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ABSTRACT   

 
The medial preoptic nucleus (MPN) of the hypothalamus plays a major role in many 
functions involved in maintaining bodily homeostasis, such as thermoregulation and 
osmoregulation, as well as in the control of complex behaviours, e.g. sexual behaviour. A 
fundamental basis for the control and execution of these functions is the synaptic 
communication between neurons of the MPN. However, the functional properties of the 
synapses involved are largely unknown. The present thesis is a study of ligand-gated ion 
channels involved in the pre- and post-synaptic aspects of neuronal communication in the 
MPN of rat. The aim was to clarify synaptic properties in the MPN, to identify the major 
channel types involved and to obtain a better understanding of their functional properties.  

By fast application of agonists to isolated neurons, it was first demonstrated that all 
neurons responded to glutamate with currents mediated by α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors, and a majority of neurons also with currents 
mediated by N-Methyl-D-aspartate (NMDA) receptors. All neurons also responded to γ-
aminobutyric acid (GABA) and glycine with currents mediated by GABAA receptors and 
glycine receptors, respectively. These findings show that fast-acting excitatory and 
inhibitory amino-acid transmitters are most likely important for communication between 
hypothalamic neurons.  

Application of agonists to isolated neurons revealed cross-talk, detected as an apparent 
cross-desensitization, between the responses to GABA and those to glycine. Parallel 
analysis of current and conductance, using gramicidin-perforated patches to avoid 
perturbing intracellular chloride concentration, showed that the cross-talk was not 
dependent on a direct interaction between the receptors as previously suggested, but was a 
consequence of the change in the intracellular chloride concentration during receptor 
activation. Strengthened by a computer model, the analysis also showed that the current 
decay in the presence of GABA or glycine was mainly due to a change in the chloride 
driving force and that receptor desensitization played a minor role only. 
 The role of thermo-sensitive transient receptor potential TRPV1 channels in the 
regulation of glutamate- and GABA-mediated transmission was studied in the slice 
preparation, where much of the synaptic connections between neurons are preserved. It 
was shown that application of the TRPV1 agonist capsaicin increased the frequency of 
excitatory AMPA receptor- mediated as well as inhibitory GABAA receptor-mediated 
postsynaptic currents. This effect was partly presynaptic and demonstrates that TRP 
channels play a role in regulating synaptic transmission in the MPN. The results imply that 
such mechanisms may possibly contribute to the thermoregulation by MPN neurons. 

 
Key words: medial preoptic nucleus, synaptic transmission, glutamate, GABA, glycine, 
TRPV1 
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ABBREVIATIONS 

 
AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
AP5 DL-2-amino-5-phosphonopentanoate 
2-APB  2-aminoethoxydiphenyl borate 
BMI     bicuculline methiodide 
BIC                 bicuculline 
CNS               central nervous system 
EPSC           excitatory postsynaptic current 
GABA            γ-aminobutyric acid 
GluR1-4  glutamate receptor subunit 1-4 
GlyT1-2    glycine transporter 1-2 
GnRH            gonadotropin-releasing hormone 
iGluRs             ionotropic glutamate receptors 
IPSC               inhibitory postsynaptic current 
I-RTX iodo-resiniferatoxin 
KCC2 potassium chloride co-transporter 2 
LGIC           ligand-gated ion channel 
mIPSC           miniature inhibitory postsynaptic current 
MK-801          (5R,10S)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-                               
 5,10-imine hydrogen maleate 
MPN                  medial preoptic nucleus 
mPOA medial preoptic area 
NBQX                 6-nitro-7-sulphomoylbenzo[f]quinoxaline-2,3-dione 
NMDA                 N-methyl-D-aspartate 
NR1-2  NMDA receptor 1-2 
4α-PDD                4α-phorbol 12,13-didecanoate 
POA                   preoptic area 
PO/AH              preoptic area/anterior hypothalamus 
RTX                 resiniferatoxin 
sIPSC              spontaneous inhibitory postsynaptic current 
TM 1 � 4 transmembrane region 1-4 
TREK-1  TWIK-related K+ channel 1 
TRP                  transient receptor potential 
TRPV                 transient receptor potential vanilloid 
TTX                    tetrodotoxin 
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INTRODUCTION 
 

The medial preoptic nucleus (MPN) of the hypothalamus is a pivotal regulatory centre 
controlling a remarkable number of different behaviours and autonomic functions. To 
understand how these functions are regulated, we need to know more about the basis for 
information processing in this region of the brain, the electrical signalling of MPN 
neurons. Ion channels of several types mediate this signalling: voltage-gated channels that 
generate action potentials within neurons and ligand-gated channels that mediate 
communication between neurons. In addition, some ion-channel types, such as transient 
receptor potential (TRP) channels, that may be gated by a multitude of different stimuli 
contribute to the signalling in yet unclear ways. Transmission between neurons in the 
brain takes place at specialised structures called synapses. At the synapse, the sending 
presynaptic neuron releases neurotransmitter that diffuses across the synaptic cleft and 
binds to specialised receptor proteins on the receiving postsynaptic neuron. Depending on 
the type of neurotransmitter released and the type of receptor, this results in either 
excitation or inhibition of the postsynaptic cell. In addition, the effect depends critically on 
the ion concentrations in the vicinity of the postsynaptic cell membrane. In this study, the 
functions of the amino acid neurotransmitters glutamate, glycine and GABA and the ion 
channels these transmitters affect in the rat MPN have been investigated. Glutamate is an 
excitatory neurotransmitter while glycine and GABA are both mainly inhibitory 
neurotransmitters. The release of these neurotransmitters is regulated by presynaptic 
mechanisms. The role of thermo-sensitive TRP channels in such regulatory mechanisms 
was investigated. 

 
The Medial Preoptic Nucleus 
 
The MPN is the major nucleus of the medial preoptic area (mPOA) of the anterior 
hypothalamus. The mPOA is situated at the border of the diencephalon and the 
telencephalon, between the optic chiasm and the anterior commisure,  (Simerly et al., 
1984) (Fig. 1). The preoptic area of the rat can be divided into the lateral zone, the medial 
zone, which contains the MPN, and the periventricular zone. The MPN receives 
projections from and sends projections to all major parts of the hypothalamus (Simerly & 
Swanson, 1986; Simerly & Swanson, 1988). 
 
 

 

 
 
 

 Figure 1. A. The line shows the 
plane of the coronal section through 
the medial preoptic area of the rat 
brain. B. Photography of a slice 
made in the plane of A. The anterior 
commisure (aco) is marked; the 
white frame defines the preoptic area 
around the third ventricle.
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Functional roles of the MPN 
 
The MPN plays a key role in the regulation of a number of important functions (Swanson, 
2000), some of which are described below. 
 
The MPN is important for the control of sexual behaviour in males in all species studied 
(Paredes, 2003). This importance is reflected anatomically by the sexually dimorphic 
nucleus, which is contained within the MPN and is several times larger in males than in 
females (Gorski et al., 1980). The MPN is part of the hypothalamo-pituitary-gonadal axis 
and is involved in controlling reproductive neuroendocrine functions of the pituitary 
(Chappel, 1985). Both the excitatory neurotransmitter glutamate (Brann & Mahesh, 1997) 
and the inhibitory neurotransmitter GABA (Mitsushima et al., 2003) are key players in the 
control of these neuroendocrine functions. 
 
The thermoregulatory functions of the POA are well described. It is considered to be the 
primary locus for coordination of body temperature regulation (Boulant, 2000). It 
compares and integrates signals originating from different parts of the body, both central 
and peripheral. The resulting expression of behavioural and autonomic heat production 
and heat loss mechanisms is what regulates the body temperature. A significant portion of 
the neurons in the mPOA are intrinsically temperature sensitive, being either warm- or 
cold sensitive. These neurons respond to raised or lowered temperature respectively, by 
increased action potential firing rate. The molecular mechanisms behind this sensing of 
temperature are not known. However the thermo-sensitive TRP ion channels have in 
recent years been proposed as likely candidates for central thermo-sensation and 
thermoregulation (Caterina, 2007). 
 
The POA is also involved in the regulation of water intake. Changes in the osmolarity of 
circulating body fluids are sensed by neurons in the hypothalamic regions that include the 
MPN, and thereby stimulate the drive to drink (McKinley et al., 2004; Ciura & Bourque, 
2006). A link between sensing osmolarity and temperature in the PO/AH exists since a 
larger proportion of thermo-sensitive than of thermo-insensitive cells also responds to 
changes in osmolarity (Kuznetsov & Kazakov, 2000). The thermo-sensitive TRP channels 
may, besides temperature sensing, also be involved in sensing changes in osmolarity 
(Bourque et al., 2007). A splice variant of the channel subtype TRPV1, expressed in the 
supraoptic nucleus of the hypothalamus, is involved in osmoregulation (Sharif Naeini et 
al., 2006) and TRPV4 knock-out mice display abnormal osmotic regulation (Liedtke & 
Friedman, 2003). 
 
Sleeping patterns are under the control of POA neurons. Sleep-active neurons are widely 
distributed both in the lateral and medial preoptic area (Koyama & Hayaishi, 1994) and 
early lesion studies showed the importance of this brain region in the regulation of sleep 
(McGinty & Sterman, 1968). Sleep-active neurons within the POA co-localize with the 
inhibitory transmitter GABA and send projections to and inhibit arousal-related neurons in 
other brain regions (McGinty & Szymusiak, 2001). There is an intimate relation between 
regulation of sleep and food intake, and both are also tightly linked to thermoregulation 
(Saper, 2006). Many sleep-active neurons are also warm-sensitive (McGinty & 
Szymusiak, 2001) and local warming of the POA can evoke physiological responses that 
accompany the onset of sleep (Szymusiak et al., 2007). It is thus clear that there is a 
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neuronal basis for complex interactions between the different functions that are controlled 
by the MPN.  
 
 
Synaptic transmission  
 
The synaptic communication between neurons is either electrical, with the cytosol of the 
neurons being directly connected via gap junction proteins, or chemical, with transmitters 
carrying the message across the synaptic cleft separating the neurons. Chemical synapses 
by far outnumber the electrical synapses and are in this respect more important. At the 
synapse, transmitter molecules stored in synaptic vesicles in the presynaptic terminal 
(bouton) are released by Ca2+-dependent mechanisms. The transmitter molecules diffuse 
across the synaptic cleft and bind to the ligand-binding sites of ligand-gated ion channels 
(LGICs) at the opposing postsynaptic membrane of an adjacent neuron. The binding of 
ligand causes conformational changes of the LGIC protein, inducing opening of an ion-
permeable channel, an integral part of the receptor protein. The open channel allows ions 
to flow across the membrane down their electrochemical gradient. In this way the 
presynaptically released chemical signal is converted to a postsynaptic electrical signal 
that induces a change in membrane conductance and potential. Selective transporter 
proteins clear the transmitter molecules from the synaptic cleft. Depending on the 
transmitter released, the ion selectivity of the LGIC that is activated and the ion 
concentrations near the postsynaptic membrane, this results in excitation (depolarization) 
or inhibition (hyperpolarization) of the postsynaptic cell. In the present thesis, such 
changes in membrane conductance are recorded as synaptic currents. Examples of 
synaptic currents are shown in Fig 2B. Synaptically released transmitter may also affect 
neurons via receptors that are not directly coupled to ion channels, but induce their effects 
more slowly via 2nd-messenger systems. Such effects are common for e.g. neuropeptide 
transmitters.  
 
To understand how a neuron may be influenced by signals from other cells, it is critical to 
know the types of receptors and LGICs that are expressed as well as the functional 
properties of these molecular complexes. One aim of the present thesis was to clarify 
whether MPN neurons do express the amino acid receptor LGICs that mediate fast 
chemical transmission and to establish their functional properties. While early studies 
suggested that neuropeptides were the main transmitters in the hypothalamic region where 
the MPN is located, it is now recognized that glutamate and GABA, acting via LGICs, 
account for a major part of the transmission. The present work contributed to 
demonstrating this.  
          LGICs belonging to three different super-families have been studied in the present 
thesis, the ionotropic glutamate receptors, the Cys-loop receptors that include GABAA and 
glycine receptors, and the TRP (transient receptor potential) channels. The description 
below therefore focuses on these channel types, and gives complementary information that 
to a large part was revealed after the two first papers of the present thesis were published. 
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Excitatory synaptic transmission – glutamate  
 
The amino acid glutamate is the major fast-acting excitatory transmitter in the brain and 
spinal cord. Activation of ionotropic receptors for glutamate induces opening of cation 
channels permeable for Na+, K+ and to a varying degree also Ca2+. The three major classes 
of ionotropic glutamate receptors are AMPA (α-methyl-3-hydroxy-5-methylisoxazole-4-
propionic acid), kainate and NMDA (N-methyl-D-aspartate) receptors. The names are 
based on the pharmacology of these receptors, which also matches the molecular biology 
described below. AMPA receptors mediate fast synaptic transmission and their activation 
depolarizes the postsynaptic membrane. Kainate receptors may also mediate fast synaptic 
transmission, but their major role is thought to be in regulating presynaptic release of 
neurotransmitter (Frerking et al., 1999). NMDA receptors have slower activation and 
deactivation kinetics than AMPA receptors and are unique in that they require the 
coincident binding of the co-agonist glycine, as well as glutamate, for activation. NMDA 
receptors are highly permeable for Ca2+ ions and possess the feature of being blocked by 
Mg2+ at resting membrane potential. Due to this voltage-sensitive Mg2+-block of the 
NMDA receptor pore, AMPA receptors mediate most of the excitatory transmission at low 
transmission frequencies. However, during intense activity, AMPA receptor-mediated 
depolarization of the post-synaptic membrane can relive the Mg2+ block of the NMDA 
receptors, allowing influx of Ca2+. This property of the NMDA receptors allow them to act 
as integrators of pre- and post-synaptic activity and function as triggers of synaptic 
plasticity. This type of activity-dependent change in synaptic strength is thought to be a 
cellular mechanism underlying learning and memory-formation. Prolonged activation of 
NMDA receptors, which may occur for instance during stroke and ischemia, may lead to 
excitotoxicity. 
          All subunits of ionotropic glutamate receptors share a common topology, with a 
large extracellular N-terminal region, three transmembrane regions (TM1, TM3, TM4), a 
re-entrant pore loop (M2) and an extracellular loop between TM3 and TM4. The 
cytoplasmic C-terminus varies in size for the different subunits. 
 
AMPA receptors 
 
AMPA receptors are composed of subunits known as GluR1-4 and assemble as homo- or 
heterotetramers that are permeable to Na+ and K+. A majority of AMPA receptors are 
GluR2- containing. This has functional implications since almost all GluR2 subunits are 
posttranslationally modified by RNA-editing (Q/R editing) and the presence of such a 
modified subunit renders the channel impermeable to Ca2+. AMPA receptors lacking the 
GluR2 subunit are permeable to Ca2+ (Cull-Candy et al., 2006). Alternative splicing adds 
to the functional diversity. One example is the flip/flop sequence that affects the rate of 
desensitisation of the currents (Koike et al., 2000). GluR2-lacking AMPA receptors are 
also blocked in a voltage-dependent way by polyamines, producing an inwardly rectifying 
I/V relation (Koh et al., 1995). NBQX (6-nitro-7-sulphomoylbenzo[f]quinoxaline-2,3-
dione) is a selective competitive antagonist of AMPA receptors. 
 
NMDA receptors 
 
NMDA receptors are composed of subunits from three families, NR1, NR2 and the less 
studied NR3. By alternative splicing, eight variants of NR1 subunits are formed, whereas 
four different isoforms of NR2 subunits, NR2A-D and two different NR3 subunits (NR3A 
and B) exist. The stochiometry of native NMDA receptors is most likely tetrameric, 
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incorporating two NR1 and two NR2 subunits. They are probably arranged as a dimer of 
dimers with one NR1 dimer and one NR2 dimer of the same or different subtypes. NR3 
subunits are thought to co-assemble with both NR1 and NR2 subunits to form tetrameric 
complexes. Activation of NMDA receptors requires binding of the two co-agonists, 
glutamate and glycine or D-serine. The glycine-binding site is located on the NR1 and 
NR3 subunits, while the NR2 subunits have the glutamate binding site. The functional 
properties (agonist sensitivity, sensitivity to the pore blocker Mg2+, kinetics etc) of NMDA 
receptors depend on the NR2 subunit expressed (Monyer et al., 1994). Pharmacological 
tools include the competitive antagonists AP5 and the channel blocker MK-801. Ifenprodil 
is an antagonist with selectivity for the NR2B subunit. Zn2+ at nanomolar concentrations is 
a naturally occurring antagonist selective for NR2A subunits (Paoletti et al., 1997). 

 
Inhibitory synaptic transmission – GABA and glycine 
 
The fast-acting inhibitory transmitters in the brain and spinal cord are the amino acids 
GABA (γ-aminobutyric acid) and glycine. They bind to and activate GABAA receptors 
and glycine receptors respectively, usually causing a hyperpolarizing influx of chloride 
ions. GABA is considered to be the dominant inhibitory transmitter in the brain, while 
glycine plays this role in the brain stem and spinal cord. Recently, however, glycine 
receptors have also been shown to be expressed in various regions of the forebrain, adding 
to the results of the present thesis.  
          GABAA receptors and glycine receptors are functionally and structurally similar 
members of the Cys-loop superfamily of ligand-gated ion channels. They are 
hetoromultimeric proteins and are believed to form pentameric receptors. Each subunit has 
a large extracellular ligand- binding N-teminal domain, four transmembrane segments M1-
M4, and a short extracellular C-terminus. A large intracellular loop between M3 and M4 is 
important for regulation by phosphorylation and for receptor clustering. A common 
feature of all Cys-loop receptor subunits is the cysteine-rich disulfide-linked region that is 
present in the extracellular N-terminal domain, giving the Cys-loop family its name. All 
Cys-loop members are allosterically modulated by Zn2+ (Connolly & Wafford, 2004). 
          Although GABA and glycine act at separate and distinct receptors, the two 
inhibitory systems are tightly linked. GABA and glycine are often co-localized in 
inhibitory presynaptic terminals in the brainstem and spinal cord (Todd et al., 1996) and 
GABA and glycine have been shown to be co-released at synapses of the spinal cord 
(Jonas et al., 1998) and the cerebellum (Dugue et al., 2005). In the thalamus, co-
transmission of separate GABAergic and glycinergic pathways onto the same post-
synaptic neuron, rather than co-release of GABA and glycine, has been demonstrated 
(Ghavanini et al., 2006).  
          The inhibitory action of GABA and glycine are dependent on the concentration 
gradient of chloride ions across the membrane, which is maintained by the potassium-
chloride co-transporters (KCCs) (Payne et al., 2003). During early developmental stages, 
the chloride extrusion mechanisms of neurons are not yet in place, leading to a relatively 
high intracellular chloride concentration. GABA and glycine may therefore function as 
excitatory transmitters. This is likely to be important for the maturation of the nervous 
system (Ben-Ari, 2002). Also in mature animals, the chloride gradient may be changed in 
states of trauma, making GABA excitatory (Coull et al., 2003). The chloride concentration 
can also vary between different intracellular compartments. In the MPN, the chloride 
concentration in the presynaptic bouton is sufficiently high for GABA to act depolarizing, 
hereby causing an increase in the frequency of transmitter release (Haage et al., 2002). 
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          Besides the well-described phasic inhibition by synaptic activation of GABAA and 
glycine receptors, tonic inhibition by activation of extrasynaptic receptors has recently 
received attention. Extrasynaptic receptors may be activated by �spill-over� of agonist 
from synapses or by low ambient concentrations of agonist. Extrasynaptic GABAA 
receptors are sensitive to low concentrations of GABA and are non-desensitizing, making 
them suited for tonic inhibition (Farrant & Nusser, 2005; Lindquist & Birnir, 2006). These 
receptors are likely to be the targets for alcohol and the endogenous neurosteroids (Mody 
et al., 2007). Extrasynaptic glycine-receptors also exist throughout the nervous system and 
have been postulated to mediate tonic inhibition. In the hippocampus, glycine has been 
suggested to activate extrasynaptic receptors and hereby play a neuromodulatory 
inhibitory role rather than providing fast-acting inhibition (Song et al., 2006). Taurine, 
which is found in relatively high extracellular concentrations, has been suggested to be an 
endogenous agonist of extrasynaptic glycine receptors in the hippocamus (Mori et al 
2002), the basolateral amygdala (McCool & Botting, 2000) and the cortex (Flint et al., 
1998). 
        
GABAA receptors 
 
Genes for several subfamilies of subunits (α1-6, β1-3, γ1-3, δ, ε, θ and π) have been identified 
for the GABAA receptor (Akabas, 2004). This is the largest set of subunits among all 
LGICs. The majority of native receptors are formed by two α, two β and one γ subunit. 
The δ or ε subunit can replace the γ subunit in some receptor subtypes, an example is the 
presence of the δ subunit in extrasynaptic receptors (Farrant & Nusser, 2005). Each 
subunit has a distinct regional and cellular distribution in the brain, with some cell types 
expressing almost all the known subunits (Sieghart, 2006). GABAA receptors are linked, 
by an unknown mechanism, to the post-synaptic anchoring protein gephyrin (Möhler 
2006). 
          The pharmacology of GABAA receptors is extensive, with positive modulators such 
endogenous neurosteroids, general anaesthetics and the clinically widely used 
benzodiazepines. The pharmacology is complex and influenced by the subunit 
composition of the receptor. An example is the requirement of the γ subunit for the 
modulation by benzodiazepines. GABAA receptors are usually thought to be selectively 
blocked by the competitive antagonist bicuculline (but see paper III of the present thesis). 
The pore-blocker picrotoxin blocks both GABAA and glycine receptors.  
 
Glycine receptors 
 
There are two subfamilies of glycine receptor subunits, α and β. Native receptors are 
formed by two α and three β subunits. Four different genes encoding α subunits (α1-α4) 
have been identified in vertebrates. Further heterogeneity is achieved through alternative 
splicing and RNA-editing. The α subunits are differently expressed during development, 
with α2 being the predominant neonatal subunit, later replaced by the α1 subunit. α3 and 
α4 are considered to be subunits of relatively minor influence, with restricted distribution 
and low expression levels. Heterologous expression of α subunits results in functional 
channels with binding sites for agonist and antagonist located at the interfaces between the 
subunits (Betz & Laube, 2006). Only one gene encoding the β subunit has been identified, 
but recently, a splice variant of the β subunit was described  (Oertel et al., 2007). The β 
subunit is widely expressed throughout the nervous system and is required for synaptic 
clustering of glycine receptors by interacting with the post-synaptic protein gephyrin. 
Heterologous expression of β subunits does not result in functional channels. When β 
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subunits are co-expressed with α subunits they form heteromeric channels that can be 
identified by a reduced sensitivity to block by picrotoxin as compared to α homomeric 
channels. Strychnine is a selective competitive antagonist that is used to demonstrate 
glycinergic transmission. The pharmacology is limited, i.e. there are no clinically used 
selective positive modulators. 
 
Temperature sensitive ion channels – TRP channels 
 
The ability to sense temperature is important for the survival of the organism, both for 
avoiding potentially tissue-damaging temperatures and for the maintenance of a precisely 
controlled core body temperature in both homeo- and ecto-thermic animals (Boulant, 
2000; Seebacher & Murray, 2007). Sensing ambient temperature as well as central body 
core temperature involves activation of temperature-sensitive ion channels. The 
involvement of TRP (�transient receptor potential�) channels in the molecular mechanisms 
of peripheral sensing of both cold and warm temperatures is well established (Patapoutian 
et al., 2003). Less is known about the ionic mechanisms of central temperature sensing 
and thermoregulation. However TRP channels are turning up as likely candidates also here 
(Caterina, 2007). There are about 30 members of the mammalian TRP channel 
superfamily, divided into six subfamilies. All TRPs have six putative membrane spanning 
domains with cytoplasmic amino- and carboxy-termini and a proposed pore-forming 
region between transmembrane domain five and six (Pedersen et al., 2005). The subunits 
are thought to assemble as homo- or hetero-tetramers (Kedei et al., 2001), forming cation 
channels with a high Ca2+ permeability. 
 
TRPV channels  
 
Three of the TRP subfamilies have thermo-sensitive members (Thermo TRPs), TRPA 
(ankyrin), TRPM (melastatin) and TRPV (vanilloid). In the vanilloid family, the TRPV1-4 
channels are temperature-sensitive, spanning a range of physiologically relevant 
temperatures. The threshold for activation is lowest for TRPV4 (~27°C), higher for 
TRPV3 (≥33°C), TRPV1 (≥42°C) and highest for TRPV2 (≥52°C) (Patapoutian et al., 
2003). The mechanism of the heat activation is unclear. No mutation has been described 
that selectively abolishes heat activation. For TRPV1, the temperature dependence of 
gating is steep, with a Q10 of  ~15 (Voets et al., 2004). 
          The Thermo TRPs are polymodal sensors that are not only detectors of temperature 
with heat as the �agonist�, but also by a variety of chemical and physical stimuli such as 
acidity and osmolarity. In this respect, they are not classical LGICs that mediate fast 
synaptic transmission, but rather function as integrators of different activators and 
modulators. TRPV1 has been shown to be a detector of acidification: It is activated by 
extracellular protons (Caterina et al., 1997) as well as by endovanilloids, such as lipid 
molecules of the arachidonic acid metabolism and the endocannabinoid anandamide (Van 
Der Stelt & Di Marzo, 2004). TRPV4 is activated by hypotonicity and is thought to be 
involved in osmo-sensation in circumventricular brain regions, such as the organum 
vasculosum lamina terminalis of the third ventricle (Liedtke & Friedman, 2003; Liedtke & 
Kim, 2005). Different plant-derived compounds have become useful tools since they 
activate different Thermo TRPs. Examples include camphor that activates TRPV3, 
menthol that activates TRPM8 and the well known substance capsaicin that activates 
TRPV1. Capsaicin is the pungent �hot� component of hot chili peppers (Caterina et al., 
1997). Chili peppers were cultivated and domesticated as early as 6000 years before 
present in the Americas (Perry et al., 2007) and has since then been a much appreciated 
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dietary supplement due to the burning although pleasant sensation it evokes by activating 
TRPV1 channels. Selective antagonists are so far only available for TRPV1, which is 
blocked by capsazepine and iodo-resiniferatoxin (I-RTX). 
 
 
AIMS OF THE THESIS 

 
In general, the present thesis work was undertaken to characterise the ligand-gated ion 
channels involved in synaptic transmission in the rat medial preoptic nucleus. The more 
specific aims were: 
 

• To clarify if MPN neurons generate membrane currents in direct response to the 
transmitters glutamate, GABA and glycine, to characterize such currents and to 
identify the receptor types involved (papers I and II). 

 
• To clarify the role of changes in intracellular chloride concentration for the time 

course of currents evoked by GABA and by glycine and for the possible interactive 
effects of these transmitters (paper III). 

 
• To establish whether functional TRPV1 channels are expressed in synapses in the 

MPN and to clarify whether such channels affect the transmission in MPN 
synapses (paper IV). 
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METHODS 
 

The data in the present thesis were obtained by in vitro electrophysiological techniques. 
Whole-cell patch-clamp recordings were performed under voltage-clamp conditions 
applied to neurons from the medial preoptic nucleus of the rat hypothalamus. The patch-
clamp technique makes it possible to study in detail the functional characteristics of 
ligand-gated ion channels. 
 
Whole-cell patch-clamp recording 
 
A glass pipette with a tip diameter of about 1 µm is used as the recording electrode and is 
filled with a solution with an ion composition that mimics the intracellular milieu 
(�intracellular solution�). This �patch pipette� is connected via a silver wire to an 
amplifier. The pipette is approached to the cell, which is kept in a solution that reflects the 
ionic composition of the cerebrospinal fluid (�extracellular solution�). Weak suction is 
applied to the interior of the patch pipette, causing the cell membrane and the glass surface 
to form a tight seal. In this cell-attached recording configuration, the high-resistance seal 
(in the order of gigaohms, hence called gigaseal) makes it possible to record currents, in 
the picoampere scale, from single ion channels. Next, to obtain the whole-cell recording 
configuration, a short pulse of suction is applied to the pipette interior causing the 
membrane patch under the pipette tip to rupture. In the obtained whole-cell mode, the 
currents that flow through all open ion channels in the cell membrane can be recorded 
simultaneously � the whole-cell current.  
  
Perforated-patch recording 
 
In this whole-cell recording configuration, instead of breaking the cell membrane by 
suction to gain access to the whole cell membrane, a pore-forming antibiotic is included in 
the intracellular solution in the patch pipette. The antibiotics used in the present thesis 
were Amphotericin B, which forms pores permeable to all monovalent ions (Rae et al., 
1991), and gramicidin, which forms pores permeable to monovalent cations only (Kyrozis 
& Reichling, 1995). Gramicidin is therefore used when the concentration of intracellular 
chloride needs to be kept unchanged by the pipette solution. The perforated-patch 
recording technique is less invasive than the standard whole-cell technique since it 
prevents washout of intracellular factors that can be important for the stability of the 
currents recorded. 
 
Voltage clamp  
 
There are two modes of whole-cell patch-clamp recording; voltage clamp and current 
clamp. In voltage clamp the membrane voltage is controlled and the current needed to 
maintain this voltage is recorded. In current-clamp the current is kept constant and the 
changes in membrane potential are recorded. This mimics the in vivo situation, when 
membrane currents induce changes in the transmembrane voltage. However, although 
voltage clamp does not occur in vivo, it has several advantages, such as preventing 
uncontrolled changes in voltage with complex effects of multiple voltage-dependent 
variables. It thereby gives a favourable condition for the analysis of changes in membrane 
conductance caused by ion channels. 
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Figure 2. A. Schematic illustration of the experimental setup used to record whole-cell 
currents in the dissociated neuron preparation. B.  Examples of spontaneous GABAA 
receptor-mediated inhibitory postsynaptic currents (sIPSCs) recorded in a slice 
preparation of the rat MPN. C. Whole-cell current evoked by application of agonist, in 
this example GABA, recorded from a dissociated neuron. On the baseline are also visible 
spontaneous GABAA receptor-mediated “miniature” IPSCs. 
 
Slice preparation and dissociation of neurons 
  
In this study, two �acute� preparations of the rat brain were used; slices and dissociated 
neurons respectively. For recording, young adult rats, age 3-5 weeks, were either lightly 
anaesthetized with isoflurane and decapitated or decapitated without anaesthetics. The brain 
was rapidly removed and placed throughout the entire slicing procedure in pre-oxygenated 
ice-cold buffer. A block of tissue containing the anterior hypothalamus was dissected out and 
200 - 300 µm thick coronal slices (see Fig. 1) were cut using a vibratome. After cutting, 
slices were allowed to recover for at least one hour at room temperature (21 - 23 °C).  
 
Recordings were done either from neurons in situ in the slice-preparation or from 
dissociated neurons (see Fig. 3 A and B respectively). In the slice, standard whole-cell 
recordings were done using the anterior commisure and the third ventricle as landmarks to 
locate the MPN (Fig. 3 A, encircled area). To isolate individual MPN neurons, the vibro-
dissociation technique was used (Vorobjev, 1991). In this technique, a vibrating glass rod 
with a blunt fire-polished tip with a diameter of about 0.5 mm is applied to the surface of 
the slice. This allows neurons of a very small and defined region of the slice to be 
dissociated. Another advantage of this enzyme-free dissociation technique is that the 
isolated neurons retain attached functional synaptic terminals (�boutons�). These 
functional synaptic terminals can now be studied under well-controlled conditions, both 
with respect to electrical control as well as enabling fast application of drugs of precisely 
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defined concentrations (Akaike & Moorhouse, 2003). The isolated neurons were 10-15 
µm at the longest axis and typically retained two or three processes (Fig. 3 B). The 
perforated-patch recording technique was used in this preparation. 
 
Postsynaptic currents were recorded in both these preparations (examples in Fig. 2 B and 
C). In addition, whole-cell currents evoked by fast application of agonists were studied in 
the dissociated neurons (example in Fig. 2 C). 
 

 
 
Figure 3. A. The slice preparation. The anterior commisure (aco) is marked for reference. 
The dark lines crossing the slice are nylon threads of a grid that is used to keep the slice in 
position. The white line encircles the area where the recordings were done, alternatively 
from which neurons were dissociated. B. Examples of acutely dissociated MPN neurons 
obtained using the vibro-dissociation technique.  
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RESULTS AND DISCUSSION 
 

Glutamate-evoked currents in MPN neurons (paper I) 
 
The present study clearly showed that all studied MPN neurons responded to glutamate 
with currents generated by AMPA receptors, and a majority of neurons also responded 
with currents generated by NMDA receptors. Thus, although early studies suggested that 
peptides may be the main transmitters in the hypothalamic region, it seems likely that 
glutamate may be an important transmitter in the MPN, as seems to be the case for most 
regions of the CNS. 
          Although spontaneous EPSCs were previously shown to be mediated by AMPA 
receptors in the MPN (Hoffman et al., 1994b), direct current responses to glutamate were 
not previously demonstrated in these neurons. The present study is also the first direct 
electrophysiological evidence for the presence of NMDA receptors in MPN neurons. The 
functional expression of these iGluRs was later confirmed in the MPN slice preparation, 
where electrically evoked synaptic release of glutamate activated postsynaptic AMPA and 
NMDA receptors (Malinina et al., 2005). 
          The AMPA-evoked currents in the present study showed a linear I-V relation. This 
suggests that an edited form of GluR2 is present in the AMPA receptor complex of these 
cells (Cull-Candy et al., 2006). The functional expression of AMPA receptor-mediated 
currents shown in the present study agrees with histochemical data showing that GluR1 
and GluR2 are widely expressed, and GluR3 and GluR4 to a lesser extent, in the rat 
hypothalamus (van den Pol et al., 1994). Another in situ-hybridisation study showed that 
GluR1, GluR2 and NR2A are the most abundant subunits in the MPN (Eyigor et al., 
2001). The NMDA-receptor-mediated inward currents in the present work were maximal 
at �25 mV. This suggests that NR2A or NR2B subunits are part of the receptor complex in 
MPN cells (Monyer et al., 1994). The regional overlap of expression indicates that many 
neurons express iGluRs belonging to different families, which may increase the extent to 
which glutamate may differentially affect target neurons (Eyigor et al., 2001). This 
expression pattern and functional implications are also consistent with our data showing 
that a majority of the cells express AMPA as well as NMDA receptor-mediated currents.  
          Glutamatergic innervations of the mPOA has been demonstrated to originate both 
within the mPOA itself and in several other diencephalic and telencephalic structures 
(Kocsis et al., 2003) providing the neuroanatomical substrate for glutamatergic 
transmission in the mPOA. Glutamate in the MPN plays a key role in the control of 
reproductive behaviour, a major function of this brain area (Brann & Mahesh, 1997). For 
instance, glutamate activation of NMDA receptors is important for the experience- 
dependent processing of sexual stimuli in the male rat (Hull & Dominguez, 2006). Such 
activity-dependent changes may rely on modification of the synaptic strength of 
glutamatergic synapses in the MPN. Indeed, it has been demonstrated that AMPA-
receptor-containing synapses in the MPN undergo short-term synaptic plasticity (Malinina 
et al., 2006). Glutamate-mediated transmission is also important for the neuroendocrine 
functions of the MPN as NMDA receptors are involved in regulation of GnRH release 
from MPN neurons (Brann & Mahesh, 1997).  
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GABA- and glycine-evoked currents in MPN neurons (paper II) 
 
In this paper, we show that all MPN neurons tested responded with membrane currents to 
application of GABA as well as glycine. The present study is the first to provide direct 
electrophysiological evidence for the presence of glycine-gated channels in MPN neurons. 
Although spontaneous IPSCs have been shown to be mediated by GABAA receptors 
(Hoffman et al., 1994b), the presence of currents activated by direct application of GABA 
has not been reported before. Previously, slow-acting peptide neurotransmitters were 
considered to be the main transmitters of the MPN (Simerly et al., 1986). The present 
paper, together with paper I, shows the importance of fast-acting inhibitory and excitatory 
amino acid neurotransmitters in this region of the brain.  
          The GABA-evoked currents in the present study showed a linear I-V relation, 
indicating that the ε subunit is expressed (Davies et al., 1997). This agrees with 
immunohistochemical data showing that the mPOA contains a large number of ε-positive 
neurons (Moragues et al., 2000). Using in situ hybridisation, the MPN has been shown to 
express α2, β3 and γ1 subunits (Herbison & Fenelon, 1995). Our finding that all MPN 
neurons express functional GABAA receptors is of interest since GABA has several 
physiological effects in this brain region. GABAergic transmission plays a role in the 
neuroendocrine functions of the MPN and is required for the control of the pulsatility of 
GnRH neurons within the mPOA (Mitsushima et al., 2003). These neuroendocrine 
functions are sensitive to gonadal steroids. GABAA receptors of the mPOA are 
allosterically modulated by neurosteroid hormones, and are likely to play a role in the 
regulation of sexual and reproductive behaviour (Henderson, 2007). One example of such 
direct effects of steroids on GABAA receptors is the neurosteroid allopregnanolone, which 
prolongs the decay of GABAergic mIPSCs in dissociated MPN neurons (Haage & 
Johansson, 1999). That GABAA receptor-mediated transmission is also involved in the 
thermoregulatory function of the POA was shown by injecting the GABAA-receptor 
agonist muscimol in the POA of rats, causing increased heat production and body core 
temperature (Ishiwata et al., 2005) (Osaka, 2004).  
          When synaptic transmission is studied, either spontaneous or electrically stimulated, 
GABA seems to be the sole mediator of fast inhibitory synaptic transmission in the MPN. 
Several studies in slice preparations of the MPN show that all inhibitory transmission is 
blocked by antagonists selective for GABAA receptors (Hoffman et al., 1994b; Hoffman et 
al., 1994a; Haage et al., 1998; Malinina et al., 2005; paper III of present thesis). Other 
evidence in favour of preoptic inhibitory synaptic transmission being exclusively GABAA-
receptor mediated comes from early in vivo electrophysiological studies. One such study 
showed that application of both GABA and glycine induces a decrease in neuronal activity 
of medial preoptic neurons (Blume et al., 1981). The effects were selectively blocked by 
bicuculline and strychnine respectively, however only bicuculline decreased synaptic 
inhibition. It was therefore suggested that GABA is the more important transmitter in this 
region of the brain. A similar conclusion was reached in another in vivo 
electrophysiological study on the application of GABA, glycine, β-alanine and taurine 
(Mayer, 1981). In this study, strychnine antagonized the responses to the last three 
agonists. However, synaptic inhibition was blocked by picrotoxin and bicuculline but 
unaffected by strychnine. Even though all synaptic inhibition was GABAergic, both these 
in vivo studies found indirect evidence for functional glycine receptors in the POA. 
However, it cannot be excluded that these in vivo effects were indirect, via glycine 
activation of receptors on other cells. 
          As demonstrated in the present study, glycine application induces whole-cell 
currents in all MPN neurons studied, providing direct evidence for that glycine receptors 
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are functionally expressed on these neurons. Traditionally, glycine is regarded as the 
inhibitory transmitter of the spinal cord and the brain stem. It may therefore seem 
surprising that MPN neurons express glycine receptors. However, several studies support 
the idea of glycine as a transmitter not only in the spinal cord but also in different 
forebrain regions. Application of exogenous glycine has been shown to evoke glycine-
receptor mediated currents in the hippocampus (Mori et al., 2002), the amygdala (McCool 
& Farroni, 2001) and the ventromedial hypothalamus (Akaike & Kaneda, 1989). In the 
thalamus and in the cerebellum, there is evidence for synaptically released glycine 
(Ghavanini et al., 2005; Dugue et al., 2005). For the MPN, no evidence in favor of either 
spontaneous or electrically evoked glycine release is available (Malinina et al., 2005). If 
glycine is not synaptically released in the MPN, the agonist of the glycine receptors may 
be supplied from other sources. One possible source is glial cells. Glial cells of the 
substantia nigra of the brain stem release glycine upon K+-induced depolarization (Dopico 
et al., 2006). That similar mechanisms may be present also in the hypothalamus is 
demonstrated in a study showing that supraoptic glycine receptors are extrasynaptic and 
involved in glia-to-neuron communication (Deleuze et al., 2005). Further support comes 
from studies of glycine transporters (GlyTs). High levels of GlyT1, but no GlyT2 
imunoreactivity were detected in several nuclei of the hypothalamus (Zafra et al., 1995). 
GlyT1 is mainly expressed by glial cells, and GlyT2 is expressed at the presynaptic 
terminals of neurons (Eulenburg et al., 2005). This suggests that glycine may not be taken 
up and stored in presynaptic terminals, but may rather be contained in glial cells in the 
hypothalamus.  
           It is also possible that taurine released from glial cells is the endogenous agonist of 
(extrasynaptic) MPN glycine receptors. Taurine is present in high concentrations, 
particularly in astrocytes, in many forebrain regions. Taurine is an agonist of glycine 
receptors and also GABAA receptors, although the affinity for GABAA receptors is lower 
(Albrecht & Schousboe, 2005). Taurine has been shown to activate glycine receptors, but 
not GABAA receptors, in the basolateral amygdala (McCool & Botting, 2000), in the 
hippocampus (Mori et al, 2002) and in hypothalamic supraoptic neurons (Hussy et al., 
1997). We performed initial experiments on dissociated MPN neurons, showing that 
taurine activates strychnine-sensitive glycine receptors (Fig. 4., unpublished observation). 
 

                                                       

Figure 4. Taurine-evoked currents in 
dissociated MPN neurons are blocked 
by strychnine(Vhold 0 mV, 
Amphotericin B perforated patch, Cs-
gluconate-containing intracellular 
solution, see Methods section of paper 
III).

 
 
          However, another study suggests that the POA does indeed receive glycinergic input 
of neuronal origin. By using GlyT2 as a marker for glycinergic neurons it has been shown 
that the preoptic area and the hypothalamus are among the forebrain regions that receive 
the densest innervation by glycinergic neurons. That the agonist was also present was 
demonstrated by intense glycine immunoreactivity (Zeilhofer et al., 2005). The presence 
of both the agonist and the receptor would provide the necessities for glycinergic neuro-
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transmission in the POA. However, this has not been demonstrated. This resembles the 
situation in the hippocampus, where glycine receptors are present, glycine and GABA are 
co-localized in interneurons, but despite this glycine receptors are not involved in fast 
synaptic transmission (Song et al., 2006). The glycine receptors in these interneurons are 
located outside the synapses and therefore probably involved in tonic inhibition (Song et 
al., 2006). It may be speculated that this is also the case for the MPN. Further studies are 
needed to clarify how glycine receptors of the MPN are activated.  
          Like GABAA receptors, glycine receptors are also affected by neurosteroids. 
However, native glycine receptors are inhibited by different neuroactive steroids, without 
the potentiating effect seen on GABAA receptors (Fodor et al., 2006). It is not clear 
whether endogenous neurosteroids exert some of their in vivo effects via inhibition of 
glycine receptors. 
          There are few reports available on the physiological functions of glycine-receptor 
activation in the MPN. One example is that glycine, but not taurine and β-alanine, injected 
in the mPOA of male rats induces prolactin release (Banzan & Donoso, 1983). The 
glycine receptors have been shown to directly couple to the leptin receptor. Since both 
these receptors are expressed in the hypothalamus, this may indicate that the glycine 
receptor is involved in regulation of appetite (Leite et al., 2002). 
 
Cl- concentration changes and interaction between GABAA receptors and  glycine 
receptors in MPN neurons (paper III) 
 
This study shows the critical importance of changes in intracellular chloride concentration 
in determining the current decay and recovery of GABA- and glycine-induced currents. 
We also demonstrate that an apparent cross-desensitization between the currents evoked 
by GABA and glycine application can be fully explained by changes in intracellular 
chloride concentration.   
          The response to a neurotransmitter is often decreased upon repeated or prolonged 
activation. This phenomenon is usually described in terms of desensitization, which is an 
intrinsic receptor-mediated process, not dependent on ion flux through the channel. The 
molecular mechanism behind desensitization involves opening of the channel in response 
to the binding of neurotransmitter. The channel can subsequently enter a closed, 
desensitized, state with ligand still bound (Jones & Westbrook, 1996).  
          The time-course of synaptic currents depends on the gating of the post-synaptic 
receptors and the time-course of the ligand concentration in the synaptic cleft. Taking 
GABAergic synapses as an example, GABAA receptors in the synapse experience a 
transient high concentration of GABA. Clearing of the GABA molecules from the 
synaptic cleft by specific transporter proteins and diffusion is very fast, in the order a few 
hundred microseconds. The brief exposure to GABA means that GABAA receptors in the 
synapse are therefore probably never at equilibrium with the agonist concentration 
(Mozrzymas, 2004). Most of the free GABA is likely to be cleared from the synaptic cleft 
already when the IPSCs are at peak amplitude (Jones & Westbrook, 1996). Due to this 
short exposure to agonist, deactivation determined by channel closure that follow ligand 
removal is important for setting the time-course of synaptic GABAA-receptor-mediated 
currents. Desensitization is important in determining the speed of IPSCs evoked by 
transient exposure to GABA. It can prolong the decay since the channels oscillate between 
open and long closed desensitized states before unbinding of agonist (Jones & Westbrook, 
1996).  
          In the present study, GABAA and glycine receptors were activated by long-lasting 
(compared to synaptic concentration transients) applications of agonist. The receptors are 
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therefore at equilibrium with the agonist concentration present during the application. We 
would still expect that desensitization play an important role in determining the time-
course of the currents in the continuous presence of agonist. Surprisingly, our results show 
that desensitization, determined by measuring the membrane conductance during 
application of agonist, did play only a minor role for the decay of the currents. 
          We do not know the proportion, in terms of receptor numbers, between 
extrasynaptic receptors distributed over the neuronal membrane and synaptic receptors on 
MPN neurons. It may be speculated that the GABAA and the glycine receptors activated 
by application of agonists are mainly extrasynaptic. This could be the case if the 
extrasynaptic receptor population is large compared to the synaptic, as has been shown in 
cerebellar granule neurons (Nusser et al., 1995), and if the access to the synaptic receptors 
is restricted by diffusion barriers around the synaptic boutons.  
          Extrasynaptic GABAA receptors display less and slower desensitization than 
synaptic receptors. This, together with their lower EC50 value for activation by GABA, 
make them suited to detect low tonic levels of agonist (Farrant & Nusser, 2005). If the 
currents induced by application of agonist in the present study are mainly due to 
extrasynaptic receptors, this could explain why there was so little true desensitization 
during agonist application.  
          Neurons are endowed with transporter proteins that keep up the transmembrane ion 
gradients. To establish and maintain the chloride gradient, the potassium chloride co-
transporter KCC2 is a key player (Payne et al., 2003). GABA is depolarizing in immature 
neurons due to a relatively high intracellular chloride concentration, which is a 
consequence of low expression of KCC2. As the animal matures, KCC2 levels increase, 
the intracellular chloride concentration decreases and GABA switches to the adult 
hyperpolarizing action (Ben-Ari, 2002). The importance of KCC2 in keeping up the 
inhibitory effect of GABA has been demonstrated in the median preoptic nucleus of the 
hypothalamus, where functional KCC2 is necessary for sustained synaptic inhibition. 
When KCC2 was blocked by furosemide, the chloride extrusion mechanism did not 
function and the amplitude of high-frequency evoked IPSCs collapsed (Grob & Mouginot, 
2005). In the present study, we show that the capacity of the dissociated neurons to cope 
with the flux of chloride ions is limited. We used gramicidin-perforated patch recordings 
to avoid equilibration of the intracellular chloride concentration with the solution in the 
pipette. Under these conditions, we show that the recovery of the current amplitude from 
the inhibition caused by the previous application of GABA or glycine is very slow, in the 
order of 30 minutes. The slow recovery of the intracellular chloride concentration was 
limiting for the current recovery. 
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Figure 5. Low concentrations of both 
GABA and glycine masks GABAA- 
receptor-mediated sIPSCs in 
dissociated MPN neurons (Vhold 0 
mV, Amphotericin B perforated patch, 
Cs-gluconate containing intracellular 
solution, see Methods section of paper 
III).

 
          The ambient extracellular GABA concentration differs for different brain regions, 
but have been estimated to vary from tens of nanomolar to a few micromolar (Farrant & 
Nusser, 2005). Low ambient concentrations of GABA, achieved either by application of 
GABA or by introducing GABA uptake inhibitors, reduce the amplitude of IPSCs by 
desensitizing, rather than opening, the channels (Overstreet et al., 2000). This may be 
important for reducing synaptic efficacy. We applied low µM concentrations of GABA 
and glycine, corresponding to ~EC15, to dissociated MPN neurons and found that both 
GABA and glycine abolished the GABAA-receptor-mediated sIPSCs (Fig. 5., unpublished 
observation). Since we show, in the present study, that there is no true cross-
desensitization between currents activated by glycine and GABA, it appears unlikely that 
glycine-application would inhibit the GABAA-receptor-mediated sIPSCs by 
desensitization.  We may speculate that ambient µM concentrations of both GABA and 
glycine may sufficiently affect the intracellular chloride concentration to affect IPSCs. 
This may provide another mechanism, in addition to desensitization, by which 
extrasynaptic GABAA and glycine receptors could modulate inhibitory synaptic 
transmission. 
 
TRP channels and regulation of transmitter release in the MPN (paper IV) 
 
The present study is the first investigation on direct effects of the TRPV1 agonist 
capsaicin on synaptic transmission in the MPN. The results suggest a role of central 
thermosensitive TRPV1 channels in synaptic processing in this brain region.  
          The PO/AH is an important thermosensitive brain region, underlined by the finding 
that about 30 % of the neurons of the PO/AH are intrinsically temperature-sensitive 
(Boulant, 2000). The molecular mechanisms behind this are not known. It has been 
postulated that depolarization caused by warming is the basis for intrinsic neuronal 
temperature sensitivity (Hori et al., 1999). However, other studies indicate that no single 
unique thermo-sensitive channel is responsible for the temperature-sensitivity. Thus, there 
is no evidence for a resting current specific for warm-sensitive neurons in PO/AH neurons 
(Zhao & Boulant, 2005). Rather, the temperature-sensitivity may be due to the relative 
expression levels of a common basic set of channels, whose activation and deactivation 
kinetics are sensitive to the temperature. These channels may therefore be involved in 
setting the interspike intervals that determine whether a particular neuron will be 
intrinsically temperature-sensitive or not (Wechselberger et al., 2006).  
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          The present study suggests that the temperature-sensitivity of the neurons in the 
MPN may also be regulated by TRP channels at the synaptic input, rather than solely 
intrinsically within the neurons. In support for this are findings showing that the vast 
majority of thermosensitive cells loose their thermosensitivity when synaptic transmission 
is blocked (Kobayashi et al., 2006). Another study also suggests that temperature-
sensitivity may not be an inherent property of some PO/AH neurons. Rather, it could be a 
plastic property that is modulated by the synaptic input. By a mechanism that is not 
completely understood, application of the endogenous pyrogen prostaglandin E2 reduced 
the frequency of IPSPs in cultured mice anterior hypothalamic neurons, making previously 
temperature-insensitive neurons temperature-sensitive (Tabarean et al., 2004). Apparently, 
the inhibitory inputs to these cells are to a large part responsible for their temperature-
sensitivity.  
          It has long been known that injection of capsaicin in the PO/AH of rats affects the 
core body temperature, causing a dose-dependent hypothermia, indicating that the 
capsaicin receptor TRPV1 is involved in central thermoregulation (Jancso-Gabor et al., 
1970; Hori, 1984). Systemic injections of recently developed TRPV1 antagonists produce 
a transient hyperthermia, i.e. an effect in the opposite direction to the capsaicin-evoked 
effect, but whether this effect is mediated by peripheral or central receptors is not known 
(Gavva et al., 2007). Studies in knockout mice have not provided clear evidence for the 
involvement of TRPV channels in central thermoregulation. Neither TRPV1-/- (Iida et al., 
2005), TRPV4-/- (Lee et al., 2005) or TRPV3-/- (Moqrich et al., 2005) mice show any 
changes in core body temperature or thermoregulation in hot or cold environments. 
However, TRPV1-/- mice show an increased amplitude of the circadian fluctuations of 
body temperature (Szelenyi et al., 2004), suggesting that TRPV1 is indeed involved in 
central thermoregulation. TRPV1 may function as a brake-sensor that mitigates the large 
rises of body temperature that is induced by activity (Szelenyi et al., 2004).  
          There are several possible mechanisms by which activation or inhibition of TRPV1 
receptors may affect the body temperature, as discussed in a recent review (Caterina, 
2007). As indicated above, these effects could be either at peripheral or central sites. There 
are basically four different scenarios by which capsaicin could cause the observed 
reduction in basal core temperature (Fig. 6). Mechanism 1: capsaicin-sensitive peripheral 
nerves activate PO/AH neurons via polysynaptic pathways, i.e. a purely peripheral action. 
Mechanisms 2 and 3: activation of TRPV1-positive presynaptic terminals on afferents 
projecting to the PO/AH causing an increased release of excitatory transmitter onto warm-
sensitive neurons or increased release of inhibitory transmitter onto cold-sensitive neurons 
respectively. Mechanism 4: direct activation of TRPV1 expressed by warm-sensitive 
neurons (Caterina, 2007). Mechanism 4 is not supported by the results obtained in the 
present study, since capsaicin did not induce any changes in the whole-cell holding 
current. Mechanisms 2 and 3, on the other hand, are supported by our results showing that 
capsaicin enhances both excitatory and inhibitory transmitter release through a direct 
effect at the presynaptic terminals.  
 



 

19  

 
 
 
Figure 6. Possible mechanisms for TRPV1-mediated hypothermia in response to heat or 
capsaicin. (Reproduced, with permission, from MJ Caterina, Am J Physiol Regul Integr 
Comp Physiol 292:R64-R67, 2007).  
 
 
          It may be questioned whether TRPV1 channels in the CNS are active at 
physiological temperatures, since the activation threshold for TRPV1 in expression 
systems is ≥42 °C. However, this threshold is not a static property of the channel, but it is 
modified by a number of different factors. Splice variants and post-translational 
modifications such as phosphorylation can result in a channel with lower activation 
threshold, making it plausible that the channels are active at central physiological 
temperatures. In the supraoptic nucleus of the hypothalamus, a capsaicin-insensitive splice 
variant of TRPV1 that is constitutively active at 23 °C has been described (Sharif Naeini 
et al., 2006). This channel is thought to be involved in osmosensation. The activation 
threshold of TRPV1 is lowered by phosphorylation. As an example, PKC phosphorylation 
can induce TRPV1 activity at room temperature (Premkumar & Ahern, 2000). It was 
recently shown that bradykinin by activating PKC sensitizes central TRPV1 receptors, 
making them active at 37 °C (Sikand & Premkumar, 2007). Since central bradykinin 
receptors are involved in the generation of fever (Coelho et al., 1997), it is possible that 
during states of fever, TRPV1 receptors of the MPN are active at physiological 
temperatures. TRPV4 has been shown to be activated at physiological temperatures, 
controlling neuronal excitability in the hippocampus (Shibasaki et al., 2007). Further, 
TRPV3 and TRPV4 channels are constitutively active in nigral dopaminergic neurons 
(Guatteo et al., 2005). Normal brain temperature is not fixed at 37 °C, making activation 
of TRPV channels seem plausible. Resting brain temperature shows regional variations, 
with the mPOA having a comparatively high basal temperature (Kiyatkin, 2005). Local 
brain temperature may also fluctuate significantly in animals during normal physiological 
and behavioural activities. As an example, the mPOA temperature may increase to > 39 °C 
during sexual activity (Kiyatkin, 2005). 
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          TRP channels are described as integrators of multiple signals, since the response to 
one activator is modified by another. This type of synergistic effects can also lower the 
heat activation threshold. At a lowered pH of ≤5.9, which may occur as a consequence of 
inflammation, TRPV1 channels are active at room temperature (Montell, 2005) and 
proinflammatory cytokines sensitize TRPV1 to activation by heat and anandamide (Zhang 
et al., 2005). Further it may be possible that heteromeric TRPV channels with heat- 
activation thresholds different from the homomers exist. It is not known if TRPV1 form 
hetermomeric receptors with other TRPV subunits in the MPN. However, the presence of 
TRPV4 in the mPOA (Guler et al., 2002; Wechselberger et al., 2006) makes this possible. 
That heteromeric channels may form is shown in heterologous expression systems, where 
TRPV1 and TRPV4 co-assemble as heteromers and the resulting channels have 
intermediate conductance and gating properties (Cheng et al., 2007). TRPV1 and TRPV2 
form heteromultimers both in dorsal root ganglia and cortex (Liapi & Wood, 2005) and 
also TRPV1 and TRPV3 can form heteromultimers (Smith et al., 2002). The relatively 
high concentrations of capsaicin that were required for effects in the present study may 
suggest that TRPV1/V4 heteromers with lower capsaicin sensitivity are expressed. In 
analogy with the intermediate properties described above, it may be speculated that 
heteromeric receptors with a lower capsaicin sensitivity than homomeric TRPV1 receptors 
are present in the MPN. Although we did not detect functional TRPV4 channels in the 
present study, they are expressed on mPOA axonal processes originating from other brain 
regions (Wechselberger et al., 2006). This information, together with our functional data 
showing that the TRPV1-mediated effect of capsaicin is at the synaptic terminal, suggests 
that TRPV channels are expressed presynaptically in the mPOA. 
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CONCLUSIONS 
 
From study I and II it is concluded that 
 

• neurons from the rat MPN respond to application of glutamate with currents that 
can be attributed to activation of AMPA and NMDA receptors 

• these neurons also respond to application of GABA and glycine with currents that 
can be attributed to activation of GABAA and glycine receptors respectively 

• fast-acting amino acid transmitters are likely to be important for transmission in 
the MPN 

 
From study III it is concluded that 
 

• the time course of current decay and recovery of currents evoked by application of 
GABA and glycine is mainly due to changes in intracellular Cl- concentration and 
does only to a minor degree reflect receptor desensitization 

• cross-inhibition between currents evoked by GABA and glycine is due to the 
changes in intracellular Cl- concentration 

 
From study IV it is concluded that 
 

• synaptic terminals of MPN neurons express TRPV1 receptors 
• both excitatory and inhibitory synaptic transmission is enhanced by activation of 

these TRPV1 receptors 
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