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ABSTRACT 
 
Malinina, E. (2009). Neurotransmission and functional synaptic plasticity in the rat 
medial preoptic nucleus. Doctoral dissertation from the Department of Integrative 
Medical Biology, section for Physiology, Umeå University, SE-901 87 Umeå, Sweden. 
ISBN 978-91-7264-843-2 
 
Brain function implies complex information processing in neuronal circuits, critically dependent on the 
molecular machinery that enables signal transmission across synaptic contacts between neurons. The types 
of ion channels and receptors in the neuronal membranes vary with neuron types and brain regions and 
determine whether neuronal responses will be excitatory or inhibitory and often allow for functional 
synaptic plasticity which is thought to be the basis for much of the adaptability of the nervous system and 
for our ability to learn and store memories. The present thesis is a study of synaptic transmission in the 
medial preoptic nucleus (MPN), a regulatory center for several homeostatic functions but with most clearly 
established roles in reproductive behaviour. The latter behaviour typically shows several distinct phases 
with dramatically varying neuronal impulse activity and is also subject to experience-dependent 
modifications. It seems likely that the synapses in the MPN contribute to the behaviour by means of 
activity-dependent functional plasticity. Synaptic transmission in the MPN, however, has not been 
extensively studied and is not well understood. The present work was initiated to clarify the synaptic 
properties in the MPN. The aim was to achieve a better understanding of the functional properties of the 
MPN, but also to obtain information on the functional roles of ion channel types for neurotransmission and 
its plastic properties in general. The studies were carried out using a brain slice preparation from rat as well 
as acutely isolated neurons with adhering nerve terminals. Presynaptic nerve fibres were stimulated 
electrically or, in a few cases, by raised external K+ concentration, and postsynaptic responses were 
recorded by tight-seal perforated-patch techniques, often combined with voltage-clamp control of the post-
synaptic membrane potential. Glutamate receptors of α-amino-3-hydroxy-5-methyl-4-izoxazole propionic 
acid (AMPA) and N-methyl-D-aspartate (NMDA) types were identified as mediating the main excitatory 
synaptic signals and γ-aminobutyric acid (GABA)A receptors as mediating the main inhibitory signals. Both 
types of signals were suppressed by serotonin. The efficacy of AMPA-receptor-mediated transmission 
displayed several types of short-term plasticity, including paired-pulse potentiation and paired-pulse 
depression, depending on the stimulus rate and pattern. The observed plasticity was attributed to mainly 
presynaptic mechanisms. To clarify some of the presynaptic factors controlling synaptic efficacy, the role 
of presynaptic L-type Ca2+ channels, usually assumed not to directly control transmitter release, was 
investigated. The analysis showed that (i) L-type channels are present in GABA-containing presynaptic 
terminals on MPN neurons, (ii) that these channels provide a means for differential control of spontaneous 
and impulse-evoked GABA release and (iii) that this differential control is prominent during short-term 
synaptic plasticity. A model where Ca2+ influx through L-type channels may lead to reduced GABA release 
via effects on Ca2+-activated K+ channels, membrane potential and other Ca2+-channel types explains the 
observed findings. In addition, massive Ca2+ influx through L-type channels during high-frequency 
stimulation may contribute to increased GABA release during post-tetanic potentiation. In conclusion, the 
findings obtained in the present study indicate that complex neurotransmission mechanisms and different 
forms of synaptic plasticity contribute to the specific functional properties of the MPN. 
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CNS                      central nervous system 
[Cl–]i                               intracellular Cl- concentration 
EGTA                   ethylene glycol-bis(2-aminoethylether) –N,N,N’,N’ –tetraacetic acid  
EGTA-AM           ethylenglycol-bis(β-aminoethyl)-N,N,N’,N’-tetraacetoxymethyl ester 
eIPSC                   evoked inhibitory postsynaptic current 
EPSC                    excitatory postsynaptic current 
GABA                   γ-aminobutyric acid 
GluA1–GluA4      glutamate AMPA receptor subunits 1– 4 
GluK1- GluK5      glutamate kainate receptor subunits 1– 5 
GluN1                   glutamate NMDA receptor subunit 1 
GluN2A-GluN2D glutamate NMDA receptor subunits 2A–2D 
GYKI 52466         4-(8-methyl-9H-1,3-dioxolo[4,5-h][2,3]benzodiazepin-5-y l)-  
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5-HT                      5-hydroxytryptamine, serotonin  
5-HT1A, 5-HT1B       serotonin receptors 1A, 1B 
IPI                         inter-pulse interval  
IUPHAR                International Union of Basic and Clinical Pharmacology          
KA                         kainic acid, kainate 
KCa                         Ca2+-activated K+  
LFS                        low-frequency stimulation  



LTD                       long-term depression  
LTP                        long-term potentiation  
mEPSC                  miniature excitatory postsynaptic current 
mIPSC                   miniature inhibitory postsynaptic current   
MK-801                 dizocilpine; (+)-MK 801 maleate; (5R,10S)-(+)-5-methyl-10,11-   
                               dihydro-5H-dibenzo[a,d]cyclo-hepten-5,10-imine hydrogen maleate 
MPN                      medial preoptic nucleus 
NBQX                   6-nitro-7-sulphomoylbenzo[f]quinoxaline-2,3-dione 
NMDA                   N-methyl-D-aspartate 
PTP                        post-tetanic potentiation  
PPF                        paired-pulse facilitation  
PPD                       paired-pulse depression  
PPR                       paired-pulse ratio  
sIPSC                    spontaneous inhibitory postsynaptic current 
SKCa                      small-conductance KCa  
SK1                       SKCa type 1 

TEA                       tetraethylammonium 
TTX                       tetrodotoxin  
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Chapter 1. GENERAL INTRODUCTION 
 

Neurons in the brain communicate via the specialized connections called synapses, 
sites where information is transferred from one neuron to another. During synaptic 
transmission, the information is often modified, processed to a significant extent. 
Synaptic plasticity, modification of the efficacy of neurotransmission, underlies one 
of the most fundamental properties of the brain - the ability to change in response to 
experience and use and the ability to adapt to the demands at hand. Neurotransmission 
is mainly achieved by interaction of chemical substances, neurotransmitters, released 
from presynaptic neurons, with specific protein complexes, receptors, embedded in 
the postsynaptic neuronal membrane (Fig. 1). Neurotransmitter receptors differ by  
 

 
Figure 1. Schematic chemical synapse 
Chemical transmission implies the release of 
transmitter molecules from the terminal of 
the sending (presynaptic) neuron, diffusion 
of transmitter across the synaptic cleft and 
interaction with receptors in the membrane 
of the receiving (postsynaptic) cell. In the 
case of ionotropic receptors, ion channels 
are opened in the postsynaptic cell 
membrane. 
 
 

their structure, pharmacology, and by the speed and mode of signal transfer. They 
may be classified into two major classes depending on the mechanism of action. 
Ionotropic receptors, the type responsible for fast chemical transmission, control ion 
channels that make pores through the membrane, and thereby allow ion fluxes across 
the membrane. This may affect the electrical voltage across the membrane, as well as 
the ion concentrations in its vicinity. Metabotropic receptors, the other main class, act 
through a chain of chemical reactions, involving so called second messengers, 
resulting in slower information transfer, but enabling amplification of the signal and a 
wide range of different effects. Irrespective of receptor type, the effect is excitatory if 
the chance of the receiving cell to generate an electrical impulse is increased. This is 
often, but not always, mediated by receptors that depolarize the membrane. Inhibitory 
effects, with reduced chance of impulse generation, are achieved by receptors that 
prevent large depolarizations or hyperpolarize the membrane. For ionotropic 
receptors, the type of effect depends critically on the ion species that may pass the 

Presynaptic
nerve terminal

Transmitter-containing
        vesicles

Postsynaptic cell
Receptors

Synaptic
Transmitter cleft
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open pore, on the ion concentrations at the two sides of the membrane as well as on 
the electrical voltage across the membrane. Although the latter two factors may vary 
with neuronal condition, receptors are for simplicity often classified as excitatory or 
inhibitory depending on the most common type of effect. 
 
The function of all brain areas, whether involved in processing sensory information, 
execution of motor control or more abstract cognitive functions, depends largely on 
chemical transmission as outlined above. The detailed properties of information 
processing, however, may vary significantly between brain regions, depending on the 
specific assembly of different types, and subtypes, of receptors, ion channels and 
other molecules involved in the neuronal information processing. The combination of 
molecules and their interactions determine how information is processed and to what 
degree the type of processing may change and information may be stored. While 
synaptic transmission in some brain regions, e. g. between certain neuron types in the 
hippocampus, cerebellum and neocortex, has been relatively extensively studied, there 
are other important brain regions for which available information is very scarce. The 
medial preoptic nucleus (MPN) in the anterior hypothalamic area is one such region. 
The MPN is a regulatory center for reproductive behaviour, and possibly this is its 
main function, although it has been ascribed roles also in homeostatic functions such 
as thermoregulation (Nakashima et al., 1985; Baffi & Palkovits, 2000; Jha et al., 
2001), control of arterial pressure (Hall & Behbehani, 1997), sleep-wakefulness 
(Mohan Kumar et al., 1993; Jha et al., 2001), osmoregulation (Robel et al., 1995; 
McKinley et al., 2004; Ciura & Bourque, 2006) and control of hormone secretion 
(Emery & Sachs, 1976; Fleming et al., 1980; Segovia & Guillamon, 1993). The 
anatomy of the MPN reflects its role in reproductive behaviour: The MPN is sexually 
dimorphic, the central part being several times larger in males than in females (Gorski 
et al., 1980) in all vertebrate species including man (Hofman & Swaab, 1989). The 
MPN exerts its various functions via widespread and diffuse bi-directional neuronal 
connections in the central nervous system (CNS) (Fig. 2) (Simerly & Swanson, 1986, 
1988). Control of reproductive behaviour, especially male sexual behaviour, is mainly 
provided by MPN connections with other brain regions involved in sexual behaviour 
(Simerly et al., 1986; Vertes, 2004; for review, see Hull & Dominguez, 2006). The 
MPN contains various chemical substances, e.g. peptide hormones, amino acids and 
monoamines that likely play important roles for MPN function. The functional role of 
the MPN suggests complex and highly organized information processing that likely 
requires different forms of synaptic plasticity, mediated by the specific set of ion 
channels and receptors present in MPN neurons. To provide a better understanding of  
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Figure 2. Functional anatomy of MPN connections  
Simplified schematic showing major inputs and outputs of the MPN. The structures depicted 
as ovals are involved in homeostatic functions and rectangles represent structures mainly 
contributing to the control of behaviour. The MPN sends projections to regions of the 
hypothalamus involved in the regulation of hormone release (AHA) and thermoregulation 
(DMH, PVZ) as well as receives signals from the PIT, which also controls thermoregulation, 
GnRH release, osmoregulation, blood pressure and is involved in the control of maternal 
behaviour. The MPN sends dense projections to brain regions involved in the control of 
female copulatory behaviour, LS and VMH (Simerly & Swanson, 1988; De Vries & Al-
Shamma, 1990; Pfaff et al., 1994; Micevych et al., 1997). The MPN is bi-directionally 
connected with brain regions involved in male sexual behaviour: BST, MEA, posterior 
thalamic nuclei and raphe nuclei. Among the pathways controlling sexual behaviour, the MPN 
receives main inputs from MEA, ventral subiculum, and LS (Simerly et al., 1986). In addition, 
the MPN receives inputs from insular cortical areas (Vertes, 2004), which participate in the 
control of visceral and autonomic activity, and from the ACB and the SI (Simerly & Swanson, 
1986). Thus, receiving inputs from limbic and infralimbic regions and projecting caudally to the 
hypothalamus and brainstem, the MPN is a key nodal point of the major sympathetic network 
in the medial preoptic area, which subserves affiliative, defensive and sexual behaviour 
(Westerhaus & Loewy, 1999). AHA, Anterior hypothalamic area; DMH, Dorsomedial nucleus 
hypothalamus; PVZ, Periventricular zone hypothalamus; PIT, pituitary gland; GnRH, 
Gonadotropin releasing hormone; LS, Lateral septal nucleus; VMH, Ventromedial nucleus 
hypothalamus; BST, Bed nuclei stria terminalis; MEA, Medial nucleus amygdala; ACB, 
Nucleus accumbens; SI, Substantia innominata. All abbreviations according to the 
nomenclature used by Swanson (1998). 
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the function of the MPN, a number of questions need to be answered. First, it should 
be clarified how MPN synapses function, e.g. which of the chemical substances 
present in the MPN function as primary neurotransmitters and which act as 
modulators of transmission and neuronal function in this region? Knowledge on the 
transmitters and receptor types involved is crucial not only to understand MPN 
function, but also for future possibilities to develop pharmacological agents that may 
affect disorders related to the MPN. Second, what forms of synaptic plasticity may be 
induced in the MPN and which transmitter systems may show such plasticity? These 
specific questions are addressed in the present thesis. 

Despite several anatomical, physiological and behavioural studies exploring various 
aspects of MPN activity, the data concerning the cellular functions are scarce and 
remain unclear. The first part of the present investigation (see Chapter 2) concerns the 
basic transmitter systems contributing to synaptic signaling in the area, their 
interaction and modulation. Further, we aimed at clarifying what common 
mechanisms of synaptic plasticity may underlie MPN physiological functions (see 
Chapter 3). Synaptic plasticity may occur both on short-term and long-term scales. 
The present study was focused on short-term forms of synaptic plasticity generated in 
the MPN. Chapter 3 of this thesis deals with short-term modification of excitatory as 
well as inhibitory transmission in MPN synapses. 

Synaptic plasticity is a highly regulated process. Ca2+ is a universal intracellular 
messenger that plays a critical role in the triggering of transmitter release as well as in 
the regulation of different forms of short-term plasticity (Del Castillo & Katz, 1954; 
Katz & Miledi, 1968; Zucker & Regehr, 2002). Transmitter release is often triggered 
by action potentials, but also occurs spontaneously, with quanta of transmitter 
released in the absence of presynaptic impulse activity (Fatt & Katz, 1950, 1952; Del 
Castillo & Katz, 1955). The physiological significance of the spontaneous transmitter 
release is not yet well understood. It was originally thought that spontaneous release 
was just “noise” or “leak” of transmitter with no defined physiological role. However, 
evidence is accumulating that this type of release may carry important synaptic 
information (Hirsch et al. 1999; Staley, 1999), play important roles in the 
maintenance of synaptic structures (McKinney et al. 1999) or in synaptic plasticity 
(Jensen et al. 1999; Kombian et al. 2000) and be involved in the pathology of multiple 
neurodegenerative diseases (Nishizawa, 2001; Lo et al., 2003; Hynd et al., 2004). In 
contrast to the situation for evoked transmitter release, the requirement of Ca2+ for 
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triggering action potential-independent transmitter release is less clear. Some findings 
suggest that spontaneous release is influenced by Ca2+ influx through a number of 
different types of presynaptic Ca2+ channels (for example, see Rhee et al., 2000). The 
rate of spontaneous release can also be changed by blocking high-threshold voltage-
gated Ca2+ channels (Koyama et al., 1999). However, despite intense efforts to clarify 
the mechanisms of regulation of spontaneous transmitter release from central nerve 
terminals, the role of Ca2+ is still not clear. In Chapter 4 we discuss the role of 
presynaptic Ca2+ in spontaneous transmission in MPN synapses. Thus, Ca2+ influx 
through high-voltage activated Ca2+ channels was shown to play dual and opposing 
roles in the control of spontaneous transmitter release onto MPN neurons. 
Surprisingly, L-type Ca2+ channels, although usually thought not to be involved in 
transmitter release, were shown to play essential roles in spontaneous release at MPN 
synapses. In Chapter 5 we present evidence that L-type Ca2+ channels are not only 
involved, but differentially control spontaneous and evoked transmitter release in 
MPN synapses. Such roles for L-type channels in evoked and spontaneous synaptic 
transmission at different patterns of presynaptic activity have to our knowledge not 
been previously recognized. 
 
Thus, the present thesis is the first attempt to systematically characterize the basic 
neurotransmitter systems in the MPN at a functional level, to analyse their interactions 
and modulation and to investigate what common mechanisms of synaptic plasticity 
may underlie the physiological function of the MPN. 
 
 

AIMS OF THE THESIS 
 

The main aims of the present thesis were:  

• to characterize the most common types of fast synaptic neurotransmission 
triggered by activation of presynaptic fibres to MPN neurons and to identify 
the receptor types mediating evoked postsynaptic responses in such neurons;  

• to establish what types of activity-dependent short-term modifications may be 
displayed by synapses mediating fast transmission in the MPN and to reveal 
the presynaptic mechanisms regulating the synaptic activity in the MPN; 

• to clarify the roles of presynaptic Ca2+ channels for transmitter release in MPN 
synapses under different conditions: basal neurotransmission and synaptic 
plasticity.



6 
 

METHODOLOGICAL CONSIDERATIONS 
 
In the present thesis, the functional characteristics of basic neurotransmitter systems 
in the MPN and possible functional synaptic plasticity were investigated using 
electrophysiological techniques applied to neurons from the MPN of male rats.  
 
 
1.1. Cell preparation 
 
Two in vitro preparations of male rat brain were used: (i) acutely dissociated neurons 
with adhering presynaptic terminals and (ii) neurons in situ in a slice preparation of 
brain tissue. The MPN was localized on basis of comparison with the atlas by 
Swanson (1998) and simultaneous identification of a corresponding area rich in cell 
bodies as seen in light microscope (Fig. 1 of paper II). In situ preoptic neurons were 
prepared for recording by cleaning with a stream of the extracellular solution applied 
from a glass pipette during microscopic inspection (cf. Edwards et al., 1989).  
 
Acute MPN slices have a clear advantage compared to dissociated neurons. The cells 
in the former preparation are likely to be much closer to the in vivo situation, with a 
more extensive dendritic tree, many synaptic connections and surrounding glial cells 
intact. A major drawback of the acute slice preparation is that application of test 
substances such as receptor agonists/antagonists and channel blockers can not be 
made as quickly as to isolated neurons. In general, the environment is less precisely 
controlled in slice preparations. Further, the presence of long neurites may prevent 
good voltage-clamp control and impose distortion of recorded signals at the cell body.  
 
Individual preoptic neurons were isolated from acute brain slices by a mechanical 
vibrodissociation technique (modified after Vorobjev, 1991), in which an oscillating 
glass rod with a blunt fire-polished tip (diameter ~ 0.5 mm) was applied to the surface 
of a slice, at the site of the MPN. This preparation allows neurons of a very small and 
well-defined region of the slice to be dissociated. Moreover, by using acute enzyme-
free dissociation, we enabled preservation of many presynaptic nerve terminals in a 
functional state and could study their properties with influence of other presynaptic 
structures reduced. In addition, the absence of neurites at the postsynaptic cell enabled 
well-controlled voltage-clamp conditions, the close location of synapses to the 
recording pipette minimized distortion of synaptic currents, and rapid changes of test 
solutions was possible. A disadvantage of this preparation, besides less physiological 
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conditions, is the difficulty to depolarize nerve terminals by electrical stimulation, due 
to their small size. However, it is possible to depolarize these terminals by raising the 
external K+ concentration in a quantitatively controlled manner (Haage et al., 1998; 
Akaike & Moorhouse, 2003). The combination of two in vitro preparations, 
substantially complementing each other, in the present thesis provided a good 
opportunity to study and analyze the properties of MPN synapses.  
 
 
1.2. Electrophysiological recordings 
 
In the present thesis, MPN functions on the cellular level were examined by 
extracellular presynaptic stimulation with simultaneous recording of postsynaptic 
responses. Earlier studies of evoked synaptic responses within the MPN have used 
extracellular recording techniques (Mayer, 1981; Kendrick, 1982). However, in such 
conditions, synaptic currents have not been characterized and several types of 
synaptic responses may have been missed. In the present study, the patch-clamp 
technique was used. Briefly, in this method a glass micropipette having a tip diameter 
of ~ 1 μm is used as the recording electrode. The tip is brought into close contact with 
the cell surface, and subsequently a mechanically strong and electrically tight seal is 
obtained by gentle suction applied to the interior of the pipette (Hamill et al., 1981). 
In the present study, whole-cell signals were recorded with the perforated-patch 
technique. This method is based on addition to the pipette-filling solution of 
antifungal substances, which produce tiny pores that become incorporated in the cell-
membrane under the pipette tip, permeable only for monovalent ions (Horn & Marty, 
1988) and prevent washout of intracellular factors that may be of importance for the 
signals to be recorded. Several different pore-forming antifungal agents exist. The 
polyene antibiotic amphotericin B, which forms pores permeable for monovalent 
cations and anions, such as Cl- (Rae et al., 1991), has been used in the main body of 
experiments in this thesis. Another agent, gramicidin, allows conduction of only 
monovalent cations, and therefore, does not disturb the intracellular Cl- concentration. 
The gramicidin-perforated patch-clamp technique was here used to estimate the 
precise intracellular concentration of Cl- ions.   
 
In the prepared slices, we stimulated presynaptic fibres within the MPN and 
neighboring regions and recorded several different types of evoked as well as 
spontaneous postsynaptic responses from the medial preoptic neurons (Fig. 3). Under 
current-clamp conditions, a known current was applied by the recording pipette and 
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the membrane potential of postsynaptic cells measured. The main body of the data in 
the present thesis was obtained under voltage-clamp conditions. This provides several 
experimental advantages, such as reducing the influence of the capacitative current, 
providing currents that largely reflect the membrane conductance and offering control 
of membrane potential of the cell body and proximal parts of dendrites.  
 
 
1.3. Methodological implications of MPN anatomy 
 
The anatomy of the MPN is characterized by widespread and diffuse bi-directional 
neuronal connections with other structures in the CNS (Simerly & Swanson, 1986,  
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Figure 3. Electrical recording in the MPN-containing slice preparation 
Left: Schematic diagram of the experimental setup used for slice preparations. The patch 
pipette is attached to the postsynaptic cell and connected to the recording amplifier, a 
stimulation electrode is used to excite presynaptic nerve fibres, and the perfusion pipette 
provides quick exchange of test solution. The diagram shows the circuit for current recording 
under voltage-clamp conditions, but alternatively the membrane potential was recorded under 
current-clamp conditions. Right: Coronal brain section (one side, for simplicity) showing the 
location of the MPN. Modified after Swanson (1998). MPN, medial preoptic nucleus (dark 
region); aco, anterior commissure; cc, corpus callosum; BST, bed nuclei stria terminalis; opt, 
optic tract; V3, third ventricle; VL, lateral ventricle. 
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1988). In contrast to some brain structures (e. g. the hippocampus and neocortex), the 
MPN is not organized according to easily discerned principles. Thus, no distinct cell 
layers with obvious grouping of cell types or fibre paths are seen at microscopic 
inspection. Such anatomical features naturally complicate the identification of the 
origin of the experimentally stimulated presynaptic fibres. However, the preparation 
provides an opportunity to identify the transmitters involved in synaptic transmission 
in the MPN, which is innervated by fibres releasing many putative transmitters and 
neuromodulators (Simerly et al., 1986). In a series of preliminary experiments, we 
made an attempt to study synaptically connected neurons within the MPN and its 
close vicinity by simultaneously applying patch pipettes to two neuronal cell bodies. 
However, stimulation and excitation of one cell never resulted in synaptic signals in 
the other (unpublished data), and therefore we may assume that the synaptic 
connectivity between cells within the MPN is low. Further, extracellular stimulation 
of presynaptic fibres with the stimulus electrode placed at any position within the 
MPN, used in a majority of experiments, did not reveal any obvious differences in the 
nature of evoked responses besides the excitatory or inhibitory characteristics 
described below. Such relative homogeneity suggests a limited number of possible 
transmitters involved in synaptic transmission in the MPN. At the same time, these 
experiments allow a small number of presynaptic fibres within the MPN to be 
activated upon stimulation, with the number of recruited fibres depending on stimulus 
strength (see paper I). The MPN is bi-directionally connected with other sexually 
dimorphic nuclei, involved in male sexual behaviour, including the posteromedial bed 
nucleus of the stria terminalis (BST). The relatively close location of the BST to the 
MPN (Fig. 3) provides a methodological opportunity for recording responses evoked 
by extracellular stimulation of presynaptic inputs from the BST. Such responses 
differed from those obtained upon stimulation within the MPN only by the delayed  

 
Figure 4. Comparison of evoked 
postsynaptic currents at stimulation in the 
MPN and in the BST Representative eIPSCs, 
evoked by stimulation (2.0 Hz) within the MPN 
and in the BST (as marked) respectively, 
recorded from two different cells within the 
MPN. Holding potential 0 mV. Averages of 
responses only (n = 185 for MPN, n = 167 for 
BST). Note the similarity and the delayed 
onset (~ 11.5 ms) after stimulation in the BST 
when compared with stimulation within the 
MPN. 
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appearance after stimulation (unpublished data, Fig. 4). However, responses recorded 
upon stimulation within the BST may represent inputs passing the BST from other 
brain areas. In summary, extracellular stimulation of presynaptic fibres within or in 
the vicinity of the MPN enabled addressing the aims of the present study. 
 
 
1.4. Age    
 
In the present study, brain slices containing the preoptic area were obtained from 
young (3 - 4 weeks) male rats. These rats are prepubertal (puberty being reached at an 
age of ~ 40 days in male rats; Meisel & Sachs, 1994) and the MPN likely undergoes 
some plasticity that is “developmental” in nature. Certain patterns of sexual 
behaviour, however, appear at early juvenile stages and serve as a basis for 
development of normal sociosexual behaviour in adult animals (Hård & Larsson, 
1971; Hernandez-Gonzalez, 2000). Therefore, in the MPN from young rats, we may 
expect also some synaptic plasticity that may serve functions not largely different 
from those of the adult MPN. Understanding how synaptic plasticity in the MPN 
reflects different developmental stages would require more extensive analysis than 
presented here, but in principle, we may expect plasticity that may serve 
developmental as well as other functions in the rats studied.  
 
 
1.5. Temperature  
 
All experiments in the present study were performed at room temperature, 21 - 23º C. 
Methodologically, a temperature lower than physiological implies advantages as well 
as disadvantages. First, the low temperature reduces the metabolism in the tissue and 
hence slows slice deterioration and increases neuronal survival (Kataoka & Yanase, 
1998), facilitating long-time experiments on synaptic plasticity. Second, at low 
temperatures, recorded currents are slower and more easily separated from 
capacitative currents than at higher temperatures. In addition, it is easier to obtain the 
necessary tight seal between recording pipette and cell membrane when performing 
patch-clamp experiments. However, slowing of processes at lower temperatures may 
cause differences in e. g. recorded synaptic plasticity and future complementing data 
at higher temperatures would be desirable. However, the data obtained under room-
temperature conditions may be corrected, as described in Chapter 3, for a better 
comparison with data observed in vivo.  
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Chapter 2. NEUROTRANSMISSION IN THE MPN 
 
 
2.1. Fast excitatory neurotransmission in the MPN 
 
Neurotransmission in the hypothalamic area was long thought to be mediated mainly 
by peptides (Simerly et al., 1986). More recent work, however, suggests that fast 
neurotransmission within this brain area is mainly provided by amino acids. Thus, a 
number of studies (Eyigor et al., 2004; Dominguez et al., 2006) have shown that, in 
similarity with most other brain regions, excitatory transmission in this area is 
mediated by glutamate – the major excitatory transmitter elsewhere in the CNS. The 
MPN receives rich glutamatergic inputs from local structures as well as from several 
telencephalic and diencephalic structures (Kiss et al., 2003). Moreover, different types 
of glutamate receptor were shown in the MPN (Meeker et al., 1994; Eyigor et al., 
2001).  
 
In the CNS, the fast excitatory neurotransmission is mainly realized via ionotropic 
glutamate receptors, pharmacologically distinguished by specific binding of the 
agonists N-methyl-D-aspartate (NMDA), kainic acid (KA), and α-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) – under physiological conditions, in 
vivo, activated by L-glutamate. Each receptor is composed of four subunits. The 
subunit composition of the functional glutamate receptors is highly variable, and each 
combination of different subunits results in unique physiological properties of the 
channel. AMPA receptors consist of GluA1–GluA4 subunits (Hollmann & 
Heinemann, 1994; the new IUPHAR nomenclature; Collingridge et al., 2009). The 
most abundant receptor subunits expressed in the MPN are GluA1 and GluA2. To a 
smaller degree, GluA4 is also expressed (Eyigor et al., 2001).  
 
Depending on the subunit composition, AMPA and KA receptors form largely 
voltage-independent ion channels, permeable for Na+ and K+ ions and, to a variable 
extent, Ca2+ ions. The permeability of KA receptors to Ca2+ is usually very low. The 
permeability to Ca2+ may be crucial for the physiological and/or pathological role of 
the glutamate receptor (Goldberg et al., 1996; Racca et al., 1996). Functionally, 
AMPA receptors are involved in various forms of synaptic plasticity in many brain 
areas. The functional role of AMPA receptors in MPN synapses has not been 
previously established. We assumed that medial preoptic AMPA receptors may play a 
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role in synaptic plasticity. One of the aims of the present investigation is to clarify the 
functional role of AMPA receptors in MPN signalling. 
 
KA receptors were previously believed to be largely presynaptic (Schmitz et al., 
2001). However, more recent evidence indicates that they play an important role in 
both pre- and post-synaptic locations (Abram & Olson, 1994; Lerma et al., 1997; 
Vignes et al., 1997; Wilding & Huettner, 1997; Huettner, 2003). Although KA 
receptors show a more limited distribution compared with other types of glutamate 
receptors, they play roles in various functions and diseases of the CNS, such as 
epilepsy and excitotoxicity (for review, see Vincent & Mulle, 2009), sensory 
transduction (Lee et al., 2004) and synaptic plasticity (Bortolotto et al., 1999). 
Molecular cloning has identified five KA receptor subunits (GluK1- GluK5), which 
co-assemble in various combinations to form functional receptors. The GluK5 
receptor subunit, which does not appear to form functional ion channels (Bleakman, 
1999), is the abundant GluK subunit in medial preoptic neurons (Wisden & Seeburg, 
1993) and a moderate number of GluK2 and GluK3 subunits are expressed in the 
MPN (Eyigor et al., 2001). The role of these receptor subunits in the MPN is not 
clear.  
 
The NMDA receptor is another type of glutamate-gated ion channel expressed in the 
MPN. NMDA receptors are unique in requiring both agonist binding and membrane 
depolarization to open. Usually, NMDA receptors coexist with either AMPA or KA 
receptors and are involved in amplification of the glutamate-induced signal. NMDA 
receptors consist of the mandatory GluN1 subunit and variable subunits GluN2A–
GluN2D (Hollmann & Heinemann, 1994). The ion channels formed by different 
combinations of NMDA receptor subunits are highly permeable for Ca2+ ions (less for 
Na+ and K+) and are blocked in a voltage- and use-dependent manner by physiological 
concentrations of extracellular Mg2+ ions (Nowak et al., 1984). Mg2+ can be displaced 
from the channel by depolarization of the membrane. This unique property implies 
that the receptor senses the membrane potential and opens only when the neuron is 
depolarized. Moreover, for opening of the NMDA receptor channels, the presence of 
the co-agonist glycine or D-serine is required (Johnson & Ascher, 1987; Matsui et al., 
1995). NMDA receptors play a key physiological role in plastic changes of synaptic 
communication and a pathological role, in the case of over-activation of NMDA 
receptors as in excitotoxicity (for review, see Waxman & Lynch, 2005). In the MPN, 
there are only a moderate number of GluN1 subunits (Eyigor et al., 2001). Their roles 
in synaptic transmission within the MPN have not been previously established.   
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Earlier electrophysiological studies suggest that glutamate contributes to fast 
neurotransmission in the MPN via different types of glutamate receptors. Thus, MPN 
neurons show spontaneous excitatory postsynaptic currents attributed to non-NMDA 
glutamate receptors (Hoffman et al., 1994b) and directly respond to exogenously 
applied glutamate with currents that could be attributed to AMPA/kainate receptors 
respectively (Karlsson et al., 1997b). Moreover, direct application of AMPA and 
NMDA elicits currents, which may be attributed to AMPA- and NMDA receptors 
(Karlsson et al., 1997b). 
 
In summary, the expression of specific types of ionotropic glutamate receptors in the 
MPN suggests multiple types of ion channels regulated by glutamate in this area. 
Several lines of evidence from the literature provide support for the idea that 
glutamate is an important transmitter for the MPN. However, the functional role of 
glutamate receptors expressed in the MPN has not been previously established.  
 
 
2.2. Fast inhibitory neurotransmission in the MPN  
 
GABA (γ-aminobutyric acid) and glycine are two amino acids that contribute 
crucially as neurotransmitters in the CNS, with many functional similarities. GABA is 
present throughout the CNS while glycine occurs predominantly in the interneurons of 
the brainstem and spinal cord. GABA as well as glycine activates ionotropic receptors 
(GABAA-, GABAC- and glycine-receptors) with channels permeable to Cl- and (to a 
smaller extent) to HCO3

- (Kaila, 1994), thereby mediating fast transmission. Each of 
these receptors is composed of five subunits, with a large number of subunit 
combinations possible and resulting variations in detailed properties. (GABA may 
also activate metabotropic GABAB receptors.) In mature CNS neurons, the 
predominant effects of GABA and glycine are inhibitory. However, this is a 
consequence of the electrochemical gradients for the permeant ions Cl- and HCO3

-, 
and the effects may be excitatory e.g. when the intracellular Cl- concentration is 
relatively high and the membrane depolarizes significantly upon channel opening. The 
latter condition has been found for instance in many neurons early in development. 
Dysfunction of GABA neurotransmission is involved in different diseases including 
epilepsy, mood disorders and disturbance of movement control (spinal and cerebellar 
reflexes). Glycine participates in a variety of motor and sensory functions. As noted 
above, glycine also functions as a co-agonist at the NMDA receptor (for review, see 
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Kemp & Leeson, 1993). Thus, glycine mediates both inhibitory and excitatory 
functions within the mature CNS. In spite of a substantial number of glycine-
immunoreactive fibres present in the medial preoptic area (Rampon et al., 1996) and 
that glycine application to isolated MPN neurons generates strychnine-sensitive 
currents (Karlsson et al., 1997a), there is no direct evidence for participation of this 
receptor type in synaptic transmission in the MPN. Most of the MPN neurons are 
GABA-producing (Gao & Moore, 1996). In electrophysiological studies, it has been 
shown that inhibitory postsynaptic potentials (Mayer, 1981; Hoffman et al., 1994a) as 
well as membrane currents generated by direct application of exogenous GABA to 
MPN neurons (Karlsson et al., 1997b) are sensitive to GABAA-receptors blockers. 
Thus, it seems likely that GABA as well as glycine may contribute to synaptic 
transmission in the MPN. Below (section 2.5), the present thesis deals with the 
functional role of GABA and glycine as possible inhibitory transmitters in the MPN.  
 
 
2.3. Modulation of fast neurotransmission in the MPN 
 
There are a remarkable number of chemical substances that affect synaptic 
transmission. Modulation of fast transmission by monoamines is important for 
numerous physiological functions and pathological conditions. Serotonin (5-
hydroxytryptamine, 5-HT), a transmitter and neuromodulator, is widely distributed in 
the mammalian CNS, where it plays a role in sleep, cognition, sensory perception, 
motor activity, temperature regulation, appetite, hormone secretion, nociception, and 
sexual behaviour (Jacobs & Azmitia, 1992). 5-HT modulates the balance between 
excitation and inhibition in neuronal networks and hence influences behavioural 
responses dependent on signaling processing in different brain areas. A number of 
behavioural studies demonstrated that preoptic 5-HT regulates male sexual behaviour 
via inhibitory effects on sexual motivation and performance (Verma et al., 1989; 
Gorzalka et al., 1990; Zajecka et al., 1991; Fernandez-Guasti et al., 1992; Hull et al., 
2004). All known 5-HT receptors, except for the 5-HT3 receptor which is a ligand-
gated ion channel (Maricq et al., 1991), are members of the metabotropic, G-protein-
coupled receptor family and widely distributed over the brain. In the MPN, at least 
two receptor subtypes, 5-HT1A and 5-HT1B, are present (Pazos & Palacios, 1985). 
Anatomical and histochemical studies have reported that the MPN is innervated by 5-
HT-containing nerve fibres originating from cell bodies in the dorsal and median 
raphe nuclei and the region adjacent to the medial lemniscus (Simerly et al., 1984). 
Moreover, 5-HT metabolism in the medial preoptic area is closely linked to 
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physiological changes in brain temperature (Imeri et al., 1999) and 5-HT contributes 
to the sexual development of males during the prepubertal period (Shishkina & 
Dygalo, 2000). Although evidence for a clear role in synaptic transmission within the 
MPN has been lacking, it seems obvious that 5-HT plays an important role in 
controlling the functions of the MPN.  

 
 
2.4. AMPA and NMDA receptors contribute to excitatory synaptic transmission in the  
      MPN 
 
Here, experimental results on fast excitatory neurotransmission in the MPN are 
presented. The experiments were designed to characterize evoked postsynaptic 
currents recorded under voltage-clamp conditions. The obtained data provided direct 
evidence that AMPA and NMDA receptors mediate the fast excitatory transmission in 
the MPN (paper I). On the basis of pharmacological properties, kinetics and I-V 
relations of the recorded postsynaptic currents, we first assumed that AMPA or KA 
receptors mediated the observed responses. Thus, a main portion of the recorded 
postsynaptic current was sensitive to NBQX, which blocks both AMPA and KA 
receptors (for review, see Jane et al., 2009). To further specify which of these receptor 
types that mediate the current, we used GYKI 52466, which selectively blocks AMPA 
receptors (Paternain et al., 1995; Wilding & Huettner, 1995). GYKI 52466 completely 
blocked the postsynaptic currents (Fig. 5; unpublished data), providing the first 
evidence that mainly AMPA, but not KA, receptors contribute to excitatory 
neurotransmission in the MPN. Since in previous studies of synaptic transmission 
within the MPN, NMDA receptor-mediated currents were not detected (Hoffman et 
al., 1994b; Hall & Behbehani, 1997), our findings present the first direct evidence that  

 
                                                                                              
Figure 5. GYKI-induced block of eEPSCs 
At -84 mV, EPSCs evoked by presynaptic 
stimulation within the MPN were completely 
blocked by the selective AMPA-receptor 
blocker GYKI 52466 (200 μM). Currents in 
control situation and in the presence of 
GYKI, as marked. Similar observations were 
observed in six different MPN neurons 
studied. (Stimulus artifacts removed by 
subtraction of averaged traces without 
responses.) 

Control

GYKI (200 μM)

5.0 ms

4.0 pA
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NMDA receptors do contribute to excitatory synaptic transmission in this area. Thus, 
the slightly sigmoidal I-V relation, the reversal potential close to 0 mV and the block 
of the slow component of the outward currents at positive potentials by the NMDA-
receptor blocker MK-801 allow concluding that this slow component was mediated by 
NMDA receptors (paper I). 
 
Since all synaptic currents were abolished by the Na+-channel blocker tetrodotoxin 
(TTX), which blocks presynaptic impulse generation, our results suggest that 
presynaptic impulse generation in the MPN triggers glutamate release, which activates 
AMPA as well as NMDA receptors at postsynaptic neurons. 
 
 
2.5. GABAA is the main receptor type that contributes to inhibitory synaptic 
       transmission in the MPN 
 
The present study (paper I) provides direct evidence that GABA is the main substance 
contributing to inhibitory synaptic transmission in the MPN. On the basis of 
pharmacology, kinetics and I-V relation, we concluded that electrical stimulation of 
presynaptic fibres reaching the MPN leads to GABA release with subsequent 
activation of postsynaptic GABAA receptors. Thus, under voltage-clamp conditions, 
we recorded picrotoxin-sensitive evoked postsynaptic currents with kinetics and I-V 
relation consistent with currents mediated by GABAA-receptor activation. In the 
studied medial preoptic neurons, the main effect of GABA appears to be inhibitory. 
Thus, in electrophysiological experiments on isolated MPN neurons, under current-
clamp conditions with the gramicidin-perforated patch-clamp configuration, which 
does not alter the intracellular Cl- concentration, direct application of exogenous 
GABA triggers a hyperpolarization (Fig. 6A) and under voltage-clamp conditions, 
GABA-mediated mIPSCs show a reversal potential of ~ -70 mV (Fig. 6B) suggesting 
an intracellular Cl- concentration ([Cl–]i of ~ 9 mM. However, the situation may be 
different for presynaptic nerve terminals on MPN neurons, where [Cl–]i may be ~ 17 
mM and the effect of GABA depolarizing (Haage et al., 2002). 
 
In the present study (paper I), we were not able to detect any postsynaptic current 
mediated by glycine receptors. We assume, therefore, that glycine receptors in MPN 
neurons do not contribute much to synaptic transmission, similarly as has been shown 
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Figure 6. Inhibitory action of GABA and negative reversal of GABA-mediated sIPSCs 
A, Spontaneous action potential firing, recorded by the gramicidin-perforated patch technique, 
of an isolated MPN neuron is abolished by application of 1.0 mM GABA. Although many MPN 
neurons show a more positive resting potential, GABA is inhibitory also when the apparent 
resting potential (i. e. most stable potential between impulses) is ~ -64 mV, as indicated. B, 
GABA-mediated sIPSCs, recorded by the gramicidin-perforated patch technique, show a 
reversal potential near -70 mV. Similar findings were obtained from four different cells. 
 
 
for hippocampal CA3 pyramidal neurons (Mori et al., 2002). In the latter case, glycine 
receptors may be activated by endogenous non-synaptic ligands, such as β-alanine 
and/or taurine, giving rise to a background current that could shunt synaptic signals. A 
similar role for glycine receptors in the MPN seems likely. 
 
 
2.6. 5-HT inhibits excitatory AMPA-receptor-mediated and inhibitory GABAA- 
       receptor-mediated neurotransmission in the MPN 
  
The present findings (paper I) lead to the conclusion that 5-HT is not likely to 
function as a primary neurotransmitter in the MPN, since no direct postsynaptic 
responses were evoked by electrical stimulation of presynaptic fibres within the MPN 
nor by application of exogenous 5-HT. However, we hypothesized that 5-HT may 
modulate excitatory glutamatergic and/or inhibitory GABAergic transmission in the 
MPN, since 5-HT may modulate signals mediated by other primary transmitters (for 
example, see Schmitz et al., 1998). Indeed, application of exogenous 5-HT suppressed 
the release probability in glutamate- and GABA-containing presynaptic nerve 
terminals with following inhibition of evoked postsynaptic currents mediated by 
AMPA- and GABAA-receptors, respectively. Later, our data have been confirmed by 
Lee et al. (2008) who investigated presynaptic mechanisms of serotonergic inhibition 
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of the GABAergic and glutamatergic synaptic transmission onto MPN neurons and 
identified the receptor type mediating such modulation. Their findings suggest that 5-
HT acts on the GABAergic and glutamatergic transmission through 5-HT1A- and 5-
HT1B- receptor-mediated inhibition, respectively.  
 
 
Conclusions for Chapter 2 
 
In conclusion, it is clear from the present work (paper I) that the thin MPN-containing 
hypothalamic slice preparation is suitable for studying evoked transmission in the 
MPN. Although visual identification of presynaptic pathways in the MPN is difficult 
due to the lack of clear anatomical organizing principles, the preparation provides the 
opportunity to detect several types of transmitter input to the MPN and therefore is 
suitable for characterizing the types of synaptic responses generated in MPN neurons, 
corresponding to the first aim of this thesis. The method used enables stimulation of a 
small number of presynaptic fibres and therefore an analysis of transmitter release 
probability. This implies an analytical advantage for evaluating pre- or post-synaptic 
sites of action, as used here (paper I) with respect to the effects of 5-HT and in the 
subsequent analysis of synaptic plasticity (paper II). We conclude that in the MPN, 
evoked presynaptic transmitter release occurs in a stochastic manner and depend on 
Ca2+. Further, the stochastic properties of transmitter release may be reflected in 
stochastic impulse generation in MPN neurons. Summarizing the results obtained in 
paper I, we may also conclude that the most common types of postsynaptic receptors 
mediating fast synaptic transmission in the MPN are AMPA, NMDA, and GABAA 
receptors. In contrast, no evidence was found for glycine receptors, which are present 
in MPN neurons, or other receptor types contributing directly to fast transmission 
within the MPN. Although no evidence was found for 5-HT being a primary 
transmitter regulating MPN neurons, evidence that glutamatergic and GABAergic 
transmitter release from presynaptic nerve terminals on MPN neurons is under 
inhibitory control of 5-HT was presented. In conclusion, we may assume that different 
combinations of receptor types can influence the specific functional synaptic features 
in the MPN. These combinations may provide the basic infrastructure necessary for 
signal processing within the MPN.  
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Chapter 3. SYNAPTIC PLASTICITY IN THE MPN 
 
 

3.1. Synaptic plasticity 
 
During physiological activity, the efficacy of transmission at a synapse may change in 
increasing or decreasing direction, thus revealing a degree of synaptic plasticity. 
Synaptic plasticity may be categorized in different ways, depending on the direction 
of efficacy changes, time scale, induction mechanism etc. The type of plasticity and 
degree of changes are often use-dependent, that is, dependent on the pattern of 
impulse activity in pre- and/or post-synaptic cells. Synaptic plasticity may be purely 
functional, but may in some cases also involve changes in neuronal morphology. The 
present work is focused on the functional aspects of synaptic plasticity. 

With respect to time scale, functional synaptic plasticity is usually classified into 
short-term and long-term plasticity. The former occurs in the time range from a few 
milliseconds to tens of minutes (Magleby, 1987; Zucker, 1989; Zador & Dobrunz, 
1997; Dobrunz & Stevens, 1999; Thomson, 2000; for review, see Zucker & Regehr, 
2002), while long-term changes, such as long-term depression (LTD) and long-term 
potentiation (LTP), may last for several hours or days (Linden & Connor, 1995, for 
review see Bennett, 2000). The long-lasting changes in communication between 
neurons is widely considered as the major cellular mechanism of learning and 
memory. LTP is governed by multiple mechanisms. The main molecular substrate for 
LTP is postsynaptic NMDA receptors causing amplification of a glutamate-mediated 
signal. Activation of the NMDA receptor occurs on condition that glutamate is bound 
simultaneously as the postsynaptic membrane is sufficiently depolarized and results in 
Ca2+-influx initiating a set of biochemical changes that alter both the short- and long-
term properties of the synapse. The ability to sense presynaptic activity (through the 
binding of released glutamate) and postsynaptic activity (through sensing membrane 
potential) implies that the NMDA receptor associates the two activities. Such 
associativity is one of the central criteria for a molecule involved in learning. Since 
NMDA receptors are present and may contribute to fast neurotransmission at MPN 
synapses (see above), it seems likely that they may be involved in different forms of 
synaptic plasticity, possibly including LTP, in this brain area.  

 
The present thesis, which is a first attempt to analyze synaptic plasticity within the  
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MPN, concerns short-term plasticity. Short-term synaptic plasticity is thought to 
regulate the activity of neural networks and information processing throughout the 
nervous system (Zucker & Regehr, 2002; Abbott & Regehr, 2004). On a short time 
scale, several different forms of increase in synaptic efficacy, with different kinetics, 
have been described: facilitation, augmentation and post-tetanic potentiation (PTP). In 
addition, the term enhancement is sometimes used to describe an increase in efficacy 
on the hundreds of milliseconds time scale. Often, however, as here, this is included 
in the term facilitation (Mallart & Martin, 1967; Zucker & Regher, 2002). An 
example of this type of short-term plasticity, described in the present thesis (paper II), 
is paired-pulse facilitation (PPF), characterized by the increase in response to the 
second, with respect to the first, of a pair of stimuli. Facilitation may also be observed 
during brief trains of action potentials, reflected in the successive growth of 
postsynaptic responses within about a second. In general, facilitation decays with time 
constants of a few tens or hundreds of milliseconds. Augmentation decays with a time 
constant of ~ 5 - 10 seconds (Kalkstein & Magleby, 2004; Catterall & Few, 2008). 
The magnitude of augmentation added by each impulse can increase during the train. 
PTP is expressed as an integrated effect of tetanus – a high-frequency impulse train – 
and may lead to a many-fold increase in synaptic efficacy. This form of short-term 
synaptic plasticity shows the longest duration and decays with a time constant that 
ranges from tens of seconds to minutes, depending on the duration of stimulation 
(Magleby & Zengel, 1976; McNaughton, 1982). PTP was observed in the present 
study, at inhibitory GABAergic (paper IV) as well as at excitatory glutamatergic (see 
below) MPN synapses. During stimulus trains in the physiological frequency range, 
multiple forms of plasticity often take place and at some synapses augmentation and 
PTP are not easily separable. All the forms of short-term plasticity mentioned above, 
are thought to depend on mainly presynaptic mechanisms and are associated with or 
triggered by an increase in internal Ca2+ concentration that builds up with and decays 
after repetitive stimulation (for review, see Zucker & Regehr, 2002). The “residual 
Ca2+ hypothesis” suggests that the increase in synaptic efficacy is caused by an action 
of Ca2+ remaining in the nerve terminals after the conditioning stimulus (Katz & 
Miledi, 1968; Zucker & Regher, 2002). 
 
The forms of synaptic plasticity expressed as a reduction of synaptic efficacy are 
referred to as depression and, depending on the experimental paradigm and synapse 
type, can recover with time constants ranging from 500 ms to minutes (Takeuchi, 
1958; Magleby, 1973; Dittman & Regehr, 1998; Wu & Betz, 1998; Stevens & 
Wesseling, 1999; Wesseling & Lo, 2002). Paired-pulse depression (PPD) is a form of 
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short-term synaptic depression, induced by a similar experimental paradigm as PPF 
(see above) (paper II). Depression has been attributed to several mechanisms, 
including depletion of synaptic vesicles available for release during trains of 
presynaptic action potentials (Zucker & Regehr, 2002), inactivation of presynaptic 
voltage-dependent Ca2+ channels (Kavalali, 2007) and postsynaptic processes such as 
receptor desensitization (Jones & Westbrook, 1996).  
 
A postsynaptic neuron may receive multiple synaptic signals combining facilitation 
with depression, which have to be considered during analysis (Magleby, 1987; 
Tsodyks & Markram, 1997; Varela et al., 1997; Dittman et al., 2000). Short-term 
plasticity may change the dynamic balance between excitation and inhibition in local 
circuits and produce neuronal response characteristics that are dependent on previous 
activity (Buonomano, 2000). Depending on the way in which a signal is interpreted by 
a postsynaptic neuron (i.e. either as excitatory or inhibitory), each neuron type has its 
specific way of responding. Although synapses throughout the brain share many 
features, synaptic properties, including synaptic plasticity, may differ significantly in 
separate brain areas (Manabe et al., 1993; Schönrock & Bormann, 1993; Wu & 
Saggau, 1994; Debanne et al., 1996; Schikorski & Stevens, 1997; Varela et al., 1997; 
Reyes & Sakmann, 1999; Thomson & Bannister, 1999; Thomson, 2000; Losonczy et 
al., 2002). Various forms of short-term synaptic plasticity have been intensively 
studied in many synapse types (hippocampal, cortical, neuromuscular junction etc.). 
However, there has been a lack of detailed information concerning use-dependent 
synaptic modification in the MPN.  
 
 
3.2. Synaptic plasticity in the MPN 
 
Since short-term synaptic plasticity provides a highly flexible and adaptive 
mechanism that may contribute significantly to temporal information processing in 
systems ranging from single synapses to highly complex neural circuits, it seems 
likely that it is crucial also to the function the MPN. The MPN has been suggested to 
form part of a control column that integrates cognitive and sensory information with 
information on the behavioural state to regulate complex social behaviour (Swanson, 
2000). The most clearly established function of the MPN is regulation of reproductive 
behaviour, for which this nucleus is essential (Christensen et al., 1977; Arendash & 
Gorski, 1983; Shimura et al., 1994; Coolen et al., 1996; Balthazart et al., 2001). 
Reproductive behaviour is subject to experience-dependent modifications. Thus, for 
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example, the partner preference and temporal aspects of sexual behaviour change with 
experience (see e.g. Larsson, 1959; Dewsbury, 1969; Matuszczyk & Larsson, 1994; 
Powell et al., 2003). The neural mechanisms underlying these changes are not well 
understood, but it seems likely that different forms of synaptic plasticity within the 
MPN contribute to these modifications (Lumley & Hull, 1999). Thus, sexual 
behaviour is facilitated in non-copulating male rats by local neural changes produced 
by kindling-like stimulation (Paredes et al., 1990). Kindling is a model of neuronal 
plasticity, in which repeated electrical stimulation of certain brain areas leads to the 
progressive development of motor seizures. It has also been shown that this type of 
stimulation within the medial preoptic area, without seizure development, can induce 
permanent behavioural changes (Portillo et al., 2003). We, therefore, hypothesize that 
MPN synapses may be subject to activity-dependent plasticity, on short as well as 
long time scales. Indeed, different short-term changes in synaptic activity of MPN 
neurons have been observed in response to stimulation of the amygdala and the 
piriform cortex, leading to the suggestion that these pathways may be involved in 
short-term memory (Racine et al., 1975; Hamamura & Yagi, 1980). In the latter 
studies, however, neither transmitters nor receptors underlying the plasticity were 
identified and the relatively complex stimulation protocols were not varied 
systematically. In the present work, we address activity-dependent changes in MPN 
synapses. Although some data suggest that excitatory amino acids are involved in the 
regulation of MPN function (see above), excitatory synaptic plasticity has previously 
not been described for this nucleus. Here, we examine activity-dependent functional 
plasticity in glutamatergic as well as in GABAergic MPN synapses.  
 
 
3.3. Frequency-dependent synaptic efficacy of AMPA-receptor-mediated transmission 
       in the MPN 
 
First, we studied the short-term dynamics of synaptic transmission under various 

frequencies of presynaptic stimulation at excitatory glutamatergic MPN synapses. 
Since the AMPA receptors are mostly involved in the short-term plasticity, we 
examined activity-dependent alterations of AMPA-receptor-mediated transmission. 
For this purpose, experiments were performed under conditions when NMDA 
receptors were blocked and currents through GABAA receptors negligible (see paper 
II). One of the simplest stimulus paradigms to study stochastic transmission and 
activity-dependent modifications is repeated stimulation at a steady rate. When 
stimulus trains in the range 0.2 to10 Hz were applied to presynaptic fibres within the 
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MPN, the synaptic efficacy depended dramatically on the frequency. The average 
response amplitude showed a peak at 2 Hz and a minimum at 0.25 Hz. Analysis of 
individual cells revealed considerable between-cell variability, suggesting that MPN 
synapses are differently “tuned” among neurons to transmit information most 
efficiently at specific frequencies. Thus, MPN synapses function like band-pass 
filters. The variation in optimal frequency for effective transmission between cells, 
thus, provides an individual tuning of the postsynaptic neurons with respect to 
incoming signals. 
 
To determine the mechanism underlying the frequency dependence of synaptic 
efficacy we took advantage of the probabilistic nature of the responses observed in the 
MPN neurons. The response probability strongly depended on the stimulation 
frequency in a similar manner as did the response amplitude. Since the response 
probability is likely to depend on presynaptic factors (determining whether vesicular 
release will occur), we may conclude that mainly presynaptic factors determined the 
activity-dependent modifications of synaptic efficacy observed. However, at 
stimulation frequencies > 2 Hz, response probabilities decayed less than the response 
amplitudes. Therefore, it seems possible that at such frequencies, desensitization of 
postsynaptic AMPA receptors contribute to depression of synaptic efficacy. 
 
Various aspects of synaptic physiology, including short-term plasticity, depend on 
temperature (Takeya et al., 2002; Klyachko & Stevens, 2006; Kushmerick et al., 
2006). Therefore, the findings obtained at room temperatures (see Methods) in the 
present study may need to be corrected for comparison with effects at physiological 
temperature. Dobrunz and Stevens (1999) found that the synaptic variability is similar 
in room temperature and in vivo, if the inter-spike intervals are corrected for by a 
factor of 3. Applying this factor to the present findings, we may expect a maximum 
synaptic efficacy in vivo at a frequency of ~ 6 Hz. 
 
In vivo as well as in vitro studies at 37o C have shown a wide range of firing patterns 
and frequencies of neuronal firing within the medial preoptic area, ranging from < 1 
Hz to > 50 Hz (Bueno & Pfaff, 1976; Blume et al., 1981; Horio et al., 1986; 
Hashimoto et al., 1998; Kato & Sakuma, 2000). Thus, the optimal frequency observed 
in the present study seems likely to be within the range of the physiological firing 
frequencies of these neurons. However, the inter-neuronal variability observed here 
means that synaptic transmission onto some neurons is more effective at higher 
frequencies. An intriguing possibility is that the synaptic properties facilitate the 
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contribution of these neurons to behaviour that requires relatively high neuronal firing 
frequencies. 
 
 
3.4. Paired-pulse effects on synaptic efficacy in excitatory MPN synapses 
 
Activity-dependent synaptic modifications may be expressed in excitatory MPN 
synapses under repetitive stimulation at steady rate with different frequencies, as 
described above. However, not only the average stimulus rate, but also the temporal 
pattern of stimulation may influence the efficacy of synaptic transmission. To clarify 
whether the transmission efficacy in MPN synapses depends on the pattern of 
stimulation, we used a paired-pulse stimulation paradigm. This method follows rapid 
changes in synaptic efficacy by studying how the response to a first stimulation 
influences the response to a second one. For this purpose, paired-pulse ratio (PPR; the 
ratio of the amplitude of the second response to that of the first) is usually measured 
(for review, see Zucker & Regehr, 2002). The depression or potentiation of the 
synaptic efficacy seen after the second stimulus is referred to as PPD or PPF, 
respectively, and their intensity depends on the inter-pulse interval (IPIs). 
 
In the present study, we revealed that MPN synapses may express PPF as well as 
PPD, depending on the cell studied and the IPI used. The findings demonstrate that 
the pattern of stimulation, and not only the average stimulation rate, influences the 
transmitted signal (paper II). This was clearly demonstrated when evenly spaced 
stimuli or paired stimuli were given at the same average rate: Paired stimulation was 
more effective than stimulation at a steady rate.  
 
The effects of paired-pulse stimulation with different IPIs varied considerably 
between MPN neurons. Thus, for nearly identical stimulation protocols, PPF was 
observed in some cells, but PPD was observed in other cells. Similarly to other central 
synapses (Zucker & Rehehr, 2002), PPF as well as PPD could be alternatively elicited 
in the same MPN neuron, depending on the IPI. Moreover, PPF, observed in MPN 
synapses, decays with a time course similar to that in other synapses (Zucker & 
Rehehr, 2002). Notably, facilitation evoked by stimulation at evenly spaced intervals 
(“repetitive facilitation”) and PPF differed with respect to the optimal inter-stimulus 
(intra-pair, for PPF) interval. Thus, on average, the optimal frequency for “repetitive 
facilitation” was 2 Hz while for PPF it was ~ 25 Hz. One possible reason may be that 
facilitation may be obscured by simultaneous depression and vice versa and that these 
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two phenomena show different relations to stimulus frequency. On average, PPD in 
MPN neurons requires relatively long IPIs (> ~ 1 s), suggesting that a single 
presynaptic impulse may cause relatively long-lasting effects on synaptic efficacy in 
the MPN. Thus, our findings present the first evidence that excitatory transmission in 
MPN synapses can be modified by presynaptic activity, expressing various forms of 
short-term plasticity. The impulse pattern as well as the frequency is critical for the 
type of plasticity shown in MPN synapses. We assume that the different forms of 
synaptic plasticity observed may contribute to the plasticity in the behaviour 
controlled by the MPN.  
 
 
3.5. Do MPN synapses express other types of synaptic plasticity, including LTP? 
 
It has been suggested that LTP may possibly occur at all excitatory synapses in the 
mammalian brain (Malenka & Bear, 2004). The findings that specific stimulation 
within the medial preoptic area can induce permanent behavioural changes (Portillo et 
al., 2003) and that NMDA receptors contribute to fast transmission at MPN synapses 
(paper I) suggest that long-term plasticity such as LTP may possibly be induced in 
preoptic synapses. In the present study, in spite of a wide range of stimulation 
protocols applied, we failed to induce any long-term modification of the excitatory 
transmission in the MPN. Possibly, this was due to the lack of appropriate 
experimental paradigm. However, at high-frequency stimulation (HFS; 50 Hz) 
glutamatergic synapses expressed another form of short-term plasticity, PTP of 
spontaneous synaptic currents (unpublished data, Fig. 7).  
 
It should be noted that the spontaneous postsynaptic currents recorded after HFS were 
generated when presynaptic impulse generation was possible. They should thus be 
differentiated from “miniature” postsynaptic currents (mPSCs; cf paper III) which are 
generated when Na+ -dependent impulse generation is prevented by TTX. Although 
we did not examine the conditions for, or properties of, PTP of sEPSC frequency in 
great detail, it was clear that excitatory glutamatergic as well as inhibitory 
GABAergic (see below) MPN synapses may express PTP in response to HFS. 
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20 pA

20 s

10 s, 50-Hz stimulation

 
 
Figure 7. PTP of sEPSC frequency 
Spontaneous EPSCs recorded from an MPN neuron, clamped at -84 mV, in a slice 
preparation. The left part shows an interval immediately preceding a 10-s interval with 50-Hz 
presynaptic stimulation (start and end marked by arrows) and the right part the interval 
immediately following the stimulation. Note the PTP of sEPSC frequency: Although no clear 
sEPSCs are seen before stimulation, sEPCS are readily observed immediately after HFS. 
(For clarity, the current during the10-s stimulation interval is omitted.) 
 
 
3.6.  Post-tetanic potentiation in inhibitory GABAergic MPN synapses 
 
From above, it is clear that excitatory MPN synapses express several types of short-
term plasticity. However, inhibitory neurotransmission also plays a key role in the 
local MPN circuits and is crucial for MPN function. Thus, GABA is important for 
different forms and stages of male sexual behavoir (Rodriguez-Manzo et al., 2000), 
Moreover, in vivo data show dramatic changes in the firing rate of medial preoptic 
neurons in correlation to the stages of sexual activity, with a maximum frequency (50 
Hz) during mounting and ejaculation, followed by a complete inhibition of firing 
during the postejaculatory interval (Horio et al., 1986; Shimura et al., 1994). This 
suggests that also GABAergic synapses in the MPN may express some forms of 
synaptic plasticity. Consistent with this idea, we showed that HFS (50 Hz) of afferent 
fibres to the MPN altered the spontaneous as well as the evoked GABA-mediated 
transmission, inducing a substantial PTP of the frequency of spontaneous inhibitory 
postsynaptic currents (sIPSCs; Fig. 8) as well as of the amplitude of evoked inhibitory 
postsynaptic currents (eIPSCs) (paper IV). The induced PTP had slower dynamics for 
eIPSC amplitude than for PTP of sIPSC frequency: time constants of 69 s and 25 s, 
respectively. PTP is thought to arise as a consequence of presynaptic Ca2+ 
accumulation that takes place during HFS (Zucker & Regehr, 2002). The role of  
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presynaptic Ca2+ in PTP expressed in inhibitory MPN synapses will be considered 
below (Chapter 4). 
 

10 s,
50-Hz stimulation

20 pA

5.0 s

 
Figure 8. PTP of sIPSC frequency 
Spontaneous IPSCs recorded from an MPN neuron, clamped at 0 mV, in a slice preparation 
with 20 μM NBQX and 2.0 μM MK-801 present. The left part shows an interval immediately 
preceding a 10-s interval with 50-Hz presynaptic stimulation (start and end marked by arrows) 
and the right part the interval immediately following the stimulation. Note the PTP of sIPSC 
frequency. (For clarity, the current during the10-s stimulation interval is omitted, the 
corresponding interval shown not to scale and a shift in baseline current after stimulation 
subtracted.) 
 
 
Conclusions for Chapter 3 
 
The present study provides clear evidence that synaptic transmission within the MPN 
is plastic and strongly depends on the frequency and temporal pattern of presynaptic 
activity. Excitatory and inhibitory MPN synapses display a wide range of short-term 
plastic changes under different stimulation conditions. The various forms of short-
term plasticity should allow for complex information processing and may provide a 
basis for plasticity in the behaviour controlled by the MPN. The types of synaptic 
mechanisms used for the plasticity are likely to be similar to those of several other 
brain regions. However, the details in expression, e.g. the band-pass filter properties at 
steady stimulus trains and the long-lasting effects of single presynaptic stimuli, are 
likely adaptations to the specific information processing requirements of the MPN. 
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Chapter 4. ROLE OF Ca2+ IN SPONTANEOUS NEUROTRANSMISSION IN 
THE MPN 

 
 
4.1. Role of voltage-gated Ca2+ channels in transmitter release  
 
Much of the neuronal signaling occurs via the release of neurotransmitter from 
presynaptic terminals onto postsynaptic neurons. Often the trigger for transmitter 
release at a synapse is an action potential, which depolarizes the presynaptic terminal 
sufficiently to open voltage-gated Ca2+ channels. The Ca2+ influx through these 
channels triggers, by interaction with Ca2+-sensing proteins such as synaptotagmin, 
the fusion of docked transmitter-filled vesicles with the outer membrane of the 
presynaptic terminal, and release of transmitter into the synaptic cleft (Adler et al., 
1991; Llinás et al., 1992; Stanley, 1993; Neher, 1998; Bucurenciu et al., 2008). The 
voltage-activated Ca2+channels are characterized biochemically as a complex of four 
or five distinct subunits, which form a transmembrane pore permeable for Ca2+. 
Depending on voltage sensitivity, kinetics and pharmacological properties, six 
functionally distinct Ca2+ channels subtypes are distinguished: L- (CaV1), N- 
(CaV2.2), P- (CaV2.1), Q- (CaV2.1), R- (CaV2.3), and T- (CaV3) (Tsien et al., 1988; 
Catterall, 1998; nomenclature within parenthesis according to IUPHAR). N- and P/Q-
type Ca2+ channels are thought to be the main Ca2+ channels triggering transmitter 
release, from presynaptic terminals throughout the brain (Wu & Saggau, 1994; Mintz 
et al., 1995; Wheeler et al., 1996; Haage et al., 1998; Wu et al., 1999; Qian & 
Noebels, 2001; Millán et al., 2002). L-type Ca2+ channels are also widely distributed 
in the brain and sometimes present in presynaptic terminals. However, the role of L-
type channels in rapid action potential-induced transmitter release remains unclear 
(Takahashi & Momiyama, 1993; Castillo, 1994; Ohno-Shosaku et al., 1994; Catterall, 
1998). R- and T-type channels are also believed to make very little contribution to 
evoked transmitter release, although R-type may play a role in plasticity of some 
synapses (Dietrich et al., 2003). 
 
 
4.2. Spontaneous release: functional significance in neuronal communication    
 
Besides evoked release, transmitter release may also occur spontaneously even in the 
absence of presynaptic action potentials (Fatt & Katz, 1952; del Castillo & Catz, 
1955). Although this form of release is a common feature of synapses throughout the 
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nervous system, the physiological role of spontaneous transmitter release has long 
been questioned. There is, however, growing evidence that spontaneous release plays 
distinct and important roles in regulation of maturation and stability of synaptic 
networks (McKinney et al., 1999; Verhage et al., 2000), inhibition of local dendritic 
protein synthesis (Sutton et al., 2007) and controlling excitability of postsynaptic 
neurons (Kombian et al., 2000; Carter & Regehr, 2002; Otsu & Murphy, 2003). While 
the absence of spontaneous release may compromise neuronal survival and structural 
stability of synaptic connections (Verhage et al., 2000), excessive transmitter release 
can lead to neuronal damage and death. Thus, excitotoxic neuronal death induced by 
increased spontaneous synaptic release of glutamate may contribute to the pathology 
of multiple neurodegenerative diseases including Alzheimer disease and Huntington 
disease along with ischemia, epilepsy and stroke (Nishizawa, 2001; Lo et al., 2003; 
Hynd et al., 2004). Furthermore, recent findings suggest that under physiological 
circumstances spontaneous release can trigger postsynaptic signaling events that are 
independent of action potential-evoked transmitter release. Thus, the blockade of 
spontaneous activation of transmitter receptors causes independent or additional 
downstream effects compared with the blockade of evoked transmission alone 
(McKinney et al., 1999; Sutton et al., 2004, 2006). In addition, excess spontaneous 
release may cause presynaptic vesicle depletion and impair synaptic function on a 
long-term scale (Wasser & Kavalali, 2009). In many synapses, spontaneous and 
action potential-dependent transmitter release is believed to activate the same set of 
postsynaptic receptors. However, recent data demonstrate that, in some synapses, 
spontaneous and evoked transmission may activate different populations of 
postsynaptic receptors (Atasoy et al., 2008) and distinct sets of postsynaptic signaling 
cascades (Sutton et al., 2004, 2007). Moreover, some synapses seem to have a strong 
preference for spontaneous release, whereas others mostly release transmitter in 
response to action potentials (Zefirov et al., 1995).  
 
As excess or diminished spontaneous transmitter release may lead to adverse 
consequences, regulatory mechanisms are necessary to fine-tune this type of release. 
These mechanisms may differ for spontaneous and action potential-evoked release. 
Thus, in contrast to the evoked release, the role of influx of extracellular Ca2+ in 
regulation of spontaneous transmission remains unclear. While in some synapses 
spontaneous transmitter release may be triggered by Ca2+ utilized from intracellular 
Ca2+ stores (Bouchard et al., 2003; Collin et al., 2005; Bardo et al., 2006; Rusakov, 
2006), in other synapses spontaneous release is strongly dependent on extracellular 
Ca2+ entering through voltage-gated Ca2+ channels (Llano et al., 2000; Yamasaki et 
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al., 2006). Further, the role of Ca2+ influx in spontaneous release may differ 
depending on the spatiotemporal distribution of Ca2+ in the presynaptic terminal. A 
relatively low rate of Ca2+ entry in the absence of action potentials prevents a global 
buildup of residual calcium throughout the nerve terminal and allows very local 
domains of increased [Ca2+]i that are centered on Ca2+-permeable channels (Neher, 
1998; Augustine et al., 2003). Such domains may differently affect spontaneous 
release depending on the Ca2+-dependent target or Ca2+ sensor they are linked to 
(Fakler & Adelman, 2008). Thus, the regulatory role of Ca2+ in spontaneous release 
can be defined by the pathway of its influx in the presynaptic terminal and the 
associated specific intraterminal target. However, the mechanisms of such regulation 
still need to be clarified.  
 
 
4.3. Ca2+ and K+ channel types controlling spontaneous transmitter release in    
      GABAergic MPN synapses 
 
To clarify the role of Ca2+ influx in spontaneous transmitter release, we studied the 
effects of selective block of several voltage-gated Ca2+-channel types on GABA 
release from presynaptic terminals onto MPN neurons. For this, we recorded 
miniature postsynaptic inhibitory currents (mIPSCs), from acutely dissociated neurons 
as well as from neurons in slices, in the presence of TTX to block release caused by 
Na+-dependent action potentials. As shown in paper IV, these impulse-independent 
mIPSCs constituted a major fraction (~ 60 %) of all spontaneous IPSCs observed 
before addition of TTX. Unexpectedly, the spontaneous GABA release reflected by 
the mIPSCs frequency was transiently increased by addition of the L-type Ca2+-
channel blockers nimodipine and nifedipine, but was not affected by the selective L-
type Ca2+-channel agonist Bay K 8644, which belongs to the same pharmacological 
group of dihydropyridines. Moreover, the peptide blockers of N-, P-, and Q-type Ca2+ 
channels, ω-conotoxin MVIIC and ω-conotoxin GVIA, as well as the L-type channel-
blocking peptide calciseptine caused a similarly dramatic increase in mIPSCs 
frequency. However, the massive reduction of Ca2+ entry by Cd2+-evoked 
simultaneous block of L-, N-, P-, and Q-type Ca2+ channels or by buffering 
extracellular Ca2+ with EGTA did not increase but rather decreased the mIPSCs 
frequency and almost abolished the potentiating effect of nimodipine. Further, cell-
permeable intracellular Ca2+ buffers that do not alter the extracellular Ca2+ 

concentration, BAPTA-AM and EGTA-AM, also significantly reduced the effect of 
nimodipine, providing additional evidence that the observed potentiating effect of 
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Ca2+-channel blockers depends on intraterminal Ca2+ signaling. Thus, our findings 
suggest that although the observed transient enhancement of mIPSCs frequency is 
induced by a reduction of Ca2+ influx through certain Ca2+ channels, the intact influx 
of extracellular Ca2+ into presynaptic terminal through other Ca2+ channels is still 
required. 
 
To explain our paradoxical findings of dual and opposing roles of Ca2+ influx in 
regulation of spontaneous neurotransmission in the MPN, we hypothesized that the 
presynaptic mechanisms controlling mIPSC frequency involve Ca2+-activated K+ 
(KCa) channels. In fact, two major classes of KCa channels, BKCa and SKCa, which are 
commonly expressed in the brain, have been previously shown to regulate neuronal 
excitability and transmitter release in some neurons, via modulating the membrane 
potential (Robitaille et al., 1993; Stackman et al., 2002; Raffaelli et al., 2004; Lin et 
al., 2008). We then assumed that selective block of certain Ca2+ channels coupled to 
KCa channels in MPN presynaptic terminals may lead to a reduced K+ outflux and 
consequent depolarization of the terminal. Such depolarization, in turn, may activate 
the remaining unblocked voltage-gated Ca2+ channels causing extracellular Ca2+ to 
enter the terminal and to potentiate spontaneous transmitter release. To test our 
hypothesis, we studied the effects of selective KCa-channel blockers such as apamin, a 
blocker of several types of SKCa channels (Hugues et al., 1982), charybdotoxin and 
paxilline, blockers of BKCa channels (Miller et al., 1985; Knaus et al., 1994), as well 
as the less selective blocker tetraethylammonium (TEA) on the frequency of mIPSCs 
in MPN neurons. When applied separately, these blockers induced potentiation of 
mIPSC frequency similarly to the effect of Ca2+-channel blockers, suggesting that 
there are indeed KCa channels in MPN presynaptic terminals and that the block of 
these channels, which counteract membrane depolarization, results in an increased 
frequency of spontaneous transmitter release.  
 
 
4.4. Mechanisms for increased mIPSC frequency at blocked Ca2+ influx 
 
KCa channels are often co-expressed with Ca2+-channels, forming anatomically and 
functionally coupled units in neuronal membranes. Thus, investigations of BKCa 
channels in various types of neurons have shown that their activation requires delivery 
of Ca2+ through neighboring voltage-dependent Ca2+ channels. Nanometer distances 
between the BKCa and voltage-gated Ca2+ channels and their physical linkage provide 
a simple mechanism for reliably delivery of micromolar Ca2+ to BKCa channels 
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without affecting other Ca2+-dependent signaling processes and put the activity of 
BKCa channels under tight control of the Ca2+-channel partner (Lancaster & Nicoll, 
1987; Storm, 1987; Roberts, 1993; Berkefeld et al., 2006; Müller et al., 2007). BKCa 
channels were found to be predominantly assembled with P/Q-type Ca2+ channels in 
cerebellar Purkinje cells (Edgerton & Reinhart, 2003; Womack et al., 2004), while in 
chromaffin cells BKCa channels partner with both L-type and P/Q-type Ca2+ channels 
(Berkefeld et al., 2006; Prakriya & Lingle, 1999). Similar to BKCa channels, SKCa 
channels may also be coupled with different channels providing Ca2+. Thus, in 
hippocampal neurons, somatic L-type channels supply the Ca2+ to activate SKCa 
channels (Marrion & Tavalin, 1998), whereas in dendritic spines of different neurons, 
SKCa channels may be supplied with Ca2+ via R- and T-type voltage-gated Ca2+ 
channels or even via NMDA receptors (Ngo-Anh et al., 2005; Bloodgood & Sabatini, 
2007; Fakler & Adelman, 2008). To identify a possible specific functional coupling 
between voltage-gated Ca2+ channels and KCa channels in MPN presynaptic terminals, 
we used co-administration of K+- channel- and Ca2+- channel-blockers, shown to 
modulate the mIPSCs frequency in MPN neurons. We assumed that if Ca2+-channel 
blockers potentiate mIPSCs frequency due to closure of KCa channels and resulting 
depolarization, then pre-application of KCa-channel blockers should cause masking of 
the effect of Ca2+-channel blockers. Indeed, the presence of either paxilline or TEA 
significantly reduced the effect of ω-conotoxin MVIIC, while neither apamin nor 
charybdotoxin had any significant effect. In contrast, the effect of nimodipine was 
neither blocked by the BKCa-channel blockers, paxilline and charybdotoxin, nor by 
the less selective blocker TEA. The effect of nimodipine in the presence of apamin 
was slightly, although not significantly, smaller. Our interpretation is that the 
nimodipine-sensitive and ω -conotoxin MVIIC-sensitive Ca2+ channels are not 
coupled to the same type of KCa channels. Our findings also suggest that N-, P- and Q-
type Ca2+ channels, blocked by ω-conotoxin MVIIC, are very likely functionally 
coupled to the type II BKCa channels, which are sensitive to paxilline and TEA but not 
to charybdotoxin or apamin (Reinhart et al., 1989). Identification of KCa channels 
associated with L-type Ca2+ channels was complicated since the effect of nimodipine 
was neither blocked/masked by apamin, charybdotoxin, paxilline nor by TEA. 
However, we speculate that the SK1 subtype of KCa channels, insensitive to all K+-
channel blockers used in the study, may be the likely candidate for interaction with L-
type Ca2+ channels. This assumption was later supported by our findings that 
bicuculline methiodide (BMI), a blocker affecting a broader spectrum of SK channels 
than apamin (Johansson et al., 2001), effectively reduced the nimodipine-evoked 
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potentiation of glutamate-mediated miniature excitatory postsynaptic current 
(mEPSC) frequency in MPN neurons (unpublished observations). 
 
 
Conclusions for Chapter 4 
 
Action-potential independent spontaneous transmitter release from presynaptic 
terminals onto MPN neurons is strongly regulated by Ca2+ influx via voltage-gated 
Ca2+ channels. Selective block of N-, P-, Q- or L-type voltage-gated Ca2+ channels 
may lead to a large transient increase in the rate of spontaneous release. Specific 
functional coupling of voltage-gated Ca2+ channels and KCa channels is the likely 
mechanism underlying the paradoxical potentiating effect of Ca2+-channel blockers on 
spontaneous transmitter release onto MPN neurons. Apparently, this novel mechanism 
is based on the spatial and functional segregation of Ca2+ influx controlling membrane 
depolarization and Ca2+ influx triggering transmitter release. 
 

 
 

Chapter 5. ROLE OF L-TYPE Ca2+-CHANNELS IN TRANSMISSION 
         AND SYNAPTIC PLASTICITY AT MPN SYNAPSES 

 
 

5.1. Ca2+ in evoked and spontaneous release 
 
In conventional fast central synapses, neurotransmitter release is Ca2+ dependent and 
influenced by Ca2+ influx through a number of different types of presynaptic Ca2+ 
channels (for example, see Rhee et al., 2000). The majority of action potential-evoked 
release is triggered by Ca2+ influx via the P/Q- and N-type Ca2+channels, which are 
commonly present in presynaptic terminals (Wu & Saggau, 1994; Mintz et al., 1995; 
Wheeler et al., 1996; Haage et al., 1998; Wu et al., 1999; Qian & Noebels, 2001; 
Millán et al., 2002). Although L-type Ca2+ channels are also widely distributed in the 
brain and often present in presynaptic terminals, their role in rapid action potential-
induced transmitter release has long been doubted (Takahashi & Momiyama, 1993; 
Castillo, 1994; Ohno-Shosaku et al., 1994; Wheeler et al., 1994; Doze et al., 1995; 
Catterall, 1998). Nevertheless, a role for L-type channels in exocytosis of hormones as 
well as in spontaneous transmitter release has been suggested for different cell types, 
including central neurons (Perney et al., 1986; Miller 1987; Losavio & Muchnik, 
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1998; Prakriya & Lingle, 1999; paper III). The reported possible contribution of L-
type channels to transmission at central synapses varies across different brain areas. 
Thus, L-type channels potentiate dopamine release in the thalamus (Okita et al., 
2000), regulate synaptic release of excitatory amino acids onto dopaminergic neurons 
in the ventral mesencephalon (Bonci et al., 1998), control glycine release onto retinal 
ganglion cells (Bieda & Copenhagen, 2004) as well as control spontaneous and 
sound-evoked release at the auditory hair cell synapses, which are designed to release 
transmitter continuously at low-amplitude depolarization (Robertson & Paki, 2002). 
Recently, new evidence was presented that in cortical and hippocampal synapses, 
involvement of L-type channels in transmitter release may depend on the pattern of 
synaptic activity and that L-type channels may mediate some forms of short-term 
plasticity: It was shown that L-type channels contribute to transmitter release only 
during HFS or during PTP, whereas their role in release at low-frequency stimulation 
(LFS) was non-significant (Jensen et al., 1999; Jensen & Mody, 2001; Murakami et 
al., 2002; Holmgaard et al., 2009). Moreover, very recent findings suggest a role of 
presynaptic L-type channels in expression of presynaptic LTP (Fourcaudot et al., 
2009). Different levels of presynaptic activity may result in different intraterminal 
Ca2+ dynamics mediated by L-type channels. Thus, at a low rate of stimulation, L-type 

channels are likely to generate a very local Ca2+ signaling domain which is restricted 
by a variety of Ca2+ buffer systems that limit the diffusion of Ca2+ after entering the 
cell (Neher, 1998; Augustine et al., 2003). Due to the dimensional restrictions, this 
domain may only interact with Ca2+ targets in close proximity to the Ca2+ source 
(Fakler & Adelman, 2008). However, L-type channels may also significantly 
contribute to a global buildup of residual Ca2+ throughout the nerve terminal during 
episodes of high synaptic activity. In this case, Ca2+ entering via L-type channels is 
made available to remote Ca2+ sensors, which may increase Ca2+ entry (Mochida et 
al., 2008; Tsujimoto et al., 2002) and thereby enhance transmitter release or may 
directly modulate the vesicular release machinery to enhance transmitter release 
(Dittman et al., 2000; Sippy et al., 2003). In addition, a global buildup of residual 
Ca2+ often initiates PTP which is driven by the slow efflux of Ca2+ from mitochondria 
and/or endoplasmic reticulum where it accumulates during tetanic stimulation (Tang 
& Zucker, 1997; Lin et al., 1998; Narita et al., 2000).  
 
Our data presented in Chapter 4 suggest that L-type Ca2+ channels do contribute to the 
action potential-independent spontaneous transmitter release in MPN synapses. Such 
contribution is mediated by a functional coupling to KCa channels controlling the 
presynaptic membrane potential. However, the role of L-type channels in action 
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potential-evoked release and the possible involvement in PTP generation in MPN 
synapses described in Chapter 3 still need to be clarified. 

 
To investigate the role of L-type Ca2+ channels in spontaneous versus action potential-
evoked GABA release and in PTP, we recorded sIPSCs as well as eIPSCs from MPN 
neurons in a slice preparation, using various stimulation protocols and recording 
conditions. 
 
  
5.2. Mechanism for increased Ca2+-dependent release upon block of Ca2+ channels 
 
First, we analysed the steady-state effect of the L-type Ca2+-channel blocker 
calciseptine on sIPSCs frequency in the absence of external stimulation. In our 
previous study, we described a transient potentiation of mIPSCs frequency due to 
depolarization of the presynaptic membrane as a result of KCa-channel closure in 
isolated cells (paper III). To reach steady-state conditions in the slice preparation, we 
used long-lasting applications of calciseptine. After three minutes in calciseptine, 
neither the frequency nor the amplitude and decay time of sIPSCs were changed 
significantly compared with the control situation. We then studied the effect of 
calciseptine on eIPSCs at steady presynaptic LFS (2 Hz). Similarly to the experiments 
with sIPSCs, we measured eIPSCs parameters after prolonged incubation in 
calciseptine. In contrast to the lack of effect on sIPSCs, calciseptine significantly 
increased the eIPSC amplitude, suggesting an inhibitory role of L-type Ca2+-channels 
for evoked release in MPN synapses. These findings may seem to contradict the 
traditional view on voltage-gated Ca2+ channels as main triggers of transmitter 
release. To explain this controversy we proposed the same model as introduced in 
Chapter 4, suggesting that L-type Ca2+ channels affect eIPSCs through interaction 
with KCa channels. Accordingly, we speculate that most L-type channels blocked by 
calciseptine are remotely located with respect to the presynaptic active zone. At a low 
rate of presynaptic stimulation, Ca2+ provided by L-type channels may interact only 
with closely neighboring Ca2+-sensitive targets, such as KCa channels, but not with the 
distant transmitter-releasing machinery. Closure of KCa channels due to the lack of 
Ca2+ influx in the presence of calciseptine depolarizes the presynaptic membrane or 
increases/prolongs generated action potentials, allowing more/longer-lasting 
activation of Ca2+ channels located in the proximity of the transmitter release site. 
Consistent with our hypothesis, the effect of calciseptine on eIPSCs was effectively 
mimicked by application of a mixture of blockers of SKCa (apamin) and BKCa 
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(charybdotoxin or a combination of iberiotoxin and paxilline) channels. Moreover, the 
effects of calciseptine and KCa-channel blockers overlapped, suggesting a common 
underlying mechanism.  
 
The involvement of KCa channels in the effect of L-type Ca2+-channel blockers may 
also account for the apparent contradiction of previous findings, showing no role for 
L-type channels in GABA release evoked by a high external K+ concentration at MPN 
synapses (Haage et al., 1998): In high external K+ concentration, changes in K+-
channel activation are not expected to alter the membrane potential much.  
 
In addition, experiments on evoked glutamate release in MPN synapses helped to 
clarify the specificity of the functional coupling between L-type channels and KCa 
channels. Also these currents were potentiated by 100 nM calciseptine (34 ± 17 %, 
mean ± S.E.M, n = 5; Fig. 10A). Further, the effect of the SKCa-channel blocker BMI 
(100 μM) mimicked the effect of calciseptine (potentiation by 39 ± 18 %, n = 9; Fig. 
10B), suggesting that L-type channels may affect evoked glutamate release via 
modulation of SK-channel activity (unpublished data). Although the potentiating 
effects of Ca2+- and K+-channel blockers on glutamate release in MPN synapses have 
not yet been examined in detail, we assume that the functional role of L-type channels 
may be similar for glutamate- and GABA-mediated transmission in the MPN.  
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Control
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Figure 10. Potentiating effects of calciseptine and of BMI on eEPSCs 
A, Evoked EPSCs, recorded at -84 mV from an MPN neuron in a slice preparation. Control 
solution and in the presence of calciseptine (100 nM) as indicated. B, Evoked EPSCs at -84 
mV, from another MPN neuron than shown in A. Control solution and in the presence of BMI 
(100 μM) as indicated. Picrotoxin (100 μM) present throughout the recordings shown in A and 
B. 
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5.3. The role of L-type channels in GABA release during PTP  
 
Our results on the inhibitory role of L-type Ca2+ channels in evoked release at a low 
rate of presynaptic stimulation in the MPN seem to contradict previous reports 
showing the importance of L-type channels during HFS and following short-term 
plasticity in hippocampal synapses (Jensen & Mody, 2001; Murakami et al., 2002). 
Therefore, we analysed the role of L-type channels in GABA release onto MPN  
neurons during intensive presynaptic activity. We used a protocol with 10-s intervals 
of 50-Hz stimulation, as described in detail in paper IV. This protocol efficiently 
induced PTP of spontaneous release, seen as a multifold increase of sIPSC frequency 
in a majority of neurons. In the presence of calciseptine, it was still possible to induce 
PTP, although of a significantly smaller degree, suggesting that L-type channels are 
important for PTP induction but are not the only channels contributing to PTP. It 
seems likely that direct contribution of L-type channels to the global build-up of 
terminal [Ca2+]i mediating PTP dominated over the indirect effect via KCa channels 
and counteracted depolarization of the presynaptic terminals. This assumption was 
supported by our finding that KCa-channel blockers neither mimicked nor affected the 
inhibitory effect of calciseptine on post-tetanic sIPSC frequency. Thus, our results 
suggest that L-type channels play different roles for GABA release evoked by LFS 
and for the induction of PTP of sIPSCs. A similar protocol with 10-s intervals of 50-
Hz stimulation was used to investigate a possible role of L-type channels in eIPSC 
changes evoked by HFS. As it was described in Chapter 3, HFS results in significant 
post-tetanic increase of the eIPSC amplitude. The PTP of eIPSC amplitude was 
further largely increased by calciseptine. Similarly to the experiments with LFS, the 
effect of calciseptine was mimicked by a mixture of KCa -channel blockers. To 
account for the seemingly contradictory effects of calciseptine on PTP of sIPSCs and 
of eIPSCs, we further developed the model described in Chapter 4,  assuming that, 
during HFS, the intracellular Ca2+ dynamics may vary between different sites (related 
to KCa channels and transmitter release, respectively) with the final effect on 
transmitter release being affected by both sites. Although L-type channels do 
contribute to the global build-up of Ca2+ in the presynaptic terminal during HFS, they 
negatively affect transmitter release via activation of KCa channels that counteract 
presynaptic depolarization and Ca2+ influx through non-L-type channels. Thus, at 
GABA release evoked after HFS, the negative effect of L-type channels via KCa 
channels dominates over the potentiating effect on the release machinery. This 
assumption is strongly supported by our finding that when PTP of eIPSCs was 
induced with KCa channels blocked, the potentiating effect was revealed, seen as a 
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calciseptine-evoked reduction of the eIPSC amplitude during PTP (Fig. 4C of paper 
IV). Thus, in the absence of blockers, negative and positive effects of L-type channel 
activation are likely to overlap. 
 
The described novel mechanisms and roles of L-type channels in the control of 
GABAergic and glutamatergic transmission during different patterns of presynaptic 
activity are likely to be important for some of the MPN-mediated functions, such as 
control of sexual behaviour. Since the firing frequency of MPN neurons correlates 
well with the male copulatory behaviour and reaches a peak of ~ 50 Hz at the time of 
ejaculation (Horio et al., 1986; Shimura et al., 1994), it seems plausible that PTP of 
spontaneous GABA release may occur in MPN synapses also in vivo. One may even 
speculate that such potentiation of spontaneous GABA release may underlie the 
dramatic rise in extracellular GABA concentration during the post-ejaculatory 
refractory interval that immediately follows ejaculation (Rodríguez-Manzo et al., 
2000). Thus, L-type Ca2+-channels may possibly regulate the neuronal excitability in 
the MPN after high-frequency impulse activity such as seen during copulatory 
behaviour. 
 
 
Conclusions for Chapter 5 
 
Besides N- and P/Q-type Ca2+ channels, L-type Ca2+ channels are present in GABA-
containing as well as in glutamate-containing nerve terminals in the MPN, where they 
contribute to the control of impulse-evoked, synchronous as well as of 
spontaneous/asynchronous transmitter release. By functional coupling to KCa 
channels, Ca2+ influx through L-type channels may lead to reduced impulse-evoked 
transmitter release. However, after HFS, Ca2+ influx through L-type channels may 
contribute to the PTP of the frequency of spontaneous transmitter release. Thus, L-
type channels provide a mechanism for differential control of impulse-evoked and 
spontaneous transmitter release as well as a mechanism that contributes to synaptic 
plasticity. It seems likely that these mechanisms contribute to the behavioural control 
exerted by the MPN. 
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GENERAL CONCLUSIONS 
 

 
• The most common types of postsynaptic receptors mediating fast synaptic 

transmission in the MPN are AMPA, NMDA, and GABAA receptors. The 
release of glutamate as well as the release of GABA from presynaptic nerve 
terminals on MPN neurons is under inhibitory control of 5-HT. There is no 
evidence for glycine receptors mediating fast transmission in the MPN, in 
spite of the large number of glycine receptors present in MPN neurons.  

 
 
• The efficacy of synaptic transmission within the MPN is plastic and strongly 

depends on the temporal pattern as well as on the frequency of presynaptic 
activity. Excitatory and inhibitory MPN synapses display a wide range of 
short-term plastic changes, such as paired-pulse facilitation, paired-pulse 
depression and post-tetanic potentiation. The relation between transmission 
efficacy and stimulus frequency, and even the type of plasticity at a particular 
stimulus pattern, varies among MPN synapses. The plasticity may be 
expressed as changes in the frequency of spontaneous postsynaptic currents as 
well as in the amplitude of impulse-evoked postsynaptic currents. 

 
 
• Besides N- and P/Q-type Ca2+ channels, L-type Ca2+ channels are present on 

GABA-containing as well as glutamate-containing nerve terminals in the 
MPN, where they contribute to the control of impulse-evoked as well as 
spontaneous transmitter release. In addition, SKCa as well as BKCa channels 
are present in the presynaptic terminals. By coupling to the KCa channels, Ca2+ 
influx through L-type or other high-voltage-gated Ca2+ channels may lead to 
reduced transmitter release. The functional coupling of L-type Ca2+ channels 
and KCa channels also provides a mechanism for differential regulation of 
impulse-evoked and spontaneous transmitter release. In addition, L-type 
channels contribute to synaptic plasticity by a mechanism that is independent 
of KCa channels. By taking part in the control of impulse-evoked and 
spontaneous transmitter release and in the control of synaptic plasticity, 
presynaptic L-type channels are likely to play a role in the behaviour 
controlled by the MPN.  
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