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1. Abstract 

Distinct endogenous network events, generated independently of sensory input, 
are a general feature of various structures of the immature central nervous 
system. This type of early activity is thought to be involved in the maturation of 
the function and structure of neuronal circuitries. Spontaneous network activity, 
seen as “giant depolarizing potentials” (GDPs) in intracellular recordings in 
vitro, was first characterized in the neonatal hippocampus in 1989. In these 
studies, GABA, the major inhibitory neurotransmitter in the adult brain, was 
shown to have depolarizing actions in the immature CA3 pyramidal neurons. 
Hence, GDPs were proposed to be driven by GABAergic transmission. 
Moreover, GDPs have been thought to reflect an early pattern that disappears 
during development in parallel with the maturation of hyperpolarizing 
GABAergic inhibition. However, the exact mechanisms of GDP generation 
have remained unknown.  

Endogenous activity is also a salient feature of the mature brain, and the 
adult hippocampus generates spontaneous large-amplitude irregular activity 
consisting of sharp (positive) waves (SPWs), also known as EEG spikes, which 
are thought to be involved in cognitive functions. SPWs reflect synchronous 
activity of the interconnected network of CA3 pyramidal neurons. Therefore, an 
important question is whether the hippocampal network undergoes a major 
functional reorganization from GDPs, which are thought to be driven by 
GABAergic transmission, to SPWs that are driven by glutamatergic pyramidal 
cells.    

In this thesis, intra- and extracellular electrophysiological recording 
techniques were used to investigate mechanisms of GDP generation at levels of 
brain organization ranging from membrane conductances, ionic transport and 
synaptic properties to the neuronal network in vitro and in vivo. Neonatal CA3 
pyramidal neurons of the rat hippocampus were shown to generate intrinsic 
bursts of spikes with a frequency (~0.2-1.5 Hz) depending on membrane 
voltage. The salient characteristics of the temporal pattern of the occurrence of 
GDPs and of cellular bursts were found to be similar. On the other hand, 
endogenous GABA was shown to continuously promote the voltage-dependent 
pyramidal bursts and the consequent GDPs without any obvious temporal 
pattern. A slow regenerative depolarization driving the intrinsic bursts of 
neonatal CA3 pyramidal neurons was found to be attributable to voltage-gated 
Na+ but not to voltage-gated Ca2+ channels indicating a crucial role for a 
persistent Na+ current in burst generation. Furthermore, the results indicate that 
a slow Ca2+-dependent K+ current accounts for the post-burst 
afterhyperpolarization and the consequent termination and refractory period of 
intrinsic bursts and GDPs. Gramicidin-perforated patch recordings showed that 
the depolarizing driving force for GABAA receptor-mediated actions is 



 
8

provided by Cl- uptake via the Na-K-2C1 cotransporter, NKCC1, in the 
immature CA3 pyramids. A specific blocker of NKCC1, bumetanide, inhibited 
SPWs in vivo and GDPs in vitro in the neonate rat hippocampus, an action 
attributable to blockade of NKCC1 located in CA3 pyramidal neurons. Finally, 
pharmacological blockade of the GABA transporter-1 prolonged the decay of 
the large GDP-associated GABA transients but not of single postsynaptic 
GABAA receptor-mediated currents.  

The data as a whole indicate that GDPs are generated by the 
interconnected glutamatergic network of intrinsically bursting CA3 pyramidal 
neurons, whereas GABAergic actions (tonic and synaptic) have a temporally 
non-patterned facilitatory role on the pyramidal burst activity. The data support 
a view that GDPs are the in vitro counterpart of neonatal SPWs and, hence, do 
not reflect a network pattern which is present only in a restricted ontogenic time 
window. In addition, the mechanisms characterized in this work are likely to 
provide relevant information on the therapeutic actions and side-effects of 
various kinds of drugs that are used during pregnancy and in the treatment of 
human neonates. 
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“What has impressed me most in all phases of these investigations is the 
primacy of activity over reactivity or responses. This, to me, has become 
symbolic of animal life, and perhaps of life in general. The elemental force that 
embryos and fetuses can express freely in the egg or uterus, has perhaps 
remained, throughout evolution, the biological mainspring of creative activity 
in animals and man, and autonomy of action is also the mainspring of freedom” 
(Hamburger 1977) 
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2. Introduction 

The ontogeny of behaviour is 
characterized by overt motility 
operating several days before reflex 
circuits are formed, as observed and 
described already in the 19th century 
by William Preyer (1885; 1937). 
These classical findings pointed to 
an endogenous origin of motor 
activity which is generated 
independently of sensory inputs in 
the immature animals. Despite these 
early observations, for several 
decades following Preyer’s time, 
behaviour was generally defined as 
a response to external stimuli. The 
re-emergence of an interest in 
endogenous activity is reviewed by 
Viktor Hamburger in his 
comprehensive article published in 
1963 (Hamburger 1963). During the 
last decades, extensive studies 
carried out on the hippocampus 
(Ben-Ari et al. 1989), cortex (Yuste 
et al. 1992; Garaschuk et al. 2000), 
retina (Maffei and Galli-Resta 
1990; Meister et al. 1991) and brain 
stem (Gummer and Mark 1994; Ho 
and Waite 1999; Kandler 2004) 
have shown that endogenous 
activity is not only expressed in the 
developing spinal networks 
(O'Donovan 1999), but it is a 
general feature of various structures 
of the immature central nervous 
system (CNS). It should be 
emphasized, however, that 
endogenous activity is not restricted 
to early development but it is a 
salient feature of the brain 
throughout ontogeny and across 

species (Hinde 1970; Bullock 2003; 
Buzsaki and Draguhn 2004).  

What are the mechanisms that 
generate the spontaneous activity? 
How do the neuronal networks 
mature and at the same time 
produce the specific patterns of 
activity that are characteristic for 
each developmental stage? What 
are the functions of the endogenous 
activity patterns produced by the 
developing neuronal networks; or 
do they merely reflect the 
anatomical maturation and 
differentiation of the neuronal 
circuitries? In this thesis, I have 
investigated these topics in the 
developing hippocampus, a cortical 
structure thought to be involved in 
the storage of long-term memory 
traces in adult individuals belonging 
to various mammalian species (see 
sections 3.1. and 3.2.).  

In a milestone work on 
developing pyramidal neurons in 
the area CA3 of the rat 
hippocampus (see section 3.7.1.), 
Ben-Ari et al. (1989) showed that 
neonatal hippocampal slices 
generate spontaneous “giant 
depolarizing potentials”, GDPs in 
vitro. GDPs were recorded 
intracellularly, and the authors 
concluded that they reflect recurrent 
activity of a population of neurons. 
Interestingly, GABAA receptor-
mediated responses were found to 
be depolarizing in the immature 
CA3 pyramids and the probability 
of GDP occurrence was observed to 
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decrease in parallel with the 
development of hyperpolarizing 
inhibition during the second 
postnatal week in the rat. 
Furthermore, the main component 
of GDPs was shown to reverse at a 
similar depolarized level with the 
voltage responses evoked by 
exogenous GABAA-receptor 
agonists, and the events were 
inhibited by GABAA-receptor 
antagonists in most intracellular 
recordings. Hence, GDPs were 
thought to be driven by GABAergic 
transmission, a view that still seems 
to dominate scientific thinking in 
this field (Ben-Ari 2002; Ben-Ari et 
al. 2004). Moreover, GDPs have 
been proposed to be a universal 
pattern that is seen in a restricted 
period during development in 
various structures of the CNS (Ben-
Ari 2001; Ben-Ari 2002). GDPs are 
blocked by ionotropic glutamate 
receptor antagonists and, thus, they 
have been considered to be 
generated by synergistic activation 
of GABAA and glutamate receptors 
(Ben-Ari et al. 1997; Bolea et al. 
1999). Notably, however, the exact 
mechanisms, by which GABAergic 
and glutamatergic transmission 
contribute to GDP generation have 
not been previously identified.  

In the adult rat, the main 
endogenous hippocampal network 
pattern is large-amplitude irregular 
activity consisting of sharp 
(positive) waves, SPWs (Buzsaki et 
al. 1983), also known as EEG 
spikes (Jouvet et al. 1959; Suzuki 
and Smith 1987) (see also section 

3.7.3.). These events are seen 
during distinct behavioural states 
such as eating, drinking, grooming, 
awake immobility and slow-wave 
sleep. SPWs are thought to be 
involved in cognitive functions 
(Wilson and McNaughton 1994; 
Skaggs and McNaughton 1996; 
Hobson and Pace-Schott 2002; Lee 
and Wilson 2002) and an interesting 
hypothesis proposes that they 
reflect neuronal activity whereby 
transient memories are being 
transferred within and from the 
hippocampus to the neocortex for 
long-term storage (Buzsaki 1989; 
Siapas and Wilson 1998; Battaglia 
et al. 2004). At a mechanistic level, 
SPWs reflect synchronous activity 
of the interconnected network of 
CA3 pyramidal neurons (Buzsaki 
1986; Suzuki and Smith 1987). In 
the neonatal rat hippocampus in 
vivo, the first EEG pattern seen 
during development is irregular 
activity (Leblanc and Bland 1979) 
with SPWs (Leinekugel et al. 2002). 
In a study performed in parallel, but 
independently of this thesis (see 
Sipilä et al. 2000), GDPs were 
proposed to be the in vitro 
counterpart of neonatal SPWs 
(Leinekugel et al. 2002). However, 
a fundamental, but enigmatic, issue 
that remained regards the ontogeny 
of the mechanisms underlying the 
generation of the hippocampal 
network pattern. Are neonatal 
SPWs driven by GABA instead of 
pyramidal neurons? Do SPWs 
replace GDPs during ontogeny? Are 
these patterns, indeed, homologous?  
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3. Review of the Literature 

3.1. Functions of the mature 
hippocampus 
The idea that the CNS is divided 
into distinct functional regions was 
first put forward in the beginning of 
the 19th century by Franz Joseph 
Gall while Pierre Paul Broca was 
the first one to show that localized 
brain lesions are associated with 
specific cognitive deficits. The 
predominant present-day view that 
the human CNS is divided into 
distinct functional regions also with 
respect to different types of memory 
systems, has its origins in the case-
study of patient H.M. who had 
undergone bilateral resection of the 
medial structures of the temporal 
lobe (Scoville and Milner 1957). 
This and subsequent work have 
suggested that deep structures of the 
temporal lobe, including the 
hippocampus (Amaral and Witter 
1989), are involved in the storage of 
long-term memory traces in humans 
and other mammalian species (see 
e.g. Milner et al. 1998; Eichenbaum 
et al. 1999; Kim and Baxter 2001; 
Burgess et al. 2002) (but see Gaffan 
2002). In particular, in humans the 
hippocampus is involved in 
declarative memory which is 
defined as a memory for facts and 
events that can be consciously 
recalled, in other words what we in 
everyday language mean when we 
talk about memory. It contrasts with 
nondeclarative memory or 
procedural memory which is 

expressed only through action and 
which is independent of the 
hippocampus (Squire and Zola 
1996; Eichenbaum 2000). 
Pathological states affecting the 
hippocampus include Alzheimer’s 
disease, depression, temporal lobe 
epilepsy, febrile seizures, post-
traumatic stress disorder, 
schizophrenia, global ischemia, 
brain contusion, herpes encephalitis 
and global amnesia (Squire and 
Zola 1996; Simic et al. 1997; Shaw 
and Alvord, Jr. 1997; Dalby and 
Mody 2001; Sapolsky 2002; 
Maxwell et al. 2003; Harrison 2004; 
Castren 2005; Rosenbaum et al. 
2005; Sander and Sander 2005; 
Schuchmann et al. 2006). 

3.2. Organization of the 
neuronal circuitry in the 
CA3 area of the 
hippocampus  
The hippocampal formation 
comprises the dentate gyrus, the 
hippocampus proper, the subicular 
complex, and the entorhinal cortex. 
The hippocampus proper or cornu 
ammonis (Ammon’s horn), in turn, 
is divided into subregions CA1, 
CA2 and CA3 (Amaral 1993). In 
their classical works, Ramón y 
Cajal (1893) and Lorente de Nó 
(1933; 1934) described the basic tri-
synaptic circuit (Fig. 1) which 
nowadays is known to comprise 
excitatory glutamatergic 
connections of the hippocampus 



 
13

(Amaral and Witter 1989). In this 
synaptic loop, the dentate gyrus 
receives its major input from the 
entorhinal cortex via the perforant 
pathway (1 in Fig. 1), and the 
granules cells of the dentate gyrus 
innervate CA3 pyramidal neurons 
via mossy fibers (2 in Fig. 1). The 
CA3 pyramids, in turn, project to 
CA1 pyramidal neurons via 
Schaffer collaterals (3 in Fig. 1), 
but the highly branching axons of 
the CA3 pyramidal neurons also 
innervate other CA3 pyramidal 
neurons via associational (or 
commissural) connections (Fig. 1). 
On the other hand, various types of 
local GABAergic interneurons 
provide inhibitory control of the 
excitatory loop via chemical 
synapses (Eccles 1961; Freund and 
Buzsaki 1996). 

In vivo electrophysiological 
studies performed by Andersen et 
al. (1971) suggested a lamellar 

organization of the hippocampus, in 
which the tri-synaptic loop is 
oriented transversely to the long 
axis of the hippocampus. However, 
subsequent work (Amaral and 
Witter 1989) has shown that the 
perforant pathway, Schaffer 
collaterals and associational 
connections between CA3 
pyramidal neurons show a 
significant amount of divergence 
and convergence as well as travel 
along the long axis of the 
hippocampus, whereas mossy fibers 
are the only excitatory axons 
organized in a strictly “lamellar” 
orientation. Moreover, the tri-
synaptic circuitry is a highly 
simplified model of hippocampal 
organization since, for example, the 
perforant pathway also innervates 
the pyramidal neurons in the CA3 
and CA1 regions as well as in the 
subiculum.   

 

 
Figure 1. Line drawing of a transverse section of the hippocampus illustrating 
the classical tri-synaptic loop (1-3) and the associational connections between 
CA3 pyramidal neurons. EC, entorhinal cortex. DG, dentate gyrus.  
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3.3. Ontogeny of the 
hippocampal neuronal 
circuitry  
During ontogeny, rat pyramidal 
cells are generated between 
embryonic day 16 (E16) and E19 in 
the ventricular zone of the pallium 
(Bayer 1980a; Altman and Bayer 
1990a; Altman and Bayer 1990b), 
from which they migrate radially 
towards the hippocampal plate 
(Nowakowski and Rakic 1981; 
Rakic 1995; Nadarajah and 
Parnavelas 2002). The pyramidal 
cell layer is recognizable in areas 
CA1 and CA3 at E20 and E22, 
respectively (Bayer 1980a; Bayer 
1980b; Altman and Bayer 1990a; 
Altman and Bayer 1990b) but some 
pyramidal cells are still migrating at 
birth. Granule cells of the dentate 
gyrus develop later, and 85 % of 
these type of neurons are generated 
postnatally (Bayer 1980a; Bayer 
1980b). An interesting feature of 
the dentate gyrus is that 
neurogenesis of granule cells takes 
place even in the adult (Gage 2002). 
On the other hand, hippocampal 
GABAergic cells are generated 
before pyramidal neurons (Soriano 
et al. 1986). Interneurons originate 
in the ventricular zone of the 
subpallium (basal telencephalon), 
migrate tangentially to the 
developing cortex (Pleasure et al. 
2000; Marin and Rubenstein 2001) 
and their arrival is more or less 
concomitant with the appearance of 
the hippocampal primordium 
(Dupuy and Houser 1996). 
 

3.4. Development of 
ionotropic GABAergic and 
glutamatergic signalling in 
hippocampal neurons 
Studies on rats (Tyzio et al. 1999; 
Hennou et al. 2002) and non-human 
primates (Khazipov et al. 2001) 
have shown that functional 
GABAergic synapses are formed 
before glutamatergic ones both in 
interneurons and in pyramidal cells 
of the hippocampus. In acute 
hippocampal slices taken from 
postnatal day 0 (P0) rats (Tyzio et 
al. 1999; Hennou et al. 2002), 5 % 
of interneurons showed no 
functional synapses, 17 % had only 
GABAergic synapses and 78 % had 
both GABAergic and glutamatergic 
synapses. The maturation of 
synaptic afferents occurs later in 
pyramidal neurons than in 
interneurons since 80 % of P0 CA1 
pyramidal neurons had no 
functional synapses, 10 % had only 
GABAergic and 10 % had both 
GABAergic and glutamatergic 
synapses. Before the establishment 
of functional synapses, the 
immature hippocampal pyramidal 
neurons exhibit a substantial 
endogenous tonic GABAA receptor-
mediated conductance (Valeyev et 
al. 1993; Demarque et al. 2002; 
Owens and Kriegstein 2002).    

Although GABA is the major 
inhibitory neurotransmitter in the 
adult brain, excitatory actions of 
GABA have been observed in 
immature neurons (Ben-Ari 2002). 
This was first shown by Obata et al. 
(1978) in co-cultures of muscle and 
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spinal neurons taken from 6-8 day 
old chick embryos. In these studies, 
an inhibitory effect was seen when 
culturing was started on day 10 
indicating a developmental shift in 
the GABAergic actions. The 
excitatory effect of exogenous 
GABA (and glycine) on 
motoneurons was demonstrated by 
monitoring tetrodotoxin (TTX)-
sensitive end-plate potentials in the 
muscle cells. Direct intracellular 
recordings from the neurons 
showed that there was a 
developmental change from 
depolarizing to more negative, and 
often hyperpolarizing, GABAergic 
action. Subsequent work has shown 
that this type of an ontogenic shift 
in GABAergic transmission is a 
general feature of developing 
neurons (Ben-Ari et al. 1989; 
Luhmann and Prince 1991; Zhang 
et al. 1991; Rivera et al. 2005).   

GABAA receptors are 
permeable to two physiologically 
relevant anions, Cl- and HCO3

- 
(Kaila 1994). Passive distribution of 
H+ and HCO3

- ions would give rise 
to a more acidic intraneuronal pH 
than what is observed 
experimentally (Roos and Boron 
1981; Kaila and Ransom 1998). 
Hence, the electrochemical 
equilibrium potential for HCO3

- is 
much less negative (typically ~-15 
mV) than the resting membrane 
potential of neurons. Taking into 
account the relatively low HCO3

- 
vs. Cl- permeability ratio (0.2-0.4) 
of GABAA receptors, simple 
considerations based on the 

Goldman-Hodgkin-Katz equation 
show that the reversal potential of 
GABAA receptor-mediated 
responses deviates significantly 
from the equilibrium potential of Cl- 
when the intracellular chloride 
concentration is low (Kaila et al. 
1993). However, the depolarizing 
GABAA receptor-mediated 
responses in immature neurons are 
generally based on a high 
intracellular Cl- concentration 
(Payne et al. 2003) and, under these 
conditions, the HCO3

- flux has only 
a minor contribution to the 
GABAergic responses. The 
intracellular Cl- concentration of 
immature neurons is often higher 
than what would be expected based 
on passive distribution. Hence, the 
equilibrium potential of Cl- is less 
negative than the resting membrane 
potential, which creates a driving 
force that accounts for the 
depolarizing GABAergic responses 
in the immature cells (Rivera et al. 
2005). The intracellular Cl- 
concentration decreases during 
neuronal maturation with a 
consequent shift in the equilibrium 
potential of Cl- to more negative 
values often beyond the resting 
membrane potential (Rivera et al. 
2005).  

The intracellular Cl- 
homeostasis is regulated by various 
ion transporters (Payne et al. 2003). 
The main transporter molecule that 
mediates Cl- uptake and, hence, 
accounts for the depolarizing 
driving force of GABAA receptor-
mediated responses in various types 
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of immature neurons is the Na-K-
2Cl co-transporter isoform 1, 
NKCC1 (Rohrbough and Spitzer 
1996; Fukuda et al. 1998; Sun and 
Murali 1999; Li et al. 2002; 
Yamada et al. 2004; Chub et al. 
2006). However, the functional 
roles of NKCC1 in immature 
hippocampal pyramidal neurons are 
not known and this issue was the 
focus of the Study IV of this thesis 
(section 6.4.). The ontogenic shift to 
hyperpolarizing GABA is primarily 
attributed to the developmental up-
regulation of the K-Cl co-
transporter isoform 2, KCC2 
(Rivera et al. 1999). Neurotrophins 
are likely to be involved in this 
developmental shift (Aguado et al. 
2003; Rivera et al. 2004) although 
the exact underlying molecular 
mechanisms are not known. The 
operation of both the NKCC1 and 
the KCC2 transporters is 
electroneutral and they obtain 
energy for Cl- transfer from the 
electrochemical gradients of Na+ 
and K+, respectively (Payne et al. 
2003). 

Whether a GABAA receptor-
mediated conductance is excitatory 
under a given condition cannot be 
strictly inferred from the polarity of 
the GABAergic voltage response. 
Neuronal excitation and inhibition 
are usually defined as an increase 
and a decrease, respectively, in the 
probability of spike occurrence in a 
given neuron by a given input. 
While a hyperpolarization nearly 
always leads to inhibition of 
neuronal activity (but see 

McCormick and Bal 1997; Chen et 
al. 2001), GABAA receptor-
mediated depolarization does not 
necessarily lead to excitation since 
the increase in membrane 
conductance associated with the 
given GABAergic response exerts a 
shunting action (Fatt and Katz 
1953). Shunting implies an increase 
in membrane conductance that 
decreases the amplitude and 
duration of a voltage response 
generated by a fixed current pulse 
(London and Hausser 2005).  

3.5. Functions of 
GABAergic depolarization 
in immature neurons 
The depolarizing action of GABAA 
receptor-mediated transmission is a 
general feature of immature neurons 
as shown in the hippocampus 
(Mueller et al. 1984; Ben-Ari et al. 
1989; Zhang et al. 1991; Berninger 
et al. 1995; Hollrigel et al. 1998), 
neocortex (Luhmann and Prince 
1991; Owens et al. 1996; 
Dammerman et al. 2000; Maric et 
al. 2001), hypothalamus (Chen et al. 
1996; Gao et al. 1998; Wang et al. 
2001), cerebellum (Eilers et al. 
2001) and the spinal cord (Obata et 
al. 1978; Reichling et al. 1994; 
Wang et al. 1994; Serafini et al. 
1995; Vinay and Clarac 1999). The 
GABAergic depolarization often 
activates voltage-dependent Ca2+ 
currents (Yuste and Katz 1991; 
Leinekugel et al. 1995; Leinekugel 
et al. 1997; Khazipov et al. 1997b; 
Fukuda et al. 1998; Eilers et al. 
2001), which has many 
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consequences on neuronal 
development. The trophic actions of 
GABA include DNA synthesis 
(LoTurco et al. 1995; Haydar et al. 
2000), migration (Owens and 
Kriegstein 2002), morphological 
maturation of individual neurons 
(Wolff et al. 1978; Marty et al. 
1996) and synaptogenesis (Marty et 
al. 2000). Before the functional 
maturation of synapses, GABA 
exerts its effects via tonic GABAA-
receptor activation (Owens and 
Kriegstein 2002). Brain-derived 
neurotrophic factor (BDNF) has 
been shown to be an important 
mediator of the trophic effects of 
GABA (Marty et al. 1996). In 
addition, by removing the Mg2+ 
block of NMDA receptors, 
GABAergic depolarization may 
induce plastic changes in synapses 
(Leinekugel et al. 1997).  

    

3.6. Development of GABA 
uptake 
In the adult brain tissue, the ambient 
extracellular GABA concentration 
is regulated by Na+-dependent 
uptake (Frahm et al. 2001; Nusser 
and Mody 2002; Semyanov et al. 
2003). The main neuronal GABA 
transporter is the isoform 1, GAT-1 
(Guastella et al. 1990), which is 
predominantly expressed in axons 
and presynaptic terminals of 
GABAergic interneurons (Minelli et 
al. 1995). In addition, GAT-1 is 
expressed by glia (Minelli et al. 
1995; Chiu et al. 2002) and 
transiently in somata of early 

postnatal interneurons (Yan et al. 
1997; Chiu et al. 2002). The 
stoichiometry of GAT-1 is 1GABA: 
2Na+: 1Cl- in uptake mode 
(Cammack et al. 1994). Since 
GABA is an electroneutral 
zwitterion at physiological pH, the 
Na+:Cl- ratio of 2:1 makes the 
transporter electrogenic (Richerson 
and Wu 2003).  

Pharmacological blockade of 
GABA uptake or genetic disruption 
of the expression of GAT-1 has 
little or no effect on spontaneous 
action-potential dependent or 
miniature, action-potential 
independent, postsynaptic GABAA 
receptor-mediated currents (GABA-
PSCs) (Thompson and Gahwiler 
1992; Nusser and Mody 2002; 
Overstreet and Westbrook 2003; 
Jensen et al. 2003). Furthermore, 
unitary action-potential dependent 
GABA-PSCs are not affected by 
GAT-1 when the density of active 
GABA release sites is low, while in 
terminals with a high density of 
active release sites, inhibition of 
GAT-1 prolongs unitary GABA-
PSCs (Overstreet and Westbrook 
2003). However, the decay of 
GABA-PSCs evoked by stimulation 
of multiple presynaptic fibers is 
clearly prolonged by blockade of 
GAT-1 (Thompson and Gahwiler 
1992; Isaacson et al. 1993; 
Roepstorff and Lambert 1994). 
These observations, as a whole, 
support a view that GAT-1 affects 
GABA-PSCs only during intense 
release of GABA.  
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In contrast to the adult, GAT-
1 has been observed to have little 
influence on evoked GABA-PSCs 
(Draguhn and Heinemann 1996) or 
on currents evoked by exogenous 
GABA in immature brain tissue 
(Demarque et al. 2002). Although 
the GAT-1 protein is expressed 
already at birth (Yan et al. 1997; 
Frahm and Draguhn 2001), its 
physiological function has remained 
unknown in the neonatal 
hippocampus. Hence, the role of 
GAT-1 in the regulation of 
GABAergic transmission in the 
early postnatal rat hippocampus was 
assessed in Study II of this thesis 
(section 6.2.).    

3.7. Spontaneous activity in 
the CA3 region  
3.7.1. Giant depolarizing 
potentials (GDPs) in the 
immature hippocampus  
Extensive studies on rats (Ben-Ari 
et al. 1989), mice (Aguado et al. 
2003), rabbits (Menendez de la 
Prida et al. 1996) and primates 
(Khazipov et al. 2001) have shown 
that GDPs are a general, 

evolutionary conserved, feature of 
the immature mammalian 
hippocampus. The network events 
reflecting GDPs have also been 
called “population bursts” (Lamsa 
et al. 2000), “giant GABAergic 
potentials” (Strata et al. 1997a) and 
“early network oscillations” 
(Garaschuk et al. 1998a). GDPs are 
readily detected with field potential 
(fp) recordings, and they are 
associated with intracellular bursts 
of action potentials (Fig. 2) and 
Ca2+ transients (Leinekugel et al. 
1997; Garaschuk et al. 1998a; 
Canepari et al. 2000). The term 
GDP was originally used to 
describe the intracellular voltage 
response taking place during the 
network events, while the term field 
GDP (fGDP) has been used for the 
associated slow negative fp 
deflection. In this thesis, the term 
GDP will be used for the network 
phenomenon, and, when 
appropriate, the associated 
intracellular and/or fp responses 
will be referred to in an explicit 
manner.
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Figure 2. Simultaneous intracellular (ic) voltage and field potential (fp) 
recordings showing giant depolarizing potentials, GDPs (Unpublished 
recordings by S.T. Sipilä). The fp trace is filtered with low-pass at 30 Hz.     

 
GDPs occur in an all-or-none 

manner with a duration of ~0.5-2 s 
and a frequency of ~0.01-0.3 Hz 
(Ben-Ari 2001), but the temporal 
pattern of GDP occurrence has not 
been analyzed in detail, and this 
topic was examined in Study I of 
this thesis. GDPs are readily 
recorded in an intact in vitro 
preparation of the neonatal 
septohippocampal complex 
(Khalilov et al. 1997; Leinekugel et 
al. 1998) and these studies have 
shown that GDPs occur 
synchronously in various sites in 
both hippocampi. Along the 
longitudinal axis and the transverse 
plane of the hippocampus, the 
septal pole and the CA3 region, 
respectively, act as pacemakers for 
GDP generation (Leinekugel et al. 
1998; Ben-Ari 2001). 

At the level of the neuronal 
population, GDPs are associated 
with increased firing of principal 

cells and interneurons as well as 
bursts of GABAergic and 
glutamatergic currents (Ben-Ari et 
al. 1989; Khazipov et al. 1997b; 
Bolea et al. 1999; Lamsa et al. 
2000; Palva et al. 2000). However, 
these events give rise to purely 
GABAergic responses in those very 
young neurons that have no 
functional glutamatergic synapses 
(Tyzio et al. 1999; Hennou et al. 
2002) and in a subpopulation of 
more mature neurons with 
hyperpolarizing GABAA receptor-
mediated responses the events are 
seen as “large hyperpolarizing 
potentials”, LHPs (Ben-Ari et al. 
1989). It should be noted that these 
kind of data (see also section 3.4) 
indicate a marked heterogeneity 
with respect to synaptic properties 
among the neonatal CA3 pyramidal 
neurons, a fact that is likely to have 
an effect on the conclusions 
regarding mechanisms of GDP 
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generation that are purely based on 
intracellular recordings. In this 
thesis, fp recordings were mainly 
used in order to achieve reliable 
monitoring of the network events.  

 
3.7.1.1. Role of ionotropic 
GABAergic transmission in GDP 
generation 
As stated in the Introduction, the 
main component of GDPs reverses 
at a similar voltage level with the 
responses evoked by exogenous 
GABA in neonatal CA3 pyramidal 
neurons (Ben-Ari et al. 1989). 
GDPs are inhibited by GABAA-
receptor antagonists, although 
similar network events can be often 
seen in the presence of these drugs, 
as is evident from a number of 
previous studies (Ben-Ari et al. 
1989; Gaiarsa et al. 1991; 
Leinekugel et al. 1998; Menendez 
de la Prida et al. 1998b; Lamsa et 
al. 2000). The mechanisms 
underlying the generation of the 
network events seen in the absence 
of ionotropic GABAergic 
transmission have been considered 
to be completely different from 
those generating GDPs although no 
direct evidence has been provided 
to support this conclusion. Bath 
application of a low concentration 
of GABAA-receptor agonists has 
been shown to increase the 
frequency of GDPs while a high 
concentration of these drugs leads 
to shunting inhibition that blocks 
the network events (Khalilov et al. 
1999; Lamsa et al. 2000).  

The ontogeny of GABAA 
receptor-mediated responses in CA3 
pyramidal neurons was originally 
studied with intracellular voltage 
recordings using sharp electrodes in 
slices from Wistar rats (Ben-Ari et 
al. 1989). In this work, the 
developmental shift to 
hyperpolarizing GABA was found 
to take place at around P5-6. 
Consistent with the large GABAA 
receptor-mediated conductance 
associated with GDPs, these 
network events were seen as LHPs 
(large hyperpolarizing potentials) in 
those neurons that expressed 
hyperpolarizing GABAergic 
responses. This type of activity was 
reported to disappear in rats at P12. 
It should be noted that the term 
GDP is generally used to describe 
the underlying network event and 
the term LHP has not been widely 
used since the days of the original 
work by Ben-Ari et al. (1989). The 
developmental time course of the 
shift to inhibitory GABA and of the 
disappearance of GDPs has been 
recently protracted (Khazipov et al. 
2004) (see also Dzhala and Staley 
2003). Khazipov et al. (2004) 
observed GDPs until P17 in 
Sprague-Dawley rats. Using fp and 
cell-attached recordings of spike 
activity of intact neurons, the switch 
from excitatory to inhibitory 
GABAergic action was observed to 
take place by ~P14. It should be 
noted there is no data available (see 
Study IV of this thesis, section 6.4.) 
on the reversal potential or driving 
force of GABAA receptor-mediated 
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currents in neonatal CA3 pyramidal 
neurons that are obtained using 
recording techniques that leave the 
intracellular Cl- concentration intact 
(Kyrozis and Reichling 1995).   

       
3.7.1.2. Role of ionotropic 
glutamatergic transmission in 
GDP generation 
It is important to note that during 
development, the emergence of 
GDPs coincides with that of 
ionotropic glutamatergic 
transmission in the CA3 pyramidal 
neurons (Khazipov et al. 2001). 
Inhibition of GABAA receptor-
mediated responses by intracellular 
application of fluoride has revealed 
a glutamatergic component during 
GDPs (Khazipov et al. 1997b; 
Bolea et al. 1999). Competitive 
AMPA/kainate receptor antagonists, 
when applied at a sufficiently high 
concentration, block spontaneous 
GDPs (Bolea et al. 1999; Lamsa et 
al. 2000), but intracellular bursts of 
action potential can be induced by 
various means in the presence of 
these drugs (Bolea et al. 1999). 
However, these type of data should 
be interpreted cautiously since, as 
observed in Study I of this thesis, 
GDPs and intrinsic bursts cannot 
always be distinguished in 
intracellular recordings. While 
GDPs have been proposed to be 
generated by synergistic action of 
GABAA and NMDA receptors 
(Leinekugel et al. 1997), it is clear 
that NMDA-receptor antagonists do 
not block GDPs. They either have 
no effect or merely reduce the 

frequency of these events (Ben-Ari 
et al. 1989; Hollrigel et al. 1998; 
Bolea et al. 1999) (unpublished 
observation by Sipilä et al.). 
Selective activation of kainate 
receptors has been recently shown 
to have a modulatory action on 
GDPs by affecting glutamate 
release (Lauri et al. 2005). 
Importantly, a non-competitive 
AMPA receptor antagonist, GYKI 
53655, completely blocks 
spontaneous and induced GDPs 
(Bolea et al. 1999). Moreover, a 
combined application of 
AMPA/kainate and NMDA receptor 
antagonists always fully abolishes 
GDPs (Ben-Ari et al. 1989; 
Hollrigel et al. 1998; Khazipov et 
al. 2001). These results indicate that 
ionotropic glutamatergic 
transmission, especially that 
mediated via AMPA receptors, is 
crucial for GDP generation.  

 
3.7.1.3. Role of metabotropic 
GABAergic and glutamatergic 
transmission in GDP generation 
While postsynaptic GABAB 
receptor-mediated responses are 
small or absent in neonatal CA3 
pyramidal neurons, pre-synaptic 
GABAB receptors are clearly 
functional during the early postnatal 
period (Gaiarsa et al. 1995; Caillard 
et al. 1998). Taking into account the 
depolarizing, and often excitatory, 
action of GABAA receptor-
mediated transmission, a major 
inhibitory role has been attributed to 
presynaptic GABAB receptors in the 
immature hippocampus (McLean et 
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al. 1996). In particular, GABAB-
receptor antagonists increase the 
duration of GDPs and of the 
network events observed in the 
presence of GABAA-receptor 
antagonists suggesting a key role 
for GABAB receptors in 
GABAergic and glutamatergic 
terminals in the control of GDP 
duration. 

A broad spectrum 
metabotropic glutamate receptor 
antagonist, MCPG, decreases GDP 
frequency (Strata et al. 1995). The 
effect was proposed to be due to a 
depression of synchronous release 
of GABA mediated by cyclic 
adenosine monophosphate-
dependent protein kinase.  

 
3.7.1.4. Other mechanisms 
involved in GDP generation 
The initiation of GDPs is 
characterized by a build-up period 
of neuronal excitation which is seen 
as an increase in the frequency of 
post-synaptic potentials (mostly 
GABAergic) taking place within a 
100-300 ms period during the event 
onset (Menendez de la Prida and 
Sanchez-Andres 1999; Menendez 
de la Prida and Sanchez-Andres 
2000). In the studies by Menendez 
de la Prida and Sanchez-Andres 
(1999, 2000), no specific cellular 
group was found to act as a GDP 
pacemaker and GDPs were 
concluded to be initiated when the 
temporal summation of postsynaptic 
potentials, occurring simultaneously 
in principal cells and in 
interneurons, exceeds a threshold 

level. Hence, this view suggests that 
GDP generation is based on an 
emergent property of the neuronal 
network.  

Strata et al. (1997a) have 
proposed a role for a 
hyperpolarization-activated cation 
current, Ih (Pape 1996), in GDP 
generation since they reported a 
block of these events with a 
surprisingly low concentration (0.3 
mM) of Cs+ (Halliwell and Adams 
1982). In conflict with reports by 
Khazipov et al. (1997b), Garaschuk 
et al. (1998a) and Menendez de la 
Prida et al. (1998b), Strata et al. 
(1997a) also observed that when the 
hilus was isolated from other parts 
of the hippocampus, GDPs could be 
recorded within this area but GDPs 
did not occur in isolated parts 
containing the CA3 region. Hence, 
they proposed that Ih in hilar 
interneurons has a pacemaker role 
in GDP activity. Furthermore, since 
dye-coupling was found among 
interneurons and GDPs were 
observer to be inhibited by octanol, 
gap junctions were proposed to be 
involved in synchronization of 
interneurons. Due to the conflict in 
the available data (see above and 
Study III of this thesis, section 6.3.), 
the mechanism of GDP generation 
based on Ih in hilar interneurons is 
questionable. 

A muscarinic receptor 
antagonist, atropine, decreases the 
frequency of GDPs, while a 
acetylcholinesterase inhibitor, 
edrophonium, as well as a 
cholinergic agonist, carbachol, have 



 
23

been found to increase the 
occurrence of these events 
(Avignone and Cherubini 1999). 
Muscarinic M1 receptor activation 
was concluded to increase GDP 
frequency by enhancing the release 
of GABA (Avignone and Cherubini 
1999). Nicotinic acetylcholine 
receptors are thought to modulate 
GDP activity via facilitation of 
GABA release as well (Maggi et al. 
2001).    

Adenosine triphosphate has 
modulatory effects on GDPs via 
ionotropic (P2X) and metabotropic 
(P2Y) receptors (Safiulina et al. 
2005) while presynaptic 
cannabinoid type 1 receptors 
regulate GDP activity at presynaptic 
GABAergic terminals (Bernard et 
al. 2005). 

 
3.7.2. Interictal events in the 
mature CA3 region 
In the adult hippocampus, the CA3 
region is well-known for its 
propensity to generate interictal 
events with a duration of ~50-200 
ms and a frequency of ~0.1-5 Hz 
(Oliver et al. 1977; Schwartzkroin 
and Prince 1978; Rutecki et al. 
1985; Suzuki and Smith 1988a; 
Bragin et al. 1999; McCormick and 
Contreras 2001; Staba et al. 2004). 
Mechanisms underlying the 
generation of these type of 
pathological events have been 
extensively studied in vitro, 
elucidating key roles for 1) intrinsic 
bursts of CA3 pyramidal neurons, 
2) local recurrent connectivity and 
3) decreased efficacy of inhibition 

in the generation of the interictal 
events.   

Intrinsic bursting is a 
characteristic feature of the firing 
patterns of hippocampal CA3 
pyramidal neurons (Kandel and 
Spencer 1961; Wong et al. 1979). 
Depending on membrane voltage, 
the CA3 pyramids exhibit 
spontaneous bursts at a rate of ~0.2-
5 Hz (Hablitz and Johnston 1981; 
Wong and Prince 1981). Typically, 
a burst consists of 2-8 action 
potentials and the burst mechanism 
is based on a Ca2+-mediated 
depolarizing afterpotential giving 
rise to intraburst spike frequencies 
in the range of ~100-400 Hz 
(Kandel and Spencer 1961; Wong 
and Prince 1981).  

A characteristic feature of the 
circuitry in the CA3 region is the 
extensive recurrent excitatory 
connectivity between the pyramidal 
neurons (Lebovitz et al. 1971). 
MacVicar and Dudek (1980) 
observed recurrent glutamatergic 
connections in 5 out of 88 of 
simultaneous recordings of two 
mature CA3 pyramidal neurons. In 
addition, the CA3 pyramidal 
neurons were found to be connected 
via gap junctions (MacVicar and 
Dudek 1981). During interictal-
event initiation, burst activity of a 
single CA3 pyramidal neuron can 
increase the probability of 
population discharge occurrence 
(Miles and Wong 1983). The 
recurrent excitatory connectivity 
between the CA3 pyramids allows 
powerful spread of neuronal 
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excitation and, hence, provides a 
means for neuronal synchronization 
(Traub and Wong 1982). In ~11 % 
of CA3 pyramidal cell pairs, spikes 
in one neuron result in inhibition in 
the other neuron (MacVicar and 
Dudek 1980), which is caused by 
recurrent inhibition via local 
GABAergic interneurons. Blocking 
GABAergic transmission promotes 
synchronization of the CA3 
pyramidal neurons and, 
consequently, the occurrence of 
spontaneous population events 
(Schwartzkroin and Prince 1978; 
Miles and Wong 1987a). While 
chemical synapses have been 
implicated a role in this type of a 
“slow” synchronization during the 
onset of the interictal event (Traub 
and Wong 1982), gap junctions 
have been proposed to underlie the 
generation of the high-frequency 
oscillation associated with these 
population bursts (Draguhn et al. 
1998; Schmitz et al. 2001; Traub et 
al. 2004).  

In addition to application of 
GABAA-receptor antagonists, 
elevation of [K+]o (Schwartzkroin 
and Prince 1978; Chamberlin et al. 
1990) and tetanic stimulation 
(Stasheff et al. 1985; Anderson et 
al. 1987; Miles and Wong 1987b; 
Stasheff et al. 1989; Bains et al. 
1999; Behrens et al. 2005; Bains et 
al. 1999) can lead to spontaneous 
CA3-driven population events in 
hippocampal slices. In these 
models, important factors that 
promote the occurrence of the 
network events include reduction in 

the efficacy of inhibition (e.g. 
positive shift in the reversal 
potential of GABAergic currents, 
Korn et al. 1987) and an increase in 
the strength of recurrent 
connections among the CA3 
pyramids. 

 
3.7.3. Sharp (positive) waves 
(SPWs) in the adult hippocampus 
During distinct behavioural states 
such as feeding, drinking, 
grooming, slow-wave sleep and 
awake immobility, the 
physiological hippocampal EEG of 
the rat is characterized by large-
amplitude irregular activity 
(Vanderwolf 1969). This type of 
endogenous hippocampal activity is 
also seen in other mammalian 
species including humans (Freemon 
and Walter 1970; Staba et al. 2004), 
non-human primates (Freemon et al. 
1969), cats (Jouvet et al. 1959) and 
mice (Buzsaki et al. 2003) and it 
consists of SPWs (Buzsaki et al. 
1983), also known as EEG spikes 
(Jouvet et al. 1959; Suzuki and 
Smith 1987). SPWs have a duration 
of ~30-120 ms in stratum radiatum 
of the CA1 region, they occur at 
~0.01-5 Hz (Buzsaki 1986; Suzuki 
and Smith 1987) and are associated 
with a high-frequency “ripple” 
oscillation (O'Keefe and Nadel 
1978; Buzsaki et al. 1992; Ylinen et 
al. 1995). On average, SPWs are 
associated with increased firing 
rates of both the pyramidal neurons 
and interneurons (Buzsaki 1986) 
but only ~10 % of the pyramidal 
cells within the CA3 population fire 
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in synchrony during each event 
(Csicsvari et al. 2000). Moreover, 
various subtypes of interneurons 
have distinct firing patterns relative 
to SPWs (Klausberger et al. 2003). 
SPWs are detected simultaneously 
from different sites of the same 
hippocampus or bilaterally in both 
hippocampi (Buzsaki 1986; Suzuki 
and Smith 1987). The physiological 
function of SPWs has been 
attributed to cognitive processes, 
especially to the transfer of transient 
memory traces from the area CA3 
to the CA1 within the hippocampus 
and, further, to the neocortex for 
long-term storage (Buzsaki 1989; 
Wilson and McNaughton 1994; 
Skaggs and McNaughton 1996; 
Siapas and Wilson 1998; Hobson 
and Pace-Schott 2002; Lee and 
Wilson 2002; Battaglia et al. 2004; 
Wilson and McNaughton 1994; 
Siapas and Wilson 1998; Siapas and 
Wilson 1998). The spatial profile of 
fp responses in the CA1 stratum 
pyramidale and stratum radiatum 
during SPWs and during 
stimulation of Schaffer collaterals 
are similar, and the CA3 region acts 
as a pacemaker in SPW generation 
(Buzsaki 1986; Suzuki and Smith 
1988b). Consistent with these 
findings, SPWs are thought to be 
generated by the interconnected 
network of bursting CA3 pyramidal 
neurons during behavioural-state 
dependent periods of disinhibition 
(Buzsaki 1986; Suzuki and Smith 
1988a).  

3.8. Intrinsic properties of 
neurons 
The contribution of the intrinsic 
electrophysiological properties of 
neurons to the generation of various 
types of network activities has 
gained enormous amount of 
attention during the last decades 
(Llinas 1988). Various 
combinations of passive and active 
properties can make neurons to act 
as resonators or oscillators 
(Hutcheon and Yarom 2000). An 
oscillator generates periodic activity 
which is not dependent of phasic 
input, while a resonator can produce 
a dampening, but not a sustained, 
oscillation in response to inputs 
with a preferential frequency. 

The passive properties of 
neuronal membranes include 
membrane resistance and 
capacitance (London and Hausser 
2005). Together, these properties 
constitute a parallel RC circuit, 
which acts as a low-pass filter. 
Intrinsic currents that cause a 
membrane potential shift in the 
opposite direction to the voltage 
step that activated them, such as Ih 
(Pape 1996), act analogously to 
high-pass filters (Hutcheon and 
Yarom 2000). Although various 
mechanisms can generate intrinsic 
membrane potential oscillations, a 
positive-feedback loop is required. 
This can be produced by amplifying 
currents that cause a further 
membrane potential shift in the 
same direction that activated the 
current. Examples of depolarizing 
amplifier currents include those 
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mediated via voltage-dependent Na+ 
and Ca2+ conductances (Hutcheon 
and Yarom 2000). Typically, an 
oscillation is generated when the 
membrane is subsequently 
hyperpolarized by activation of K+ 
currents and/or inactivation of the 
depolarizing current (Hille 2001). 
Some intrinsic currents cannot be 
categorized into the above groups. 
For example, activation of T-type 

Ca2+ currents typically requires a 
hyperpolarizing step that removes 
channel inactivation taking place at 
the resting membrane voltage 
(Perez-Reyes 2003). Ca2+-
dependent K+ currents require a rise 
in intracellular Ca2+ concentration 
for activation and can cause 
hyperpolarizing pauses in action 
potential firing and, hence, can pace 
neuronal activity (Hille 2001).  
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4. Aims of the Study 

As stated in the Introduction, 
despite the intensive work 
performed during last decades, the 
precise mechanisms of GDP 
generation are not known. 
Furthermore, a general picture 
regarding hippocampal ontogeny 
with respect to GDPs and SPWs is 
lacking.   
 
The aim of this thesis was to study 
mechanisms involved in GDP/SPW 
generation ranging from the single-
neuron level to network functions as 
observed in neonatal rat 
hippocampal slices in vitro and in 
intrahippocampal recordings from 
non-anesthetized rat pups in vivo. 
Since the CA3 region acts as a 
pacemaker for GDP generation (see 
section 3.7.1.), the experiments 
were performed on this area of the 

hippocampus. At the neuronal level, 
the main focus was on postsynaptic 
responses mediated by GABAA and 
glutamate receptors, on 
extrasynaptic actions of GABA, on 
GABA transport via GAT-1, on 
intrinsic membrane conductances 
(such as Ih, the slow Ca2+-activated 
K+ current and voltage-gated Ca2+ 
as well as Na+ currents) and on Cl- 
regulatory mechanism underlying 
the depolarizing GABAA receptor-
mediated responses with a specific 
focus on NKCC1. This information 
was used to provide an overall 
hypothesis of the mechanisms of 
GDP generation that was tested 
using numerous experimental 
paradigms at the network level. A 
more general aim of the work was 
to examine the idea that GDPs are 
in vitro correlates of SPWs. 
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5. Materials and Methods 
For detailed description of the 
materials and methods used in this 
thesis, the reader is referred to 
original articles (I-IV). The 
mechanisms of GDP and SPW 
generation were studied in P0-9 
Wistar rat pups. The methods used 
in this thesis work included whole-
cell, cell-attached, gramicidin-
perforated patch and fp recordings 
in acute hippocampal slices as well 
as fp recordings in the hippocampus 
in vivo.  

Whole-cell current-clamp and 
voltage-clamp recordings were used 
to study the intrinsic firing 
properties and the underlying 
intrinsic currents, respectively, of 
immature CA3 pyramidal neurons. 
Whole-cell voltage-clamp was also 
used for recordings of synaptic and 
tonic GABAA receptor-mediated 
currents. Spike activity of intact 
single pyramidal neurons was 
monitored using fp and cell-
attached recordings. The 
contribution of the tonic GABAA 
receptor-mediated conductance to 
the resting membrane potential and 
to the reversal potential of GABAA 
receptor-mediated currents was 
studied using gramicidin-perforated 
patch which leaves the intracellular 
chloride concentration intact 
(Kyrozis and Reichling 1995). 
GDPs were defined as slow 
negative fp deflections (amplitude 
20-150 µV, duration 0.5-5 s) seen in 
in vitro. SPWs were defined as in 
vivo events and had an amplitude of 
40-160 µV and a duration of 200-

440 ms in fp recordings in the CA3 
region. 

For in vitro recordings, rat 
pups were decapitated, and the 
brains were dissected in cold (0-4 
oC) oxygenated (95 % O2, 5 % CO2) 
standard solution containing (in 
mM): 124 NaCl, 3.0 KCl, 2.0 
CaCl2, 25 NaHCO3, 1.1 NaH2PO4, 
1.3 MgSO4, and 10 D-glucose, pH 
7.4 at 32°C. Coronal brain slices 
(350–600 µm) were cut with a 
vibrating-blade microtome 
(VT1000S; Leica, Nussloch, 
Germany) and allowed to recover at 
32°C for >1 h before use. 

Individual slices were 
transferred into a submersion-type 
recording chamber perfused with 
the standard solution (32–33°C). 
Intracellular recordings were from 
CA3 pyramidal neurons visually 
identified using infrared video 
microscopy (Stuart et al. 1993). 
Axopatch 200A and 200B as well 
as EPC-10 amplifiers were used for 
whole-cell recordings. Patch 
pipettes had a resistance of 5–8 MΩ 
when filled with (in mM): 95 K-
gluconate, 40 KCl, 5 NaCl, 2 MgCl2 
and 10 HEPES, pH 7.2 with KOH, 
or 140 Cs-methanesulfonate, 2 
MgCl2 and 10 HEPES, pH 7.2 with 
CsOH. The K-gluconate and Cs-
methanosulfonate based solutions 
were used for current-clamp and 
voltage-clamp recordings, 
respectively. Cell-attached data 
includes recordings with both of 
these solutions. For perforated-
patch recordings, 50-250 µg/ml 
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gramicidin D (Sigma, St. Louis, 
MO) was included in the K-
gluconate based solution or in a 
solution containing 150 mM KCl 
and 10 mM HEPES (pH 7.2 with 
KOH). Extracellular fp recordings 
were performed with conventional 
NaCl-filled (150 mM) glass 
capillary electrodes (tip diameter 5-
10 µm) placed in stratum 
pyramidale of area CA3. For the 
detailed description of the drugs and 
the modified solutions used in the 

experimental work as well as of the 
methods used in the analyses of the 
data, see the original articles I-IV. 

In Study IV of this thesis, Dr. 
Sebastian Schuchmann performed 
the in vivo recordings and Dr. Junko 
Yamada carried out the recordings 
of EGABA based on laser flash 
photolysis of caged GABA. For 
details of the techniques used in 
these experiments, see the original 
article. 
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6. Results 

A detailed description of the results 
of this thesis is given in sections 
6.1.-6.4. below. A figure (Fig. 3) 
illustrating the key mechanisms of 
GDP generation is provided in 
section 7.1. together with a 
summary of the main conclusions of 
this thesis.  

6.1. Depolarizing GABA acts 
on intrinsically bursting 
pyramidal neurons to drive 
GDPs in the immature 
hippocampus (I) 
The objective of this study was to 
characterize the temporal patterns 
of GDP occurrence and to find out 
cellular and network mechanisms 
that generate the rhythmicity of this 
population activity. Immature CA3 
pyramidal neurons were shown to 
generate intrinsic bursts already at 
birth in the rat hippocampus. The 
endogenous nature of the bursts is 
supported by the findings that they 
occurred in the absence of 
ionotropic glutamatergic and 
GABAergic signalling as well as 
that their frequency was dependent 
on membrane voltage. The bursts 
were triggered by a slow 
regenerative depolarization 
commencing at ~ -60 mV while the 
action   potential   threshold   was at  
~ -50 mV. At membrane potentials 
negative to ~ -60 mV, the immature 
CA3 pyramidal cells were silent. 
The termination of the bursts was 
associated with a slow 

afterhyperpolarization, sAHP. 
Intraburst spike frequency was ~10-
50 Hz. 

In fp as well as cell-attached 
recordings, intact CA3 pyramidal 
neurons fired bursts of spikes 
during field GDPs, fGDPs. In 
addition, some units fired 
spontaneous bursts that were not 
associated with fGDPs. Notably, a 
simultaneous application of 
AMPA/kainate and NMDA 
glutamate receptor antagonists fully 
blocked fGDPs as well as the 
associated intracellular bursts of 
postsynaptic GABAA receptor-
mediated currents (GABA-PSCs). 
However, spontaneous unit bursting 
activity was observed under these 
conditions. These results indicate 
that ionotropic glutamate receptor-
mediated transmission is required 
for synchronization of the burst 
activity of individual CA3 
pyramidal neurons and that the 
interneuronal activity during GDPs 
is driven by the activity of the CA3 
pyramids.   

Under standard experimental 
conditions (in the presence of 3 mM 
[K+]o), the temporal pattern of 
fGDP occurrence was typically 
irregular with intervals lasting up to 
many minutes. Field GDP intervals 
briefer than ~2 s were not observed, 
which indicates that the network is 
in a functionally refractory state 
during this period following fGDPs. 
Notably, this silent period had a 
similar duration with the sAHP in 
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the immature CA3 pyramidal 
neurons. Field GDPs had the 
highest probability of occurrence at 
intervals 2.5-5 s with a peak at 3.5 s 
indicating a preferred fGDP 
frequency of ~0.3 Hz. Consistent 
with a key role of intrinsic 
pyramidal bursts in temporal 
patterning of fGDPs, the network 
events and the unit activity of the 
CA3 pyramidal cells had a similar 
preferred frequency. Furthermore, 
tonic depolarization not only 
increased but also stabilized the 
frequency of unit and network 
bursts in a similar manner. 
Consistent with the properties of 
intrinsic bursts, fGDPs were 
inhibited when a hyperpolarization 
was imposed by decreasing [K+]o. 
Cross-correlation histograms 
showed that, during fGDP onset, the 
frequency of pyramidal spikes 
increases in parallel with the 
frequency of GABA-PSCs but the 
former were concentrated within a 
shorter time window. The above 
data indicate a crucial role of 
intrinsic bursts of immature CA3 
pyramidal neurons in the temporal 
patterning of fGDP activity. The 
question that follows from this 
conclusion regards the precise role 
of depolarizing GABA in fGDP 
generation. 

Consistent with previous 
observations, fGDPs were either 
completely blocked or their 
frequency was dramatically reduced 
by GABAA-receptor antagonists. 
However, this effect, as such, does 
not show that fGDPs would be 

paced by phasic interneuronal 
activity. An alternative conclusion 
is that GABAA-receptor antagonists 
might decrease the general level of 
network excitation. This view was 
supported by the fact that elevation 
of [K+]o consistently induced a 
recovery of the network events in 
the absence of ionotropic 
GABAergic transmission. 
Furthermore, unit burst activity of 
immature pyramidal neurons in the 
absence of fGDPs was inhibited by 
GABAA-receptor antagonists, 
which indicates that these drugs do 
not specifically inhibit the network 
events, and promoted by subsequent 
elevation of [K+]o. Intracellular 
whole-cell voltage-clamp 
recordings showed that immature 
CA3 pyramidal neurons exhibit a 
strong tonic GABAA-receptor 
mediated conductance. Gramicidin-
perforated patch recordings 
demonstrated that this tonic 
GABAergic conductance 
depolarizes the membrane of the 
CA3 pyramids and, hence, 
promotes their intrinsic burst 
activity. Indeed, these findings as a 
whole support the conclusion that 
GABAA-receptor antagonists 
suppress fGDPs because they 
inhibit the spontaneous intrinsic 
burst activity of immature CA3 
pyramidal neurons. Finally, a 
competitive GABAA receptor 
antagonist, SR 95531, has a higher 
efficacy on GABA-PSCs vs. tonic 
GABAA conductance, a property 
that is attributable to the higher 
affinity of extrasynaptic vs. synaptic 
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GABAA receptors to GABA (Stell 
and Mody 2002). In the presence of 
SR 95531, isoguvacine (a GABAA 
receptor agonist) induced a pure 
tonic mode of GABAA-receptor 
activation in neonatal CA3 
pyramidal neurons, which was 
shown to promote the occurrence of 
fGDPs. 

The data from this study as a 
whole provides a novel view of 
fGDP generation. Depolarizing 
GABA has a temporally non-
patterned facilitatory role in fGDP 
generation by promoting the 
voltage-dependent intrinsic bursts 
of the interconnected network of 
immature CA3 pyramidal neurons. 
The intrinsic pyramidal bursts, in 
turn, have a crucial role in shaping 
of the temporal pattern of fGDP 
activity.  

  

6.2. GABA uptake via GAT-1 
down-regulates the duration 
of GABA transients during 
GDPs (II) 
Based on the previous findings that 
the GAT-1 protein is expressed 
already at birth in the rat (Yan et al. 
1997), this study was performed in 
order to find out a putative 
functional role for this GABA 
transporter in the neonate 
hippocampus. In voltage-clamp 
recordings on immature CA3 
pyramidal neurons, the main finding 
was that the burst of GABA-PSCs 
associated with GDPs was 
prolonged by a GAT-1 inhibitor, 
NO-711 (Borden et al. 1994), 

whereas single spontaneous GABA-
PSCs were not affected by this 
drug. To exclude the role of 
network effects, ionotropic 
glutamate and GABAB receptor 
antagonists were present in another 
set of experiments. Under these 
conditions, a train of stimuli (9 
pulses, 10 Hz) evoked a slow post-
synaptic GABAA-receptor mediated 
current that was associated with 
GABA-PSCs. The duration of this 
GABAergic response was increased 
by NO-711 indicating that GAT-1 
regulates GABAergic transmission 
during intense synchronous activity 
of interneurons. Moreover, the 
duration of fGDPs was prolonged 
by NO-711. Inhibition of GAT-1 
specifically prolonged the decay of 
intracellular and field responses 
associated with GDPs while having 
no significant effect on the rise of 
the responses. Taking into account 
the findings in I, the results of this 
study (II) show that GAT-1 down-
regulates both the duration and the 
total charge transfer of postsynaptic 
GABAergic responses generated by 
intense interneuronal activity 
transients which are triggered by 
synchronous bursts of immature 
CA3 pyramidal neurons during 
GDPs. 
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6.3. Intrinsic bursting of 
immature CA3 pyramidal 
neurons is driven by a 
persistent Na+ current and 
terminated by a slow Ca2+ -
activated K+ current (III) 
In this study, the main objective 
was to find out the key ionic 
conductances that underlie the 
generation of intrinsic bursts in 
immature CA3 pyramidal neurons. 
The slow regenerative 
depolarization triggering the 
pyramidal bursts was inhibited by 
TTX and riluzole, a blocker of the 
persistent Na+ current, I-Nap (Crill 
1996; Urbani and Belluzzi 2000), 
but not by maneuvers that block 
voltage-gated Ca2+ currents. 
Voltage-clamp recordings showed 
that the immature CA3 pyramidal 
neurons exhibit a large I-Nap with 
an activation-voltage window 
similar to that of the slow 
regenerative depolarization 
preceding the spike bursts.   

The post-burst sAHP was 
inhibited by blockade of voltage-
gated Ca2+ currents or by carbachol 
but not by bicuculline (Note that 
bicuculline blocks the medium AHP 
in hippocampal neurons, Stocker et 
al. 1999). Furthermore, depolarizing 
voltage steps mimicking the 
intrinsic pyramidal bursts induced a 
slowly activating and decaying 
current with a reversal potential 
close to the K+-equilibrium 
potential. On the other hand, Cs+, an 
Ih inhibitor (Pape 1996), had a 
negligible effect on the intrinsic 
bursts of immature CA3 pyramidal 

neurons. These data indicate that a 
slow Ca2+-activated K+ current, sI-
K(Ca), accounts for the post-burst 
sAHP (see Schwartzkroin and 
Stafstrom 1980; Vogalis et al. 
2003).  

In fp recordings, fGDPs as 
well as network events seen in the 
presence of GABAA-receptor 
antagonists were inhibited in a 
dose-dependent manner by blockers 
of I-Nap (riluzole and phenytoin). 
Maneuvers inhibiting the sAHP 
such as carbachol, Ni2+ and a Ca2+-
free solution, prolonged fGDPs. In 
contrast to previous studies (Strata 
et al. 1997a; Bender et al. 2005), the 
Ih inhibitors, Cs+ and ZD 7288 
(Harris and Constanti 1995) rather 
enhanced than inhibited the 
frequency of fGDPs when applied 
at proper concentrations.   

As a whole, these results 
indicate that the intrinsic bursts of 
immature CA3 pyramidal neurons 
and the consequent GDPs are driven 
by I-Nap, whereas sI-K(Ca) plays a 
crucial role in the termination and 
the refractory period of the cellular 
and network bursts. 

 

6.4. The Na-K-Cl 
cotransporter (NKCC1) 
promotes SPWs in the 
neonatal rat hippocampus 
(IV) 
The major aim of this study was to 
find out whether Cl- uptake via 
NKCC would be involved in the 
generation of SPWs in the early 
postnatal rat hippocampus in vivo, 
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and to find out the possible roles of 
NKCC1 at the cellular and network 
level in experiments performed in 
vitro.  

Neonatal SPWs were blocked 
by intraperitoneal application of 5 
µmol/kg bumetanide, a specific 
inhibitor of NKCC1 (Isenring et al. 
1998; Russell 2000). Consistent 
with a key role of CA3 pyramidal 
neurons in SPW generation, 
gramicidin-perforated patch 
recordings in vitro showed that Cl- 
uptake underlying the depolarizing 
GABAA receptor-mediated 
responses is mediated by NKCC1 in 
these cells. The spontaneous 
bursting activity of individual CA3 
pyramidal neurons was inhibited by 
bumetanide, whereas spontaneous 
GABA-PSC frequency was slightly 
enhanced by this drug. Field GDPs 
as well as the associated bursts of 
GABA-PSCs were blocked by 
bumetanide. The inhibitory effect of 

bumetanide on fGDPs was also seen 
under conditions were the immature 
CA3 pyramidal neurons exhibit 
only a tonic GABAA receptor-
mediated current in the absence of 
synaptic GABAergic transmission.  

The results as a whole indicate 
that NKCC1 located in CA3 
pyramidal neurons promotes SPWs 
in the neonatal rat hippocampus in 
vivo. In particular, by providing the 
depolarizing driving force for 
endogenous GABAergic currents, 
Cl- uptake via NKCC1 promotes 
spontaneous activity as well as 
permits the glutamate receptor-
mediated synchronization of 
immature CA3 pyramidal neurons. 
The data imply that, in the early 
postnatal period, GABA exerts a 
NKCC1-dependent depolarizing 
action in vivo. This supports the 
conclusion that GDPs and neonatal 
SPWs are homologous.  
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7. Discussion 

A fundamental question in 
neuroscience is how the activity of 
neuronal networks changes during 
development and matures into the 
adult-type patterns. In the 
hippocampus, GDPs have been 
thought to reflect a pattern of 
population activity which is 
expressed only in a specific 
developmental time period when 
GABA exerts a depolarizing action 
(see Introduction). In particular, 
depolarizing GABAergic 
transmission has been proposed to 
have an instructive role in GDP 
activity although direct evidence to 
support this conclusion is lacking. 
Moreover, while GABAergic and 
glutamatergic neurotransmitter 
systems have been extensively 
studied in the generation of GDPs, 
the precise mechanisms governing 
the rhythmicity of these events have 
remained enigmatic. It is important 
to know how the endogenous 
hippocampal activity develops so 
that the mature neuronal network 
can perform its functions related to, 
for example, storage of long-term 
memories. This thesis presents a 
novel view of the ontogeny of 
endogenous network events in the 
mammalian hippocampus. The data 
as a whole indicate a crucial role for 
the interconnected network of 
intrinsically bursting CA3 
pyramidal neurons in the generation 
of the recurrent population events 
known as GDPs. On the other hand, 
the experimental evidence obtained 

in this thesis implies that 
depolarizing GABAergic signalling 
has a temporally non-patterned 
facilitatory role in the generation of 
GDP rhythmicity. 

 

7.1. Basic mechanisms of 
GDP generation 
The data in this thesis implicate a 
novel view of GDP generation, 
which includes the following 
mechanisms involved in the shaping 
of the network pattern. The 
intrinsically bursting immature CA3 
pyramidal neurons (Fig. 3A) play a 
crucial role in the generation of 
GDP rhythmicity. Ionotropic 
glutamate receptor-mediated 
transmission is necessary for, while 
the postsynaptic GABAA receptor-
mediated depolarization “permits”, 
the synchronization of the burst 
activity of the individual immature 
CA3 pyramids. Continuous 
depolarization caused by tonic and 
randomly occurring synaptic 
GABAA receptor-mediated currents 
promote the voltage-dependent 
intrinsic pyramidal bursts and, 
hence, GDPs (see Fig. 3A,B). 

The intrinsic bursts of 
immature CA3 pyramidal neurons 
are triggered by a slow regenerative 
depolarization that was found to be 
mediated by a persistent Na+ 
current, I-Nap (Fig. 3A inset). I-
Nap plays a crucial role in GDP 
generation by driving spontaneous 
pyramidal bursts as well as by 
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amplifying the depolarizing 
postsynaptic responses during the 
initiation of the network events. The 
intrinsic bursts of CA3 pyramidal 
neurons are terminated by a slow 
Ca2+-activated K+ current, sI-K(Ca) 
(Fig. 3A inset). At the network 
level, sI-K(Ca) plays a major role, 
together with presynaptic GABAB 
receptors (McLean et al. 1996), in 
the termination of GDPs and in the 
following functional refractory 
period. 

Cl- uptake via NKCC1 
provides the depolarizing driving 
force for GABAA receptor-mediated 
currents in neonatal CA3 pyramidal 
neurons (Fig. 3C) and, hence, 
facilitates spontaneous activity of 
these cells. In addition, by making 
the postsynaptic GABAergic 
actions depolarizing during GDP 
initiation, NKCC1 is likely to 
permit the glutamate receptor-
dependent synchronization of the 
neuronal activity.   

During GDPs, synchronous 
activity of immature CA3 
pyramidal neurons paces the 
activity of the interneuron 
population (Fig. 3B, see also I). In 
the immature CA3 pyramids, the 
activity of interneurons causes a 
barrage of GABA-PSCs and a slow 
transient increase in the baseline 
GABAergic current, which is down-
regulated by GAT-1 (Fig. 3D). 
 

7.2. GABAergic excitation 
vs. inhibition in the 
immature hippocampus 
Is GABA excitatory or inhibitory in 
neonatal CA3 pyramidal neurons? 
As shown in the original work by 
Ben-Ari et al (1989), GDPs are 
associated with a large transient 
increase in the postsynaptic 
GABAA receptor-mediated 
conductance but the immature CA3  
pyramidal neurons also exhibit a 
tonic GABAA receptor-mediated 
conductance (Study I, section 6.1.). 
It is important to note that while 
GABAA-receptor antagonists 
completely block the GABAergic 
conductance, bumetanide inhibits 
the GABAergic depolarization 
without affecting the membrane 
conductance. Moreover, an increase 
in membrane conductance exerts a 
shunting inhibitory action (Fatt and 
Katz 1953).  

GABAA-receptor agonists and 
antagonists increase and decrease, 
respectively, the firing rate of 
neonatal CA3 pyramidal neurons 
(Study I, section 6.1.) (Dzhala and 
Staley 2003; Khazipov et al. 2004). 
The facts that blockers of GABAA 
receptors as well as of NKCC1-
mediated Cl- uptake inhibit GDP 
occurrence, while GABAA-receptor 
agonists increase the frequency of 
these events (studies I & IV, 
sections 6.1. and 6.4.) (Ben-Ari et 
al. 1989; Khalilov et al. 1999), 
imply that GABAA receptor-
mediated signalling has an 
excitatory action during the 
initiation of these type of network
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Figure 3. Mechanisms of GDP generation. A, In the absence of ionotropic 
GABAergic and glutamatergic synaptic transmission, immature CA3 pyramidal 
neurons generate voltage-dependent intrinsic spike bursts. Membrane voltage 
(Vm) is manipulated by current (I) injection. The inset highlights a single burst. 
A persistent Na+ current, I-Nap, accounts for the slow regenerative 
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depolarization driving the bursts. A slow Ca2+-activated K+ current, sI-K(Ca), 
terminates the bursts and accounts for the post-burst afterhyperpolarization. 
Time calibration: 2 s, inset: 500 ms. B, Left, In the absence of ionotropic 
GABAergic (IGABA) and glutamatergic (IGlu) transmission, CA3 pyramidal 
neurons (Cell 1 & 2) are typically silent and no GDPs are observed in field 
potential (fp) recordings. Middle, When only ionotropic glutamate receptors are 
blocked, immature CA3 pyramidal neurons exhibit tonic and phasic GABAA 
receptor-mediated currents (grey area), which depolarize the cell membrane 
(Cell 1 &2) and, consequently, promote intrinsic bursting. However, the bursts 
do not occur simultaneously in the immature CA3 pyramids in the absence of 
ionotropic glutamatergic transmission. Right, GDPs are seen in the presence of 
ionotropic glutamate receptor-mediated transmission (mainly AMPA) which 
synchronizes the burst activity of immature CA3 pyramidal neurons (Cell 1 & 2) 
resulting in slow fp deflections and recurrent bursts of postsynaptic ionotropic 
GABAergic and glutamatergic currents. Time calibration: 2 s. This figure was 
made from a compilation of original traces in order to illustrate mechanisms of 
GDP generation, and, hence, the traces are semi schematic. For voltage and 
current calibrations of the primary recordings, see the original articles. C, The 
driving force for GABAA receptor-mediated responses in immature CA3 
pyramidal neurons is provided by Cl- uptake via NKCC1, which is fuelled by the 
electrochemical gradient of Na+ created by Na-K-ATPase. D, The decay of the 
GDP-associated GABAA receptor-mediated current in immature CA3 pyramidal 
neurons is regulated by GAT-1. A low Cl- pipette solution was used in the 
whole-cell voltage-clamp recording at 0 mV, see the original article II. 
Calibrations: 100 pA, 200 ms. 
 
 
events. However, when GDPs are 
inhibited by GABAA-receptor 
antagonists, the network events can 
be consistently promoted by a 
following tonic depolarization (such 
as by elevation of [K+]o or 
application of GABAA-receptor 
antagonists, see Study I and section 
6.1.) or electrical stimuli (Lamsa et 
al. 2000). Furthermore, GDPs are 
completely blocked by ionotropic 
glutamate-receptor antagonists, and 
the pharmacologically isolated 
population of interneurons has not 
been observed to generate recurrent 
network activity (Study I, section 
6.1.) (Bolea et al. 1999). These data 
indicate that ionotropic GABAA 

receptor-mediated currents have a 
“permissive” facilitatory action 
rather than an “instructive” 
pacemaking role in GDP 
generation.  

During GDP initiation, the 
spike occurrence of immature CA3 
pyramidal neurons increases in 
parallel with that of GABA-PSCs as 
well as with the associated baseline 
GABAA-receptor mediated 
conductance (Study I, section 6.1.) 
(see also Menendez de la Prida and 
Sanchez-Andres 2000).      Notably,  
90 % of the GDP-associated spikes 
of immature pyramids are restricted 
to a ~420 ms period whereas the 
increase in the GABAA receptor-
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mediated conductance has a 
somewhat longer time course 
(Study I, section 6.1.). Is 
termination of pyramidal cell firing 
during GDPs a consequence of 
shunting action exerted by the high 
conductance of the late GABAergic 
component? This conclusion is 
supported by the findings that the 
duration of evoked population 
bursts is usually, although not 
always, increased by antagonists of 
GABAA receptors (Khalilov et al. 
1999; Lamsa et al. 2000) (Sipilä, 
unpublished observation). 
Moreover, a robust excitatory action 
of this late GABAergic component 
is excluded by the findings that, 
although blockade of GABA uptake 
increased the duration and charge 
transfer of the slow GDP-associated 
GABAA receptor-mediated 
transient, this manipulation had no 
clear effect on GDP-associated 
pyramidal cell firing (Study II, 
section 6.2.). It should be noted that 
the effect of GABAA-receptor 
antagonists on GDP duration is 
often only of minor magnitude, 
which argues against a primary role 
for the putative shunting inhibitory 
action of the postsynaptic GABAA 
receptor-mediated conductances in 
GDP termination. Furthermore, the 
duration of the spike burst of 
immature CA3 pyramidal neurons 
is regulated, irrespective of synaptic 
inputs, by intrinsic mechanisms 
with a key role of the sI-K(Ca) 
(Study III, section 6.3.). In addition, 
presynaptic GABAB-receptor 
activation has an important role in 

GDP termination (McLean et al. 
1996). In summary, the GABAA-
receptor mediated conductance has 
only a minor role in the regulation 
of GDP duration. The sI-K(Ca) and 
presynaptic GABAB-mediated 
transmission play major roles in the 
termination of the pyramidal cell 
burst associated with GDPs, 
whereas GABA uptake via GAT-1 
regulates the concomitant slow 
GABAA-receptor mediated 
conductance.  

The basic mechanism of GDP 
generation proposed in this thesis is 
consistent with the observations 
that, in a subpopulation of very 
young pyramidal neurons, evoked 
and spontaneous GDPs are 
completely blocked by GABAA-
receptor antagonists. This is exactly 
what is to be expected on the basis 
of the findings that a number of 
young pyramidal neurons have only 
functional GABAergic synapses but 
no glutamatergic ones (see section 
3.4.). Hence, the network event is 
transmitted to these type of neurons 
via GABAA-receptors. However, 
ionotropic glutamatergic 
transmission is required for the 
generation of GDPs at the network 
level even in very young rats (Study 
I; Bolea et al. 1999; Lamsa et al. 
2000). The population of immature 
CA3 pyramidal neurons appears to 
possess sufficient pacemaking 
properties for the generation of 
recurrent network activity seen as 
GDPs.       
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7.3. Are GDPs the in vitro 
counterpart of neonatal 
SPWs?  
In recent work (Leinekugel et al. 
2002) carried out in parallel but 
independently of this thesis (see 
Sipilä et al. 2000), GDPs were 
proposed to be the in vitro 
counterpart of the neonatal SPWs. It 
should be noted that this idea is not 
readily supported by the prevailing 
view of GDP generation which is 
based on a key role of GABAergic 
transmission (Ben-Ari et al. 2004) 
since SPWs are driven by CA3 
pyramidal neurons in the adult 
(Buzsaki 1986; Suzuki and Smith 
1987). However, the novel 
conclusion of this thesis regarding 
the pacemaking role of the 
interconnected network of 
intrinsically bursting immature CA3 
pyramidal neurons supports the 
view that in vitro GDPs and 
neonatal in vivo SPWs are 
homologous. This conclusion is 
further supported by the following 
similarities between SPWs and 
GDPs: 1) both are endogenous 
network events of the hippocampus 
(Buzsaki 1986; Ben-Ari 2001); 2) 
both occur at irregular intervals and, 
in the neonatal period, with a peak 
at ~0.3 Hz (Study I, section 6.1.) 
(Leinekugel et al. 2002); 3) both 
events are seen near simultaneously 
in various sites of the hippocampus 
and bilaterally in both hemispheres 
(Suzuki and Smith 1987; Buzsaki 
1989; for data on GDPs in the in 
vitro septohippocampal complex, 
see Leinekugel et al. 1998); 4) both 

are associated with an average 
increase in the firing rate of 
pyramidal neurons and interneurons 
(Buzsaki et al. 1983; Ben-Ari 2001) 
although a number of CA3 
pyramids are inhibited during these 
events (see LHPs in  Ben-Ari et al. 
1989) (Csicsvari et al. 2000); 5) 
both are blocked by bumetanide, a 
specific inhibitor of NKCC1-
mediated Cl- uptake, in the neonatal 
rat hippocampus (Study IV, section 
6.4.).  

Is GABAergic signalling 
depolarizing in vivo? Direct 
recordings of intact GABAergic 
responses have not been performed 
in the in vivo immature 
hippocampus. The in vitro data in 
Study IV of this thesis (section 6.4.) 
show that the blockade of GDPs by 
bumetanide is attributable to 
inhibition of Cl-uptake via NKCC1 
in immature CA3 pyramidal 
neurons. The effect of bumetanide 
was mediated by a reduction in the 
depolarizing driving force for 
GABA in these cells. Since 
bumetanide blocked SPWs in the 
neonate hippocampus, these data as 
a whole suggest that GABAergic 
signalling is, indeed, depolarizing in 
vivo.  

The similarities in the 
mechanisms generating GDPs 
(Study I, section 6.1.), SPWs (see 
above) and interictal events (see 
section 3.7.2.) implies that GDPs do 
not represent a network 
phenomenon that is strictly 
restricted to an early postnatal 
period. It should be noted that, 
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although in previous studies carried 
out in vitro, GDPs were found to 
disappear during the second or third 
postnatal week in the rat (Ben-Ari 
et al. 1989; Khazipov et al. 2004), 
similar spontaneous events (termed 
in vitro SPWs) have been observed 
in adult mouse hippocampal slices 
(Wu et al. 2005) (see also Maier et 
al. 2002; Papatheodoropoulos and 
Kostopoulos 2002; Kubota et al. 
2003; Maier et al. 2003). Moreover, 
it has been repeatedly shown that 
when the efficacy of inhibition is 
reduced or the functional 
connections between CA3 
pyramidal neurons is enhanced, 
spontaneous SPW-like or interictal-
like events can be observed in slices 
taken from various parts along the 
longitudinal axis of the adult rat 
hippocampus (Schwartzkroin and 
Prince 1978; Miles and Wong 1983; 
Rutecki et al. 1985; Stasheff et al. 
1985; Anderson et al. 1987; Korn et 
al. 1987; Miles and Wong 1987a; 
Miles and Wong 1987b; Stasheff et 
al. 1989; Chamberlin et al. 1990; 
Bains et al. 1999; Behrens et al. 
2005). 

GDPs have been proposed 
(Ben-Ari 2002) to represent a 
discontinuous activity pattern or 
traće alternant, which is the 
predominant type of scalp EEG 
signal in human preterm babies 
(Dreyfus-Brisac 1975; Lamblin et 
al. 1999; Vanhatalo et al. 2005). 
Hippocampal development is 
associated with a gradual 
emergence of behavioural-state 
dependent theta activity, gamma 

oscillations as well as SPW-
associated high-frequency ripples 
during the second and third 
postnatal weeks in the rat (Leblanc 
and Bland 1979; Buzsaki et al. 
1983; Leinekugel et al. 2002; 
Lahtinen et al. 2002; Karlsson and 
Blumberg 2003; Buhl and Buzsaki 
2005). However, adult SPWs occur 
quite irregularly with pauses lasting 
up to several seconds (Buzsaki 
1986), which is a characteristic 
feature of discontinuous activity. 
Hence, the discontinuous activity 
pattern (SPWs) does not disappear 
during development but the 
multiform EEG pattern of the adult 
hippocampus is attributed to the 
appearance of other types of 
network rhythms characterized by 
higher frequencies. 

In vivo, SPWs in the CA1 
region acquire their adult shape 
with the fast (~140-200 Hz) ripple 
oscillations during the third 
postnatal week in rats (Buhl and 
Buzsaki 2005). This type of fast 
oscillation is thought to be 
generated within the CA1 area 
whereas a somewhat “slower” 
(~100-130 Hz) SPW-associated 
oscillation is generated within the 
CA3 region (Csicsvari et al. 1999). 
Previous in vitro data show that 
neonatal GDPs are associated with 
activities in the gamma and even 
higher frequencies (Palva et al. 
2000). However, the spatial extent 
of these type of events has not been 
investigated in the neonatal 
hippocampus, and at present it is 
unclear whether they reflect 
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synchronous activity of a large 
number of neurons. In the neonatal 
period, the gamma activity might 
reflect the intrinsic intraburst spike 
frequency of individual immature 
CA3 pyramidal neurons taking 
place at ~10-50 Hz (Study I, section 
6.1.). The lower intraburst spike 
frequency of the immature vs. adult 
CA3 pyramidal neurons (up to ~400 
Hz in the adult, see Kandel and 
Spencer 1961) is consistent with the 
slower kinetics of synaptic and 
intrinsic voltage responses, with a 
major role of the long membrane 
time constant, in immature neurons 
(Schwartzkroin 1981). 
Interneuronal activity (Ylinen et al. 
1995) and axo-axonal gap junctions 
in pyramidal neurons (Draguhn et 
al. 1998; Schmitz et al. 2001) have 
been proposed to be mechanisms 
that underlie ripple generation in the 
adult. In addition to these 
mechanisms, the developmental 
shift towards faster kinetics of the 
active and passive membrane 
properties might be a necessary 
condition for the developmental 
emergence of ripple activity. 

 

7.4. Consequences of 
endogenous activity in the 
immature hippocampus 
The similarity in the mechanisms 
involved in the generation of GDPs 
and adult SPWs suggests that the 
basic features of the hippocampal 
circuitry are retained throughout 
development. To what degree is 
spontaneous early activity merely a 

reflection of the emerging 
anatomical connectivity or does it 
have a more fundamental role in the 
ontogeny of the CNS? Spontaneous 
activity has been proposed to be 
involved at various stages of 
neuronal development such as 
pathfinding decisions (Hanson and 
Landmesser 2004), target selection 
(Catalano and Shatz 1998), 
formation of the retinotopic map in 
the superior colliculus (Mrsic-
Flogel et al. 2005), formation of 
ocular dominance columns and 
binocular cells in the striate cortex 
(Katz and Crowley 2002) and 
transmitter phenotype determination 
(Borodinsky et al. 2004). Moreover, 
the activity of an individual neuron 
can regulate its own inputs (Burrone 
et al. 2002). On the other hand, 
there is evidence in favour of a 
major role of “innate” or activity-
independent genetic mechanisms in 
the maturation of neurons and of 
neuronal networks (see e.g. Tessier-
Lavigne and Goodman 1996; 
Verhage et al. 2000; Pleasure et al. 
2000; Wichterle et al. 2002; Ludwig 
et al. 2003; Dasen et al. 2005). In 
the light of the present evidence, it 
seems fair to conclude that so far, 
there is no solid information 
available for a crucial role of 
GDP/SPWs in the shaping of the 
hippocampal neuronal connectivity. 
However, this situation is easy to 
understand in view of the inherent 
difficulties of experimental designs, 
where the specific influence of 
network events would be dissected 
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from the “background” neuronal 
activity. 

 
7.4.1. A putative role for intrinsic 
bursting in neurotrophic 
signalling  
Immature hippocampal pyramidal 
neurons exhibit a tonic GABAA 
receptor-mediated conductance 
prior to the emergence of functional 
synapses (Valeyev et al. 1993; 
Tyzio et al. 1999; Demarque et al. 
2002). In the present thesis, 
spontaneous intrinsic burst activity 
of immature CA3 pyramidal 
neurons was shown to be promoted 
by endogenous GABAergic 
signalling during a developmental 
time window when a subpopulation 
of the pyramidal neurons is 
synaptically “silent” (see section 
3.4.). Trophic actions of GABA are 
dependent on membrane 
depolarization, and the consequent 
down-stream signalling cascades of 
these effects include neuronal 
maturation, development of 
dendrites and the formation of 
synaptic contacts (Owens and 
Kriegstein 2002). BDNF is a major 
mediator of the trophic effects of 
GABA and it is released as a 
consequence of pyramidal cell 
activity with a burst pattern being 
more efficient than tonic 
stimulation (Balkowiec and Katz 
2002). Interestingly, BDNF has 
been shown to promote the 
formation of GABAergic synapses 
(Marty et al. 2000) and a 
stimulation protocol eliciting 
sequences of depolarizing steps 

(Caillard et al. 1999) induces 
functional GABAergic synapses 
even in previously synaptically 
silent CA3 pyramidal cells 
(Gubellini et al. 2001). Recent 
evidence suggests a direct role of 
TrkB-receptor activation by BDNF 
in this phenomenon (Gubellini et al. 
2005). It is intriguing to note that in 
the study by Caillard et al. (1999) 
the frequency of the depolarizing 
steps that could induce functional 
GABAergic synapses is similar to 
that of the intrinsic bursts of the 
immature CA3 pyramidal neurons 
described in this thesis (Studies I 
and III). Hence, it can be speculated 
that, in neonatal pyramidal neurons, 
tonic GABAergic depolarization 
promotes voltage-dependent 
intrinsic bursting, which, in turn, 
results in BDNF secretion that acts 
as a target-derived neurotrophic 
factor (Tessier-Lavigne and 
Goodman 1996; Poo 2001) for 
developing presynaptic neurons. 

 
7.4.2. The wiring problem 
The “wiring problem” regards the 
formation and stabilization of 
precise neuronal connectivity 
patterns during development of the 
CNS. According to Donald Hebb 
(1949), plastic changes taking place 
in synapses throughout 
development determines which 
groups of neurons will form cell 
assemblies. Recent evidence 
supports the view that the 
hippocampal neuronal network is 
organized into functional cell 
assemblies (Harris et al. 2003), 
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which are thought to constitute 
internal representations of the 
various objects and locations of the 
external world (Wilson and 
McNaughton 1993; Guzowski et al. 
1999; Engel et al. 2001; Freiwald et 
al. 2001). With regard to synaptic 
plasticity taking place during the 
development of the CNS, Hebb’s 
neurophysiological postulate has 
been expressed in the form of the 
famous slogan: neurons that “fire 
together, wire together”. In turn, 
synapses with uncorrelated pre- and 
postsynaptic activities would be 
eliminated (Zhou and Poo 2004). 
This principle has let to the idea that 
synaptic plasticity should be based 
on coincidence detection. For 
example, the release of a 
neurotransmitter from a presynaptic 
terminal should be simultaneous 
with a postsynaptic depolarization 
to induce long-term potentiation 
(LTP) of the given synapse (Bliss 
and Lomo 1973; Abbott and Nelson 
2000). Typically, sufficient 
depolarization of the postsynaptic 
neuron is achieved by summation of 
postsynaptic inputs. Hence, network 
activity in the form of GDPs 
involving a large number of 
simultaneously active pre- and 
postsynaptic neurons provides a 
suitable condition for the induction 
of synaptic plasticity (see Kasyanov 
et al. 2004). The intrinsic bursts are 
expected to prolong the time 
window of coincidence detection in 
the immature CA3 pyramidal 
neurons. Furthermore, the time 
window for temporal summation 

(see Konig et al. 1996) is expected 
to be longer in the neonatal vs. 
mature pyramids due to the longer 
membrane time constant (~50-150 
ms under control conditions, 
personal unpublished observation) 
in the former.   

During recent years, extensive 
work on synaptic plasticity has 
elucidated more detailed learning 
rules, which are based on precise 
temporal correlations of pre- and 
postsynaptic action potentials 
(Markram et al. 1997; Abbott and 
Nelson 2000). The exact nature of 
the learning rule depends on the 
type of the synapse, and in the 
recurrent glutamatergic synapses 
between CA3 pyramidal cells, as 
studied in slice cultures (Debanne et 
al. 1998), LTP occurs if presynaptic 
action potentials precede those of 
the postsynaptic neuron. If the 
spikes occur in perfect synchrony or 
the presynaptic neuron fires after 
the postsynaptic one, the synapse 
undergoes LTD. However, this type 
of spike-time dependent plasticity 
rules, which apply to immature 
hippocampal synapses and the 
contribution of the intrinsic spike 
bursts to these rules (see Froemke et 
al. 2006) are as yet to be 
investigated.  

Glutamatergic synapses in 
immature hippocampal pyramidal 
neurons have been proposed to be 
originally “AMPA silent”, while 
AMPA receptor-mediated 
transmission can be rendered 
functional by LTP protocols in 
these type of synapses (Durand et 
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al. 1996). Based on the assumption 
that GDPs are generated by 
synergistic activation of GABA and 
NMDA receptors, these network 
events have been proposed to 
provide the physiological activity 
pattern for the induction of 
functional AMPA synapses (Ben-
Ari et al. 1997). However, the 
conclusions regarding AMPA-silent 
synapses are based on stimulation 
protocols that have been 
subsequently shown to actively 
silence the immature glutamatergic 
synapses (Xiao et al. 2004). 
Moreover, the finding that the 
NMDA vs. AMPA ratio of 
spontaneous synaptic events is close 
to one already in the very early 
postnatal period argues against the 
view that glutamatergic synapses 
are initially AMPA silent (Groc et 
al. 2002). Furthermore, GDPs are 
completely blocked by selective 
AMPA antagonists (Bolea et al. 
1999; Lamsa et al. 2000; Palva et al. 
2000) indicating that AMPA 
transmission is a necessary 
condition for, and not a 
consequence of, GDP activity.  

 
7.4.3. Clinical implications 
Although it was previously known 
that GAT-1 protein is expressed 
already at birth (Yan et al. 1997), 
this GABA transporter was thought 
to be non-functional in the early 
postnatal period in the rat (Draguhn 
and Heinemann 1996; Demarque et 
al. 2002). The developmental stage 
of a neonatal rat corresponds 
roughly to that of a human in the 

last trimester of pregnancy or in an 
early postnatal stage (Avishai-
Eliner et al. 2002). Importantly, 
GAT-1 protein is expressed at high 
levels in the human hippocampus 
during this developmental time 
window (Hachiya and Takashima 
2001). Hence, the conclusion that 
GABA uptake via GAT-1 is 
functional and physiologically 
relevant in the neonate rat 
hippocampus (Study II, section 6.2.) 
suggests that this transporter is also 
operative in the human fetus and 
infant. The results in Study II of this 
thesis suggest that GAT-1 prevents 
spillover of GABA to neighbouring 
synapses and extrasynaptic sites 
during intense network activity 
associated with GDPs. Hence, 
GAT-1 is likely to promote 
independence of synapses (Barbour 
and Hausser 1997; Overstreet and 
Westbrook 2003). Taking into 
account the trophic actions of 
GABA (Owens and Kriegstein 
2002) and temporal as well as 
spatial precision required for proper 
activity-dependent plastic changes, 
GAT-1 is likely to play a role in the 
refinement of the human cortical 
circuitry.  

The expression of NKCC1 
protein is down-regulated and the 
KCC2 protein as well as the mRNA 
are up-regulated during the 
development of the human cortex 
(Dzhala et al. 2005; Vanhatalo et al. 
2005). Hence, the evidence 
obtained from the neonate rat 
hippocampus in vivo in Study IV of 
this thesis (section 6.4.) suggests an 
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important role for NKCC1 in the 
generation of spontaneous network 
events in the immature human 
cortical structures.    

As discussed above, evidence 
obtained at various levels of 
organization of the CNS suggest 
that neuronal activity is likely to 
influence the functional and 
structural maturation of neuronal 
circuitries. From a medical point of 
view, this is important, since a wide 
spectrum of drugs is available for 
the treatment of diseases affecting 

neonatal human infants or pregnant 
women. Hence, the data of this 
thesis suggest that drugs exerting 
actions on GABA uptake, I-Nap, sI-
K(Ca), NKCC1 and ionotropic 
GABAergic as well as 
glutamatergic receptors are likely to 
have unwanted side-effects on the 
proper development of the human 
brain, and similar concerns arise 
also with regard to substances of 
abuse (see Stanwood and Levitt 
2004).
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8. Summary and Conclusions 

The findings of this thesis indicate 
that the interconnected network of 
intrinsically bursting CA3 
pyramidal neurons generates 
population events already in the 
early postnatal period in the rat. 
This mechanism supports the 
conclusion that GDPs are the in 
vitro counterparts of neonatal SPWs 
generated by largely identical 
mechanisms with adult SPWs. 
Although, neonatal SPWs/GDPs 
appear to be promoted by the 
depolarizing actions of endogenous 
GABAergic signalling, the results 
of this work suggest that GDPs do 
not reflect a network phenomenon 
that is strictly restricted to the 
neonatal period. The evidence 
obtained in this thesis supports a 
view of hippocampal development 

where SPW maturation is a process 
of fine-tuning rather than a 
profound reorganization of the 
underlying neuronal network. Very 
recently, mechanisms similar to 
those underlying GDP generation 
were found to drive spontaneous 
waves in the immature retina 
(Zheng et al. 2006). However, 
analogously to the view that the 
adult CNS is specialized into 
distinct functional regions (Kandel 
et al. 2000), the present work argues 
that the immature hippocampal 
network is on its own pathway of 
differentiation rather than in a 
common undifferentiated state, that 
would underlie the generation of 
spontaneous network events in 
various developing structures of the 
CNS. 
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