP is the most utilised application of
QA (Voronin, 1994). LTP has been very well studied in CA1 pyramidal neurons (see section
2.3) where after the initial finding of a presynaptic locus for LTP (Malinow and Tsien, 1990)
mainly due to an increase in p, a relevant component due to an increase in quantal size,
suggesting a postsynaptic contribution to LTP, has been reported (Foster and McNaugthon,
1991; Larkman et al., 1992).

2.3 The hippocampus

2.3.1 Anatomy of the hippocampus

The brain region hippocampus derives its name from its curving shape, which reminds of that
of a sea horse. This part of the brain is one of the first areas of the wall of the forebrain to be
differentiated in primitive vertebrates. The hippocampus is one of those regions whose internal
circuits are organised in a highly distinctive manner and in which local circuits are used not just
to process sensory information, but also to use such information in higher brain functions
(Brown and Zador, 1990).

The anatomy and neuronal structure of the hippoéampus are shown in Figure 2.2.

The hippocampus proper is divided in stratum oriens (a), stratum pyramidale (b), stratum
radiatum (c) and stratum lacunosum-moleculare (d), The excitatory neurons (pyramidal cells)
are located in the stratum pyramidale; this layer is traditionally divided in four regions CA1-
CA4, although CA4 can be considered the initial part of CA3 and the small CA2, which is
indistinct in some species, can be included in CA1l. The dentate gyrus (DG), which is included
in the hippocampal region, includes the stratum granulosum (d), containing the excitatory
neurons (granule cells), and the hilus (e). The main iﬁpﬁts to the hippocampus come from the
entorhinal cortex, from the septum and from the controlateral hippocampus. In the

hippocampus there are three main families of excitatory neurons: The granule cells in the DG,
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the CA3 pyramidal neurons and the CA1 pyramidal neurons. In terms of intrinsic connections,
the hippocampus can be considered, as a first approximation, a trisynaptic circuit. This idea
comes from the fact that three main groups of excitatory fibers contact distinct families of
neurons in sequence: DG granule cells receive inputs from the enthorinal cortex (perforant
path); DG granule cells contact CA3 pyramidal neurons (through mossy fibers); CA3 pyramidal
neurons contact CAl pyramidal neurons (through Schaffer collaterals). Furthermore
commisural associative fibers provide synaptic contacts between CA3 pyramidal neurons and

between the two hippocampi.

: stratum oriens
: stratum pyramidale
: stratum radiatum
: stratum lacunosum-moleculare .58
: stratum granulosum —
f: hilus

O 00 o

CA3

L S Enthorinal
cortex

Figure 2.2 Anatomy and neuronal structure of the hippocampus (modified from Ramon y Cajal, 1911).

Output neurons are also controlled by local inhibitory interneurons and a balance is set up

between excitation and inhibition. These interneurons are classified in several families
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according to their morphological characteristics and their specific location in the hippocampus

(Ramon y Cajal, 1911; Lorente de No, 1934; Somogyi et al., 1983; Freund and Buzsaki, 1996).

2.3.2 Physiology of hippocampal neurons and synapses

DG granule cells, CA3 pyramidal neurons and CA1 pyramidal neurons are the three families of
excitatory cells in the hippocampus. These neurons differ in their passive and active properties.
An interesting characteristics of CA3 and CAl pyramid.al neurons is the phenomenon of
accommodation that eventually limits their maximum frequency of firing. This property
distinguishes pyramidal neurons from GABA interneurons that are able to fire up to 400 Hz
(Lacaille, 1991).

Firing properties of excitatory neurons are intrinsically related to the way in which they can
release neurotransmitter, i.e. to how they can transfer information to postsynaptic targets.

Local excitatory interactions within the hippocampal region are provided by mossy fibers,
associative commisural fibers and by Schaffer collaterals. Mossy fibers are the axons of DG
granule cells and form synapses with the proximal dendrite of CA3 pyramidal neurons. These
fibers are developing in the first two weeks of life in the rat and can be identified by zinc-
staining with the method of Timm (Slomianka and Geneser, 1997). Associative commisural
fibers within CA3 pyramidal neurons and Schaffer collaterals from CA3 to CAl pyramidal
neurons have an earlier development. Particularly, excitatory postsynaptic currents (EPSCs) or
potentials (EPSPs) elicited by mossy fibers stimulation can be distinguished from those evoked
by associative commisural fibers stimulation on the basis of the quantal size and of the kinetics
of synaptic responses (Henze et al., 1997).

The probability of connectivity of excitatory neurons in the hippocampus is rather low (less
than 5% in the adult hippocampus). An hippocampal preparation with a connectivity within
pyramidal neurons higher than 50% is the slice organotypic culture after two weeks of
development (Géhwiler et al., 1997). This specific preparation is particularly suitable for
studies of synaptic transmission.

Single synaptic responses in pyramidal neurons are very variable (Allen and Stevens, 1994) as
shown both by using extracellular minimal stimulation (see next chapter) in acute slices and
double recordings in slice cultures (Debanne et al., 1996). Interestingly, from the point of view

of the quantal theory, the high variability of synaptic responses and the high percentage of
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failures suggests that excitatory synapses in the hippocampus have a low release probability and

a low number of quanta and/or releasing sites (Jonas et al., 1993).

2.3.3 Long-term plasticity in the hippocampus

An interesting property of excitatory synapses in the hippocampus is that they are highly plastic
in the sense that their synaptic efficacy can be strongly modulated by activity. In rats older than
two weeks, high frequency trains (100 Hz) induce LTP both in CA3 and in CA1 pyramidal
neurons, while low frequency trains normally induce long lasting forms of depression (LTD)
(Dudek and Bear, 1992). LTD is more frequent in younger rats where it can be induced also
with high frequency stimulation (Battistin and Cherubini, 1994). Since the hippocampus plays a
role in certain aspects of learning, although the exact nature of this function at the level of
neuronal networks is unclear, LTP and LTD have been proposed to constitute the cellular
mechanism underlying fast memory storage (Brown and Zador, 1990).

It turns out that different forms of LTP and LTD exist in hippocampal neurons. LTP types can
be roughly divided into two principal categories on the basis of whether or not LTP induction is
blocked by antagonists of NMDA glutamate receptors. The induction of LTP in Schaffer
collaterals and in associative commisural fibers needs the activation of NMDA receptors
allowing Ca®" entry during the train, as LTP is prevented both by addition to the extracellular
medium of NMDA receptors blockers and by intracellular perfusion of strong Ca**chelators
such as bis—(—o—aminophenoxy)ethane~N,N,N’,N’—tétféacetic acid (BAPTA) (Bliss and
Collingridge, 1993). In these types of LTP, Ca®' entry through NMDA receptors triggers
cascades of events involving different protein kinases such as Ca2+/phospholipid—dependent
kinase, protein kinase C (PKC) and Ca2+/calmodullin-dependent kinase, protein kinase B
(PKB) (Bashir and Collingridge, 1992). There is evidence for NMDA dependent types of LTP
which are hebbian, occurring in synapses in which there is both coincident pre- and post-
synaptic activity, and non-hebbian, extending to 'Synapses made by concurrently active
terminals onto neighbouring cells, whether or not these are active (Bliss and Collingridge,
1993).

In contrast to Schaffer collaterals and associative commisural fibers, LTP is NMDA
independent at the mossy fibers (Urban and Barrionuevo, 1996). The site of induction of this

type of LTP is controversial; more specifically, it has been shown that both postsynaptic
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depolarisation and Ca® entry are necessary for induction of mossy fiber LTP (Jaffe and
Johnston, 1990; Kapur et al., 1998) whereas other results show that this phenomenon is a
presynaptic event requiring a rise in presynaptic Ca® (Zalutsky and Nicoll, 1990; Nicoll and
Malenka, 1995). Moreover, it has been shown that the persistent enhancement of glutamate
release is dependent on cAMP and protein kinase A (PKA) activation (Weisskopf et al., 1994).

Several types of LTD have also been reported. A heterosynaptic form of LTD reported by
Lynch et al., (1977) and a homosynaptic form of LTD (Stanton and Sejnowski, 1989) are both
present in CA1 pyramidal neurons. The latter form of LTD, also described as associative L'TD,
has been reported to be sensitive to NMDA (Bear and Malenka, 1994). More recently an
NMDA insensitive type of LTD that is blocked by antagonists of mGluRs has been described in
the same region (Oliet et al., 1997). Interestingly, in CA3 pyramidal neurons, where the two
forms of LTP coexist (Urban and Barrionuevo, 1996), the presence of different types of LTD

has been also recently reported during postnatal development (Domenici et al., 1998).

2.4 Short-term plasticity

2.4.1 Short-term plasticity at the neuromuscular junction

Synaptic transmission is not a static process and synaptic responses are generally subject to
changes occurring within short time scales when presynaptic fibers are repetitively activated.
This phenomenon is called short-term plasticity. Like the general problem of neurotransmitter
release, short-term plasticity has been first found and investigated at the neuromuscular
junction.

When two action potentials with tens of millisecond interval occur at the nerve terminal, the
statistics of synaptic responses evoked by the second action potential is generally changed and
the mean response to the nerve terminal stimulation is either increased (facilitated) or decreased
(depressed). The phenomenon of facilitation is thought to be due to an increase in the release
probability. The principal hypothesis is that this phenomenon is caused by the presynaptic
accumulation of residual calcium [Ca*']; after the first action potential (Katz and Miledi 1968;
Magleby and Zengel 1982). Because the release probability depends on the intracellular

calcium activity in a non-linear manner (Dodge and Rahamimoff, 1967), the effect of a
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persisting residual calcium at sites of transmitter release can considerably augment the release
probability. As a consequence, the amplitude of the current evoked by the second pulse
increases because the probability of release increases (Zucker, 1989). Although the formulation
of the residual calcium hypothesis is rather old, the involvement of an accumulation of Ca** in
the phenomenon of facilitation has been more recently demonstrated by using photolabile Ca®*
chelators (Kamiya and Zucker, 1994).

Interestingly, at the neuromuscular junction, facilitation is replaced by depression in conditions
of increased release probability. This phenomenon of depression is generally believed to be
caused by depletion of synaptic vesicles (Betz 1970), i.e. by a decrease in the number of
vesicles available for release. Depletion of synaptic vesicles is not the only mechanism
underlying short-term depression. For instance it has been shown that receptor desensitisation is
the principal source of depression in several preparations such as some types of cholinergic
synapses in Aplysia abdominal ganglion motoneurons (Gardner and Kandell, 1977).

A type of plasticity that occurs at a longer time scale and that has been reported at the
crustacean neuromuscular junction is the phenomenon of post-teranic potentiation (PTP)
(Baxter et al., 1985). PTP is an increase in the efficacy of transmission requiring minutes for its
development and decay. As in the case of facilitation, PTP seems to be related to the
intracellular Ca®" that triggers neurotransmitter release at the nerve terminal (Erulkar and
Rahamimoff, 1978).

In order to account for short-term plasticity phenomena, several extensions of the theory of
neurotransmitter release generated by a single spike to the more general case of trains of action
potentials, aimed at the release process at the neuromuscular junction, have been proposed
(Elmqvist and Quastel, 1965; Mallart and Martin, 1967; Melkonian, 1993; Quastel 1997;
Worden et al, 1997). In the case of models accounting for synaptic depression, the
characteristics of binomial release have been coupled with changes in N due to depletion-
refilling processes. Hence, in these models, N is a random fluctuating variable and does not
correspond to the N of binomial release (Vere-Jones, 1966). In the case of facilitation, the
increase in the efficacy of transmission has been explained by changes in the binomial release

parameters p (Zucker, 1973) and N (Bennett and Florin, 1974).
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2.4.2 Short-term plasticity in the mammalian CNS

The phenomena of facilitation and depression are both present in the mammalian CNS. In the
hippocampus, excitatory synapses are more likely facilitating both in the CA1 region (Creager
et al., 1980) and in the CA3 region (Salin et al., 1996) and experimental evidence indicates that,
as in the case of the neuromuscular junction, facilitation has a presynaptic origin.

In the neocortex, synapses between pyramidal neurons are strongly depressing while synapses
from pyramidal neurons to inhibitory interneurons are facilitating (Thomson et al., 1993). The
analysis of EPSP facilitation in neocortical interneurons shows that this type of facilitation has
a strong postsynaptic component due to the progressive depolarisation of the target neuron that
increases cationic conductance by activating NMDA glutamate receptors.

Other interesting types of synaptic depression has been reported at the brainstem Calyx synapse
(von Gersdorff et al., 1997) and at the climbing fiber to Purkinje cell synapse (Dittman and
Regehr, 1998). Depression at the Calyx of held is presynaptically originated with a small
contribution of metabotropic glutamate receptors. Interestingly, synaptic responses in these
systems are characterised by a very high reproducibility with a CV typically lower than 0.1. A
detailed analysis of synaptic responses in Purkinje cells gave an estimate of 400-500 functional
releasing sites, the same order of magnitude of the neuromuscular junction (Silver et al., 1998).
In cases in which both paired-pulse facilitation and depression are considered to be mainly
generated by a change in presynaptic conditions also in CNS excitatory synapses, the statistical
analysis of these phenomena, using the framework of the quantal analysis, has been used to test
the possible presynaptic site of expression of LTP (McNaughton, 1982; Voronin and Khunt,
1990; Manabe et al., 1993). Indeed it has been suggested that LTP in CA3 pyramidal neurons
has a main presynaptic expression only at the mossy fibers and not at the associative
commisural fibers because only the former type of LTP is associated to a strong decrease in

paired-pulse facilitation (Zalutsky and Nicoll, 1990).

2.4.3 Short-term plasticity and neuronal codes

The problem of short-term plasticity in the brain is strongly related to the ability of neurons to
integrate and code input signals. If the conditions of release during a train are not constant, the
significance of synaptic events, i.e. the information transmitted by presynaptic action potentials,

changes with time. This problem has been recently addressed by several neuroscientists.
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In neocortical neurons, where at normal conditions pyramid-pyramid connections are
characterised by a high probability of release that most likely results in depression of
postsynaptic potentials evoked by a second and third presynaptic action potential, Tsodyks and
Markram (1997) proposed a simple heuristic model to account for mean EPSPs. This mode] has
been lately extended to account for facilitating afferents to interneurons (Markram et al., 1998).
Markram and Tsodyks showed that in a train of more than 10 presynaptic action potentials the
first mean EPSPs (3-6) are dominated by depression and the following mean EPSPs reach a
stationary value that depends on the firing frequency. The time window of transient synaptic
responses depends on the initial release probability, i.e. on the strength of depression. This
feature can be modulated by synaptic plasticity that can be obtained by pairing presynaptic
trains with postsynaptic depolarisation (Markram and Tsodyks, 1996). Markram and Tsodyks
showed that the time window of transient synaptic responses determines the interval in which
simultaneous synaptic inputs can summate to generate a framsient postsynaptic response.
Indeed, they proposed that this can be a relevant time scale for understanding neural codes
(Tsodyks and Markram, 1997).

In the case of facilitating synapses, the question of the time window for neuronal codes has to
deal particularly with the problem of the variability of synaptic responses. Since in these
synapses the release probability is typically low, unless the number of quanta is considerably
large as in the case of the neuromuscular junction, synaptic responses are very unreliable.
Nevertheless, as proposed by Lisman (1997), the time integration of facilitating synaptic
responses can make synapses which are unreliable at the level of a single action potential
reliable at the level of a burst. This would determine the typical synchronous bursting activity
that can be observed in several networks characterised by facilitating synapses. Thus, because
of short-term plasticity, the best stimulus to fire a cell is coincident bursts, and this has clear
implications on the way information would best be coded.

All these studies bring to a new concept of neural representation and computation: the dynamic
synapse (Liaw and Berger, 1996). In fact, as the probability of neurotransmitter release turns
out to be a function of the temporal pattern of action potential occurrence, synaptic efficacy
(that can be modulated by long-term synaptic plasticity) becomes a dynamic property of the

synapse that determines synaptic integration and neuronal signalling.
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2.5 Aim of the work

The aim of this thesis was to characterise synaptic responses to repetitive stimulation of afferent
fibers in CA3 hippocampal neurons and to propose a theoretical framework to analyse and
interpret experimental data. This problem is particularly interesting in hippocampal excitatory
synapses of 7-10 days old rats where a large variability of short-term plasticity is found.

The question of extending the classical quantal theory to the case of repetitive synaptic
transmission implies the introduction of stochastic chains accounting for activity dependent
changes of synaptic parameters. Since the quantal parameters during short-term plasticity
processes can be generally subject to substantial changes, preventing the success of
conventional QA methods (Larkman et. al., 1997), the approach to the problem or repetitive
release requires the extension of a traditional quantal theory scheme, founded on stafic
probabilistic distributions, to a Dynamic Quantal Theory scheme based on the theory of
stochastic processes.

In contrast to the analysis of synaptic responses corresponding to each presynaptic action
potential, with single probability distributions, stochastic chains contain information on the
correlation of synaptic responses within the train. This information can be used to discriminate
within different models and to more carefully investigate the dynamics of a synapse. An
algorithm to fit the statistics of repetitive synaptic responses with stochastic chains (Dynamic
Quantal Analysis) has been used to analyse synaptic responses not only in hippocampal
excitatory synapses, but also in GABAergic hippocampal synapses and in pyramid-pyramid
connections in the neocortex. Neocortical data have been recorded at the Weizmann Institute of
Science, Rehovot, Israel by Henry Markram.

The problem of the variability of synaptic responses evoked by trains of action potential is also
particularly relevant to investigate time integration of synaptic signals. As discussed in the
introduction, short-term plasticity can determine the time domain for postsynaptic signals
integration. Therefore, a quantification of the capability of temporal integration requires a
detailed analysis of the variability of synaptic responses. Thus, the characterisation of synaptic
responses proposed in this thesis is also used to investigate the synaptic properties of signal

integration and coding, by calculating an information quantity that can be transmitted by

21



synaptic signals, i.e. by evaluating the capability of a synapse to discriminate within different
presynaptic inputs.

The analysis of synaptic variability aimed at investigating signal integration and neuronal
processing can be extended from single synapses to networks. In order to do that, multisite
recording techniques allowing to detect nervous signals from many neurons simultaneously
must be used. A considerable part of my PhD work has been devoted to the development of a
high space-time resolution imaging system particularly aimed at the recording of calcium
signals. This part is reported in the appendix. It is shown that the temporal resolution of calcium
signals recorded with this imaging system, which is limited only by the kinetics of the process
of Ca®-dye binding and diffusion, allows the use of these signals to detect firing activity in
single cells. Furthermore, it is shown that network activity can be investigated by recording
signals from brain slices stained with AM-ester calcium dyes. This final part of the thesis,
dedicated to fast calcium imaging, can be considered a possible development of the studies on

signal variability at the level of neuronal networks.
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3 SHORT-TERM PLASTICITY OF SYNAPTIC RESPONSES IN
CA3 HIPPOCAMPAL NEURONS

In this chapter, the phenomenology of short term plasticity due to short trains of presynaptic
action potentials is analysed. Postnatal (P) P7-P10 days old rats were used. These experiments
were conducted in CA3 hippocampal neurons where two types of excitatory afferent fibers,
namely the mossy fibers from DG granule cells and the associative commisural fibers from
other CA3 pyramidal neurons are present. Mossy fibers are not completely developed at this age
(Slomianka and Geneser, 1997) and can be activated by a stimulating electrode placed within
100 pm from the pyramidal neurons layer in the stratum lucidum-radiatum.

It is shown that very different types of short-term plasticity are present in these synapses and
that the type of short-term plasticity depends on the concentration of the extracellular calcium

and on the frequency of stimulation.

3.1 Methods

3.1.1 Slice preparation and solutions

For the study of synaptic transmission in the mammalian CNS, the in vitro brain slice
preparation presents many advantages. Principally, synaptic connections are maintained almost
intact, neurons can be visually identified and the whole cell patch clamp technique can be used.
Hippocampal slices were prepared following the methods described by Sciancalepore et al.,
(1995).

Postnatal (P) days P7-P12 old Wistar rats were decapitated under urethane anaesthesia (0.5 ml
ip of a 10% solution) and their brains removed. Transverse hippocampal slices (200 wm thick)
were cut with a vibroslicer and placed in a bath containing (in mM): 126 NaCl, 3.5 KCl, 2
CaCl,, 1.2 NaH,POy, 1.3 MgCly, 14 NaHCO;3, 11 glucose, gassed with 95% O, and 5% CO, at
32 °C (pH 7.3). They were allowed to recover for at least 1 hour before being transferred to the
recording chamber in which they were superfused at 3 ml/min. The extracellular solution

contained (in mM): 126 NaCl, 3.5 KCI, 2 CaCl,, 1.2 NaH,PO,, 1.3 MgCl,, 25 NaHCO;, 11
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glucose, gassed with 95% O, and 5% CO, at room temperature (24°C, pH 7.3). Synaptic
currents evoked by afferent stimulation were recorded at -70 mV holding potential. This
potential corresponded to the reversal potential for CI” calculated by the Goldman equation. At
this potential, the NMDA component of EPSCs with a slow decay time (>100 ms) was almost
absent. The majority of the experiments have been performed in the presence of bicuculline (10
UM, purchased from Sigma) and CPP (20 uM, gift of Dr. Herrling, Novartis, Basel). In these
conditions only the fast AMPA component of the glutamatergic current was present. In some
experiments, extracellular calcium concentration [CaZ’L]o was varied from 0.8 mM to 4 mM in

order to modify the probability of neurotransmitter release.

3.1.2 Patch clamp recordings

Recording pipettes were pulled from 2 mm borosilicate glass and had a resistance of 2-5 MQ
when filled with intracellular solution. Intracellular solution contained (in mM): 120 K-
gluconate, 4 MgCly, 49 N-2-hydroethylpiperazine-N>-2-ehanesulfonic acid (HEPES), 0.6
ethylene glycolbis (b-aminoethyl ether) N,N,N’Ntetraacetic acid (EGTA), 2 Na,ATP, 0.2
Na;GTP, adjusted to pH 7.2 with KOH. EPSCs from CA3 hippocampal neurons were recorded
at 70 mV in voltage clamp mode, with a standard patch clamp amplifier (EPC-7 List Medical
Instruments) after optimising capacitance and series resistance compensation. Series resistance
(typically 10-15 MQ) was continuously checked for stability during the experiment. The
extracellular solution introduced a junction potential of 20-30 mV that was compensated by

replacing a resistance in the patch clamp amplifier.

3.1.3 Stimulation

Patch pipettes with a tip of 10-30 pum diameter filled with the extracellular solution were used
for stimulation. The stimulating electrode was placed under visual control on the surface of the
slice in the stratum lucidum-radiatum 50-200 um above the CA3 pyramidal layer. In this
position, either mossy fibers and/or associative commisural fibers could be stimulated. EPSCs
were evoked by short trains of pulses at frequencies ranging from 10 to 25 Hz, (each pulse 40 ILs
duration), repeated every 10 s. Figure 3.1 A shows a picture of the preparation with both the

stimulating and the recording electrodes. Figure 3.1 B shows four consecutive recordings of
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EPSCs evoked by trains of four pulses of stimulation delivered at 20 Hz. The high unrealiability
of synaptic responses that can be observed is due to a relatively low probability of
neurotransmitter release p combined to a low number of quanta N (see equations 2.1-2.4) (Allen
and Stevens, 1994).

To stimulate the minimal number of fibers, the stimulus intensity was adjusted just above
threshold to evoke an EPSC. The mean EPSC amplitude, plotted against stimulus intensity,
showed an all or none behaviour with an abrupt increase at a given stimulus strength
corresponding to threshold and then remained constant when the stimulation intensity was kept
within a given range (see also Jonas et al., 1993). A further increase in stimulus strength gave
rise to larger EPSC, indicating the involvement of more fibers. Typically the intensity of
stimulation to evoke a minimal EPSC ranged from 4 to 10 V. In the representative example
illustrated in Figure 3.2 A, the voltage range between 4 and 5.5 V corresponded to the minimal
stimulation required to evoke an EPSC. One or more additional fibers were recruited when the
stimulation intensity was in the range of 6-7.5 V. From Figure 3.2 B it is clear that short-term
plasticity generally changes when additional fiber(s) are recruited whereas it does not change
within the same stimulation range. In some cases, discarded from the present results, unclamped

antidromic spike could be detected following stimulation pulses.

3.1.3 Data Analysis

The analysis of experimental synaptic responses and the calculation of the relevant statistical
quantities have been dohe using programs developed with Matlab 4.2C for PC (The Math
Works, Inc., Natick, USA). Matlab is a high level programming language that allows fast
developing and debugging of codes, the use of a very large number of dedicated libraries, the
easy setting up of graphical interfaces. Matlab is available for PC, Macintosh or UNIX systems
and source codes, that do not require a compilation, can be easily transferred from one system to
another. In comparison with C or C++, Matlab programs are considerably slower since all
variables are double as default. However, by using processors like Pentium 200 or more
advanced releases, the speed of the programs is not a limit to use Matlab for many applications

of data analysis and computer simulations.
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25 pA 10 pA
50 ms 50 ms
Figure 3.1 Experimental protocol. A. Hippocampal slice obtained from a P9 old rat with a recording electrode
positioned in the CA3 pyramidal region and a stimulating electrode placed in the stratum lucidum-radiatum. EPSCs

(n=100) were evoked by four pulses at 20 Hz. B. Four consecutive recordings. C. Average of the 100 recordings,

showing a facilitation of the second EPSC with respect to the first and of the third with respect to the second.
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Figure 3.2 EPSCs evoked at different stimulation intensities. A. Plot of mean amplitude of the first EPSC vs.
stimulation intensity. Each open symbol represents the mean amplitude of 30 recordings (bars are the standard
deviations). In the voltage range between 4 and 5.5 V, corresponding to the minimal stimulation required to evoke a
synaptic response, mean EPSC amplitudes did not change. One or more additional fibers were recruited when the
stimulation intensity was in the range of 6-7.5 V. B. Four traces representing the average of 30 recordings at
different stimulation intensities. Distinct EPSC patterns were observed at different stimulation ranges whereas

EPSC patterns did not change within the same stimulation range.
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Figure 3.3 shows two parts of a window (graphical interface) of a program used for data
analysis. The program is able to read binary files (including the header), to plot experimental
samples, and to analyse EPSC amplitudes (see also next chapter). The development of programs
for data analysis has been a part of this PhD work.

EPSC amplitudes were measured after the detection of stimulation artefacts. Since in most of
the experiments the smallest detectable currents was higher than the background noise, a
response having an amplitude three times smaller than the standard deviation of the signal
recorded during the 50 ms interval preceding the first stimulus artefact was considered a failure.
It must be said that failure detection and, more generally, the appearance of peaks corresponding
to quantal currents in the amplitude distributions, could be visually tested when quantal

currents were larger than 15-20 pA.

3.2 Results

3.2.1. Different types of short-term plasticity at CA3 hippocampal synapses

In 57 experiments, 40 recordings with four 20 Hz pulses of stimulation have been considered.
The sequences of the mean EPSC amplitudes (EPSC patterns) were classified in terms of
facilitation (F) or depression (D) of the n™ EPSC with respect to the (n—l)th. For example, FDD
indicates facilitation of the second EPSC with respect to the first one and depression of the third
with respect to the second and of the fourth with respect to the third. EPSC patterns could be
therefore grouped in eight cases. This classification is only qualitative and is aimed at showing
the variability in short-term plasticity behaviours observed in these synaptic responses.

The case with three consecutive facilitations (FFF) was observed only 6 times while the case
with three consecutive depressions (DDD) was more common (19 times). Cases FFD and FDD,
considered as intermediate cases were observed 19 times. All the other cases in which
facilitation occurred after a depression were observed 13 times. As shown in Figure 3.4 B, the
four normalised averaged EPSCs in the sequence had a similar decay time, suggesting that
AMPA receptor desensitisation does not play an important role in determining different EPSC

patterns (Jones and Westbrook 1996).
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In fact, in the case of synaptic responses mediated by AMPA receptors, the decay phase of
synaptic currents basically mimics the kinetics of desensitisation and the observation that
normalised EPSCs can be superimposed indicates that desensitisation is constant within the
stimulation train.

In order to test whether different EPSP patterns could be generated in the same cell by
stimulation of other afferent fibers, in additional experiments, the intensity of stimulation was
increased and/or the position of the stimulating electrode was changed. As illustrated in Figure
3.2, recruiting additional fibers by increasing stimulus strength changed the EPSC patterns.
These results show that, in comparison with neocortical pyramidal neurons (Thomson et al.,
1995) a higher variability of synaptic behaviours could be elicited in the developing

hippocampus even in the same cell.

3.2.2 Identification of presynaptic fibers responsible for EPSCs

In the adult guinea pig hippocampus, differences in short-term plasticity between synaptic
responses evoked by repetitive stimulation of mossy fibers and those elicited by associative
commisural fibers have been reported (Salin et al., 1996). In order to see whether the high
variability in EPSC patterns observed in the present experiments reflected the activation of
different types of synaptic inputs, the mGIluR2/mGIluR3 specific agonist 2-(2,3-
dicarboxycyclopropyl) glycine (DCG-IV, 1 uM) was used. Activation of mGluR2/mGIuR3,
which are localised on the mossy but not on the associative commisural fibers (Shigemoto et al.,
1997), induces a reduction of neurotransmitter release and therefore allows to distinguish
between the two different synaptic inputs (Kamiya et al., 1996). In 3 out of 8 cells in which
DCG-IV was tested, a reduction of the mean amplitude of the first EPSC (larger than 30%) was
observed, whereas in the remaining cases the mean EPSC amplitude was unchanged.

In the presence of DCG-IV, modifications of EPSC patterns occurred as shown in the
representative example of Figure 3.5 A, in which a DDD pattern changed to a FDD pattern. All
these experiments have been done in the presence of 20 pM CPP since DCG-IV is also an

agonist of NMDA glutamate receptors.
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50 ms 50 8

Number of experiments

2 3 Others

Figure 3.4 Different EPSC patterns evoked by 4 pulses. A. Each trace is the average of 40 recordings obtained
from 3 different cells (1-3). A-1 and A-3 show the extreme cases of EPSC patterns in which there is facilitation or
depression of the second third and fourth EPSC with respect to the previous one (FFF and DDD). A-2 represents an
intermediate case in which the fourth EPSC is slightly depressed in comparison to the previous one (FFD). B. The
four mean currents in the three cases shown in A were normalised and superimposed (1-3). C. The column diagram
summarises the results obtained in 57 experiments. Case 1 and 3 have been observed 6 and 19 times respectively.

Intermediate cases have been observed 19 times and the other cases (FDF, DFD, DDF and DFF) 13.
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Interestingly, in the DCG-IV-sensitive cases the mean amplitude of the first EPSC was larger
than 20 pA with a CV higher than 70%, while in the DCG-IV-insensitive responses, the first
EPSCs had either a mean amplitude smaller than 20 pA or a CV lower than 50% and almost no
failures. These results suggest that EPSCs evoked by the release of a single quantum at mossy
fiber synapses are generally larger in amplitude then those at associative commisural fibers as
recently demonstrated by Henze et al., (1997). In about 32% of the experiments, EPSCs had
characteristics similar to those of the DCG-IV-sensitive cases, suggesting that only in a minority
of the cases synaptic responses were elicited by the stimulation of the mossy fibers. A high
variability of EPSC patterns has been observed both with large and small mean EPSC
amplitudes. It must be said that the specificity of DCG-IV to mossy fibers during the second
postnatal week has not been tested. Therefore, the results presented in this section cannot be
considered conclusive. Moreover, from these results it appears that a particular EPSC pattern
cannot be associated to the activation of a specific synaptic input, since both facilitating and
depressing behaviours could be observed by stimulating either mossy fibers of associative

commisural fibers.

3.2.3 Effects of changing [Ca®'], on EPSC patterns

In order to investigate how EPSC patterns are affected by the probability of release, EPSCs have
been recorded in the presence of different [Ca®*],. Changing [Ca®*], from 2 to 4 mM produced
not only a significant (p<0.05) increase in the mean amplitude of the first EPSC (22 + 7 pA at 2
mM [Ca®*], and 30 + 10 pA at 4 mM [Ca®],, mean = SD) and a decrease in the number of
failures, but also a change of the EPSC pattern (Figure 3.6 A and B).

Figure 3.6 C summarises the results obtained in six experiments in which [Ca®™], was changed
from 2 mM to 4 mM. In all the cases, in the presence of 4 mM [Ca2+]o, a decrease in the ratio
between the n™ EPSC and the first one and an increase of the mean amplitude of the first EPSC
were observed. With the higher calcium concentration in 5/6 experiments, DDD patterns were
obtained. These results indicate that it is possible to change most of the EPSC patterns to DDD

configurations, by increasing the probability of release.
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Mossy fiber
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Associative commisural fiber
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Figure 3.5 Identification of presynaptic fibers responsible for EPSCs. A and B. Traces representing the
average of 40 recordings of DCG-IV-sensitive (A) and DCG-IV-insensitive (B) synaptic responses in control

condition and in the presence of 1 pM DCG-IV.

3.3 Simple modelling of short term plasticity

3.3.1 A simple theoretical background of transmitter release dynamics

According to the quantal theory, exocytosis of synaptic vesicles occurs in a stochastic manner
and different numbers of quanta are released following a discrete probabilistic distribution. In a
stochastic process in which N vesicles or quanta have a probability p to be released when the
terminal is reached by an action potential, the mean number of released vesicles is given by
equation 2.2. The probability p can be expressed by a function of the transient intracellular

calcium concentration [Ca™*]; that triggers transmitter release in presynaptic terminals.
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Figure 3.6 EPSC patterns evoked in the presence of different [Ca*],. A. Traces representing the average of 40
recordings obtained in the presence of 0.8 mM (1), 2 mM (2) and 4 mM (3) [Ca®*],. B. The ratios between the four
mean EPSC amplitudes and the first one are shown in 1. In 2 each point represents the mean amplitude of the first
EPSC evoked in the three different [Ca*],. C. Light and dark columns indicate the mean of the mean EPSC

amplitudes obtained in six experiments with 2 mM and 4 mM [Ca®"], respectively. Error bars are SDs.

34



A simple expression of the probability function is given by a generalised Dodge-Rahamimoff

equation (Dodge and Rahamimoff, 1967; reviewed by Van der Kloot and Molgo, 1994)

p([Ca*T]) = pmaé — 3.1
1+ (K-[Ca%" D

where K is a constant and pmax is the maximum value of p; [Ca®*"] represents the peak
concentration of calcium in the terminal.

Short-term variations of synaptic efficacy such as paired-pulse facilitation and paired-pulse
depression have been explained with statistical changes of release properties (Del Castillo and
Katz, 1954b); when a second action potential reaches the synaptic terminals a short time (< 200
ms) after the first one, the probability of release will be generally increased by residual calcium
due to the first action potential, while the number of available transmitter quanta will be
decreased by a fraction of the quanta released during the first action potential (depletion). The
first mechanism can be responsible for facilitation and the second for depression. These
mechanisms can be simply expressed by an equation for the mean number of released vesicles

during a second action potential

<n, > = p(Ca**]+ACa* ] (N- < n; > £(AD) (3.2)

where f(t) is a function that accounts for reavailability mechanisms of synaptic vesicles and At is
the time between the two action potentials; f(t) must satisfy the following requirements:
f(0)=1 (no reavailability immediately after the first release) (3.3a)
f (t—e)—0 (complete reavailability after a long time). (3.3b)
The simplest way to express the reavailability function is to use a single exponential function e’
¥ or a sum of several exponential functions indicating different possible time constants.

If j action potentials reach the synaptic terminal with a constant time interval At, equation 3.2

can be generalised for the mean number of vesicles released during the jth action potential as

2 2 i
<n;> = p(Ca +]+Aj_1[Ca +])-(N—.Zl<ni > f((j-1) - AD) (3.4)
1=
where Aj_l[CaZJ'] is the change of effective calcium concentration produced by the first j-1

spikes. EPSC amplitudes can be considered approximately proportional, to the first order, to the
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number of released vesicles and therefore the mean EPSC amplitude A can be expressed by the
relation
A =p<n>. (3.5
In general an EPSC can be generated by the release of R independent different terminals and/or
releasing sites; the mean j™ EPSC amplitude recorded during a train of action potentials
occurring with a time interval At is the weighted sum of the contributions of the single terminals
and/or releasing sites
R -1
AT = 2By py(Ca™ T +A1Ca% 1) (N = 3 <y > £(G-D-40) . (G6)

In this expression, the possible delay between the release at different terminals and/or releasing
sites is neglected. By choosing particular forms of p([Ca®™]) and f(t) and by introducing a
possible dependence of p; on the j™ action potential, this general model could account not only
for calcium dependent exocytosis dynamics, but also for other possible mechanisms of
modulation of calcium entry and transmitter release during the activation of the synaptic

terminal. A probability function 3.1 in which there is a summation of constant contributions to

residual calcium (Aj-l[Ca2+]:(j~1)-A[Ca2+]) can account for simple mechanisms of facilitation.

Each contribution A[Ca®*] depends on At, (i.e. on the frequency of presynaptic firing), since the
residual calcium decays in time.

It should be stressed that equation 3.6 can also describe postsynaptic mechanisms, leading to a
change in the quantal size, if a dependence of By on j or on <n>y is introduced. As already
mentioned, the kinetics of EPSCs in the sequence did not change suggesting that receptor
desensitisation does not play a relevant role in these measurements. Moreover, in contrast to
EPSPs recorded from neocortical interneurons (Thomson and Deuchars, 1994), in the present
experiments self-facilitation at NMDA-receptor-mediated synapses did not give any
contribution since EPSCs were recorded in voltage clamp conditions at -70 mV and in the
presence of NMDA blockers. Finally, another possible postsynaptic mechanism that can
contribute to different EPSC patterns is AMPA receptor saturation, (see also section 4.2).
Recent studies in which single quanta at individual synapses have been studied by using loose-

patch recordings have shown that AMPA receptors are not saturated at hippocampal synapses
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(Forti et al., 1997). However AMPA receptor saturation has not been tested in the present

experiments.

3.3.2 EPSC patterns generated by different parameters

While the synchronous release of neurotransmitter generated by a single action potential in a
presynaptic terminal can be described by a simple probabilistic model based on the binomial
distribution, release of neurotransmitter triggered by a train of action potentials is a much more
complicated stochastic process. However, the discrete dynamic system represented in equation
3.6 can account for the mean EPSC amplitudes elicited by trains of spikes. In order to compare
the experimental results with the predictions obtained by equation 3.6 in different conditions,
EPSC amplitudes were normalised to the amplitude of the first one. In the case of one terminal,
normalised EPSC amplitudes do not depend on the initial number of available vesicles N, while
in the case of more than one terminal, the number of terminals and/or releasing sites Ny can be
included in the coefficients of the weighted sum by replacing By with 0p=Pn-Np. This type of
analysis implies that: 1) The number of stimulated ﬁbers‘ is constant during the train (assuming
that possible phenomena such as an increase in the number of stimulated fibres due to the local
accumulation of extracellular potassium, that it is not possible to exclude, are negligible). 2)
The quantal amplitude does not vary during the train (i.e. postsynaptic effects are negligible).

In order to reproduce different EPSC amplitude patterns, equation 3.6 has been applied to
different conditiohs of release probability. In the simplest case of one synaptic terminal, FFF
cases are generated by a low probability of release produced by calcium entry in the synaptic
terminal while the other extreme cases of DDD are the result of a high probability of release.
Figure 3.7 A shows three EPSC patterns calculated from equation 3.6 by using a single terminal
with the probability function of equation 3.1, a summation of constant contributions to residual
calcium and f(t) expressed by a single exponential function; these patterns resemble those
shown in Figure 3.4 A and are obtained by varying only the relative calcium concentrations in
the probability function.

Other cases can also be obtained with a high probability of release and a relatively fast
reavailability time constant (i.e. a DDF case produced by At/T = 0.25, pmax = 1, [Ca2+] = 2-K"1,
A[Ca®"] = 1-.K'). However, the contribution of more than one releasing site and/or terminals to

the EPSC (see Figure 3.2) or the statistical error deriving from a small number of recordings
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may account for the cases in which a facilitation follows a depression. While the probability
function prevails in determining the EPSC patterns elicited by the first four pulses, reavailability
dynamics plays a fundamental role in shaping EPSCs occurring towards the end of a train of
more than four pulses. Figure 3.7 B shows four EPSC patterns generated by equation 3.6 with
10 stimulation pulses in which a single exponential function with four different values for At/t
has been used.

The EPSC amplitudes always reach a stationary value which is equal to O in the absence of
reavailability (At/t = 0) while it is proportional to pmax'IN in the case of a full reavailability (At/t
— o). It is finally interesting to predict from the model possible EPSC patterns generated at
different frequencies of stimulation; in this case both the consecutive contributions of residual
calcium and the timing of reavailability change. Figure 3.7 C and 3.7 D show 100 EPSC
patterns generated by simulating an increase in the interval between two presynaptic spikes from
50 ms to 500 ms in the case of a synapse with a low release probability and in the case of a
synapse with a high release probability, respectively. These simulations are obtained by

progressively reducing both A[Ca®'] and At in equation 3.6.

3.3.3 Comparison between experiments and theory

As already shown in the previous paragraph, changes in the mean amplitude of EPSCs evoked
by trains of stimuli were obtained by changing [Ca®*], or by activating mGluR2/mGluR3 in the
case of mossy fibers. In terms of parameters of equation 3.6, an increase in [Ca®*], leads to an
increase of both [Ca®*] and A[Ca**]. In order to compare experimental data with those generated

by the model, sets of parameters were chosen by using a semiautomatic procedure in order to

reproduce experimental patterns in control conditions (2 mM [Ca®™]

o). This procedure was
based on the random generation of parameter sets within a given range until a good fit of the
experimental patterns was obtained. Once the control condition was reproduced, the higher
[Ca®"], condition was mimicked by changing [Ca?'] and A[Ca®] (Figure 3.8). A very good
agreement was found between all the experimental data in which [Ca®*], was changed and those
generated by the model.In the same way, in order to reproduce the EPSC pattern recorded in the

presence of DCG-IV (and shown in Figure 3.6 A), the possible reduction in calcium entry

following inhibition of voltage-dependent calcium channels by activation of mGluR2/mGluR3
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(Takahashi et al., 1996) was simulated with a decrease of both [Ca2+] and A[Ca2+] (Figure 3.9

A). Furthermore, in order to see how changes in the frequency of presynaptic spikes could affect

EPSC patterns in our system, ten pulses at 10-20 Hz were delivered to afferent fibers.
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Figure 3.7 Differenf EPSC patterns calculated from equation 3.6. A and B. Ratios between the n" mean EPSC
amplitude and the first one calculated from equation 3.6. In both cases a single negative exponential function with
time constant T was used as reavailability function and equation 3.1 with a summation of constant contributions to
residual calcium was used as probability function. In A, only the probability function parameters were varied. The
set of parameters was AT = 0.2, sy = 0.5, [Ca®] = .66 K (1), 76-K" (2) and 1.45-K™ (3), A[Ca™] = .14.K" (1),
21K' (2) and 0.4K' (3). In B, only the reavailability exponential function was changed, while the other
parameters were the ones used in A(2) (values of At/T are indicated in the figure). 100 ratios between the n™ mean
EPSC amplitude and the first one calculated from equation 3.6 by simulating a progressive change in the interval
between two presynaptic spikes from 50 ms to 500 ms. In C the set of parameters of A(1) was used to produce the
values at 50 ms stimulation interval; the contribution to residual calcium was linearly reduced and reached zero at
300 ms. In D the set of parameters at 50 ms stimulation interval was At/T = 0.2, ppa = 0.5, [Ca2+] =2.K* A[Ca™
= 0.4-K'": the contribution to residual calcium was linearly reduced and reached zero at 500 ms. EPSC patterns

represented in B, C and D are calculated for 10 pulses of stimulation.
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In these experiments, EPSC patterns were reproduced by increasing At/t and sometimes
decreasing A(K-[Ca™]) at the lower stimulation frequency (Figure 3.9 B). In this case, f(t) was a

weighted sum of a fast (t~50 ms) and a slow (1~500 ms) exponential function.
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Figure 3.8 Comparison between experimental and computed data (different [Ca®"],). Ratios between the n®
mean EPSC amplitude and the first one obtained in some experiments (left column) in comparison to patterns

1, were used. In

calculated from equation 3.6 (right column). In these three experiments 2 mM and 4 mM. [Ca
patterns computed from the model only the parameters in the probability function (equation 3.1 with a summation
of constant contributions to residual calcium) were changed in order to reproduce variations in [Ca®],. A single
exponential function with At/t = 0.1 (4), 0.2 (5) and 0.5 (6) was used as reavailability function, while the other
fixed parameter pmsx was 0.45 (4), 0.32 (5) and 0.78 (6). [Ca®*] was varied from 1-K to 2-K! (4), from 1-K™ to
14K (5) and from 1- K" to 2K (6), while A[Ca®] was varied from 0.2 K" to 0.25-K" (4), from 0.13-K" to

0.25-K (5) and from 0.1-K™ to 0.2-K™* (6).
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Figure 3.9 Comparison between experimental and computed data (activation of glutamate metabotropic
receptors and diffefent frequencies of stimulation). Ratios between the n" mean EPSC amplitude and the first
one obtained in some experiments (left column) in comparison to patterns calculated from equation 3.6 (right
column). In A, ratios obtained from data shown in Figure 3.6A were compared to those obtained with the model.
The experimental condition in which 1uM DCG-IV was added to the external solution was simulated by decreasing
both [Ca®**] and A[Ca*"]. The timing of the re-availability function was At/t = 0.8, while the other fixed parameter
Pmax Was 0.3. [Ca**] was varied from 3-K™ to 1.05-K™!, while A[Ca?*] was varied from 2K to 0.45-K™. In B, ratios
obtained from one experiment in which EPSCs were evoked by 10 pulses of stimulation at 50 ms and 100 ms
stimulation interval were compared to those computed with equation 3.6. The reavailability function was
Biexp(At/T))+B1exp(At/T,). At was changed from 50 ms to 100 ms in order to reproduce the modifications in the
frequency of stimulation. The fixed parameters were pug = 0.35, [Ca™] = 2K, A[Ca**] = 0.5 -K'', 1, = 500 ms, 1,

=50ms, B; =045, B, =0.55.
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4 STATISTICAL ANALYSIS OF SYNAPTIC VARIABILITY
AND SHORT-TERM PLASTICITY

In this chapter, a new approach to analyse and interpret synaptic responses is presented. This
approach combines the statistical analysis of single synaptic responses to short trains of
presynaptic action potentials, which extends the classical quantal analysis, with the analysis of
the cumulative responses, containing the temporal correlation within the train. It is shown that
the latter type of analysis allows to investigate how synapses can integrate synaptic signals in

time.

4.1 The dynamic quantal approach to analyse synaptic responses

4.1.1 Statistical models and correlation detection

In the contest of the binomial quantal theory, each synapse is characterised by the release
probability p, by the number of quanta available for release N, and by the quantal size (i.e. by
the amount of synaptic response corresponding to a single quantum) q. In the most general
hypothesis, each quantum of the synapse has distinct release probability and quantal size. This
synapse will be then characterised by 2N+1 free parameters. The number of free parameters
becomes independent on N and is reduced to 3 in the particular case of the simple binomial
model in which p and q are uniform. By analysing sets of 100 EPSCs in CA3 pyramidal neurons
with the statistical procedure of QA described in section 4.1.3, it has been found that the fit of
experimental data with the simple binomial model was in general acceptable. Since with this
procedure the quantal size q was directly calculated as the ratio between the mean EPSC and the
mean number of released quanta in the model, the number of free parameters was also reduced
to 2.

Assuming that the simple binomial model is sufficient to account for the variability of synaptic
responses at the level of a single action potential, several hypothesis on the evolution of the
quantal parameters during a train of presynaptic action potentials can be tested. Each model

with particular sets of quantal parameters may in general produce similar series of distributions,
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corresponding to the single action potentials in the train, that adequately fit experimental
distributions. However, distinct hypothesis generate different dynamics of synaptic transmission
leading to differences in the correlations within synaptic responses in the train. On this basis,
correlation detection in synaptic responses to short trains of presynaptic action potentials, can
discriminate among different binomial chains, i.e. among different hypothesis on the activity
dependent changes of quantal parameters, although all of them are associated to similar
distributions that fit experimental data. Thus, the dynamic quantal approach developed in this
thesis work consists of two steps: 1) Fitting of the experimental data histograms (as described in
section 4.1.3) to select the values of quantal parameters in the framework of a particular
hypothesis. 2) Comparison between correlation in experimental data and those expected from
each model (i.e. from each dynamic hypothesis on quantal parameters).

Different hypothesis have been divided in three groups corresponding to three levels of
approximation. At the first level, the fitting was done with binomial chains in which changes in
p and N are independent from previous synaptic events (model 0), corresponding to a classical
quantal approach where experimental distributions are associated to simple, and uncorrelated,
binomial distributions. At the second level (model 1), the parameter N depended on the number
of quanta released previously, and thus evolved in a stochastic manner, whereas the parameter p
evolved in a simple deterministic manner. Finally, at the third level (model 2), the fitting was
done with binomial chains in which both N and p were stochastic variables, dependent on
previous release. The latter two approaches are referred to as dynamic quantal approaches.

Each model is defined by the evolution of the release probabilities p; and of the numbers of
available quanta N; at the ™ action potential of the train. Previous studies have shown that the
balance between the effect of residual calcium accumulation and the depletion of vesicles can
account for the facilitating and depressing behaviours in the synaptic responses to a train of
action potentials in CA3 hippocampal pyramidal neurons (Miles and Wong 1986). In keeping
with this, the investigation was limited to binomial chains (models 1 and 2) in which the
parameter Nj was changed by the phenomenon of depletion. Namely, at each action potential, N;
was decreased by the n; released quanta and, before the next action potential, increased by the
number of previously released quanta that were made reavailable for the (G+1)" release. Then,

the number of quanta N; available for release at the j™ action potential of the train was N
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decreased by the number of quanta vy,...,vj.; that have been released after the previous j-1 action
potentials and that were not yet reavailable for further release.

j-1

Nj = N—kélvk. 4.1)

The simple deterministic approximation of the process of reavailability, which would in general
be itself stochastic (Melkonian 1993; Quastel 1997), has been used here. In this approximation,
the number of available quanta N; was a time function of the previously released quanta

j-1

N.=N- X v (t.—t
J k=1 k(l

- (4.2)

Vi(t) can be expressed as the integer number closer to the product f(t)-ng, where f(t) is a time
function such that f(0)=1 (no reavailability immediately after the release) and f(t—>o0)=0
(complete reavailability after a long time). For synaptic release at a constant frequency of
presynaptic firing 1/At, the reavailability has been simulated with a negative exponential

behaviour f (tj -tj —k) =f(k-At) = e_k'At/ T  where T is the time constant of the

deterministic approximation to reavailability.

At the level of model 1, the release probability varied with a purely deterministic evolution, and
was defined by a set of release probabilities p; at each spike j. In order to constrain the otherwise
large number of parameters pj, particularly when describing processes with several presynaptic
action potentials, one may introduce simple rules that determine the probabilities p; in terms of a
minimal number of free parameters. A reasonable minimum is 3, since one parameter is needed
for the initial p value, one for its change after the first action potential, and one for its
asymptotic value after many action potentials. A simple 3-parameter rule, that was used as a
crude model of the p; series, is the equation 3.1. This equation allowed to reduce the number of
free parameters to three (pmax, [Ca®*] and A[Ca®*]) when the number of action potentials was
higher than 3.

At the level of model 2, the deterministic approximation for the evolution of the release
probability must be replaced by a more general Markovian one in which also the change in the
release probability depends on the previous release event. The simplest model that does not

introduce further parameters and in which the application of the A[Ca®*] change in equation 3.1
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is made conditional on the immediately preceding event not having been a failure, i.e. on its
having been a genuine release, has been used. Such a model is a simple and extreme
implementation of the hypothesis that failures may not be just normal presynaptic events
followed by release of zero quanta, but may include failures in the cascade of events underlying
quanta exocytosis. A scheme of the three models is shown in Fig. 4.1.

The statistics of cumulative responses A; after j spikes

j
A.= > n

(4.3)
J k=1

=
has been used to detect correlations within the train. The stochastic distribution of cumulative
responses to a given train is affected by correlation, because negative correlations will tend to
make the distribution narrower, while positive correlations, enhancing the probability of strings
of consistently higher-than-average or lower-than-average responses, will tend to make it wider.
Denoting with P*(Aj) the distribution that would be observed if successive events were
uncorrelated, a useful method to capture these effects is to plot P(Aj)—P*(Aj), (in the cases
reported in this article j=4), which is the probability of each value of the cumulative response
after j spikes minus the mean probability of obtaining any given value of A; after randomly
reshuffling responses across trains. In this case, this was done by averaging over 500 randomly
reshuffled camulative responses and by choosing, as the bin for experimental data, the quantal
current obtained by quantal analysis of the first distribution. The reshuffling is a standard
bootstrap operation (Efron 1982) that combines the response to the first action potential from a
train to that to the second spike from another train in a random way and so on. Reshuffling is
also a convenient way to measure from the experimént P*(Aj), (the probability of cumulative
responses if uncorrelated), since strictly uncorrelated responses are obviously not available. The
comparison between P(Aj)—P*(Aj) obtained from experimental data and that expected from each
mode] is the crucial point of the dynamic quantal approach that allows to discriminate among
different models (hypotheses). At the level of the simplified hypotheses proposed in this thesis,
the very different P(Aj)'P*(Aj> obtained with the three models permit a model discrimination by
quantifying the discrepancy between the experimental and the theoretical P(Aj)'P*(Aj) curves

(see section 4.1.2).
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Figure 4.1 Example of stochastic chains representing possible scenarios of neurotransmitter release. Model 0: For
successive presynaptic action potentials, the release probability p and the number of available quanta N change in
an independent (non-correlated) manner. Therefore each release event correspond to an independent binomial
distribution. Model 1: N is a stochastic variable changing in a manner which is dependent on the previous release
events. At each interval between two pulses N is decreased by the released quanta and re-increased by the
reavailable quanta. The number of released and not yet reavailable quanta is expressed by vi(t). This model is
negatively correlated because the probability to have a high number of released quanta decreases following high
previous release events. Model 2: p is also a stochastic variable that depends on previous release events and can

introduce to the model a positive contribution to correlation. P, is generally different from P;in all the models.

46



4.1.2 Discrimination among different hypotheses on the basis of correlation

A set of experiments in which groups of 100 EPSCs were recorded in CA3 pyramidal neurons
following trains of 4 action potentials have been analysed both with a classical and a dynamic
quantal approach. In these experiments, EPSCs were stable and there was no evidence for a
tendency to run down or wind up. For model 0, experimental distributions have been associated
to simple binomial distributions with a different p and N for each action potential of the train.
For models 1 and 2, the statistics of experimental data have been associated to that of stochastic
processes in which p and N were varying on the basis of previous release events (binomial
chains). In model 1, correlations among successive release events are entirely due to the
variability in the number of released quanta and are negative, in the evident sense that higher
release is more likely following a string of previous low release events, since a higher number of
quanta is then available.

At this stage, the ability of three successive simple approximations to describe experimental
data has been compared (model 0: independent binomial distributions, no correlation; model 1:
stochastic release chain with predetermined changes in p, negative correlation; model 2:
stochasticity also affecting changes in p, potential for positive correlation). Figure 4.2 shows six
consecutive recordings with EPSCs evoked by four pulses of stimulation at 60 ms interspike
interval. Figure 4.2 B shows the average of 100 recordings including those of A; short-term
plasticity was dominated by facilitation. N

Figure 4.2 C shows the histograms of EPSC amplitudes relative to the four action potentials
(including the failures) (left column) and the distributions obtained by running 10,000 computer

simulations for each of the three models with sets of parameters giving a good fit (always

Pj( ;(2 )>10% Vj) of experimental distribution. The distributions obtained with the three models

are very similar at the level of single spikes and all of them fitted experimental data. This is also
true at the level of the time courses of the mean normalised to the mean of the first synaptic
response (Figure 4.3 A(1)), of CV (Figure 4.3 A(2)) and of the percentage of failures (Figure 4.3
A(3)) relative to the experimental EPSCs and to the three models, as shown in Figure 4.2 A.

Turning now to correlations among successive spikes, many possible measures that are sensitive
to correlation can be used. A particularly meaningfﬁl one is the cumulative response after j

spikes (equation 4.3).
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Figure 4.2 Analysis of EPSCs with the classical and the dynamic quantal approach. A. 10 recordings of EPSC from
a CA3 pyramidal neuron elicited by a train of 4 pulses with 60 ms interspike interval. B. Average of 100 recordings
including those shown in A. C. Left column. Histograms of the EPSC amplitude distributions relative to the four
pulses. Right column. Corresponding distributions with sets of parameters giving a statistically significant fit of
experimental data, obtained with single binomial models for the four synaptic events (no correlation), with a
binomial chain with deterministic release probability evolution (negative correlation) and with a binomial chain
with a Markovian release probability evolution (positive correlation). The distributions corresponding to each

action potential are very similar.
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Figure 4.3 Comparison between the classical and the dynamic quantal approach. A. mean/mean(1%) (1), CV (2)

and percentage of failures (3) of the experimental EPSCs and of the three models shown in Figure 4.2. B.

Correlation distributions obtained by reshuffling data as described in the text and schematically shown in the upper

part of B. 1. and 2. Cumulative response amplitude distributions for original data (1) and reshuffled data (1). 3.

Difference between 1 and 2 (correlation distribution). 4. Same as (3) but for sets of 10,000 computer simulations

obtained with the parameters of the three models of figure 2. 5. Same as (1) with data from two other experiments

with a similar statistics of synaptic responses.
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In the limit in which successive spikes in the train occur very close to each other, the cumulative
(or integrated) response is the most relevant postsynaptic measure. The stochastic distribution of
cumulative responses to a given train is affected by correlation, because negative correlations
will tend to make the distribution narrower, while positive correlations, enhancing the
probability of strings of consistently higher-than-average or lower-than-average responses, will
tend to make it wider. A useful method to capture these effects is to plot P(Aj)-P*(Aj), (in this
case j=4), which is the probability of each value of the cumulative response after j spikes minus
the mean probability of obtaining any given value of A; after randomly reshuffling responses
across trains (see section 4.1.1). For uncorrelated chains, (model 0), the difference P(Aj)-P*(Aj)
is close to zero at each bin used to measure A4, (not precisely zero because of finite sampling
effects). For model 1, the negative correlations generate a narrower distribution for A4, which
results in the expected central peak in the plot with‘ two negative almost symmetrical flanks
(Figure 4.3 B(4)). Positive correlations would result in a wider distribution and in a plot with an
opposite shape. Model 2 embodies a mixture of positive and negative correlations; the result is a
P(A4)—P*(A4) with an intermediate trend as shown in figure 4.3 B(2). This trend is the same of
that of experimental data (Figure 4.3 B(3)). Figure 4.3 B(5) shows the difference P(A4)-P"(A4)
in two other experiments with synaptic responses having a statistical behaviour similar to that of
the experiment shown in Figure 4.2. Again, as A4 increases, first a positive difference, then a
large negative one, are followed by a large positive one as predicted by model 2. A more
quantitative criterion to evaluate the discrepancy between the P(A4)—P*(A4) curves obtained
from experimental data and that obtained with each model is to compute the integral of the
absolute value of the difference of the two curves and to compare the result with the statistics
obtained by running sets of computer simulations with the corresponding model parameters and
with the number of simulations in each set equal to the number of experimental recordings. In
this way, a model can be rejected on the basis of the value of the integral, i.e. whether and by
how many SDs this value exceeds the mean of the distribution of the values obtained by running
100 sets of computer simulations. In the case of the experiment reported in figures 4.2 and 4.3,
for model O, model 1 and model 2 the statistics of the values obtained with the computer
simulations were 0.20 + 0.06, 0.18 + 0.05 and 0.18 + 0.06 and the values of the integral were
0.29, 0.37 and 0.16 respectively. Thus, in this case, it was possible to reject models 0 and 1
(p<0.05) but not model 2 (p>0.5). These results demonstrate that a dynamic quantal approach is
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the necessary extension of the classical quantal approach, in order to analyse synaptic responses

evoked by trains of presynaptic action potentials, also in term of correlations.

4.1.3 Dynamic quantal analysis of synaptic responses

A Dynamic Quantal Analysis (DQA) framework, based on the exact calculation of the release
probabilities, has been developed. At the first action potential, the probability pi(n) that n out of
N quanta are released is given by equation 2.1. At the second action potential, the release

probabilities p(n), n=1,...,N are determined by

N
p, (M) =N2p<n/N2>‘P2 (N,) (4.4)

2
where p(n/N,) is the probability that n out of N, are released according to the rule for the
evolution of p, and the probability P,(N5) that N, are available at the second action potential is

given by

P,(N,) = nEpl(ns) {ng: N-int((AD) 1) =N, } 4.5)

where N is the initial number of available quanta and n; are all the possible numbers of released
quanta at the first action potential such that the resulting number of available quanta at the
second action potential is N,. At the j™ spike, the probability P;(N;) that N; quanta are available
is obtained by summing over all possible combinations C = {nj, n,..., nj.;} that lead to N;
available quanta. In practice, it is sufficient to iterate

Pi(N;) = D, pyi(n,) (4.6)

n,

since pj.1(nj.1) is itself determined by the recursive equation

N
p;m= Y, pm/N,)-P,N,). “.7)
N.=0

J
It must be said that the evaluation of the j terms P;(N;) implies the calculation of (N+1)j'1 terms
for the summation over all combinations. This means that the calculation of the release
probabilities at the 10™ action potential for a synapse with 5 initial available quanta requires the

computation of 6°~10" products. Therefore, when the number of spikes in the train and/or the

51



number of available quanta is relatively high, the estimation of the release probabilities by using

computer simulations becomes convenient.

The evaluation of the agreement between the experimental and the theoretical distributions has

been given in terms of the mean probability P( ;(2 ). The significance of the agreement between

the distributions of EPSCs with those predicted by a model can be evaluated by using the

(

0 cI)Enodel (n)

quantity

2
—1/2j

@‘J?XP (n)— cpi.mde] )

(4.8)

Q is the number of spikes in the train and N is the number of available quanta in the binomial

chain.

q)gnodel (n)is the predicted number of events with n released quanta calculated as the

probability pj(n) to have n released quanta at the j™ action potential times the number of
experimental recordings. In the case of binomial chains (models 1 and 2), the first mean number

of released quanta <n;> and the first mean EPSC amplitude <A;> are used to normalise the two

distributions and to calculate the observed frequency of events CD?XP (n), while in the case of

simple binomial distributions (model 0) each distribution is normalised separately by using the

ratio <A>/<n>. Namely the ratio <A>/<n> (<A;>/<n;> for binomial chains) is utilised as a bin

for the experimental distribution to evaluate CID?.Xp(n) .

(number of failures forn=0
<A>
number of events >0 and <1.5- <ns forn=1
n
@*P (n) = <A> <A> 4.9)
J number of events >(n-0.5)- and <(n+0.5)-—— forl<n<N
<n> <n>
<A>
number of events > (N -0.5) - forn=N
L <n>

Finally the term 1/2 in equation 4.8 is the Yates correction to take into account the fact that

@*P (n) takes only integer values, and bins with CI)I.nOdel(n) <1 have been grouped together.
] ] P g

An alternative way to minimise the discrepancy between the statistics of experimental data and
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the binomial chain is to use the maximum likelihood L (Kendall et al., 1979) instead of ){2

which, in the case of a single distribution has advantages in that it allows to determine
confidence limits and significance of the model used (Stricker et al., 1994). For nested models,
which means that one model is a sub-hypothesis of the other, the method based on the

maximum likelihood provides a more useful test for rejecting an alternative model than does the

}(2 goodness-of-fit. However, since the significance of statistical models is evaluated for groups

of distributions and at the level of single distribution the different chains cannot be considered
nested models, the method based on L appears to have no advantages with respect to that based

of;(z.

The significance of a model for each distribution j is given by the probability of ;gz

Pz = 1Ty (27 =1+ (4.10)
where I'jyc is the incomplete gamma function, W is the number of utilised bins and m is the
number of free parameters, which is 2 in the case of model 0 and is effectively 5/Q in the case

of models 1 and 2. Finally the mean probability of )(2 is calculated as

 (1og(P; () / Q
P(y2)= e . @.11)

The P(;(z) has no direct statistical meaning because the distributions for each j are not
independent, but is still useful to quantify the significance of a model for the whole train. For a

model to be in agreement with experimental data, the individual Pj ( )(2) should be higher than a

preset criterion, say 10%.
To perform a DQA of synaptic responses (i.e. to automatically find the best binomial chain that

accounts for the variability of EPSCs), the following algorithm has been used. The

maximisation of P( ;(2) in the space of the parameters [Ca*], A[Ca™], Pmax and T at fixed N is

performed through a Montecarlo Metropolis algorithm (Metropolis et al., 1953) in which

P( ;(2) is considered the energy of the system. Briefly, the algorithm consists in an iteration in

which each parameter is alternatively changed by a random value (dependent on P )52)) and
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the new set of parameters is always accepted if the new value of P( ){2) is bigger than the older

—B-P(52 . . :
one or accepted with a probability e PP ) otherwise. B is a parameter (representing the

inverse temperature of the system) to be chosen at the beginning of each iteration. The iteration

is stopped when P( ;(2) fails to increase further over many (~100) parameter changes. With 4

parameters, the use of a simple Montecarlo algorithm was found to be more efficient than direct

minimisation programs such as AMOEBA (Press et al., 1989), to search for a maximum of

P( )(2) . The best value of N is chosen by direct comparison of the minima found with different
values of N.

The DQA has been applied to analyse EPSCs recorded in CA3 and elicited by stimulation of
synaptic fibers in the Stratum Lucidum-Radiatum with trains of 3-6 pulses at 12.5-25 Hz (see
chapter 3). These synaptic responses are characterised by high unreliability within single
recordings and by the presence of failures (Allen and Stevens, 1994). Furthermore, very
different facilitating or depressing behaviours (EPSC patterns) of mean EPSCs (n>30) can be
observed by stimulating different synaptic fibers or even the same fiber at different [Ca],. For
all data analysed, the correlations were detected as described in section 4.1.2 and, on this basis,

in most of the experiments, models 0 and 1 led to lower p values than model 2. In particular, in

14 out of 18 experiments in which 100 (stable) responses have been analysed, P( ;(2) was never

below 0.1 for any of the three models. In all these 14 cases, models 0 and 1 led to higher

discrepancy in the P(A4)-P*(A4) function. However, models 0 and 1 could be rejected with

p<0.1 only in 7 cases for model 0 and in 4 cases for model 1.

e Facilitating behaviours. Most EPSC patterns observed in the presence of 2 mM [Ca], are
distinguished by the facilitation of the second mean EPSC and, in about 10% of the cases,
also by the facilitation of third and fourth mean EPSC when stimulated with 4 pulses at 20
Hz. Figure 4.4 A shows ten representative recordings of EPSCs elicited by the stimulation of
a presynaptic fiber characterised by the facilitation of the second, third and fourth mean
EPSCs (Figure 4.4 B). These recordings are dominated by a large number of failures and by a
high variability (unreliability). As shown in Figure 4.4 C, the time courses of the CV and of
the percentage of failures obtained by analysing 100 recordings (including those shown in

Figure 4.4 A) indicate a typical behaviour of facilitation due to an increasing release
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probability. The difference P(Aj)—P*(Aj) relative to synaptic responses was also well fitted by
model 2.

o Depressing behaviours. About 25% at 2 mM [Ca], and more than 80% at 4 mM [Ca], of the
EPSC patterns in CA3 pyramidal neurons are dominated by the depression of the second,
third and fourth mean EPSC when stimulated with 4 pulse at 20 Hz. Figure 4.5 A shows ten
representative recordings of EPSC elicited by the stimulation of a synaptic fiber characterised
by a depressing behaviour (Figure 4.5 B).

As shown in Figure 4.5 C, the time courses of the CV and the percentage of failures obtained
by analysing 100 recordings (including those shown in Figure 4.5 A) are very different from
those obtained in the cases of facilitating behaviour.

The correlation quantified by the difference P(Aj)-P*(Aj) relative to synaptic responses was
slightly negative, in this case, as predicted by model 2.

The DQA also allows to estimate the quantal current (1815 pA, n=14). Variations in the

quantal current observed in different experiments can reflect the type of synaptic input
stimulated. In fact, synaptic responses corresponding to a single quantum from mossy fibers are
generally larger in amplitude then those from associative commisural fibers (Henze et. al.,

1997).

4.1.4 Dynamic quantal analysis of EPSPs in double recordings from the neocortex

The dynamic approach has been also used to analyse EPSPs in double recordings from
interconnected neocortical pyramidal neurons. These data have been provided by Henry
Markram from the Weizmann Institute, Israel. EPSPs were recorded from neocortical pyramidal
neurons (layer 5) in 300 um sagittal slices at 30-32 °C. Presynaptic action potentials were
elicited by current injection (pulses of 2nA amplitude and 5 ms duration) in neurons of the same
type. The interval between two consecutive trains was 20 s in order to guarantee the complete
restoring of initial conditions (Markram and Tsodyks, 1996). EPSPs evoked by trains of 16
action potentials at 20 Hz in this preparation show always a strong depression of synaptic
responses.

With respect to hippocampal recordings, obtained with the extracellular stimulation technique
described in the previous chapter, double recordings allow to monitor the occurrence of

presynaptic spikes, although the invasion of action potentials into the terminal cannot still be
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tested. As shown in Figure 4.6, synaptic responses are generally less variable with respect to the

case of the hippocampus and failures can be seldom observed.

A Dynamic Quantal Analysis
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Figure 4.4 Dynamic Quantal Analysis (DQA) of synaptic responses: facilitating behaviour. A. 10 typical
recordings of EPSC from a CA3 pyramidal neuron elicited by stimulation of a synaptic fiber with a facilitating
behaviour. B. Average of 100 recordings including those shown in A. C. Comparison of the statistics
(mean/mean(1%), CV, percentage of failures, difference between the distribution of the total cumulative current and

that obtained by reshuffling data as described in the text.) of the 100 synaptic responses used for the average shown

in B with that obtained by maximising the mean probability P( ,}{2 ).
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Figure 4.5 Dynamic Quantal Analysis (DQA) of synaptic responses: depressing behaviour. A. 10 typical
recordings of EPSC from a CA3 pyramidal neuron elicited by stimulating a synaptic fiber with a depressing
behaviour. B. Average of 100 recordings including those shown in A. C. Comparison of the statistics
(mean/mean(1*), CV, percentage of failures, difference between the distribution of the total cumulative current and

that obtained by reshuffling data as described in the text) of the 100 synaptic responses used for the average shown

in B with that obtained by maximising the mean probability P( )[2 )
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A dynamic analysis of the EPSPs showed a high number of total available quanta N (N=35 in

the case of data of Figure 4.6) and a longer time constant for reavailability =500 ms).

As in the case of the hippocampus, changes in the [Ca**], could modify the release probability
and therefore the short term plasticity. Particularly a decrease in the [Ca®'], from 2 mM to 1.5
mM reduced the initial release probability p and, as a consequence, the strength of synaptic
depression. This phenomenon could be very well described by a dynamical quantal analysis
although the lower variability of synaptic responses did not allow to extract a significant

correlation quantified by the difference P(Aj)—P*(Aj).

4.1.5 Dynamic quantal analysis of GABAergic evoked currents in CA3 pyramidal neurons
The dynamic approach has been finally used to analyse GABAergic synaptic responses in CA3
pyramidal neurons in the hippocampus. These types of synaptic signals are hyperpolarising in
the adult brain and depolarising in the developing hippocampus (Cherubini et al., 1991). This is
ultimately due to the flux direction of CI” which is inward in the adult hippocampus and outward
in the developing hippocampus. Several types of GABAergic interneurons are present in the
hippocampus (Freund and Buzsaki, 1996) and GABAergic responses with different
characteristics can be observed by recording postsynaptic responses from DG granule cells
(Edwards et al., 1990), from CA3 pyramidal neurons (Miles and Wong, 1983; Lambert and
Wilson, 1993) and from CAl pyramidal neurons (Pierce, 1993). In CA1 pyramidal neurons,
synaptic responsés to stimulation of the stratum lacunosum-moleculare are slow (mediated by
GABAA4 siow receptors) with decay time constants of the order of hundreds milliseconds, whereas
synaptic responses to stimulation of stratum pyramidale or of stratum radiatum are fast
(mediated by GABAA, st receptors) with time constants of the order of tens of milliseconds
(Pierce, 1993). In comparison to glutamatergic synaptic responses, large GABAergic synaptic
responses with no failures can be observed in CA3 pyramidal neurons either with a minimal
stimulation protocol (Lambert and Wilson, 1993) or by evoking action potentials in impaled
presynaptic interneurons (Miles, 1990). The detailed analysis of TTX-resistant miniature
synaptic responses and minimally evoked synaptic responses performed by Lambert and Wilson
(1993) suggests that the low variability of synaptic responses is due to the relatively high

number (tens) of released quanta following a presynaptic action potential.
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Figure 4.6 Dynamic Quantal Analysis (DQA) of EPSPs in neocortical pyramidal neurons. A. 4 typical recordings
of EPSPs elicited by trains of 16 action potentials in a presynaptic pyramidal neuron and the average of 50

recordings at 2 mM and 1.5 mM [Ca®*],. B and C. Comparison of the mean/mean(1*) (B) and of the CV (C) of the

EPSPs of A with that obtained by maximising the mean probability P( ¥ 2 ).
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In CA1 pyramidal neurons, synaptic responses evoked by low frequency stimulation (5-25 Hz)
of presynaptic afferent fibers typically show a depressing behaviour, which is frequency
dependent (Pierce et al., 1995). At 20-25 Hz, there is evidence that this depression which has a
postsynaptic component due to the lack of recovery from desensitisation at the highest
frequency. In the case of slow GABAergic responses, depression is strongly presynaptically
mediated by the activation of GABAg receptors at the lowest frequencies (5-10 Hz), since it is
enhanced by the GABAg receptor agonist baclofen and reduced by the GABAjg receptor
antagonist CGP35348.

In the present work, synaptic currents in CA3 pyramidal neurons evoked by the stimulation of
the stratum radiatum with trains of 6 pulses at 160 ms interpulse interval were analysed.
Experiments were performed in slices taken from P3-P5 rats, by using an intracellular solution
containing (in mM) 140 KCl, 1 MgCl,, 5 HEPES, 1 EGTA, 10 Sucrose, 2 Na,ATP adjusted to
pH 7.2 with KOH. The high intracellular chloride concentration used could amplify the synaptic
currents acquired at -70 mV holding potential by increasing the driving force for CI'. Recordings
were done in the presence of 1 mM kynurenic acid in order to block ionotropic glutamatergic
synaptic activity. 10 nM tetrodotoxin (TTX) was also routinely added to the external solution in
order to reduce spontaneous activity. This set of experiments was done in order to investigate
the role of the temperature in the recovery of synaptic responses from depression, a problem
which is related to the transitions in the network activity caused by changes in the temperature
that can be observed in hippocampal slices at this age (see the appendix).

GABAergic currents were highly reliable (Figure 4.7 A), but reliability decreases within the
train (Figure 4.7 B). A DQA of these currents showed a quite high number of total available
quanta N (N=30 in the case of data of Figure 4.7) and time constants for reavailability ranging
between 150 and 300 ms (228 ms in the case of data of Figure 4.7 at 24 °C). The increase in CV
corresponded to the decrease of the mean suggesting that this type of depression was at least
partially mediated by presynaptic mechanisms (see next paragraph). Furthermore, the relatively
high EGTA concentration present in the pipette should guarantee a fast recovery from receptor
desensitisation (Mozrzymas and Cherubini, 1998). As in the case of glutamatergic synapses,
synaptic depletion is a strong candidate for mediating low-frequency synaptic depression.

The increase in temperature always produced an increase in the mean stationary value of

synaptic responses after 3-4 synaptic events, that, in terms of DQA, could be explained by a
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decrease of the time constant for reavailability (177 ms in the case of data of Figure 4.7 at 32
°C). This result suggests that the highest efficiency of GABAergic synapses that is observed at

physiological temperature (see the appendix) is at least partially due to the highest speed of the

neurotransmitter release machinery.
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Figure 4.7 Dynamic Quantal Analysis (DQA) of GABAergic currents evoked by short trains of stimulating pulses
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experiment reported in A and the ones obtained by performing a DQA of these data.
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4.2 Analysis of the statistics of binomial chains

4.2.1 Statistics of presynaptic release

In all the models described in the previous paragraph, short term plasticity is presynaptic, in that
it is due to changes in the parameters of quantal release. In order to investigate whether
presynaptic plasticity has a characteristic statistical signature, distinct from that of postsynaptic
plasticity, the statistics of binomial chains has been investigated by running computer
simulations of the stochastic process. More precisely, a presynaptic short-term plasticity can be
always related to changes in the release probability or in the number of available quanta, while
postsynaptic short-term plasticity, that can be due to phenomena such as receptor
desensitisation, is generally related to changes in the relationship between released quanta and
postsynaptic responses, i.e. to changes in the quantal size. |

The exact calculation of the probabilities pj(n) at each action potential is convenient only in the
case of short trains with relatively few available quanta. Therefore computer simulations can be
used to analyse situations with more available quanta and longer trains.

Sets of 10,000 computer simulations of model 2, each with different parameters, have been run
in order to explore distinct statistics of release. Figure 4.8 (first column) shows the time course
of the mean number of released quanta normalised to the initial number of available quanta N
obtained by running computer simulations (n=10,000) with the different sets of parameters
reported in Table 1.

In the four graphs shown in Figure 4.8 A(1) (Table 1 a, b, ¢, and d), the release probability can
increase from 0.1, 0.2, 0.3 and 0.4 to about 0.5 within 10 spikes (N=5 and 1=0.5).

Simulation results can be classified in terms of increase or decrease (facilitation or depression)
of the mean number of released quanta during the train. Facilitation characterises stochastic
chains with a low initial release probability that increases during the train. In contrast, in
stochastic chains in which the initial release probability is high, close to a saturating value (Pmax
in equation 3.1), or decreasing, the time course of the mean number of released quanta is
dominated by depression. The balance between facilitation and depression determines, after a
few action potentials, an almost stationary condition of release which is strongly dependent on
the speed of reavailability as shown in data reported in Figure 4.8 B(1) (parameter sets reported

in Table 1 b, e, f, and g). The time course of the mean number of released quanta can reach a
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minimum and then increases to the stationary value in the case of relatively slow reavailability,

corresponding to fast presynaptic firing.

TABLE 1 Parameter sets used for computer simulations

[Ca™] A[Ca?] N At/t
a 0.715 0.25 5 0.5
b 0.905 0.31 5 0.5
c 1.105 0.35 5 0.5
d 1.415 0.45 5 0.5
e 0.905 0.31 5 0.1
f 0.905 0.31 5 0.25
o 0.905 0.31 5 1
h 0.905 0.31 10 0.5
i 0.905 0.31 20 0.5
1 0.905 0.31 40 0.5

Prax = 0:5

Table 1. Each row (a-1) represents a set of parameters used for computer simulations of stochastic chains as

described in the text.

Finally graphs of figure C are relative to stochastic processes with different numbers of
available quanta. While small numbers of available (and released) quanta (N<10) characterise
synaptic transmission in the hippocampus (Murthy et al., 1997), the typical example of large
numbers of quanta available for release (N>100) is the neuromuscular junction (Fesce, 1990).

Particular behaviours of the CV (Figure 4.8 second column) can be associated to different
stochastic chains. Since the CV is reduced by a larger release probability and augmented by a
reduction in the number of available quanta, facilitating and depressing synapses are typically
associated to decreasing and increasing trends of the CV, respectively (Figure 4.8 A(2)).
Interestingly, the behaviour of the percentage of failures or events with release of zero quanta
(Figure 4 third column) reflects that of the CV. This is ultimately due to the fact, evident from
equations 2.3 and 2.4, but true also for their more complicated extensions, that both CV and

failures are monotonically decreasing functions of <p;yNj> = < n; >, with only milder
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dependence on p; and N;j alone. In particular, the percentage of failures is purely given by the

release process although the statistics of postsynaptic responses can be modulated by possible

postsynaptic mechanisms. Thus, the analysis of the percentage of failures that has been used as

an indirect method of QA (see the Introduction), can be extended in the context of a more

general DQA framework.
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parameters. A. Time courses of the mean normalised to the number of available quanta (1), of the CV (2) and of the

percentage of failures (3) obtained with 10,000 computer simulations of stochastic processes with the sets of

parameters indicated in table 1 a, b, ¢ and d (initial release probability variable). B and C. Same as A but with the

sets of parameters of table 1 b, e, f and g (B, reavailability timing variable) and b, h, i and 1 (C, number of available

quanta variable).
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4.2.2 Postsynaptic contributions to short term plasticity

Since the statistics of binomial chains can be related to purely presynaptic changes in p and N, it

s interesting to investigate the modifications to the presynaptic statistics introduced by possible

postsynaptic mechanisms such as receptor saturation (Clements, 1996), receptor desensitisation

(Jones and Westbrook, 1996) and activity-dependent enhancing of synaptic responses (Thomson

1993), that can substantially contribute to short-term plasticity. Therefore, the results of

computer simulations have been filtered and expressed as fi;.

The following filters applied to the number of released quanta n; have been used in the

simulations to investigate how distinct postsynaptic mechanisms may contribute to the statistics

of synaptic transmission.

* Receptor saturation. This mechanism may occur in synapses where the number of receptors
at the postsynaptic membrane is saturated by an amount of neurotransmitter molecules
contained in a number of quanta n,, which is less than the total number of available quanta
(Clements, 1996), although this seems not to be the case of AMPA mediated glutamatergic
activity (Forti et al., 1997). In this case fjj can be expressed, within the simplest model, by

n. if nj < D oox

fi, = (4.12)

max if nj = -

e Receptor desensitisation. As desensitisation is | a typical property of neurotransmitter
receptors (Jones and Westbrook, 1996), it may modify significantly the statistics of release if
the time of recovery from the desensitised state (Khiroug et al., 1998) is not considerably
shorter than the times between consecutive action potentials. In this case, the number of
receptors activated by a single quantum decreases. This decrease depends on the number of
quanta released by the previous action potentials. Let us suppose that ¢ is the fraction of
available receptors that are activated by a single quantum of neurotransmitter at the first
release event. If T4 is the mean time of recovery from desensitisation, the number of
receptors available for the second release event, if n; is the first number of quanta released,
will be decreased by a factor 1-¢} -nl-e'md. In the case of more release events, fi;, which is
proportional to the number of receptors available at the j™ release events, can therefore be

expressed by
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L (k-j)-At/ 7
‘e (4.13)
where 11; = n;.

e Activity dependent enhancing of synaptic responses. If the number or the conductance of
activated receptors depends on the membrane potential or generally on the recent synaptic
activity, this can produce an activity-dependent enhancing of the synaptic responses. For
instance, in the case of glutamate-mediated synaptic transmission, synaptic responses can be
considerably higher at more depolarised membrane potentials because voltage dependent
NMDA-receptors are activated (Thomson et al., 1993). The modification introduced by this
mechanism depends on the number of quanta released at the previous action potentials. In an
oversimplifying theoretical scheme in which activity dependent enhancing of synaptic
responses is considered linear, if ¢ is now the fractional enhancement in the overall
conductance produced by a single quantum of neurotransmitter and 7. is the mean time for
deactivation of this enhancement, the effective number of receptors available for the second
release event will be increased by a factor 1+ ¢} -nj-e"me. In the case of more release events,
fi;, which is proportional to the number of receptors available at the i™ release, can be

expressed in the same form as in equation 4.13, with a change in sign, as

ji=1 k-{)-At/7
A, =n.- |1+ Y @A, ‘e : ¢
S E=l K

(4.14)

where fi; = n;. Although the linear approximation is far from being realistic in describing
phenomena such as the involvement of NMDA receptors in glutamatergic synaptic
transmission, equation 4.14 can still qualitatively capture the time course of the changes in
the statistics of signals due to the activity dependent enhancing of synaptic responses.
Figure 4.9 shows the modifications introduced to the statistics of three different binomial chains
in three extreme cases of receptor saturation, receptor desensitisation and activity dependent
enhancing of synaptic responses.
In a non-correlated chain based on simple binomial distributions with p=0.5 and N=5 (data of
Figure 4.9 A), receptor saturation simply reduces the mean (Figure 4.9 A(1)) and the CV (Figure
4.9 A(2)) of synaptic responses. In contrast, receptor desensitisation (or vice versa activity-

dependent enhancing of synaptic responses) can induce a depressing (facilitating) behaviour in
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the time course of the mean fij. When applied to computer simulations associated to the chains
with the parameter set of Table 1a (Figure 4.9 B, facilitating behaviour) and of Table 1d (Figure
4.9 C, depressing behaviour), the postsynaptic filters can drastically change the type of short-
term plasticity (Figure 4.9 first column). However, the alteration of the time course of the CV is
much weaker (Figure 4.9 second column) even in the case of strong activity dependent
enhancing of synaptic responses that transforms a depressing synapse into a facilitating one
(Figure 4.9 C(1)). In the case of a relatively small number of available quanta, since the number
of failures is not affected by possible postsynaptic mechanisms, a qualitative evaluation of the
presence of postsynaptic contributions can be obtained by comparing the time course of the CV
and that of the percentage of failures (Figure 4.9 third column) which are similar for pure
(presynaptic) binomial chains. Thus, while different types of binomial chains can generate
distinct statistics, at least one criterion can be used, although not quantitatively, to evaluate the

presence of superimposed postsynaptic effects.

4.3 Transmitted information in synaptic signals

The stochasticity characterising synaptic events affects the fidelity by which synapses can
transmit the occurrence of presynaptic action potentials. For example, a presynaptic high
frequency train might be confused postsynaptically with one of lower frequency, because of
failures in the transmission of individual spikes. Obviously, the discrimination between the two
frequencies will be increasingly reliable with time, as successive spikes in the train arrive at the
synapse and are integrated in the cumulative synaptic response A;. One direct way to quantify
this reliability is to measure the trans-information, i.e. the mutual information that the
cumulative response at time t, A(t), conveys about a presynaptic variable such as the frequency
of presynaptic firing. The trans-information I(t) for g given different inputs (frequencies)

occurring with the same probability can be defined as
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p Nt P, (kh)
= X z Pt(k,h)'logzp—

=l k=D S P (k1)
=g ¥

(4.15)

where Py(k,h) is the joint probability that a total number of k quanta are released by time t and

that the input h is activated and vy, is the frequency of input h.
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Figure 4.9 Modifications of the statistics of release introduced by postsynaptic mechanisms. A. Time courses of the
mean synaptic response normalised to the number of available quanta (1), of the CV (2) and of the percentage of
failures (3) quanta obtained with 10,000 computer simulations of a stochastic process in which both the release
probability and the number of available quanta are constant (p=p=0.5, N=N=5). Squares represent the values of
the original stochastic process while the other symbols are associated to the same statistics modified by different

postsynaptic mechanisms (receptor saturation with ng,=1, receptor desensitisation with 2} =0.75 and t/14=0.25 or

activity-dependent enhancing of synaptic responses with 2#=0.75 and t/1.=0.25) as described in the text. B and C.

Same as A but for computer simulations with the parameter sets of table 1a (B, facilitating behaviour) and of table

1d (C, depressing behaviour).
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An important question to be answered is whether and how I(t) is affected by short-term
plasticity and by the correlation of synaptic responses. As an example, I(t) has been explicitly
computed from experimental data in which two frequencies (12.5 Hz and 25 Hz) were applied.
The cumulative responses were evaluated at 80 ms (A; and A, respectively), 160 ms (A, and
Ay) and 240 ms (A; and Ag). The joint probability P«(k,h) (h=1,2) was computed as the
probability that the cumulative EPSCs occupies the bin k of the quantal distribution given by the
QA of synaptic responses of the first pulse at the frequency h, times 0.5 which is the probability
of each frequency.

Figure 4.10 A shows the averages of 100 recordings from three different experiments. Mean
EPSCs shown in Figure 4.10A(1) are dominated by a strong facilitation at both frequencies,
while facilitation is weaker in the mean EPSCs shown in Figure 4.10 A(2) and 4.10 A(3)
(Figure 4.10 B(1) and 4.10 B(2)). The time course of I(t) depends on short term plasticity
(Figure 4.10 B(3)). In the case of strong facilitation, I(t) has a rather slow onset at the beginning
(80 ms) that accelerates at 160 ms; in contrast I(t) has the largest increase already at 80 ms for
less facilitating behaviours; in the case shown in Figure 4.10 A(3), where EPSCs are almost
depressing at 25 Hz stimulation, I(t) is only very slightly increasing after 80 ms.

This is evidence that the time scale for integrating reliable synaptic signals increases with
facilitation, as expected. This result does not depend on the bin used to calculate Py(kh).
Interestingly, it turns out not to depend much, either, on the correlation in the data, as similar
results have been obtained by running computer simulations with the three different models
(data not shown). Furthermore the qualitative behaviour of I(t) does not change when the
number of inputs (frequencies) is increased.

Since short-term plasticity is not an invariant property of synapses, but can be modulated by
activity (e.g. via long-term plasticity) or by changing the composition of extracellular solution,
in another series of experiments I(t) has been calculated at two different [Ca], (2 mM and 4
mM) in the same cell. Figure 4.11 shows the result of a typical experiment in which the first
response was potentiated by increasing [Ca],. With this protocol, facilitation was reversed to
depression for stimulations at 25 Hz (Figure 4.11 A and B). In the presence of 4 mM [Ca],, I(t)
reaches its maximum already at 80 ms, while at 2 mM [Ca], it has a longer lasting increase, up

to about 1 bit (fully reliable discrimination) after 240 ms (Figure 4.11 C). This result suggests

69



that the time scale at which synapses can integrate and transmit reliable information is itself not

constant, but may be modulated by external agents.
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S DISCUSSION

Synaptic activity in the hippocampus is highly stochastic (Allen and Stevens, 1994). In
comparison to other excitatory synaptic systems in the CNS such as the giant Calyx synapse in
the brainstem (von Gerdorff et al., 1997) or the climbing fiber in the cerebellum (Silver et al.,
1998), the variability of synaptic responses within different recordings quantified by the CV is
considerably high. While in almost deterministic synaptic systems the CV can be smaller than
0.01 at the first response, CV can be higher than 1 in hippocampal synaptic responses reflecting
a much smaller number of quanta available for release (typically N<10 in the hippocampus and
N>100 in the Calyx of held or in the climbing fiber).

It follows that an approach to analyse and characterise synaptic responses in unreliable systems
such as the hippocampus must differ at least in two major respects from the case of reliable
synapses. On the one hand, whereas the dynamic process leading to facilitation or depression
(short-term plasticity) can be treated with discrete or continuos dynamical systems in
deterministic synapses, since fluctuations from the mean responses can be neglected, a detailed
analysis of synaptic responses in unreliable systems must be performed by using the framework
of stochastic process theory. In this respect, the significance of the parameters of deterministic
models can be still related to probabilistic parameters such as the release probability or the
number of available or released quanta (Tsodyks and Markram, 1997). On the other hand, for
highly stochastic synaptic systems it is a major problem to determine how synaptic signals can
be integrated both in space and in time. In this respect, a characterisation of the variability of
synaptic responses can help to understand how and at which time (and possibly space) scale
unreliable synaptic signals can become reliable and can transmit information (Lisman, 1997;
Zador, 1998).

In the present study, a simple analysis of the mean synaptic responses was found to give useful
information on the dynamics of neurotransmitter release underlying facilitation and depression
of EPSCs evoked by presynaptic action potentials in CA3 hippocampal pyramidal neurons.
Furthermore, with more accurate analysis, it was shown that a dynamical approach, in which the

evolution of repetitive synaptic transmission is interpreted in terms of stochastic chains rather
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than by using independent statistical distributions, is necessary to account for the correlation

within responses in a train (see chapter 4).

5.1 Short-term plasticity and neurotransmitter release dynamics

5.1.1 The dynamic behaviour of synapses reflects presynaptic changes

In the present experiments it has been shown that, following activation of afferent fibers with
trains of stimuli, EPSC patterns are highly variable. A discrete dynamical system derived as the
average of the stochastic process, in which both the release probability and the number of
synaptic vesicles available for exocytosis change, has been proposed. The comparison between
the experimental results and this model indicates that short-term changes of presynaptic
conditions can account for this variability.

The correlation between the probability of release and the behaviour of synaptic transmission
generated by more than one action potential has been studied in the rat neocortex and
hippocampus (Thomson et al., 1995; Debanne et al., 1996). While in the neocortex pairs of
monosynaptically coupled cells were used to analyse EPSPs or EPSCs activated by single
presynaptic fibers, in the hippocampus a minimal extracellular focal stimulation has been
applied in the vicinity of the recording cell in order to obtain synaptic responses. In comparison
with pair recordings, with this technique it is impossible to guarantee that only one presynaptic
fiber is stimulated. Nevertheless, in voltage clamp recordings, possible postsynaptic voltage-
dependent changes of synaptic efficacy can be eliminated.

In the neocortex, synapses between pyramidal neurons are strongly depressing while synapses
from pyramidal neurons to inhibitory interneurons are facilitating (Thomson et al., 1993). In
pyramid-pyramid connections in the neocortex, with a train of more than 10 presynaptic action
potentials, the first mean EPSPs (3-6) are dominated by depression and the following ones
fluctuates around a stationary value depending on the firing frequency. The strength of
depression, dependent on initial release probability, can be modulated by long-term synaptic
plasticity, obtained by pairing presynaptic trains with postsynaptic depolarisation (Markram and

Tsodyks, 1996).
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In comparison to the neocortex (Thomson et al., 1993; Thomson and Deuchars, 1994; Thomson
et al., 1995), synaptic responses in the hippocampus are highly unreliable (Allen and Stevens,
1994). There is also evidence that mechanisms underlying paired-pulse facilitation and
depression at single pyramid-pyramid connections are presynaptically mediated and dependent
on the amplitude of the first EPSP or EPSC (Deuchars and Thomson, 1996; Debanne et al.,
1996; Dobrunz and Stevens, 1997). In keeping with this, synapses with different release
probabilities have been found in hippocampal pyramidal neurons in culture (Rosenmund et al.,
1993; Murthy et al., 1997) and in slices (Hessler et al., 1993). In the experiments shown in this
study, the high variability of EPSC patterns, present in both mossy fibers and associative
commisural fibers, could be ascribed to presynaptic mechanisms. In synapses in which the
release elicited by the first action potential occurs with a low probability, the synapse will be
generally potentiated by the increased probability of release with the following spikes. In
contrast, in synapses in which the first action potential produces the release of a larger number
of quanta, the number of vesicles available for release at the following spikes will be decreased;
this depletion will compensate and eventually overcome the effect of the increased probability
resulting in a depression of the synaptic efficacy (Dobrunz and Stevens, 1997). This conclusion
confirms the hypothesis that the balance between the effect of residual calcium accumulation
and the depletion of vesicles account for the synaptic response to a burst of action potentials in
CA3 hippocampal pyramidal neurons (Miles and Wong, 1986), although other mechanisms
besides vesicle depletion may contribute to synaptic depression (Zucker, 1989). In this respect,
however, in the case of AMPA-mediated glutamatergic activity in which there is evidence that
receptor saturation does not occur (Forti et al., 1997) and in which deactivation and
desensitisation are very fast (Clements, 1997), the observation that the kinetics of single or
mean currents does not change within the train (see figure 3.4) is in favour to the hypothesis that
there are no relevant postsynaptic contributions to this form of short-term plasticity.

Synaptic depletion is generally occurring in any synapse and can be considered a general
mechanism partially accounting for synaptic depression. Therefore, changes in the stationary
synaptic responses to short trains of presynaptic action potentials such as those induced by a
temperature variation in GABAergic hippocampal synapses (see chapter 4) can be at least

partially ascribed to changes in the dynamics of the neurotransmitter release machinery.
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A simple model accounting for the evolution of mean synaptic responses has been, at this stage,
proposed. In this model, after a few stimulations of the presynaptic terminal, the probability of
release will not increase any more because the accumulation of residual calcium saturates the
probability function; this condition will determine an equilibrium between the mechanisms of
exocytosis and reavailability of synaptic vesicles that eventually will result in a steady state
value of the mean number of available vesicles. Therefore, the stationary EPSC value depends
on the frequency of stimulation (exocytosis time course) and on the time course of reavailability
of synaptic vesicles. In the comparison between experimental data and the model, the
reavailability function used to mimic EPSC patterns obtained experimentally was the sum of
two exponential functions, one with a time constant of the order of tens of milliseconds and the
other with a time constant of the order of hundreds of milliseconds. Ultrafast mechanisms of
vesicles endocytosis have been reported in several systems such as neuroendocrine cells
(Artalejo et al., 1995). Experimental evidences suggest that these mechanisms may speed up the
recovery from depression, especially in the presence of elevated levels of residual calcium
(Dittman and Regehr, 1998). Furthermore, mechanism of flickering of fusion pores responsible
for a “kiss and run” type of secretion (Breckengridge and Almers, 1987; Alvarez de Toledo et
al., 1993; Fesce et al., 1994) may also be a candidate for the fastest dynamics of release. Finally,
fast recovery from depression may be due to releasing sites or quanta that are transiently
refractory independent of endocytosis (Dobrunz et al., 1997) and previous activation of the
terminal may drive the site into an exocytosis-competent state through mechanisms such as
vesicle docking and priming (Schweizer et al.,, 1995). In general, several biophysical
mechanisms can keep hippocampal synapses “efficient” by recovering in a short time scale
releasable vesicles. A simple analysis of mean synaptic responses suggests that reavailability in
hippocampal glutamatergic synapses is faster in comparison to other systems such as neocortical

glutamatergic synapses.

5.1.2 The analysis of transmitter release dynamics can be used to investigate changes in
synaptic function

The analysis of postsynaptic response fluctuations evoked by stimulation of presynaptic fibers
has been used to study the mechanisms of expression of long-term plasticity (Bekkers and

Stevens, 1990; Manabe et al., 1993; Oliet et al., 1994, Stricker et al., 1996). This method is
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called Quantal Analysis (reviewed by Voronin, 1994) and one of its particularly effective
variants is the Coefficient of Variation Method (Faber and Korn, 1991; Kullmann, 1994b).

QA has been mainly applied to analyse currents or potentials evoked by a single or at most two
presynaptic spikes. A more detailed analysis of the stochastic process of release induced by
several action potentials can be an alternative and possibly more powerful way to investigate
changes in synaptic function. The comparison between experimental data and the model
proposed in chapter 3 shows that this kind of analysis is able to indicate the possible underlying
changes in the probability of release and in the time course of reavailability of synaptic vesicles

by using a relatively small (30-40) number of recordings.

5.2 Analysis and interpretation of synaptic variability

Short-term plasticity can be simply divided in facilitating or depressing behaviours. These
behaviours may be understood in terms of changes in the release probability and in the number
of available quanta (synaptic depletion) (Miles and Wong, 1986). At this level, the statistics of
synaptic responses can be modelled either with simple binomial distributions by changing p and
N at each action potential or with simple (but correlated) binomial chains. The typical
behaviours in the CV and in the number of failures associated to both facilitating and depressing
synaptic responses can indicate whether short-term synaptic plasticity can be associated to the
release process, as proposed by several methods derived from the quantal theory (Kullmann,
1989; Faber and Korn, 1991; Kullmann, 1994). In this respect, it must be pointed out that the
variability of synaptic responses is generally also affected by the experimental noise as well as
by the stochastic process of receptor activation which can determine a CV for the quantal size
(Kullmann, 1992).

At the level of cumulative responses, individual (uncorrelated) binomial distributions fail to be
a good description of synaptic activity. At least in some cases, the simple technique of
reshuffling is an efficient way to discriminate different models in terms of their correlation
trend. Furthermore, this level of characterisation in terms of cumulative responses, allows the

investigation on how synaptic signals can be integrated in time; in particular, a calculation of the
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information transmitted by synaptic responses can be obtained from experiments with different

frequencies of presynaptic firing.

5.2.1 The dynamic quantal approach

The necessity for a dynamic approach to the problem of synaptic transmission has been
suggested by several lines of experimental evidence, in particular by the frequency dependent
behaviour of synaptic responses in the neocortex (Markram and Tsodyks, 1996), in the
brainstem Calyx synapse (von Gersdorff et al., 1997) and in the hippocampus. An interesting
stimulus-dependent mobilisation model, aimed at characterising the frequency dependent
changes of quantal parameters at the lobster neuromuscular junction (Worden et al., 1997), has
recently been found efficient in predicting synaptic depression at the Calyx of Held (Neher et
al., 1998).

A simple model proposed by Tsodyks and Markram (1997) can account for the time course of
mean synaptic responses in the CNS (Tsodyks and Markram, 1997; Markram et al., 1998).
Tsodyks and Markram do not consider the variability of synaptic responses around their mean,
but in terms of mean responses their formulation is equivalent to that described in this thesis,
once their “fraction of restored resources” R; is identified with Nj/N and their “utilisation” u;
with p;. Two minor differences are that (i) since their formulation is not in terms of explicit
quanta, but only of continuous variables, the restored resources are not discretized (this makes
no practical difference as long as only means are considered); and (ii) their model for the
evolution of u; (p;) follows a different equation from the Dodge-Rahamimoff, although also
used without reference to specific biophysical mechanisms (Markram et al., 1998).

The dynamic quantal approach used here not only relates synaptic transmission to biophysical
mechanisms such as the restoring of available quanta (resources), but also accounts for the
statistics of cumulative synaptic responses, i.e. for the correlation which is an intrinsic property
of synaptic dynamics. It has been found that repetitive synaptic responses (particularly in
facilitating behaviours) are almost always positively correlated. This property can be accounted
for by setting the change in the release probability dependent on the previous release events, i.e.
by imposing that the changes in p; may be themselves dependent on the number of quanta
actually released: in the simplified scheme that is proposed here, the change in the release

probability occurs only when the previous release event is not a failure. The important
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ingredient is the additional element of stochasticity, that is, the variability in the time course of
the release probability. More accurate descriptions of such variability may be used as well as the
introduction of additional elements of stochasticity, for example in the reavailability process.
Furthermore, a third level of approximation (model 3) may account for changes also in the
quantal size q. The postsynaptic filters applied to computer simulations (section 4.2) may give
an idea of the effects of changes in q to the statistics of synaptic responses. In general, changes
in q may lead to a discrepancy between the time course of the CV and that of the percentage of
failures (Figure 4.9 third column). This has been never observed in experimental data in the
hippocampus.

A possible source of positive correlation among successive synaptic responses could be the
presence of failures of propagation of action potentials in the terminal, or failures in stimulation,
which in our case cannot be fully controlled. In this situation, not only the release probability,
but the whole release process would be conditional on this type of failure, and a constant
baseline percentage of failures at each action potential would be observed. Since during trains of
6 stimulating pulses the percentage of failures can decrease from more than 70% to less than
10% in strongly facilitating synapses (data not shown), the hypothesis that positive

contributions to correlations arise only from failures in stimulation seems to be unrealistic.

5.2.2 Reliability in synaptic signals

The characterisation of stochastic synaptic transmission is extremely relevant to the study of
neural network activity (Liaw and Berger, 1996). In synapses in which a large number of quanta
are released at each action potential, fluctuations of synaptic signals from the mean value are
relatively small and can be, to a first approximation, neglected. In this case, once short-term
synaptic plasticity is accounted for as activity-dependent changes of mean synaptic responses,
the network activity can be considered deterministic at the level of single connections. This can
be the case of several synapses in the CNS such as the Calyx of Held in the auditory brainstem
or the climbing fiber in the cerebellum. In the CA3 region of the hippocampus, a lower
variability of synaptic responses can be also observed in GABAergic synaptic activity (see
chapter 4). In this respect, since presynaptic action potentials can almost always generate

postsynaptic responses in GABAergic synapses, it might be argued that in CA3 pyramidal
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neurons these synapses are “more powerful” in transmitting information with single synaptic
events than glutamatergic synapses (Miles and Wong, 1994).

In synapses with a low number of quanta available for release, the marked unreliability (Allen
and Stevens, 1994) of synaptic responses, although possibly exaggerated by the recording
conditions (Hardingham and Larkman, 1998), does not allow the approximation of deterministic
synapses. Still, synaptic signals can be integrated both in space (the activity of several
presynaptic neurons) and in time (integration of synaptic signals during a burst of action
potentials) and the problem of understanding the space and time scales of neural codes, which
could be taken to be the space and time scales at which the activity becomes deterministic, is
particularly relevant.

The consequences of different dynamic behaviours of synapses in terms of synaptic function
and neural codes have been discussed in the neocortex (Tsodyks and Markram, 1997). In this
system, as excitatory connections to pyramidal cells and to interneurons exhibit different
features, it has been proposed that modulations of synaptic properties generated by synaptic
plasticity can regulate the temporal codes expressed by neocortical circuits. Markram and
Tsodyks showed that the time window of transient synaptic responses determines the interval in
which simultaneous synaptic inputs can summate to generate a fransient postsynaptic response,
i.e. the time window of neuronal codes. Nevertheless, Markram and Tsodyks did not directly
approach the problem of the variability of synaptic responses, which deals with the question on
how reliable information can arise from unreliable synaptic signals. In the cortéx, the highly
reliable mechanism of spike generation (with a precision of the order of ms) is in contrast with
the higher unreliability of synaptic signals. Thus, as suggested by a recent theoretical analysis
proposed by Zador (1998), the density of synchronous connections can provide a form of signal
(space) integration that can maintain a reliable transmission with unreliable synapses, but only if
the fine structure of trains carries information, providing for the necessity of time integration as
well.

The statistical analysis of synaptic responses evoked by trains of action potentials can be useful
to investigate the time integration of synaptic signals. In particular, information quantities such
as the one defined in equation 4.15 are indicative of the capability of a system to discriminate
within different inputs (Rolls and Treves, 1998). In this work an amount of transmitted

information has been measured in hippocampal synaptic responses by using two frequencies of
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stimulation. The information transmitted by the cumulative synaptic responses was slower in
facilitating behaviours, but could reach higher values at the end of the train. This indicates that
the time scale for signal integration is longer in facilitating synapses, in which case bursts of
action potentials could indeed be said to make unreliable synapses reliable, as proposed by
Lisman (1997). Since short-term plasticity is not an invariant property of synapses, the
information that can be transmitted by synaptic signals can change in time course in the same
synapses, as the experiments with different [Ca], have demonstrated. This evidence suggests
how long term changes of synaptic efficacy may affect the coding expressed by neuronal
networks. Indeed, phenomena such as LTP and LTD may result not simply in a modulation of
synaptic strength, but also of the mechanisms of integration of synaptic signals by neuronal
networks, i.e. of the time and space scales over which functional brain circuits may transmit
reliable information. In this respect, it must be pointed out that constant frequency firing has
been used here to investigate temporal synaptic integration properties of hippocampal excitatory
synapses, but transmission of information is determined by more realistic bursts of action
potentials in which spikes do not occur at constant time interval. LTP and LTD associated to an
increase or a decrease of the initial release probability can diminish or augment the time
window for neuronal coding, i.e. the number of spikes that can reliably transmit information

through the neuronal network.
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6 APPENDIX

In this chapter, a high space-time resolution imaging system, for recording calcium
fluorescence, based on a commercial CCD camera, is described. The time-course of [Ca*'];
gradients generated by action potentials was measured in hippocampal CA1-CA3 pyramidal
cells within brain slices. Image sequences were captured at 93 to 400 frames/sec, revealing
frequency dependent anisotropy of fluorescence increase in soma and proximal dendrites of
principal cells during trains of evoked action potentials. Synchronisation of image acquisition
with voltage and current recordings permitted to characterise the timing of transmembrane
potential variation, Ca** current and Ca* diffusion providing striking 2D visualisations of
[Ca®™]; gradients at the limit of the relaxation time for the dye-Ca®* binding reaction. Numerical
simulations on a model cell were used to gain a better understanding of the relationship between
[Ca2+]i and fluorescence measurements, as well as to provide indirect estimates for the
endogenous buffering power in the soma. In summary, it is shown at which time scale fast
transients of calcium fluorescence signals evoked by action potentials can be recorded and how
these signals must be interpreted. This system has been also used to detect calcium signals
generated by the depolarising action of GABA in the developing hippocampus and the role of

temperature, using AM-ester calcium dyes.

6.1 Imaging neuronal calcium fluorescence at high spatio-temporal

resolution

6.1.1 Methods

A modular upright microscope was equipped with a 40X or a 63x water-immersion objective
and an epi-fluorescence illuminator incorporating two dichroic filter-cubes. These were used in
combination with XF23 and XF41 excitation/emission interference filter sets (Omega Optical)
for Calcium Green-1 and Calcium Crimson fluorescence, respectively. Excitation light from a
75 W stabilised Xenon arc source was coupled to the microscope via a liquid light guide gated

by a rapid shutter. Light was attenuated with a diaphragm to avoid phototoxicity and excessive
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bleaching. Fluorescence was measured using a fast modified CCD camera (CA-D1 128T,
DALSA) with a maximum of 15 MHz readout rate and 12 bit/pixel precision. In particular, the
CCD sensor’s output was digitised at 12 bit/pixel by customised electronics permitting image
acquisition rates up to 735 frames/s. Each image was formed by an array of 128x128 pixels,
corresponding to a spatial resolution of 0.78 pm/pixel. Distances in the specimen plane were
calibrated once for all by placing a 10 um-pitch graticule under the objective.

Slices were prepared as described in the methods section of chapter 3. Electrical recordings
were made from CA3 and CAl pyramidal neurons in the slice using patch pipettes pulled from
2 mm o/d borosilicate glass. Pipettes had a resistance of 4-6 M when filled with intracellular
solution containing (in mM): 123 K-gluconate, 12 KCI, 4 MgCl,, 10 HEPES, 4 Na,ATP, 0.3
Na,GTP, 10 Phosphocreatine, adjusted to pH 7.2 with KOH. Impermeant potassium salts of
calcium-sensitive fluorescent dyes Calcium Green-1 (470-500 nm excitation, 520-560 nm
emission, dissociation constant K3=190 nM) and Calcium Crimson (540-580 nm excitation,
595-625 nm emission, Kg=185 nM) were dissolved in intracellular solutions in the
concentration range 35-150 UM and loaded into cells by establishing whole-cell recording
conditions (Eilers et al., 1995) using a standard EPC-7 patch-clamp amplifier. In some
experiments, action-potential waveforms were constructed from current-clamp recordings
obtained from a different cell in the same slice (Spruston et al., 1995), and played-back to the
imaged neuron in voltage clamp. For these recordings, potassium channels were blocked by
replacing K-gluconate and KCl with 135 CsCl in the intracellular solution whereas sodium
channels were blocked by addition of 1 uM TTX to the superfusate.

The frame-enable signal from the CCD camera was also sampled, allowing for off-line
determination of current, voltage and image acquisition timing. The control signals required to
trigger the optical section of the set-up were generated by the same software and interface.
Image sequences were acquired at 93-400 frames/s, digitised at 12 bit/pixel and stored in real
time to the RAM of a Pentium PC using a high-performance frame-grabber (IC-PCI/AM-
DIG16, Imaging Technology) controlled by macros written in Optimas 5.0 language, or by
customised software written in Visual C++.

The camera operated in an efficient frame-transfer mode, whereby pixel data were shifted from

the light-exposed to the masked region of the CCD sensor in less than 4% of the inter-frame
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interval (Figure 6.1). This avoided image blurring and maximised photo-charge integration
time. Accepted images were saved on a UW-SCSI hard drive and analysed using routines
developed from Matlab 5.1 Image Processing Toolbox. For each image pixel, fluorescence
signals were computed as ratios

AF(t) F()-F(0)
F(0)  F(0)

(6.1)

In this expression, ¢ is time, F(t) is fluorescence following a stimulus that causes calcium
elevation within the cell and F(0) is pre-stimulus fluorescence computed by averaging 10-20
images. Both F(z) and F(0) were corrected for mean auto-fluorescence computed from a 20x20
pixel rectangle devoid of obvious cellular structures. Ratio magnitude was encoded by 8 bit
pseudo-colour look-up tables to produce false-colour images. The local ratio computation in
equation 6.1 is expected to provide correction for time-independent non-uniformity in optical
path-length and dye concentration (Neher and Augustine, 1992). This was kept as constant as
possible during image acquisition by waiting until dye dialysis had produced stable F(0) values
(15-20 min with input resistance <15 MQ). Excitation intensity was adjusted to produce photo-
bleaching rates < 0.5%/s during tens of 1s-long illumination periods. Where indicated, a three-
point zero-phase digital filter (Oppenheim and Shaffer, 1989) and a 3x3 two-dimensional
median filter (Lim, 1990) were applied to fluorescence traces and images, respectively. To
model the dynamics of Ca*" entering the soma of pyramidal cells, the computational scheme
proposed by NoWycky and Pinter (1993) was adopted. Briefly, [Ca**]; was evaluated as a
function of time ¢ and radial distance r in a spherical cell following uniform Ca®" entry across
the outer membrane. The sphere volume was averaged subdivided into discrete shells and
diffusion-reaction of Ca*" with a mobile exogenous buffer (dye) of absolute concentration [Byy]
and an immobile endogenous buffer of concentration [Bs] was described by the following

equation:
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— K= [B_1[Ca**],

- K2 [B][Ca®],

1

+ DCu ( (62)

+K2[B_Ca]
+ KX:[B,Ca]

Here D¢, is Ca?* diffusion coefficient in the cytoplasm, KonX is the association rate constant of
calcium binding to buffer X (By, or B), Ko~ is the dissociation rate of calcium from the (X Ca)
complexl, Ic, is the transmembrane calcium current, F is Faraday’s constant, V, is the volume of
the shell just below the membrane (Yamada et al., 1989), d is Dirac’s delta and r, the cell
radius. The first line of the equation’s r.h.s. represents a transmembrane source of calcium, the
second radial diffusion, the third binding of calcium to dye and the fourth binding of calcium to
the endogenous buffer. The reaction-diffusion of By, as well as of the (B,, Ca) complex was
described by two analogous equations without source terms. Finally, two more equations,
missing both radial diffusion and source, were used to compute the changes of [B;] and [B, Cal.
Table 2 lists the parameters used for numerical computations.

An image of the set-up used for the experiments reported in the appendix is shown in Figure

6.2.

6.1.2 Imaging rapid calcium concentration gradients

Identified cells having proximal and apical dendrites in the horizontal plane of focus were
patch-clamped under direct visual control with pipettes containing cell-impermeant Calcium
Green-1 (75 uM). The maximal changes in fluorescence AF(t)/ F(0) observed in the present
set of experiments amounted to less than 30% and were typically less than 10%, whereas test

applications of 25 mM K" and 150 uM NMDA to the bath caused AF(z)/ F (0) to increase by

more that 100%, indicating that the dye was not binding Ca®* near saturation. In other control
experiments, AF(t)/ F(0) signals following an action-potential were reduced below detection

threshold by adding to the superfusate broad spectrum blockers of voltage activated calcium

channels Ni** (50 uM) and Cd** (200 uM).

! The dissociation constant K™ for the reaction X + Ca®* «» (X Ca) equals ol
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Figure 6.1 System description. A. Block-diagram representation of the major electronic components of the system.
The comb-like waveform in the middle of the panel is a segment of the frame-enable signal (FVAL) from the CCD
camera, sampled by the laboratory interface. Each upward swing of the signal marks the beginning of a new frame
integration period. B. Six consecutive images, captured at the maximum frame rate allowed by the CCD camera
(400 frames/sec), are shown. Images were generated by focusing the camera onto a LED counter clocked by the
FVAL pulses, each pulse incrementing the counter by one digital unit. Images show no lag in response, indicating

that the effective speed of the CCD camera is that of the FVAL clock.
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Figure 6.2 Image of the set-up used for the experiment reported in the appendix. 1. DALSA CA-DI fast CCD
camera used for calcium fluorescence measurements. 2. Circuitry developed for the control of the CCD acquisition
and for its synchronisation with the electrophysiological recordings. 3. Slow CCD used for IR visualisation of the
brain slices. 4. Dichroic filter cubes. 5. liquid light guide used for excitation. 6. Headstage of the patch clamp

amplifier. 7. Holder used either for electrical stimulation or for fast application of drugs. 8. Recording chamber.
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TABLE 2. Parameters used for numerical computations

Symbol Definition Value Comment
| Geometry
I, cell radius 7.5 um used by Nowycky & Pinter, 1993
dr shell thickness 0.25 um intracellular space discretized in 30 concentric
shells
Calcium
Ica  Cacurrent 400 pA peak value; waveform as shown in Figure 6.6
[Ca*); Initial Ca concentration 0.05 uM Helmchen, Imoto & Sakmann, 1996,
Dc, Diffusion constant for free 220 um?’’! Allbritton, Meyer & Stryer, 1992
calcium in cytoplasm
Fixed buffer
[BJ Total concentration 530 uM similar to N owycky & Pinter, 1993,
Kp®  dissociation constant 3800 uM conc and affinity selected so that x =~ 120,
Ko forward binding rate 570 uM s equal to dye’s,
see also Klingauf & Neher, 1997
Mobile buffer (Dye)
[Bn] Total concentration 75 uM used in most experiments
KDB‘“ dissociation constant 0.190 uM CG-1, Molecular Probes estimate
Ko™ forward binding rate 570 uM s Eberhard & Erne, 1991
Dgy,  Diffusion constant 200 um?s™ used by Nowycky & Pinter, 1993
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In contrast, contribution to Ca®* influx from NMDA receptors (Garaschuk et al., 1996) was
probably too small to be measured under the present recording conditions, as block by CPP (20
HM) did not produce appreciable changes in AF(¢)/ F(0).

The peak amplitude of AF(z)/F (0) transients following a single action potential was a
monotonically decreasing function of Calcium Green-1 concentration in the range 35-150 uM
(Figure 6.3 A) (Borst et al., 1995; Helmchen et al., 1996; Helimchen et al., 1997). At 75 uM,
resting fluorescence F(0) was twofold higher for Calcium Crimson than for Calcium Green-1
(Figure 6.3 C, solid bars). This is probably due to a combination of different dye affinities and
compartmentalisation, as well as sensor quantum efficiency (Figure 6.3 B) at the different
wavelengths used. Peak values of AF(r)/F (0) transients for Calcium Green-1 and Calcium
Crimson differed by a factor of 3 or more (Figure 6.3 C, empty bars), which is only partially
accounted for by the twofold difference in denominator values. Fluorescence signals following
single action potentials were measured from cell somas with typical S/N > 6 for Calcium Green-
1 and = 4 for Calcium Crimson (single-pixel values for data collected at 200 frames/s using dye
concentration of 75 UM in the pipette).

Figure 6.4 shows one representative data set from experiments in which Ca2+-dependent
changes in dye fluorescence were measured at full-frame resolution (128x128 pixels) with a
temporal resolution of 10.8 ms from large CA3 pyramidal cells. Successive action potentials
elicited by somatic injection of current pulses produced distinguishable contributions to Ca2*
entry. Individual contributions were resolved down to about 20 ms inter-spike intervals at the
cell periphery (Figure 6.4 B, green trace). By contrast, AF(¢)/ F(0) increased in a markedly
more continuous fashion near the cell centre (Figure 6.4 B, red trace). Thus substantial [Ca®™];
gradients developed rapidly within the cell cytoplasm, with instantaneous magnitude depending
strongly on the cell firing frequency.

These recordings were also characterised by conspicuous delays between fluorescence and
voltage peaking. As shown in Figure 6.4 C (first frame), no fluorescence changes could be
detected during the course of an action potential. The delayed AF(¢)/F (0) signal reached a
maximum near the cell boundary only 19.8%£7.3 ms (n=6 cells) after the peak of an action

potential, generating a characteristic annular pattern of fluorescence (Figure 6.4 C, second and
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third frame). The annular front relaxed towards the cell centre in 178 + 45 ms as diffusion

caused progressive re-equilibration of cytoplasmatic Ca®* (Figure 6.4 D and 6.4 E).
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Figure 6.3 Dye response characterisation. A. Fluorescence peak response of Calcium Green-1 to a single action-
potential, plotted against dye concentration. Inset: 4 unfiltered sample responses from different cells at shown dye
concentrations (UM). B. Relative spectral responsivity of the DALSA CA-D1 CCD sensor. Arrows correspond to
dye maximal emission wavelength C. Mean neuronal stationary fluorescence measured at the single pixel level
(solid bars, left axis) and single action-potential evoked fluorescence peak response (hollow bars, right axis) for
Calcium Green-1 and Calcium Crimson. Dyes were loaded into CA1-CA3 pyramidal cells at 75 UM pipette

concentration. Data in (A) and (C) are mean + S.D. (n=5 cells).
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Figure 6.4 Fast [Ca®]; gradients. A. Infra-red transmitted-light image of a CA3 pyramidal neuron with a
superimposed array of 10 partially overlapping regions of interest (ROIs). B. Simultaneous recordings of
transmembrane voltage (bottom trace) and unfiltered means of fluorescence change from the red (middle trace) and
green (upper trace) ROIs in A. Potential was measured in response to somatic injection of four 30 ms 200 pA
pulses. The first pulse evoked two action potentials in rapid succession (26 ms inter-spike interval). Contribution
to calcium entry from each of these two action potentials is clearly identifiable as a slope change in the

AF(1)/ F(0) rise time course measured at the cell boundary (arrow). Inter-frame interval was 10.8 ms. C. Six

selected false-colour images from the sequence collected during the recordings in B. D. Bottom: single action
potential evoked by a 30 ms 200 pA somatic current-pulse injection in the same cell. Top: corresponding
fluorescence changes measured from the red and green ROISs in (A). ROI and trace colours are matched. E. Space-
time 3D plot: receding axis is distance along the cell profile, from ROI 1 to 10, abscissa is time, surface height

gives local fluorescence change (also encoded as surface colour).

90



Somatic fluorescence returned to baseline levels a few seconds after the last action potential

(time constant 1.2 + 0.3 s, as measured by mono-exponential fits following a single action-

potential, with 75 uM Calcium Green-1 in the pipette), as a consequence of cell buffering and

extrusion.

6.1.3 Timing of calcium entry

It has been suggested that, in the squid axon, most of the Ca®* enters during the repolarisation
phase of the action potential (Llinas et al., 1981). Thus, a series of experiments was undertaken
using faster frame rates (5.4 ms inter-frame interval) commanding membrane potential to follow
the waveform of simulated action potentials (Doerr et al., 1989) (Figure 6.5 A, top trace) after
establishing pharmacological conditions that permitted the selective detection of Ca* currents.
The fast inward currents elicited under these conditions (Figure 6.5 A, bottom trace) were
reduced by more than 90% by superfusion with nominally zero extracellular Ca**. The simplest
explanation is that simulated action potentials elicited essentially Ca>* tail currents generated by
the sudden increase in driving force following membrane repolarisation, whereas little or no
current flowed during the brief depolarisation phase even though the channels were opened
(Johnston and Wu, 1995). Current integration revealed that Ca?* influx following an action
potential was rather large (5.7 + 2.1 x 107 mol, n=3 cells). Similar results have been obtained
in DRG cells from chick embryos (McCobb and Beam, 1991) as well as in a calyx type synapse
in the rat medial nucleus of the trapezoid body (Borst and Sackmann, 1996). However, it should
be pointed out that a substantial fraction of the whole-cell Ca2* current originated likely from
unclamped regions of the membrane which did not experience the commanded action-potential
waveform. Therefore, the timing of the currents reported here is probably not entirely reliable as
these should be understood as attenuated and distorted versions of the real Ca®* currents flowing

during a natural action potential.

6.1.4 Frequency-dependent calcium responses

Action potentials are known to actively invade the apical dendritic tree of CA1 pyramidal
neurons (Jaffe et al., 1992; Andreasen and Lambert, 1995; Stuart et al., 1997) in a frequency-
dependent manner (Callaway and Ross, 1995; Tsubokawa and Ross, 1996). In this set of

experiments, repetitive action potentials were elicited in CA1 neurons by trains of brief somatic
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current pulses. For stimulation frequencies up to 40 Hz, one action potential was usually evoked

by each pulse.

In general, only a fraction of the apical dendrite (up to 90-100 pm from the soma) was clearly
distinguishable with sufficient signal/noise (S/N). However, fluorescence signals displayed
striking differences even in such relatively limited portions of the imaged cells, as shown in
Figure 6.6. In particular AF (£)/ F(0) relative maxima formed 40-60 Um from the soma,
irrespective of action potential frequency. In the soma, AF(¢)/ F(0) increased linearly with the
number of action potentials, whereas in the proximal dendrite (up to 60 pm from the soma)
AF(t)/ F(0) increment was comparatively attenuated. Finally, beyond the first noticeable
dendritic branching, fluorescence failed to rise after the first few action potentials in a train.
Differences in these three distinct patterns of AF(r)/ F(0) dynamics were particularly evident

at the highest stimulation frequency used (40 Hz; see Figure 6.6 E) in accord with previous
experimental and theoretical investigations (Jaffe et al., 1994). A likely explanation for the

compartmentalisation of the AF(¢)/ F(0) rise is the anisotropic distribution of Ca®" channels

(Christie et al., 1995) whereas failure of action potential invasion may account for the

AF(t)/ F(0) behaviour at dendritic branch points (Spruston, et al., 1995).

6.1.5 Modelling somatic [Ca2+]i dynamics
The results in Figures 6.4 to 6.6 indicate that Ca* imaging can be performed in brain slices with
high spatial resolution under conditions whereby the ultimate temporal limitation is set by the

kinetic properties of the fluorescent indicator used. Specifically, the time-course of fluorescence
transients at stimulus onset was influenced by dye relaxation time T, which is given by the

expression (Kao and Tsien, 1988)
1
o= K, [Ca™] + K. (6.3)

Kon and Ky are, respectively, thermodynamic association and dissociation constants for the
binding of calcium to dye. Following an action potential, [Ca®*]; is likely to rise locally to =300

nM (Helmchen et al., 1996). Thus, using published figures for the rate constants (Eberhard and
Erne, 1991), values for T of = 3.2 ms and ~ 2.5 ms can be estimated, at room temperature, for

Calcium Green-1 and Calcium Crimson, respectively.
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Figure 6.5 Calcium entry and calcium current. A. Patch-clamp recordings from a CA1 pyramidal neuron loaded
with 75 uM Calcium Green-1 in a CsCl-based intracellular solution and in the presence of 1 uM extracellular
TTX. Top: simulated action-potential applied under voltage-clamp. The voltage wave-form was obtained from a
different cell in the same slice under current-clamp using a K-gluconate based intracellular solution (and no TTX).
Bottom: current trace representing the difference between the recordings obtained in 2 mM and nominally zero
extracellular calcium. B. Four false-colour consecutive images taken at 5.4 ms intervals during the voltage-clamp
recording in A. Photo-charge integration intervals are marked by boxes at the bottom of A; box separation lines

indicate the short frame-shift periods during which CCD integration was disabled.
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Figure 6.6 Time-resolved spatial distribution of calcium entry during evoked action potential activity. A.
Fluorescence image of a CAl hippocampal pyramidal neuron loaded with 75 pM Calcium Crimson. B. Solid line:
membrane potential vs. time. A single action potential was evoked by intra-somatic current pulse injection (450
PA, 10 ms) via the loading pipette in whole-cell current-clamp. Space-time 3D plot: receding axis is distance along
the cell profile, measured between the positions marked by arrows in (A); abscissa is time (same as voltage
record); surface height represents mean relative fluorescence changes (also encoded as surface colour) measured
from 1 ROI partially covering the soma width and 11 partially overlapping ROIs stretched across the proximal
dendrite (ROIs not shown). Data refers to a sequence of 180 frames captured at 5.0 ms inter-frame interval. C.

Same as B, for repetitive current pulse injection (450 PA, 10 ms) at inter-pulse intervals of 100 ms. D. 50 ms. E. 25

ms.
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Fluorescent dyes are not expected to track accurately [Ca®*]; changes that take place on a time
scale faster than 3-4 T = 10 ms (Kao and Tsien, 1988), in good agreement with the results

shown in Figures 6.4 and 6.5. In order to achieve a better understanding of [Ca®']; transients in
the soma of pyramidal cells, a simple model of reaction-diffusion in a spherical cell was utilised
(Sala and Herndndez-Cruz, 1990). The model included Ca** and a fast high-affinity mobile
buffer (dye) of concentration [By] as diffusing species. Binding of Ca** to dye occurred in the
presence of a low affinity immobile buffer of concentration [B,], which competed for Ca®*. To
keep the model as simple as possible, Ca** leakage and extrusion were not included. Model
parameters were selected from the experimental and theoretical literature (see Table 3), with the
exception of the dissociation constant KDBS of [B] which was adjusted by trial-and-error to
produce responses in reasonable agreement with experimental data. Figure 6.7 shows model
responses to brief injection of a Ca®* current (Figure 6.7 A) peaking = 5 ms after the maximum
of the action potential, taken as t=0, and decaying in = 10 ms (see Figure 6.5 A). The largest
current value, 400 pA, was selected in agreement with experimental results, considering that
about 20% of the total current entered from the soma. The time course of [Ca2+]i at different
depths below the cells surface (0.25, 1.5, 3.0, 4.5 and 6.0 um) is shown in Figure 6.7 B. In the
outermost shell [Ca**]; reached peak values = 300 nM few ms after the current peak but rose at a
considerably slower rate progressing towards the cell centre. As clearly evident in Figure 6.7 C,
the distribution of the dye-calcium complex at the same depths represents a delayed and
distorted version of [Ca2+]i. To compare model predictions to experimental results, contribution
from out-of-focus fluorescence (Hiraoka et al., 1990) was taken into account by adding a
weighted average of signals from peripheral shells to inner shells (Figure 6.7 D). Finally, model
output was averaged over 5 ms intervals to simulate photo-charge integration by the CCD
sensor (Figure 6.7 E, dashed lines).
The combination of mode] values for total [Bs] and Kp®® corresponded to an incremental Ca>'-
binding ratio (Neher and Augustine, 1992)
A[B.Ca] [B.] Ky
“TAICa, T ([CaF T, +KP) ([Ca™']

YK (6.4)

rest peak
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of about 120 (mean value, averaged over all discrete shells in which the intracellular space was
subdivided). For comparison, values of k in the range 64 to 186 were estimated experimentally

in the proximal apical dendrites of hippocampal CA1 neurons (Helmchen et al., 1996).

TABLE 3. Dye rate constants (from Eberhard and Erne, 1991).

T Calcium Green Calcium Crimson
OC Koff Kon Koff Kon
-1 -1 -1 -1 4

s M s s uM s

20.5 139 570 187 710

6.1.6 Discussion
Intracellular Ca®* was visualised by loading cells with fluorescent dyes selective for this ion and
measuring fluorescent transients using a fast CCD camera.

Fast Ca* imaging (i.e. faster than standard video-rate) of [Ca2+]i gradients has been performed
either with confocal microscopy operating in the line-scan mode (Herndndez-Cruz et al., 1990),
or with cooled CCD devices (Lasser-Ross et al., 1991). A substantial effort was devoted to
obtain simultaneously high spatial and temporal resolution of fluorescence signal detection.
This was achieved by assembling a range of different optical and electronic components
optimised for high-speed detection of fluorescence emissions from long-wavelength Ca*'-
selective probes. The core of the optical detection section was based on a low-cost commercial
CCD sensor, originally designed for industrial applications, whose output was digitised by a
specialised A/D board. This allowed image capture at rates up to of 735 frames/s, with the

possibility of acquiring over 3500 full-frame images in sequence with 12 bit/pixel accuracy.
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Figure 6.7 Modelling Calcium entry into the soma. A. Time waveform of the Ca®* current I, used in the source
term of Eq. 6.2. B. [Ca®™]; time course at various depths within the cell: 0.25, 1.5, 3.0, 4.5 and 6 um from the
surface, top to bottom. C. Time course of [B,Ca’**]; at the same depths as in B. D. Relative change in model
fluorescence signals associated with [B,,Ca*"]; distribution. Signals from inner shells included a weighted average
of out-of-focus contributions from more peripheral shells. E. Solid lines: sample fluorescence responses following a
single action potentials in a CA3 pyramidal cell loaded with 75 pm Calcium Green-1. Unfiltered traces were
generated by averaging real fluorescence images captured at 5.4 ms intervals from 2 pum X 2 um contiguous regions
covering the space from surface to centre of the cell. Dashed lines represent a scaled version of the uppermost and

lowermost trace in D, averaged over 5.4 ms periods to simulate CCD photo-charge integration during image

acquisition.
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Such high rates and sensitivity result from the good quantum efficiency of the sensor (40%) and
the extremely high speed at which frames were transferred from the unmasked to masked
regions of the CCD. The system utilised was capable of capturing hundreds of images in
sequence with minimal 1.36 ms inter-frame interval at full-frame resolution (128x128 pixels)
with 12bit/pixel precision. Data presented in this thesis were acquired at inter-frame intervals

between 10.8 and 5.0 ms. Because of the short integration times used, photon shot-noise Npj'

proved to be the dominant factor in these experiments, which made CCD cooling unnecessary
above about 90 frames/s. The relative performances of two single-wavelength dyes, Calcium
Green-1 and Calcium Crimson, were evaluated in terms of stationary and time-dependent

fluorescence signals. Despite the smaller AF(z) signals produced, Calcium Crimson allowed

fluorescence transient measurements at higher frame rates than Calcium Green-1 whose lower

resting fluorescence (see Figure 6.3) made it difficult to estimate reliably F(0) above 200

frames/s. At the high rates utilised, the limiting factor proved to be the dye relaxation time T

(see equation 6.3) so that frequencies higher than 200 frames/s would seem unnecessary for

measuring [Ca2+]i transients at room temperature. In fact, AF(¢)/ F(0) responses elicited by

single action-potentials were detected at the maximum camera rate of 400 frames/s without
appreciable differences (data not shown). However, given the relatively steep dependence on

temperature the AF(f)/ F(0) rise time course (Markram et al., 1995), faster acquisition rates

are probably required around physiologiéal temperature.

High frame-rate imaging permitted the 2D visualisation of the substantial [Ca*']; gradients that
developed rapidly within the cell cytoplasm following action potentials (see Figures.6.4 C and
6.5 B), with local and instantaneous magnitude depending strongly on the cell firing frequency
(see Figures 6.4 B and 6.6). However, it is important to realise that fast imaging of Ca®* poses
also a number of problems when trying to derive a quantitative estimate [Ca’']; from
AF(t)/ F(0), that is to say from the concentration of intracellular dye-bound calcium
[BnCa®*];. The common assumption is that ion and dye are locally in equilibrium so that [Ca®'];

can be derived from the mass-action law. This is reasonable when [BmCa2+]i gradients are

- - 2 2
The overall noise associated with the acquisition of an image by a CCD deviceis Ny = (N + N + N?,h)u2 . Here Ng

and Np are the readout noise and the dark-charge noise of the CCD, respectively, whereas Npy, is the photon shot-noise
associated with the fluorescence signal.
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imaged by integrating fluorescence signals over intervals significantly longer than T (Neher and

Augustine, 1992), but not for the short exposure times used in the present experiments.
Numerical simulations on an extremely simplified spherical cell model showed that diffusion

patterns for [Ca2+]i can differ substantially from those reported by AF(¢)/F(0) (compare

Figures 6.7 B and 6.7 D). For fixed incremental Caz+—binding ratio around 120, [BnCa®'l;
distributions agreed with measured fluorescence gradients only for D= D.,, indicating that the
presence of a rapidly diffusing dye may substantially alter the time course of the “unperturbed”
somatic [Ca*]; gradients. The problem cannot be solved simply by lowering the dye
concentration as rapid [Ca®]; elevations would just saturate the dye faster, particularly near the

cell membrane, producing a non-linear fluorescence response. For these reasons, AF(¢)/ F(0)

should be understood to represent, at best, a low-pass filtered version of the free Ca®" transients
(Nowycky and Pinter, 1993). It appears that the challenge for the future would be to perform
quantitative analysis of rapid [Ca™); gradients using fluorescence data in the context of realistic
reaction-diffusion schemes, taking into account the details of cell geometry and channel

distribution.

6.2 Temperature dependence of GABAergic activity in the neonatal rat

hippocampus

A peculiar characteristic of the hippocampus of neonatal rats is the presence of spontaneous
network-driven oscillatory events, the so-called giant depolarising potentials (GDPs). These
events that can be recorded in slices (Ben Ari et al., 1989) as well as in the intact hippocampal
formation (Khalilov et al., 1997; Leinekugel et al., 1998) consist in large depolarisations with
superimposed fast action potentials followed by an afterhyperpolarisation. GDPs are generated
by the interplay between GABA acting on GABA, receptors (Ben Ari et al.,, 1989) and
glutamate acting mainly on AMPA type ionotropic receptors (Gaiarsa et al., 1991; Bolea et al.,
1998). As in many other brain structures (Wu et al., 1992; Serafini et al., 1995; Chen et al.,
1996; Kaneda et al.,1996; Owens et al., 1996), in early postnatal life GABA depolarises and

excites neuronal membranes by an outward flux of chloride (Cherubini et al., 1991).
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This highly correlated neuronal activity is thought to promote functional maturation of precursor
networks (Goodman and Shatz, 1993). This could be achieved via an elevation of [Ca*'];
following calcium entry through voltage-activated calcium channels (Leinekugel et al., 1995).
Thus, calcium fluctuations occurring simultaneously in groups of neighbouring cells and strictly
correlated with GDPs can be detected by optical recordings with Ca**-sensitive dyes in the CAl
(Garaschuk et al., 1998) and in the CA3 (Leinekugel et al., 1997) area of the hippocampus.
Interestingly, early network oscillations and associated calcium bursts can be blocked when the
temperature is reduced from 32-35°C to 20-24°C (Garaschuk et al., 1998). The final part of this
thesis work was aimed at investigating the effects of changing temperature on GDPs generation
and on GABAergic synaptic transmission in the CA3 hippocampal area of newborn rats, by
using electrophysiology and the high space-time resolution calcium imaging previously

described.

6.2.1 Methods

Neonatal Wistar rats (P3-P6) were used. During the experiments, slices were superfused at
3ml/min either at room temperature (24 °C) or at 32 °C.

Temperature was changed by heating the final part of the perfusion inflow tube with a resistance
and was controlled by a thermocouple placed in the bath. Changes in temperature were obtained
in a few minutes.

Electrical recordings were made from CA3 pyramidal neurons in the slice using patch pipettes
having a resistance of 3-5 MQ when filled with intracellular solution containing (in mM): 140
KCl, 1 MgCl,, 5 HEPES, 1 EGTA, 10 sucrose, 2 Na,ATP (pH 7.2 adjusted with KOH).
Spontaneous miniature GABAergic currents were recorded in TTX (1 pM), to block voltage-
gated sodium channels and kynurenic acid (1 mM) to block ionotropic glutamate receptors.
Drugs were dissolved in the external solution and applied in the bath via a three way tap system
by changing the superfusion solution to one which differed only in its content.

Monosynaptic GABAergic responses and GDPs were evoked in CA3 pyramidal cells by
extracellular electrical stimulation, (as described in chapters 3 and 4), in the presence of
kynurenic acid (1 mM) to block ionotropic glutamate receptors and in the presence of a low (10
nM) concentration of TTX, to reduce spontaneous events. Monosynaptic GABAergic currents

were evoked by trains of six voltage pulses (4-10 V amplitude and 40 s duration at 80-160 ms
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interpulse interval, every 20 s). GDPs were evoked by short (4-8) trains of pulses (10-20 V
amplitude and 40 Us duration at 10 ms interpulse interval).

GABA (0.5 mM) was applied via a patch electrode (having a resistance of about 2 MQ)
connected to a pneumatic picopump triggered by the computer. The pipette was positioned close
(20-60 pum) to the soma of the patched cell (the duration of the application ranged between 5 to
40 ms).

In the imaging experiments, slices were incubated for 2-3 hours at 32 °C with a solution
containing 10-20 uM of the calcium sensitive probe fluo-3 (AM-ester) before being transferred
to the recording chamber. Fluo-3 was dissolved in dimethylsulphoxide (DMSO) at the final

concentration of 10 mM, so that the final DMSO concentration in the incubating bath never

exceeded 0.2 %.

6.2.2 Temperature dependence of GDPs

Stable whole cell recordings (in current clamp configuration) lasting more than 30 min were
obtained at 32 °C from CA3 hippocampal pyramidal cells in slices from P3-P6 old rats that
exhibited spontaneous GDPs (n=23). These events consisted of large (30-50 mV) depolarising
potentials lasting 400-700 ms, which triggered action potentials, followed by an
afterhyperpolarisation. GDPs were completely abolished by bicuculline (10 pM) and/or by
kynurenic acid (1 mM) indicating that they originated from the interplay between GABA and
glutamate (Bolea et al., 1998). Bicuculline also blocked spontaneous ongoing synaptic activity,
suggesting that at early stages of development, GABA-mediated synaptic responses represent
the main excitatory postsynaptic currents that are active at resting membrane potential
(Hosokawa et al., 1994).

When the temperature was decreased from 32 °C to 24 °C, GDPs disappeared while
spontaneous action potential-dependent GABA-mediated synaptic responses were still present.
However, as shown in the example of Figure 6.8, these occurred at lower frequency and, in
comparison with the events recorded at 32 °C, had slower kinetics. In particular, in six neurons
in which more than 100 events were recorded at 32 °C and 24 °C, no significant changes in peak

amplitude were detected (at -70 mV peak amplitude was 5.6 £ 1.1 mV at 24 °C and 6.6 + 1.1

mV at 32 °C, mean = SEM) whereas a decrease in frequency and an increase in half width were
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observed: the frequency was 3.16 £ 0.21 Hz and 1.56 £ 0.15 Hz while the half width was 39.6 +
3.9 ms and 63.5 £1.6 ms at 32 °C and 24 °C (mean = SEM), respectively.

6.2.3 Temperature dependence of GABA-induced calcium transients

The disappearance of spontaneous GDPs at 24 °C indicates that temperature has striking effects
at the network level. Therefore, in a subset of cells in the CA3 area of the hippocampus, the
excitability of the network, at different temperatures, was investigated by monitoring calcium
entry following evoked GDPs or direct application of GABA.

Calcium transients associated to spontaneous GDPs have been detected in hippocampal slices
loaded with AM-ester calcium dyes (Garashuk et al. 1998). In this thesis, calcium transients,
associated to GDPs evoked by repetitive stimulation of the stratum radiatum in the presence of
kynurenic acid (1 mM) were studied in four slices at 24 °C and 32 °C (see the schematic
drawing of Figure 6.9 A). As illustrated in the representative example of Figure 6.9, at both
temperatures, evoked GDPs were associated to calcium signals that occurred with appreciable
delays within the set of loaded neurons, indicating a propagation of firing activity. Calcium
transient were not recorded in the patched neuron because of the cell dialysis. In comparison to
24 °C, at 32 °C evoked GDPs had a smaller amplitude. Moreover associated changes in
fluorescence (AF/F) in the surrounding cells were smaller and had a more rapid onset (Figure
6.9 B). Figure 6_.9 C shows seven false colour images selected from the frame sequences
recorded simultaneously with the evoked GDPs (arrows in Figure 6.9 B) at 24 °C and 32 °C.
Interestingly, in this particular experiment, at both temperatures, a propagation of the signal
from the region closer to the stimulating electrode (b) towards the CAl hippocampal area was
observed. Evoked GDPs as well as calcium signals were prevented by bicuculline (10 uM, data
not shown).

Similar results were obtained in three slices when GABA was locally applied (in the presence of
kynurenic acid, 1 mM) by a pressure pipette positioned close the patched cell (Figure 6.10 A).
Pressure application of GABA at a holding potential of -70 mV, produced at both temperature
an inward current that was associated to an increase in fluorescence in neighbouring cells. At 32
°C, GABA-induced currents had a faster kinetics and, as in the case of the evoked GDPs, they

were associated with a calcium signal that was faster and lower in amplitude. In this particular
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case, at 32 °C the signal propagated towards cells located in the stratum radiatum (possibly
interneurons) with a delay of hundreds of ms (Figure 6.10 B and C). At 32 °C, the spread of the
signal towards stratum radiatum was also observed in one of the four slices in which calcium
transients were induced by GDPs. Temperature-dependent changes in calcium signals could be
observed in the same slice by cooling down and warming up the slice repetitively (up to four

times).
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Figure 6.8 Spontaneous GDPs occur only at 32 °C. A. Traces recorded in current clamp mode from a CA3
pyramidal cell at P5, showing spontaneous ongoing synaptic activity at 24 °C at two different time scales. B. Same

as A but at 32 °C. Notice that GDPs can be observed only at 32 °C.
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Figure 6.9 Calcium signals induced by evoked GDPs. A. Scheme illustrating the experimental protocol. The blue

C

region indicates the area of the slice in which calcium fluorescence was imaged. GDPs were evoked by electrical
stimulation with a pipette positioned in the stratum radiatum (stimulus) and recorded with a patch pipette (patch)
from a CA3 pyramidal neuron. B. Upper traces: GDPs evoked at 24 °C (blue trace) and at 32 °C (red trace). Middle
and bottom traces: correspondent calcium transients averaged in the small regions a and b indicated in A. C. False
colour images selected from the frame sequences recorded simultaneously with the currents reported in B. The
timing of each image is indicated by the arrows drawn in B. Upper and bottom rows belong to sequences taken at

24 °C and 32 °C respectively. The colour scale is reported in the first image.

These results confirm the depolarising action of GABA early in development and indicate that
the firing activity evoked either by electrical stimulation or GABA application can propagate.
Moreover, the present data suggest that, at more physiological temperature (32 °C), evoked
GDPs can spread faster and involve a larger number of neurons. This is in the presence of

kynurenic acid that prevents the occurrence of spontaneous GDPs.

104



A Patch B

y7 —3
3
na
w
=
<

AF/F=1%

32°C

Figure 6.10 Calcium signals induced by brief applications of GABA. A. Scheme illustrating the experimental
protocol. The blue region indicates the area of the slice in which calcium fluorescence was imaged. Currents
evoked by brief (16 ms) applications of GABA were recorded from a CA3 pyramidal neuron at P4. B. Upper
traces: current induced by GABA application at 24 °C (blue trace) and at 32 °C (red trace). Middle and bottom
traces: correspondent calcium transients averaged in the small regions a and b indicated in A. C. False colour
images selected from the frame sequences recorded simultaneously with the currents reported in B. The timing of
each image is indicated by the arrows drawn in B. Upper and bottom rows belong to sequences taken at 24 °C and

32 °C respectively. The colour scale is reported in the first image.

6.2.4 Temperature dependence of miniature GABAergic currents

To investigate the mechanisms underlying the above mentioned effects on the network activity,
experiments were performed on miniature and evoked monosynaptic GABAergic currents at 24
°C and 32 °C. Spontaneous miniature GABAergic currents were recorded at a holding potential

of -70 mV from five CA3 pyramidal cells at 24 °C and 32 °C (more than hundred events for
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each experimental condition) in the presence of kynurenic acid (1 mM) and tetrodotoxin (TTX,
1 uM). These currents were reversibly abolished by bicuculline (10 uM) implying that they
resulted from the activation of GABA, receptors. At 24 °C, miniature GABAergic currents
occurred at low frequency (< 1 Hz). The representative recording of Figure 6.11 A illustrates
spontaneous miniature events recorded from the same neuron at 24 °C and 32 °C. The figure
clearly shows that the frequency (but not the amplitude) of miniature events is strongly
temperature-dependent (Figure 6.11 B and C) as demonstrated by the shift to the left of the
cumulative inter-event interval distribution at 32 °C (p=0.0001, Kolmogorov-Smirnov test).
Furthermore, at this temperature, the kinetics of miniature synaptic currents was faster (Figure
6.11 D). Unlike the frequency, amplitude distributions were skewed towards the higher values
in both experimental conditions, and consisted of an initial peak followed by a tail of larger
amplitude events (Figure 6.12 A).

On average, in five cells, rising the temperature from 24 °C to 32 °C, produced an increase in
frequency of miniature currents (from 0.56 +0.2 Hz to 1.55 £0.2 Hz, mean = SEM, Figure 6.12
B) without a significant change in their amplitude (36 £ 9.2 pA and 47 + 2 pA at 24 °C and 32
°C, mean = SEM, respectively). Taken together these data strongly suggest that GABA release
is temperature-dependent. The other striking effect of temperature was on the kinetics of
synaptic events. A decrease of the mean rise and decay time (from 1.3 £ 0.15 ms to 0.9 £ 0.11
ms and from 14.8 2.9 to 7.5 + 2.4, mean = SEM, respectively, Figure 6.12 B) was observed,
when the temperature was raised from 24 °C to 32 °C. Thus, raising the temperature has both
pre and postsynaptic effects: on one hand it enhances GABA release on the other hand it speeds
up the kinetics of GABAj receptors.

The postsynaptic effect has been further assessed by the experiments in which GABA was
applied directly onto the principal cell by brief pressure pulses of different duration (in the
presence of TTX, 1 uM). Also in this case, rising the temperature from 24 °C to 32 °C speeded
up the kinetics of GABA-induced currents (Figure 6.13). In the experiments in which GABA
was applied for 10 ms (n=4), the rising and decaying phases of GABA-induced currents were
fitted with the exponential function o-e”, Thus, the time constant T of the rising and the
decaying phases (Tyse and Tdecay) Were: Trise = 0.63 0.17 s and Tgecay = 1.36 £ 0.38 s at 24 °C

and Tyse = 0.31 £0.12 s and Tgecay = 0.74 £ 0.22 s at 32 °C, respectively (mean £ SD).
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Figure 6.11 Spontaneous miniature currents are temperature-dependent. A. Four consecutive traces showing
spontaneous currents recorded at -70 mV in the presence of 1 uM TTX at 24 °C (left) and at 32 °C (right). B and C.

Cumulative distribution of the miniature current amplitudes (B) and of the interevent intervals (B) of the
experiment shown in A, evaluated with 140 events at 24 °C and with 321 events at 32 °C. D. Normalised and

superimposed currents obtained at both temperatures from the experiment shown in A.
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Figure 6.12 Temperature-dependent effects on miniature currents. A. Amplitude distribution histogram of
miniature currents shown in Figure 6.11 (10 pA bin). Notice that the amplitude distribution is similar at 24 °C and
at 32 °C. B. Temperature-dependent changes in frequency, rise time and decay time of miniature currents. Each
column represents the mean + SEM (n=5 experiments) of frequency, rise time and decay time obtained at 24 °C
(light column) and 32 °C (dark column). Differences between data obtained at the two different temperatures are

highly significant (see text).

6.2.5 Temperature dependence of GABA-mediated synaptic depression

As already mentioned, the increase in frequency of miniature events observed when the
temperature was raised from 24 °C to 32 °C has clearly a presynaptic site of origin. In order to
test whether modifications of the dynamics of the release machinery could be responsible for
this phenomenon, in another set of experiments the effects of temperature on synaptic responses

evoked by brief trains of stimulation was investigated.
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Figure 6.13 Temperature dependence of currents evoked by local application of GABA. A. Currents evoked by
pressure application 0.5 mM GABA lasting for 5, 10 and 20 ms duration at 24° (left) and at 32° (right). B.
Temperature-dependent changes of the rise (Tys) and decay (Tgecay) time comnstants obtained, in four different cells,
by interpolating with an exponential function (f=0-¢™) the rising and decaying phase of the currents evoked by
application 0.5 mM GABA (10 ms duration) at two different temperatures. Each column represents the mean + SD

at 24 °C (light column) and 32 °C (dark column).

Presynaptic fibers were stimulated with brief trains of six pulses at 6.25 and 12.5 Hz both at 24
°C and 32 °C. A decrease in the amplitude of the n synaptic current with respect to the first one
was always observed. Usually, after the third response, the synaptic currents reached a stationary
value. This is clearly illustrated in the representative example of Figure 6.14 A where synaptic
currents evoked by 6 pulses of stimulation at 80 ms inter pulse interval are shown superimposed
at 24 °C and 32 °C. In the same Figure, the average of 50 recordings are shown. The first
response was characterised by a high reliability while the following ones showed a certain

degree of variability from trial to trial. Accordingly, an increase in the CV from the first to the
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last pulse (Figure 6.14 C) was observed. Moreover, the number of failures was extremely rare or

absent.
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Figure 6.14 Temperature-dependent depression of GABA-mediated synaptic currents evoked by low-frequency
stimulation A. Top: 8 consecutive recordings of currents evoked by 6 pulses of stimulation at 80 ms interpulse
interval at 24 °C (left) and at 32 °C (right) are superimposed. Bottom: Averages of 50 recordings at the two
different temperatures including those shown on the top. B and C. Time course of the mean current amplitudes
normalised to the first ones (B) and of the CVs (C) relative to the experiment reported in A. Squares and circles
represents data recorded at 24 °C and 32 °C respectively. D. Temperature-dependent changes of GABA-mediated
synaptic depression. Each column represents the mean + SD (n=4 experiments) of the ratio between the stationary

mean current amplitude (obtained by averaging the 4* 5% and 6™ mean current amplitudes) and the first one at 24

°C (light column) and 32 °C (dark column).

When the temperature was raised from 24 °C to 32 °C, the depression of synaptic responses was

attenuated (Figure 6.14). This effect was associated to a decrease in the CV. This was found in
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all cells tested (n=4, Figure 6.14 D). The degree of depression was expressed as the ratio
between the mean peak amplitude of the last three responses (those at the stationary value) and

the first one. This ratio was 0.57 = 0.15 and 0.73 + 0.18 at 24 °C and 32 °C, respectively (mean
+ SD). Similar results were obtained when the stimulation frequency was 6.25 Hz (Figure 4.7)

indicating that the effects of temperature do not depend much on the frequency of stimulation.

6.2.5 Discussion

The results described in this section provide evidence that network activity in the developing
hippocampus is strongly temperature-dependent and that GDPs induction relies on the increased
excitability of the system due to an enhancement of GABA release.

In the neonatal hippocampus, calcium signals associated to GDPs depend on calcium entry
through voltage-activated calcium channels following membrane depolarisation by GABA or
GABA, agonists (Leinekugel et al., 1995) and/or through NMDA receptors whose magnesium
block would be relieved by GABA depolarisation (Leinekugel et al., 1997; Garaschuk et al.,
1998).

With the high spatio-temporal resolution of the imaging system described in this thesis it was
possible to monitor the onset and propagation of calcium signals generated by evoked GDPs or
by direct application of GABA at 10 ms time resolution. In fact, although it has been
demonstrated that glutamate plays a role in the induction of spontaneous GDPs, GDPs could
still be elicited by electrical stimulation and could propagate when ionotropic glutamate
receptors were blocked by kynurenic acid (Bolea et al., 1998). In both cases, (evoked GDPs or
GABA application), it is clear that the calcium signal firstly originates in one or few neurons
and only subsequently (in hundreds of ms) spreads and invades clusters of neighbouring cells.
Propagation of detectable calcium signals is probably underestimated because of the limited
number of dye-loaded cells. Moreover, the present results suggest that, at higher temperature,
GDP- or GABA-triggered calcium transients are faster and involve propagation to a larger
number of cells. This phenomenon may be due to the more pronounced excitability of the
network.

In terms of dynamical systems, the transition from a low firing non oscillating to an oscillating
bursting behaviour such as that observed in the present experiments, represents a structural

bifurcation (Rinzel and Ermentrout, 1989). Similar transitions in network dynamics have been
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observed in a number of different preparations in distinct experimental conditions. For instance,
synchronous bursting activity can be triggered in cultured cortical neurons by lowering the
extracellular magnesium concentration (Canepari et al., 1997) or in the spinal cord preparation
by applying a solution containing strychnine and bicuculline (Bracci et al., 1996). These results
can be explained, in the first case, by the relieve of the magnesium block of NMDA receptors
and by an increase in transmitter release, while in the second case, by the pharmacological block
of inhibition. The interpretation of the temperature-dependent transition between different
patterns of activity in the developing hippocampus appears to be more complex. The analysis of
spontaneous and evoked GABAergic synaptic currents reported here suggest that the structural
transition towards an oscillating behaviour is due to a temperature-dependent enhancement of
GABA release.

The data reported in this section support the hypothesis that rising the temperature has both pre
and postsynaptic effects on miniature GABA-mediated synaptic currents: it increases the
frequency and speeds up their kinetics. An increase of transmitter release at physiological
temperature has been well characterised at the neuromuscular junction (Barrett et al., 1978) and
more recently, at excitatory synapses in rat visual cortex (Hardingham and Larkman, 1998). In
particular, using pair recordings from interconnected pyramidal cells, Hardingham and Larkman
(1998) have found that synaptic connections become more reliable at higher temperatures,
increasing the mean number of transmitter quanta released per presynaptic action potential. In
the experiments réported in this section, the rise in frequency of miniature events may depend
on the increased release probability as well as on the increase in the number of releasing sites.
However this seems unlikely due to the similar amplitude distribution observed in the majority
of the cases at different temperatures. In line with the data on excitatory transmission in the
visual cortex (Hardingham and Larkman, 1998), rising the temperature did not change the mean
amplitude of miniature events suggesting that the quantal size was not modified. The change in
the kinetics of synaptic currents, also demonstrated by the similar modifications of GABA-
evoked currents, can be explained by changes in the kinetics of GABA receptor channels.
Temperature had striking effects also on GABA-mediated synaptic responses evoked by low
frequency stimulation of presynaptic fibers. In contrast to hippocampal glutamatergic synapses
(Allen and Stevens, 1994), GABAergic ones were more reliable and the occurrence of failures

was very low, indicating, in agreement with other studies (Miles 1990; Edwards et al., 1990;



Lambert and Wilson, 1993) a low quantal variance. Moreover, in comparison with
glutamatergic responses, where different patterns of activity (depression, facilitation or both)
can be recorded (see chapters 3 and 4), an attenuation of synaptic currents (low-frequency
synaptic depression) was routinely observed (Pearce et al., 1995). This low-frequency
depression was temperature-dependent, being reduced at 32 °C. Since the number of available
quanta is progressively decreased during the presynaptic train of action potentials, the stationary
synaptic response that is reached after few synaptic events can be at least partially affected by
the rate of recovery from synaptic depletion (Dittman and Regehr, 1998). In keeping with this
hypothesis, the evidence that the variability of synaptic responses within the train is higher at
the lowest temperature suggests that the rate of recovery of available quanta is faster at 32 °C.
These results, together with those on the frequency of miniature GABAergic currents, suggest
that GABAergic vesicular release is more efficient at 32 °C because the machinery of release is
faster. However, the possibility that desensitisation of GABA receptors may contribute to the
low-frequency synaptic depression (Jones and Westbrook, 1995) cannot be excluded. In this
respect, recovery from desensitisation would be faster at higher temperature.

The experiments reported in this thesis lead to the conclusion that rising the temperature
increases the efficiency of GABA release and therefore enhances network excitability. In
addition, the speed-up of the kinetics of postsynaptic signals may contribute to this enhancement

by reducing the shunting effects associated to the anionic conductance (Chen et al., 1996).

6.3 Future perspectives

A common feature of biophysical events is the presence of macroscopic deterministic dynamical
processes generated by averaging or integrating microscopic stochastic events. The typical
example is the integration of a large number of stochastic openings of voltage-gated ionic
channels leading to the deterministic generation of an action potential. According to the quantal
theory of neurotransmitter release, something similar may occur in the phenomenon of synaptic
transmission, where stochastic release of single transmitter quanta may be subject to an

integration operated by synapses or neural networks. This operation may appear trivial (or
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similar to the case of single channel signal integration) in synapses characterised by a large
number of releasing sites (> 100) such as the auditory brainstem Calyx of Held (von Gersdorff
et al., 1997), or the cerebellar climbing fiber (Silver et al., 1998). The problem of understanding
signal integration seems much more complicated in other central synapses, especially in
synapses characterised by a small number of releasing sites (< 10) such as the glutamatergic
hippocampal synapses. This problem, which is fully discussed in this thesis, is a fundamental
ingredient to understand neuronal networks activity and function. In order to investigate space
and time integration of synaptic signal, appropriate statistical frameworks such as that presented
in this thesis must be coupled to experimental techniques that enable to record nervous activity
from several neurons. In this respect, optical techniques offer many advantages, especially if
coupled with traditional electrophysiological techniques. In particular, they offer the possibility
to detect nervous signals at a high space-time resolution (CCD imaging). At present, optical
techniques are intrinsically limited by the nature and the quality of optical signals, which are
often indirect measurements of physiological activity, as in the case of calcium imaging (see
section 6.1), and have typically a worse S/N in comparison to recordings with microelectrodes.
Nevertheless, the use of optical techniques appears to be necessary in the future to investigate
nervous activity in different compartments of a single neuron or in many neurons

simultaneously.
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