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Introduction 

The development of the brain is a highly complex and dynamic process. The initial 

development of the nervous system is orchestrated via molecular signals that 

instruct the neural plate to form the neural tube and to subdivide into several areas 

(Super et al. 1998; Rubenstein and Rakic 1999; Copp et al. 2003). Subsequently, a 

large number of regulatory signals are responsible for the generation and 

differentiation of neurons and glia cells, followed by the migration of these cells to 

their final position and, later in development, the formation of axonal pathways and 

connections (Rakic 1988; O’Leary et al. 1994; Rubenstein and Rakic 1999; Bystron 

et al. 2008; Tau and Peterson 2010). Postnatally, environmental experience 

becomes increasingly important for establishing neuronal connections (Katz and 

Shatz 1996; Hensch 2005; Tau and Peterson 2010). Although the mature brain is 

less sensitive to environmental influences it will remain susceptible to adaptations 

throughout life (Nithianantharajah and Hannan 2006; Holtmaat and Svoboda 

2009). 

 During these stages of development, the brain is highly sensitive to adverse 

influences such as environmental stressors or exposure to drugs which interfere 

with the ongoing development of the brain resulting in psychopathological 

conditions (Gaspar et al. 2003; Caspi et al. 2006; Brunton and Russell 2008; 

Frederick and Stanwood 2009; Leonardo and Hen 2008; Thompson et al 2009). In 

the brain, serotonin is one of the first synthesized neurotransmitters and in a 

number of developmental events serotonin has been shown to play a regulatory 

role (Lauder 1993; Levitt et al. 1997; Gaspar et al. 2003). However, during 

neurodevelopment, external influences can cause alterations in serotonergic 

signaling leading to structural abnormalities in the brain together with behavioral 

changes reminiscent to psychopathology (Gaspar et al. 2003; Hornung 2003; 

Whitaker-Azmitia 2005; Daubert and Condron 2010). 

 Although disturbances in serotonergic signaling have been associated with a 

number of psychopathological disorders, the underlying mechanisms are still 

largely unknown and heavily depend on the developmental window in which 

serotonin levels are changed (Gaspar et al. 2003; Daubert and Condron 2010). In 

this dissertation I will focus on the regulatory role of serotonin during cortical 

development and investigate how external influences affect postnatal cortical 

development and what the consequences of these changes are. 
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The serotonergic system 

The monoamine serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter that is 

present in almost every organism. In the mammalian brain, the cell bodies that 

synthesize 5-HT are located in the brain stem and are called the raphe nuclei 

(Jacobs and Azmitia 1992). The serotonergic raphe nuclei comprise a number of 

cell clusters (B1-B9) which can be divided into a caudal group (B1-B5) projecting to 

the brainstem and spinal cord and a rostral group (B6-B9) projecting to the 

telenchephalon and dienchephalon in particular the limbic areas, cortex, basal 

ganglia and hypothalamus (Jacobs and Azmitia 1992; Gaspar et al. 2003) (Figure 

1).  

 

Figure 1. Serotonergic projections from the raphe nuclei to several regions of the rodent brain. Adapted 

from Kandel et al. 2000 

 

The synthesis of 5-HT requires two enzymatic steps. First, the amino acid 

tryptophan is converted into 5-hydroxythryptophan (5-HTP) by the enzyme 

tryptophan hydroxylase. Then, 5-HTP is converted into 5-HT by the enzyme 5-HTP 

decarboxylase. After being released from presynaptic axon terminals into the 

synaptic cleft, 5-HT can bind to several 5-HT receptor subtypes. It can also be 

reuptaken by the serotonin transporter (5-HTT) and repacked into secretory 

vesicles by the vesicle monoamine transporter (VMAT) or metabolized into 5-

hydroxyindoleacetic acid (5-HIAA) by the enzyme monamine oxidase (MAO) 

(Borue et al. 2007) (Figure 2). 
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Figure 2. Serotonin synthesis and breakdown. In the left panel the amino acid tryptophan is converted 

into 5-hydroxythryptophan (5-HTP) by the enzyme tryptophan hydroxylase. Then, 5-HTP is converted 

into 5-HT by the enzyme 5-HTP decarboxylase. Subsequently, 5-HT can be converted into 5-

hydroxyindoleacetic acid (5-HIAA) by the enzyme monamine oxidase (MAO). In the right panel 5-HT is 

released into the synaptic cleft from vesicles located in presynaptic axon terminals. In the synaptic cleft, 

5-HT can bind to several 5-HT receptor subtypes. It can also be re-uptaken by the serotonin transporter 

(5-HTT) and re-packed into secretory vesicles by the vesicle monoamine transporter (VMAT) or 

metabolized into 5-hydroxyindoleacetic acid (5-HIAA) by the enzyme MAO. Adapted from Borue et al. 

2007. 

 

To date, 15 different serotonin receptor subtypes have been discovered. The family 

of serotonin (5-HT) receptors consists of a large complement of G-protein coupled 

7-transmembrane (7TM) receptor subtypes, except for the 5-HT3 receptor which is 

a ligand-gated ion channel (Barnes and Sharp 1999) (See Box ). 
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Box   The 5-HT3 receptor       

The 5-HT3 receptor is a ligand-gated ion channel belonging to the Cys-loop family of ligand-gated 

ion channels which include the nicotinic acetylcholine receptors, GABAA receptors and glycine 

receptors (Barnes and Sharp 1999; Chameau and van Hooft 2006). So far, two functional 5-HT3 

subunits have been cloned: the 5-HT3A subunit (Maricq et al. 1991) and the 5-HT3B subunit (Davies 

et al. 1999). In humans, also the 5-HT3C, 5-HT3D and 5-HT3E  subunit have been cloned (Karnovsky et 

al. 2003; Niesler et al. 2003). However, in rodents, these subunits are absent. Functional receptors 

can be formed either as homo-oligomeric 5-HT3A or hetero-oligomeric 5-HT3A and 5-HT3B subunit 

complexes. Each subunit crosses the membrane four times, with one large extracellular N-terminal 

region. The 5-HT3 receptor can be found in both the peripheral (PNS) and central nervous system 

(CNS). In the PNS, functional 5-HT3 receptors have been observed in the myenteric plexus, 

submucous plexus, nodose ganglion, superior cervical ganglion, dorsal root ganglion and vagus 

nerve (Jackson and Yakel 1995). In the CNS, the 5-HT3 receptor is located in several brain areas 

including the cortex, hippocampus, amygdala, ventral tegmental area, substantia nigra, nucleus 

accumbens, cerebellum and several nuclei of the brainstem such as the nucleus tractus solitarius, 

area postrema and dorsal motor nucleus of the vagus. In general, the overall distribution of the 5-

HT3 receptor is scattered (Barnes and Sharp 1999). Within the CNS, functional 5-HT3 receptors are 

primarily present on GABAergic interneurons where they often co-localise with cholecystokinin 

(CCK) and the Ca2+ binding protein calbindin, but not somatostatin or parvalbumin. (Tecott et 

al.1993; Kawa 1994; McMahon and Kauer 1997; Morales and Bloom 1997; Roerig et al. 1997; Zhou 

and Hablitz 1999; Sudweeks et al. 2002; Ferezou et al. 2002; Inta et al. 2008). Functional 5-HT3 

receptors can also be found on presynaptic GABAergic nerve terminals in the amygdala, striatum, 

cerebellum and hippocampus (Nichols and Mollard 1996; Ronde and Nichols 1998; Nayak et 

al.1999; Koyama et al. 2000; Katsurabayashi et al. 2003; Turner et al. 2004). Apart from being 

expressed on interneurons, the 5-HT3 receptor is also located on Cajal-Retzius cells  (Chameau et 

al. 2009). It has been suggested that presynaptic 5-HT3 receptors modulate neurotransmitter release 

whereas postsynaptic 5-HT3 receptors can control the excitability of neuronal networks by mediating 

fast serotonergic transmission. The differences in physiological properties of pre- and postsynaptic 

5-HT3 receptors support this idea. Presynaptic 5-HT3 receptors are able to induce an elevation of 

intracellular Ca2+ either via a Ca2+ influx or via activation of voltage-gated Ca2+ channels (Ronde and 

Nichols 1998). In contrast, postsynaptic 5-HT3 receptor channels are blocked by calcium at negative 

membrane potentials, similar to the voltage-dependent block by Mg2+ of NMDA receptors (Kawa 

1994; McMahon and Kauer 1997; van Hooft and Wadman, 2003; Noam et al. 2008). So far, the 5-

HT3 receptor has been implicated to play a role in a variety of functions including regulation of gut 

motility and peristaltis, urinary tract functioning, control of nausea induced emesis, regulation of 

nociceptive processing and although less clear in cognition and anxiety related behavior (Barnes 

and Sharp 1999). The clinical use of 5-HT3 receptor antagonists has been particularly successful in 

controlling nausea induced emesis associated with cancer chemotherapy and irritable bowel 

syndrome treatment (Costall and Naylor 2004). Upon the discovery that drugs prescribed to control 

emesis acted as 5-HT3 receptor antagonists a number highly selective ligands such as the 

antagonists MDL 7222, tropistetron (ICS 250930), ondansetron, granisetron, and the agonist 2-

methyl-5HT have been developed (Barnes and Sharp 1999; Chameau and van Hooft 2006). To 

study 5-HT3 receptor function several tools are available. In addition to the above described ligands, 

a 5-HT3A receptor knockout mouse was generated (Zeitz et al. 2002) and using RNA interference 

technology we developed another tool to study 5-HT3 receptor function (see appendix). 
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The physiological function of serotonin 

The neurotransmitter 5-HT is involved in the regulation of motor output, food intake, 

pain, thermoregulation, sleep and in controlling several behavioral states including 

aggression, learning, attention and sexual behavior (Jacobs and Fornal 1997; 

Azmitia 1999). The serotonergic system has also been implicated to play a role in 

mood regulation. In humans, variations in genes encoding for the 5-HTT, MAOA 

and the 5-HT1A receptor have been linked with an increased risk in developing 

anxiety and depression (Lesch et al. 1996; Caspi et al. 2003; Strobel et al, 2003; 

Leonardo and Hen 2008). It has been suggested that humans carrying one of 

these genetic variations are more vulnerable to early life gene-environment 

interactions which lead to structural changes in brain areas implicated with mood 

regulation (Gross and Hen 2004; Leonardo and Hen 2008).  

The effects of disturbances in serotonergic signaling during 

neurodevelopment 

In the developing brain, serotonin has been implicated to play a regulatory role in a 

number of events including cell division, neuronal migration, cell differentiation and 

synaptogenesis (Lauder 1993; Levitt et al. 1997; Gaspar et al. 2003; Hornung et al. 

2003; Vitalis and Parnavelas 2003). To obtain a better understanding about the 

consequences of disturbances in serotonergic signaling during neurodevelopment, 

both pharmacological and genetic tools have been used. Several drugs that target 

the serotonergic system including selective serotonin reuptake inhibitors (SSRI’s), 

MAO inhibitors and tricyclic antidepressants have been developed and are 

commonly perscribed to treat patients who suffer from depression and anxiety- 

related disorders (Nemeroff and Owens 2002). A major advantage of SSRI’s in 

studying the effects of disturbances in serotonergic signaling in the developing 

brain is that SSRI’s such as paroxetine, fluoxetine and fluvoxamine pass the 

placenta and enter the bloodstream of the fetus were they inhibit the reuptake of 

serotonin by binding to the 5-HTT causing an increase in serotonin levels (Borue et 

al. 2007; Homberg et al. 2009). In humans, it was shown that prenatal exposure to 

SSRI’s leads to an increased risk of neurological abnormalities (Zeskind et al. 

2004; Borue et al. 2007; Oberlander et al. 2008; Homberg et al. 2009; Oberlander 

et al. 2010). In mice, prenatal or early-life exposure to the SSRI fluoxetine has 

been reported to result in molecular and structural changes in the brain and a 

higher vulnerability to depressive and anxiety-related behavior later in life (Ansorge 

et al. 2004; Noorlander et al. 2008; Karpova et al. 2009).  
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Using genetic mouse models including the MAOA, 5-HTT, VMAT2 and TPH2 

knockout mouse it has been shown that alterations in serotonin homeostasis during 

development result in several abnormalities including anatomical alterations in the 

brain and/or behavioral changes in adult life reminiscent to psychopathological 

disorders (Cases et al. 1995; Fon et al. 1997; Alvarez et al. 2002; Lira et al. 2003; 

Alenina et al. 2009).  

 Interestingly, several researchers have linked alterations in serotonergic 

signaling in the developing brain with autism, a severe psychological disorder 

characterized by deficits in communication and language, repetitive behavior and 

impaired social behavior as described in DSM IV (Palmen et al. 2004). In addition 

to these core features, autistic patients often also have co-morbid disorders 

including intellectual impairment, seizures and anxiety (Amaral et al. 2008). The 

heterogeneous phenotype of autism makes it difficult to identify the neurological 

origin of the disease, although twin studies have shown that it is a highly inherited 

disorder (Walsh et al. 2008). Over the years, neuroanatomical differences in brains 

of autistic patients have been reported including an increase in cortical volume and 

an altered width of minicolumns (Bailey et al. 1998; Casanova et al. 2002; Carper 

et al. 2005). Another interesting observation is that autistic patients show 

decreased serotonin synthesis in the brain, whereas in healthy subjects serotonin 

synthesis is 200% compared to adult levels during the first five years (Chugani et 

al. 1997; Chugani et al. 1999). In addition, it has been reported that 30% of the 

autistic children show high blood and platelet levels of serotonin (Anderson et al. 

1987; Chugani, 2002; Lam et al. 2006). According to the hyperserotonemia 

hypothesis, these high levels of serotonin enter the developing brain via the blood-

brain barrier, which at an early stage of development has not yet fully been formed, 

and cause a loss of serotonin terminals in the brain through a negative feedback 

function of serotonin (Whitaker-Azmitia, 2005). Researchers studying the effects of 

5-HT depletion in the brains of neonatal mice, reported changes in the width of 

cortical layers together with several deficits in social behavior reminiscent to autism 

(Boylan et al. 2007; Hohmann et al. 2007). Similar changes in cortical organization 

together with changes in reelin levels, which has also been implicated to play a role 

in autism, were observed in mice of which the serotonergic innervation to Cajal-

Retzius cells was disrupted at birth (Janusonis et al. 2004; Fatemi 2005). Taken 

together, the results from these pharmacological and genetic studies suggest that 

alterations in serotonergic signaling during neurodevelopment result in several 

structural abnormalities in the brain and in particular in the cortex together with 

behavioral deficits later in life.  



General Introduction 

17 

However, to elucidate how disturbances in serotonergic signaling in the developing 

brain lead to these behavioral changes later in life, it is important to obtain a better 

understanding about the functional organization of the affected brain areas such as 

the cortex. 

The organization of the cortex 

The cerebral cortex is a complex and highly organized part of the brain. It is 

involved in cognitive function, sensory processing and movement control. In 

humans, the cerebral cortex can be subdivided into four major lobes: the frontal, 

parietal, temporal and occipital lobe. The largest part of the cerebral cortex is part 

of the neocortex, which is from an evolutionary perspective the most novel part 

(Rakic 2009). Both the neocortex of humans and rodents has a six-layered 

structure consisting of neurons and glia cells with different inputs and outputs 

(Mountcastle 1995; Rakic 2009) (Figure 3). 

 

 

 

 

 

 

 

 

 

Figure 3. The organization of the cortex. The cortex has a six-layered structure and contains pyramidal 

neurons and interneurons which are both horizontally and vertically interconnected. In the cortex of 

several species, bundles of ascending dendrites of pyramidal neurons from layer 5 and adjoining layer 

2/3 pyramidal neurons can be discerned, which are believed to form the core of a group of 

interconnected neurons that extend through all vertical layers of the cortex and send their axons to the 

same target. Whereas layer 5 and layer 2 pyramidal neurons have ascending dendrites reaching until 

layer 1 of the cortex, layer 6 pyramidal neurons do not reach further than layer 4. Adapted from Ramon 

y Cajal, 1904 and Polleux 2000. 
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The neocortex receives input from the thalamus or from other cortical regions from 

both hemispheres and projects to the thalamus, striatum, superior colliculus, pons 

and other cortical areas (Thomson and Bannister 2003). Information processing in 

the neocortex occurs through local circuits that pass different layers of the cortex. 

Although the patterns of connections are rather complex and vary amongst 

different cortical areas, a simplified example of a cortical circuit through the 

different layers could start with a thalamocortical input arriving in layer 4, then 

excitatory neurons in this layer project to layer 3 and 2, followed by excitatory 

neurons in layer 3 which project to layer 5, which project back to layer 3 from 

where information is projected to other cortical regions (Figure 4). However, input 

from the thalamus or other cortical areas can also arrive at other layers such as 

layer 1 and 6 and also output can come from other layers (Thomson and Bannister 

2003; Douglas and Martin 2004; Tau and Peterson 2010).  

 

 

 

 

 

 

 

  

Figure 4.  A simplified example of a cortical circuit. In the left panel input from the thalamus arrives in 

layer 4. Projection neurons from layer 4 project to layer 3, which then project to layer 5. Projection 

neurons from layer 5 either project to layer 6 or back to layer 3 from where information is projected to 

other projection neurons in layer 3. Projection neurons from layer 6 either project back to layer 4 or to 

the thalamus. In the right panel it is shown how inhibitory interneurons (black circles) located in layer 3 

to 5, control excitation via local connections. Adapted from Thomson and Bannister 2003 and Douglas 

and Martin 2004. 
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In the neocortex, both interneurons and projection neurons also known as 

pyramidal neurons can be found. The pyramidal neurons are present in layer 2/3, 5 

and 6 of the cortex, use in most cases the excitatory neurotransmitter glutamate 

and project to other pyramidal neurons within a local cortical circuit or to other 

cortical and subcortical areas (DeFelipe and Farinas 1992; Spruston 2008). The 

interneurons, which are mostly inhibitory, are present in all six layers, use the 

neurotransmitter GABA (γ-amino-butyric acid) and make connections within local 

cortical circuits via which they control excitation (Markram et al. 2004). Via local 

feedforward and feedback inhibition they can suppress excitation and thereby have 

an influence on the output of a cortical circuit (Somogyi et al 1998; Markram et al. 

2004). 

 In a local cortical circuit information is processed through both interneurons and 

pyramidal neurons which are functionally interconnected. As shown in the 

simplified example of Figure 4, these connections pass several layers of the cortex 

and output can be projected to a similar local cortical circuit. It has been suggested 

that in the neocortex repetitive patterns of  local cortical circuits also known as 

microcircuits exist, suggesting a stereotypic organization of the cortex (Silberberg 

et al. 2002). However, although across cortical areas and species repetitive 

patterns of structurally interconnected cells can be discerned, the functional 

relation between these neurons is still subject to investigation.  

The columnar structure of the cortex 

Throughout the neocortex, units of vertically interconnected neurons can be 

observed which are often referred to as the columnar structures of the cortex 

(Mountcastle 1957) (Figure 3). Large populations of vertically interconnected 

neurons that together form a structural column have been found in the visual, 

auditory, motor and somatosensory cortex (Mountcastle 1997). For example, in the 

primary somatosensory cortex large “barrel” shaped columns are visible which all 

functionally represent a whisker (Woolsey and Van der Loos 1970). Some 

neuroscientists state that these large columns consist of smaller anatomical 

columnar structures.  This theory is known as the minicolumnar hypothesis 

(Mountcastle 1997; Buxhoeveden and Casanova 2002). According to this theory, 

minicolumns are the smallest anatomical units in the cortex consisting of a group of 

80-100 heavily interconnected neurons that vertically transverse all layers of the 

cortex.  
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It has even been suggested that these minicolumns act as functional units and 

have common inputs and outputs (Mountcastle 1997; Buxhoeveden and Casanova 

2002). In several areas of the human and primate cortex, minicolumns can be 

discerned as vertically aligned rows of cells (Buxhoeveden and Casanova 2002; 

Rockland and Ichinohe 2004). However, in rodents and other mammals these 

vertically aligned rows of cells are often difficult to detect in contrast to ascending 

apical dendrites of pyramidal neurons that together form dendritic bundles. In these 

dendritic bundles, layer 5 pyramidal neurons form the core of a small group of 

interconnected neurons that extend through several vertical layers of the cortex 

(Peters and Walsh 1972; Fleischhauer et al 1972; Rockland and Ichinohe 2004). 

Although some researchers also refer to these dendritic bundles as minicolumns, 

the size and number of neurons that belong to these units is different from the 

cellular columns observed in humans (Figure 5).  

 

 

 

 

 

 

 

 

Figure 5. Examples of vertically aligned columns of cells (left) and ascending dendritic bundles (right) in 

the human cortex. Both anatomical structures extend vertically through several layers of the cortex and 

are referred to as minicolumns. Adapted from Casanova et al. 2002 and Rockland and Ichinohe 2004. 

 

The organization of dendritic bundles has been extensively studied in the visual, 

motor and somatosensory cortex of several species and it has been shown that the 

size of these bundles and the number of interconnected neurons is highly 

heterogeneous (Rockland and Ichinohe 2004). It has been proposed that 

ascending apical dendrites of cortical pyramidal neurons form the center of a unit of 

vertically interconnected neurons that share functional properties and project to the 

same target (Peters and Sethares 1996; Lev and White 1997).  
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However, the question whether dendritic bundles share functional properties has 

lead to much debate. The current state is that dendrites belonging to one bundle 

only have a common output and do not receive a common input, yet research is 

still ongoing (Mountcastle 1997; Krieger et al. 2007; Innocenti and Vercelli 2010).  

 Another question that remains to be answered is how vertical units of 

interconnected neurons originate. It has been postulated that during embryonic 

development, radial glia cells from the ventricular zone migrate towards the cortical 

surface in the form of ontogenetic columns. Later in development, these radial glia 

cells guide most of the migrating future cortical cells to their destination giving rise 

to the columnar structure of the cortex (Rakic 1972; Rakic 1988).  

The development of the cortex 

The ontogeny of the cortex starts early in development when around embryonic 

day 10 (E10) in mice out of the neuroepithelium, also known as the ventricular 

zone of the telencephalic vesicles, undifferentiated germinal cells are formed. 

These germinal cells produce pluripotent progenitors generating neuronal and glial 

precursors (Super et al.1998). From the ventricular zone the first postmitotic cells 

radially migrate to the surface of the cerebral vesicles to form the primordial 

plexiform layer or preplate, also named early marginal zone which later in 

development becomes the marginal zone (Nadarajah and Parnavelas 2002). 

 Meanwhile, the subplate becomes separated from the ventricular zone by cells 

that will form the intermediate zone followed by another layer of proliferating cells 

which appear between the ventricular zone and intermediate zone to form the 

subventricular zone (Super et al.1998). Via radial glial cells cortical neurons that 

are formed in the ventricular zone migrate through the intermediate zone to form 

the cortical plate between the marginal zone and intermediate zone after E13 

(Noctor et al. 2001; Rakic 2003; Marin and Rubenstein 2003; Garcia-Moreno et al. 

2007). Between E14-18 more waves of cortical neurons migrate sequentially into 

the cortical plate until they are stopped before entering the marginal zone to form 

layer 2-6 of the cortex (Rakic 1988; Super et al. 1998; Nadarajah and Parnavelas 

2002; Bystron et al. 2008). Since later migrating neurons pass the earlier 

generated layers of cortical neurons to form the superficial layers, the formation of 

the cortex is called inside-out (Figure 6). 
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In humans, a similar sequence of events occurs during the formation of the cortex 

starting around E33 (Bystron et al. 2008). The migration of cortical neurons which 

will lead to the formation of the 6 layers of the cortex takes places between the 

third and seventh month of gestation (Sidman and Rakic 1973; Bystron et al. 2008; 

Tau and Peterson 2010).  

 

Figure 6. The several stages of cortical development. The preplate consists of one of the first generated 

neurons: the Cajal-Retzius cells. As soon as the subplate becomes separated from the ventrical zone, 

the intermediate zone can be discerned. Later in development the preplate becomes the marginal zone 

and cortical neurons that are formed in the ventricular zone migrate via the radial glia cells towards the 

marginal zone through the intermediate zone to form the cortical plate. During the next stage of 

development, waves of cortical neurons sequentially migrate via the radial glia cells into the cortical 

plate and pass the earlier generated layers of cortical neurons until they are stopped before entering the 

marginal zone, thereby forming the six-layered structure of the cortex. Abbreviations: preplate (PP), 

Cajal-Retzius cells (CR), subplate (SP), ventrical zone (VZ), intermediate zone (IZ), radial glia cells 

(RG), marginal zone (MZ), cortical plate (CP). Adapted from Fatemi 2005. 

 

In the developing cortex, serotonergic axon terminals enter the marginal zone and 

intermediate zone around E17 (Lidov and Molliver 1982). The first serotonergic 

neurons are generated as early as E10 to E12 (Levitt and Rakic 1982; Rubenstein 

1998). Only one day after the generation of these serotonergic neurons, axons 

start projecting to either the spinal cord or prosencephalon.  

 Within the cortex, Cajal-Retzius cells are among the first neurons generated. 

Around E10, Cajal-Retzius cells have their origin at multiple sites including the 

cortical hem and ventricular zone from where they migrate into the part of the 

preplate which later becomes the marginal zone or layer 1 of the cortex (Meyer et 

al. 2002; Garcia-Moreno et al. 2007).  
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Cajal-Retzius cells play an important role during the formation of the cortex by 

secreting the glycoprotein reelin, which functions as a stop signal for newly formed 

neurons that migrate from the ventricular zone towards the marginal zone or layer 

1 (Marin-Padilla, 1998). When reelin is absent for example in the reeler mouse, an 

autosomal recessive mutant in which the gene for reelin is defective, the position of 

neurons in the cortex is altered and their branches are abnormal directed 

(Caviness et al. 1972; D’Arcangelo 2005). 

 The glycoprotein reelin is a large extracellular protein of approximately 450 kDa 

secreted by a select population of cells in the brain. Once released into the 

extracellular space reelin is cleaved at two sites located C terminal to domain 2 and 

6 respectively, resulting in several fragments of which only the central and N-

terminal fragment have been shown to bind to a receptor (Jossin et al. 2007). The 

central fragment of reelin binds to the very low density receptor (VLDR) and the 

apolipoprotein E receptor 2 (ApoER2) (D’Arcangelo et al. 1999). The cytoplasmic 

domains of these receptors induce tyrosine phosphorylation of the disabled-1 

(Dab1) protein, which leads to the activation of an intracellular signaling cascade 

(Hiesberger et al. 1999; Trommsdorff et al. 1999). The N-terminal fragment of 

reelin, on the other hand, interacts with the α3ß1 integrin receptor (Dulabon et al. 

2000).  

The role of serotonin in postnatal cortical development 

In the postnatal brain, when all migrating neurons have reached their position, 

reelin controls dendritic maturation in the hippocampus and cortex and regulates 

the formation of cortical columns in the presubicular cortex (Nakajima et al. 1997; 

Nishikawa et al. 2002; Janusonis et al. 2004; Niu et al. 2004; Chameau 2009). 

From E17, when the first serotonergic axons enter the cortex, serotonin is the main 

excitatory drive for Cajal-Retzius cells which express the 5-HT3 receptor and 

secrete reelin until they disappear around P14, most likely as a consequence of 

differentiation, degeneration or cell death (Derer and Derer 1990; Mienville et al. 

1999; Chameau et al. 2009).  

 In neonatal mice of which the serotonergic innervation to these Cajal-Retzius 

cells was disrupted, reelin levels were decreased and cortical column organization 

was changed (Janusonis et al. 2004).  
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In another study, it was specifically shown that blocking the N-terminal fragment of 

reelin or the 5-HT3 receptor in P0 organotypic brain slices, resulted in an aberrant 

growth of apical dendrites of cortical layer 2/3 pyramidal neurons (Chameau et al. 

2009). Similar changes in dendritic complexity of cortical pyramidal neurons in 

addition to a decrease in reelin levels were found in mice lacking the 5-HT3A 

receptor (Chameau et al. 2009). Together, these findings suggest that in the 

postnatal cortex, reelin controls cortical column organization and acts as a stop 

signal for ramifying apical dendrites of pyramidal neurons upon serotonergic 

activation of the 5-HT3 receptor on Cajal-Retzius cells. However, no reports exist of 

how alterations in serotonergic signaling affect the above described regulatory 

pathway and what the consequences are of alterations in postnatal cortical 

development. 
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Aim and outline of the thesis 

Our main objective was to investigate how alterations in serotonin levels affect 

neurodevelopment with emphasis on the role of the 5-HT3 receptor in cortical 

development.  

 Previous studies showed that reelin controls dendritic maturation in the cortex. 

In chapter 2 we used the maternal care model to study the effect of environmental 

influence on reelin levels and postnatal dendritic maturation in the cortex. This 

study was based on the previous observation that differential maternal care has an 

influence on reelin expression levels in the hippocampus. Using the maternal care 

model we investigated the effects of environmental influence on cortical reelin 

levels and the effects on dendritic development of cortical layer 2/3 pyramidal 

neurons. In addition, we focused on the functional consequences of alterations in 

dendritic complexity of cortical layer 2/3 pyramidal neurons.  

 In chapter 3 we specifically investigated the effects of alterations in 

serotonergic signaling on cortical development. By treating pregnant mice with the 

drug fluoxetine for several days until delivery, we studied the effect of an increase 

in serotonin levels during neurodevelopment. In offspring, we specifically analyzed 

the effect of prenatal fluoxetine exposure on dendritic development of cortical layer 

2/3 pyramidal neurons. In addition, we investigated the role of the 5-HT3 receptor in 

mediating the effects of prenatal fluoxetine exposure on cortical development. We 

hypothesized that fluoxetine influences cortical development via a 5-HT3 receptor-

mediated pathway and used several 5-HT3 receptor antagonists and the 5-HT3A 

receptor knockout mouse to test this hypothesis. Moreover, we investigated the 

role of the 5-HT3 receptor in mediating prenatal fluoxetine induced anxiety-related 

behavior later in life. 

 Following the results of the first two chapters, in the next chapter our aim was to 

investigate whether the observed changes in dendritic development of cortical layer 

2/3 pyramidal neurons were accompanied by alterations in the columnar 

organization of the cortex similar to other studies in which depletion of the 

serotonergic innervation to the cortex resulted in changes in cortical 

cytoarchitecture. In chapter 4 we specifically examined the effect of lacking the 5-

HT3 receptor with respect to apical dendrite bundling. In this study, we compared 

the organization of dendritic bundles of ascending apical dendrites of pyramidal 

neurons in tangential sections of the somatosensory cortex of 5-HT3A receptor 

knockout mice with wildtype mice.  
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In addition, we investigated the density and spatial distribution of reelin-positive 

Cajal-Retzius cells in wildtype and 5-HT3A receptor knockout mice.  

 Based on the results of the previous chapters and the knowledge that changes 

in serotonergic signaling during neurodevelopment have been implicated with 

changes in social behavior together with alterations in cortical cytoarchitecture, in 

chapter 5, we examined the behavioral phenotype of mice lacking the 5-HT3 

receptor. In this study, we subjected both male and female 5-HT3 receptor 

knockout mice and wildtype mice to several social behavior tests including the 

social transmission of food preference, social interaction and social approach test. 

In addition, we tested these mice for anxiety using the novelty suppressed feeding 

test. In chapter 6 we summarize the main findings and discuss the results from the 

above described studies. 
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Abstract 

Maternal licking and grooming (LG) exerts profound influence on hippocampal 

development and function in the offspring. However, little information is available 

on the effects of variations in maternal care on other brain regions. Here we 

examined the effects of variation in the frequency of maternal LG on morphological 

and electrophysiological properties of layer 2/3 pyramidal neurons in the 

somatosensory cortex in adult offspring. Compared to low LG offspring, high LG 

offspring displayed decreased dendritic complexity, reduced spine density and 

decreased amplitude of spontaneous postsynaptic currents. These changes were 

accompanied by higher levels of reelin expression in offspring of high LG mothers. 

Taken together, these findings suggest that differential amount of naturally-

occurring variations in maternal LG is associated with enduring changes in 

dendritic morphology and synaptic function in layer 2/3 pyramidal neurons of the 

somatosensory cortex. 
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Introduction 

Exposure to adverse childhood events is linked to increased risk of developing 

psychopathologies in later life in addition to behavioral and cognitive impairments 

(Oakley Browne et al. 1995). In the rodent maternal care model, naturally-occurring 

variations in the amount of maternal licking and grooming (LG) provided by the 

dam during the first week of life are associated with individual differences in stress 

responsiveness, emotionality and cognitive functioning in adult offspring. Pups that 

receive a high frequency of LG exhibit reduced fearfulness and dampened 

responsiveness to stress in adulthood (Liu et al. 1997). Furthermore, when 

compared to low LG, high LG offspring shows enhanced synaptogenesis and 

neuronal survival in the hippocampus which is in agreement with the greater spatial 

learning and memory performances observed in the latter (Liu et al. 2000; Bredy et 

al.2003). Remarkably, the results of cross-fostering studies provided strong 

evidence for a causal relationship between quality of maternal care and 

development of differential phenotypes in offspring as well as transmission of 

maternal behavior across generations (Francis et al. 1999; Liu et al. 2000; 

Cameron et al. 2008). Recent evidence demonstrated impact of maternal care on 

epigenetic modulation of gene expression, such as the glucocorticoid receptor 

(GR), as part of the mechanisms underlying long-lasting effects of differential 

maternal care on adult phenotypes (Weaver et al. 2004; Meaney and Szyf 2005; 

Champagne and Curley 2008). Interestingly, this phenomenon has also been 

shown to occur in humans with history of early-life stress (Oberlander et al. 2008; 

McGowan et al. 2009). 

 Recently, a study from our group showed that variations in maternal LG 

influenced morphological and functional (hippocampal-dependent learning) aspects 

of CA1 hippocampal neurons (Champagne et al. 2008), suggesting a strong 

influence of maternal care on hippocampal development and ability to induce 

experience-dependent plasticity in limbic areas through variations in LG. 

Specifically, it was shown that hippocampal CA1 pyramidal neurons of adult 

offspring from high LG mothers exhibited longer dendrites and increased spine 

density as compared to offspring of low LG mothers (Champagne et al. 2008).

 Other studies have shown that mRNA levels of reelin, a glycoprotein which 

plays an important role during cortical and hippocampal development and with a 

promotor which is highly sensitive to epigenetic modulation, are elevated in the 

hippocampus of high LG rats (Nakajima et al. 1997; Marin-Padilla 1998; Dong et al. 

2005; Weaver et al. 2006; Levenson et al. 2008).  
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In addition to these results, we recently found that in the postnatal cortex, reelin 

regulates dendritic arborization of layer 2/3 pyramidal neurons (Chameau et al. 

2009). Taken this into account, we sought to determine whether dendritic 

morphology and function of cortical layer 2/3 pyramidal neurons and reelin levels 

vary in response to naturally-occurring variations in maternal care.  
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Materials and Methods 

Animals 

The material used in this study originates from the same cohort of animals which 

was used in a previous study (Champagne et al. 2008). Briefly, Long Evans rats 

were bred in our colony at Leiden University, Netherlands. Maternal care 

characterization was performed in accordance with the method previously 

described by Meaney’s group (Champagne et al. 2003). From weaning (PND 21), 

male offspring of low and high LG mothers were group-housed (4 per cage) with 

their respective littermates, with access to food and water ad libitum on a 12h/12h 

light dark cycle. Low and high LG offspring used in the current study were between 

2-3 months of age.  

Quantitative Morphological Analysis: Golgi-Cox Method 

Adult rat offspring (low LG n=7, high LG n=8) were used for morphological analysis 

of pyramidal neurons of layer 2/3 of the somatosensory cortex using the Golgi-Cox 

method as described previously (Champagne et al. 2008). Briefly, brains were 

removed and placed in vials containing Golgi-Cox solution and stored in the dark 

for 30 days. Brains were rinsed in milli-Q water, dehydrated in ethanol and 

embedded in celloidine and immersed in chloroform for a maximum of 16 hours. 

Chloroform was discarded and brains were subsequently immersed in 70% 

ethanol. Brains were sliced on a vibratome at a thickness of 100 µm. Sections were 

stained using procedures described before and mounted on glass slides. Slides 

were allowed to dry for two weeks before initiating the image analysis.  

 The complexity of apical and basal dendrites was determined from 27 and 28 

cells taken from high LG and low LG offspring, respectively. The cells were 

randomly chosen, alternating between right and left hemisphere, in the 

somatosensory cortex. Analyses were performed by individuals unaware of the 

animal’s phenotype, using a combination of Neurodraw and Image Pro software as 

described before (Champagne et al. 2008). The DCI was calculated as previously 

described (Lom and Cohen-Cory 1999).  

 Briefly, we assigned each branch tip an order value that equalled the number of 

branch points between the tip and the base of its primary dendrite. The DCI was 

subsequently calculated according to:   
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Spine density was determined on dendritic segments at fixed distances from the 

soma. Spines were counted in two 20 µm segments from the apical dendrite (90-

110 µm and 190-210 µm distant from the soma) and one 20 µM segment from the 

basal dendrite (40-60µm distant from the soma) for each cell. The length of the 

spine as well as subtypes of spines (e.g. stubby, thin or mushroom spine head, and 

filopodia) were scored according to Harris et al. (1992). Analysis was performed 

while being unaware of the animal’s phenotype, using a combination of Neurodraw 

and Image Pro software. 

Electrophysiology  

Five animals per group were sacrificed by decapitation, and after dissection of the 

brain, 300 μm thick coronal slices were cut on a vibroslicer (Leica VT1000S) in ice 

cold modified ACSF containing (in mM): CholineCl (120), KCl (3.5), CaCl2 (0.5), 

MgSO4 (6), NaH2PO4 (1.25), NaHCO3 (25) and glucose (25) continuously bubbled 

with carbogen (95% O2 and 5% CO2), pH=7.4.During recording, slices were kept 

submerged at room temperature and continuously superfused with ACSF 

containing (in mM): NaCl (120), KCl (3.5), CaCl2 (2.5), MgSO4 (1.3), NaH2PO4 

(1.25), NaHCO3 (25) and glucose(25), continuously bubbled with carbogen (95% 

O2 and 5% CO2) pH 7.4. Cortical layer 2/3 pyramidal neurons were visualized using 

differential interference contrast videomicroscopy on a Zeiss FS2 microscope. 

Patch pipettes were pulled from boroscilate glass and had a resistance of 3.5-5.5 

MΩ when filled with internal solution containing (in mM): Kgluconate (110), KCl 

(30), CaCl2 (0.5), EGTA (5), HEPES (10), Mg-ATP (2), pH=7.3 with KOH. Whole 

cell recordings were made using an EPC9 patchclamp amplifier and PULSE 

software (HEKA Electronic GmbH, Germany). Signals were filtered at 1-5 kHz and 

sampled at 2-10 kHz. Series resistance ranged from 7-21 MΩ and was 

compensated for approximately 60%. Cells were voltage clamped at -65 mV. 

Spontaneous events were recorded for 5 min. Data were analyzed with custom 

made software using Igor Pro (Wavematrics, Portland, OR) as described previously 

(van Hooft 2002). 

 

lengtharbortotal
dendritesprimaryof#

tipsbranchoforderstipbranch
 = DCI 

 # 



Chapter 2 

36 

Western Blotting 

The brains of four adult rats per group were quickly extracted and collected in ice-

cold homogenization buffer containing in mM HEPES (10), sucrose (320) and the 

EDTA free protease inhibitor cocktail (Roche, The Netherlands) pH=7.4 with KOH. 

The frontal brain was dissected and homogenized on ice with a pestle in a 1 ml 

glass tube. The homogenate was centrifuged at 800 rpm for 10 min at 4°C, and the 

supernatant was centrifuged again at 15.000 rpm for 60 min at 4°C. The 

supernatant was stored at -80˚C. The amount of protein was estimated via the 

Bradford method using a BCA protein assay reagent kit (Pierce, Rockford, IL). 

Samples of 20 μg were loaded in quadruplicate and proteins were separated by 

SDS-PAGE using 5% gels with 3% stacking gel on top of it, runned at 150V for 60 

min and rinsed in transferbuffer. Subsequently, proteins were transferred to 

nitrocellulose membranes and ran at 10V for 30 min. Dry membrane was treated 

with blocking solution in TBST (0.05% Tween 20) containing 4% skim milk, 

incubated in 1:1000 G10 anti-reelin antibody (Abcam, UK) in blocking solution for 2 

hours, rinsed with TBST, incubated in 1:1000 HRP conjugated goat anti-mouse IgG 

(Biorad, Hercules, CA) in blocking solution for 1 hour, rinsed with TBST and 

visualized using a chemiluminescence detection system (ECL kit and HCL 

hyperfilm, Amersham bioscience, UK). Optical density measurements were 

normalized using β-actin to control for the amount of protein loaded on the gel. 

Therefore, membrane was stripped with stripping buffer containing in 100 mM 

glycine pH 2.5 with HCl for 30 min. Subsequently, membrane was rinsed in TBST 

and and reprobed with a β-actin antibody 1:2000 (Sigma, The Netherlands). β-actin 

immunoreactive bands were visualized according the procedure described above. 

After development of the film, the image was scanned and the optical density of the 

bands was determined using the ImageJ software and Gel analyzer plug-in 

software.  

Statistical Analysis 

Results of quantative morphological analysis for dendritic complexity and spine 

density, average amplitude and frequency of electrophysiological recordings and 

Western blot measurements were considered significantly different if p < 0.05, 

using a two-tailed Student’s t-test, with all data expressed as mean ± S.E.M. 

Kolgomorov-Smirnov test was used to compare the normalized cumulative 

amplitude- and frequency distributions of the spontaneous activity. 
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Results and Discussion 

The dendritic morphology of layer 2/3 pyramidal neurons in the somatosensory 

cortex was studied in sets of Golgi-stained sections obtained from high- and low 

LG adult rats used in a previous study (Champagne et al. 2008). Generally, the 

dendritic tree of pyramidal neurons in high LG rats displayed a slender morphology, 

with only a few branches over the length of the dendritic tree as compared to low 

LG rats (Figure 1A). The total dendritic length of the dendritic tree of layer 2/3 

pyramidal neurons from high LG rats was significantly lower than that of low LG 

rats (Table 1.) The differences in morphology were quantified using the dendritic 

complexity index (DCI) (Lom and Cohen-Cory 1999). In high LG rats, DCI of the 

apical dendrites of layer 2/3 pyramidal neurons was reduced as compared to that 

of the low LG rats (p = 0.008, high LG: n = 24, low LG: n = 21, Figure 1B). Similar 

results were obtained for the basal dendrites (p = 0.013, Figure 1C). 

 

Table 1. Maternal LG has an effect on various components of the dendritic complexity index 

 apical basal 

 high LG low LG high LG low LG 

Total arbor length (µm) 862 ± 54.0 * 1106 ± 78.2 781.2 ± 48.1 * 1008.9 ± 53.1 

Branch tip order 35.3 ± 3.2 ** 61.4 ± 7.6 20.3 ± 2.0 * 28.3 ± 2.3 

Branch tip number 8.9 ± 0.5 ** 12.3 ± 1.0 10.8 ± 0.5 ** 13.1 ± 0.7 

Primary dendrite number 1 ± 0 1 ± 0 3.8 ± 0.1 4.0 ± 0.2 

 

To calculate the dendritic complexity index for the apical and basal dendrites of cortical layer 2/3 

pyramidal neurons of high LG and low LG rats total arbor length, branch tip order, branch tip number 

and primary dendrite number were analyzed. Data are expressed as the mean ± SEM. Asterisks 

indicate significant differences (* p<0.05, ** p<0.01). 

 

We also analyzed the density of dendritic spines on both the apical and basal 

dendritic trees. Spines were classified according to Harris et al. (1992) as filopodia, 

stubby, thin head or mushroom (Figure 1D). The total spine density on the apical 

dendrites of layer 2/3 pyramidal neurons in the somatosensory cortex was reduced 

in high LG rats as compared to low LG rats (p = 0.004, high LG n = 28, low LG n = 

27, Figure 1E), without any difference in the distribution between the different types 

of spines (Figure 1G). No significant changes in spine density were detected for the 

basal dendrites (Figure 1F and H).  
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Figure 1. Maternal LG has a lifelong effect on dendritic complexity and total spine density in the cortex. 

(A) Representative examples of reconstructed cortical layer 2/3 pyramidal neurons in the 

somatosensory cortex of male adult high and low LG rats. (B,C) Dendritic complexity index calculated 

for the apical (B) and basal (C) dendrites of layer 2/3 pyramidal neurons of high and low LG rats. (D) 

Representative images of Golgi-impregnated segments from apical and basal dendrites of layer 2/3 

pyramidal neurons in the somatosensory cortex of male adult high and low LG rats. (E,F) Average total 

spine distribution per 20 μm on the apical (E) and basal (F) dendrites in high and low LG rats. (G,H) 

Average spine distribution per 20 μm for each spine subtype on the apical (G) and basal (H) dendrites 

of high and low LG rats. Data are expressed as the mean ± SEM. Asterisks indicate significant 

differences (* p<0.05, ** p<0.01). 
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The effects of variations in maternal care on the dendritic maturation of layer 2/3 

pyramidal neurons in the cortex are opposite to our previous findings in 

hippocampal CA1 pyramidal neurons, which displayed longer total dendritic length 

and increased number of total spines in high LG rats (Champagne et al. 2008). The 

reason underlying such discrepancy is unclear. A variety of paradigms used to 

investigate the effects of environmental stimuli such as maternal separation and 

environmental enrichment have shown similar differential effects on dendritic 

morphology, depending on the context, time window, and duration of the 

environmental stimuli (Turner et al. 2003; Poeggel et al. 2003; Bock et al. 2005). A 

variety of factors such as growth factors, hormones, neurotransmitters, and 

immediate early genes are released or induced, which in turn exert their effects on 

dendritic branching and spine maturation (Scott and Luo 2001; Segal 2003; Pinaud 

2004). Taken together these findings suggest that the effects of environmental 

stimuli on dendritic morphology, such as those described above, appear to be 

mostly region-specific, a phenomenon that is extended to include the maternal care 

model (present study).  

 The morphological changes in hippocampus were accompanied by an increase 

in synaptic functioning in high LG rats (Champagne et al. 2008). Several studies 

have found that changes in dendritic morphology can have a major influence on 

neuronal firing and synaptic transmission (Magee 2001; Segal 2003; Williams et al. 

2007). In our study, we could not detect differences in the firing of layer 2/3 

pyramidal neurons between high and low LG rats (Figure 2A). Also postsynaptic 

glutamate receptor expression levels, which have been shown to be under 

influence of maternal care, are of importance in synaptic functioning (Liu et al. 

2000). In the current study, we recorded spontaneous postsynaptic currents in 

layer 2/3 pyramidal neurons (Figure 2B) and found that the amplitude of the 

recorded events was decreased in high relative to low LG rats (p = 0.005, 

Kolgomorov-Smirnov test, high LG n = 10, low LG n = 8, Figure 2D). The frequency 

of spontaneous events tended to be lower in high relative to low LG rats, but this 

did not reach significance (Figure 2C). The input resistance of layer 2/3 pyramidal 

neurons (Figure 2A) amounted to 137.2 ± 22.6 MΩ (n = 10) in high LG rats and 

161.3 ± 38.3 MΩ (n = 8) in low LG rats but was also not significantly different (p = 

0.579). 
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Figure 2. Maternal LG affects the amplitude of spontaneous postsynaptic currents in cortical layer 2/3 

pyramidal neurons. (A,B) Typical examples of evoked action potentials (A) and recordings of 

spontaneous postsynaptic currents (B) obtained from layer 2/3 pyramidal neurons in the somatosensory 

cortex of male adult high and low LG rats. (C,D) Normalized cumulative frequency (C) and cumulative 

amplitude (D) of spontaneous events recorded from layer 2/3 pyramidal neurons. The amplitude 

distribution of high LG rats is shifted leftwards as compared to low LG rats (p<0.01, Kolgomorov-

Smirnov test), whereas the frequency distributions do not differ significantly. 

 

Taken together, the functional data indicate that a more slender phenotype of the 

dendritic tree and a decrease in dendritic spine density in high LG rats do not affect 

neuronal firing patterns. The observed changes in amplitude of the synaptic events 

could be an indication that also in the cortex maternal care modulates postsynaptic 

glutamate receptor densities resulting in changes in synaptic functioning. 
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 An increasing number of studies have proposed that a substantial part of the 

effects of maternal care are mediated via epigenetic modulation of gene expression 

(Weaver et al. 2004; Meaney and Szyf 2005; Champagne and Curley 2008). 

However, the molecular mechanism underlying the differences in dendritic 

development and function in high and low LG offspring is not known. Using 

microarray and real-time PCR analysis, it has previously been reported that 

maternal care affects the expression of a variety of genes in the hippocampus, 

including the glycoprotein reelin which was shown to be upregulated in high 

relative to low LG rats (Weaver et al. 2006). Reelin plays a pivotal role in neuronal 

development and function (Nakajima et al. 1997; Marin-Padilla 1998). In the 

hippocampus, it has been shown that via the VLDL/ApoER2 signal transduction 

pathway reelin regulates dendritic development and interferes with NMDA receptor 

expression and activity thereby affecting synaptic input (Niu et al. 2004; Beffert et 

al. 2005; Groc et al. 2007; Qiu et al. 2006; Qiu and Weeber 2007). Recently, we 

added to these findings that in the postnatal cortex, reelin regulates dendritic 

arborization of cortical layer 2/3 pyramidal neurons (Chameau et al. 2009). In 

addition, it has been found that the reelin promoter is highly sensitive to epigenetic 

modulation via histone acetylation and DNA demethylation (Dong et al. 2005; 

Levenson et al. 2008).  

 Here we analyzed the protein levels of reelin in the cortex using Western blot. 

Three typical reelin immunoreactive bands of 450 kDa, 370 kDa and 180 kDa with 

different densities corresponding to the full length and truncated reelin fragments 

can be distinguished, in agreement with the study of Jossin et al. (2007) (Figure 

3A). The optical density derived from the cumulative reelin bands was significantly 

higher in high relative to low LG offspring (p = 0.027, n = 16, Figure 3B). Taken 

together, the results indicate that differential maternal care affects the expression 

of reelin in the neocortex in a (qualitative) similar way (i.e. increase levels) as 

previously observed in the hippocampus (Weaver et al. 2006). The previously 

published data on the possible involvement of reelin in dendritic development (Niu 

et al. 2004; Chameau et al. 2009) and synaptic functioning (Qiu et al. 2006; Groc et 

al. 2007; Qiu et al. 2007) combined with our present observation that dendritic 

development and function are differentially regulated by maternal care in neocortex 

(Figure 1) as compared to hippocampus (Champagne et al. 2008) suggests that 

reelin plays a dual role in the regulation of dendritic morphology in hippocampus 

and neocortex. However, we cannot exclude the possibility that not reelin but other 

factors are involved in the epigenetic regulation of dendritic development.  
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Figure 3. Differential reelin levels in the cortex of adult high and low LG rats. (A) Western blots 

immunoprobed for reelin with three bands at 450, 370 and 180 kDA corresponding to the full length and 

truncated reelin fragments in high and low LG rats. (B) Reelin immunoreactivity expressed as a ratio in 

optical density for reelin/ β actin for the accumulative reelin bands from high LG and low LG rats. Data 

are expressed as the mean ± SEM. Asterisks indicate significant differences (* p<0.05). 

 

It is of interest to note that reelin, apart from acting on its canonical receptors 

VLDL/ApoER2, can also activate integrin receptors and mediate activity-regulated 

cytoskeletal (Arc) protein synthesis (Dulabon et al. 2000; Dong et al. 2003) which 

may be involved in dendritogenesis. Differential expression of receptor-signal 

transduction pathways, activated by reelin, in hippocampus and neocortex could 

therefore possibly underlie the presently observed differential effects of maternal 

care on dendritic morphology. 
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Abstract 

There is accumulating evidence that serotonin is a key factor in the development of 

the central nervous system, and that alterations in serotonergic signaling during 

development play an important role in the etiology of several neurodevelopmental 

disorders. Here we show that in utero exposure to the widely used antidepressant 

and selective serotonin reuptake inhibitor, fluoxetine, results in life-long 

abnormalities of cortical cytoarchitecture and in behavioral disturbances resembling 

anxiety. These developmental abnormalities critically depend on the 5-HT3 receptor 

since they can be rescued in vitro through pharmacological block of the 5-HT3 

receptor. Moreover, the adverse behavioral phenotype after in utero exposure to 

fluoxetine is absent in 5-HT3A receptor knockout mice. These findings show for the 

first time that serotonergic signaling mediated by 5-HT3 receptors is critical for 

cortical morphology during development and the behavioral repertoire during later 

life. In addition, these data may have clinical implications for the use of fluoxetine 

during pregnancy. 
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Introduction 

During the development of the brain, a series of events take place in which the 

classical neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) plays an 

important role (Gaspar et al. 2003; Daubert and Condron 2010). The importance of 

serotonergic signaling is highlighted by studies in which disturbances in 

serotonergic homeostasis resulted in structural changes of the brain and which 

impact the behavior in adult life. For instance, lesions of serotonergic innervation to 

the cortex results in abnormal formation of cortical columns (Janusonis et al. 2004), 

increase in cortical width (Boylan et al. 2007; Hohmann et al. 2007) and maturation 

of dendrites (Vitalis et al. 2007). In addition, genetic changes in either the synthesis 

or reuptake of serotonin result in similar cytoarchitectural abnormalities and are 

associated with an altered behavioral repertoire in later life (Alvarez et al. 2002; 

Holmes et al. 2003). Changes in brain development as a result of block of reuptake 

of serotonin by in utero exposure to antidepressants like fluoxetine have received 

quite some attention given the fact that SSRIs are the first choice of antidepressant 

treatment in pregnant women (Nonacs et al. 2003; Payne et al. 2009).  

  It has been shown that in utero exposure to fluoxetine induces a paradoxical 

effect in later life, i.e. the behavioral symptomes are opposite to those induced by 

adult fluoxetine exposure, and include increased emotional and anxiety behavior 

(Ansorge et al. 2004; Noorlander et al. 2008; Homberg et al. 2009). However, the 

mechanisms underlying the serotonin-induced changes in brain development and 

behavior are largely unknown. Recently, we showed that serotonin controls the 

maturation and complexity of dendrites of cortical neurons, and that this effect is 

mediated by the 5-HT3 receptor, the only ligand-gated ion channel in the family of 

serotonin receptors (Chameau et al. 2009). Decrease of the serotonergic tone by 

either pharmacological block of the 5-HT3 receptor, or by using the 5-HT3A receptor 

knockout mouse (Zeitz et al. 2002), results in an aberrant hypercomplexity of 

cortical layer 2/3 pyramidal neurons (Chameau et al. 2009). (Supplemental Figure 

S1). We hypothesized that fluoxetine, by increasing the serotonergic tone, would 

induce opposite effects on the cortical cytoarchitecture. 
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Material and Methods 

Animals and drug administration 

Pregnant C57/BL6J mice were maintained in a facility with a 12h dark/light cycle 

and with ad libitum access of food and water. Successful mating was determined 

by the detection of a vaginal plug. The plug date is considered to be day 0 of 

gestation (embryonic day 0 (E0)). From E8 until E18 pregnant dams were injected 

intraperitonally (i.p) with either fluoxetine (0.6 or 0.8 mg/kg/day) or with equal 

volumes of sterile saline. Offspring was studied between P0 and P450. Animals 

were weaned at P21, group housed with 2-4 same sex littermates until 

experimentation. All experiments were approved by the ethical committees of the 

participating institutes. 

Organotypic slice culture  

Pups were sacrificed at P0 and 400 μm thick coronal brain slices were cut on a 

vibroslicer (Leica VT1000S) and subsequently cultured on culture inserts (Falcon, 1 

µm pore size) for 5-7 days at 37˚C in a humidified atmosphere containing 5% CO2. 

Slices were maintained in Neurobasal medium (Invitrogen) supplemented with B27 

(1:50), 2 mM L-glutamine and 100 µg/ml penicillin/streptomycin. 100 nM of the 

selective 5-HT3 receptor antagonists (tropisetron, bemesetron, granisetron and 

ondansetron, all from Sigma) or 10 μM fluoxetine was added to the culture medium 

starting at the day of culture, and half of the culture medium was refreshed every 2 

days. 

Electroporation 

For electroporation of fresh slices, offspring was sacrificed between P6 and P9 and 

300μm thick coronal slices were cut on a vibroslicer (Leica VT1000S). All slices 

including cultured slices were kept submerged at room temperature and 

continuously superfuged with ACSF containing in mM NaCl (120), KCl (3.5), CaCl2 

(2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25) and glucose (25), continuously 

bubbled with carbogen (95% O2 and 5% CO2) pH 7.4. Layer II/III cortical neurons 

were visualized using infrared differential interference contrast videomicroscopy on 

a Zeiss FS2 microscope. Pipettes were pulled from boroscillate glass and had a 

resistance of 5-12 MΩ when filled with biocytin hydrochloride (6mg/ml; Sigma) 

dissolved in internal solution containing (in mM): K-gluconate (110), KCl (30), 

CaCl2 (0.5), EGTA (5), HEPES (10), Mg-ATP (2), pH 7.3 with KOH.  
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To electroporate the solution into the neurons, the micropipette was placed against 

the cell wall and electrical pulses (three trains of 300 square pulses of 1 ms 

duration and 10 ms interval at 100 Hz) were delivered across a silver wire placed 

inside a glass micropipette and a silver wire ground electrode placed in the culture 

medium. After electroporation, slices were fixed overnight in 4% paraformaldehyde.  

Immunohistochemistry 

For the visualization of the electroporated cells slices were rinsed in phosphate 

buffered saline pH 7.4, endogenous peroxidases were removed with 3% H2O2 in 

PBS for 30 min, rinsed again and permeabilized with 2%  triton X-100 (Sigma 

Germany) in PBS for 1 hour. Subsequently, slices were incubated with ABC 

(Vector labs UK) for 2 hours and staining was visualized with a DAB (invitrogen 

USA) reaction. After 8-20 min reaction was stopped and slices were mounted with 

moviol.  

Golgi-Cox impregnation 

In adult animals, neurons were visualized using the Golgi-Cox method according to 

Smit-Rigter et al. (2009). Briefly, at P60 or P>365 animals were decapitated and 

after dissection brains were placed in vials containing Golgi-Cox solution and 

stored in the dark for 28 days. Brains were rinsed in milli-Q water, dehydrated in 

ethanol and embedded in celloidine and immersed in chloroform for a maximum of 

16 hours. Chloroform was discarded and brains were subsequently immersed in 

70% ethanol. Brains were sliced on a vibratome at a thickness of 200 µm. Sections 

were stained in 16% ammonia, rinsed in milli-Q water, fixed in 1% 

sodiumthiosulphate, rinsed in milli-Q, dehydrated in ethanol and placed in 

histoclear before mounting the slices on glass slides. Slides were allowed to dry for 

one week before initiating the image analysis.  

5-HT transporter in situ hybridization (ISH) 

Brains of adult P60 animals were collected and immediately frozen on dry ice. 

Sections (20 µm) were cut and collected on SuperFrost Plus slides (Menzel 

Gläser). Brain sections were stored at – 80°C until use. ISH procedures were as 

described (Jacobs et al. 2009). The SERT probe spanned bp 1827-2326 of the 

Sert mRNA (NM_010484.1).  
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Image analysis 

Sections containing filled or Golgi-Cox impregnated neurons were scanned on a 

confocal microscope (Zeiss LSM 510). Objective : dry Plan Neoluor 20x/0.75; filter: 

LP 1; beam splitter& HFT 80/20 ; laser HeNe 543 nm ; stack 2 μm and 1 μm for 

golgi-cox impregated sections. Neurons were reconstructed in ImageJ using the 

Neuron Morpho pluggin. Dendritic complexity index was calculated according to 

(Lom and Cohen-Cory 1999) using the LMeasure plugin: 

 

The neurons selected from two to four animals per group were randomly chosen 

alternating between right and left hemisphere and located in the somatosensory 

cortex. Neurons had to be well filled and free of neighboring precipitate and 

damage. Autoradiographic BAS-TR2040 imaging plates were scanned using the 

FLA-5000 imaging system (Fuji) and quantitative analysis was performed using the 

AIDA Image Analyzer Software (Raytest). Serotonin transporter binding was 

analyzed in the dorsal raphe nucleus. 

Novelty Suppressed Feeding test 

The procedure was adapted from Gross et al. (2002). One day before testing mice 

were housed individually. Fifteen hours before the onset of the test mice were 

weighed and food was removed from the cage, while water remained available ad 

libitum. At the day of testing, mice were transferred to the testing room and at the 

onset of the test mice were placed in an open field (70 x 70 cm) with a pre-weighed 

food pellet in the center. For this experiment latency to begin chewing food was 

measured. Immediately after beginning to eat or 5 minutes after being placed in the 

open field, mice were returned to their homecage were they could continue to 

consume the pellet for 5 minutes. The amount of food consumed was measured by 

weighing the food pellet afterwards. At the end of the test animals were weighed 

again.  
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Statistical analysis 

Results are expressed as mean ± SEM and compared using either a Mann-

Whitney U test or a Student's t-test. Values are considered significant at p < 0.05. 
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Results and Discussion 

Pregnant mice were treated from E8 onwards until confinement with daily i.p. 

injections of fluoxetine (0.6 mg/kg or 0.8 mg/kg) or saline as described previously 

(Noorlander et al. 2008). The brains from the offspring were used to determine the 

complexity of the dendritic tree of layer 2/3 pyramidal neurons in the 

somatosensory cortex at three ages: around one week after birth (postnatal day (P) 

6-9), at adulthood (P60), and in mice older than one year (P>365). Layer 2/3 

pyramidal neurons were visualized by either electroporation with biocytin in acute 

cortical slices, or by Golgi impregnation.  

 The complexity of the dendritic tree was quantified into a single parameter, the 

Dendritic Complexity Index (DCI), which takes into account the extent of branching 

and the total length of the dendrities (Figure 1A). In agreement to our hypothesis, 

the complexity of the layer 2/3 pyramidal neurons was significantly reduced to 

~50% in prenatal fluoxetine-exposed animals as compared to controls (Figure 

1B,C). The reduction in complexity was already evident in young animals, and 

lasted lifelong, even in mice up to 16 months of age (Figure 1C). These results 

strongly suggest that an increase in serotonergic tone, induced by fluoxetine, 

results in an aberrant development of the dendritic tree by a mechanism which is 

similar, but opposite, to our previous findings in which the dendritic complexity was 

increased after reduction of the serotonergic activity (Chameau et al. 2009). 

Therefore, we hypothesized that treatment with selective 5-HT3 receptor 

antagonists should result in a reversal of the initial decreased DCI phenotype. We 

tested this hypothesis by making organotypic slice cultures of mice exposed in 

utero to fluoxetine or saline, and treating these slice cultures with the selective 5-

HT3 receptor antagonist tropisetron. The complexity of layer 2/3 pyramidal neurons 

from saline-treated mice was indeed increased by tropisetron (Figure 1D). In 

agreement with our earlier findings (Figure 1C), the complexity of neurons from 

fluoxetine-treated mice was initially reduced and importantly, remained reduced 

under the slice culture conditions (Figure 1D). However, when slice cultures from 

fluoxetine-treated mice were cultured in the presence of tropisetron, the complexity 

was reverted (Figure 1D). This strongly suggests that fluoxetine exerts its effect on 

dendritic complexity through a mechanism which involves 5-HT3 receptors. 
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Figure 1. Prenatal exposure to fluoxetine leads to hypotrophic dendrites of cortical layer 2/3 pyramidal 

neurons. (A) Example of the quantification of dendritic complexity of layer 2/3 pyramidal neurons. 

Branch tip orders are assigned after each bifurcation of the dendritic tree, and the number of branch tips 

are counted. (B) Examples of layer 2/3 pyramidal neurons, stained with biocytin, from young mice (P6-

9) which were exposed in utero to either saline or 0.6 mg/kg fluoxetine. The arrow head indicates the 

primary dendrite originating from the soma. Note that the dendrite of the fluoxetine-treated neuron has 

less branches (indicated by asterisks) as compared to the saline-treated neuron. Scale bars: 10 µm. (C) 

DCI, as percentage of saline-treatment, in mice exposed in utero to 0.6 mg/kg (black bars) or 0.8 mg/kg 

(open bars) fluoxetine at the age of 6-9 days after birth, at adulthood (P60) and in mice over 1 year old 

(P>365). (D) DCI of layer 2/3 pyramidal neurons in organotypic slice cultures prepared from mice which 

were exposed to either saline or 0.6 mg/kg fluoxetine, and in culture treated with either vehicle or 100 

nM tropisetron. Number of cells is indicated in the bars. Asterisks indicate levels of significance 

(*p<0.05,** p<0.01, *** p<0.001). 

To rigorously test the idea that signaling via 5-HT3 receptors is responsible for the 

fluoxetine-induced changes in cortical cytoarchitecture, we applied fluoxetine to 

pregnant mice which lack the gene for the obligatory 5-HT3A subunit of the 5-HT3 

receptor (Zeitz et al. 2002). As we have shown previously, the dendritic complexity 

of layer 2/3 pyramidal neurons in the 5-HT3A knockout is increased as compared to 

wiltype (Chameau et al. 2009) (Figure 2B). In contrast to wildtype mice, however, 

fluoxetine does not decrease the complexity in the 5-HT3A knockout animals 

(Figure 2B).  
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The lack of effect of fluoxetine in the 5-HT3A knockout is not due to the lack of its 

substrate, the serotonin transporter, as the expression of the serotonin transporter 

in the 5-HT3A knockout is indistinguishable from that in wildtype (Supplemental 

Figure S2).  

 

 

 

Figure 2. Prenatal fluoxetine does not affect dendritic morphology of layer 2/3 pyramidal neurons in 5-

HT3A receptor knockout mice (A) Examples of reconstructed layer 2/3 pyramidal neurons from wildtype 

mice and their transgenic littermates which were exposed in utero to either saline or 0.6 mg/kg 

fluoxetine. Scale bar: 10 µm. (B) DCI, expressed as percentage of wildtype saline, in young and adult 

mice exposed in utero to either saline or 0.6 mg/kg fluoxetine. Note that the DCI of knockout saline is 

already increased as compared to wildtype saline. (C) DCI of layer 2/3 pyramidal neurons from the 

mothers. Number of cells is indicated in the bars. Asterisks indicate levels of significance (* p<0.05, ** 

p<0.01, *** p<0.001).  
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It is of interest to note that fluoxetine does not affect the cortical organisation in the 

mothers (Figure 2C), coinciding with a lack of effect of fluoxetine on the dendritic 

complexity when applied acutely to organotypic slice cultures (Supplemental Figure 

S1). This illustrates that the timely activity of both serotonin and the 5-HT3 receptor 

during development determines the cortical cytoarchitecture. 
 The long-term change in cortical cytoarchitecture as a consequence of in utero 

fluoxetine exposure pointed our attention to the previously described behavioral 

abnormalities in fluoxetine-exposed animals (Noorlander et al 2008). Fluoxetine-

exposed animals score significantly higher in anxiety-related tests such as the 

novelty suppressed feeding test. To test this hypothesis, we set up an experiment 

were we treated wildtype and 5-HT3A knockout animals with 0.6 mg/kg fluoxetine. 

In agreement to our initial idea, the development of an enhanced latency to feed in 

a novelty suppressed feeding test was absent in the fluoxetine-exposed 5-HT3A 

knockout animals (Figure 3A), whereas other related behavioral parameters were 

unchanged between wildtype and knockout (Figure 3B-D). Taken together, the 

absence of 5-HT3 receptor-mediated signaling prevents the adverse effects of 

prenatal fluoxetine exposure, suggesting that 5-HT3 receptor signaling is critically 

involved in the development and regulation of these behaviors. 

 In conclusion, our data suggest that the prenatal exposure to fluoxetine 

interferes with the serotonergic tone during prenatal brain development, which is 

essential for the correct cortical cytoarchitecture and the development of adult 

behavioral repertoire in a 5-HT3 receptor-dependent mechanism. There is 

accumulating evidence that serotonin plays an important role in the etiology of 

several neurodevelopmental disorders (Holmes et al. 2003; Boylan et al. 2007; 

Hohmann et al. 2007; Daubert and Condron 2010), but the molecular mechanisms 

underlying the effects of serotonin are largely unknown. Here, the 5-HT3 receptor 

presents itself as a molecular target for understanding the intricate process of the 

development of the cortical cytoarchitecture. In addition, the 5-HT3 receptor may be 

a target to interfere with cortical developmental disorders. In view of the above, it 

would be worthwhile to contemplate about a re-evaluation of the use of fluoxetine 

as antidepressant treatment in pregnant women.  
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Figure 3. Increased latency in a novelty-supressed feeding task induced by prenatal exposure to 

fluoxetine is absent in 5-HT3A knockout mice. (A) Fluoxetine induces an increase in latency to feed in 

the novelty-suppressed feeding test in wildtype mice, but not in 5-HT3A knockout mice. Number of 

animals is indicated in the bars. Asterisks indicated p<0.05. Other behavioral parameters such as 

weight loss after food deprivation (B), time spent feeding upon completion of the test (C) and total food 

consumption (D) were neither dependent on the genotype of the animal, nor on the in utero treatment.  
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Supplemental Figure S1. DCI, expressed as percentage of control, of layer 2/3 pyramidal neurons in 

organotypic slice cultures, treated with 100 nM of the selective 5-HT3 receptor antagonists tropisetron 

(ICS205-930), bemesetron (MDL72222), granisetron (Kytril®), ondansetron (Zofran®) or with 10 µM. 

fluoxetine. Organotypic slice cultures were prepared from mice at P0 - P1, and neurons were 

electroporated with biocytin at day 6-7 in culture.  

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S2. Expression of the 5-HT transporter is not altered in the 5-HT3A knockout 

mouse. ISH for the 5-HT transporter is shown in coronal sections through the raphe nuclei from rostral 

(A, A') to caudal (G, G') of adult wildtype (WT) and knockout (KO) mice. 
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Abstract 

In the cerebral cortex of various species, apical dendrites of pyramidal neurons 

form clusters which extend through several layers of the cortex also known as 

dendritic bundles. Previously, it has been shown that 5-HT3A receptor knockout 

mice show hypercomplex apical dendrites of cortical layer 2/3 pyramidal neurons, 

together with a reduction in reelin levels, a glycoprotein involved in cortical 

development. Other studies showed that in the mouse presubicular cortex, reelin is 

involved in the formation of vertical columnar structures and it has been 

hypothesized that in the presubicular cortex, the distribution of reelin-secreting 

Cajal-Retzius cells is related to the position of vertical columns. Here, we compare 

apical dendrite bundling in the somatosensory cortex of wildtype and 5-HT3A 

receptor knockout mice. Using a microtubule associated protein (MAP) 2 

immunostaining to visualize apical dendrites of pyramidal neurons, we compared 

dendritic bundle properties of wildtype and 5-HT3A receptor knockout mice in 

tangential sections of the somatosensory cortex. A Voronoi tessellation was 

performed on immunostained tangential sections to determine the spatial 

organization of dendrites and dendritic bundles. A similar analysis was performed 

to investigate the distribution of reelin-positive Cajal-Retzius cells in wildtype and 5-

HT3A receptor knockout mice. In 5-HT3A receptor knockout mice, dendritic bundle 

surface was larger compared to wildtype mice. Furthermore, we showed that while 

in both groups the distribution of dendritic bundles was regular, the distribution of 

reelin-positive Cajal-Retzius was random. Together with previously observed 

differences in dendritic complexity of cortical layer 2/3 pyramidal neurons and 

cortical reelin levels, these results suggest an important role for the 5-HT3 receptor 

in determining the spatial organization of cortical connectivity in the mouse 

somatosensory cortex.  
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Introduction 

In various species and areas of the cerebral cortex, ascending apical dendrites of 

layer 5 pyramidal neurons and adjoining layer 2/3 pyramidal neurons are organized 

in clusters also referred to as dendritic bundles (Fleischhauer et al. 1972; Peters 

and Walsh 1972; Escobar et al. 1986; Peters and Kara 1987; White and Peters 

1993; Lev and White 1997; Vercelli et al. 2004). Also in the mouse somatosensory 

cortex, dendritic bundles of ascending apical dendrites of pyramidal neurons 

through several layers of the cortex have been observed and their properties 

described (Escobar et al. 1986; White and Peters 1993). These dendritic bundles 

could form the basis of small functional units of vertically interconnected pyramidal 

and non pyramidal neurons called cortical modules, yet so far functional evidence 

is lacking for this hypothesis (Peters and Sethares 1996; Lev and White 1997; 

Rockland and Ichinohe 2004). 

 Recently, we showed that in the postnatal cortex, the serotonin 5-HT3 receptor 

plays a pivotal role in the regulation of apical dendrite arborization of cortical layer 

2/3 pyramidal neurons via a reelin dependent-pathway (Chameau et al. 2009). In 

mice lacking the 5-HT3A receptor, we found a reduction in reelin levels and a 

hypercomplex dendritic tree of apical dendrites of cortical layer 2/3 pyramidal 

neurons (Chameau et al. 2009). In the developing cortex, the glycoprotein reelin is 

secreted by layer 1 Cajal-Retzius cells to act as a stop signal for migrating neurons 

and subsequently for ramifying dendrites of pyramidal neurons (D’Arcangelo et al. 

1995; Chameau et al. 2009). In the mouse presubicular cortex, reelin is also 

involved in the formation of vertical columnar structures (Nishikawa et al. 2002; 

Janusonis et al. 2004). Based on observations in the presubicular cortex, it has 

been suggested that the distribution of Cajal-Retzius cells determines where 

vertical columns develop by forming reelin-rich cylindrical zones in which migrating 

neurons and their dendritic extensions do not settle (Nishikawa et al. 2002). Given 

these findings, we hypothesized that together with the alterations in reelin levels 

and dendritic complexity of cortical pyramidal neurons, mice lacking the 5-HT3A 

receptor show alterations in dendritic bundle organization in the somatosensory 

cortex. 

 In the current study, we investigated the organization of dendritic bundles of 

ascending apical dendrites of pyramidal neurons in the somatosensory cortex of 5-

HT3A receptor knockout mice and compared them with controls. Dendritic bundle 

properties of wildtype and 5-HT3A receptor knockout mice were compared in MAP-

2 immunostained tangential sections from layer 3 of the somatosensory cortex. 
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In addition, we analyzed the distribution of reelin-positive Cajal-Retzius cells in 

tangential sections of the somatosensory cortex to find out whether the distribution 

of Cajal-Retzius cells is related to the position of dendritic bundles. 
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Materials and Methods 

Animals and Immunohistochemistry 

For these experiments, C57BL/6J and 5-HT3A knockout mice (Zeitz et al. 2002) 

were used. From weaning (postnatal day 21) onwards, offspring was group-housed 

(4 per cage), with access to food and water ad libitum on a 12h/12h light dark cycle 

according to the guidelines of the ethical committee of the University of 

Amsterdam. At postnatal day (P) 4 and 14 and at 4 months of age, 3 to 8 mice per 

group were deeply anesthetized with a lethal i.p. dose of euthasol and perfused 

with 0.1M PBS, pH = 7.4, followed by 4% paraformaldehyde in PBS. Brains were 

dissected and after one hour of postfixation, hemispheres were separated and one 

hemisphere was flattened between two plastic foil-covered glass slides. After 24 

hours of postfixation, both intact and flattened brains were kept in 0.25% 

paraformaldehyde in PBS. Forty micrometer thick coronal and tangential slices 

were cut on a vibroslicer (Leica VT1000S) and collected in PBS.  

 For the MAP-2 immunostaining, both coronal and tangential slices from adult 

mice were rinsed with PBS and endogenous peroxidases were removed with 3% 

H2O2 in PBS for 30 min, then slices were incubated in 0.1% triton-X and 5% NGS 

in PBS for 1 hour. Subsequently, slices were incubated overnight at 4˚C with 

1:1500 MAP-2 HM-2 anti-mouse primary antibody (Sigma) in 0.1% triton-X and 5% 

NGS in PBS. The next day, slices were rinsed with PBS and incubated with 1:200 

biotinylated sheep anti-mouse secondary antibody (Amersham) in 0.1% triton-X 

and 5% NGS in PBS for one hour, rinsed again with PBS, incubated with ABC 

(Vector labs UK) for 2 hours and visualized with a DAB (invitrogen USA) reaction. 

After 3 min, reaction was stopped and slices were mounted with moviol. The next 

day, images of the somatosensory cortex were captured using a Zeiss FS2 

microscope with a 20x objective: dry Plan Neofluor 20x/0.50 and with Image Pro 

software. 

 For the reelin staining tangential slices from P4 and P14 mice were rinsed with 

PBS and incubated in 0.25% triton-X and 10% NGS in PBS for 1 hour. 

Subsequently, slices were incubated overnight at 4˚C with 1:1000 G-10 anti-mouse 

primary antibody (Abcam) in 0.25% triton-X and 5% NGS in PBS. The next day, 

slices were rinsed with PBS and incubated with 1:250 Alexa 488-conjungated goat 

anti-mouse (Molecular Probes) in 0.25% triton-X and 5% NGS in PBS for two 

hours. Again, slices were rinsed and mounted on glass slides with Vectashield 

(Vector labs UK).  
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Images were scanned on a confocal microscope (Zeiss LSM 510). Objective: dry 

Plan Neofluor 20x/0.75; filter: LP 560; beam splitter& HFT 488/543/633; laser 

HeNe 543nm. 

 For the reelin/MAP-2 double staining a 120 µm thick tangential slice of a P14 

wildtype and 5-HT3A receptor knockout mouse was cut and collected in PBS. To 

stain these slices the same procedure as for the reelin staining was followed, but in 

addition slices were incubated with 1:100 MAP-2 anti-rabbit primary antibody 

(Sigma) and 1:250 Alexa 568-conjungated goat anti-rabbit (Molecular Probes). 

Using the same confocal microscope, two images were scanned; one of the 

superficial reelin staining and one of the underlying MAP-2 staining. The two 

images were subsequently merged in ImageJ.  

Dendritic bundle analysis 

Tangential maps of 0.244 mm2 through layer 3 (between 250-350 µm from the pial 

surface) were taken from sections immunostained for MAP-2. The mean dendrite 

diameter was determined as a mean of 20 apical dendrites per animal in layer 3 of 

the somatosensory cortex and all apical dendrites were located (x-y-coordinates). 

This analysis was performed using ImageJ software (Figure 1A). The location data 

were further analyzed with custom-made software written in MATLAB (MathWorks 

version 2007b). 

 Voronoi tessellation is a mathematical procedure that attributes a well defined 

surface to each dendrite by constructing a polygon around it where each side lies 

exactly in between two nearest neighbor dendrites (Figure 1B). The solution is 

unique and allows to calculate a mean surface around the dendrite and its 

standard deviation. The ratio between the two (sd/mean) is called the coefficient of 

variation (CV); its value is indicative for the nature of the spatial organization of the 

dendrites. A (Monte-Carlo style) study by Duyckaerts et al. (1994), demonstrated 

that a polygon surface CV value larger than 0.64 implies that the dendrites are 

clustered while a value less than 0.36 indicates a regularly distributed spatial 

organization of the dendrites. CV values that lie between 0.36 and 0.64 represent a 

randomly distributed spatial organization of the dendrites. 

 The Voronoi tessellation links each dendrite to a unique set of neighbors; for 

which inter-neighbor distances can now be calculated. Neighboring dendrites are 

considered to belong to the same bundle if the distance between them is smaller 

than a threshold value.  
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If this value is set too small, there will be no bundles and when it is set too high, 

they all belong to a single bundle. The relation between threshold (range 3.5 to 7.5 

µm) and calculated bundle density (Figure 1C) shows an optimum between 4.5 and 

6 µm. This relation was similar for wildtype and 5-HT3A receptor knockout mice and 

for the rest of the study we choose a fixed threshold of 5.5 µm to define bundles. In 

addition, a bundle needed to consist of at least three dendrites in order to qualify 

as a bundle (Figure 1D). 

 Once a bundle was defined its location (xb, yb) was defined by its center of 

gravity: xb = Σxi and yb = Σyi over all dendrites in the bundle. Bundle surface was 

calculated in two different ways: 1) as the surface of the polygon that connects all 

dendrites continuously (see inset Figure 1D) or 2) as the surface of the polygon 

with the smallest circumference that includes all dendrites (see other bundles 

Figure 1D). The first measure was systematically 0.69 of the second one. We 

therefore present here only the second one (see Figure 5). With these definitions a 

set of parameters was calculated that characterizes the bundles and their 

organization. Finally a second Voronoi tessellation was performed on the bundle 

locations (xb, yb) allowing bundle organization quantification. 

Analysis of the distribution of reelin-positive Cajal-Retzius cells: 

In tangential sections of 0.21 mm2 through layer 1 immunostained for reelin, the 

location of all reelin-positive Cajal-Retzius cells was determined, comparable to the 

determination of dendrite location, using ImageJ software. On these coordinates a 

Voronoi tessellation was performed in order to determine the spatial organization of 

the Cajal-Retzius cells. 

Statistical Analysis: 

All data are expressed as mean ± standard error of the mean (sem). Unless 

otherwise mentioned values were compared with Student’s t-test. p < 0.05 was 

used to indicate a significant difference (in graphs indicated as *). 
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Figure 1. Quantitative analysis of dendritic bundles in the mouse somatosensory cortex. (A) Typical 

example of a MAP-2 immostained tangential section showing clusters of ascending apical dendrites of 

pyramidal neurons (black dots, see arrows). (B) Surface polygons as determined by the Voronoi 

tessellation (borders excluded), are marked by a color scale that indicates surface. Values range from 

small (blue) to large (red). (C) The mean dendritic bundle density per mm2 in layer 3 of the 

somatosensory cortex of wildtype mice remains similar when the nearest neighbor distance threshold 

varies from 4.5 to 6 µm. (D) Using a nearest neighbor distance threshold of 5.5 µm and a minimum of 3 

dendrites per bundle, bundles are now determined and bundle surface can be calculated in two different 

ways: 1) as the surface of the polygon with the smallest circumference that includes all dendrites (as 

shown in figure) or 2)  as the surface of the polygon that connects all dendrites continuously (see inset). 

Coloured circles represent the location of the bundles (see methods).  
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Results 

In both wildtype and 5-HT3A receptor knockout mice, ascending apical dendrites of 

pyramidal neurons extend towards the pial surface in MAP-2 immunostained 

coronal sections of the somatosensory cortex (Figure 2). In these coronal sections 

of the somatosensory cortex, apical dendrites of pyramidal neurons from upper 

layers adjoin apical dendrites of pyramidal neurons from deeper layers to form 

clusters also known as dendritic bundles. A repetitive pattern of dendritic bundles 

of ascending apical dendrites through several layers of the cortex was visible, 

allowing quantification of the spatial organization of dendrites in MAP-2 

immunostained tangential sections from layer 3 (located between 250-350 µm from 

the pial surface) of the somatosensory cortex (Figure 3A). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Ascending apical dendrites of cortical pyramidal neurons through several layers of the mouse 

somatosensory cortex form dendritic bundles. A typical example of a coronal section of the mouse 

somatosensory cortex showing MAP-2 immunostained dendritic bundles of ascending apical dendrites. 

Arrows indicate an example of a dendritic bundle. Scale bar 50 µm.  
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Figure 3. Quantitative analysis of dendritic bundles in the mouse somatosensory cortex of wildtype (left) 

and 5-HT3A receptor knockout mice (right). Typical examples of (A) MAP-2 immostained tangential 

sections show clusters of ascending apical dendrites of pyramidal neurons (seen from above as small 

black circles). (B) The polygons obtained using the Voronoi tessellation where the surface associated 

with each dendrite is indicated with a color scale from small (blue) to large (red). (C) Dendritic bundles 

as defined using a nearest neighbor threshold of 5.5 µm and a minimum of three dendrites in a bundle. 

Colored circles indicate the center of the bundles, drawn colored polygon indicates the outer 

circumference of the bundle and thus its size (D) Bundle polygons (red honeycomb structure) 

superimposed on the dendrite polygons. Scale bar 50 µm. 
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A Voronoi tessellation was performed on the collected dendritic coordinates to 

analyze the spatial organization of the apical dendrites in wildtype and 5-HT3A 

receptor knockout mice (Figure 3B). The calculated polygon CV indicated that the 

distribution of apical dendrites in layer 3 of the somatosensory cortex of both 

wildtype and 5-HT3A receptor knockout mice was clustered (WT; 0.67 ± 0.02, n = 8, 

KO; 0.64 ± 0.02, n = 5, n.s.) with no indication that there were differences between 

the groups.  

 Subsequently, dendritic bundles were defined using a nearest neighbor 

distance threshold of 5.5 µm and a minimum number of three dendrites in a bundle 

(Figure 3C). To determine the properties of the spatial distribution of the dendritic 

bundles, a second Voronoi tessellation was performed on the location coordinates 

(xb,yb) of the above defined bundles (Figure 3D). For wildtype and 5-HT3A receptor 

knockout mice, the polygon CV was (WT; 0.36 ± 0.01, n = 8, KO; 0.34 ± 0.01, n = 

5, n.s.) which for both situations is less or equal to 0.36 leading to the conclusion 

that the dendritic bundles are regularly organized (Duyckaerts et al., 1994). In 

addition, dendritic bundles are not differently organized in both groups of animals. 

Numerical properties of the dendritic bundles defined above for wildtype and 5-

HT3A receptor knockout mice are given in Table 1.  

Table 1.Quantitative analysis of dendritic bundle properties in tangential sections from layer 3 of the 

somatosensory cortex of wildtype and 5-HT3A receptor knockout mice.  

 

Analysis was performed on 0.244 mm2 tangential sections from layer 3 immunostained for MAP-2 of 8 

wildtype and 5 knockout mice (mean ± sem). CV = coefficient of variation. * indicates a significant 

difference between wildtype and KO group (p<0.05). Number of dendrites per bundle was tested using a 

Mann-Whitney test for non-parametric data. 

 WT                    N=8 KO                     N=5 

   

Average diameter dendrites (μm) 1.5 ± 0.01 1.5 ± 0.02 

CV dendrites 0.67 ± 0.02 0.64 ± 0.02 

Dendritic density (per mm2) 14232 ± 881 16504 ± 1233 

CV dendritic bundles 0.36 ± 0.01 0.34 ± 0.01 

Bundle density (per mm2) 1977 ± 103 1947 ± 76 

Average dendritc bundle surface (μm2) 31 ± 4 56 ± 9 * 

Average center-to-center distance (μm) 25.3 ± 0.6 25.6 ± 0.5 

Number of dendrites per bundle 5.4 ± 0.2 6.7 ± 0.5 
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Within the optical resolution the mean dendritic diameter was the same in both 

groups. Also the number of dendrites per mm2, the number of dendritic bundles per 

mm2, and mean center-to-center distance between neighboring bundles were not 

different in wildtype and 5-HT3A receptor knockout mice. 
 To analyze the distribution of the number of dendrites per bundle a histrogram 

was made (Figure 4). Although a tendency towards an increase in the number of 

dendrites per bundle in 5-HT3A receptor knockout mice was observed, the 

difference did not reach statistical significance. The analysis of the mean bundle 

surface of wildtype and 5-HT3A receptor knockout mice, calculated as described in 

the methods (Figure 5A), showed that bundle surface was almost twice as large in 

5-HT3A receptor knockout mice than in wildtype mice (WT; 31 ± 4 µm2, n = 8, KO; 

57 ± 9 µm2, n = 5, p = 0.013, Figure 5B).  

 

 

 

 

 

 

 

 

Figure 4. Histogram showing the distribution of the number of dendrites per bundle in tangential 

sections of the somatosensory cortex of wildtype and 5-HT3A receptor knockout mice. 
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Figure 5. Surface of the dendritic bundles in layer 3 of the somatosensory cortex of wildtype and 5-HT3A 

receptor knockout mice. (A) Bundle surface is determined by the polygon that connects dendrites in the 

bundle so that its circumference is the smallest one possible, while all dendrites in the bundle are 

localized within that polygon. The blue dot in the center represents the center of gravity (xb,yb). (B) The 

mean surface of layer 3 dendritic bundles in the somatosensory cortex is larger in 5-HT3A receptor 

knockout mice than in wildtype mice (p<0.05).  

 

At P4 and at P14, reelin-positive Cajal-Retzius cells could be observed in 

tangential sections from layer 1 of the somatosensory cortex of wildtype and 5-

HT3A receptor knockout mice (Figure 6A,B). A typical decrease in the number of 

reelin-positive Cajal-Retzius cells between P4 and P14 was found in wildtype 

(46%) as well as in 5-HT3A receptor knockout mice (38%) (Table 2).  

 

Table 2.  Quantitative analysis of reelin-positive immunostained Cajal-Retzius cells in tangential 

sections of 0.21 mm2 from layer 1 of the somatosensory cortex of wildtype and 5-HT3A receptor KO 

mice.  

 

Analysis was performed on reelin layer 1 P4 and P14 tangential sections of 3 wildtype and 4 knockout 

mice. CV = coefficient of variation. 

     WT                                 N=3 KO N=4 

Age      P4    P4   

CV Cajal-Retzius   0.40 ± 0.01 0.38 ± 0.02 

CR cell density (per mm2) 598 ± 54 656 ± 7 

              

Age      P14    P14   

CV Cajal-Retzius   0.40 ± 0.02 0.35 ± 0.04 

CR cell density (per mm2)  275 ± 9 251 ± 21 
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A Voronoi tessellation was performed on the location coordinates of Cajal-Retzius 

cells and the polygon CV was calculated as described above for dendrites and 

bundles. Analysis showed that for both P4 and P14 wildtype and 5-HT3A receptor 

knockout mice, the distribution of reelin-positive Cajal-Retzius cells was random, 

not clustered or regular and not different between the two genotypes. (P4: WT; 

0.40 ± 0.01, n = 3, KO; 0.38 ± 0.02, n = 4, n.s.) (P14: WT; 0.40 ± 0.02, n = 3, KO; 

0.35 ± 0.04, n = 3, n.s.) (Table 2). 

 

Figure 6. Tangential sections showing the distribution of reelin-positive Cajal-Retzius cells in the 

somatosensory cortex of both wildtype and 5-HT3A receptor knockout mice. Typical examples of reelin-

positive Cajal-Retzius cells in P4 (A) and P14 (B) tangential sections of the somatosensory cortex of 

both wildtype and 5-HT3A receptor KO mice.  
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To have an idea about the relation between the spatial organization of Cajal-

Retzius cells and dendritic bundles in the somatosensory cortex, a P14 tangential 

section (120 μm thick) of the somatosensory cortex of a wildtype and a 5-HT3A 

receptor knockout mouse showing reelin-positive Cajal-Retzius cells superimposed 

on MAP-2 immunostained dendrites was made, yet no clear relation between the 

spatial distribution of Cajal-Retzius cells and dendritic bundles was observed 

(Figure 7B). However, a similar distribution of nearest neighbor distances for both 

dendritic bundles and Cajal-Retzius cells was observed (Figure 7A), suggesting a 

relation between the spatial organization of Cajal-Retzius cells and dendritic 

bundles in the somatosensory cortex. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Distribution of reelin-positive Cajal-Retzius cells and dendritic bundles in the somatosensory 

cortex of wildtype mice. A P14 tangential section of the somatosensory cortex of a wildtype and 5-HT3A 

receptor knockout mouse, showing the position of MAP-2 immunostained dendritic bundles and reelin-

positive Cajal-Retzius cells. Scale bar 50 µm. 
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Discussion 

In the current study, we quantified the spatial organization of ascending apical 

dendrites of pyramidal neurons which are organized in dendritic bundles in the 

somatosensory cortex of both wildtype and 5-HT3A receptor knockout mice. In layer 

3 tangential sections of the somatosensory cortex of 5-HT3A receptor knockout 

mice, the average bundle surface is larger than in wildtype mice. Furthermore, we 

showed that in the somatosensory cortex of both wildtype and 5-HT3A receptor 

knockout mice reelin-positive Cajal-Retzius cells are present in P4 and to a lesser 

extent in P14 tangential sections of layer 1 and that their distribution is random not 

regular or clustered.  

 To investigate dendritic bundle organization of both wildtype and 5-HT3A 

receptor knockout mice we used a similar approach as Vercelli et al. (2004) to 

show that in both groups the distribution of layer 3 apical dendrites was clustered 

while the distribution of the dendritic bundles was regular. In concordance with a 

study of White and Peters (1993), who reported a bundle density of 1918 bundles 

per mm2 and an average center-to-center distance between 22-25 µm in the 

mouse somatosensory cortex, here it was shown that dendritic bundles have a 

bundle density of 1978 bundles per mm2 and mean center-to-center distance of 25 

µm in wildtype mice. 

 It has been reported that in the postnatal cortex serotonin is the main excitatory 

drive for 5-HT3 receptor-expressing Cajal-Retzius cells and that reelin controls 

dendritic maturation of cortical pyramidal neurons (Chameau et al. 2009). In 

neonatal mice of which the serotonergic innervation to these Cajal-Retzius cells 

was depleted, reelin levels were decreased and cortical column organization was 

disrupted (Janusonis et al. 2004). Based on the current observation that dendritic 

bundle surface was larger in 5-HT3A receptor knockout mice, we suggest a relation 

between dendritic maturation and dendritic bundle formation in the somatosensory 

cortex and a role for reelin in regulating these events upon serotonergic activation 

of Cajal-Retzius cells. 

 According to the hypothesis of Nishikawa et al. (2002), the distribution of Cajal-

Retzius cells determines where dendritic bundles develop by forming reelin-rich 

cylindrical zones in which migrating neurons and their dendritic extensions do not 

settle. In the current study, we wanted to test this hypothesis and investigated 

whether the distribution of Cajal-Retzius cells was related to the position of 

dendritic bundles.  
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In a P14 staining the relation between the position of Cajal-Retzius cells and 

dendritic bundles was not directly visible, yet it has to be mentioned that around 

this age most Cajal-Retzius cells have disappeared. Interestingly, the distributions 

of the nearest neighbor distances of the dendritic bundles and Cajal-Retzius cells, 

does support the idea of a relation between the distribution of Cajal-Retzius cells 

and the position of dendritic bundles. However, to ascertain whether a relation 

between the distribution of Cajal-Retzius cells and the position of dendritic bundles 

exists or not, additional studies should be performed at several stages of 

development and in particular during the first postnatal days when the Cajal-

Retzius cell density is the highest. This is of particular importance in view of the 

fact that we based our analysis of the dendritic bundles on tissue from adult mice. 

In these studies the spatial organization of Cajal-Retzius cells and dendritic 

bundles needs to be compared in more detail and the average distance between 

Cajal-Retzius cells and dendritic bundles needs to be determined.  

 In the cortex, information processing occurs through local cortical microcircuits 

which show both interlaminar and intralaminar connections (Thomson and 

Bannister 2003). It has been suggested that dendritic bundles of ascending apical 

dendrites of cortical layer 5 pyramidal neurons form the center of cortical modules 

of vertically interconnected neurons which share functional properties (Mountcastle 

1997; Peters and Sethares 1996). Labeling studies in both the visual and motor 

cortex showed that pyramidal neurons from the same bundle project to the same 

target, thereby supporting the idea that dendritic bundles are functionally related 

(Lev and White 1997; Vercelli et al. 2004). However, in another study it was shown 

that synaptic connectivity is independent of apical dendrite bundling (Krieger et al. 

2007). Therefore, it is not very likely that dendritic bundles form the center of 

cortical modules and are the functional basis of a cortical microcircuit. 

Nevertheless, it has to be mentioned that other functional relations between 

pyramidal neurons within a dendritic bundle such as connectivity patterns between 

layer 2/3 and 5 pyramidal neurons within a bundle still need to be investigated. 

Although investigation about the functional relevance of dendritic bundles in the 

cortex is still ongoing, it is remains interesting to speculate about the functional 

consequences of alterations in apical dendrite bundling as observed in the current 

study in 5-HT3A receptor knockout mice.  

 The fact that in 5-HT3A receptor knockout mice the surface of these bundles is 

increased, suggests that connectivity between neurons has changed which could 

lead to alterations in information processing in the cortex of these mice.  
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However, if indeed alterations in information processing in 5-HT3A receptor 

knockout mice would be observed, they might also be a consequence of the 

previously observed alterations in dendritic complexity of cortical layer 2/3 

pyramidal neurons.  

 In conclusion, the results from the current study show that in the somatosensory 

cortex of 5-HT3A receptor knockout mice, dendritic bundle size is different from 

wildtype mice. This finding, together with previously observed differences in 

dendritic complexity of cortical layer 2/3 pyramidal neurons and cortical reelin 

levels, suggests an important role for the 5-HT3 receptor in determining the spatial 

organization of cortical connectivity in the mouse somatosensory cortex. 
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Abstract 

The 5-HT3 receptor is a ligand-gated ion channel expressed on interneurons 

throughout the brain. So far, analysis of the 5-HT3A knockout mouse revealed 

changes in nociceptive processing and a reduction in anxiety related behavior. 

Recently, it was shown that the 5-HT3 receptor is also expressed on Cajal-Retzius 

cells which play a key role in cortical development and that knockout mice lacking 

this receptor showed aberrant growth of the dendritic tree of cortical layer II/III 

pyramidal neurons. Other mouse models in which serotonergic signaling was 

disrupted during development showed similar morphological changes in the cortex, 

and in addition, also deficits in social behavior. Here, we subjected male and 

female 5-HT3A knockout mice and their non-transgenic littermates to several tests 

of social behavior. We found that 5-HT3A knockout mice display impaired social 

communication in the social transmission of food preference task. Interestingly, we 

showed that in the social interaction test only female 5-HT3A knockout mice spent 

less time in reciprocal social interaction starting after 5 minutes of testing. 

Moreover, we observed differences in preference for social novelty for male and 

female 5-HT3A knockout mice during the social approach test. However, no 

changes in olfaction, exploratory activity and anxiety were detected. These results 

indicate that the 5-HT3A knockout mouse displays impaired social behavior with 

specific changes in males and females, reminiscent to other mouse models in 

which serotonergic signaling is disturbed in the developing brain. 
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Introduction 

The serotonin 5-HT3 receptor is a ligand-gated ion channel comprising two subunits 

(5-HT3A and 5-HT3B) of which the 5-HT3A subunit is essential to form a functional 

receptor (Maricq et al. 1991; Davies et al. 1999). In the brain, the 5-HT3A receptor is 

mainly expressed on interneurons in limbic regions such as the cortex, amygdala 

and hippocampus (Morales and Bloom 1997). Anxiolytic effects of 5-HT3 receptor 

antagonists suggest a role for the 5-HT3 receptor in anxiety regulation (Costall et 

al. 1989). 

 The generation of the 5-HT3A knockout mouse was initially described by Zeitz et 

al. (2002) who examined the role of the 5-HT3A subunit in nociceptive processing. 

Apart from a decreased sensitivity to formalin induced pain, 5-HT3A knockout mice 

did not exhibit abnormalities in body weight, food or water intake, sexual behavior 

or motor function during rotarod performance. Further behavioral tests designed to 

measure anxiety such as the elevated plus maze showed reduced anxiety in the   

5-HT3A knockout mouse (Kelley et al. 2003; Bhatnagar et al. 2004).  

 Recently, our group found that Cajal-Retzius cells, a population of cells which 

play an important role in cortical development by regulating dendritic maturation, 

also express 5-HT3 receptors (Chameau et al. 2009). In the same study, analysis 

of the 5-HT3A knockout mouse showed an increase in dendritic complexity of the 

apical dendrites of cortical layer II/III pyramidal neurons (Chameau et al. 2009). 

Another study investigating the effects of disrupted serotonergic innervation to 

these Cajal-Retzius cells, reported changes in cortical organization (Janusonis et 

al. 2004). One group that examined the effects of depletion of 5-HT in the 

developing brain, found in addition to changes in cortical width several deficits in 

social behavior in mice that were 5-HT depleted (Boylan et al. 2007; Hohmann et 

al. 2007). Together, these studies suggest a relation between changes in cortical 

morphology as a consequence of disturbed serotonin signaling during development 

and social behavior later in life. 

 In this study, we sought to determine whether the 5-HT3A receptor knockout 

mouse displays similar forms of impaired social behavior. Therefore, we subjected 

male and female 5-HT3A receptor knockout mice and their wildtype littermates to 

the social transmission of food preference task, social interaction test and social 

approach test.  
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Whereas the social transmission of food preference test investigates social 

communication by analyzing the natural preference for food previously scented on 

an unfamiliar mouse during an interaction phase, the social interaction test 

primarily focuses on reciprocal social interactions (Kogan et al. 1997; Bolivar et al. 

2007). The social approach test, in turn, measures the preference for social novelty 

in a three compartment cage during two distinct phases (Moy et al. 2004; 

Sankoorikal et al. 2006). To control for anxiety, which might be an important driving 

force for impaired social behavior, 5-HT3A knockout mice were in addition tested in 

the novelty suppressed feeding test. 
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Materials and Methods 

Animals 

The generation of the 5-HT3A knockout mouse was initially described by Zeitz et al. 

(2002). In this study, 5-HT3A knockout mice were maintained on the C57BL/6J 

background and back-crossed for at least 35 generations. Homozygotic 5-HT3A 

knockout mice were bred with C57BL/6J mice to obtain F1 heterozygous KO mice. 

Subsequently, male and female heterozygote breeding pairs were formed. 

Offspring of these breeders were earmarked, and a small piece of the tail was cut 

at 1 week of age. This tissue was used for genotyping. The following primers were 

used: 

5-HT3KO-FOR = 5’-AGT CAG CCT CTT GCT GCC CAG TA- 3’ (2051-2073) 

5-HT3KO-REV = 5’-TCC ATC CTG AAC CCA GCT TCC A- 3’ (2622-2603) 

5-HT3KO-NEO = 5’-TCG ACG TTG TCA CTG AAG CGG-3’ (1126-1146) 

Mice were weaned at day 28 and same sex littermates were housed in groups of 2-

4 under a 12-h dark/light cycle with lights on at 08.00 hrs and with ad libitum 

access of food and water. Between 7 and 14 weeks of age, 12 male and 12 female 

mutants and 14 male and 12 female wildtype littermates originating from 15 litters 

were tested in a battery of behavioral tests in the following order: social 

transmission of food preference (7 weeks), social interaction (8 weeks), social 

approach (9 weeks), buried food finding (12 weeks) and novelty suppressed 

feeding test (14 weeks). When mice were excluded from one of the tests they were 

not further tested. Tests took place between 13.00 and 18.30 hrs except for the 

social transmission of food preference and buried food finding which started at 

09.00 hrs. Experiments were performed according to the guidelines of the ethical 

committee of the University of Amsterdam and in accordance with the European 

Council Directive. 

Behavioral testing 

Social transmission of food preference 

The procedure was adapted from Kogan et al. (1997). Briefly, five days before the 

experiment animals were placed in novel home cages (32 x 16 x 14 cm) and 

transferred to the testroom.  
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Three days before testing animals were given powdered food pellets from a plastic 

cup (8 cm diameter and 2 cm deep) placed in one corner of the cage. Testing of 

the mice comprised three phases. First, C57BL/6J demonstrator mice originating 

from a separate breeding that was not subject to any other test, but of the same 

sex and age as the test mice were removed from their cage and food restricted for 

fifteen hours. Second, test mice further indicated as observer mice were food 

restricted for fifteen hours. At the day of testing demonstrator mice were allowed to 

consume powdered food pellets scented with either 1% cinnamon or 2% cacao for 

2 hours which was randomly chosen and equally divided. Only mice eating more 

than 0.2 g were used as demonstrator mice. In the next phase, demonstrator mice 

were placed in the home cages of the observer mice were they could interact for 5 

minutes. Immediately thereafter, observer mice were placed individually into novel 

cages (32 x 16 x 14 cm) for 30 min. These cages contained water and two plastic 

cups with pre weighed scented food on opposite sides of the cage. One of the cups 

contained food which was identical to the food the demonstrator mouse previously 

had eaten. At the end of the test total amount of food eaten was measured by 

weighing the amount of food left in both cups. 

Social interaction 

The procedure was adapted from Bolivar et al. (2007). Briefly, the chamber for 

testing was a clear Plexiglas box (36 x 20 x 19 cm) with fresh bedding on the 

bottom. After each test this box was cleaned with ethanol and fresh bedding was 

added. Pairs of unfamiliar mice of same sex, age and genotype were formed. Prior 

to the test both mice were allowed to habituate to a similar box for 10 minutes. 

Immediately after this period, mice were placed at opposite ends of the test box 

and social interaction was recorded on videotape for 20 min. The following types of 

social behavior were analyzed off-line: sniffing (nose, body or anogenital), 

mounting, following/chasing, wrestling/biting and allogrooming. The amount of time 

during which pairs of mice were engaged in the above indicated social interactions 

was analyzed in blocks of 5min. The number of times a mouse from a pair showed 

a specific type of behavioral response during the test was analyzed for each 

individual test mouse. 
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Social approach 

The procedure was adapted from Moy et al. (2004) and Sankoorikal et al. (2006). 

The testing arena was a rectangular, three chambered Plexiglas box. Each 

chamber was 20 x 12 x 19 cm in size, separated from the other chambers by walls 

with rectangular openings (6 x 6 cm). In each end chamber, a transparent plastic 

cup (diameter 8 cm height 9 cm) with a total of 20 (12 mm) holes in it to allow nose 

contact was placed. The test consisted of three phases: (i) habituation, (ii) test 

phase one and (iii) test phase two. During habituation a mouse was allowed to 

explore the center chamber for 5 minutes while the openings to the end chambers 

remained closed. For test phase one an unfamiliar C57BL/6J mouse originating 

from a separate breeding but of the same sex and age was placed in one of the 

plastic cups. This mouse had previously been habituated to the placement in the 

cup. To prevent climbing a glass bottle filled with water was placed on top of the 

cup. The cup in the other side of the chamber was left empty. Starting phase one of 

the test, both openings were unblocked and the test mouse was allowed to explore 

freely all chambers for 10 min. Behavior was recorded on videotape (Akai VHS and 

Sony camera) and the amount of time spent in each chamber and the number of 

transitions were analyzed off-line. At the end of phase one the animal was placed 

back in the center chamber while the other chambers were blocked again. For test 

phase two, another unfamiliar mouse was placed in the empty cup. In this phase, 

the mouse had a choice between the in the previous phase investigated mouse 

and a novel mouse. Again, after unblocking the openings the mouse was allowed 

to explore all chambers for 10 min. Similar to the previous phase the amount of 

time spent in each chamber and the number of transitions was recorded and 

analyzed afterwards. After each trial the box was cleaned with ethanol and fresh 

bedding was added.  

Buried food finding 

The procedure was adapted from Jamain et al. (2008). Two days before testing, 

mice received 1.5 g of chocolate chip cookies and 1 g of powdered food pellets per 

mouse with water at libitum each day. Fifteen hours before testing food was 

removed. At the day of testing mice were placed individually into a clear Plexiglas 

box (36 x 20 x 19 cm), in which a piece of chocolate chip cookie of 1.7 g was 

hidden under a 1.5 cm layer of standard bedding at the far end of the box. The 

mouse was introduced at the other end of the box and allowed to explore for 6 

minutes. The latency retrieve the hidden cookie was recorded.  
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All mice managed to find the hidden cookie within 6 minutes. After each experiment 

boxes were cleaned with ethanol and a new cookie and fresh bedding was added.  

Novelty suppressed feeding 

The procedure was adapted from Gross et al. (2002). Three days before testing 

mice were housed individually. Fifteen hours before the onset of the test mice were 

weighed and food was removed from the cage, while water remained available ad 

libitum. At the day of testing, mice were transferred to the testing room and at the 

onset of the test mice were placed in an open field (70 x 70 cm) with a pre weighed 

food pellet in the center. For this experiment latency to begin chewing food was 

measured. Immediately after beginning to eat or 5 minutes after being placed in the 

open field, mice returned to their homecage were they could continue to consume 

the pellet for 5 minutes. The amount of food consumed was measured by weighing 

the food pellet afterwards. At the end of the test animals were weighed again.  

Statistical analysis 

Statistical significance of all tests was determined as p< 0.05. In the social 

transmission of food preference task a two-way ANOVA with repeated measures 

for cue was used. After a main significant effect of genotype and/or cue, within-

group post hoc Bonferroni comparisons were performed. For analysis of the social 

approach test we used a two-way ANOVA with repeated measures for chamber. 

After a main significant effect of genotype and/or chamber, within-group post hoc 

Bonferroni comparisons were performed. In the social interaction test, the buried 

food finding test and the novelty suppressed feeding test an unpaired two-tailed 

Student’s t-test or a Mann-Whitney test for non-parametric data was used. All data 

are expressed as mean ± S.E.M. 
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Results 

Social transmission of food preference and buried food finding 

After a short interaction period with a demonstrator mouse which had previously 

eaten “cued” scented food, male wildtype observer mice showed a preference for 

cued food (0.427 ± 0.048 g) over non cued food (0.207 ± 0.036 g) in terms of the 

amount of both types of food eaten. In contrast, male 5-HT3A knockout observer 

mice did not show a preference for cued food (Figure 1A; post hoc Bonferroni 

comparisons following a RMANOVA significant main effect of cue F1,24 = 4.875,  p = 

0.0371 revealed for WT: p<0.05, n = 14 and KO: p >0.05, n = 12). Overall, the total 

amount of food eaten was comparable between genotypes (WT: 0.63  ±  0.084 ; 

KO: 0.59  ±  0.096). 

 Similar results were found for female wildtype and 5-HT3A knockout observer 

mice. Here, female wildtype mice ate (0.365 ± 0.042 g) of cued food over (0.151 ± 

0.031 g) of non cued food, while female 5-HT3A knockout mice ate equal amounts 

of both cued and non cued food (Figure 1C; post hoc tests following a main effect 

of cue F1,22 = 4.921,  p = 0.0372 and interaction cue x genotype F1,22 = 7.197, p = 

0.0136 show for WT: p <0.01, n = 12 and KO: p >0.05, n = 12). Again, both 

wildtype and 5-HT3A knockout observer mice ate comparable amounts of food in 

total (WT: 0.52  ± 0.072 ; KO: 0.57  ± 0.08). 

 To ascertain that the lack of preference for cued food observed in the 5-HT3A 

knockout mouse was not due to impaired olfaction, mice were tested in the buried 

food finding test. In this test, both male and female 5-HT3A knockout mice showed 

no difference in latency to find a hidden cookie as compared to wildtype mice 

(Figure 1B; WT n = 13, KO n = 8) (Figure 1D; WT n = 12, KO n = 11). 

Social interaction 

In this test, male 5-HT3A knockout mice spent equal amounts of time in reciprocal 

social interaction as compared to wildtype mice (Figure 2A; WT n = 7 pairs, KO n = 

4 pairs). To investigate the frequency of reciprocal social interactions over time, 

interaction time was analyzed in blocks of 5 minutes. As shown in Figure 2B, both 

groups showed a similar reduction in time spent in social interaction as the test 

continued. Analysis of the number of times individual mice displayed a specific type 

of behavioral response during the test showed that male 5-HT3A knockout mice 

displayed less mounting (WT; 9 ± 1.5, KO; 4 ± 1; p = 0.03) behavior during the test 

(Figure 2C; WT n =14, KO n = 8).  
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None of the pairs showed allogrooming behavior. Although biting and wrestling 

behavior during test was observed for two wildtype and two knockout pairs, no 

differences between groups were detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Social communication but not olfaction is impaired in the 5-HT3A knockout mouse. In the social 

transmission of food preference task both male (A) and female (C) 5-HT3A knockout mice ate equal 

amounts of both cued food previously smelled on a demonstrator mouse and non-cued food, whereas 

wildtype mice ate more cued food than non-cued food. In the buried food finding test both male (B) and 

female (D) 5-HT3A knockout mice showed a similar latency to find a hidden cookie as compared to 

wildtype mice. Data are expressed as the mean ± SEM (* p< 0.05, ** p< 0.01).  
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Figure 2. Only female 5-HT3A knockout mice show deficits in social interaction. (A) Pairs of male 5-HT3A 

knockout mice spent a similar amount of time in reciprocal social interaction as compared to pairs of 

wildtype mice. (B) When total interaction time was divided into 5 min blocks, both wildtype and 5-HT3A 

knockout mice showed a decrease in reciprocal social interactions over time. (C) Male 5-HT3A knockout 

mice only showed a lower number of mounting responses during the test as compared to wildtype mice. 

(D) Pairs of female 5-HT3A knockout mice spent less time in reciprocal social interaction than pairs of 

wildtype mice. (E) Although both groups showed a similar decrease in reciprocal social interactions over 

time, female 5-HT3A knockout mice spent less time in reciprocal social interaction between 5 and 20 

minutes of testing than wildtype mice. (F) Female 5-HT3A knockout mice showed a lower number of 

sniffing and following responses during the test as compared to wildtype mice. Data are expressed as 

the mean ± SEM (* p<0.05; ** p<0.01). 
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In contrast, female 5-HT3A knockout mice spent less time in reciprocal social 

interaction as compared to wildtype mice (WT; 223.8 ± 39.2 s, KO; 119.2 ± 20.9 s) 

(Figure 2D; WT n = 5 pairs, KO n = 5 pairs; p = 0.047). When time spent in social 

interaction was divided into 5 minute blocks, it became clear that as the test 

continued time spent in social interaction reduced for both wildtype and 5-HT3A 

knockout mice. However, only during the first 5 minutes both wildtype and 5-HT3A 

knockout mice spent equal amounts of time in social interaction ( Figure 2E; WT n 

= 5 pairs, KO n = 5 pairs;  p = 0.043 for 5-10 minutes,  p = 0.009 for 10-15 minutes,  

p = 0.007 for 15-20 minutes).In addition, female 5-HT3A knockout mice displayed 

less sniffing (WT; 45 ± 4, KO; 30 ± 3; p = 0.015) and following (WT; 5.7 ± 0.7, KO; 

3.6 ± 0.4; p = 0.018) responses during the test (Figure 2F). Again no allogrooming 

behavior was observed. Also, none of the pairs started to bite or wrestle during the 

test. 

Social approach 

Analysis of the first phase of the experiment showed that, unlike wildtype mice, 

male 5-HT3A knockout mice did not show a significant preference for the chamber 

containing an unfamiliar mouse versus an empty cup (Figure 3A1; post hoc 

Bonferroni comparisons following a RMANOVA significant main effect of genotype 

F1,21 = 16.69,  p = 0.0005 and chamber  F1,21 = 11.11,  p = 0.0032 revealed for WT: 

p <0.01, n = 13 and KO: p >0.05, n = 10). On the other hand, female 5-HT3A 

knockout mice did show a preference for the chamber containing an unfamiliar 

mouse over an empty cup (Figure 3C1; post hoc tests following a main effect of 

genotype F1,21 = 5.121,  p = 0.0344 and chamber  F1,21 = 28.8,  p<0.0001 show for 

WT: p <0.05, n = 12 and KO: p <0.001, n = 11). 

 Interestingly, in the second phase of the experiment male 5-HT3A knockout mice 

performed similar to wildtype mice by exhibiting a preference for the unfamiliar 

mouse over the familiar mouse (Figure 3A2; post hoc tests following a main effect 

of genotype  F1,21 = 8.848,  p = 0.0072 and chamber  F1,21 = 18.65,  p = 0.0003 

show for WT: p<0.05, n = 13 and KO: p <0.01, n = 10). This time in female 5-HT3A 

knockout mice, the preference for the unfamiliar mouse over the familiar mouse did 

not reach significance (Figure 3C2; post hoc tests following a main effect of 

chamber F1,21 = 20.77,  p = 0.0002 show for WT: p<0.001, n = 12 and KO: p>0.05, 

n = 11). However, the familiar-new effect for female KO mice in Fig 3C2 was 

significant when tested with a paired t-test (p = 0.01).  
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Figure 3. Male and Female 5-HT3A knockout mice show differences in preference for social novelty in 

the social approach test. (A1, C1) In the first phase (Phase I) of the social approach test only female 

and not male 5-HT3A knockout mice spent significantly more time in a chamber containing a wildtype 

stranger mouse than in a chamber containing an empty cup similar to wildtype mice. (A2, C2) In the 

second phase (Phase II) of the test only male and not female 5-HT3A knockout mice spent significantly 

more time in the chamber containing a novel stranger mouse than in the chamber containing the same 

mouse of the previous experiment similar to wildtype mice. (B,D) During both phases of the test both 

wildtype and 5-HT3A knockout mice of both sexes did not visit one of the end chambers more than the 

other. Data are expressed as the mean ± SEM (* p<0.05, ** p<0.01, *** p<0.001). 
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Analysis of the number of visits to one of the end chambers showed that in both 

phases of the test none of the wildtype or 5-HT3A knockout mice visited one of the 

end chambers more than the other (Figure 3B,D). To compare exploratory activity 

of both groups, the total number of visits to both chambers was analyzed. 

However, analysis did not reveal a difference in total number of visits between 

wildtype and 5-HT3A knockout mice (Figure 3B,D). 

Novelty suppressed feeding 

Both male and female 5-HT3A knockout mice showed a similar latency to eat a food 

pellet placed in the center of an open field as compared to wildtype mice (Figure 

4A; WT n= 13, KO n=8) (Figure 4B; WT n= 12, KO n=11). Also the time spent 

eating and the amount of food pellet eaten in the home cage after the experiment 

were not different. Furthermore, 5-HT3A knockout mice did not show more weight 

loss due to food deprivation as compared to wildtype mice. 

 

 

 

 

 

 

 

 

Figure 4. 5-HT3A knockout mice do not show changes in anxiety in the novelty suppressed feeding task. 

(A,B) Both male and female 5-HT3A knockout mice showed a similar latency to start eating a food pellet 

in the novelty suppressed feeding task as compared to wildtype mice. Data are expressed as the mean 

± SEM.  
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Discussion 

In this study, we found that 5-HT3A knockout mice displayed impaired social 

communication in the social transmission of food preference task, while olfaction 

was not affected. Moreover, we showed that female, but not male 5-HT3A knockout 

mice spent less time in reciprocal social interaction after 5 minutes of testing 

onwards. While male 5-HT3A knockout mice only showed a reduction in the number 

of mounting responses during this test, female 5-HT3A knockout mice showed a 

reduction in both sniffing and following responses. Interestingly, we found that in 

the social approach test male 5-HT3A did not show a significant preference for the 

cup in which a mouse was placed over an empty cup, whereas female 5-HT3A 

knockout mice did not show a significant preference for the chamber containing a 

novel mouse over the chamber containing a familiar mouse. Yet, no abnormalities 

in exploratory activity were observed for both groups in the social approach test. 

Also, no changes in anxiety in the novelty suppressed feeding task were detected. 

These results indicate that both male and female 5-HT3A knockout mice display 

specific forms of impaired social behavior, although some deficits could only be 

observed in male or female 5-HT3A knockout mice.  

 Social communication skills as investigated in the social transmission of food 

preference task could be measured based on the knowledge that communication in 

rodents primarily relies on olfactory cues and in general rodents are neophobic and 

avoid novel food (File 2001; Wrenn et al. 2003; Ryan et al. 2008). We found that 

both male and female 5-HT3A knockout mice did not succeed in extracting the 

proper olfactory information from the demonstrator mouse during the 5 minute 

interaction phase while not showing olfactory dysfunction based on the results of 

the buried food finding test. However, in the social interaction test both male and 

female 5-HT3A knockout mice did not spend less time in social interaction during 

the first 5 minutes. Together, these results support the interpretation that 5-HT3A 

knockout mice show impaired social behavior and failed to retrieve any olfactory 

information in the social transmission of food preference test because of 

communication deficits. Although olfactory dysfunction has been ruled out as an 

explanation for the observed effects, it cannot be ruled out that the observed 

impairments in social behavior are related to a global impairment in (sensory) 

information processing. 
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In the social interaction test, it became apparent that both male and female 5-HT3A 

knockout mice showed a reduction in time spent in reciprocal social interaction as 

the test continued, but that only female 5-HT3A knockout mice spent less time in 

reciprocal interaction than wildtype mice. Consistent with these results, only female 

5-HT3A knockout mice showed less sniffing and following responses than wildtype 

mice. Male 5-HT3A knockout mice, on the other hand, only showed a reduction in 

mounting responses, which can be considered as negative social behavior (Bolivar 

et al. 2007). It is interesting to note that only male pairs showed biting and wrestling 

behavior during the test, although no differences between wildtype and 5-HT3A 

knockout mice could be observed. These results imply that deficits in reciprocal 

social interaction are specific for female 5-HT3A knockout mice, and that negative 

social behavior did not overrule the performance of the females.  

 Another frequently used test to investigate social behavior is the social 

approach test. This test focuses on the preference for social novelty while 

reciprocal social interactions are intentionally avoided by allowing the test mice to 

explore all chambers while target mice are caged within a plastic cup (Brodkin et al. 

2004; Moy et al. 2004; Sankoorikal et al. 2006). In contrast to female mice, male 5-

HT3A knockout mice did not show a significant preference for a mouse over a cup in 

the first phase. These results suggest male and female 5-HT3A knockout show 

different behaviors in terms of preference for social novelty. Another important 

observation in this study was that overall activity of the 5-HT3A knockout mouse 

was unaffected in terms of visits to each chamber in the social approach test. The 

fact both male and female 5-HT3A knockout mice did not show a reduction in overall 

activity, strengthens the interpretation that social behavior is not impaired as a 

result of changes in exploratory behavior. 

 However, also anxiety could be an important driving force for deficits in social 

behavior. Mice that are anxious will avoid novel situations and thus reciprocal 

social interactions (Crawley 2007). On the other hand, mice that show reduced 

anxiety might initiate a novel social encounter more easily. Although some studies 

showed reduced anxiety in 5-HT3A knockout mice (Kelley et al. 2003; Bhatnagar et 

al. 2004), here we did not show differences in anxiety between wildtype and 5-HT3A 

knockout mice. Therefore, it is less likely that a change in anxiety influenced the 

performance of the 5-HT3A knockout mice involved in this study.  

 The deficits male and female 5-HT3A knockout mice displayed in the social 

transmission of food preference test and other social behavior tests are in 

concordance with other studies which investigated the effects of early 

developmental alterations in serotonergic signaling.  
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One group that examined the effects of a depletion of 5-HT fibers in the neocortex 

of neonatal mice reported sex-dependent deficits in processing social, sensory and 

environmental information apart from changes in the width of cortical layers. 

Strikingly, male but not female lesioned mice were more neophobic, while both 

sexes showed deficits in the social transmission of food preference task which is in 

line with our results (Boylan et al. 2007; Hohmann et al. 2007). Another group 

which reported overall changes in brain volume in a genetic mouse line that was 

haploinsufficient for PTEN and SLC6A4, two susceptibility genes for autism which 

have an indirect influence on serotonergic signaling, reported sex specific changes 

in the social approach test (Page et al. 2009). However, in contrast to the present 

study, they showed that females showed a lack of preference for the cup in which a 

mouse was placed over an empty cup. Together, these studies imply that 

disturbances in serotonergic signaling during early development lead to sex 

specific deficits in social behavior later in life. However, the underlying mechanism 

via which serotonin affects neurodevelopment in males and females specifically 

remains to be investigated.  

 Another important aspect these studies have in common is that the overall 

phenotype of these mice is reminiscent to autism, a severe neurodevelopmental 

disorder defined by deficits in social interaction, communication and repetitive 

behavior. Beside these behavioral symptoms, some consistent neuroanatomical 

changes in brain tissue of autistic individuals have been described such as a 

change in cortical minicolumn size, number and cellular distribution and increased 

cortical volumes (Bailey et al. 1998; Casanova et al. 2002; Carper and Courchesne 

2005). Another interesting observation is that 30% of the autistic patients show an 

increase in blood levels of serotonin (Anderson et al. 1987; Chugani 2002). 

According to the hyperserotonemia model an increase in blood serotonin in autistic 

patients could lead to a loss of serotonin terminals in the brain, thereby influencing 

ongoing developmental processes (Whitaker-Azmitia 2005). Serotonin has an 

important regulatory function during neurodevelopment and changes in 

serotonergic signaling have been implicated to play a role in a number of 

neurodevelopmental disorders (Gaspar et al. 2003). Susceptibility genes for autism 

including PTEN and SLC6A4 have an indirect influence on serotonergic signaling 

and investigation of genetic mouse models interfering with the expression of these 

genes showed changes in brain volume, cortical thickness and sex specific 

changes in social behavior reminiscent to the described changes in autism (Kwon 

et al. 2006; Page et al. 2009).  
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In the 5-HT3A knockout mouse an increase in dendritic complexity of the apical 

dendrites of cortical layer II/III pyramidal neurons together with a reduction in the 

glycoprotein reelin has been reported (Chameau et al. 2009). Similarly, in another 

study serotonergic innervation to Cajal-Retzius cells was disrupted resulting in 

aberrant cortical column formation and decreased reelin levels (Janusonis et al. 

2004). Next to impaired serotonin signaling, also reduced reelin levels have been 

proposed to play an important role in several neurodevelopmental disorders such 

as autism (Fatemi 2002). Likewise, a number of similarities between the 

morphological and behavioral phenotype of the 5-HT3A knockout mouse and other 

animal models investigating the effects of impaired serotonin signaling in relation to 

autism can be found. Nevertheless, it remains important to note that this does not 

imply that similar changes occur in autism. Taken together, by showing specific 

deficits in social behavior in both male and female 5-HT3A knockout mice we 

provide knowledge about the function of the 5-HT3 receptor and the behavioral 

consequences of deficits in serotonin receptor functioning during development. 

 



Chapter 5 

102 

Acknowledgements 

We thank Harm Krugers for help with the social transmission of food preference 

task, Martijn Rep for assistance with genotyping the mice, David Julius (University 

of San Francisco, San Fransisco, CA) for providing the 5-HT3A knockout mice and 

Melly Oitzl for her comments on the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Impaired sociability in 5-HT3A receptor knockout mice 

103 



 

 



 

 

 Chapter 6 

 

General Discussion 

 



Chapter 6 

106 

 



General Discussion 

107 

Summary 

During the development of the brain a large number of regulatory signals are 

responsible for the migration of neurons and the subsequent formation of neuronal 

connections. One of these signals that has a modulatory function during 

neurodevelopment is serotonin. Throughout life, but mainly during development, 

environmental factors influence brain structure and function. It has been shown that 

when environmental factors affect serotonin levels during development, several 

changes in the brain and in particular in the cortex can be observed. The ontogeny 

of the cortex starts early in development and around birth, the six-layered structure 

of the cortex can be distinguished. It has been reported that in the postnatal brain 

reelin controls dendritic maturation of cortical pyramidal neurons upon serotonergic 

activation of the serotonin 5-HT3 receptor on Cajal-Retzius cells. However, how 

environmental factors affect this regulatory pathway involved in cortical 

development and what the consequences are is to date unknown. In this 

dissertation, I have investigated the consequences of alterations in serotonergic 

signaling during neurodevelopment. I specifically focused on the effect of 

alterations in a serotonin 5-HT3 receptor-mediated regulatory pathway involved in 

postnatal dendritic maturation of cortical pyramidal neurons.  

 In the first two chapters I focused on the question: How do environmental 

influences interfere with the ongoing development of the cortex?  In chapter 2, we 

used the maternal care model to investigate the effect of early-life experience on 

cortical development. In this study, we found that differential maternal during the 

first week of life had a lifelong influence on dendritic maturation and spine density 

of cortical layer 2/3 pyramidal neurons. By recording sEPSC’s we showed that as a 

consequence of differential maternal care, an increase or decrease in dendritic 

complexity resulted in a corresponding increase or decrease in amplitude of the 

recorded events. The observation that differential maternal care also influenced 

cortical reelin levels, indicated that differential maternal care affected cortical 

development via a reelin-dependent regulatory pathway.  

 In chapter 3, we investigated the effect of an increase in serotonin levels due to 

prenatal exposure of the SSRI fluoxetine on cortical development. In this study, we 

found that alterations in serotonin levels during neurodevelopment had a lifelong 

effect on cortical development and that prenatal fluoxetine exposure resulted in a 

hypocomplex dendritic tree of cortical layer 2/3 pyramidal neurons.  
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More importantly, we showed that the effect of prenatal fluoxetine exposure on 

dendritic complexity and anxiety-related behavior was absent in 5-HT3A receptor 

knockout mice. In addition, we showed that in organotypic brain slices of mice 

prenatally exposed to fluoxetine, the decrease in dendritic complexity could be 

reversed by treating these slices with a 5-HT3 receptor antagonist. Together, these 

results indicate that the 5-HT3 receptor plays a critical role in modulating the effects 

of alterations in serotonin levels on cortical development and anxiety-related 

behavior. 

 After showing that environmental influences induce lifelong changes in cortical 

development via a reelin-dependent pathway and that the 5-HT3 receptor plays an 

essential role in modulating these effects, I focused on the question: Are these 

changes in cortical development also accompanied by alterations in the columnar 

organization of the cortex? In chapter 4, we investigated the organization of 

dendritic bundles in the somatosensory cortex of 5-HT3A receptor knockout mice. 

By analyzing the spatial organization of MAP-2 immunostained apical dendrites in 

tangential sections from layer 3 of the somatosensory cortex, we compared 

dendritic bundle properties of 5-HT3A receptor knockout mice with wildtype mice. In 

addition, we analyzed in both groups the distribution of reelin-rich Cajal-Retzius 

cells in tangential sections from the somatosensory cortex, to determine whether 

the distribution of these Cajal-Retzius cells was related to the position of dendritic 

bundles. In this study, we showed that in the somatosensory cortex of both groups 

apical dendrites are organized in dendritic bundles, but that the average surface of 

the dendritic bundles in 5-H3A receptor knockout mice was larger than in wildtype 

mice. Furthermore, we showed that the distribution of reelin-rich Cajal-Retzius cells 

was random while the distribution of dendritic bundles was regular. Together with 

the previously observed differences in dendritic complexity of cortical layer 2/3 

pyramidal neurons and cortical reelin levels, these findings suggest another 

important role for the 5-HT3 receptor in cortical development.  

 Based on previous findings which showed that depleting the serotonergic 

innervation to the cortex in the brains of neonatal mice resulted in changes in 

cortical organization, but also in changes in social behavior, in chapter 5, I 

addressed the question: Do 5-HT3A receptor knockout mice show impaired social 

behavior? In this study, we showed that although both male and female 5-HT3A 

receptor knockout mice showed deficits in social communication, other deficits in 

social behavior were sex-specific. Together, these results suggest that, similar to 

other models in which serotonergic signaling is changed during neurodevelopment, 

5-HT3A receptor knockout mice show impaired social behavior.  
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In summary, by showing that alterations in serotonergic signaling during 

neurodevelopment result in lifelong changes in dendritic maturation and dendritic 

bundle organization in the cortex together with behavioral deficits via a 5-HT3 

receptor-dependent pathway, our results indicate that the serotonin 5-HT3 receptor 

plays an essential role in modulating cortical development. 
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General discussion 

The effect of changes in serotonergic signaling on brain development                      

Several factors have been shown to influence serotonin levels during development 

including nutrition, infection, stress, genetic polymorphisms and exposure to drugs 

(Daubert and Condron 2010). Recently, the adverse effects of SSRI’s on the 

development of the brain have been subject to several studies (Borue et al. 2007; 

Homberg et al. 2009; Thompson et al. 2009). Initially, it was shown that early 

postnatal SSRI exposure resulted in increased anxiety reminiscent to the 

behavioral phenotype of the 5-HTT knockout mouse (Holmes et al. 2003; Lira et al. 

2003; Ansorge et al. 2004). Further studies showed that both pre- and postnatal 

SSRI exposure have an effect on anxiety-related behavior (Lisboa et al. 2007; 

Noorlander et al. 2008). In chapter 3, we also showed that prenatal fluoxetine 

exposure resulted in increased anxiety, but in addition we showed that in mice 

lacking the 5-HT3A receptor these changes in anxiety-related behavior were absent, 

suggesting a novel role for the 5-HT3 receptor in modulating fluoxetine-induced 

anxiety. In this study, our main objective was to investigate the effect of increased 

serotonin levels on cortical development. The fact that an increase in serotonin 

levels resulted in alterations in dendritic maturation and reelin levels in the cortex 

opposite to what we previously observed in the 5-HT3A receptor knockout mouse, 

suggests that an increase or decrease in serotonin levels during development can 

have differential effects on postnatal dendritic maturation in the cortex. Based on 

these results, we propose that upon activation of the 5-HT3 receptor on Cajal-

Retzius cells, an increase in serotonin levels causes an increase in reelin levels, 

which subsequently acts as a stop signal for ramifying apical dendrites, whereas a 

decrease in serotonin levels causes a reduction in reelin levels resulting in an 

increase in dendritic complexity (Figure 1).  
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Figure 1. The consequences of alterations in serotonin levels on dendritic maturation of cortical layer 

2/3 pyramidal neurons. Upon activation of the 5-HT3 receptor on Cajal-Retzius cells, an increase in 

serotonin levels causes an increase in reelin levels (left side) which in turn acts as a stop signal for 

ramifying apical dendrites, whereas a decrease in serotonin levels causes a reduction in reelin levels 

(right side) and thus an increase in dendritic complexity. 

 

Using different pharmacological and genetic tools, previous studies have shown 

that both an increase and decrease in serotonin levels during embryonic or early 

postnatal development leads to cortical abnormalities (Table 1). However, in 

contrast to our model, the results summarized in Table 1 show similar effects as a 

result of an increase or decrease in serotonin levels during neurodevelopment. Yet, 

one needs to take into consideration that when using some of these 

pharmacological or genetic mouse models to study the developmental role of 

serotonin, robust changes in the brain cause these alterations in serotonin levels 

and in some cases also other neurotransmitter levels leading to other 

developmental changes (Fon et al. 1997; Alvarez et al. 2002; Alenina et al 2009).  
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Table 1. Effects of alterations in serotonin levels during neurodevelopmet on cortical morphology 

Animal model 5-HT levels Cortical phenotype Refs 

MAOA KO ↑ absent barrels Cases et al. 1996 

Vitalis et al. 1998 
5-HTT KO ↑ barrel malformation decreased 

layer 4 thickness

Esaki et al. 2005     

Persico et al. 2001 
SSRI treatment      

P0-P6 

↑ impaired layer 4 innervation 

barrel malformation

Lee et al. 2009 

VMAT2 KO ↓ reduced growth cortical layers 

barrel malformation

Alvarez et al. 2002 

PCPA treatment 

E12-E17 

↓ decrease dendritic thickness and 

arborization pyramidal neurons

Vitalis et al. 2007 

PCPA treatment    

P0 

↓ barrel malformation Persico et al. 2000 

5,7-DHT lesion P0 ↓ increased cortical layer width Hohmann et al. 2000 

Boylan et al. 2007 

 

Nevertheless, one aspect these studies have in common is that independent of the 

pharmacological or genetic tool used to modify the serotonergic system during 

brain development, all reported effects are lifelong and restricted to specific 

developmental time windows. For instance, the phenotype of MAOA knockout mice 

or of mice treated with a MAO inhibitor only appears when serotonin levels are 

changed during early postnatal life and can only be rescued during this 

developmental time window (Cases et al. 1996; Vitalis et al. 1998). Also, the 

increased levels of anxiety are only observed in mice in utero or postnatally 

exposed to SSRI’s and not in mice treated with SSRI’s from the second week of life 

onwards (Oh et al. 2009). Similarly, increased levels of anxiety in 5-HT1A knockout 

mice can only be reversed during the first three postnatal weeks (Gross et al. 

2002). In line with these observations, we have found that the effects of alterations 

in serotonergic signaling on 5-HT3 receptor-mediated cortical development are 

lifelong and sensitive to alterations in serotonin levels only within a critical period 

(chapter 3 and unpublished observations). Taken together, the effects of 

alterations in serotonin levels on neurodevelopment heavily depend on the 

developmental time window in which changes occur, most likely because of a 

transient presence of local molecular factors that are critical for the development 

and maturation of specific structures in the brain.  
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Taken this into account, we suggest that to increase knowledge on the regulatory 

role of the serotonin during neurodevelopment, genetic approaches which 

specifically target a regulatory pathway during a specific developmental time 

window should be used. 

Evidence for the link between disturbances in serotonin levels and cortical 

column abnormalities in psychopathological disorders 

Several animal studies have shown that a decrease in serotonin levels during 

neurodevelopment results in cortical abnormalities and behavioral deficits 

reminiscent to autism, and a link between disturbances in serotonin levels and 

cortical malformations in autism has been suggested (Hohmann et al 2000; Boylan 

et al. 2007; Hohmann et al. 2007; McNamara et al. 2008). Similar to these studies, 

we found in chapter 5 several deficits in social behavior in mice lacking the 5-HT3A 

receptor, in addition to changes in cortical development. Moreover in chapter 4, we 

report changes in dendritic bundle size in mice lacking the 5-HT3A receptor. In line 

with our observation in chapter 4, it was shown that in the presubicular cortex of 

neonatal mice of which the serotonergic innervation to Cajal-Retzius cells was 

depleted, the columnar organization of the cortex was disrupted and reelin levels 

were changed (Janusonis et al. 2004). Changes in the vertical organization of 

neurons in the cortex have also been described in autism and schizophrenia, yet 

instead of changes in dendritic bundling, changes in the size and spacing between 

vertically aligned rows of cells, also referred to as minicolumns, have been reported 

(Casanova et al. 2002; Chance et al. 2008). Moreover, in autistic patients changes 

in reelin levels have been reported similar to what has been shown in the 5-HT3A 

receptor knockout mouse (Fatemi 2005).Together, these results suggest that in 

addition to changes in serotonin levels, changes in reelin levels can be linked with 

cortical abnormalities as observed in autism. In conclusion, by showing that 

alterations in serotonergic signaling during neurodevelopment result in lifelong 

changes in dendritic maturation and dendritic bundle organization in the cortex 

together with behavioral deficits via a reelin-dependent pathway, our results 

provide more knowledge about how alterations in serotonin and reelin levels lead 

to cortical abnormalities as observed in psychopathological disorders such as 

autism.  
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The effect of changes in cortical morphology on cortical functioning 

To understand the relation between cortical abnormalities and behavioral deficits 

as observed in disorders in which alterations in serotonergic signaling have lead to 

structural changes in the cortex, the functional consequences of changes in cortical 

structure need to be studied. Therefore, the first question that needs to be 

answered is: What are the functional consequences of alterations in dendritic 

complexity of apical dendrites of cortical layer 2/3 pyramidal neurons?  

In chapter 2, we have shown that differences in dendritic complexity of apical 

dendrites of cortical layer 2/3 pyramidal neurons affect the amplitude of of 

sEPSC’s. However, what kind of inputs do these apical dendrites of cortical layer 

2/3 pyramidal neurons receive? It has been shown that in the cortex, layer 2/3 

pyramidal neurons receive excitatory input from layer 4, other layer 2/3 pyramidal 

neurons and to a lesser extent from layer 1 (Lübke and Feldmeyer 2007; Thomson 

and Lamy 2007) The majority of the synaptic connections between layer 4 to 2/3 

and layer 2/3 have been observed on the basal dendrites although a small fraction 

has been observed on the proximal part of apical dendrites (Lübke and Feldmeyer 

2007; Thomson and Lamy 2007). However, the distal parts of layer 2/3 apical 

dendrites do receive input from layer 1 originating from higher-order cortical 

regions (Cauller and Connors 1994). Apart from excitatory input, layer 2/3 

pyramidal neurons receive inhibitory input from several types of interneurons which 

are present in all layers in the cortex and target several parts of the pyramidal 

neuron including axon initial segments, somata, proximal and distal dendritic shafts 

and spines, and dendritic tufts (Somogyi et al 1998; Markram et al. 2004). 

Interneurons are known to control excitation and by making connections with apical 

dendrites they influence integration of synaptic inputs. Furthermore, several other 

factors determine how incoming synaptic information becomes integrated resulting 

into a specific output pattern. Apart from dendritic morphology and the spatio-

temporal patterning of excitatory and inhibitory synaptic inputs also active voltage-

gated ion channels present in the dendritic membrane determine the output of a 

neuron (Magee 2001; Migliore and Shepherd 2002; Häusser and Mel 2003; 

Gulledge et al. 2005). Therefore, it is difficult to predict how alterations in dendritic 

morphology affect action potential output of a neuron.  
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Nevertheless, we still can speculate that an increase in complexity of apical 

dendrites of cortical layer 2/3 pyramidal neurons as observed in the 5-HT3A 

receptor knockout mouse, results in an increase in the number of synaptic contacts 

on various locations of the apical dendrite, resulting in an increased frequency of 

both excitatory and inhibitory synaptic input which together affect depolarization of 

the cell and thus action potential output.  

 In a local cortical circuit, layer 2/3 pyramidal neurons integrate and 

subsequently distribute excitatory signals arriving form layer 4 to layer 2/3 and 5. In 

addition, it has been suggested that horizontal layer 2/3 pyramidal neurons are 

functionally interconnected and involved in synchronizing activity of neuronal 

ensembles with similar functional properties extending to several cortical columns 

(Holmgren et al. 2003; Lübke and Feldmeyer 2007). Therefore, changes in 

dendritic complexity as observed in the 5-HT3A receptor knockout mouse would 

primarily affect these processes. However, another important morphological 

alteration that was observed in the 5-HT3A receptor knockout mouse was that the 

organization of dendritic bundles in the somatosensory cortex was different 

compared to wildtype mice (chapter 4). In the mouse somatosensory cortex, 

dendritic bundles consist of ascending apical dendrites of layer 5 pyramidal 

neurons and adjoining layer 2/3 pyramidal neurons (Peters and Walsh 1972; 

Fleischhauer et al 1972; Rockland and Ichinohe 2004). It has been proposed that 

pyramidal neurons within a dendritic bundle are functionally interconnected and 

form the basis of a cortical microcircuit (Peters and Sethares 1996). However, 

recently it was shown that synaptic connections between layer 5 pyramidal neurons 

are independent of apical dendrite bundling, yet intrinsic connections between 

layer 2/3 and layer 5 pyramidal neurons have never been studied (Krieger et al. 

2007). As mentioned before, the cortex is organized in columns of vertically 

interconnected neurons showing long-range transcolumnar horizontal connections 

(Mountcastle 1957; Lübke and Feldmeyer 2007). Via repetitive patterns of local 

cortical circuits which extend through the several layers of the cortex, information is 

processed through and subsequently projected to other cortical areas or back to 

subcortical areas (Thomson and Bannister 2003; Douglas and Martin 2004). It has 

been speculated that in each cortical area and in each species, small cortical 

microcircuits show a stereotypic organization and show specific connections 

between neurons within and across cortical layers (Kozloski et al. 2001; Silberberg 

et al. 2002; Song et al. 2005). However, which connections together form a cortical 

microcircuit still needs to be elucidated (Thomson and Lamy 2007).  
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One could speculate that changes in layer 2/3 pyramidal neuron functioning and 

changes in dendritic bundle organization as observed in the 5-HT3A receptor 

knockout mouse (chapter 4) affect the way information is being processed in a 

cortical microcircuit leading to a different output. However, to understand the 

consequences of alterations in dendritic morphology of cortical layer 2/3 pyramidal 

neurons and dendritic bundle organization on the network level, one should 

perform additional studies and elucidate the several complex interactions that exist 

and determine the output of a cortical microcircuit. Ultimately, more knowledge on 

the functioning of cortical networks and the effects of morphological changes on 

information processing in the brain should lead to a better understanding about the 

contribution of cortical abnormalities in developing complex behavioral phenotypes. 

The effect of gene-environment interactions on brain development                 

In various ways, environmental influences including exposure to drugs and 

environmental stressors, can interfere with the ongoing development of the brain 

and lead to an increased vulnerability to psychopathological conditions (Dioro and 

Meaney 2007; Thompson et al. 2009; Tau and Peterson 2010). To date, a number 

of genetic variations have been identified that have been associated with an 

increased risk in developing psychopathology upon adverse early life events 

including childhood neglect or maltreatment (Caspi and Moffitt 2006). Which 

mechanisms underlie these gene-environment interactions has been subject to 

many studies. A typical example of how early life experiences can influence brain 

development via gene-environment interactions is the maternal care model 

(Fagiolini et al.2009; Dioro and Meaney 2007; Szyf et al. 2007). In this model, it 

has been shown that differential maternal care influences DNA methylation of 

genes sensitive to epigenetic modulation (Weaver et al 2004). The observation that 

reelin, which has been shown to regulate postnatal dendritic maturation, is also 

sensitive to epigenetic modulation, made us to select this model to study the effect 

of environmental influences on cortical development (Niu et al. 2004; Weaver et al. 

2006; Levenson et al 2008; Chameau et al. 2009). Although in chapter 2, we did 

not investigate DNA methylation of the reelin promoter, the observation that 

differential maternal care affected not only dendritic maturation in the cortex, but 

also cortical reelin levels, supported the idea that as a result of gene-environment 

interactions between maternal care and reelin, cortical development was changed.  
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In a number of neurological disorders including schizophrenia, autism, 

lisenchephaly and Alzheimer’s, changes in DNA methylation in the promoter region 

of reelin have been reported, suggesting that gene-environment interactions which 

affect reelin expression contribute to the development of neuropathology (Fatemi 

2005). However, it has to be noted that a large number of complex interactions 

proceed, until the first signs of these neurological disorders appear, yet many of 

these interactions are still not understood. 

The consequences of disturbances in serotonergic signaling in humans 

As mentioned before, evidence is increasing that several external influences such 

as exposure to drugs and environmental stressors play a contributory role in the 

etiology of a number of psychopathological disorders (Dioro and Meaney 2007; 

Thompson et al. 2009; Tau and Peterson 2010). In addition to gene-enivronment 

interactions, it has been suggested that adverse influences cause disturbances in 

serotonergic signaling during neurodevelopment leading to psychopathology. For 

instance, it has been shown that humans carrying a variation in a gene encoding 

for the 5-HTT, MAOA and the 5-HT1A receptor show an increased risk in 

developing psychopathology upon adverse early life events including childhood 

neglect or maltreatment (Lesch et al. 1996; Caspi et al. 2003; Strobel et al, 2003; 

Caspi and Moffitt 2006; Leonardo and Hen 2008). In addition, it has been observed 

that prenatal or early life exposure to drugs that affect serotonergic signaling lead 

to neurological abnormalities and given the results in animal studies could lead to 

an increase in anxiety-related behavior later in life (Homberg et al. 2009; 

Thompson et al. 2009). However, so far no reports exist about how these 

alterations in serotonergic signaling lead to psychopathology. In autism, alterations 

in serotonin levels during neurodevelopment are accompanied by several 

anatomical abnormalitites including increased brain volumes, changes in cortical 

thickness and cortical minicolumns, alterations in anterior cingulate cortex 

lamination and increased cerebral lobe volumes which together have been linked 

to the behavioral phenotype of autism (Kemper and Bauman 1993; Piven et al. 

1995; Bailey et al. 1998; Courchesne et al. 2001; Carper et al 2002; Casanova et 

al. 2002; Carper et al. 2005; Courchesne et al. 2005; Hazlett et al. 2005). However, 

why serotonin levels are altered in autism and what the link is between the 

observed structural abnormalities and the typical behavioral deficits is to date 

unknown.  
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Together with the results from other studies investigating the effects of alterations 

in serotonergic signaling, the findings in this dissertation suggest that 

environmentally-induced alterations in serotonin levels cause changes in cortical 

development leading to an increased risk in developing psychopathology. 

However, what remains to be answered is: During which developmental time 

window in humans do these events take place? In humans, cortical development 

occurs in a similar way as in rodents, except that the time window in which the 

cortex develops in humans is different.  

 In humans, the typical six-layered structure of the cortex can be discerned 

around gestation week 32 (Kostovic et al. 1995). Around this period, serotonergic 

fibers have entered the cortex which contains a large number of pyramidal neurons 

and GABA-ergic and interneurons (Tau and Peterson 2010). From the third 

trimester onwards, synaptogenesis takes place and dendritic arborization 

accelerates causing a thickening of the cortex (Huttenlocher and Dabholkar 1997). 

Although around birth, different cortical areas including the motor, somatosensory, 

visual and auditory cortex can be identified, the development of cortical neurons is 

still ongoing (Shankle et al. 1999). In fact, in the first year of life, the cortex shows 

an increase in volume of 88% and of 15% the second year of life, mainly due to 

dendritic arborization of pyramidal neurons and GABA-ergic interneurons 

(Knickmeyer 2008; Tau and Peterson 2010). Taken together, based on the 

increasing evidence from previous studies in humans and rodents showing the 

influence of external factors on cortical development due to alterations in 

serotonergic signaling, we suggest that caution should be taken in exposing the 

developing fetus or child to environmental factors known to affect serotonin levels 

until the second year of life instead of the first postnatal weeks in rodents. 
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Concluding remarks and future directions 

In this dissertation I have investigated how environmental factors influence the 

ongoing development of the brain. In particular, I have shown that changes in 

serotonergic signaling during neurodevelopment do not only lead to changes in the 

morphology of cortical layer 2/3 pyramidal neurons and organization of dendritic 

bundles, but also result in behavioral deficits later in life and that the serotonin 5-

HT3 receptor plays an essential role in mediating these effects.  

 Many similarities between the changes we report in mice lacking the 5-HT3A 

receptor or in mice in which serotonin levels were changed during development 

and psychopathological disorders such as autism or anxiety disorders can be 

observed. Yet, to understand how these changes in the brain such as the ones 

observed in the cortex lead to behavioral changes later in life, one should obtain a 

better understanding about the functional consequences of alterations in serotonin 

levels. It is very likely that changes in dendritic complexity and dendritic bundle 

organization affect information processing in cortical microcircuits. Studying these 

functional circuits should lead to more knowledge on which structural changes 

underlie which behavioral deficits.  

 Nevertheless, apart from investigating the effects of structural changes in the 

cortex on cortical functioning, it is important to also investigate how these structural 

changes can be prevented or rescued. In this dissertation we showed that in vitro 

the effects of increased serotonin levels on dendritic maturation could be rescued 

by applying a 5-HT3A receptor antagonist. In addition, we developed a siRNA 

against the 5-HT3A receptor, although it still needs to be tested in vivo. We think 

that these kind of strategies can be promising for treating the consequences of 

alterations in serotonergic signaling during development. Nevertheless, these 

therapeutic agents would only be effective when subscribed during a specific 

moment in development, because later in development these changes are 

irreversible. In addition, it is important to bear in mind that in humans 

developmental processes in the cortex occur during a different time window. 

Therefore, a perhaps even better way to challenge these changes in cortical 

development due to alterations in serotonergic signaling is to protect the 

developing fetus or child from environmental factors known to have an adverse 

effect on serotonergic signaling.  
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In conclusion, the results from this dissertation have shed more light on how 

environmentally-induced alterations in serotonergic signaling affect 5-HT3 receptor-

mediated cortical development and provide more knowledge on the link between 

changes in cortical development due to alterations in serotonin levels and 

psychopathology. 
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Abstract 

The use of RNA interference technology to silence specific genes of interest has 

been very successful over the years. Here, we use RNA interference technology to 

knock-down the serotonin 5-HT3 receptor in vitro. The 5-HT3 receptor is a ligand-

gated ion channel expressed on interneurons and Cajal-Retzius cells throughout 

the brain. Initially, three different siRNA cassette sequences were developed and 

transfected in 5-HT3 receptor-expressing HEK293 cells. The function of the 5-HT3 

receptor was tested 48 hours after transfection with whole-cell patch clamp by 

recording inward currents upon application of 5-HT. After selecting two of three 

cassette sequences which were able to suppress 5-HT3 receptor function, we 

converted these sequences into short hairpin RNA (shRNA) in order to introduce 

this into the expression vector pSilencer. The main advantage of these non-viral 

vectors is that after introduction into the cell they synthesize siRNA-like transcripts 

for a prolonged period of time. Again, the function of the 5-HT3 receptor was tested 

48 hours after transfection with whole-cell patch clamp. This time both sequences 

were able to reduce the average inward current upon application of 5-HT compared 

to the scrambled sequence, although one sequence was more efficient than the 

other. Western blots and immunohistochemical stainings confirmed the efficient 

knock-down of the 5-HT3 receptor. Together, these results show that we 

successfully developed a non-viral vector expressing a siRNA sequence which 

effectively silences the 5-HT3 receptor in transfected HEK293 cells. 
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Introduction 

The serotonin 5-HT3 receptor is a ligand-gated ion channel expressed on 

interneurons throughout the brain. So far, two functional 5-HT3 subunits have been 

cloned: the 5-HT3A subunit (Maricq et al. 1991) and the 5-HT3B subunit (Davies et 

al. 1999). Functional receptors can be formed either as homo-oligomeric 5-HT3A or 

hetero-oligomeric 5-HT3A and 5-HT3B subunit complexes. Recently, it was 

discovered that the 5-HT3 receptor is also expressed on Cajal-Retzius cells, were it 

controls postnatal dendritic maturation of cortical layer 2/3 pyramidal neurons 

(Chameau et al. 2009).  

 RNA interference is a process of post-transcriptional gene silencing in animals 

and plants induced by sequence specific double stranded RNA (dsRNA). In 1998, 

Fire and Mello observed this phenomenon for the first time in C. elegans (Fire et al. 

1998). Their initial discovery led to the development of short interfering RNAs 

(siRNA). A typical siRNA consists of a 21 base pair-long RNA duplex. In the 

nucleus, long double stranded RNA is processed by the endonuclease known as 

DROSHA. Once in the cytoplasm, dsRNA is cleaved by the cytoplasmic 

ribonuclease III-like protein DICER. Subsequently, the antisense or guide strand of 

the siRNA is incorporated into the multiprotein complex RNA-induced silencing 

complex (RISC) where it binds to a complentary RNA sequence which in turn 

becomes degraded or repressed. The other strand of siRNA is degraded in the 

cytoplasm (Elbashir et al. 2001; McManus and Sharp 2002; Leung and Whittaker 

2005). To date, siRNAs are extensively used to obtain sequence-specific gene 

silencing. Several reports describe how duplex siRNAs can be introduced into cell 

lines in order to induce a specific knock-down of the selected sequence (Elbashir et 

al. 2001; Elbashir et al. 2002). However, in mammalian cells this reduction in gene 

expression is transient which severely restricts its applications.  

 Recently, another tool to knock-down specific sequences both in vitro and in 

vivo has been developed by introducing short hairpin RNA (shRNA) into an 

expression vector that directs the synthesis of siRNA-like transcripts after 

introduction to the cell (Brummelkamp et al. 2002). In this case, a stable knock-

down for up to several months can be accomplished. Depending on the target cell 

or species, a choice can be made between a non-viral, retroviral, lentiviral or 

adenoviral vector system for shRNA delivery (Leung and Whittaker 2005).  
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In the current study, our main objective was to develop a siRNA that successfully 

silences the mouse 5-HT3 receptor in transfected HEK293 cells, also when 

converted into shRNA and introduced into the non-viral vector pSilencer. To 

analyze the efficacy of the selected siRNA cassette sequences we used several 

approaches. First we tested the function of the 5-HT3 receptor 48 hours after 

transfection with whole-cell patch clamp by recording the inward current upon 

application of 5-HT. Subsequently, we analyzed 5-HT3 receptor expression levels 

48 hours after transfection with Western blotting and immunohistochemical 

staining.  
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Materials and Methods 

Design of siRNA 

Three different siRNA cassette sequences against the mouse 5-HT3A receptor 

were designed using the software tool siRNA design software (SDS) and 

synthesized by Invitrogen. The following three siRNA cassette sequence pairs 

were tested:  

pair 1 (sense: 5′ GGATGAGAAGAACCAGGTTCT and antisense:  

5′ AGAACCTGGTTCTTCTCATCC)  

pair 2 (sense: 5′ GAAGTGAGGTCTGACAAGAGC and antisense:  

5′ GCTCTTGTCAGACCTCACTTC)  

pair 3 (sense: 5’ GTGCATCATCGAGGTGAAGTT and antisense: 

5’AACTTCACCTCGATGATGCAC ).  

The most effective siRNA cassette sequences were converted into shRNA 

sequences (Invitrogen) and cloned into the pSilencer 2.0-U6 vector (Ambion). The 

negative scrambled control was designed and synthesized by Invitrogen. Also this 

sequence pair (sense: 5’ GATCCAGCTGAGTGAAGAGAT and antisense: 5′ 

ATCTCTTCACTCAGCTGGATC) was converted into shRNA and cloned into the 

pSilencer 2.0-U6 vector (Ambion). 

Transfection of HEK293 cell line  

The cell cultures were maintained according to Noam et al. (2008). Briefly, Human 

embryonic kidney 293 (HEK293) cells were maintained in minimum essential 

medium (MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine 

and 100 µg ml-1 penicilline-streptomycin at 37°C in a humidified incubator with 5% 

CO2 . Cells were passaged weekly and medium was refreshed every 2-3 days. The 

lipofectamine transfections of siRNA were carried out one day after HEK293 cells 

were transfected with a vector encoding the mouse 5-HT3A receptor subunit 

(provided by Dr John Peters, University of Dundee, UK) and a vector encoding 

EGFP (a kind gift of Dr. J Goedhart, University of Amsterdam, the Netherlands) to 

permit detection of transfected cells by standard epifluorescence using a protocol 

from the manufacturer (Invitrogen).  

 Briefly, for each well of a 24 well plate, 5 µl of 20 pmol/µl siRNA duplex was 

used and mixed with 50 µl of Opti-MEM. In a second tube, 1 µl of lipofectamine 

reagent was mixed with 50 µl of Opti-MEM and incubated for 15 min at room 

temperature. The two solutions were then combined and gently mixed.  
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After incubating for another 15 minutes at room temperature the solution was 

added to a well containing 400 µl of medium and gently mixed by rocking the plate 

back and forth. After transfection cells were incubated for 48 hours at 37°C in a 

humidified CO2 incubator. Culture medium was refreshed one day after 

transfection. 

 For the transfections with the shRNA-expressing vectors another protocol from 

the manufacturer was used. In this case, the shRNA-expressing vectors were 

cotransfected with a vector encoding the mouse 5-HT3A receptor subunit and a 

vector encoding EGFP. Briefly, for each well of a 24 well plate, 600 ng (0.5 µg/µl) 

of the shRNA-expressing vector was used and mixed with 50 µl of Opti-MEM. In a 

second tube 1 µl of lipofectamine reagent was mixed with 50 µl of Opti-MEM and 

incubated for 5 minutes at room temperature. The two solutions were then 

combined and gently mixed. After incubation for 20 minutes at room temperature 

solutions were added to each well containing HEK293 cells with 500 µl of medium 

and gently mixed by rocking the plate back and forth. After transfection cells were 

incubated for 48 hours at 37°C in a humidified CO2 incubator. Culture medium was 

refreshed one day after transfection. 

 Electrophysiology 

Forty-eight hours after RNAi transfection, plated cells were transported to the 

recording chamber of a Zeiss FS2 microscope and maintained in extracellular 

recording solution containing in mM: 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2 and 5 

HEPES, pH was set to 7.3 with NaOH. Patch pipettes were pulled from boroscilate 

glass and had a resistance of 3.7-6.7 MΩ when filled with internal solution 

containing in mM: 105 potassium gluconate, 30 KCl, 0.5 CaCl2, 2 Mg Cl2, 5 EGTA, 

10 HEPES, pH = 7.3 with KOH. Only EGFP-positive cells were selected. After the 

selection of a cell, a picospritzer containing 100 μM of 5-HT was positioned close 

to cell. Cells were voltage clamped at -60 mV. Inward currents upon application of 

100 μM of 5-HT were recorded using an EPC9 patch clamp amplifier and PULSE 

software (HEKA Electronic GmbH, Germany). Signals were filtered at 1-5 kHz and 

sampled at 2-10 kHz. Series resistance ranged from 6-24 MΩ and was 

compensated for approximately 60%.  
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Western Blotting 

After washing the medium from the cells by rinsing them twice in PBS, cells were 

scraped from the flask and collected in ice-cold homogenization buffer containing in 

mM: 10 HEPES and the EDTA free protease inhibitor cocktail (Roche, The 

Netherlands), pH=7.4 with KOH. After homogenisation on ice with a pestle in a 1 

ml glass tube, the homogenate was centrifuged at 800 rpm for 5 min at 4˚C, and 

the supernatant was centrifuged again at 13500 rpm for 45 min 4°C. The pellet was 

resuspended in 100 µl homogenization buffer and stored at -80˚C. The amount of 

protein was estimated via the Bradford method using a BCA protein assay reagent 

kit (Pierce, Rockford, IL). Samples of 40 μg were loaded in triplicate and proteins 

were separated by SDS-PAGE using 12% gels, ran at 150 V for 60 min and were 

rinsed in transferbuffer. Subsequently, proteins were transferred to nitrocellulose 

membranes and ran at 10 V for 30 min. Dry membrane was treated with blocking 

solution in TBST (0.05% Tween 20) containing 4% skim milk, overnight incubated 

in 1:300 anti-5-HT3 antibody (Abcam, UK) at 4°C, rinsed with TBST, incubated in 

1:1000 HRP conjugated goat anti-rabbit IgG (Biorad, Hercules, CA) in blocking 

solution for 1 hour, rinsed with TBST and visualized using a chemiluminescence 

detection system (ECL kit and HCL hyperfilm, Amersham bioscience, UK). Optical 

density measurements were normalized using β-actin to control for the amount of 

protein loaded on the gel. The, membrane was stripped with stripping buffer 

containing in 100 mM glycine, pH 2.5 with HCl for 30 min. Subsequently, 

membrane was rinsed in TBST and and reprobed with a β-actin antibody 1:2000 

(Sigma, The Netherlands). β-actin immunoreactive bands were visualized 

according the procedure described above. After development of the film, the image 

was scanned and the optical density of the bands was determined using the 

ImageJ software and Gel analyzer plug-in software. 

Immunohistochemistry 

Per well cells were washed in PBS for 5 x 8 minutes. After washing cells were 

treated with blocking solution containing 0.3% Triton X100 and 10% Normal goat 

serum in PBS for 1 hour. Again cells were washed in PBS for 5 x 8 minutes and 

subsequently overnight incubated in 1:30 anti-5-HT3 antibody (Abcam, UK) in 0.3% 

Triton X100 and 3% Normal goat serum in PBS at 4°C. The next day, cells were 

washed in PBS for 5 x 8 minutes and incubated in 1:50 cy3 anti-rabbit (Sigma) in 

0.3% Triton X100 and 3% Normal goat serum in PBS for 2 hours. 
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After washing in PBS for 5 x 8 minutes cell were mounted in moviol and images 

were captured using a Zeiss Axioscope fluorescent microscope and Image Pro 

software. 
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Results 

Electrophysiology 

Three different siRNA cassette sequences directed against the mouse 5-HT3A 

receptor were compared with a scrambled sequence by recording the inward 

current upon application of 100 μM 5-HT in EGFP and 5-HT3 receptor transfected 

HEK293 cells 48 hours after transfection. Typically, scrambled transfected cells 

showed a large inward current upon 5-HT application whereas in most of the 

siRNA transfected cells this inward current was reduced or absent (Figure 1A). In 

95% of the recorded scrambled transfected cells an inward current upon 

application of 5-HT was observed. For the siRNA transfected cells this inward 

current was observed in 40% of the recorded cells that were transfected with 

siRNA sequence 1, in 57% of the recorded cells that were transfected with siRNA 

sequence 2, but in 90% of the recorded cells that were transfected with siRNA 

sequence 3. Cells that were transfected with the scrambled siRNA (n = 19) showed 

an average inward current of 212.89 ± 47.4 pA. Cells that were transfected with 

one of the other siRNA’s showed an average inward current of respectively 5 ± 

3.87 pA in cells that were transfected with siRNA sequence 1 (n = 5), 50 ± 23.7 pA 

in cells that were transfected with siRNA sequence 2 (n = 7), but 202.5 ± 49.2 pA in 

cells that were transfected with siRNA sequence 3 (n = 10) (Figure 1B).  

 For further testing of the shRNA-expressing vectors only siRNA sequences 1 

and 2 were used. Again, the inward current upon application of 100 μM 5-HT in 

EGFP and 5-HT3 receptor transfected HEK293 cells 48 hours after transfection 

was recorded. Here, 100% of the recorded scrambled transfected cells showed a 

large inward current upon 5-HT application. In line with the previous results, cells 

that were transfected with a shRNA-expressing vector showed either a reduced or 

no inward current upon application of 5-HT (Figure 2A).  

 In only 68% of the recorded cells that were transfected with sequence 1 and 

40% of the recorded cells that were transfected with with sequence 2 an inward 

current upon application of 5-HT was observed. Cells that were transfected with the 

scrambled shRNA-expressing vector ( n = 22) showed an average inward current 

of 333.95 ± 68.9 pA. Cells that were transfected with one of the other shRNA-

expressing vectors showed an average inward current of respectively 152.73 ± 

48.4 pA after being transfected with sequence 1 (n = 22) and 63.6 ± 28.8 pA after 

being transfected with sequence 2 ( n = 15) (Figure 2B).  
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Figure 1. Reduced 5-HT3 receptor function 48 hours after siRNA transfection. (A) Typical example of an 

inward current (pA) upon application of 100 µM 5-HT in 5-HT3 receptor and EGFP contransfected 

HEK293 cells 48 hours after transfection with a scrambled siRNA (upper trace) or a siRNA directed 

against the mouse 5-HT3A receptor (bottom trace). (B) Average inward current (pA) upon 100 µM 5-HT 

application is reduced in 5-HT3 and EGFP contransfected HEK293 cells 48 hours after transfection with 

siRNA cassette sequence 1 and 2, but not after transfection with siRNA cassette sequence 3 as 

compared with the scrambled siRNA sequence.  

 

 

 

 

 

 

  

Figure 2. Reduced 5-HT3 receptor function 48 hours after shRNA-expressing non-viral vector 

transfection. (A) Typical example of an inward current (pA) upon application of 100 µM 5-HT in 5-HT3 

and EGFP contransfected HEK293 cells 48 hours after transfection with a shRNA-expressing vector 

containing a scrambled sequence (upper trace) or a shRNA-expressing vector containing a siRNA 

sequence directed against the mouse 5-HT3A receptor (bottom trace). (B) Average inward current (pA) 

upon 100 µM 5-HT application is reduced in 5-HT3 and EGFP cotransfected HEK293 cells 48 hours 

after transfection with sequence 1 and 2 as compared with the scrambled sequence.  
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Western Blotting 

Another way to investigate the efficacy of our designed shRNA-expressing vectors 

in silencing 5-HT3 receptor expression in transfected HEK293 cells was by 

performing a Western blot. A typical 5-HT3 receptor immunoreactive band of 55 

kDA could be distinguished in all cases (Figure 3A). Cells that were transfected 

with one of the shRNA-expressing vectors containing either sequence 1 or 2 both 

showed a reduction in optical density as compared to the scrambled shRNA-

expressing vector 48 hours after transfection (Figure 3B).The average optical 

density was 0.50 ± 0.054 for cells that were transfected with the scrambled shRNA-

expressing vector (n = 3). Cells that were transfected with the shRNA-expressing 

vector containing sequence 1 (n = 3) showed an average optical density of 0.37 ± 

0.018 and thus a reduction of 24%. However, cells that were transfected with a 

shRNA-expressing vector containing sequence 2 (n = 3) showed an average 

optical density of 0.17 ± 0.047 and thus a reduction of 66%. 

 

 

 

 

 

 

 

 

Figure 3. Reduction in 5-HT3 receptor expression 48 hours after shRNA-expressing non-viral vector 

transfection. (A) Western blot immunoprobed for the 5-HT3 receptor showing typical immunoreactive 

bands of 55 kDA corresponding to the 5-HT3 receptor. (B) 5-HT3 receptor immunoreactivity expressed 

as a ratio in optical density for 5-HT3 / β-actin shows a reduction in 5-HT3 receptor expression after 

transfection with one of the shRNA-expressing non-viral vectors containing a sequence directed against 

the mouse 5-HT3A receptor as compared to the scrambled sequence. 
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Immunohistochemistry 

Finally, we performed an immunohistochemical 5-HT3 receptor staining to visualize 

the efficacy of our designed shRNA-expressing vectors in silencing 5-HT3 receptor 

expression in transfected HEK293 cells. Only cells that were also EGFP-positive 

were taken into account. In the negative control, the primary antibody was not 

added to the cells. Cells that were transfected with the scrambled shRNA-

expressing vector showed an intense 5-HT3 receptor staining in EGFP-positive 

cells. On the other hand, cells that were transfected with one of the other shRNA-

expressing vectors containing sequence 1 or 2 showed a faint and in some cases 

even no 5-HT3 receptor staining in EGFP- positive cells (Figure 4).  
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Figure 4. Immunohistochemical 5-HT3 receptor staining shows a reduction in 5-HT3 receptor expression 

48 hours after shRNA-expressing non-viral vector transfection. HEK293 cells that were cotransfected 

with the 5-HT3 receptor and EGFP show an intense 5-HT3 receptor staining in scrambled transfected 

cells versus a faint staining in cells that were transfected with one of the shRNA- expressing non-viral 

vectors containing a sequence directed against the mouse 5-HT3A receptor. The negative control shows 

that staining is absent when removing the primary antibody. Examples are indicated with arrows. Scale 

bar: 50 µm.  
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Discussion 

In the current study, we designed and tested several siRNA sequences directed 

against the mouse 5-HT3A receptor since no reports exist of such siRNA’s. All 

chosen siRNA sequences were based on the guidelines that exist in order to 

design an effective siRNA, yet many unpredicted factors can affect the success of 

gene silencing (Elbashir et al. 2001). Therefore, we first tested three designed 

siRNA cassette sequences before we converted these sequences into shRNA and 

introduced them into a non-viral shRNA-expressing vector. 

 By recording the inward current upon application of 100 µm of 5-HT we could 

test whether the 5-HT3 receptor transfected into HEK293 cells was still functional 

48 hours after siRNA transfection. To ascertain that the transfection with the 5-HT3 

receptor encoding vector was successful, HEK293 cells were cotransfected with 

EGFP. For testing, only EGFP-positive cells were taken into account. Since 95-

100% of the EGFP positive recorded scrambled transfected cells showed a typical 

inward current upon application of 5-HT, we confirmed that neither the 

lipofectamine transfection procedure or the scrambled sequence itself affected 5-

HT3 receptor function. Out of the three designed siRNA cassette sequences only 

two appeared to be effective in suppressing 5-HT3 receptor function. However, in 

both cases a reduced population of the recorded cells still showed an inward 

current upon application of 5-HT, although these inward currents were reduced in 

amplitude as compared to the control. These findings suggest that in a number of 

cells functional 5-HT3 receptors were still present on the membrane after 

transfection with one of the siRNA’s. An explanation for this observation is that 

RNA interference techniques exclusively target at the mRNA level, thus proteins 

that already have formed functional channels remain unaffected. For a stable 

knock-down of the gene of interest siRNA’s need to be introduced into an 

expression vector that directs the synthesis of siRNA-like transcripts after 

introduction to the cell (Brummelkamp et al. 2002).  

 However, in order to introduce a sequence of choice into an expression vector, 

it is highly preferable to convert siRNA into shRNA based on the method described 

by Brummelkamp et al. 2002. In this study, we choose the introduce the shRNA’s  

into the non-viral vector pSilencer 2.0 - U6, which has been described to be 

effective in both mammalian cells lines and in the brain after in utero 

electroporation (Miyagishi et al. 2002; Xie et al. 2007; Tuoc et al. 2008). Another 

advantage of this type of vector is that its use does not require special precautions 

which are common for the use of viruses.  
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However, when necessary to obtain an efficient transfection in another cell type of 

interest, shRNA’s can be easily introduced into a viral vector (Leung and Whittaker 

2005). 

 Again, we performed a number of tests to investigate whether the two selected 

siRNA sequences were still effective after being converted into shRNA and 

introduced into an expression vector. The electrophysiological results showed that 

transfection with the scrambled sequence again did not affect 5-HT3 receptor 

function. Also, after transfection with one of the shRNA expression vectors 

containing either sequence 1 or 2, the results were similar as compared to the 

previous electrophysiological results. Only a small discrepancy was observed when 

comparing the amount of cells that still responded after applying 5-HT to the cells. 

Together, these results suggest that both sequences are effective in knocking-

down 5-HT3 receptor function both as a siRNA or when converted into an 

expression vector. 

 The shRNA expressing non-viral vectors were also tested by performing 

Western blots and immunohistochemical staining for the 5-HT3 receptor. Although 

the antibody directed against the 5-HT3 receptor was not highly sensitive, we were 

able to detect differences between the scrambled sequence and siRNA sequences 

after transfection with the shRNA-expressing non-viral vectors. Although both 

sequences caused a reduction in 5-HT3 receptor expression, sequence 2 appeared 

to be the most effective sequence.  

 Eventually, we would like to use RNA interference technology to investigate the 

functional role of the 5-HT3 receptor in vivo. Although a 5-HT3A receptor knockout 

mouse has been developed (Zeitz et al. 2002), a siRNA directed against the mouse 

5-HT3A receptor could be helpful when studying the functional role of the 5-HT3 

receptor in a specific subset of cells or during development. In vivo transfection 

with our described shRNA-expressing vector could suppress the mouse 5-HT3 

receptor in the area or cell type of interest for a prolonged period of time and at the 

time point of choice. Nevertheless, it remains challenging to obtain a successful in 

vivo transfection and further research is necessary to investigate whether the 

siRNA sequence is efficient in suppressing 5-HT3 receptor function in vivo and 

whether it does not interfere with other genes. Also, the method of transfection 

needs to be taken into consideration when these in vivo studies will be planned. In 

summary, our results show that we successfully developed a shRNA- expressing 

non-viral vector containing a siRNA sequence directed against the mouse 5-HT3A 

receptor which successfully silences the 5-HT3 receptor in vitro. 
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Nederlandse Samenvatting 

Tijdens de ontwikkeling van het brein zijn er een groot aantal signalen betrokken bij 

de maturatie van neuronen en de formatie van neuronale connecties. De 

neurotransmitter serotonine is een van de signalen die een belangrijke rol speelt bij 

deze ontwikkelingsprocessen. Serotonine of 5-HT, wordt gesynthetiseerd in de 

raphe kernen gelokaliseerd in de hersenstam en vanuit daar geprojecteerd naar 

verschillende delen van het brein. Op dit moment zijn er 15 verschillende typen 

serotonine receptoren beschreven, waarvan de 5-HT3 receptor de enige ligand 

gekoppelde receptor is.  

 Met name gedurende de vroege ontwikkeling is het serotonerge systeem 

gevoelig voor de invloed van verscheidene externe factoren waaronder negatieve 

levenservaringen en blootstelling aan bepaalde middelen. Wanneer deze factoren 

leiden tot verstoringen in serotonerge signalering kunnen er permanente 

structurele veranderingen in verschillende hersengebieden ontstaan. Bovendien 

kunnen er gedragsveranderingen optreden. Bij een aantal neuropsychiatrische 

aandoeningen zijn zowel veranderingen in serotonerge signalering gedurende de 

ontwikkeling van het brein als ook structurele veranderingen in onder andere de 

cortex gevonden. Tot dusver is echter nog grotendeels onbekend hoe verstoringen 

in serotonerge signalering leiden tot structurele veranderingen in het brein en hoe 

deze structurele veranderingen leiden tot neuropsychiatrische aandoeningen. 

 De cortex is een hersengebied betrokken bij verschillende cognitieve functies 

en bij het verwerken van sensorische en motorische input. De cortex bestaat uit 6 

lagen en bevat zowel pyramidaal neuronen als ook interneuronen die op een 

complexe wijze met elkaar verbonden zijn. Al vroeg tijdens de embryonale 

ontwikkeling wordt de cortex gevormd. Een type cellen genaamd de Cajal-Retzius 

cellen, gelokaliseerd in de bovenste laag van de cortex, speelt daarbij een 

belangrijke rol door het eiwit reelin uit te scheiden. Dit eiwit zorgt er vervolgens 

voor dat de zojuist ontstane corticale neuronen, die vanuit hun geboorteplaats 

richting de bovenste laag van de cortex migreren, gestopt worden in de juiste laag 

van de cortex om vervolgens daar verder te ontwikkelen. 

 Rond de geboorte arriveren de eerste serotonerge afferenten in de cortex. In 

een recente studie heeft men aangetoond dat serotonine vanaf de geboorte de 

Cajal-Retzius cellen aanstuurt door de serotonine 5-HT3 receptor te activeren en 

dat reelin vanaf dat moment de maturatie en organisatie van de pyramidaal 

neuronen in de cortex reguleert. Tot nu toe is echter nog onbekend hoe externe 

factoren invloed hebben op deze ontwikkelingsprocessen in de cortex en wat de 

gevolgen zijn.  



Nederlandse Samenvatting 

166 

In dit proefschrift heb ik geprobeerd deze vraag te beantwoorden door de effecten 

van veranderingen in serotonerge signalering op de cortex gedurende de 

ontwikkeling van het brein te bestuderen. Ik heb mij daarbij specifiek gericht op de 

rol van de serotonine 5-HT3 receptor gedurende de ontwikkeling van de cortex. 

 In de eerste twee hoofdstukken heb ik mij gericht op de vraag: Hoe beïnvloeden 

externe factoren de ontwikkeling van de cortex? In hoofdstuk 2 hebben wij met 

behulp van het “maternal care” model ons gericht op de invloed van maternale zorg 

gedurende de eerste postnatale week op de ontwikkeling van de cortex. In deze 

studie vonden wij levenslange verschillen in de ontwikkeling van de dendrieten en 

spines van laag 2/3 pyramidaal neuronen in de cortex tussen pups die veel of 

weinig zorg van de moeder hadden ontvangen. Door in een elektrofysiologisch 

experiment de input van deze laag 2/3 pyramidaal neuronen te meten, toonden wij 

aan dat de bovengenoemde morfologische veranderingen gepaard gingen met 

functionele veranderingen. Het feit dat ook de reelin niveaus in de cortex waren 

veranderd in pups die veel of weinig zorg van de moeder gedurende de eerste 

postnatale week hadden ontvangen, suggereert dat de moeder de ontwikkeling 

van de cortex van de pups beïnvloedt en dat reelin daarbij een belangrijke rol 

speelt.  

 In hoofdstuk 3 hebben wij de effecten van een toename in serotonine niveaus 

op de ontwikkeling van de cortex ten gevolge van prenatale blootstelling aan 

fluoxetine bestudeerd. Fluoxetine, beter bekend als Prozac, is een veelgebruikt 

antidepressivum behorend tot de klasse van de selectieve serotonine heropname 

remmers (SSRI’s). Door op de serotonine transporter te binden, zorgen SSRI’s 

voor een verhoging van de serotonine niveaus. In zwangere vrouwen passeert 

fluoxetine de placenta en komt het in het bloed van het ongeboren kind terecht. Als 

gevolg daarvan nemen ook in het ongeboren kind de serotonine niveaus toe. 

Eerdere studies in muizen hebben aangetoond dat zowel prenatale als postnatale 

blootstelling aan fluoxetine leidt tot verstoord angstgedrag later in het leven. In 

deze studie vonden we dat veranderingen in serotonine niveaus gedurende de 

ontwikkeling van het brein de ontwikkeling van de cortex levenslang beïnvloedde 

door te laten zien dat prenatale fluoxetine blootstelling resulteerde in een afname 

van de complexiteit van de dendrieten van laag 2/3 pyramidaal neuronen. 

Bovendien toonden we aan dat de veranderingen in de complexiteit van de 

dendrieten en in het angstgedrag afwezig waren in de 5-HT3A receptor knockout 

muis. 
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Daarnaast lieten wij zien dat in organotypische hersenplakken van muizen die 

prenataal blootgesteld waren aan fluoxetine, de afname in de complexiteit van de 

dendrieten kon worden teruggedraaid door deze plakken te behandelen met een 5-

HT3 receptor antagonist. Uit deze studie kan worden geconcludeerd dat de 5-HT3 

receptor een kritieke rol speelt bij het moduleren van de effecten van 

veranderingen in serotonine niveaus op de ontwikkeling van de cortex en op het 

angstgedrag. 

 Na te hebben aangetoond dat externe factoren zoals maternale zorg en 

prenatale fluoxetine blootstelling levenslange effecten op de ontwikkeling van de 

cortex kunnen induceren via een signaleringscascade waarbij de 5-HT3 receptor 

een essentiële rol speelt, heb ik mij gefocust op de vraag: Gaan deze 

veranderingen in corticale ontwikkeling ook gepaard met veranderingen in de 

structurele organisatie van de cortex? Eerdere studies hebben aangetoond dat in 

pasgeboren muizen verstoringen in de serotonerge innervatie van de cortex leiden 

tot veranderingen in de organisatie van de cortex. In hoofdstuk 4 hebben wij 

daarom de organisatie van dendritische bundels in de somatosensorische cortex 

van 5-HT3A receptor knockout muizen bestudeerd. Zowel in de humane cortex als 

in de cortex van verschillende dieren, vormen de apicale dendrieten van 

pyramidaal neuronen dendritische bundels die door de verschillende lagen van de 

cortex strekken. In laag 3 van de somatosensorische cortex vergeleken wij de 

spatiële organisatie van de dendritische bundels van wildtype muizen met die van 

5-HT3A receptor knockout muizen. Daarnaast bekeken wij in beide groepen de 

distributie van reelin-positieve Cajal-Retzius cellen in de somatosensorische cortex 

om te bepalen of er een relatie is tussen de distributie van Cajal-Retzius cellen en 

de positie van dendritische bundels. In deze studie lieten wij zien dat in de 

somatosensorische cortex van beide groepen de apicale dendrieten bundels 

vormen, maar dat in 5-HT3A receptor knockout muizen de oppervlakte van deze 

bundels groter was. Samen met de eerder geobserveerde verschillen in de 

complexiteit van de dendrieten van corticale laag 2/3 pyramidaal neuronen en in de 

corticale reelin niveaus suggereren deze bevindingen nog een belangrijke rol voor 

de 5-HT3 receptor gedurende de corticale ontwikkeling.  

 Gebaseerd op eerdere studies die aantoonden dat het verstoren van de 

serotonerge innervatie van de cortex in het brein van pasgeboren muizen niet 

alleen resulteerde in veranderingen in de organisatie van de cortex, maar ook in 

het sociale gedrag van deze muizen later in het leven, vroeg ik mij in hoofdstuk 5 

af: Is het sociale gedrag van de 5-HT3A receptor knockout muis ook verstoord? 
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In deze studie lieten wij zien dat hoewel zowel mannetjes en vrouwtjes knockout 

muizen verstoringen in sociale communicatie laten zien, de andere verstoringen 

die wij vonden in het sociale gedrag sekse specifiek zijn. Deze resultaten 

suggereren dat, net zoals in andere modellen waarin verstoringen in serotonerge 

signalering gedurende de ontwikkeling van het brein leiden tot veranderingen in 

sociaal gedrag, de 5-HT3A receptor knockout muis vergelijkbare veranderingen laat 

zien.  

 Een aantal van de veranderingen die wij hebben geobserveerd in de diverse 

studies in dit proefschrift komen ook voor bij verschillende neuropsychiatrische 

aandoeningen. Echter, om te begrijpen hoe deze structurele veranderingen in de 

cortex als gevolg van een verstoorde serotonerge signalering tijdens de 

ontwikkeling bijdragen tot gedragsveranderingen, zal er meer onderzoek gedaan 

moeten worden naar de functionele veranderingen in de cortex. Desalniettemin 

zou er met de huidige kennis al gewerkt kunnen worden aan therapeutische 

interventies die toegepast kunnen worden op het moment dat blijkt dat de 

serotonine niveaus tijdens de ontwikkeling veranderen. Echter, van belang daarbij 

is dat men zich realiseert dat het serotonerge systeem alleen op specifieke 

momenten een belangrijke rol speelt bij de ontwikkeling van het brein en dat 

structurele veranderingen als gevolg van verstoringen in serotonerge signalering 

alleen tijdelijk zijn te behandelen. Een andere mogelijkheid om te voorkomen dat 

verstoringen in serotonine niveaus de ontwikkeling van het brein beïnvloeden is om 

gedurende deze specifieke periode waarin het serotonerge systeem gevoelig is 

voor de invloed van externe factoren de foetus of het kind te beschermen tegen 

deze factoren.  

 Aan de hand van de bevindingen gedaan in dit proefschrift kunnen wij 

concluderen dat veranderingen in serotonerge signalering gedurende de 

ontwikkeling van het brein leiden tot levenslange veranderingen in de maturatie en 

organisatie van pyramidaal neuronen in de cortex en gedragsveranderingen via 

een door de 5-HT3 receptor gereguleerd signaleringscascade. Dankzij de 

resultaten in dit proefschrift hebben wij meer inzicht verkregen in de regulerende 

rol van de 5-HT3 receptor tijdens de ontwikkeling van de cortex en de link tussen 

verstoringen in serotonerge signalering tijdens de ontwikkeling van het brein en het 

ontstaan van neuropsychiatrische aandoeningen. 
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Dankwoord 

En dan nu het dankwoord... Het moment om terug te blikken op de afgelopen 4 

jaar die voor mij waren als een rit in een achtbaan. Vol spanning begon ik namelijk 

zonder uitzicht op wat er allemaal zou komen. Vervolgens dook ik soms keihard 

naar beneden en dacht ik dat het einde nabij was. Maar daarnaast ging ik ook 

helemaal uit m’n dak van de adrenaline kick en minstens een keer dacht ik dat de 

wereld even helemaal op zijn kop stond. Uiteindelijk stap ik nu uit en ik heb geen 

moment spijt van de rit, mede omdat ik gedurende mijn 4 jaar durende achtbaanrit 

alle fases met mijn collega’s heb kunnen delen. Zo waren er mijn vrijgezellenfeest 

en bruiloft waar een aantal collega’s bij waren. Maar zo was er ook het afgelopen 

jaar waarin mijn gezondheid nogal wat roet in het eten gooide, omdat mijn long 

steeds de behoefte had om in te klappen. In deze periode heb ik veel steun 

gekregen van verschillende collega’s die mij naar het ziekenhuis hebben gebracht, 

mij daar of thuis bezocht hebben, mij hartverwarmende kaarten en berichten 

hebben gestuurd en het werk over namen dat ik op dat moment niet meer kon 

doen. Dankzij deze steun ben ik gelukkig weer vrij snel aan het werk gegaan en 

kon ik toch dit jaar mijn proefschrift afronden. Een heel ander ding, dat ik aan deze 

laatste toch wel zware periode te danken heb, is dat ik nu niet alleen een 

proefschrift heb waarin de 5-HT3 receptor centraal staat, maar dat ik nu ook 

ervaringsdeskundige ben wat betreft de werking van de 5-HT3 receptor antagonist 

ondansteron (Zofran) tegen extreme misselijkheid na een operatie!  

 Oke, op naar de mensen die ik hier wil bedanken. Allereerst mijn promotor 

Wytse Wadman en co-promotor Hans van Hooft. Dik 4 jaar geleden maakt Wytse 

mij attent op deze plek. Ondanks dat de meeste onderwerpen in dit proefschrift niet 

bepaald zijn dagelijkse kost waren, heeft hij toch veel advies gegeven en 

gedurende de laatste lootjes vele uurtjes besteed aan het programma Matlab voor 

mij. Daarom bedankt! Vervolgens wil ik mijn co-promotor Hans bedanken. Gelukkig 

kon ik altijd bij hem terecht voor welke vraag of wat voor advies dan ook. 

Gedurende de eerste 3 jaar gewoon door om te draaien, aangezien wij met Pascal 

een kamer deelden, en in het laatste jaar in het nieuwe gebouw, toen iedereen van 

ons clubje meer verspreid kwam te zitten, door even de gang door te lopen. Van 

hem heb ik ontzettend veel geleerd waardoor er nu dit boekje ligt. Bedankt!!! En 

speciale dank nog voor het fungeren als assistent bij een gedragsexperiment (je 

favoriete experimenten !!!!!), toen ik dat vanwege mijn gezondheid niet kon.  
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De volgende collega die speciale aandacht verdient (en die niet voor niets ook mijn 

paranimf is) is Marlies. Toen ik begon als promovenda was zij nog student in onze 

groep. In die tijd was zij samen met Ina aan het uitvogelen hoe je het beste cellen 

kon elektroporeren…een techniek die ik later nog heel veel zou gebruiken. Later 

werd zij een collega in onze groep. In die tijd is zij altijd zeer behulpzaam geweest 

en daarom velen malen dank. Gelukkig zaten wij het laatste jaar tegenover elkaar 

en konden we naast werkzaken ook vele andere zaken bespreken of gewoon even 

wat stoom afblazen. Erg fijn, dus Thanx!!! De andere collega uit onze groep, 

Pascal, zal ik ook niet snel vergeten. Hij was namelijk de afgelopen jaren te allen 

tijde bereid om advies te geven, hulp te bieden, zijn (zeer uitgebreide) kennis te 

delen of gewoon om een praatje te maken en daarom….Merci! 

Verder wil ik alle mensen uit de groep van Wytse bedanken met wie ik veel tijd heb 

doorgebracht zoals: Fleur, Erwin, Linda, Joav, Qiluan, Xin, Femke, Taco, Natalie, 

Jacoline, Jan etc..en natuurlijk Chris. Met jullie heb ik vele fijne uurtjes 

doorgebracht in het lab of tijdens de lunch…bij een borrel of ergens anders buiten 

het werk om. Met sommige van jullie heb ik zelfs een geweldig vrijgezellenfeest en 

een super bruiloft gehad! Ook de mensen uit andere groepen zoals Felisa, 

Charlotte, Tobias, Carien, Marijn, Pieter, Jayden, Henrique, Willem en Hemi 

moeten hier genoemd worden. Los van de borrels heb ik met een aantal van deze 

mensen een paar geweldige congressen in o.a Geneve en Chicago bezocht en 

kon ik een hele tijd op vrijdag genieten van Turkse pizza’s. Ook speciale dank aan 

iedereen die ooit betrokken is geweest bij het organiseren van de borrels, 

kerstlunches, squash en bowlingtoernooien en de voetbalpoules tijdens het EK of 

WK. Ik houd zelf namelijk ook nogal van deze sociale evenementen die meestal 

gepaard gaan met een hapje en een drankje.  

 Andere mensen die ik wil bedanken voor hun technisch advies zijn Erik 

Manders, Joop van Heerikhuize, Joachim Goedhart, Martijn Rep en Els Velzing. 

Ook de mensen die ik heb leren kennen bij de activiteiten die ik buiten het werk om 

deed zoals de mensen van het UvA Promovendi Overleg en de mensen van Unity 

en de testservice verdienen een plaatsje in dit dankwoord. 

 Los van alle collega’s zijn natuurlijk mijn vrienden en familie altijd heel belangrijk 

voor mij geweest. Hoewel de meesten nog steeds geen idee hebben van wat ik 

allemaal heb uitgevoerd de laatste jaren, waren zij altijd zeer nieuwsgierig naar wat 

ik deed en “Nee Sander, ik roer nog steeds niet in petrischaaltjes”! Verder zijn zij er 

altijd voor mij geweest toen het goed met mij ging, maar ook toen het stukken 

minder ging. Dankzij hen kon ik na een drukke werkdag of week even lekker 

ontspannen of helemaal los op een of ander feest of op vakantie: 
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Regelmatig was een weekendje weg in een huisje een uitkomst, maar ook de 

vakanties in o.a. Maleisië en Marokko waren natuurlijk helemaal fantastisch.  

 Binnen mijn familie zijn er een aantal mensen die ik in het bijzonder wil 

bedanken en ik begin daarbij met mijn Opa en Oma Hoogendoorn. Jullie zijn 

namelijk altijd zeer betrokken geweest vanaf mijn schoolperiode tot nu, hebben mij 

altijd goede raad gegeven en brachten mij op de hoogte van verschillende 

wetenschappelijke ontwikkelingen via vele krantenknipsels. Bedankt en wat fijn dat 

jullie er nog steeds zijn! Verder wil ik specifiek mijn zusje Denise bedanken die niet 

voor niets ook paranimf is. Denise, bedankt voor je luisterend oor en advies. Al 

jaren kunnen wij alles bespreken en delen. Hoewel wij twee totaal verschillende 

types zijn met totaal verschillende interesses, is onze band ontzettend sterk. 

Bedankt dat je er altijd voor mij bent lief zusje! Papa en Mama, jullie verdienen 

natuurlijk in het bijzonder een ereplaats in dit dankwoord, omdat jullie van het 

begin af aan mij gestimuleerd hebben en mij geleerd hebben om mijn hart te 

volgen. Jullie hebben mij geholpen gedurende moeilijke perioden en bij 

hoogtepunten hebben jullie meegenoten. Jullie hebben altijd het beste met mij 

voor, hebben mij gevormd tot wie ik nu ben en staan altijd voor mij klaar. Dankzij 

jullie is onze familie een zeer hechte club waar je altijd op kan terugvallen. Ook 

hebben jullie vaak voor de nodige afleiding en ontspanning gezorgd door diverse 

etentjes en vakanties te regelen. Jullie steun is ontzettend belangrijk geweest voor 

mij. Bedankt en een hele dikke kus! 

 De laatste die ik wil bedanken is natuurlijk Martin. Bijna twaalf jaar geleden 

leerden wij elkaar kennen en het was liefde op het eerste gezicht. Ondanks dat wij 

totaal verschillende achtergronden hadden, lieten wij ons niet uit het veld slaan en 

zijn wij altijd samen gebleven. In de loop van de jaren hebben wij al heel wat 

dingen meegemaakt, maar die hebben er alleen maar voor gezorgd dat wij nog 

dichter bij elkaar kwamen te staan. Niet zo gek dus, dat wij op 12 juni 2008 zijn 

getrouwd! Met jou heb ik veel gelachen en gehuild, ook de afgelopen jaren en waar 

ik jou hier in het bijzonder voor wil bedanken is jouw onvoorwaardelijke steun, je 

luisterend oor, je humor en je vermogen om mij weer op de been te krijgen. Ik hou 

van je en hoop nog veel met jou te kunnen meemaken. Je bent namelijk een toffe 

peer! ;) 

 



 

 



 

175 

List of publications 

Smit-Rigter LA, Champagne D, van Hooft JA (2009). Lifelong impact of variations 

 in maternal care on dendritic sturcture and function of cortical layer 2/3 

 pyramidal neurons in rat offspring. PLoS ONE. 4:e5167. 

Smit-Rigter LA, Wadman WJ, van Hooft JA (2010). Impaired social behavior in 5-

 HT3A receptor knockout mice. Front. Behav. Neurosci. 4:169. 

Smit-Rigter LA, Noorlander CW, von Oerthel L, Chameau P, Smidt MP, van Hooft 

 JA (submitted). Prenatal fluoxetine exposure induces life-long 5-HT3 

 receptor-dependent cortical abnormalities and anxiety. 

Smit-Rigter LA, Wadman WJ, van Hooft JA (in preparation). Alterations in apical 

 dendrite bundling in the somatosensory cortex of 5-HT3A receptor 

 knockout mice. 

Smit-Rigter LA, van Hooft JA (in preparation). Efficient in vitro knock-down of the 

 serotonin 5-HT3 receptor via non-viral vector-mediated RNA interference. 

 

 



 

 



 

177 

Curriculum Vitae 

Laura Rigter was born on April 17, 1984 in Etten-Leur, The Netherlands. After 

finishing high school at the Murmellius Gymnasium in Alkmaar in 2001, she started 

her study Medical Biology at the University of Amsterdam. During her master 

Neurobiology at the University of Amsterdam, she carried out two research 

projects. Her first research project entitled “The organization of the sympathetic 

and parasympathetic innervation of the spleen .” she performed at the Netherlands 

Institute for Neuroscience (NIN) in Amsterdam under supervision of Dr. Marie-

Laure Garidou and Prof. Dr. Ruud Buijs. Her second research project entitled “ The 

negative effects of prenatal stress on the Glucocorticoid and Mineralocorticoid 

receptor.” she performed at the Leiden Amsterdam Centre for Drug Research 

(LACDR), University of Leiden under supervision of Dr. Rosana Sibug. After 

receiving her Masters degree in 2006, she started as a PhD student at the 

Swammerdam Institute of Life Sciences, Center of Neuroscience (SILS CNS), 

University of Amsterdam. In the lab of Prof. Dr. Wytse Wadman, she worked with 

Dr. Hans van Hooft on the role of the serotonin 5-HT3 receptor in cortical 

development from June 2006 until December 2010. In February 2011 Laura will 

start as a postdoc at the NIN in Amsterdam in the lab of Dr. Christian Lohmann and 

Dr. Christiaan Levelt, where she will study mitochondrial regulation of neuronal 

plasticity.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Right
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


