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Abstract

Serotonin (5HT) and nitric oxide (NO) are important signalling molecules with roles in
behavioural control and various psychological conditions. Various lines of evidence
suggest interactions between 5HT and NO signalling, however little is known about
their interaction in modulating intrinsic properties of cortical neurons and the effects
on the neuronal network activity in the cortex.

This project studied the effects of S5HT and NO on cultured neurons isolated from
Wistar rat cortices. 5HT and NO produced diverse responses in cortical neurons,
reflecting the heterogeneity of cortical neuron types. Neither 5HT nor NO appeared to
significantly modulate glutamate induced depolarisations. However, they affected the
number of APs elicited by the glutamate response, hinting at the possible modulation
of intrinsic membrane properties.

Subsequently, k-Means clustering based on 10 electrophysiological parameters was
used to divide cultured cortical neurons into 10 different cell types with consistent
firing properties. 5SHT and NO had diverse, cell-type specific effects on neuronal
excitability and cellular parameters in these cell types. Furthermore, 5HT and NO
showed complex interactions between each other, suggesting modulatory cross-talk.
Using ODQ to block soluble guanylate cyclase activity suggests that NO effects are
mediated not only by sGC/cGMP signalling, but also S-nitrosylation.

Comparing results obtained in cell culture to data from acute cortical slices showed
similarities in basic cellular properties. However, 5HT and NO effects on pyramidal cell
properties differed markedly between slices and cultures. At the network level, 5HT
increased the spontaneous EPSC frequency in pyramidal neurons through 5HT,
receptors, whereas NO had no effect. Interestingly, NO was able to reduce the 5HT
induced increase in EPSC frequency when inhibitory synaptic interactions were
blocked, possibly by modulating 5HT; receptor function. The results obtained
demonstrate the interaction between 5HT and NO in modulating both intrinsic
membrane properties and neocortical network activity.
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CHAPTER 1 1 INTRODUCTION

1 General introduction

1.1 Discovery of serotonin and nitric oxide as neurotransmitters

In 1935 enteramine was isolated and described as a substance responsible for
intestinal tissue contractions by Vittorio Erspamer (Vialli & Erspamer 1937).
Subsequently, a substance named serotonin was obtained from blood serum, purified
and described as a vasoconstrictor (Rapport et al. 1948). With the chemical structure
resolved (Rapport 1949), enteramine and serotonin were found to be the same
compound, which based on its chemical structure was named 5-hydroxytryptamine
(5HT). This monoamine is found primarily in the gastrointestinal tract, platelets, and in
the central nervous system (CNS), in which 5HT acts as a neuromodulatory signalling
molecule. 5HT is derived biochemically from tryptophan, through ring hydroxylation of
tryptophan by tryptophan hydroxylase and side chain decarboxylation by aromatic
amino acid decarboxylase. Tryptophan hydroxylase 2 is also found in the central
nervous system (CNS), and it is the rate-limiting step of this reaction (Fitzpatrick 1999;

Walther et al. 2003).

Another transmitter responsible for modulating synaptic function is nitric oxide (NO).
This free radical was identified as a signalling molecule in the CNS in 1987, when it was
discovered that the activation of N-methyl-D-aspartate (NMDA) receptors would
generate NO and cause cyclic guanosine monophosphate (cGMP) generation in
adjacent cells (Garthwaite & Garthwaite 1987). This gas is biosynthesised
endogenously in mammals from L-arginine by three forms of nitric oxide synthase
(NOS) enzymes: neuronal (nNOS), endothelial (eNOS) and inducible (iNOS). The activity
of the first two (nNOS, eNOS) is mainly regulated by intracellular calcium levels, while
the third enzyme (iNOS) is controlled at the level of gene expression. nNOS is present
in the CNS, and eNOS seems also to be relevant in the regulation of brain function

(Haul et al. 1999; Garthwaite et al. 2006).
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1.2 The role of serotonin and nitric oxide in behavioural control

Following the discovery of serotonin in the brain, 5HT has been shown to influence
many different behaviours and mental conditions. 5HT is involved in the modulation of
practically all behavioural processes, such as aggression (Kumar et al. 2014), memory
(Lopez-Vazquez et al. 2014), learning (Stolyarova et al. 2014), feeding (Otlivanchik et al.
2014), sleeping (Tabuchi et al. 2013), and reproductive behaviour (Jiménez-Trejo et al.
2007), as well as in sensory function such as pain (Heddini et al. 2014) and motor
function (Leech et al. 2014). Disturbances in serotonergic signalling have been linked to
depression (Angoa-Pérez et al. 2014), schizophrenia (Selvaraj et al. 2014), anxiety-
disorders (Kronenberg et al. 2008), autism (Cook & Leventhal 1996), and obsessive

compulsive disorder (Soomro et al. 2008).

Similarly, it has been reported that the gasotransmitter NO is also associated with the
control of a wide range of behaviours and many of the same functions (Saleh et al.
2014; Rodriguez-Gomez et al. 2014; Pitsikas 2014; S. Wang et al. 2014; Kentish et al.
2014; Dittrich et al. 2014; Nutsch et al. 2014). Efforts have previously been made to
understand the overlapping effects of 5HT and NO on aggression (Chiavegatto et al.
2001), in which nNOS knockout mice were significantly more aggressive than wild type
animals. This aggression could be reversed by the application of 5HT; receptor
agonists, but in knockout mice the concentration of the agonists needed to be higher
to revert to normal behaviour levels. Furthermore, studies of acute tryptophan
depletion (ATD), in which subjects are fed with orally administered tryptophan-free
protein-carbohydrate mixture to study serotonergic function in the control of
behaviour, show that this depletion impairs object recognition. The application of BAY
60-7550, a highly selective inhibitor of phosphodiesterase 2 (PDE2) that enhances the
concentration of both 3',5'-cyclic adenosine monophosphate (cAMP) and cGMP, and
vardenafil, an inhibitor of the enzymatic activity of PDE5 leading to the intracellular
increase of concentration of cGMP, normalised the ATD-induced short-term memory
deficit in object recognition tasks (van Donkelaar et al. 2008). Further evidence for the
interaction between the two neuromodulators comes from the application of
tryptophan hydroxylase inhibitors, which leads to serotonin depletion in subjects,

resulting in cortical hyperexcitability, i.e. increased generation of cortical spreading
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depression events, and facilitation of trigeminal nociception (Supornsilpchai et al.
2006), an effect that could be counteracted by inhibiting NO production (le Grand et al.
2011).

1.3 Anatomical organisation of the cortex

The cortex is the largest part of the CNS in mammals, with primarily two divisions. The
phylogenetically older area of the cortex, located in the medial temporal lobe, is
termed the allocortex. This region is involved with olfaction and survival functions and
contains the olfactory system and the hippocampus. The allocortex can be divided into
two components, the paleocortex and the archicortex. The former includes the
piriform lobe and the entorhinal cortex, whereas the latter consists of the
hippocampus, a three-layered cortex that deals with encoding declarative memory and
spatial functions. The other, largest division of the cortex is the neocortex, which is
involved in many higher functions such as sensory perception, spatial reasoning, motor
commands, language and conscious thought (Lui et al. 2011), and is therefore
responsible, directly or indirectly, for the control of many of the aforementioned
behaviours. The prefrontal cortex in particular is responsible for different aspects of
executive functions and goal-directed behaviour, and for regulation of hierarchical

social status (for review, see Szczepanski & Knight 2014; F. Wang et al. 2014).

In addition to being the largest cerebral tissue, the neocortex is also the most
developed brain structure, with a horizontal as well as a vertical structure. Cranial
structures help divide the neocortex into four regions, the frontal, parietal, occipital
and temporal lobes. Each region is responsible for performing different functions, such
as vision in the primary visual cortex in the occipital lobe, hearing in the primary
auditory cortex in the temporal lobe, language processing in the frontal lobe and social

and emotional processing in the orbitofrontal lobe.

The regional heterogeneity is widely recognised in this arealisation of cortex into
functional domains, which were initially defined based on functional studies. There is
also evidence for the role of various transcription factors in the determination of this

arealisation (O’Leary & Sahara 2008). This heterogeneity also extends to the properties
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of the cortical neurons and their position in the cortical structure. At the most basic
level, it is possible to group the various neurons into two types, glutamatergic
excitatory neurons, mostly but not exclusively pyramidal cell type, and y-aminobutyric
acid (GABA)-secreting inhibitory interneurons. Interneurons constitute around 20% of
the cells in the cortex (Hendry et al. 1987), whereas pyramidal neurons are the most
abundant cell type (around 80% of the cells; Peters & Kara 1987). The density of
pyramidal neurons across the cortex varies and is used to define the division into

horizontal cortical layers.

This division into laminar regions was first used by Brodmann to describe the
neocortical subtypes, together with their morphology (Brodmann 1909). In more
recent years, this division was also refined by the use of molecular methods, which in
some cases would reveal further heterogeneity even within the anatomically defined
layers (Arlotta et al. 2005; Molyneaux et al. 2009). Nevertheless, it is commonly
accepted that the neocortex presents six layers, based on morphological appearance.
This is due to the different soma densities in the individual layers of the cortex, as well
as the densities of both pyramidal neurons and interneurons. These two neuron types
can be differentiated based on their axonal projections and dendritic branches, their
connectivity pattern and differences in their electrophysiological properties (Chen et
al. 1996). However, the six layers are not present in all regions of the cortex. For
example, the primary motor cortex lacks layer IV. Similarly, layer IV also appears to be

absent in the prefrontal cortex of non-primate mammals (Van Eden & Uylings 1985).

The division of cortical layers starts with layer I, the most external one, to deeper
levels in the neocortex ending up at layer VI. Layer |, the molecular layer, contains
relatively sparse cells, and consists of mainly apical dendritic tufts of pyramidal
neurons, horizontal oriented axons, stellate cells and glial cells (Shipp 2007). However,
it also contains a unique neuron type called Cajal-Retzius cells (CRC), which are
present during early development and appear to decline in numbers during post-natal
development (Soda et al. 2003; del Rio et al. 1995). The CRCs express and release
reelin, an important factor in the control of radial migration of projection neurons.
They also form synaptic contacts with dendrites of pyramidal neurons (Meyer et al.

1999).
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Layers II/Ill contain densely packed small and medium sized pyramidal neurons, as well
as non-pyramidal neurons with vertically oriented axons that project to the other
layers (Gilbert & Wiesel 1979). Neurons from these regions send axons to ipsilateral
and contralateral neocortical areas, establishing interhemispheric synaptic connections

(Fame et al. 2011).

The internal granular layer IV contains spiny stellate, star pyramidal neurons and
pyramidal cells, and is the main target of thalamocortical afferents. This layer receives
input from peripheral sensory organs, and together with the columnar axonal
arborisation of the spiny stellate cells, supplemented by the oblique to horizontal
projection pattern in pyramidal neurons, this layer distributes sensory information to

the other layers for further processing (Staiger et al. 2004).

The deep layers V and VI consist of large pyramidal neurons, with layer VI having a
sparser density of neurons than layer V and many small spindle-like pyramidal and
multiform neurons. Afferents from layer V project to the brainstem and spinal cord,
whereas layer VI sends efferent fibres to the thalamus (Zhang & Deschénes 1998).
Layer VI pyramidal neurons form a precise, highly organised communication system
between the cortex and the thalamus: neurons from layer VI that send axons to the
thalamus will be in the same cortical column as neurons that receive synaptic input

from the same thalamic neurons.

Although the neocortex is divided into distinct layers, there is extensive
communication between the various layers. The functional unit of the cortex is
referred to as a minicolumn, which comprises around 80 to 120 neurons, that are
coordinated by radial glia (Noctor et al. 2001). This minicolumn is a vertical group of
neurons through the cortical layers of the brain, and consists of the major cortical cell
types (Figure 1-1). This column receives inputs from the thalamus, which seems to
connect mainly to layer IV, and to a lesser extent to layers lll, V and VI (Thomson &
Lamy 2007; Petreanu et al. 2009). Layers II/Ill, in turn, send projections to higher order
integrative cortical areas (i.e. association areas) and the contralateral cortex, as well as
to principal neurons (PNs) from layer V. The pyramidal and stellate neurons (SNs) from

layer IV send connections to all the other layers, mainly to layers II/1ll, but receive little
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input from the other neurons (Thomson & Lamy 2007; Lefort et al. 2009). Layer V PNs
also send projections to higher order layers and the contralateral cortex, as well as to
subcerebral targets, ipsilateral striatum and higher order thalamus. These cells,
differently from layer IV PNs, receive inputs from multiple cortical neurons, but send
little output to local neurons (Brown & Hestrin 2009). Corticothalamic cells from layer
VI not only send projections to the thalamus, but also to cortical layer IV, targeting
interneurons and some PNs (Thomson 2010; Lee & Sherman 2009). In addition to the
PNs, responsible for maintaining the connectivity in the columnar unit, there are three
major classes of interneurons, parvalbumin-, somatostatin-, and 5HT; receptor-
expressing types. Basket cells (BC) that target the soma and proximal dendrites, and
chandelier cells (ChC) that target the axon initial segment of principal cells are
parvalbumin-expressing fast-spiking interneurons. These cells also receive inputs from
the thalamus, and from other inhibitory cells (Cruikshank et al. 2007; Pfeffer et al.
2013). Somatostatin-expressing interneurons inhibit other interneurons and target the
dendritic tufts of the pyramidal neurons (Pfeffer et al. 2013; Xu et al. 2013). This group
consists mainly of Martinotti cells (MC) that receive their input from local pyramidal
neurons (Adesnik et al. 2012; Pfeffer et al. 2013; Xu et al. 2013). The final group of
interneurons are 5HT3 receptor-expressing neurons. There are two types of these
interneurons, neurogliaform cells (NgC), releasing GABA as a volume transmitter (Olah
et al. 2009), and vasoactive intestinal peptide (VIP)-expressing cells. VIP cells target
somatostatin-expressing interneurons (Lee et al. 2013; Pfeffer et al. 2013). Within the
neocortical network, the interneurons have a more local function, whereas the
pyramidal neurons can both interact locally with other neurons in the neocortex, or

communicate extrinsically via axons projecting to other brain regions (Figure 1-1).

While it is possible to divide cortical cells into two major groups, high-throughput
transcriptome-profiling in mice demonstrated diverse gene expression patterns within
and across neocortical layers suggesting a much wider diversity among cortical
neurons (Belgard et al. 2011). Furthermore, the various interneurons possess quite
distinct morphologies in the neocortex, while the basic shape of pyramidal neurons is
considerably more conserved. However, dendritic morphology is not a reliable method

for identifying the different interneurons. Axonal arborisation is a more useful
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Figure 1-1: Connectivity between the neocortical layers as well as inputs to and
outputs from the cortex (gray). PN principal neurons; BC basket cells; SN stellate
neurons; NgC neurogliaform cells; MC Martinotti cells; ChC chandelier cells; VIP 5HT;
expressing interneurons; CRC Cajal-Retzius cells.
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parameter for this, since the interneurons are specialised to target different parts of
other neurons, different layers and different regions (Somogyi et al. 1998; DeFelipe
1997). At an electrophysiological level, there are different types of cells demonstrating
varied action potential (AP) responses to injected currents, e.g. variation in sustained
number of APs elicited, bursts of APs elicited at the beginning of the pulse, inter-spike
intervals (ISI), among other properties. Pyramidal neurons from layer V, for example,
have at least three different types of responses, including regular spiking, intrinsic
bursting and non-inactivating bursting (Dégeneétais et al. 2002). Interneurons, on the
other hand, have been divided into five types based on their electrophysiological
properties (non-accommodating, accommodating, stuttering, irregular spiking and
bursting; Markram et al. 2004). Some of these types have been further divided into
burst, delayed, classical, repetitive, initial and transient subtypes (Markram et al.
2004). This classification was based on the steady-state response to a sustained

current injection for interneurons from all six cortical layers.

1.4 Clustering approaches for the division of cortical neuron types

To properly understand the electrophysiological properties of the various types of
neurons in the neocortex and their modulation by neuromodulators, it is important to
characterise and distinguish the neurons. This can best be achieved through the use of
cluster analysis, a technique that has been applied to cortical neurons to identify the
various types of pyramidal and interneurons. Clustering algorithms have been used to
show, for example, that a subpopulation of glutamatergic non-pyramidal neurons from
layer VI has similar electrophysiological properties to spiny stellate and layer 1I/1lI
pyramidal neurons, whereas another group of layer VI cells was singular in presenting
tonic firing (Andjelic et al. 2009), and that in the mouse somatosensory barrel cortex
there are four types of interneurons, considering electrophysiology, molecular

parameters and morphology of the cells (Perrenoud et al. 2012).

Various algorithms have been developed for the purpose of grouping different data
points into distinct clusters that share similar properties. One algorithm that has been

used quite extensively is Ward’s method. This method has been used, for example, to
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divide types of somatostatin-expressing interneurons, to classify neuropeptide Y
expressing interneurons, and to identify fusiform neurons with distinctive features
(McGarry et al. 2010; Karagiannis et al. 2009; Halabisky et al. 2006; Cauli et al. 2000).
Ward’s method is a hierarchical agglomerative clustering technique that groups data
points adjacent to each other using a bottom-up approach. This method works by
joining two data points that are closest in Euclidian distance (the distance between
two points in a metric space), then by joining the next set of data points, and continues
in this way until all points correspond to specific groups. One flaw of this technique is
that once a data point is assigned to a cluster, it is inflexible in changing that point’s
classification. Another is that new points can only be assigned to existing clusters,
rather than being assigned to new clusters where appropriate. A benefit of the
technique is that it is an unsupervised method, reducing the risk of human error and
bias in the definition of individual cell clusters, although it has been suggested that a
priori knowledge of the data points in a supervised clustering may result in a better

definition of the cells (Guerra et al. 2011).

An alternative unsupervised clustering method is the k-Means algorithm, which
partitions the data into k clusters based on the distance of the data points to the
nearest mean Euclidian distance of k centroids, or prototypes. This algorithm has been
used to identify four different parvalbumin-expressing interneurons in layers II/Ill of
the visual cortex in mice based on the cells’ intrinsic membrane properties (Helm et al.
2013). A more in-depth discussion of clustering algorithms will be presented in Chapter

3.

1.5 Cellular signalling pathways for serotonin and nitric oxide

The defined and reliable classification of individual cells into distinct clusters will make
it easier to identify 5HT and/or NO modulation of the various electrophysiological
properties of neocortical neurons. Without classification, effects by either
neuromodulator could be missed in the population average of all un-classified neurons

as individual cell types might show different types of responses.
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At least fourteen distinct 5HT receptors that mediate the effects of S5HT on cell
physiology have been identified in mammals. These receptors are divided into seven
main families, 5HT; to 5HT7; some of these families have distinct subtypes (i.e. 5HT1a,
5HT1g, 5HT1p, 5HT1g, 5HT1g, 5HT2a, 5HT25, SHT,, 5HTsa, 5SHTse; Hoyer et al. 1994). With
the exception of 5HTs, which is a ligand-gated ion channel (Derkach et al. 1989), all of
the others are part of the major G protein-coupled receptor (GPCR) family. The 5HT
receptor families can be grouped into G;/G,-protein coupled receptors (5HT; and 5HTs)
that have a predominantly inhibitory effect on neuronal activity (Araneda & Andrade
1991; Puig et al. 2010), Go/G11-protein coupled receptors (5HT,) and the Gs-protein
coupled receptors (5HT4, 5HTg and 5HT; Figure 1-2A). 5HT, as well as 5HT,4, 5HTg and
5HT; receptors have predominantly excitatory effects on neuronal activity (Béique et

al. 2007; Bonsi et al. 2007; Goaillard & Vincent 2002; Chen et al. 2008).

The Gi/Go,- and Gs-protein coupled receptors modulate the activity of adenylate
cyclase, with the former inhibiting and the latter stimulating enzyme activity (Sunahara
et al. 1996). This enzyme catalyses the conversion of adenosine triphosphate (ATP) to
cAMP and pyrophosphate. cAMP has multiple functions including the activation of
cAMP-dependent protein kinase, or protein kinase A (PKA), which can modulate ion
channel function by phosphorylation (reviewed in Bers 2002). Go/G;-protein coupled
receptors, on the other hand, activate phospholipase C (PLC; Tanaka et al. 2000),
cleaving the phosphatidylinositol 4,5-bisphosphate (PIP,) into diacyl glycerol (DAG) and
inositol 1,4,5-trisphosphate (IPs). IP3 binds to IP3 receptors in the endoplasmatic
reticulum, opening calcium channels and increasing the cytosolic calcium
concentration in the process (Nishizuka 1988; Berridge 1993). DAG activates protein
kinase C (PKC) and facilitates the translocation of PKC from the cytosol to the plasma

membrane (Figure 1-2A; Berridge 1993).

NO production in the CNS occurs mainly via the calcium-calmodulin controlled enzyme
nNOS. With the rise of intracellular calcium ions, calmodulin is activated, which then
binds and activates nNOS. nNOS is a homodimer with each subunit containing two
functional domains, a carboxyl terminal reductase and an amino terminal oxygenase
domain (Figure 1-2B). The first domain binds two flavins as well as nicotinamide

adenine dinucleotide phosphate (NADPH); in the second domain, the cofactor
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tetrahydrobiopterin and L-arginine can be bound (Schild et al. 2006). The result of 