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ABSTRACT 

Major Depressive Disorder (MDD) is the most commonly diagnosed psychiatric 

illness, occurring in 15-20% of the population and is characterized by prolonged 

mood quality impairment. It is a multifactorial disease and both genetic and 

environmental factors contribute to its etiology. Evidence suggests that impaired 

serotonin (5-HT) neurotransmission is an important underlying cause of depressive 

disorder. The 5-HTlA receptor is a powerful regulator of both pre and post-synaptic 

5-HT neurotransmission, and becomes compromised in depression. Evidence 

suggests that alterations in 5-HTlA gene expression observed in depression result 

from compromised transcriptional regulation of the 5-HTlA receptor gene. As such, 

genetic variations and factors involved in the transcriptional machinery that drives 

5-HTlA receptor expression are expected to play a key role in establishing normal 

behavioural phenotypes. 

I initially characterized the regulatory properties of two transcription 

factors, Deaf-1 and Hes-5, which have previously been shown to bind the 5-HTlA 

promoter region spanning a 26-bp palindrome sequence that encompasses a C(-

1019)G polymorphism. Using reporter assays, I established Deaf-1 as a cell type 

specific regulator of the 5-HTlA receptor gene. Deaf-1 was shown to act as 

transcriptional repressor of the 5-HTlA promoter in pre-synaptic raphe nuclei cell 

lines, while it activated 5-HTlA promoter expression in post-synaptic cells. Hes-5 

on the other hand, remained a transcriptional repressor in all cell types. The 

activity of both transcription factors was impaired in the presence of the C(-1019)G 
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allele. Moreover, Deaf-1 mediated regulation of the 5-HTlA receptor appeared to be 

HDAC-dependent. 

Additionally, I utilized mice lacking a functional Deaf-1 protein, to study the 

in vivo effects of Deaf-1 on 5-HTlA receptor gene expression. Deaf-1 was shown to 

bind the mouse 5-HTlA promoter sequence and mediate cell-type specific 

transcriptional repression or enhancement of 5-HTlA receptor gene expression, 

similar to that observed using in vitro cell lines. As a result, Deaf-1 knockout mice 

exhibited upregulation of pre-synaptic 5-HTlA receptor gene, which correlated 

decreased 5-HT neurotransmission. 

In conclusion, I have identified a unique mechanism of regulating the 5-HTlA 

gene expression by Deaf-1, both in vitro and in vivo. I established the importance of 

the C(1019)G polymorphism in regulating 5-HTlA gene and characterized a novel 

mouse model for studying the effects of Deaf-1 on the serotonin system. 
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Chapter 1 

1.1 Serotonin System 

"Serotonin is a drug that makes you feel good. It's what all the pharmaceutical 

companies pump into those wonderful little anti-depressants. It's also a drug God 

decided to pump through our brains when we do things we like. It's like a little 

reward for good behaviour. So when you do something kind for someone else, the 

person you're helping has serotonin released in their brain and feels happier...and 

so do you. Good news, two more serotonin-induced happier people in the world!" 

Wayne Dyer, 2004 

1.1.1 Historical Overview of the Serotonin System 

The discovery of serotonin stems from the detection of a novel amine substance 

responsible for gut motility, extracted from the gastric mucosa of the stomach. 

Further research traced its origin to the enterochromaffin cells of the 

gastrointestinal tract, hence its original name 'enteramine' (Vialli and Erspamer, 

1933). Simultaneously, an endogenous vasoconstrictor substance in blood was 

identified, eventually leading to the isolation of serotonin (Rapport et al., 1948] 

(Rapport, 1949). The name 'serotonin' was given as an obvious derivative from the 

combination of two Latin words: serum meaning blood and; tonus meaning to 

stretch. Its chemical and crystal structure was established shortly afterwards 

(Rapport, 1949) and eventually synthesized into 5-hydroxytryptamine (5-HT), 

which opened a new avenue for research worldwide (Hamlin and Fisher, 1951). 
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In the early fifties, high concentrations of 5-HT were found in the mammalian 

brain (Twarog and Page, 1953] followed by the discovery of its heterogeneous 

distribution in the central nervous system (CNS) (Amin et al., 1954). In 1956, 5-HT 

was finally identified as a neurotransmitter in the CNS (Bogdansky et al., 1956). The 

role of 5-HT in mental disorders such as depression was first established through 

pharmacological studies using the tranquilizing drug reserpine, found to lower 

concentrations of 5-HT in the brain, leading to depression (Wooley and Shaw, 

1954). In 1964, Dahlstrom and Fuxe discovered the existence of serotonergic 

neurons in the CNS, furthering the advancement of knowledge regarding the role of 

5-HT in brain neurotransmission (Dahlstrom and Fuxe, 1964). 

Initially, receptors responsible for the specific binding of 5-HT on cells were 

discovered and classified by Gaddum and Picarelli (Gaddum and Picarelli, 1957). 

Their simple system of classification categorized 5-HT receptor into two classes 

based on their location and agonist specificity. These receptors were respectively 

called "D" and "M" receptors since dibenzyline (D) selectively antagonized the effect 

of 5-HT on smooth muscle and morphine (M) was selective for nervous tissues. 

Further agonist research, followed by the discovery of radioligands, suggested other 

subtypes of receptors may also be involved in regulating 5-HT neurotransmission 

(Saxena et al., 1971), (Saxena, 1972), (Bennett and Aghajanian, 1974). In fact, both 

5-HT1 and 5-HT2 receptor subtypes were identified in the rat cortical tissues based 

on their high binding affinity radioligands [3H]5-HT and [3H]spiperone, respectively 

(Peroutka and Snyder, 1979). In order to further characterize the 5-HT1 receptor, 

two additional subtypes were later identified on the basis of their high and low 
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affinity for spiperone, respectively (Pedigo et al., 1981). Eventually, an international 

committee established specific criteria for classifying 5-HT receptors in a more 

uniform fashion as either "5-HTl-like" (corresponding to a few "D" or 5-HT1), 5-

HT2-like" (analogous to most "D" or 5-HT2] and 5-HT3 (equivalent to "M") (Bradley 

etal., 1986]. 

To date, a total of 18 mammalian receptor subtypes have been identified (Le 

Francois et al., 2008). With the rapid advancements in molecular biology techniques, 

including cloning of genes, additional receptors may be identified and implicated as 

crucial regulators of the 5-HT system in the future. 

1.1.2 Serotonin Metabolism 

Serotonin belongs to a class of monoamine neurotransmitters that contain one 

amino group that is connected to an aromatic ring by a two-carbon chain. Synthesis 

of 5-HT in the body is dependent on the uptake of an essential amino acid L-

tryptophan (corresponding to the codon UGG). Tryptophan belongs to a group of 

aromatic amino acids called indoles, and is primarily derived from one's dietary 

intake. Some of the foods enriched in this amino acid include chocolate, oats, 

mangoes, diary products, chickpeas, various seeds and peanuts. Although the human 

body on average contains lOmg of serotonin, only about 2% is localized to the brain. 

The highest concentration is found in the enterochromaffin cells of the 

gastrointestinal tract making up 90% of total 5-HT uptake, while approximately 8% 

is localized to the circulating platelets, where it plays a key role in haemostasis and 

coagulation (Gershon 1985). 
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Due to the restrictive properties of the blood-brain barrier that prevent entry 

of peripheral 5-HT into the brain, serotonergic neurons must synthesize their own 

5-HT. The initial step in 5-HT synthesis involves the hydroxylation of tryptophan by 

the rate-limiting enzyme tryptophan hydroxylase (TPH) to form 5-

hydroxytryptophan (5-HTP). It is important to note that two isoforms of this 

enzyme exist in the body, tryptophan hydroxylase-1 and -2 (TPH1 and TPH2). TPH2 

is the primary enzyme for 5-HT synthesis in the brain, while TPH1 is found in the 

pineal gland as well as in the peripheral tissues where it constitutes the most 

abundant isoform (Dumas et al., 1989; Walther et al., 2003]. The next step in 5-HT 

synthesis is the decarboxylation of 5-HTP, mediated by the L-aromatic amino acid 

decarboxylase, which produces 5-HT. In the pineal gland, an additional series of 

enzymes metabolizes 5-HT into melatonin, responsible for regulating the circadian 

rhythm (Figure 1.1). 

Once synthesized, the cytoplasmic 5-HT is transported into secretory vesicles 

by the vesicular monoamine transporter protein (VMAT] where it accumulates (Liu 

and Edwards, 1997). The release of 5-HT is regulated by a calcium-dependent 

process called exocytosis, where synaptic vesicles fuse with the plasma membrane 

(containing the neurotransmitter), and deliver 5-HT to the synaptic cleft. This entire 

mechanism depends on cell depolarization, which triggers the opening of voltage 

sensitive calcium channels by increasing intracellular Calcium (Ca2+). The increase 

in calcium levels within the neuron leads to Ca2+-calmodulin/cAMP-dependent 

phosphorylation of vesicle membrane protein called Synapsin I that is responsible 

for fixing the secretory granules to the cytoskeleton network. The uncoupling of 
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Figure 1.1: Metabolic pathways of Serotonin Synthesis and Degradation 

Serotonin is synthesized from an amino acid [tryptophan] by the rate limiting enzyme tryptophan 

hydroxylase, which converts tryptophan to 5-hydroxytryptophan. This is then converted to 5-

hydroxytryptamine (or 5-HT] by L-aromatic amino acid decarboxylase [AADC]. Copyright © Syivie 

Lemonde, PhD. 
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synapsin causes release of vesicles from the cytoskeleton to allow for easy migration 

to the presynaptic membrane where they are docked for future release of 5-HT 

(Pineyro and Blier, 1999). The metabolic breakdown of 5-HT is mediated by the 

mitochondrial enzyme monoamine oxidase A (MAO-A) which converts serotonin to 

its major metabolite 5-hydroxyindoleacetic acid (5-HIAA), which is excreted into the 

cerebrospinal fluid (Figure 1.1] (Youdim and Finberg, 1991). 

1.1.3 Brain Serotonin System 

The serotonin system is localized primarily within the midline raphe nuclei of the 

brainstem (Tork, 1990). Originally, the raphe nuclei have been divided into nine 

groups labelled Bl through B9 (as shown in Figure 1.2) (Dahlstrom and Fuxe, 1964), 

which today correspond to the following areas: raphe pallidus nucleus (Rpa, Bl), 

raphe obscurus nucleus (Rob, B2 and B4), raphe magnus (RMg, B3), the median 

raphe nucleus (MRN, B5 and B8), the dorsal raphe nucleus (DRN, B6 and B7) and 

the caudal linear nucleus (Cli, B8). Additional regions outside of the raphe nuclei 

have also been identified to have subpopulations of 5-HT containing cell bodies. 

These include the supralemniscular region (corresponding to B9) localized adjacent 

to the medial lemniscus, the ventrolaterial medulla (the B3 cluster), central gray 

area of the medulla oblongata (B4) and in the nucleus pontis oralis (B8 and B9) 

(Tork, 1990). Finally, the raphe nuclei can be further divided in two larger 

subpopulations: the rostral group (Cli, DRN, MRN, B9) located in the midbrain and 

pons and the caudal group (RMg, Rpa, Rob) found in the medulla oblongata of the 

brainstem. 
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Figure 1.2: Localization of the Raphe Nuclei 

A] Sample dissection showing the brainstem raphe nuclei of a E12 5 mouse The rostral raphe region, 

including rhombencephalon 1,2 and 3 is dissected out and displayed as a saggital section (this is 

unpublished data) B) Saggital diagram depicting the localization of the brainstem raphe nuclei, 

including the dorsal (B7-9), median (B4-6) and caudal (Bl-3) regions Adapted and modified from 

Kandel et al, Fourth Edition, 2000 
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The neural circuitry that stems from 5-HT neurons of the raphe nuclei and 

surrounding regions allows all levels of the CNS to receive serotonergic innervation 

through the extensive branching of 5-HT axonal projections. The rostral raphe 

nuclei (composed of DRN and MRN) sends 5-HT projections to the majority of the 

limbic system including the amygdala, thalamus, hypothalamus, olfactory bulb, 

hippocampal formation, basal ganglia and the cingulated gyrus (Figure 1.3). Passing 

through some of these limbic structures, 5-HT neurons also project to the prefrontal 

cortex (Baker et al., 1990; Jacobs and Azmitia, 1992). In total, the dorsal raphe 

nucleus accounts for approximately 50-60% of the 5-HT producing neurons in the 

human brain, while the median raphe nucleus contains the second largest cluster of 

5-HT neurons. Together, these regions are responsible for all the ascending 

projections in the brain (Baker et al., 1990). Although axons from the DRN and MRN 

differ in structure, both co-exist in most brain areas, with the exception of the 

striatum, which receives mainly axons from the dorsal raphe (D-fibers) while the 

dentate gyrus receives mainly median raphe axons (M-fibers) (Brown and Molliver, 

2000). Oppositely, the caudal raphe nuclei are responsible for descending 

projections to the spinal cord and the cerebellum. It is through both the dorsal and 

caudal connections that serotonin mediates its effects on a wide range of functions 

including perception, thermoregulation, control of appetite, sleep, learning and 

memory, mood, behaviour, modulation of pain, response to stress, cardiovascular 

functions, muscle contraction and endocrine regulation (Fuller, 1990; Murphy, 

1990; Jacobs and Azmitia, 1992; Buhot, 1997; Weiger, 1997). 
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Figure 1.3: Summary of Serotonin Projections in the Brain 

Saggital representation of the 5-HT neuronal pathways in the brain 5-HT neurons originate from the 

rostral (dorsal and median] or the caudal raphe nuclei and send both descending projections in the 

spinal cord as well as ascending projections into the cerebellum, forebrain and throughout the CNS 

Adapted and modified from Kandel et al, Fourth Edition, 2000 
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A characteristic morphological trait of the DRN is its "butterfly" shape in 

cross-section, and its striking bilateral symmetry. This shape is divided into three 

main subregions. The "body" portion of the butterfly is referred to the area located 

just below the cerebral aqueduct and is called the dorsomedial region while the area 

surrounding the medial longitudinal fasciculus (MLF) is called the ventromedial 

region (Tork, 1990). The "wings" of the DRN are composed of the dorsolateral and 

ventrolateral regions while the "tail" part is referred to as the caudal component. 

The MRN is located along the midline of the ponds and medulla [ventral to the DRN] 

in a mid-saggital plane, with additional cells scattered outside of this midline region 

in no particular orientation (Baker et al., 1990; Pineyro and Blier, 1999). 

In total, the rostral raphe nuclei contain 85% of all serotonergic neurons in 

the mammalian brain (Hornung, 2003). The remaining cells constitute non-

serotonergic neurons that express a variety of neurotransmitters and neuropeptides 

including dopamine (DA), noradrenaline (NA), Y" a r n m 0 D U tyric acid (GABA), 

glutamate, enkephalin, substance P, thyrotrophin-releasing hormone (TRH) and 

others (Jacobs and Azmitia, 1992). Such neuronal heterogeneity contributes to the 

diverse morphological characteristics of the raphe neurons, affecting their shape 

and size as well as their pharmacological responses (Marinelli et al., 2004; Baker et 

al., 1990). 
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1.1.4 Development of the Serotonin System 

Although the development of serotonin neurons has been studied in humans, 

primates and rodents, its characterization remains incomplete. Serotonergic 

neurons arise from neuroepithelial progenitors located near the floor plate of the 

neural tube(Goridis and Rohrer, 2002; Drevets et al., 2007). In humans, serotonin 

neurons first appear in the raphe nuclei at embryonic week 5 and are fully defined 

by week 15 (Whitaker-Azmitia, 2001). In the mouse, 5-HT immunoreactivity can be 

seen in the rostral group at embryonic day 12, while 5-HT neurons in the caudal 

group differentiate two days later (Jacobs and Azmitia, 1992). Various 

developmental triggers are required to ensure that proper serotonergic 

differentiation takes place. The entire process is guided by developmental growth 

factors and other signaling molecules, responsible for regulating cell division. The 

intersection of Sonic hedgehog (Shh) production in the notochord, fibroblast growth 

factor 4 (FGF4) in the primitive streak and fibroblast growth factor 8 (FGF8) in the 

midbrain-hindbrain organizing center (MHO) forms a three dimensional Cartesian 

space that directs development of 5-HT neurons caudal to the MHO (Gaspar et al., 

2003) (as shown in Figure 1.4A). These molecules diffuse to form a concentration 

gradient responsible for inducing a complex genetic cascade as a result. 

The Hairy Enhancer of Split (Hes) family of developmental proteins 

also plays an important role in ensuring timely serotonergic differentiation. Of 

these, Hesl, Hes3 and Hes5 are involved in the maintenance of neuronal progenitors 

while Hes6 promotes neuronal differentiation by inhibiting the other Hes proteins 

(Fior and Henrique, 2005). Hesl, 3 and 5 are expressed exclusively in neural 
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progenitors while Hes6 is expressed during embryogenesis and maintained into 

adulthood (Bae et al., 2000). Hes proteins belong to a family of basic helix-loop-helix 

(bHLH) domain proteins and have the ability to recruit additional transcriptional 

co-repressors. Hes protein expression is regulated through activation of the Notch 

signaling pathway in which one of the four Notch receptors (Notch 1-4) becomes 

activated by one of its four ligands (Jagged-1, Jagged-3 and delta-like-1 and 3) 

Qarriault et al., 1998; Mizutani et al., 2001; Ohtsuka et al., 2001). Upon ligand 

binding, the Notch intracellular domain becomes cleaved, translocates to the 

nucleus and interacts with the DNA binding protein RBP-JK to activate transcription 

of Hes proteins, which in turn leads to transcriptional repression of the 

differentiation factor called Mashl (Mammalian Achaete-Shute Homolog 

l)(Akazawa et al., 1992; Hirata et al., 2001). Thus, Notch-induced lateral inhibition 

ensures that cell differentiate to distinct fates from an initially homogeneous cell 

population Qarriault et al., 1998). 

As the neuroepithelial progenitors differentiate into serotonergic cells, levels 

of Hesl and Hes5 decrease, while the homeobox gene Nkx2.2 is induced by Shh 

(Sonic hedgehog) (Briscoe et al., 1999). In addition, the pro-neuronal Mashl protein 

is also essential for the differentiation of 5-HT neurons at this stage (Pattyn et al., 

2004). Mashl is required for the generation of postmitotic precursors after the 

shutdown of Phox2b and acts together with Nkx2 to activate downstream effectors 

of this pathway. Nkx2.2 functions with the related Nkx6.1 protein to activate Gata-2 

and Gata-3, which are two zinc-finger proteins responsible for the specification of 

the rostral and caudal raphe groups of 5-HT neurons, respectively(van Doorninck et 
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al., 1999). The next downstream factor required for 5-HT neuronal differentiation is 

the LIM homeobox transcription factor 1 (3 (Lmxlb], which is involved in the 

commitment and maintenance of 5-HT neurons and is a transcriptional activator of 

the transcription factor called Pet-1 (pheochromocytoma 12 Ets E26 

transformation-specific factor; also knows as Fifth Ewing Variant or FEV in humans) 

(Hendricks et al., 1999; Cheng et al., 2003). However a recent study has suggested 

that activation of Lmxlb, Petl and Gata2/3 occurs in parallel rather than 

downstream from one another (as shown in Figure 1.4B) (Pattyn et al., 2004). 

Pet-1 in turn is essential for the expression of a number of serotonergic 

genes including tryptophan hydroxylase (TPH), aromatic L-amino acid 

decarboxylase (AADC) and the serotonin transporter (5-HTT), each playing a crucial 

role in establishing a functional serotonergic system. Interestingly enough, 

disrupting the function of any of these transcriptional regulators involved in the 

specification of 5-HT neurons results in substantial deficits in 5-HT neuron 

differentiation, migration and signalling, however, few of the gene disruptions 

studied to date result in a complete deficit in serotonergic development (see Table 1 

for complete list of animal phenotypes). This implies that other regulators of 

differentiation and development of serotonergic phenotype are almost certain to be 

involved. 
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Figure 1.4-A: Developmental Regulation of Serotonin Neurons 

Specification of 5-HT precursors in the neural tube is a number of determinants, including FGF8 

(fibroblast growth factor-8) along the Midbrain-Hindbrain Organizing Centre (MHO) and Sonic 

Hedgehog (Shh) in the ventral line of the notochord. Shh and FGF8 drive Dopamine (DA) expression 

rostral to the MHO. Expression of the FGF4 (fibroblast growth factor 4) along the primitive streak 

caudal to the MHO drives 5-HT neuron specification. Adapted and modified from Caspar et al., 2003. 
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Figure 1.4-B: Developmental Regulation of Serotonin Neurons 

Pathway of 5-HT differentiation shows that FGF8, FGF4 and Shh are necessary for initial cell 

specification in the ventricular zone, inducing Mashl and Nkx developmental regulators which in 

turn drive the expression of post-mitotic neurons by activating Gata-2 and -3 along with Lmxlb, 

which eventually leads to 5-HT neuronal expression. Adapted and modified from Gaspar et al., 2003. 
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Table 1.1: Mouse Models of 5-HT System Development 

Reference (s) Knockout Phenotype(s) 

Nkx2.2 

Gata-2 

Gata-3 

Lmxlb 
Lmxlb (conditional 
KO in raphe nuclei) 

Pet-1 

TPH1 

TPH2 

SERT 

MAO-A 

Hes-1 

Hes-5 

Hes-1 and Hes-5 

Hes-1 -3 and -5 

(Briscoe et al., 1999; Cheng et al., 
2003) 

(van Doorninck et al., 1999; Craven 
etal., 2004) 

(van Doorninck et al., 1999) 
Craven etal., 2004 

(Chen et al., 1998; Smidt et al., 
2000; Ding et al., 2003; Zhao et al., 
2006; Zhao, 2007) 

(Hendricks etal., 2003) 

(Cote et al., 2003; Cote et al., 2007) 

(Gutknecht etal., 2008) 

(Bengel et al., 1998; Fabre et al., 
2000; Gobbi etal., 2001) 

(Cases et al., 1995; Shih and Chen, 
1999) 

(Ishibashi et al., 1995; Tomita et al., 
1996; Ohtsuka etal., 2001) 

(Ishibashi etal., 1995) 

(Ohtsuka etal., 1999) 

(Kageyama et al., 2005; 
Hatakeyama etal., 2006) 

Developmental switch from ventral to 
dorsal cell orientation and 
development of motor neurons in 
place of interneurons 

Loss of rostral 5-HT neuronal 
development 

Loss of caudal 5-HT neuronal 
development 

Gross defects in Dopamine, 5-HT, 
kidney and liver development 
Loss of 5-HT neuronal differentiation 

Loss of 20-30% of 5-HT neurons 
Behavioural phenotypes: Increased 
anxiety and aggression 

90% decrease in 5-HT, no gross 
anatomical abnormalities but mice 
develop cardiac insufficiency in 
adulthood 

Lack of 5-HT synthesis with no 
obvious alteration in morphology or 
serotonergic neuron formation 

anxiety and depression, sleep 
disturbances, increase in 5-HT tone, 
decrease in 5-HT1A density 

Increased aggression, increased 5-HT, 
Norepinephrine and dopamine levels, 
decreased 5-HT1A binding and 
density 
severe neural tube defects 

premature neural differentiation 

enhanced severity of premature 
differentiation 
neuroepithelial cells prematurely 
differentiate into neurons at E8.5, all 
glial cells prematurely differentiate at 
E10 
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1.1.5 Characterization of Serotonin Receptors 

Serotonin neurotransmission acts through a wide variety of membrane-bound 

receptors. Initially characterized by its pharmacological properties, today this family 

of receptors is differentiated based on their structural (amino acid sequences] and 

biochemical (post-receptors mechanisms of signal transduction) properties, in 

addition to their agonist/antagonist selectivity. According to these properties, 5-HT 

receptors have been classified into seven families (5HT1-5HT7) and at least 15 

different subtypes (see Table 1.2) (Filip and Bader, 2009). With the exception of 

one, all 5-HT receptor subtypes are made up of seven transmembrane domains, 

belong to the metabotropic receptor family and are referred to as G-protein coupled 

receptors (GPCR). Oppositely, 5-HT3 receptors are members of an ionotropic family 

and are composed of four transmembrane domains. This family of receptors is 

characterized as cation-selective ligand-gated ion channel receptors and are 

assembled as a pentamer of receptor subunits. 5-HT3 receptors consist of multiple 

isoforms with similar physiological and pharmacological profiles and require a 

heterotrimeric combination of 5-HT3A and 5-HT3B subunits in order to be 

functional (Hoyer et al., 1994). 

GPCR receptors mediate a variety of cellular responses through their 

downstream signaling pathways, including regulating intracellular levels of cAMP 

through adenyl cyclase, activation of phospholipase C (PLC), modulation of K+ and 

Ca++ channel activity and stimulating gene expression (Barnes and Sharp, 1999). As 

the name implies, 5-HT receptor subtypes couple to heterotrimeric guanine 
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nucleotide-exchange proteins (G proteins], which are composed of two subunits: Ga 

GTPase and GpY The Ga subunit is further categorized in five subfamilies based on 

their signalling transduction pathways, and includes the Gs, G,/0, Gz, Gq/Gn and 

G12/G13 subfamilies [Dohlman etal., 1991]. 

The 5-HT1 family receptors exhibit between 40-63% amino acid sequence 

identity and couple preferentially to G,/G0 proteins to inhibit adenylyl cyclase [AC] 

activity thus, decreasing the production of cAMP [Table 1.1]. It is the only family of 

receptors that is expressed pre-synaptically and plays an important role in 

autoregulation of serotonergic neurotransmission. The 5-HT2 receptors exhibit a 

46-50% overall sequence identity and belong to Gq/n-coupled receptors. They 

mediate their effects through coupling to phospholipase C-induced phosphoinositol 

hydrolysis to stimulate diacylglycerol and inositol 1,4,5-triphosphate accumulation, 

resulting in protein kinase C activation and intracellular Ca++ release, respectively 

(Filip and Bader, 2009). 5-HT4 receptors couple positively to AC and enhance cAMP 

production via activation of the Gs subunit. 5-HT5 receptor subtypes bear 70-88% 

overall sequence homology and couple negatively to AC, inducing a preferential 

inhibition of forskolin-stimulated cAMP production. 5-HT6 family of receptors is 

composed of two splice variants with no pharmacological differences, which 

positively couple to AC via Gs proteins to induce cAMP formation. 5-HT7 receptors 

are positively coupled to AC via Gs proteins to elevate cAMP levels. Taken together, 

the 5-HT system is a complex network of receptors and signaling pathways, often 

working together to control various physiological events. In addition, animal 

knockout models have been utilized to help understand the physiological roles of 
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Table 1.2: Classification of serotonin receptors 

Receptor Expression Selective Selective Effectorfs) Knockout 
Agonist (s) Antagonist (s) Phenotype 

5-HT1A 

5-HT1B 

5-HT1D 

5-HT1E 

5-HT1F 

5-HT2A 

5-HT2B 

widespread in 
brain, but 
mainly: 
hippocampus, 
cortex and 
raphe nuclei 

widespread in 
brain but mainly 
in basal ganglia, 
cortex and 
terminals of 
neurons in 
raphe nuclei 

basal ganglia, 
hippocampus, 
cortex 
cortex, caudate 
putamen, 
claustrum 
dorsal raphe 
nuclei, 
hippocampus, 
coretex, 
claustrum, 
caudate nucleus, 
brainstem 
cortex, 
claustrum, 
hippocampus, 
hypothalamus, 
basal ganglia 

cerebellum, 
septum, 
hypothalamus, 
amygdala 

8-OH-DPAT 
flesinoxan, LY 
228729, 
osemozotan, 
PRX-00023, U 
92016A 

CGS12066B, 
almotnpan, 
eletnpan, GR 
46611, L 
694247, LY 
310762, PNU 
109291 

sumatriptan 
PNU109291 
GR 46611 
BRL 54443 

LY344864, 
LY344370, 
BRL 54443, 
naratnptan, 
rizatriptan, 
sumatriptan 

MDL100907 
DOI, DOB, DOM, 
PNU 22394, 
TCB-2 

aMe5-HT, BW 
723C86, 5-
methoxy-
tryptamine 

WAY-100635, 
lecozotan, 
p-MPPI, 
robalzotan. 

GR 127935 
cyanopindolol, 
AR-A00002, GR 
55562, NAS-
181, SB 
216641, SB 
224289 

BRL15572 

methiothepin 

methiothepin 

ketansenn, 
4F 4PP, 
cinansenn, 
M11939, PNU 
96415E 

LY53857 
S13200646 
SB204741 

G,/Go 
| AC 

G,/G„ 
I AC 

G,/G„ 
1 AC 

G,/G0 

1 AC 

G,/G0 

1 AC 

Gq/Gn 
tPLC 

Gq/Gll 
|PLC 

Increased 
anxiety, 
decreased 
exploration, 
reduced 
antidepressant-
like phenotype, 
cognitive 
impairment 
Increased 
aggression; 
increased 
exploration, 
decreased 
anxiety, 
increased 
response to 
cocaine 
Unknown 

Not found in 
mice 

Unknown 

Decreased 
anxiety, 
decreased 
response to 
hallucinogens, 
enteric nervous 
system reactivity 
Dilated 
cardiomyopathy, 
lethal phenotype 
due to heart 
defects 
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5-HT2C 

5-HT3 

5-HT4 

5-HT5A 

5-HT5B 

5-HT6 

5-HT7 

choroids plexus, 
cortex, 
hippocampus, 
amygdala, 
striatum, 
substantia nigra 

widespread in 
brain, but 
mainly in 
nucleus tractus 
solitarius, dorsal 
vagal complex, 
limbic 
structures 

basal ganglia, 
cortex, septum, 
hippocampus 

hippocampus, 
hypothalamus, 
olfactory bulb, 
cortex, 
thalamus, 
striatum, pons 
habenula, raphe 
nuclei, 
hippocampus 
(in rodents) 
widespread in 
brain, but 
mainly in 
striatum, 
amygdala, 
hippocampus, 
cortex 
thalamus, 
hippocampus, 
cortex, 
amygdala, 
suprachiasmatic 
nucleus 

Imethylpsilocin, 
ALEPH-2, CP 
809101, 
lorcaserin, 
mCCP, MK212, 
WAY 629 

SR57227 
2Me5-HT 
1-phenyl-
biguanide, m-
chloropheynyl-
biquanide 

Cisapride 
B1MU8 
LS 650155, ML 
10302, 
mosapnde, RS 
67506, TD-5108 
Unknown 

Unknown 

E-6801, EMD 
386088, R-13c, 
WAY 466, 
BCG20-761, 
BVT 74316, LY 
483518, MS-245 

AS 19, LP 12, LP 
44 

RS 102221, SB 
242084, SDZ 
SER-082 

ondansetron, 
bemesetron, 
dolasetron, 
Y 25130, 
zatosetron 

GR113808 
SB204070, 
LY 353433, RS 
23597-109 
RDZ 205557, 
SB 203186 
SB 699551 

SB 699551 

RO630563, 
SAM-531, SB 
258510A, SB 
271046, SB 
742457, SGS-
518, SUVN-502, 
SYN-114 
SB258719, DR 
4004, DR 4365, 
SB258741, SB 
2656104-A 

Gq/Gll 
tPLC 

Ligand-
gated 
cation 
channel 

Gs 
|AC 

G./Go 
1 AC 

Unknown 

Gs 
|AC 

Gs 
fAC 

Altered feeding 
behaviour; 
obesity; 
audiogenic 
seizures; 
enhanced 
cocaine response, 
cognitive 
impairment 
Reduced pain 
perception 

Decreased stress 
response, 
hypersensitivity 
to seizures 

Increased 
exploration, 
altered LSD 
response 

Unknown 

Altered response 
to alcohol 

Antidepressant-
hke phenotype, 
disturbed 
circadian 
rhythms, 
abnormal 
thermoregulation 

Full review of receptor characterization in Filip and Bader, 2009 

21 



Chapter 1 

many of these receptor subtypes, shedding light on their molecular expression 

patterns and behavioural phenotypes (Table 1.1) (Filip and Bader, 2009). To this 

day, deciphering the process of 5-HT mediated neurotransmission and its targeting 

receptors is an ongoing endeavor that is crucial in the development of novel 

receptor-specific drugs with higher efficacy and fewer side effects. 

1.2 The 5-HT1A Recep tor 

1.2.1 The 5-HT1A receptor as a regulator of the serotonin system 

The 5-HT1A receptor is one of the most abundantly expressed 5-HT receptor 

subtypes in the brain (Peroutka, 1993). Over the years, the human 5-HT1A receptor 

has become very well characterized, as it was the first 5-HT receptor to be cloned 

and fully sequenced (Kobilka et al., 1987b; Kobilka et al., 1987a, Fargin et al., 1988). 

Concurrently, the rat 5-HT1A was cloned using a probe to the coding region of the 

hamster ^adrenergic receptor (Albert et al, 1990) followed by the identification of 

the murine 5-HT1A receptor, which was isolated from a mouse brain cDNA library 

(Charest et al., 1993). The 5-HT1A receptor has a widespread pattern of expression 

in the brain. Presynaptically, it is localized on the cell bodies of serotonergic cells of 

the raphe nuclei where it acts as an autoreceptor, while post-synaptically it can be 

found on a large number of pyramidal cells and interneurons of the cortex, the 

hippocampus as well as the amygdala, the hypothalamus and the septum (Sotelo et 

al., 1990; Burnet et al., 1995). 

The human 5-HT1A gene is an intronless gene, found on chromosome 5, 

locus 5qll.2-ql3 (Kobilka et al., 1987). The 5-HT1A receptor consists of a single 
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421 amino acids polypeptide chain containing an extracellular amino terminus, a 

cytoplasmic C-terminal domain and seven stretches of 20-24 hydrophobic amino 

acids predicted to form transmembrane a-helices (TM1-TM7) linked by three 

intracellular (ii, h, h) and three extracellular loops(Chanda et al., 1993; Martin et al., 

1998). In addition, four consensus sites for phosphorylation by protein kinase C 

(PKC) (Thr229, Ser253, Thr343 in the i3 loop and Thr149 in the i2 loop) have been 

implicated in receptor desensitization. Interaction of the receptor with a G protein 

occurs at the level of the intracellular loops and the internal C-terminal tail. On the 

other hand, sites for ligand binding appear to vary depending on the receptor and 

the ligand. It is believed that binding of ligands [such as 5-HT) occurs via the 

negatively charged Aspartic acid [Asp) residue in the TM3, which forms a salt bridge 

with the protonated NH2 group of monoamines. In addition, the hydrophobic and 

hydrogen bonding interactions between a ligand and the residues in TM6/7 are also 

believed to play a role in binding affinity [Ostrowski et al., 1992; Albert et al., 1998). 

The 5-HT1A receptor is an inhibitory receptor that couples mainly via the 

pertussis toxin (PTX)-sensitive G,/G0. Upon agonist binding, the 5-HT1A receptor 

undergoes a conformational change and activates the G protein complex. When the 

G protein is in its inactive state, it consists of a Get [GDP-bound), G(3 and Gy subunit. 

Once activated, GDP is exchanged for GTP, which results in dissociation of the GTP-

bound a subunit from the (3y dimmer [Gilman, 1987; Bourne et al., 1991), followed 

by subsequent activation of various effector molecules. More specifically, the God 

subunit inactivates adenylyl cyclase activity, thus reducing cAMP accumulation 

[Figure 1.5). On the other hand, the G(3y subunit activates its own signaling 
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Extracellular 

Plasma Membrane 

Intracellular 

Figure 1.5: 5-HT1A receptor Activation and Signaling 

The 5-HT1A receptor signals via Gi/Go proteins to mediate inhibitory actions in neurons. These 

include 1) inhibition of adenylyl cyclase (AC) which decreases cyclic AMP (cAMP) levels; 2) opening 

of potassium (K+) channels to hyperpolarize the membrane potential and reduce the firing rate, and 

3) inhibition of N-type or L-type calcium channels to decrease intracellular calcium concentration 

(Ca++). Adapted and modified from Albert and Lemonde, 2004. 
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pathways to mediate effects such as activation of GIRK family of potassium channels 

(Luscher et al., 1997), inactivation of N-type calcium channels (Chen and Penington, 

1997), activation of phospholipase C (PLC) [32 and (33 isoforms (Exton, 1996), 

adenylyl cyclase type II and IV (Sunahara et al., 1996) and phosphatidyl-inositol-3-

kinase-dependent and tyrosine kinase-dependent activation of the MAPK cascade 

(van Biesen et al., 1996). The hydrolysis of GTP to GDP by the Get subunit allows for 

all of the G protein subunits to re-associate themselves back to an inactive 

heterotrimeric complex. 

In addition to its complex signaling pathways, the 5-HT1A receptor plays a 

crucial role in the control of serotonergic activity and neurotransmission. The 

presynaptic 5-HT1A receptors located on the soma and dendrites of serotonergic 

raphe neurons act as autoreceptors to inhibit neuronal cell firing and 5-HT release 

onto post-synaptic sites (Verge et al., 1985; Albert et al., 1996). This is accomplished 

through the coupling of 5-HT1A autoreceptors to two different ion channels: the 

potassium channel and the calcium channel (Figure 1.5). When the 5-HT1A receptor 

becomes activated, it decreases the opening of voltage-dependent calcium channels 

to reduce 5-HT release and promotes potassium influx causing hyperpolarization at 

the cell membrane and reduction in action potential frequency (Penington and 

Kelly, 1990; Penington et al., 1991; Newberry, 1992). As a result, an increase in 

neuronal cell firing leads to the release of serotonin at the synapse, but also at the 

cell body, via recurrent collateral terminals (varicosities of axonal 5-HT fibers). As 

part of a negative feedback mechanism, serotonin in turn activates 5-HT1A 

autoreceptors to suppress the discharge of serotonergic neurons and reduce the 
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release of serotonin. Apart from its active role in regulation of 5-HT 

neurotransmission, the 5-HT1A receptor also influences regulation of other 

neurotransmitters. Stimulation of 5-HT1A receptors facilitates acetylcholine (ACh) 

and noradrenaline (NA) release in the brain, as well as increase in blood levels of 

corticotrophin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) 

(Fink and Gothert, 2007; Jorgensen, 2007; Filip and Bader, 2009). 

In addition to 5-HT1A autoreceptors, both 5-HT1B and 5-HT1D (and to lesser 

extend IE and IF) receptor subtypes are also present presynaptically in the DRN, 

and help in regulating negative feedback inhibition of the firing rate of serotonin out 

of the raphe. More specifically, the 5-HT1B/1D receptors are found primarily at sites 

of serotonin release (i.e., synaptic terminals or axonal varicosities) and activation of 

these receptors inhibits serotonin release in response to depolarization and reduces 

5-HT synthesis independently of the degree of neuronal firing (Gothert, 1990; 

Hjorth et al., 1995). These autoreceptors are only activated when an excess of 

serotonin is present in the extracellular space, and therefore "fine tune" the release 

of 5-HT (Adell et al., 2002). It is important to note that both IB and ID also function 

as heteroreceptors on gamma-aminobutyric acid (GABA), ACh and glutamate 

neurons to control the release of their corresponding neurotransmitters (Lanfumey 

and Hamon, 2004). 

Besides the direct pathway of negative feedback inhibition by pre-synaptic 

5-HT1A autoreceptors, an indirect feedback mechanism also exists. This negative 

feedback pathway regulates serotonergic activity through the involvement of 

postsynaptic 5-HT1A receptors located in the median prefrontal cortex (mPFC). 
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Disruption of mPFC projections to the raphe prevents the inhibitory actions of 5-

HT1A agonist on raphe firing (Ceci et al., 1994; Hajos et al., 1999) and inhibition of 

mPFC 5-HT1A receptors augments glutamatergic stimulation of raphe neurons 

(Celada et al., 2001). Thus, both pre- and postsynaptic 5-HT1A receptors constitute 

pivotal players in the regulation of the serotonergic neurotransmission and thus 

represent attractive targets for the treatment of mood disorders. 

1.2.2 Acute Desensitization of the 5-HT1A Receptor 

The initial step in the process of acute receptor desensitization involves agonist-

induced activation of the 5-HT1A receptor, and results in the uncoupling of G-

proteins from the receptor. This process is very rapid (seconds to minutes) and 

occurs as a result of receptor phosphorylation by second-messenger regulated 

kinases (PKA and PKC) and by G protein-coupled receptor kinases (GRKs) 

(Ferguson, 2001). In general, both PKA and PKC, which are activated by cAMP 

stimulation of Gs- and Gq-coupled receptors respectively, can phosphorylate and 

desensitize any given receptor containing appropriate PKA and/or PKC 

phosphorylation sites (including the 5-HT1A receptor) in a "heterologous", or "non-

agonist-specific" manner (not dependent on ligand activation) (Lembo and Albert, 

1995; Wu et al., 2002). On the other hand, "agonist specific" desensitization of the 5-

HT1A receptor is dependent on GRK-induced phosphorylation of activated (agonist-

occupied) receptors (Benovic et al., 1986; Hausdorff et al., 1990). GRKs belong to a 

family of serine/threonine kinases comprising seven members (GRK1-GRK-7). In 

order to phosphorylate the 5-HT1A receptor, GRKs must first be recruited to the 

27 



Chapter 1 

plasma membrane where they can form a complex with the receptor. Of all GRKs, 

three are known to be constitutively associated with the plasma membrane (GRK1, 

GRK4 and GRK6) while the others are not (although GRK2 and GRK3 contain Gbeta-

gamma-interacting domains). Ultimately, GRKs phosphorylate the 5-HT1A receptor, 

which results in receptor uncoupling, similar to that induced by PKC/PKA activity. 

The uncoupling process generates high affinity sites for the binding of |3-arrestin 

proteins and ensures that 5-HT1A desensitization occurs by preventing further 

coupling to G proteins. 

The next step in acute receptor desensitization involves agonist-promoted 

endocytosis, or internalization. This mechanism is also quite rapid and occurs 

within minutes leading to the removal of receptor from the plasma membrane into 

clathrin coated vesicles via the recruitment of (5-arrestins and the assembly of 

clathrin-coated pits (Ferguson et al., 1996). This step can be rapidly reversible 

depending of the affinity of the phosphorylated receptor for (3-actin (Ferguson, 

2001). Interestingly, the internalized receptor can still initiate new signaling 

pathways such as coupling to mitogen-activated protein kinase (MAPK) rendering it 

an acute initiator of various adaptive changes, hence, not completely inactive. 

The final step in acute receptor desensitization involves targeting the 

receptor for degradation or recycling. This process involves prolonged agonist-

stimulation, which takes hours or several days to complete and may involve 

monoubiquitinylation of the receptor (or its associated proteins) to target vesicles 

for fusion with lysosomes resulting in receptor degradation (Shenoy and Lefkowitz, 

2003). Unfortunately, the processes involved in acute receptor degradation are still 
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nmmmnuiiim 
I phosphorylation! 

1 -Phosphorylation/uncoupling 
(seconds-minutes) 

2-lnternalization 
(minutes) 

3-Down-regulation/degradation 
(hours-days) 

FIGURE 1.6: Acute Desensitization of the 5-HT1A Receptor 

Mechanisms of receptor desensitization include: 1) receptor activation which leads to uncoupling, 2) 

receptor internalization mediated via clathrin-coated vesicles and 3] receptor down-regulation 

and/or degradation by fusing with lysozomes. Copyright © Albert and Lemonde, 2004, Sage 

Publications. 
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incompletely understood. Moreover, long-term (chronic) desensitization of the 5-

HT1A receptor, rather than its acute internalization, is believed to be involved in 

regulating depression. 

1.3 Major Depressive Disorder 

1.3.1 Overview of Major Depression 

According to the World Health Organization (WHO), major depressive disorder 

(MDD, also known as unipolar depression) effects at least 16% of the population, 

and is predicted to rise from fourth to second leading cause of disability by the year 

2020 (Doris et al., 1999). Depression remains one of the most under-recognized and 

under-treated disorders, with less than 10% of patients receiving adequate 

treatment, and is still considered a "privileged disorder" (Keller and Boland, 1998). 

It is characterized by a wide variety of symptoms that can include: prolonged 

depressed mood, diminished interest or pleasure (anhedonia), sleep disturbances, 

changes in appetite and weight, decreased sex drive, fatigue or loss of energy, 

general avoidance, psychomotor agitation, feelings of worthlessness, difficulty in 

concentrating and recurrent thoughts of death or suicide (Williams, 2001); 

American Psychiatric Association, 1994). In addition, MDD is a major predisposing 

factor for suicide, which accounts for 24% of the deaths among depressed aged 15-

24 years old, and 16% among those aged 25-44 (Doris et al., 1999; Fava and 

Kendler, 2000). Chronic MDD (which effects at least one third of all patients) is 

diagnosed by a prolonged episode of one of more symptoms that last longer than 

two years. In addition, a patient who has two or more episodes of MDD symptoms 
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has a 60-90% recurrence rate of this disorder (Keller, 2002). Women are about 

twice as likely as men to develop the disease, which may be attributed in part, to 

hormonal variations (Weissman et al., 1993; Lehtinen and Joukamaa, 1994; Fava 

and Kendler, 2000). The onset of MDD symptoms in women is often more prevalent 

after puberty, which corresponds to the time of major change in the neuroendocrine 

reproductive axis, and may be influenced by factors such as: menstrual cycle, 

pregnancy, miscarriage, postpartum time-period and menopause. 

Major depression is a heterogeneous disorder, bearing both genetic and 

environmental components, where approximately 40%-50% of the risk for 

depression is of genetic origin (Fava and Kendler, 2000). Although MDD is a highly 

heritable disorder, correlating genes with this illness has thus far been challenging. 

This is most likely due to its multigenetic factors that combine various gene 

mutations to create a synergistic effect, which manifests itself as predisposition to 

the illness. Thus, no single genetic variation has a major risk factor associated with 

MDD directly, which makes the genetics of this disorder very difficult to 

characterize. In addition, monozygotic twin studies reveal that vulnerability to 

depression is only partially genetic, and in fact, multiple risk genes must interact in 

conjunction with non-genetic/environmental factors to elicit the disease (Hyman, 

2000). Most common environmental stressors that contribute to the development of 

this illness include psychological stressors related to the loss of a job, income or 

loved one as well as humiliation and abuse (both sexual or physical) (Kessler, 1997; 

Fava and Kendler, 2000). Certain personality traits such as neuroticism, which 

reflect the predisposition to develop emotional upset under stress, can increase the 
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risk of developing MDD [Fava and Kendler, 2000). However, it is important to note, 

that not all stressful life experiences result in, or contribute to depression. 

Oppositely, genetic predisposition can also influence ones ability to respond 

to stress, which in turn can trigger the onset of the disorder. Pharmacological 

evidence suggests that impaired serotonin neurotransmission contributes to the 

underlying cause of depression. As such, an important study has shown that a 

functional polymorphism in the promoter region of the 5-HT transporter gene 

(responsible for 5-HT reuptake into neurons) can effect how stressful life events 

influence the onset of depression (Caspi et al., 2003). Individuals with at least one 

copy of the short allele exhibit more severe symptoms of depression and 

suicidability in relation to stressful life events than those homozygous for the long 

allele, emphasizing the importance of genes in response to environmental stimuli 

and behavioural phenotype. 

1.3.2 Treatment of Major Depressive Disorder 

Over the years, various approaches to successful treatment of depression have been 

administered including psychotherapy, electroconvulsive therapy [ECT), as well as 

treatment with oral antidepressant medications, some proving more effective than 

others. The first generation of oral antidepressants was composed of Tricyclic 

antidepressants (TCAs) and Monoamine Oxidase Inhibitors (MAOIs) but their 

clinical use over the years has become limited due to their wide range of side effects, 

including serious cardiovascular complications, sedation, weight gain, hypotension 

and lethality when overdosed (Fava and Kendler, 2000). TCAs (e.g., imipramine and 
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clomipramine, desipramine) at therapeutic doses are likely to inhibit noradrenergic 

and, to a lesser extent, serotonergic reuptake and to antagonize several 

neurotransmitter receptors (Richelson, 1991]. TCAs can mediate at least five 

different activities, functioning as: [1] a serotonin reuptake inhibitor (increase post­

synaptic 5-HT1A receptor sensitivity, without altering autoreceptor sensitivity (de 

Montigny and Aghajanian, 1978; Chaput et al., 1991], (2] a noradrenaline reuptake 

blocker; (3] an anticholinergic-antimuscarinic drug; (4] an ai-adrenergic agonist; 

and (5] an antihistamine (Stahl, 1998]. As an alternative to TCA treatments, patients 

resistant to treatment are sometimes prescribed MAOI therapy instead. MAO 

inhibitors function by inhibiting the activity of monoamine oxidase, an enzyme 

responsible for deaminating various neurotransmitters (Krishnan, 2007]. Since 

MAOIs are very powerful, they display potential lethal drug interactions, and are 

thus reserved as a last line of defense (Lopez-Munoz and Alamo, 2009]. MAOIs are 

comprised of both the classical, irreversible as well as non-selective inhibitors of 

monoamine oxidase (e.g., tranylcypromine and phenelzine]. Recently, more 

selective MAOIs, specific for MAO-A (deaminates 5-HT, melatonin, epinephrine and 

norepinephrine] or MAO-B (deaminates phenylethylamine and dopamine] subtypes 

of the enzyme have been designed with reversible properties (e.g., moclobemide]. In 

addition, a patch form of this inhibitor (selegiline] has recently been developed with 

timed-release technology (Culpepper and Kovalick, 2008]. 

Instead, a new generation of antidepressants has been discovered with fewer 

side effects and higher efficiency, which includes selective serotonin reuptake 

inhibitors (SSRI]. Due to their structural similarity to monoamines and 5-HT in 
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particular, SSRIs block the pre-synaptic reuptake sites for serotonin, thus increasing 

5-HT levels in the synaptic cleft while prolonging activation of post-synaptic 

receptors (Sharp et al., 1997). Few examples of well-known SSRIs include: 

fluvoxamine-Luvox®, paroxetine-Paxil®, citalopram-Celexa®, sertaline-Zoloft® 

and fluoxetine-Prozac®. In addition, SSRI help alleviate other disorders associated 

with serotonergic dysfunction such as anxiety, panic disorder, obsessive-compulsive 

disorder (OCD] eating disorder and posttraumatic stress disorder (PTSD), making 

them that much more attractive in treatment (Raap and Van de Kar, 1999). More 

recently, a new line of antidepressant treatments has been developed that target 

both, the serotonin and norepinephrine reuptake inhibitors (SNRIs) (Deecher et al., 

2006). Some more popular SNRIs include: venlafaxine-Effector®, milnacipran-

Ixel®, desvanlafaxine-Pristiq® and Duloxetine-Cymbalta®. A class of 

antidepressants with triple reuptake inhibitor properties has also been invented, 

targeting the serotonin-norepinephrine-dopamine reuptake systems (SNDRI) by 

blocking the serotonin transporter (SERT), the norepinephrine transporter (NET) 

and dopamine transporter (DAT), respectively. Fairly new and still in clinical trials, 

this group of compounds has one available NDRI called bupropion-Zyban® (Zisook 

et al., 2006). Finally, partial agonists such buspirone, ipsapirone and gepirone are 

also sometimes used in treatment, with binding efficacy for the 5-HT1A receptor, 

and function to compete with 5-HT for receptor occupancy (Fanelli et al., 1990). In 

each case, the ultimate goals are greater efficacy, fewer side-effects and quicker 

onset of action. 
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1.3.3 The Role of 5-HT1A Receptors in Anxiety and Depression 

Given the central role of the 5-HT1A receptor in regulation of the serotonin system 

and its post-synaptic targets, many studies have examined the involvement of 5-

HT1A receptors in the etiology of depression and anxiety-like behaviours. There is 

now accumulating evidence that dysregulation of 5-HT1A receptor levels occurs in 

patients suffering from depression and related mood disorders. Analysis of 

postmortem brainstem samples from depressed suicides highlights a significant 

increase in presynaptic levels of the 5-HT1A autoreceptor compared to normal 

individuals, particularly in rostral divisions of the dorsal raphe nuclei which project 

to the prefrontal cortex (Stockmeier et al., 1998; Boldrini et al., 2008]. In contrast, 

positron emission tomography [PET] analyses have found that 5-HT1A binding 

potential is decreased in cortical and raphe regions of patients suffering from 

depression compared to control individuals (Meltzer et al., 2004; Drevets et al., 

2007). However, a number of variables in depressed subjects, including 

antidepressant treatment, chronic Cortisol elevation, or decreased numbers of 5-HT 

neurons could decrease 5-HT1A receptor expression compared to controls, 

contributing to decreased 5-HT1A binding potential. In post-mortem tissue from 

depressed suicide victims, the number of serotonergic neurons appears to be 

reduced in the dorsal raphe [Arango et al., 2001). The reduction of 5-HT neurons is 

accompanied by a decrease in the number of serotonergic projections to the cortex 

of depressed suicide victims (Austin et al., 2002). Therefore, it remains unclear 

whether 5-HT1A autoreceptor levels are increased in the raphe of depressed 

individuals, since such changes may be hidden by compensatory, developmental or 
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hormonal changes. Postsynaptically, 5-HT1A receptor mRNA levels are decreased in 

the hippocampus of patients suffering from major depression (Lopez-Figueroa et al., 

2004). Similarly, a decrease in 5-HT1A signaling is also observed in post-mortem 

cortical tissue from suicide victimsfHsiung et al., 2003], implying impaired coupling 

of the receptor to downstream effectors. PET imaging studies have confirmed lower 

levels of 5-HT1A receptors in the dorsolateral prefrontal cortex of human subjects 

with major, bipolar or post-partum depression (Drevets et al., 2000; Sargent et al., 

2000; Drevets et al., 2007; Hasler et al., 2007; Moses-Kolko et al., 2008], as well as in 

patients suffering from panic disorder (Neumeister et al., 2004). Altogether, these 

studies demonstrate that alterations in the 5-HT1A are observed in patients 

suffering from major depression, bipolar depression and anxiety disorders. Overall, 

increased presynaptic 5-HT1A autoreceptors, decreased postsynaptic 5-HT1A 

levels, or decreased 5-HT-positive neurons are all expected to cause a decrease in 

serotonergic neurotransmission, which is a hallmark of depression. 

Despite limitations in their ability to model human mental illness, animal 

models further support a role for the 5-HT1A receptor in anxiety/depression-like 

phenotypes (Gordon and Hen, 2004). Knockout mice lacking the 5-HT1A receptor 

(everywhere, throughout life) show increased anxiety-like behaviour in a variety of 

tests, however, they exhibit decreased behavioural despair in response to stress 

(Heisler et al., 1998; Parks et al., 1998; Ramboz et al., 1998). Until recently, these 

mixed phenotypes of anxiety and lack of stress-induced despair associated with 

depression have yielded confusing interpretations, mainly since these studies did 

not distinguish between the role of 5-HT1A auto and hetero-receptors in regulating 
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behaviour. Interestingly enough, two new mouse models have recently been 

developed that specifically target either the pre- or the post-synaptic 5-HTlA 

receptor expression. In the pre-synaptic model, increasing levels of 5-HTlA 

autoreceptors in adulthood is sufficient to impact reactivity to stress and 

depression-related behaviour without affecting anxiety measures observed in 

previous knockout studies (Richardson-Jones et al.). Oppositely, the post-synaptic 

mouse model demonstrates that mice overexpressing 5-HTlA heteroreceptors in 

the early postnatal period show reduced anxiety behaviours (Kusserow et al., 2004). 

In addition, early postnatal restoration of 5-HTlA receptor expression in the 

forebrain structures is sufficient to completely rescue the anxiety phenotype of the 

5-HTlA adult knock-out mice (Gross et al., 2002). Therefore, pre-synaptic 5-HTlA 

expression is crucial in modulating normal serotonergic tone and anti-depressive 

behaviour while 5-HTlA receptor expression in postsynaptic regions plays a key 

role in ensuring proper serotonergic development and establishing a normal anxiety 

phenotype (Alexandre et al., 2006; Mehta et al., 2007a). 

1.3.4 The Role of 5-HTlA receptors in Antidepressant Treatment 

Strong evidence suggests that the reduction in serotonergic activity observed in 

depressed patients is due to increased levels of 5-HTlA autoreceptors. 

Unfortunately, pharmacological agents used to treat major depression such as 

MAOIs, TCAs and particularly SSRIs are only effective after chronic drug 

administration ranging between 2 to 6 weeks, which correlates to the time course of 

clinical improvement (Montgomery, 1997, Blier and de Montigny, 1994). This 
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implies that long-term adaptive changes with respect to serotonergic regulation 

must be taking place. 

Previous studies have shown that the presence of somatodendritic 

autoreceptors on 5-HT neurons provides a sensitive mechanism of self-regulation, 

whereby 5-HT released from axon collaterals reaches 5-HT1A autoreceptors and 

decreases neuronal firing rates (Blier and de Montigny, 1985). It is this negative 

feedback autoregulatory mechanism that is believed to account for the delay in 

efficacy of SSRIs and explains the failure of acute antidepressant therapy which 

resides in the fact that the rapid increase in synaptic 5-HT levels seen following SSRI 

blockade of the SERT, is compensated by the reduction in firing frequency due to 

recurrent activation of 5-HT1A autoreceptors (Pineyro and Blier, 1999). However, 

the sustained upregulation of 5-HT leads to a selective and progressive 

desensitization of the 5-HT1A autoreceptors, thereby disinhibiting serotonergic 

neurotransmission and restoring firing frequency to normal (Figure 1.7). It is the 

homologous down-regulation of 5-HT1A autoreceptors, which accounts for the late 

therapeutic effects of antidepressant treatments (Albert and Lemonde, 2004; Blier 

and de Montigny, 1994). Understanding mechanisms involved in long-term 

transcriptional regulation of the 5-HT1A receptor are thus crucial in improving drug 

efficacy for quicker alleviation of depressive symptoms. 

Naturally, improving the onset of SSRI treatments and thus bypassing the 

period of time required to downregulate 5-HT1A autoreceptors, has been 

investigated (Artigas et al., 1996; Trillat et al., 1998; Kinney et al., 2000). Co­

administration of SSRIs with the mixed |3-adrenoreceptor/5-HTlA receptor 
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Acute Antidepressant Treatment 
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Figure 1.7: SSRI-Mediated Desensitization of the 5-HT1A Receptor 

Prior to SSRI treatment, activation of 5-HT1A autoreceptors is mediated by the continuous 5-HT 

release from axon collaterals or through diffusion from the synaptic cleft. Upon acute SSRI treatment, 

the blockage of 5-HT transporter increases free 5-HT, as well as 5-HT1A autoreceptor inhibition, 

resulting in an overall decreased firing rate. Upon chronic SSRI treatment, homologous 

desensitization of 5-HT1A receptors disinhibits serotonergic firing, thus increasing 5-HT release. 

Adapted and modified from Albert and Lemonde, 2004. 
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antagonist pindolol or the selective 5-HT1A antagonist WAY 100635 produces a 

greater elevation of extracellular brain 5-HT levels compared with SSRI treatment 

alone (Hjorth et al., 1996) and accelerates the onset of antidepressant action in 

humans from three weeks to one (Artigas et al., 1994; Blier and Bergeron, 1995). In 

addition to 5-HT1A agonists, recent findings have discovered a putative new class of 

antidepressants with a rapid onset of action that specifically target 5-HT4 receptors. 

Animal studies using 5-HT4 agonists such as RS673333 show that acute treatment 

of only 3 days results in 5-HT1A receptor desensitization, similar to that observed 

with classical antidepressant responses seen only after 2-3 weeks [Lucas et al., 

2007). Moreover, 5-HT4 agonists reduce behavioural patterns characteristic of a 

depressive phenotype, thus furthering their antidepressant potential. 

Oppositely, post-synaptic 5-HT1A receptors localized to target regions 

appear to be resistant to the desensitization process and in addition, appear slightly 

upregulated following antidepressant treatment (Blier and de Montigny, 1990; 

Hensler, 2003). Thus, forebrain areas highly innervated by the raphe nuclei 

projections (such as the hippocampus) result in elevated 5-HT levels. To further 

verify this mechanism, studies using SERT knockout mice lacking the functional 5-

HT transporter, show significantly reduced levels of 5-HT1A receptor mRNA and 

protein in the raphe nuclei. Oppositely, levels of 5-HT1A expression are increased in 

the hippocampus region of these mice, thus mimicking chronic SSRI treatment 

outcome and further implicating 5-HT1A desensitization as a result of abnormal 

serotonin regulation (Fabre et al., 2000). In addition to behavioural improvement, 

SSRI treatment can also result in improved neurogenesis (generation of new 
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neurons) in the adult hippocampus (Malberg et al., 2000). Chronic fluoxetine 

treatment promotes not only the proliferation of progenitors cells in the dentate 

gyrus, but also the maturation of newborn granule cells which then integrate into 

local circuitry (Encinas et al., 2006). As such, ablation of hippocampal neurogenesis 

by X-irradiation has been shown to completely prevent the behavioural 

improvement following chronic antidepressant treatment (Santarelli et al., 2003). In 

addition, enhancement of neurogenesis by chronic SSRI treatment is completely 

blocked in the 5-HT1A knockout mice, thus implicating 5-HT1A receptors in SSR1-

mediated neuro-regeneration [Santarelli et al., 2003). It is likely that increasing 5-

HT levels in the hippocampus, activates hippocampal 5-HT1A receptors which 

triggers a signaling cascade that facilitates proliferation and maturation of granule 

cells (Patel and Zhou, 2005; Mehta et al., 2007b). In fact, a recent study suggests that 

5-HT1A receptors may directly mediate proliferation of neurospheres derived from 

adult hippocampal neural stem cells (Benninghoff et al.). However, the exact 

mechanism of 5-HT1A receptor action in SSRI-induced neurogenesis remains 

largely unknown. 

1.4 Regulation of 5-HT1A Gene Expression 

Regulation of gene expression utilizes complex transcriptional machinery, which 

controls level of DNA transcription and its subsequent translation intro protein. It is 

important to note that the process of transcriptional downregulation leads to 

reduction in the total number of receptors present in a cell or tissue and therefore 

41 



Chapter 1 

differs from acute receptor internalization, which can be viewed as a rapid physical 

redistribution of the receptor without any detectable change in receptor number. 

1.4.1 Overview of Transcriptional Regulation 

In eukaryotes, DNA is wound around a complex of histones (H2A, H2B, H3 and H4) 

forming an octameric structure called the nucleosome (Lewin, 1997]. An additional 

linker histone (HI) locks the DNA in place around the nucleosome and allows for 

higher order structures to form. The interaction between nucleosomes enables the 

formation of the secondary chromatin structure, which can be highly condensed into 

transcriptionally inactive (or silenced) heterochromatin or decondensed, forming 

transcriptionally active euchromatin (Elgin and Grewal, 2003). Various types of 

post-translational modifications help regulate the secondary chromatin structure by 

modifying both the core and linker histone tails, which protrude from the 

nucleosome (Latham and Dent, 2007). The main epigenetic processes, which 

contribute to the regulation of gene expression without sequence modification 

include: methylation, acetylation, phosphorylation, ubiquitination, SUMOylation and 

ADP-ribosylation (Kuo and Allis, 1998; Ito, 2007; Oki et al., 2007; Swaminathan et 

al., 2007; Zhao, 2007). For instance, chromatin remodeling can be accomplished by 

histone acetylation of lysine residues via histone acetyltransferanses (HATs). HAT 

transfers the acetyl moiety from acetyl coenzyme A to the amino group of lysine 

residues, which neutralizes the positive charges and reduces the affinity of histones 

for the negatively charged DNA (Ito, 2007; Yang and Seto, 2007). This induces a 

more open DNA structure, providing transcription factors with DNA access to 
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enhance gene expression (Utley et al., 1998, Latchman, 2005). Oppositely, histones 

are deacetylated by histone deacetylases (HDACs), which catalyzes the removal of 

an acetyl group and tightens (or supercoils) the chromatin structure to repress gene 

transcription by preventing the accessibility of other transcription factors to DNA 

(Kuo and Allis, 1998). DNA methylation of cytosine residues within CpG sites 

(cytosine-phosphate-guanosine) is catalyzed by DNA methyltransferases (DNMTs) 

and also results in transcriptional repression of genes. 

The transcription of one DNA strand into its complementary RNA strand is 

mediated by three types of RNA polymerases: RNA polymerase I (large rRNA), RNA 

polymerase II (mRNA) and RNA polymerase III (tRNA and other small RNAs). 

Transcription occurs in three phases (initiation, elongation and termination), during 

which the RNA transcript is first modified at its 5' and 3' ends with a 5' cap and poly 

A tail respectively and subsequently spliced to remove introns, producing an mRNA 

molecule which is then translated into a protein in a set of complex reactions that 

occur on the ribosome (Letchman, 2005). An important region involved in the 

initiation process of DNA transcription is the proximal promoter region, located 

within the first 100-200 bp immediately upstream of the initiation start site, and is 

defined as the minimal DNA sequence capable of promoting and initiating 

transcription. Within this region are various initiation sequences, which function to 

recruit regulatory proteins involved in constitutive expression of the gene. 

Located approximately 30 nucleotides upstream of the transcription 

initiation site, the TATA box consists of an AT-rich sequence (consensus 

TATA(A/T)A(A/T)) which recruits the TATA-binding protein (TBP). Once bound to 
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the promoter sequence, the TPB recruits TBP-associated factors (TAFs), collectively 

referred to as the transcription factor IID [TFIID) (Latchman, 2005). Binding of 

TFIID is stabilized by TFIIA and TFIIB thus forming a large molecular complex. TFIIB 

then recruits RNA polymerase II, which enters the initiation complex with TFIIF, 

followed byTFIIE (Zawel etal., 1993). TFIIH is a large complex of proteins and is the 

last factor to adhere to the complex. Its helicase activity unwinds the DNA and 

ensures that the appropriate strand is transcribed to initiate transcription, while its 

kinase properties mediate phosphorylation of RNA polymerase II in its C-terminal 

domain to relax the preinitiation complex and commence elongation (Ogbourne and 

Antalis, 1998). 

A recent study of over 1000 gene promoter sequences found that only 34% 

contain a consensus TATA box sequence while the remaining genes have other 

initiation motifs (Suzuki et al., 2001). Amongst them is the Initiator (Inr) motif, 

located within a few bases from the initiation start site (Smale, 1997). In the absence 

of the TATA box, Inr facilitates the binding of TFIID and determines the precise 

location of the initiation start-point. In the case of a promoter that is both TATA-less 

and initiator-less, initiation can occur in the presence of GC rich regions (GC boxes) 

(Pedersen et al., 1999), which are recognized by transcription factors such as Spl 

and Myc-associated zinc finger protein (MAZ). The CCAAT box is another motif 

found in a wide variety of promoters (Latchman, 2005). Its sequence binds a family 

of C/EBP (CCAAT/enhancer binding protein) proteins as well as the CTF/NF1 

(CCAAT transcription factor/ nuclear factor 1) transcriptional complex, stimulating 

transcription and DNA replication respectively. Finally, some TATA-less promoters 
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contain ETS motifs and the pyrimidine-rich initiator motifs that also have the ability 

to recruit transcriptional initiators (Parks and Shenk, 1996; Smale, 1997), which in 

turn recruit specific cofactors such as TAFs and TFIID, ultimately leading to the 

recruitment of RNA polymerase II (Azizkhan et al., 1993; Bouwman and Philipsen, 

2002). 

Although the core proximal promoter, located within the first 200 

nucleotides upstream of the start codon is crucial for the initiation of transcription, 

sequences located more distal also play an important role in gene regulation. 

Enhancer elements which bind gene activators and repressor elements which bind 

gene repressors, can often be located several Kb upstream of the initiation start site 

(Goodbourn, 1990). These regulators are tissue specific and often form complexes 

through their protein-protein interactions, thus enabling recruitment of the 

transcriptional machinery to the promoter. They can function in an orientation-

independent manner, which in some cases allows for potential looping of these 

elements onto the promoter to interact with components of the transcription 

initiation complex. The activity of enhancer or repressor elements can vary between 

promoters and may depend on the proximity and overall spatial arrangement of 

other elements within a particular gene. Gene expression can be effected by the 

activity of an inducible system, in which various response elements respond to 

external signals and "induce" the rate of gene expression. Some of the more common 

inducible elements include the heat-shock element (HSE), cAMP-responsive element 

(CRE) and steroid-thyroid hormone responsive elements (HRE), which bind HSF, 

CREB and nuclear receptors, respectively (Tanguay, 1988; Montminy et al., 1990). 
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These transcription factors often recognize palindrome sequences and bind as 

homodimers or heterodimers. 

Although regulatory mechanisms controlling the initiation of transcription 

are crucial in regulating gene expression, virtually every step between regulation of 

genomic DNA structure to generation and metabolism of protein is closely 

regulated. Following transcriptional initiation, the RNA undergoes a process of 

elongation followed by RNA maturation, which includes addition of the 5'cap, 

splicing out introns, and polyadenylation (Latchman, 2005). Finally the mature RNA 

is transported to the cytoplasm where it undergoes stages of translation, which 

includes initiation, elongation and termination. The synthesized protein can 

undergo a wide variety of post-translational modifications as mentioned earlier. Due 

to the number of steps involved in proper gene expression, it becomes extremely 

difficult to study and predict the outcome of every regulatory cascade involved or 

altered. Thus, an important step in understanding tissue- and disease-specific 

transcriptional regulation of a target gene is the identification of gene-specific 

transcriptional regulators that play a role in regulating its transcription. 

1.4.2 5-HT1A transcriptional regulation 

The 5-HT1A gene is composed of a proximal promoter containing highly conserved 

DNA elements for the binding of zinc-finger binding proteins Spl/MAZl and NFKB 

within the initial 1-kb of the 5'-sequence (Parks and Shenk, 1996). These elements 

drive transcriptional initiation via multiple TATA-less sites (for human and mouse 

5-HT1A genes) or a TATA-containing site (in the rat 5-HT1A gene) (Storring et al., 
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1999]. In addition, a few consensus NFKB sites are present in the rat and human 

promoters, but the contribution of each to 5-HTlA gene regulation still needs to be 

determined (Cowen et al., 1997). Upstream of the 1-kb promoter/enhancer, a 

powerful 31-nucelotide dual repressor element (DRE, located between -1519/-1590 

bp) was identified to be essential for silencing of the 5-HTlA receptor gene. The 

DRE is composed of a 14-bp 5'-portion (FRE) that is recognized by a transcriptional 

repressor called Freud-1 (Five-prime Repressor Element under dual repression -1) 

(Ou et al., 2000) (Figure 1.8). It mediates gene repression in neuronal cells 

expressing the 5-HTlA receptor and has also recently been linked to non-syndromal 

mental retardation (Basel-Vanagaite et al., 2006; Rogaeva et al., 2007; Noor et al., 

2008). In addition, a novel repressor has recently been identified called Freud-2 

(Five-prime Repressor Element under dual repression -2), which binds to the 5-

HT1A DRE (at either 5' or 3' end) and represses the human 5-HTlA receptor gene 

expression in non-serotonergic cells and neurons (Hadjighassem et al., 2009). A 

novel GRE (glucocorticoid responsive element) half site repeat (5'-TGTCCT) 

separated by six nucleotides (at -1169 bp) confers negative regulation of the rat 5-

HT1A receptor promoter via interaction with GR/MR (glucocorticoid/ 

mineralocorticoid) heterodimers. This element is also conserved in the mouse and 

human but functionality has only been investigated for the rat nGRE (Ou et al., 

2001). 

A consensus 21-bp Repressor Element-1/Neuron Restrictive Silencing 

Element (RE-1/NRSE) was identified in the 5-HTlA promoter sequence, which 

binds an important transcriptional repressor known as the Repressor Element-1 
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Figure 1.8: 5-HT1A Receptor Promoter Region 

Transcriptional regulatory elements of the human 5-HT1A gene show the enhancer region upstream 

with its corresponding domains for the transcriptional activators MAZ, NFkB and Spl. The site for 

GR/MR binding is also located within the enhancer region of the promoter. The repressor region is 

shown further upstream and it includes biding sides for transcriptional repressors Freud-l/Freud-2 

and REST. Located approximately lkb upstream of the initiation start site is the 26-bp palindrome 

which includes the C/G polymorphism and binds two transcriptional regulators, Deaf-1 and Hes5. 

Adapted and modified from Albert and Lemonde, 2004. 
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Silencing Transcription factor (REST, also known as Neuron-Restrictive Silencing 

Factor, or NRSF] (Lunyak and Rosenfeld, 2005; Shimojo and Hersh, 2006). REST is a 

tissue-specific silencer that suppresses gene expression outside of the nervous 

system. Ubiquitously and abundantly expressed in non-neuronal cell types, 

REST/NRSF also acts as a silencer of neuron-specific gene expression in 

undifferentiated neuronal progenitor cells during embryogenesis. It is not 

surprising that the transcription factor Pet-1, responsible for regulating serotonin 

system development as described earlier, contains binding sites within the 

promoter region of several genes that are markers of serotonin neurons including 

the serotonin transporter, tryptophan hydroxylase, L-amino acid decarboxylase as 

well as the 5-HT1A receptor gene. In the 5-HT1A receptor gene, Pet-1 ETS domain 

interacts at the AGCAGGAAGTT enhancer sequence from -137 to -127 bp of the 5-

HT1A receptor where it is thought to activate its transcription in serotonergic 

neurons (Hendricks et al., 1999). Finally, the human 5-HT1A promoter contains a 

26-bp palindrome sequence that encompasses binding sites for two important 

transcription factors involved in 5-HT1A gene regulation, known as Deaf-1 and Hes-

5 (Figure 1.8). 

1.4.3 5-HT1A transcriptional regulation at the C(-1019)G 
polymorphism 

In recent years, genetic variations in the 5-HT1A receptor gene have been 

implicated in the pathology of mood disorders. Many single nucleotide 

polymorphisms (SNP) have been discovered in the 5-HT1A gene, although only 23 

thus far have been formally validated (Drago et al., 2007). Several of these genetic 

49 



Chapter 1 

variants have been studied in more detail, and those include lle28Val, Arg219Leu 

and Gly22Ser, but each was found to be quite rare and have very low prevalence in 

the normal population (Bruss et al., 1995; Rotondo et al., 1997; Bruss et al., 2005). 

However, in 1999, Wu and Comings reported a common C(-1019)G polymorphism 

in the human 5-HT1A receptor promoter region. In subsequent studies it was shown 

that this polymorphism [bold) is located in an imperfect 26-bp palindrome region 

with the following sequence: 5-AACGAAGACACACTCGGTCTTCTT-3' (Lemonde et al., 

2003). This palindromic region is recognized by two transcription factors, Deaf-1 

and Hes5, in an allele-specific manner, where the C-allele binds to these proteins 

while the G-allele does not. 

Deaf-1, which stands for Deformed epidermal autoregulatory factor-1, was 

first identified in Drosophila as a non-homeodomain cofactor for the embryonic gene 

called Deformed that plays a role in proper development of segmentation patterns 

[Gross and McGinnis, 1996; Veraksa et al., 2002). Mammalian Deaf-1 was cloned as a 

binding protein for a retinoic acid response element and shown to have enhancer 

activity at the proenkephalin promoter, but not thymidine kinase promoter 

[Huggenvik et al., 1998). Oppositely, Deaf-1 has the ability to act as a repressor at 

the heterogeneous nuclear ribonucleoprotein A2/B1 promoter [Michelson et al., 

1999), making it a factor with both enhancer and repressor abilities. Atypical 

expression of Deaf-1 also plays an important role in the development of cancer 

where its loss of function mutations produce early embryonic arrest in drosophila 

(Veraksa et al., 2002) while its overexpression enhances proliferation in human 

breast epithelial cells (Barker et al., 2008). 
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Deaf-1 knockout mice exhibit neural tube closure defects and 80% of these 

knockouts display exencephaly during early embryonic development (Hahm et al., 

2004). Deaf-1 has been shown to interact with several co-regulators including Lim 

Domain Only-4 (LM04), a calcium-regulated transcription factor that plays a crucial 

role in development (Sugihara et al., 1998; Kashani et al., 2006). Interestingly, LM04 

knockout mice display a similar, but more severe, exencephaly phenotype to that 

observed in Deaf-1 knockouts (Hahm et al., 2004; Tse et al., 2004; Lee et al., 2005) 

thus predicting potential overlapping transcriptional actions of these factors. 

The mammalian homologue of Deaf-1 is often referred to as NUDR [Nuclear 

Deaf-1-Related Protein), which is a 59-kDa transcription factor sharing 46% amino 

acid similarity with the Drosophila protein (Sugihara et al., 1998). Deaf-1 is a 

transcription factor containing a Helix-loop-helix (HLH) motif consisting of two 

amphipathic alpha helices, connected by a flexible loop responsible for mediating both 

DNA binding and dimerization (Lewin, 1997). Deaf-1 also contains a conserved -80-

sequence motif called SAND (for SplOO, Aire-1, NucP41/75 and DEAF-1) responsible 

for DNA binding (Christensen et al., 1999; Bottomley et al., 2001; Huggenvik et al., 

1998). The SAND domain structure represents a novel compact a(4)/(3(5) fold in which a 

conserved KDWK sequence motif is found within an alpha-helical, positively charged 

surface patch. Deaf-1 contains a highly conserved carboxyl-terminal zinc-finger motif 

called the MYND (named for MYeloid translocation protein 8, Nervy, Deaf-1) domain 

which is also involved in mediating protein-protein interactions (Gross and 

McGinnis, 1996; Spadaccini et al., 2006). In addition, Deaf-1 contains two self-

interacting domains, suggesting the potential for dimerization (Huggenvik et al., 
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1998) as well as a nuclear localization signal (NLS) and a nuclear export signal 

[NES), which provides a basis for the control of its subcellular localization of 

function. 

Deaf-1 was initially identified as a transcriptional regulator of 5-HT1A gene 

expression using the yeast-two-hybrid approach and its functional interaction with 

the C-allele of the 26-bp palindrome sequence was confirmed through reporter 

assays (Lemonde et al., 2003; Czesak et al., 2006). Deaf-1 co-localization with 5-

HT1A was shown in the dorsal raphe nucleus (DRN) as well as primary hippocampal 

and cortical cells (Lemonde et al., 2003). In the DRN, a negative correlation was 

observed between Deaf-1 and 5-HT1A staining, implying it has repressive abilities. 

Interestingly enough, Deaf-1 is known to bind with strong affinity to one or more 

copies of the TTCG motif (Gross and McGinnis, 1996; Huggenvik et al., 1998; 

Bottomley et al., 2001), which is found in the 5-HT1A palindrome sequence at the 

site of the C(-1019)G polymorphism. The C to G alters the Deaf-1 consensus site 

substantially enough to prevent its binding (Lemonde et al., 2003). As a result, Deaf-

1 represses the C(-1019) allele of the 5-HT1A promoter (in certain cell types), but not the 

G-allele. 

Hes proteins are the mammalian homologues of Drosophila Hairy and 

Enhancer of split proteins that belong to the basic helix-loop-helix (bHLH) class of 

transcription factors and control the proliferation and differentiation of neural stem 

cells during embryogenesis (Kageyama et al., 2005). Disruption of Hesl, Hes3 and 

Hes5 genes leads to premature activation of proneuronal bHLH gene Mashl, 

accelerated neurogenesis and major defects in the formation of brain structures 
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(Ishibashi et al., 1995; Hatakeyama et al., 2006). Hes proteins have been shown to 

inhibit neurogenesis by two distinct mechanisms: 1) they activate transcriptional 

repression following direct binding to DNA motifs called the N-Box (CACNAG) and 

recruit Groucho/TLE transcriptional co-repressors (McLarren et al., 2001] or; 2] 

they inhibit the activity of proneuronal basic-helix-loop-helix (bHLH) proteins 

(Kageyama and Ohtsuka, 1999]. 

A putative N-box element was recently identified within the 26-bp 

palindrome region of the 5-HTlA promoter (proximal to the C(-1019]G 

polymorphism) using the yeast-two hybrid approach (Lemonde et al., 2003; Czesak 

et al., 2006). Not surprisingly, Hes5 was shown to bind and repress the 5-HTlA 

receptor gene in a variety of reporter assays(Lemonde et al., 2003; Jacobsen et al., 

2008). Interestingly, Hesl repressor activity at the N-box was stronger than Hes5, 

and largely insensitive to the C-G polymorphismfjacobsen et al., 2008). Since 

repression by Hes5 is sensitive to the C(-1019)G 5-HTlA polymorphism, it is 

possible that the G-allele could be associated with increased expression of the 5-

HT1A receptor in embryonic 5-HT neurons and could contribute to alterations in 

the serotonin system that favor the development of depression. For example, 

proliferation of raphe neurons is enhanced four-fold in embryonic cultures from 5-

HT1A knockout mice compared to control mice (Rumajogee et al., 2004), suggesting 

that an upregulation of embryonic 5-HTlA autoreceptors may reduce 5-HT neuron 

number as seen in depressed suicides (Arango et al., 2001). Thus, alteration in 5-

HT1A receptor expression by the C(-1019)G in embryonic or early life stages may be 

more important in determining adult predisposition to depression and anxiety than 
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the absolute level of 5-HT1A receptors observed in the adult (Gross et al., 2002; 

Kusserow et al., 2004; Alexandre et al., 2006). 

1.5 The 5-HT1A C(-1019)G Polymorphism 

1.5.1 Association of the 5-HT1A C(-1019)G Polymorphism with 
Mental Illness 

The 5-HT1A C(-1018)G was initially reported as a common polymorphism in 

Caucasian subjects (Wu and Comings, 1999) and was later re-designated as the 5-

HT1A C(-1019)G rs6295 polymorphism. A few years later, this polymorphism was 

shown to be a functional element in which the G-allele and G/G genotype was 

associated with major depression and completed suicide in two different cohorts 

(Lemonde et al., 2003). Shortly thereafter, the association of the 5-HT1A G(-1019) 

allele and the G/G genotype with major depression was replicated by other studies 

(Parsey et al., 2006b; Anttila et al., 2007; Kraus et al., 2007; Neff et al., 2009) (Table 

1.3). 

However, some studies have not observed clear association of the G(-1019) 

allele with depression (Arias et al., 2002; Huang et al., 2004). This discrepancy may 

be due in part to the frequency of the risk allele in the population studied where the 

frequency of the G/G genotype can be as high as 25%. Thus, the odds ratios are 

decreased and much larger populations are needed to observe association. By 

contrast the G/G frequency in Chinese populations is much lower, and associations 

have been observed with treatment response. One strategy to overcome the high 

frequency of the G/G genotype has been to examine discrete subsets of depression. 

54 



Chapter 1 

Table 1.3 : C(-1019)G Association studies 

Condition 

Major Depressive Disoder 

Suicide 

Neo-Neurotic 

Panic with Agoraphobia 

Schiozophrenia 

Substance Abuse 

Panik Attack 

Neo-Neurotic 

Self-percieved stress 

Major Depressive Disorder 
(plus treatment resistance) 

Decreased phisical activity 

Premenstrual Dysphoric Disorder (PMDD) 

Major Depressive Disorder 

RISK-fold 

GG-2.25 

GG-3.4 

G-1.09 

G-1.7 

GG-1.7 

GG-1.7 

GG-1.6 

GG-1.12 

GG-3 

GG-3.2 

GG-4.8 

GG-3.65 

GG-1.34 

Ethnicity 

Caucassian (Ontario) 

Caucassian (Quebec) 

Caucassian (German) 

Caucassian (German) 

70% Caucassian 

Unknown 

Unknown 

Caucassian (German Alcoholic) 

Caucassian (diagnosed with Lupus) 

Caucassian (with BDNF 196A 
polymoprhism) 

Caucasian (Migraineurs) 

Caucassian (English) 

Caucassian (Utah) 

*For a full review see (LeFrancois et al, 2008) 
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For example, interferon-alpha induced depression has been associated with the G/G 

genotype in a German population (Kraus et al., 2007) while an association with 

major depression has not been reported. Another strategy to enhance the power of 

associations with common polymorphisms such as the 5-HT1A C(-1019)G is to 

examine genetic epistasis among multiple functional risk alleles. For example, risk 

alleles of the 5-HT transporter and 5-HT1A receptor genes have in combination 

been associated with reduced response to antidepressants (Arias et al., 2005a). 

Association has also been observed between 5-HT1A C(-1019)G polymorphism and 

Catechol-O-Methyl Tranferase (COMT-Vall58Met) or Brain-Derived Neurotrophic 

Factor (BDNF-Val66Met) risk alleles with panic disorder or major depression, 

respectively (Freitag et al., 2006; Anttila et al, 2007). As such, gene-gene 

interactions may explain why some studies do not observe an association with 5-

HT1A G(-1019) allele alone. Thus, ethnicity, disease and genetic heterogeneity 

among subjects may obscure associations of mental illness with common 

polymorphisms. 

In addition to an association with depression and suicide, the 5-HT1A 

C(-1019)G polymorphism has been associated with several related traits or 

disorders involving the serotonin system (Table 1.3) (Mann, 2003). For example, the 

C(-1019)G polymorphism is also associated with panic disorder (with agoraphobia 

in women) (Strobel et al., 2003), panic attack (Huang et al., 2004), as well as with 

personality traits, such as neuroticism in normal or alcoholic subjects (Strobel et al., 

2003; Roller et al., 2006), variation in self-perceived stress in Lupus patients 

(Birmingham et al., 2006) and avoidance of physical activity in migraine subjects 
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(Marziniak et al., 2007). On the other hand, association of this polymorphism with 

other serotonin-related conditions such as bipolar, obsessive compulsive, 

generalized anxiety and eating disorders have not been reported. It is important to 

note that often association studies may be influenced by various environmental 

factors, thus, impairing the clarity of their outcomes. For instance, the G-allele has 

been associated with suicide attempt in alcoholic subjects (Koller et al., 2006) and 

suicidal behaviour (Sawiniec et al., 2007) but not with suicide attempt in a group of 

subjects with heterogeneous mental conditions (such as depression, borderline 

personality disorders or schizophrenia, alcoholism or other drug abuse conditions 

(Serretti et al., 2007). In addition, interaction between the 5-HT1A genotype and 

stressful life conditions may also enhance the results of some studies. In summary, 

further studies of the 5-HT1A C(-1019)G polymorphism using more carefully 

defined and homogeneous populations may be necessary in order to observe 

significant associations. 

1.5.2 Association of the C(-1019)G Polymorphism with 
Antidepressant Treatment 

Recently, several studies have indicated an association of the 5-HT1A C(-1019)G 

polymorphism with response to antidepressant treatment. Initial studies in 

Caucasian subjects with major depression suggested that the G(-1019) allele is 

associated with weaker response to SSRI/pindolol or flesinoxan, a 5-HT1A receptor 

partial agonist (Lemonde et al., 2004). Several reports have supported this 

association of the G(-1019) allele or G/G genotype with reduced response to SSRI 

antidepressants, although one recent study did not (Levin et al., 2007). The G/G 
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genotype was also associated with reduced treatment response in combination with 

the 5-HT transporter gene polymorphism (5-HTTLPR, "SS" short-allele genotype] 

(Arias et al., 2005b). Since the G(-1019) allele predicts increased levels of 5-HT1A 

autoreceptors, a reduction in raphe firing and an increased resistance to SSRI 

antidepressants may be observed and thus, a greater extent of desensitization of 5-

HT1A autoreceptors would be required (Blier and Ward, 2003). In summary, several 

studies suggest an association of the C/C genotype with greater response to SSRI 

antidepressants. However, it remains to be determined whether the C(-1019)G 

genotype associates with placebo or other antidepressant treatments that target 

additional systems such as norepinephrine or dopamine. 

1.5.3 Association of the C(-1019)G 5-HT1A polymorphism with 
Molecular Phenotypes in the Human Brain 

Evidence suggests that presence of the C(-1019)G polymorphism (that is associated 

with depression) correlates with an altered serotonergic system (Meyer-Lindenberg 

and Weinberger, 2006). One important phenotype marker that is predicted to be 

associated with the 5-HT1A C(-1019)G polymorphism is the level of 5-HT1A binding 

potential. Two PET studies have addressed this issue using positron emission 

tomography with 5-HTlA-specific antagonist [11C]WAY 100635 as ligand. In 

normal subjects having the G/G genotype, a trend for increase in 5-HT1A binding 

potential was observed in the raphe/midbrain region of (David et al., 2005). 

However, the association was significant and stronger in depressed or bipolar 

depressed individuals (Parsey et al., 2006a), suggesting that a depressed patient is 
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less able to compensate for the 5-HT1A autoreceptor dys-regulation due to the G-

allele, leading to a more robust over-expression of 5-HT1A autoreceptors. 

The 5-HT1A G(-1019) allele has also been associated with abnormalities in 

amygdala structure and activity. Amygdala reactivity to happy, sad, or fearful faces 

provides a cue to emotional predisposition, and subjects with the 5-HTT 

polymorphism (S/S genotype] display increased amygdala reactivity to fearful faces 

as detected by functional magnetic resonance imaging (Hariri et al., 2002). 

Increased levels of raphe 5-HT1A receptors are associated with increased amygdala 

reactivity (Fisher et al., 2006), suggesting that over-expression of 5-HT1A 

autoreceptors and reduced 5-HT tone leads to hyper-activity of the amygdala. 

Consistent with this, one study reported an association of the G/G allele with 

reduced amygdala activation in response to fearful faces, in normal subjects (Fakra 

et al., 2009). In patients with panic disorder, the 5-HT1A G(-1019) and 5-HTT S/S 

genotypes were both associated with increased amygdala reactivity to happy faces 

(Domschke et al., 2006; Dannlowski et al., 2007), suggesting that the 5-HT1A G/G 

genotype can enhance both disease- and region-specific phenotypes. Interestingly, 

the G/G genotype is also associated with reduced amygdala volume in patients with 

borderline personality disorder and major depression (Zetzsche et al., 2008). 

In summary, the 5-HT1A G(-1019) genotype is associated with alterations in 

5-HT1A autoreceptor levels, amygdala reactivity and amygdala volume that are 

most pronounced in individuals with other risk alleles (such as the 5-HTT S/S 

genotype) and who have mental illness such as borderline personality disorder, 

depression, or panic attack. Interestingly, the pattern of receptor and activity 
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alteration also appears to depend on the disease outcome. These studies implicate 

dys-regulation of 5-HT1A receptor expression at the G(-1019) site results in altered 

5-HT1A receptor expression, neural activity, and structural development of brain 

regions implicated in mood and emotion. 

1.6 Thesis Rationale, Goals and Objectives 

Serotonin neurotransmission is believed to play a major role in the control of mood 

and behaviour. As such, various mood disorders including depression appear to be 

partially the result of decreased serotonergic activity. Long-term adaptive changes 

in 5-HT1A receptor gene expression have been implicated in the delayed 

therapeutic response to antidepressant treatment. In fact, it is the transcriptional 

desensitization of the 5-HT1A receptor, which allows for an increase in 5-HT 

neurotransmission, that triggers the antidepressant response. However, there still 

remains a large variability in inter-individual pharmacological response patterns, 

most likely due to the heterogeneity of the illness, genetic predisposition as well as 

variable degrees of sensitivity in those effected. 

Since the 5-HT1A receptor is a key element in mediating serotonergic tone, 

the regulatory mechanisms involved in its expression patterns, as well as the genetic 

variations responsible for its abnormal expression, could contribute to the etiology 

of major depressive disorder and the variable response rates to treatments. Thus, 

knowledge of the biological factors that may predispose an individual to depression 

and its mechanism of action will help develop novel detection tools for earlier 
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diagnosis of the disorder as well as help in developing new treatments with faster 

onset of action, greater efficacy and fewer side effects. 

As discussed above, transcriptional regulation of the 5-HT1A receptor gene is 

implicated in predisposition to mental illnesses which involve abnormal regulation 

of the serotonin system, such as major depression. Since the C(-1019)G 5-HT1A 

polymorphism is associated with depression and impaired response to 

antidepressant treatment and prevents the proper binding of Deaf-1 to the 

promoter, I hypothesized that regulation of the 5-HT1A receptor by Deaf-1 is critical 

for maintaining normal 5-HT1A receptor expression. Specifically, I addressed the 

following: 

1. 5-HT1A receptor gene expression is regulated by Deaf-1 in a cell-type 

dependent manner 

2. Deaf-1 regulates 5-HT1A receptor expression in vivo 

3. Loss of Deaf-1 expression leads to altered 5-HT1A receptor gene expression 

in the mouse brain, that is similar to that observed in depressed patients 

The major aim of my thesis is to examine transcriptional regulation of the 5-

HT1A receptor gene by the transcription factor Deaf-1, both in vitro and in vivo. In 

Chapter 2, I have characterized the transcriptional regulation of the 5-HT1A gene 

expression in neuronal and non-neuronal cells in culture by focusing on the role of 

Deaf-1 and Hes5 in regulating 5-HT1A promoter activity at the site of the C(-1019]G 

polymorphism. In Chapter 3, I characterized a novel technique of micro-dissecting 
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and culturing primary pre-synaptic raphe neurons that express a high level of 

markers involved in regulating the 5-HT system, which also serves as a new model 

for studying the serotonergic system in vivo. In Chapter 4, I identified a Deaf-1 

binding site in the mouse 5-HTlA promoter and established a role for Deaf-1 in 

regulating the 5-HTlA receptor expression in various brain regions in mice lacking a 

functional Deaf-1 protein. 

More importantly, I have established that transcriptional regulation of the 5-

HT1A receptor gene by Deaf-1 is altered in the presence of the promoter 

polymorphism, in a tissue-specific manner that is consistent with the altered 5-

HT1A receptor expression pattern observed in depression. These studies identify 

Deaf-1 as an important potential therapeutic target needed to normalize 5-HTlA 

receptor expression patterns in depression. 
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2.1 Abstract 

The serotonin-lA [5-HTlA] receptor is the primary somatodendritic autoreceptor 

that inhibits the activity of serotonergic raphe neurons, and is also expressed in 

non-serotonergic cortical and limbic neurons. Alterations in 5-HTlA receptor levels 

are implicated in mood disorders and a functional C[-1019]G 5-HTlA promoter 

polymorphism has been associated with depression, suicide, and panic disorder. 

We examined the cell-specific activity of identified transcription factors human 

NUDR/Deaf-1 and Hes5 at the 5-HTlA C(-1019] site. In serotonergic raphe RN46A 

cells, Deaf-1 and Hes5 repressed the 5-HTlA receptor gene at the C(-1019)-allele, 

but not the G(-1019)-allele. However, in non-serotonergic cells that express 5-HTlA 

receptors (septal SN48, neuroblastoma SKN-SH and neuroblastoma/glioma NG108-

15 cells), Deaf-1 enhanced 5-HTlA promoter activity at the C(-1019)-allele but not 

the G-allele, while Hes5 repressed in all cell types. The enhancer activity of Deaf-1 

was orientation-independent and competed out Hes5 repression. To test whether 

Deaf-1 activity is intrinsic, the activity of a Gal4DBD (DNA binding domain]-Deaf-l 

fusion protein at a heterologous Gal4 DNA element was examined. Gal4DBD-Deaf-l 

repressed transcription in RN46A cells, but enhanced transcription in SN48 cells 

indicating that these opposite activities are intrinsic to Deaf-1. Repressor or 

enhancer activities of Deaf-1 or Gal4DBD-Deaf-l were blocked by histone 

deacetylase inhibitor trichostatin A. Thus the intrinsic activity of Deaf-1 at the 5-

HT1A promoter is opposite in pre- vs. post-synaptic neuronal cells and requires 

deacetylation. Cell-specific regulation by Deaf-1 could underlie region-specific 

alterations in 5-HTlA receptor expression in different mood disorders. 
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2.2 Introduction 

The serotonin system originates from neurons of the raphe nuclei that are 

negatively regulated by pre-synaptic 5-HT1A autoreceptors (Penington et al., 1993; 

Bayliss et al., 1997). Post-synaptic 5-HT1A receptors are also strongly expressed in 

brain regions that regulate mood and emotion (Tork, 1990; Jacobs and Azmitia, 

1992). Anxiety, depression, and suicide appear to result from reduced serotonergic 

activity and antidepressants such as 5-HT-selective reuptake inhibitors (SSRIs) are 

thought to enhance serotonergic activity in part by desensitization of 5-HT1A 

autoreceptors. Oppositely, in midbrain tissue from depressed suicides, elevated 

levels of presynaptic 5-HT1A receptors were observed (Stockmeier et al., 1998), an 

alteration that would reduce serotonergic activity. 

We postulated that up-regulation of 5-HT1A autoreceptors could be due to 

genetic alterations such as the 5-HT1A C[-1019)G functional promoter 

polymorphism. Several studies have associated the 5-HT1A G(-1019) allele with 

major depression, suicide, panic disorder or decreased response to antidepressants 

(Lemonde et al., 2003; Strobel et al., 2003; Lemonde et al., 2004b; Serretti et al., 

2004). The 5-HT1A G[-1019) allele fails to bind identified repressors Deaf-1 and 

Hes5, leading to upregulation of autoreceptor expression. Consistent with a role of 

this site in 5-HT1A autoreceptor regulation, increases in 5-HT1A autoreceptor 

expression in individuals with the G/G genotype has been observed (David et al., 

2005; Parsey et al., 2005). Conversely, positron emission tomography imaging 

studies of depressed patients indicate decreased levels of post-synaptic 5-HT1A 

receptors in the cortex and hippocampus (Drevets et al, 1999; Sargent et al., 2000; 
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Albert and Lemonde, 2004]. Furthermore, 5-HTlA-null mice display increased 

anxiety-related behaviour which is rescued by early post-natal expression of the 

post-synaptic 5-HTlA receptor in the forebrain (Gross et al., 2002). We therefore 

addressed whether the C(-1019)G site might mediate differential regulation of the 

5-HTlA receptor in pre- versus post-synaptic cells. 

In this study, the activity of Deaf-1 at the 5-HTlA C(-1019) site was 

compared in serotonergic raphe cells and non-serotonergic neuronal or glial cells 

that express similar levels of endogenous 5-HTlA receptors including: SN48 rat 

septal x mouse neuroblastoma cells, NG108-15 rat glioma x mouse neuroblastoma 

cells, and SKN-SH human neuroblastoma cells (Charest et al., 1993; Ansorge et al., 

2004; Fricker et al., 2005). Cell lines with intrinsic expression of 5-HTlA receptors 

were chosen to ensure the presence of relevant transcription factors necessary for 

5-HTlA receptor expression. We show that Deaf-1 enhances 5-HTlA promoter 

activity in the post-synaptic/glial cell models and that this enhancement is 

attenuated in the presence of the C(-1019)G polymorphism. In contrast, Hes5 

represses 5-HTlA gene transcription in all cell types examined. The cell-specific 

activity of Deaf-1 in 5-HTlA gene regulation could account for region-specific 

decreases in post-synaptic 5-HTlA receptor levels reported in depressed patients. 
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2.3 Materials & Methods 

2.3.1 Reporter constructs 

The luciferase plasmids pGL3P-RE-l, pcDNAl-REST, 5-HTlA(C] [-1128 to ATG) and 

26bp-C[6)F, Gal4-DBD fusion constructs and X2G2P reporter constructs have been 

previously described [Lemonde et al., 2003; Lemonde et al., 2004a). Briefly, the 

luciferase plasmid 5-HTlA[C) was obtained by insertion of a -1128-bp Kpnl-BssHU 

fragment of the human 5-HT1A receptor gene into pGL3-Basic [Promega] digested 

with Kpn] and Mlu\. The 5-HTlA[G) construct was generated by unique site 

elimination mutagenesis [Amersham Biosciences) of C[-1019)G in 5-HTlA(C). 

Appropriate oligonucleotides of the 26-bp element flanked with CC and GG 3'-

overhangs were annealed, concatenated in six copies using T4 DNA ligase, blunted 

with Klenow, and subcloned into Smal-cut pGL3-Promoter to generate 26bp-C[6] 

and 26bp-G(6). Full-length Deaf-1 was obtained by PCR amplification using the 

human brain Marathon-Ready cDNA kit [Clontech). The PCR product was subcloned 

in pGEM-T Easy vector [Promega) before subcloning in the EcoRl site of pcDNA3 

[Invitrogen). The 26bp-C[6)R was generated by ligation of a Nhe\/Xho\ blunted 

fragment, obtained from 26bp-C[6)F construct into pGL3B [Promega) digested by 

Sma\. All plasmids were purified by CsCl equilibrium gradient centrifugation, 

quantified spectrophotometrically, and verified by dideoxynucleotide DNA 

sequencing. 
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2.3.2 Cell Culture and transfection 

Septal SN48, NG108-15 and SKN-SH neuroblastoma cells were grown in Dulbecco's 

modified Eagle's medium (Gibco BRL, Rockville, MD, USA] supplemented with 10% 

v/v heat-inactivated fetal bovine serum at 37°C in 5% CO2. Binding studies of crude 

membranes from these cells using [3H]-DPAT revealed (mean±range, n=2) 3.0±0.5, 

8.3±1.6, 2.7±1.0 fmol/mg protein of 5-HT1A receptor sites, respectively. RN46A 

cells (2.4±0.6 fmol/mg 5-HT1A sites (Kushwaha and Albert, 2005)) were grown on 

Primaria six-well plates (Falcon, Franklin Lakes, NJ) in Neurobasal medium (Gibco 

BRL) supplemented with 10% v/v heat-inactivated fetal bovine serum, 0.1% 

PenStrep and 0.04% of L-Glutamine, at 33°C in 5% C02 (Lemonde et al., 2003; 

Lemonde et al., 2004a). Media were changed 16-24 h prior to transfection. Except 

for the RN46A and SKN-SH cells, transfections were done using calcium phosphate 

co-precipitation as described previously (Charest et al., 1993) with 20 pig luciferase 

construct and 5 |ig pCMVPgal per 10-cm plate or with 10 pg of luciferase-expressing 

vector, indicated amounts of pcDNA expression constructs or empty vector and 0.5 

[ig pCMV|3gal to normalize transfection efficiency, maintaining the total DNA 

transfected at 25 (ig. Raphe RN46A cells and SKN-SH cells were transfected with 1:2 

and 1:1.5 ratios, respectively, of plasmid:Lipofectamine2000 reagent (Invitrogen 

Inc), using 10 |ig/plate of luciferase plasmid and equal amount of protein-

expression constructs or empty vector and 2 ug/plate of pCMV|3gal. In some 

experiments, 200 nM trichostatin A (TSA) or vehicle (0.75% ethanol) was applied to 

the culture medium at time of transfection. 
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2.3.3 Reporter assays 

Luciferase and (3-galactosidase assays were performed as previously described (Ou 

et al., 2000; Lemonde et al., 2003). Activities were obtained from at least three 

independent experiments in which triplicate transfections were performed and 

corrected for transfection efficiency by calculating the ratio of luciferase/p-

galactosidase activity, and normalizing to vector-transfected extracts. Data are 

presented as mean ± SD. Statistical significance was evaluated using two-tailed 

unpaired t-test and 95% confidence intervals with GraphPad Prism software (San 

Diego, CA) unless indicated otherwise. 

2.3.4 Nuclear and cytosolic fractionation 

Fractionation was adapted from previously-described methods (Lemonde et al., 

2003; Subramanian and Chinnadurai, 2003; Zuccato et al., 2003). Cells (107) were 

trypsinized and collected in 14 mL of HBBS+EDTA buffer (118 mM NaCl, 4.6 mM 

KC1, 10 mM D-glucose, 5 mM EDTA, 20 mM Hepes pH 7.2), pelleted at 4°C for 4 min 

at 500g and resuspended in 1 mL of resuspension buffer (10 mM KC1, 10 mM Na-

HEPES pH 7.6, 1.5 mM MgCh) and allowed to swell on ice for 10 min. The resulting 

cells were collected by spinning for 10 min at 4 °C at 500g and the pellets lysed 

using 50 JLIL extraction buffer per 2-3X106 cells (10 mM KC1, 10 mM Na-HEPES pH 

7.6, 1.5 mM MgCb, 0.1 % NP-40, 0.5 mM DTT, 0.5 mM spermidine, 0.15 mM 

spermine, 1 mM PMSF, IX Protease Inhibitor Cocktail (Roche Diagnostics)). Nuclear 

pellets were collected by centrifugation at l,000g for 2 min at 4 °C and washed three 

times using 1 mL of wash buffer (50 mM NaCl, 20 mM Na-HEPES pH 7.6, 25 % 
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Glycerin, 0.2 mM EDTA, 1.5 mM MgCl2, 0.5 mM DTT, 0.5 mM spermidine, 0.15 mM 

spermine, 1 mM PMSF, IX Protease Inhibitor Cocktail) and lysed using 50 \xh 

nuclear extraction buffer per 2-3X106 cells (500 mM NaCl, 20 mM Na-HEPES pH 7.6, 

25 % Glycerin, 0.2 mM EDTA, 1.5 mM MgCh, 0.5 mM DTT, 0.5 mM spermidine, 0.15 

mM spermine, 1 mM PMSF, IX Protease Inhibitor Cocktail) and rotated for 30 min at 

4 °C. The nuclear proteins were collected from the supernatant following 

centrifugation for 15 min at 16,000g at 4 °C to clear cell debris. 

2.3.5 Western blot analysis 

Nuclear or cytosolic proteins [50 ug/reaction) were separated by SDS-PAGE on a 

12% gel, transferred to nitrocellulose membrane and blocked using TBS containing 

5% dry milk and 0.02% Tween 20. Immunoreactive proteins were detected with 

rabbit anti-Deaf-1 antibody (Lemonde et al., 2003) at a dilution of 1:5000 followed 

by a 1:2000 dilution of the secondary horseradish peroxidase (HRP)-linked anti-

rabbit antibody. Anti-histone 1 (nuclear marker) antibody (Upstate) was used at 

1:1,000 (Zuccato et al , 2003). Anti-c-Raf (cytosolic marker) antibody (BD 

Transduction Laboratories) was used at 1:3000 dilution (Brown et al., 2004). 

2.3.6 Electrophoretic mobility shift assay 

Sense and antisense oligonucleotides of the 26-bp Deaf-1 element (C-allele) with 

CC/GG 3'-overhangs were hybridized and labeled with [a-32P]-dCTP using Klenow 

fragment DNA polymerase (Ou et al., 2000). Nuclear extract (5 ug/reaction) was 

preincubated with or without competitor DNA in a 20-ul reaction containing gel-shift 

DNA binding buffer (20 mM Hepes, 0.2 mM EDTA, 0.2 mM EGTA, 100 mM KC1, 5% 
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glycerol and 2mM DTT, PH=7.9), 250 ng herring sperm DNA, at room temperature for 

20 min. Unlabeled doubled-stranded PEA3 sequences (5-GGGATCCAGGAAGTGA-3) 

were used as non-specific competitor and were electrophoresed on a non-

denaturing 5% acrylamide/Tris-glycine gel at 4°C to resolve protein-DNA 

complexes. For SKN-SH extracts, the probe was trapped in poorly migrating non­

specific protein/DNA aggregate that was not competed by specific oligonucleotide. 

2.4 Resul ts 

2.4.1 Cell- and allele-specific activity of Deaf-1 at the 
5-HT1A promoter 

The transcriptional activity of Deaf-1 and Hes5 was compared in serotonergic 

(RN46A, Figure 2.1A) and non-serotonergic (SN48, NG108-15, and SKN-SH; Figure 

IB) 5-HT1A receptor-positive neuronal cells co-transfected with C(-1019) or G(-

1019) human 5-HT1A promoter-luciferase reporter constructs (5-HTlA(C) or (G), 

respectively). Cell lines with intrinsic expression of 5-HT1A receptors were chosen 

to ensure the presence of relevant transcription factors necessary for 5-HT1A 

receptor expression. As previously observed in RN46A raphe cells, both Deaf-1 and 

Hes5 repressed the activity of the 5-HTlA(C) construct by 50% but had no effect at 

the 5-HTlA(G) construct, but there was no significant difference in basal activity 

between the two alleles. By contrast, in SN48 and NG108-15 there was a 70% 

reduction in basal activity of 5-HTlA(G) compared to the 5-HTlA(C) construct, with 

a smaller but significant reduction in SKN-SH cells (Figure 2.IB). Furthermore, 

cotransfection of Deaf-1 significantly increased the activity of 5-HTlA(C) construct, 
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Figure 2.1: Cell-type dependent activity of 

Deaf-1 at the 5-HT1A C(-1019) site. 

Constructs containing the C(-1019) or G(-

1019) allele of the human 5-HT1A promoter (-

1128-bp to ATG) fused to luciferase (5-

HT1A(C] and 5-HTlA(G), respectively} were 

co-transfected with vector (pcDNA3), Deaf-1 or 

Hes5 expression plasmids as indicated in 5-

HTlA-expressing neuronal cell lines: rat 

raphe RN46A (A], mouse septal SN-48, 

neuroblastoma-glioma NG108-15 or human 

SKN-SH neuroblastoma cells (B). Adjusted 

luciferase activity was corrected for transfection 

efficiency by calculating the ratio of luciferasc 

activity/|3-galactosidase activity and normalized 

to control (pcDNA3) transfections. Data are 

presented as mean ±SD of triplicate samples 

collected form at least three independent 

experiments as indicated. Statistical analysis 

compared to vector control (for Deaf-1 and 

Hes5) was determined by one-way ANOVA; 

significant differences between C and G alleles 

were evaluated by unpaired t-test with two-tailed 

P values: **P<0.01, *'"PsO.OOl. 
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but not the 5-HTlA(G) construct. Deaf-1 also enhanced 5-HT1A promoter activity in 

5-HTlA-expressing H19-7 rat hippocampal cells (data not shown). By contrast, Hes5 

mediated a significant repression of the 5-HTlA(C) but not G-allele in SN48 and 

NG108-15 cells. Thus, in several models of post-synaptic or glial 5-HT1A gene 

expression, Deaf-1 enhanced 5-HT1A transcriptional activity at the C(-1019) site, 

while it repressed 5-HT1A transcription in serotonergic raphe cells. 

2.4.2 Deaf-1 expression and localization 

Since endogenous Deaf-1 could influence basal 5-HT1A transcription, Deaf-1 protein 

was detected in nuclear and cytosolic extracts by Western blot using a specific 

antibody which recognized a single 60-kDa species (Lemonde et al., 2003) (Figure 

2.2A). Levels of Deaf-1 were highest in nuclear extracts from RN46A cells, with low 

or undetectable levels in SN48, SKN-SH and NG108-15 nuclear fractions. By contrast 

Deaf-1 was abundantly expressed in cytosolic extracts from these cell types. 

Markers specific for nuclear (Hl-histone) or cytosolic (c-Raf protein) fractions 

indicated undetectable cross-contamination between fractions and similar protein 

loading among cell types. The DNA binding activity of Deaf-1 in nuclear fractions 

was determined (Figure 2.2B). A specific Deaf-1/DNA complex with labeled human 

Deaf-1 element (C-allele) was observed that was completely competed with excess 

unlabelled Deaf-1 element (Sp), but weakly competed by unrelated PEA-3 site 

primers (NSp). Deaf-1 binding activity paralleled the nuclear protein content 

identified by Western blot (Figure 2.2A), greatest in RN46A cells and weak but 

detectable in SN48, SKN-SH, and NG108-15 cells. Thus endogenous Deaf-1 from rat 
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Figure 2.2-A: Endogenous Deaf-1 protein expression and DNA binding activity. 

Deaf-1 localization. Nuclear (N) and cytosolic [C] extracts (50 ug/lane] from RN46A, SN48, SKN-SH 

and NG108-15 cells were subjected to Western blot analysis using specific anti-Deaf-1 antibody. The 

blot was reprobed using antibodies for markers of nuclear (histone-Hl) and cytosolic (c-Raf) to 

assess loading and purity of extracts. Molecular weight markers (kDa] are as indicated. 
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Figure 2.2-B: Endogenous Deaf-1 protein expression and DNA binding activity. 

Deaf-1 DNA binding activity Electrophoretic mobility shift assay was done using nuclear extracts 

from RN46A, SN48 or NG108-15 cells that were incubated with labeled 26-bp(C] probe in the 

presence of 100-fold molar excess of unlabeled 26 bp(C) (Sp) or unrelated PEA3 (NSp) 

oligonucleotides, as indicated A major specific Deaf-1 complex was observed (left arrowhead) 
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or human nuclei binds to the 5-HT1A site in accordance with its protein abundance. 

The abundance of nuclear Deaf-1 in RN46A cells suggests that Deaf-1 may repress 

endogenous 5-HT1A receptor expression. 

2.4.3 Deaf-1 enhancer/repressor activity at the C(-1019) 
Deaf-1 site 

To determine whether the 26-bp Deaf-1 element is sufficient to confer cell-specific 

activity of Deaf-1, the activity of Deaf-1 at a reporter construct containing the Deaf-1 

element (in six copies) placed upstream of the SV40 promoter (26bp-C(6)) was 

compared in RN46A and SN48 cells (Figure 2.3}. In RN46A cells, Deaf-1 almost 

completely inhibited transcriptional activity, while in SN48 cells Deaf-1 mediated 

enhancer activity. Repressor or enhancer activity of Deaf-1 was observed in forward 

or reverse orientations of Deaf-1 sites, as expected for orientation-independent 

enhancer or repressor activity. In cells transfected with a control vector lacking 

Deaf-1 sites, Deaf-1 had no effect (data not shown). Thus, the 26-bp Deaf-1 element 

is sufficient to confer cell-specific Deaf-1-mediated repressor or enhancer activity. 

Regulation of the 5-HT1A promoter could involve interactions between Deaf-

1 and Hes5 at the 26-bp 5-HT1A palindrome. To address this, Deaf-1 and Hes5 were 

cotransfected in RN46A or SN48 cells and transcriptional activity at the 26-bp 

palindrome measured (Figure 2.4). In RN46A cells, both Deaf-1 and Hes5 repressed 

transcriptional activity, and together Deaf-1 and Hes5 induced a similar repression 

(Figure 2.4A). In SN48 cells, Deaf-1 enhanced activity of the 26bp-C(6) construct, 

while Hes5 repressed its activity (Figure 2.4B). Interestingly, when cotransfected 
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Figure 2.3: Orientation-independent repressor and enhancer activities of Deaf-1 at the 5-

HT1A palindrome. 

In RN46A (A) or SN48 (B) cells, luciferase reporter constructs containing 6 copies of the 26-bp 5-

HT1A palindrome in the forward (26bp-C(6)F) or reverse orientation (26bp-C(6)R] relative to the 

SV40 promoter were co-transfected with vector (pcDNA3) or Deaf-1 expression plasmid. Luciferase 

activity was normalized to vector control, and data are presented as mean ±SD of triplicate samples 

collected from four independent experiments. Statistical analysis was performed by unpaired t-test 

with two-tailed P values: ***P<0.001. 
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Figure 2.4: Deaf-1 competes with Hes5 to enhance 5-HT1A promoter activity. 

The 26bp-C(6) reporter construct (containing 6 copies of the C(-1019] allele of the 26-bp 5-HT1A 

palindrome) or the 5-HTl A(C) promoter construct was co-transfected with vector (pcDNA3), Deaf-1 or 

Hes5 plasmids in RN46A cells (A) or SN48 cells (B, CJ. Luciferase activity was normalized to control 

transfections. Data are presented as mean ± SEM of triplicate samples from three separate experiments. 

Significance compared to vector control as indicated: *P<0.05, **P<0.01, ***P<0.001. 
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with Hes5, Deaf-1-mediated enhancement was the dominant effect. A similar 

pattern was observed using the 5-HT1A promoter-luciferase construct, with Deaf-1 

enhancer activity dominant over Hes5 repression (Figure 2.4C). Thus, the enhancer 

activity of Deaf-1 could result from a competition with endogenous repressors such 

as Hes5. 

2.4.4 HDAC-dependent repressor/enhancer activity of Deaf-1 

Since recruitment of histone deacetylase (HDAC) is implicated in gene repression 

(Ayer, 1999], we tested the effect of HDAC inhibitor trichostatin A (TSA) on Deaf-1-

mediated repressor or enhancer activity at the 5-HT1A promoter (Figure 2.5]. We 

also tested the 5-HT1A RE-1 element placed upstream of the SV40 promoter in the 

pGL3P vector (pGL3P-REl), the target of the prototypic repressor REST/NRSF 

(REST) that mediates TSA-sensitive repression (Lemonde et al., 2004). In RN46A 

cells, Deaf-1 reduced 5-HT1A promoter activity and this action was attenuated by 

TSA treatment. Similarly, the silencer activity of REST at RE-1 was also partially 

reversed by TSA treatment in RN46A cells. In SN48 cells, Deaf-1-induced enhancer 

activity was also inhibited by TSA, indicating that HDAC activity is also required for 

Deaf-1-mediated enhancer activity. In SN48 cells, TSA treatment reversed REST-

mediated repression to enhanced activity compared to vector (pGL3P), consistent 

with the finding that REST can recruit silencer or enhancer activities (Jepsen et al., 

2000). Thus Deaf-1-mediated recruitment of HDAC can either repress or enhance 5-

HT1A promoter activity, depending on the cellular context. 
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Figure 2.5: Repressor and enhancer activities of Deaf-1 at the 5-HT1A promoter are TSA-

sensitive. 

The -1128bp 5-HTlA-luciferase construct (5-HT1 A(C)) was cotransfected with vector (pcDNA3) or Deaf-

1 plasmids in rat raphe RN46A and mouse septal SN-48 cells. As a positive control for TSA, a luciferase 

construct containing human 5-HT1A RE-1 placed 5' to SV40-promoter was cotransfected with vector 

(pcDNAl) or REST plasmids. Cells were treated with vehicle or TSA (200 nM) for 24 h, as indicated. 

Luciferase activity/|3-galactosidase activity was normalized to control (vector) transfections. Data are 

presented as mean ±SD of triplicate samples collected form at least three independent experiments as 

indicated. Statistical analysis was determined by unpaired t-test with two-tailed P values:*' ;f<0.001. 
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Figure 2.6: Cell-specific and TSA-sensitive repressor and enhancer activities are conferred by 

Deaf-1 at a heterologous DNA element. 

A. A model for the action of effectors Gal4-DBD [Gal4 vector), Gal4DBD-Deaf-l fusion protein, or LexA 

(positive control) at the X2G2P reporter construct containing two LexA and Gal4 sites upstream of SV40 

promoter-luciferase. These constructs were cotransfected in 5-HTlA-expressing rat RN46A (B) or 

mouse SN48 cells (C), which were treated for 24 h with vehicle or TSA (200 nM). Luciferase activity 

was normalized to Gal4 vector (100%). Data are presented as mean ±SD of triplicate samples collected 

form at least two independent experiments as indicated. Statistical analysis was by unpaired t-test with 

two-tailed P values: ***P<0.001. 
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2.4.5 Intrinsic repressor/enhancer activity of Deaf-1 

Deaf-1-mediated repressor/enhancer activity could result from competition with 

other factors (e.g., Hes5) or represent an intrinsic property of Deaf-1. To test the 

latter possibility, a completely heterologous hybrid system was used: full-length 

Deaf-1 was fused to the Gal4 DNA binding domain (DBD) and its activity tested at a 

reporter construct containing Gal4 elements (Figure 2.5A). Full-length Deaf-1 was 

used to preserve protein-protein interactions. Compared to the vector (Gal4DBD], 

Gal4DBD-Deaf-l repressed the SV40 promoter in RN46A cells (Figure 2.6], 

indicating that Deaf-1 confers repression when recruited to a heterologous element 

and promoter. This effect was entirely blocked by TSA, indicating that Deaf-1 

repression is dependent on HDAC activation; whereas LexA-mediated repression 

was not reversed by TSA, as previously observed (Lemonde et al., 2004]. When 

transfected in SN48 cells, Gal4-Deaf-1 induced a small but significant enhancement 

of transcription that was inhibited to below basal activity by TSA, while LexA 

induced HDAC-independent repression (Figure 2.6C). The effect of TSA indicates a 

primary role for HDAC in Deaf-1 enhancer activity and reveals a possible HDAC-

independent Deaf-1 repressor activity. Thus Deaf-1-induced enhancer activity in 

SN48 cells is HDAC-dependent and is conferred by Deaf-1 itself and is not due to 

displacement of the binding of another repressor to the 26-bp palindrome (such as 

Hes5). 
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2.5 Discussion 

Deaf-l, a cell-specific repressor and enhancer: In this study, we show that Deaf-1 

binds to the C(-1019) site to repress 5-HT1A receptor gene transcription in a 

presynaptic serotonergic cell line [RN46A] while Deaf-1 enhanced transcription in 

post-synaptic neuronal or glial cells (SN48, NG108-15, SKN-SH), as shown in the 

model (Supplementary Figure 2.1). The finding that the G(-1019) allele blocked both 

enhancer and repressor actions of Deaf-1 argues for a direct effect of Deaf-1 at the 

5-HT1A promoter. Hes5 mediated repression in all cell lines, which was attenuated 

in post-synaptic models by the presence of Deaf-1-mediated enhancer activity. This 

suggests that Deaf-1 and Hes5 compete for binding to the 26-bp palindrome, but 

that Deaf-1 may have higher affinity for binding than Hes5. However, Deaf-1-

induced enhancement did not result from competition with an endogenous stronger 

repressor of the 26-bp 5-HT1A palindrome element since cell-specific Deaf-1 

enhancer activity was present in the heterologous GAL4-DBD system. The 

possibility that differences in activator or repressor activity result from competition 

with binding to endogenous promoters is unlikely, since the number of genomic 

sites for Deaf-1 is at least 100-fold lower that of transfected reporter construct, 

based on 10% transfection efficiency. We postulate that Deaf-1 recruits cell-specific 

protein complexes to the DNA to either repress or enhance transcription. 

2.5.1 Multiple trans-acting functions of Deaf-1 

Deaf-1 has previously been shown to have either repressor or enhancer function 

depending on the gene analyzed. Deaf-1 is the human homologue of Deaf-1, a DNA-
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binding protein that was first shown to bind the autoregulatory element of the 

deformed gene in Drosophila melanogaster (Gross and McGinnis, 1996). In these 

studies, Deaf-1 synergistically activated deformed protein autoregulation of the 

120-bp deformed response element, thus displaying enhancer activity. Human Deaf-

1 trans-activated preproenkephalin promoter activity by 30-fold, but this effect 

appeared to be independent of DNA binding to the promoter (Huggenvik et al., 

1998). However in monkey kidney CV-1 cells, Deaf-1 repressed the hnRNP A2/B1 

and Deaf-1 promoters via sites located downstream from transcriptional initiation 

(Michelson et al., 1999). In contrast to these studies in different genes, depending on 

the cell type Deaf-1 repressed or enhanced gene transcription at the same C(-1019) 

site of the 5-HT1A receptor gene. This Deaf-1 site conferred cell-specific regulation 

at a heterologous promoter, implying that Deaf-1 recruits cell-specific regulatory 

factors to repress or enhance transcription. 

2.5.2 Different functional domains within Deaf-1 could mediate its 
enhancer or repressor activities 

The structure of Deaf-1 includes the conserved DNA-binding SAND domain (SplOO, 

AIRE-1, NucP41/75, Deaf-1) and a C-terminal MYND (myeloid, nervy, and Deaf-1) 

domain (Gross and McGinnis, 1996). Deaf-1 also contains two protein-interaction 

domains for its interaction with both Lmo4 and NLI/CLIM transcriptional 

regulators, which mediate embryonic pattern formation and cell fate (Sum et al., 

2002). Deaf-1-null mice display phenotypic abnormalities including exencephaly 

and transformation of cervical segments that resemble those of Lmo4-null mice, 

further suggesting functional overlap between Deaf-1 and LM04 (Hahm et al., 2004; 
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Tse et al., 2004; Lee et al., 2005). LM04 has been shown to recruit various NLI 

proteins that lead to transcriptional activation or repression (Bach et al., 1997; 

Jurata and Gill, 1997). Thus, recruitment by Deaf-1 of different protein complexes 

could direct enhancement or repression of gene transcription. 

Deaf-1 also contains both nuclear import (Jensik et al., 2004) and export sites 

(Huggenvik et al., 1998) to regulate trafficking. The finding that nuclear Deaf-1 

content is greatest in RN46A cells (Figure 2.2A) suggests that Deaf-1 may be 

stabilized in the nucleus (perhaps in heterochromatin) to exert its repressor 

activity. We observed little effect of the C(-1019)G mutation on basal activity of 5-

HT1A reporter constructs in RN46A cells (Figure 2.1A) where endogenous Deaf-1 

may be bound to the endogenous 5-HT1A gene and inaccessible to the reporter 

construct. Yet, there was a clear effect of the C(-1019)G change on basal activity in 

post-synaptic cells where Deaf-1 is largely cytosolic and may be free to translocate 

to the reporter construct. At reporter constructs, transfected Deaf-1 displayed 

greater repressor activity than enhancer activity (e.g., Figure 2.3, 2.4), since the 

background activity of endogenous Deaf-1 to repress is lower than basal enhancer 

activity (Figure 2.1A vs. 2.IB). Thus the preferential localization of Deaf-1 in the 

nucleus of RN46A cells appears to correlate with its greater activity as a repressor. 

2.5.3 HDAC dependence of Deaf-1 function 

Both repressor and enhancer activities of Deaf-1 were blocked by inhibition of HDAC 

using the HDAC-specific (class 1 and II) inhibitor TSA (Yoshida et al., 1990), 

implicating HDAC in these activities of Deaf-1. Histone deacetylases (HDACs) 

86 



Chapter 2 

regulate the acetylation of histone and non-histone proteins, as well as the 

recruitment of transcriptional regulatory protein complexes to chromatin [Yang, 

2004). Besides their roles in transcriptional repression, deacetylases can also 

positively regulate gene expression by deacetylation of transcription factors [Yang 

and Gregoire, 2005). For example, recruitment of HDAC by STAT5 proteins leads to 

deacetylation of C/EBPbeta, resulting in transcriptional activation of the Id-1 

repressor gene (Xu et al., 2003). Thus, TSA-mediated inhibition of HDAC activity can 

block repression as well as enhancer activity. 

Deaf-1 provides an unusual example of a transcription factor that upon 

directly binding to the same DNA regulatory element can recruit HDAC-dependent 

mechanisms to either repress or enhance gene expression. Transcription factors, 

such as nuclear receptors or myocyte enhancer factor-2 (MEF2), can function as 

repressor or enhancer but repressor activity involves recruitment of HDAC, while 

enhancer activity requires recruitment of histone acetylase activity and the absence 

of HDAC [Glass and Rosenfeld, 2000; McKinsey et al., 2001). Alternately, enhancer 

activity can be mediated through indirect protein-protein interactions. For example 

REST can both repress corticotrophin releasing hormone gene expression by 

binding to its RE-1 element, and enhance its transcription via a mechanism 

independent of RE-1 in NG108-15 cells (Seth and Majzoub, 2001). Generally, REST 

represses most target genes by association with co-repressors including Sin3A, 

nuclear receptor corepressor [NCoR) or CoREST. However, the co-repressor NCoR 

can mediate HDAC-dependent gene activation (Jepsen et al., 2000), a mechanism 
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that could account for the HDAC dependent activation of the 5-HTlA gene in post­

synaptic cells by Deaf-1. 

2.5.4 Implications for depression 

Identifying mechanisms that control 5-HTlA receptor expression has strong clinical 

relevance as the 5-HTlA receptor is a major direct or indirect target of 

antidepressant drugs (Pineyro and Blier, 1999; Blier and Ward, 2003; Albert and 

Lemonde, 2004). Increase in 5-HTlA autoreceptor expression has been associated 

with major depression (Stockmeier et al., 1998). In normal subjects and especially 

unmedicated depressed subjects, vivo imaging studies reveal increased 5-HTlA 

autoreceptors in the raphe area in G/G vs. non-G/G genotype, consistent with de­

repression of Deaf-1 at the 5-HTlA G-allele (David et al., 2005; Parsey et al., 2005). 

Post-synaptically, however, subjects with major depressive or panic disorder have a 

significant decrease in 5-HTlA mRNA (Lopez-Figueroa et al., 2004) and decreased 

5-HTlA receptor levels in hippocampus and cortex (Sargent et al., 2000; Bhagwagar 

et al., 2004; Neumeister et al., 2004). Furthermore, upon chronic antidepressant 

treatment, 5-HTlA autoreceptors are preferentially desensitized, while post­

synaptic 5-HTlA receptors are not (Pineyro and Blier, 1999). The cell-specific 

function of Deaf-1 could underlie differential regulation of pre- and post-synaptic 

5HT1A receptor expression in vivo (Supplementary Figure 2.1). The G/G genotype 

could confer de-repression of the 5-HTlA gene in the raphe, but reduced Deaf-1 

enhancer activity in post-synaptic neurons. The extent of Deaf-1 enhancer activity 

varied depending on the cell type, with strongest activity in septal SN48 cells. By 
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analogy the contribution of Deaf-1 to 5-HTlA receptor expression in various brain 

regions, and the influence of the C[-1019]G genotype will differ depending on the 

neuronal cell type. 

In summary, we have identified a novel HDAC-dependent regulatory 

mechanism by which Deaf-1 mediates cell-specific enhancer or repressor activity to 

regulate the 5-HTlA receptor gene. These divergent regulatory mechanisms by 

Deaf-1 may confer differential regulation of the 5-HTlA receptor in pre- vs. post­

synaptic brain regions in vivo. 
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TTAAAACGAA GACACACTCGGTTCTTCTT 
AATTTTGCTT 3TGTGTGAGCCAGAAGAA 5-HT1A t 5-HT1A gene 

expression 

Post-synaptic neuron 

Supplemental Figure 2.1: Model of Deaf-1-mediated transcriptional regulation of the 5-HTlA 

promoter 

Deaf-1 binds to a minimal consensus TTCG Deaf-1 site to repress 5-HTlA receptor gene transcription 

in pre-synaptic raphe cells, while it enhances transcription in post-synaptic 5-HTlA-expressing cells. 

Hes5 acts as a transcriptional repressor in a cell-independent manner. Cell-specific transcriptional 

repression and enhancement of the 5-HTlA promoter are intrinsic activities of Deaf-1 that require 

histone deacetylase (HDAC) activation and are abolished when the C(-1019)G polymorphism is 

present. 
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3.1 Abstract 

Previous reports establishing raphe cultures typically yield less than 1% serotonin 

(5-HTJ-positive neurons and are impractical for transcriptional studies. In this 

study, we have established primary cultures enriched in 5-HT neurons and 

quantified the proportion of cells expressing serotonergic and non-serotonergic 

markers. We have also shown the feasibility of using the multiplex real-time PCR 

technique to measure the relative amounts of RNA for some of these markers. 

Rostral raphe cells derived from E13-15 rat embryos were cultured for 7 days and 

analyzed by quantitative immunofluorescence and western blot analysis. In these 

cultures, ~8% of neurons were immunopositive for serotonergic markers (5-HT or 

tryptophan hydroxylase (TPH)). The % of cells labeled for GFAP (glial marker], 

tyrosine hydroxylase (catecholaminergic), and GAD65/67 (GABAergic) was 5,1, and 

54%, respectively. Transcription factors REST/NRSF and Deaf-1 were present in 9 

and 98% of cells, respectively. Multiplex quantitative RT-PCR (Q-PCR) analysis was 

done for TPH2, 5-HT1A receptor or Deaf-1 RNAs paired with GAPDH RNA as control. 

Using this approach, standard curves for each RNA were obtained over 200-fold 

concentration range of dilution with r2 values > 0.99. The relative abundances 

determined by Q-PCR are consistent with the expression of TPH2>Deaf-l>5-HTlA 

receptor RNA in serotonergic raphe cells. The standard error of TPH2 RNA levels 

between cultures was <20%, indicating a consistent purity of 5-HT neurons. Thus, 

we have generated a highly consistent and reproducible model system that is 

enriched in 5-HT neurons and that will be valuable in future investigation of 

serotonergic regulation. 
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3.2 Introduction 

The brainstem raphe nuclei are the primary site of serotonin (5-HT) synthesis in the 

mammalian brain (Dahlstrom and Fuxe, 1964). These neurons are characterized 

into subpopulations based on their regional differences in morphologic features and 

projection patterns. The dorsal raphe nuclei (DRN) contain the largest collection of 

5-HT neurons (Tork, 1990). It has been estimated that the number of 5-HT neurons 

within the human DRN is approximately 235,000 (Baker et al., 1990), while only 

20,000 5-HT neurons are present in the rat (Jacobs and Azmitia, 1992). Although 

low in number, 5-HT neurons densely innervate the brain through their extensive 

and diffuse axonal collaterals. The rostral division of 5-HT neurons projects to the 

forebrain, including the cerebral cortex, limbic system, basal ganglia and 

diencephalon. Caudal 5-HT neurons project primarily to the spinal cord, while both 

groups innervate the brainstem and cerebellum (Steinbusch, 1981; Kohler and 

Steinbusch, 1982; Tork, 1990; Vertes, 1991). It is through these extensive 

projections that 5-HT regulates a wide range of physiological and behavioural 

functions such as learning, memory, emotion and behaviour (Jacobs and Azmitia, 

1992; Barnes and Sharp, 1999). 

In the rat, the first 5-HT neurons are detected at embryonic day 12 (E12) by 

5-HT immunoreactivity. By E14, three groups of serotonergic neurons (rostral, 

medial and caudal) can be defined; subgroups emerge from these and enlarge until 

E19 (Aitken and Tork, 1988; Konig et al., 1988). The synthesis of 5-HT is regulated 

by the levels of its precursor tryptophan and by the activity of tryptophan 

hydroxylase (TPH). A second isoform of TPH, termed TPH2, has been identified as 
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the rate-limiting enzyme in raphe neurons (Walther et al., 2003). Among the 14 

known mammalian 5-HT receptor genes, the most abundant subtype expressed on 

serotonergic raphe neurons is the somatodendritic 5-HT1A autoreceptor (Sotelo et 

al., 1990; Riad et al., 2000). Activation of the 5-HT1A autoreceptor inhibits adenylyl 

cyclase and calcium currents and activates potassium channels (Raymond et al., 

1999). Thus, 5-HT1A autoreceptors decrease cell firing rates and 5-HT release to 

mediate negative feedback inhibition of serotonergic neurons. Hence, the 5-HT1A 

autoreceptor is a powerful regulator of both pre- and post-synaptic serotonergic 

neurotransmission. 

Transcriptional regulation of the 5-HT1A gene affects autoreceptor levels 

and thus is believed to modulate 5-HT neurotransmission (Albert and Lemonde, 

2004). An important transcription factor involved in controlling 5-HT1A gene 

expression is Deformed Epidermal Autoregulatory Factor-1 (Deaf-

1/NUDR/Suppressin) (Lemonde et al., 2003). It acts as a repressor of 5-HT1A gene 

transcription in RN46A cells, which are a model of pre-synaptic rat raphe nuclei 

cells. In addition, it has been proposed that dys-regulation of Deaf-1 may play an 

important role in major depressive disorder (MDD) through de-repression of raphe 

5-HT1A gene transcription. This would increase autoreceptor levels and decrease 5-

HT firing, which may contribute to the pathobiology of MDD (Lemonde et al., 2003; 

Czesaketal., 2006). 

Previous studies have had variable success in establishing raphe cultures 

enriched in 5-HT neurons, and the presence of other neurotransmitter subtypes or 

transcription factors was not extensively characterized (Gaiter and Unsicker, 1999, 

102 



Chapter 3 

2000; Lautenschlager et al., 2000; Rumajogee et al., 2002). One objective of this 

study was to establish rat primary rostral raphe cultures enriched in 5-HT neurons 

and to quantify the proportion of cells expressing key serotonergic and non-

serotonergic markers. Moreover, we utilized the real-time PCR technique to 

consistently measure relative amounts of RNA for some of these markers including: 

the rate-limiting enzyme for 5-HT synthesis, TPH2; the 5-HT1A autoreceptor; and 

the transcriptional factor Deaf-1, which regulates 5-HT1A receptor gene expression. 

Furthermore, we have assessed the levels of several other neuronal and non-

neuronal markers to more fully characterize these cultures, and find a low 

frequency of glial and catecholaminergic markers. These cultures were consistently 

enriched in 5-HT neurons and allowed for reproducible multiplex quantification of 

RNAs that will permit transcriptional studies of 5-HT neurons. 

3.3 Materials and Methods 

3.3.1 Primary Cultures 

Pregnant Sprague-Dawley rats (estimated E13-E15) were obtained from Charles 

River Inc. Rats were euthanized according to the experimental protocol approved by 

the University of Ottawa animal care facility (protocol # NSI-53). Briefly, rats were 

placed into CO2/O2 chamber until loss of consciousness, followed by cervical 

dislocation. Embryos were removed via c-section and placed in Hank's Balanced Salt 

Solution (HBSS) without Ca 2+ (Wisent Inc, St. Bruno, QC, Canada). Their stage of 

development was assessed by morphological criteria in accordance to the Carnegie 

stages of human development (O'Rahilly and Muller, 1994). Embryos younger than 
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E13 or older than E15 were discarded to ensure consistency of cultures. Rostral 

raphe neurons were dissected from the midbrain according to the parameters 

outlined in Lautenschlager et al. 2000. Briefly, heads were removed from the 

embryos under a dissecting microscope (Zeiss KL 1500 LCD), meninges were 

removed and the midbrain/brainstem gently dissociated. The neural tube was 

opened ventrally and flattened in a petri dish containing HBSS without Ca 2+ (Wisent 

Inc.). A strip of tissue of approximately 0.5 mm in width was dissected at the midline 

of the rostral rhombencephalon (Konig et al., 1988). Further dissection of the region 

between B4 and B9 raphe nuclei was done to enrich for rostral 5-HT neurons. 

Raphe tissue was resuspended in 5 mL of HBSS without Ca2+ and triturated 

ten times, the homogenate was strained (BD Biosciences, Mississauga, ON, Canada) 

to remove debris and an equal amount of HBSS with Ca 2+ added. Cells were 

centrifuged (500 g, 5 min) and the pellet was resuspended in 5 mL of Neurobasal 

media (Invitrogen, Burlington, ON, Canada) containing B27 supplement 

(Invitrogen), 1% PenStrep (Wisent Inc.) and 0.4% L-Glutamine (Wisent Inc.). 6-well 

plates (Sarstedt Inc. Montreal, QC, Canada) were coated with poly-D-lysine (Sigma 

Inc. St. Louis, MO, USA) and pre-incubated with neurobasal media (1 mL per well) 

overnight in the 37°C incubator. Average yield was 12 embryos/rat from which two 

6-well plates of cells plated at 3 x 106 cells/well were obtained. Two days after 

plating, 1 mL of medium from each well was replaced with fresh medium. Cells were 

cultured for 7 days in vitro (7 DIV). 
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3.3.2 Immunohistochemistry 

Cells were fixed using Lana's Fixative (4% paraformaldehyde and 0.2% picric acid in 

0.1 M phosphate buffer, pH 7.1). Cells were rinsed three times in 10 mM phosphate-

buffered saline (PBS). All cells treated with primary antibodies were incubated at 

4°C overnight on top of a vibrating device to enhance antibody binding (Jacobsen 

and Staines, 2004). To detect glial cells, polyclonal rabbit anti-glial fibrillary acidic 

protein (GFAP) antibody was used at a dilution of 1:500 (Dako Inc. Mississauga, ON, 

Canada). For early neuronal differentiation, mouse neuron specific B III Tubulin 

antibody-1 (Tuj-1) was used as marker, at a dilution of 1:25 (kind gift from Dr. Slack, 

originally from Dr. David Brown) while mouse Neuronal Nuclei (NeuN) was used as 

a marker of mature neurons, at a dilution of 1:50 (kind gift from Dr. Bennett, 

originally from Chemicon Inc.). Mouse monoclonal anti-tyrosine hydroxylase (TH) 

antibody was used at 1:1000 dilution (kind gift from Dr. Park, originally from 

Immunostar, Hudson, WI, USA) to distinguish catecholaminergic neurons. 5-HT 

positive neurons were identified using rat anti-serotonin monoclonal antibody 

(Chemicon Inc.) at a dilution of 1:100; additionally, polyclonal sheep anti-TPH 

antibody (Chemicon Inc.) was used at dilution of 1:200. For the transcription factor 

Deaf-1, rabbit anti-Deaf-1 polyclonal antibody was generated using a Deaf-1 

multiple-antigenic peptide sequence EAEEPVLSRDEDSEED corresponding to amino 

acids 36-51 (Cedarlane, Hornby, ON, Canada) (Lemonde et al., 2003) and used at a 

dilution of 1:200. For y-aminobutyric acid (GABAergic) neurons, monoclonal mouse 

anti-glutamic acid decarboxyIate-65 antibody (BD PharMingen, Mississauga, ON, 

Canada) was used at 1:1000 dilution, and polyclonal rabbit anti-glutamic 
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decarboxylase-65/67 antibody [Chemicon Inc.] was used at a dilution of 1 1000 A 

goat polyclonal antibody dilution of 1 200 (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA] was used to detect the Repressor Element Silencing Transcription 

Factor/Neuron-restnctive Silencing Factor (REST/NRSF] Each primary antibody 

was washed off 3 times with PBS and a secondary antibody against mouse, rat or 

rabbit was applied at a dilution of 1 1000 accordingly. Secondary antibodies used 

were Alexa Fluor 488 donkey anti-rabbit IgG, Alexa Fluor 594 goat anti-rabbit IgG, 

Alexa Fluor 594 rabbit anti-mouse IgG, Alexa Fluor 488 goat anti-rat IgG, Alexa 

Fluor 594 donkey anti-goat IgG and Alexa Fluor donkey anti-sheep IgG (Molecular 

Probes, Eugene, OR, USA] Hoechst staining (Sigma Inc.] was applied at 1 2000 

dilution for 10 min and cells were washed 3 times with PBS Cells that stained 

positive for each of the markers where counted as % total live cells (20X resolution 

using Axiovert S100 Zeiss microscope, Northern Eclipse 6.0 software) which were 

indicated by positive Hoechst staining of nuclear DNA 

3.3.3 Western blot analysis 

Primary raphe cultures were rinsed three times with PBS and the cells collected. 

Cells were centnfuged at 500 g for 2 min and pellet was resuspended in 200-400 \xh 

of 1% Nonidet P-40 solution containing protease inhibitors (Sigma Inc) Whole-cell 

extracts were sonicated (Sonic Dismembrator-60, Fisher Scientific, Nepean, ON, 

Canada) 3 times for 10 sec at setting 3 RMS Proteins where denatured by boiling for 

5 min in IX SDS buffer and placed on ice. 50 [xg of total cell lysate was loaded onto a 

12% electrophoresis gel and run according to previously described protocol 
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(Lemonde et al., 2003]. Antibodies used where the same as described in the above 

immunohistochemistry section. Unless otherwise stated, same antibody dilutions 

were used for immunohistochemistry as for Western blots. In the case of anti-mouse 

NeuN antibody, a dilution of 1:1000 was used instead. Anti-rabbit Deaf-1 antibody 

was used at a dilution of 1:2000. Mouse GAD65 was used at a dilution of 1:1000 (BD 

PharMingen). Sheep TPH antibody was used at a dilution of 1:1000. Monoclonal 

mouse (3-actin antibody (Sigma Aldrich) was used as loading control at a dilution of 

1:5000. Secondary antibodies used at a dilution of 1:2000 were as follows: goat anti-

rabbit HRP-linked antibody (Cell Signaling, Beverly, MA, USA), goat anti-mouse HRP-

conjugated antibody and rabbit anti-goat HRP-conjugated antibody (Jackson Labs, 

Soham, Cambridgeshire, UK). Proteins were visualized on Kodak BioMax MR film 

using BM Chemiluminescence blotting substrate (Roche Diagnostics, Laval, QC, 

Canada). 

3.3.4 Quantitative Real-Time RT-PCR (Q-PCR) 

Total RNA was obtained from single wells of a 6-well plate. Wells were rinsed twice 

with ice-cold PBS and cells were lysed with 200 uL of TRIzol (Invitrogen) for 5 min 

and extracted at room temperature using 200 uL chloroform for 2 min. Lysates were 

centrifuged (10,000 g, 15 min, 4QC) and the aqueous phase precipitated in 

isopropanol overnight at -20QC. The pellet was rinsed with 70% ethanol and 

resuspended in 25 uX of DEPC-treated water to 0.3 [xg/u.L to 1 u,g/u,L. Samples were 

treated with DNAse using Turbo DNA-free kit (Ambion, Foster City, CA, USA) 

according to manufacturer's protocol. Briefly, 1 u,L of DNAse was applied to 5 \xg of 
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RNA for 30 min at 37QC. After inactivation and pelleting of the enzyme, RNA was 

quantified by spectrophotometry at 260 nm. Concentrations ranged from 0.07 to 

0.10 \ig/\ih and 260/280 ratios were >1.8. 

Reverse transcription was carried out on 0.5 ug of DNAse-treated RNA in 20 

uL reactions containing 2 ul of random decamer oligonucleotide primers [Ambion) 

and 2 mM dNTP mix. Reactions were heated for 3 min at 70QC. After annealing on 

ice, first-strand buffer [Ambion), 25 U of M-MLV reverse transcriptase [Ambion, 

USA) and 10 U of RNAse inhibitor [Promega, Madison, WI, USA) were added for 60 

min at 42QC, and reactions terminated by 10 min treatment at 95eC. Parallel 

reactions lacking M-MLV enzyme served as no reverse transcription controls. Newly 

synthesized cDNA was stored at -20QC. 

Q-PCR was performed using TaqMan chemistry. Probes and primers for the 

four genes studied were purchased as Gene Expression kits [Applied Biosystems, 

Foster City, CA, USA). Product numbers are as follows: TPH2, Rn00598017_ml; 

Deaf-1, Rn00582534_ml; 5-HT1AR, Rn00561409_sl and GAPDH, 4352338E. TPH2, 

Deaf-1 and 5-HT1A probes are FAM-labelled probes, while GAPDH is a VIC-labelled 

probe. The expected size and location of each product is as follows: GAPDH is not 

specified, TPH2 is 64 bp spanning exon boundary 8-9, 5-HT1A is 68 bp [starting at 

866 bp) and there is no exon boundary since the gene is intronless, and Deaf-1 is 68 

bp spanning exon boundary 11-12 [starting at 1555 bp in the ORF). The identity of 

the TaqMan PCR products was verified by direct sequencing [5-HT1A, Deaf-1) or 

Southern blot analysis using TPH2 cDNA as probe (for TPH2). GAPDH was used as 

internal control and its probes were included in every multiplex reaction. Reactions 
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were carried out in 10 ^L volume. Each reaction contained 5 uL of TaqMan 

Universal PCR Mastermix (Applied Biosystems), 0.5 uL of FAM-labelled probe, 0.5 

^L of VIC-labelled probe, 3 u,L of nuclease-free water prepared as a master-mix, and 

1 jxL of sample. Standard curves for each gene were prepared by serial dilution of 

the most concentrated cDNA sample measured in duplicate or triplicate such that 

the standard curves spanned the range of values of the duplicate test samples. 

Simultaneously, control samples without template DNA (no template controls) were 

run for each gene. In addition, at least one point of each standard curve was run in 

duplicate along with the samples as a positive control. Reactions were carried out in 

a Rotor Gene 3000 cycler (Corbett Research, Sydney, Australia). The cycling 

program used was: 95°C or 10 min followed by 40 cycles of 95°C for 15 sec and 60°C 

for 60 sec. 

Data were analysed using commercially available Rotor Gene v6.0 software. 

The software found the best fit for the four standard curves. Threshold was defined 

as 10 times the baseline. Relative amounts of each target gene to GAPDH were 

obtained as io(CtT~CtG), where CtT is the threshold cycle for the target gene and CtG is 

the threshold cycle for GAPDH in the same tube (Livak and Schmittgen, 2001). 

Duplicates were averaged and the resulting values were used to calculate SEM. 

Outliers (validated by Q test with at least 90% confidence) were discarded. 
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3.4 Results 

3.4.1 Characterization of midbrain cultures by immunostaining 

Midbrain cultures enriched in raphe cells were characterized by 

immunofluorescence to determine the frequency of cells stained with various 

neuronal and glial markers (Figure 3.1). The specificity of the antibodies used was 

further tested by Western blot analysis (Figure 3.2). By 7 DIV, many of the cells had 

extended processes as can be seen with phase-contrast microscopy (Figure 3.1A). 

3.4.2 Proportion of 5-HT neurons 

In order to assess the proportion of serotonergic neurons present, rat rostral raphe 

cultures were stained with antibodies to 5-HT or TPH and co-stained with Hoechst 

to visualize the nuclei of all living cells present (Figure 3.1A and 3.1C). After 7 DIV, 

primary rat rostral raphe cultures, which include both the dorsal and median raphe 

nucleus, had 7.9% of 5-HT positive cells (Figure 3.ID). The proportion of 5-HT-

positive neurons remained consistent between cultures. Similarly, TPH, the rate-

limiting enzyme for 5-HT synthesis, was present in 7.2% of cells (Figure 3.1C and 

3.ID). The slightly lower proportion of TPH- vs. 5-HT-positive cells may reflect 

different antibody sensitivity or low TPH expression in some 5-HT neurons 

(Hendricks et al., 2003). Western blot analysis detected a single TPH species at the 

expected size of 55 kDa (Figure 3.2). Both 5-HT- and TPH-positive cells displayed a 

differentiated neuronal appearance with extensive neuronal processes. Thus, the 

proportion of 5-HT neurons in these cultures was about 8%. 
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Hoechst Overlay 
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Figure 3.1-A: Quantification of marker frequency in rat rostral raphe cultures using 

immunofluorescent staining. 

Raphe cultures at 7 DIV were fixed and stained for various neuronal and non-neuronal markers. A-C 

show representative images shown at 20X magnification (scale bar represents 50 microns). A) 

Immunofluorescent staining for the presence of 5-HT in raphe cultures, compared to total cell 

number (view by light microscopy) or total nuclei (Hoechst staining). 
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Rest 

Figure 3.1-B: Quantification of marker frequency in rat rostral raphe cultures using 

immunofluorescent staining. 

Raphe cultures at 7 DIV were fixed and stained. Representative images are shown at 20X 

magnification (scale bar represents 50 microns]. Immunoflourescent staining of neuronal and non-

neuronal cell markers compared to Hoechst stained nuclei. 
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GAD65/67 

TH 

TPH 

Deaf-1 

Figure 3.1-C: Quantification of marker frequency in rat rostral raphe cultures using 

immunofluorescent staining. 

Raphe cultures at 7 DIV were fixed and stained Representative images are shown at 20X 

magnification (scale bar represents 50 microns) Staining of various neurotransmitter synthesis 

markers as well as Deaf-1, each compared to Hoechst stained nuclei 
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Figure 3.1-D: Quantification of marker frequency in rat rostral raphe cultures using 

immunofluorescent staining. 

Quantification of cells stained positive for various markers Cells were counted as the percent of total 

nuclei (from viable cells) stained positive for Hoechst At least 6 different cultures were used to 

obtain the counts with at least 3 random fields of view counted per well stained Data are shown as 

mean % of total cells ± SEM 
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3.4.3 Proportion of neurons 

The proportion of neuronal cells was tested using neuron specific Tuj-1 and NeuN 

antibodies, which are early and late neuronal markers, with 50 kDa and 46-48 kDa 

molecular weights, respectively (Figure 3.2). The majority of neurons exhibited 

positive Tuj-1 (Figure 3.IB), while 90.7% of neurons were NeuN positive (Figure 

3.IB, 3.ID). Tuj-1-positive cells displayed extended processes, as evidenced by the 

tubulin staining in Figure IB. To estimate glial cell number, cultures were stained 

for GFAP (Figure 3.IB). The proportion of non-neuronal, GFAP-positive cells in these 

raphe cultures was 4.8% (Figure 3.ID), and GFAP-positive cells displayed multiple 

processes typical of activated astrocytes (Figure 3.IB). GFAP was also expressed in 

the raphe protein extract, at the expected molecular weight of 52-55 kDa (Figure 

3.2). Proliferation of glial cells in these cultures may have been attenuated by use of 

Neurobasal medium with B27 supplement, which inhibits the growth of non-

neuronal cell types (Brewer at al., 1993). Thus these midbrain cultures contained at 

least 90% neuronal cells. Furthermore, cultures stained positive for REST/NRSF, which 

is expressed in progenitor or non-neuronal cells where it functions to inhibit the 

differentiation of neuron-specific genes. REST/NRSF was present in 9.4% of cells 

(Figure 3. ID), consistent with a large proportion of differentiated neurons. 

3.4.4 Markers of neuronal subtypes 

In addition to 5-HT-positive cells, we characterized the presence of other neuronal 

subtypes in these cultures using a variety of markers. Initially the presence of GABA-
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positive cells was observed using anti-GABA staining (data not shown). This was 

confirmed by using antibodies for glutamic acid decarboxylase (GAD) 65 and 67, 

enzymes responsible for synthesizing GABA (Figure 3.1C). Western blot analysis 

further confirmed the abundance of these enzymes at the expected molecular 

weight of 65-67 kDa (Figure 3.2). As expected, the antibody specific for both 

subtypes of the enzyme (GAD65/67) stained more intensely than when GAD 65-

specific antibody was used alone (Figure 3.2). Furthermore, cell counts of raphe 

cultures revealed that approximately 54.9% of these cells were GAD65/67 positive 

(Figure 3.1C, 3.ID), constituting the largest population of neurons in these cultures. 

To identify dopamine- or noradrenaline-positive neurons, we stained for tyrosine 

hydroxylase (TH) (Figure 3.1C, 3.ID), the rate-limiting enzyme in dopamine 

synthesis. TH was expressed in only 0.9% of neurons, implying that the proportion 

of catecholaminergic neurons is about 12% of the number of 5-HT neurons present 

in the cultures. 

3.4.5 Deaf-1: a pleiotropic marker 

Deaf-1 is a transcriptional regulator of 5-HT1A gene expression (Lemonde et al., 

2003), hence the expression of Deaf-1 was examined by immunohistochemistry and 

Western blotting. Deaf-1 was expressed in the majority of cell types, 98.1% (Figure 

3.1C and Figure 3.ID) and the anti-Deaf-1 antibody recognized a single species with 

the expected molecular weight of 59 kDa (Figure 3.2). The abundance of Deaf-1 is 

consistent with previous results that demonstrate that Deaf-1 is present in both 

serotonergic and non-serotonergic cells in sections of raphe nuclei, and hence may 
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Figure 3.2: Western blot analysis of whole cell lysates for markers. 

Cells from rostral midbrain cultures were collected after 7 DIV and protein extracts from whole cell 

lysates (50 ug/lane) were assessed for different proteins present in cultures by Western blot using 

the indicated antibodies. R-actin was used as loading control. Migration of molecular weight markers 

(kDa) is indicated on the ordinate. 
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regulate multiple genes (Lemonde et al., 2003). As observed previously by cell 

fractionation studies, Deaf-1 immunostaining was present in cytoplasm and nuclei 

of stained cells (Czesak et al., 2006). 

3.4.6 Multiplex Q-PCR 

The level of 5-HT1A, TPH2 and Deaf-1 RNA was quantified using Q-PCR. Multiplex 

analysis of raphe cultures was done for TPH2, 5-HT1A receptor or Deaf-1 RNAs 

paired with GAPDH RNA as control. Standard curves for each gene were produced 

using RNA extracted from raphe cultures and diluted over 200 times, demonstrating 

the linearity of the response over the range of values studied (r2=0.992 for 5-HT1A, 

r2=0.991 for TPH2, r2=0.997 for NUDR and r2=0.993 for GAPDH) (Figure 3.3A). The 

relative concentration of each RNA (R) was normalized to the concentration of 

GAPDH RNA using the formula: R = io(CtTCtG) , where CtT is the target gene Ct and 

CtG is that of GAPDH (Livak and Schmittgen, 2001). The Ct (Threshold Cycle) values 

were always within the range of the standard curve for each gene analyzed as 

shown by representative sample curves (Figure 3.3B). "No reverse" transcription 

and "No template" controls did not amplify within this range. The reproducibility 

was greater amongst values obtained from same-day cultures, as opposed to 

cultures harvested on different occasions. Assuming equivalent reverse 

transcription efficiencies, Deaf-1 RNA was the most abundant, in agreement with its 

widespread expression, while for 5-HT specific markers, TPH2 RNA was 

intermediate and 5-HT1A RNA was least abundant (Figure 3.3C). 
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Figure 3.3: Multiplex Q-PCR for quantification of 5-HT1A receptor, Deaf-1 and TPH2 RNAs in 

raphe primary cultures. 

A) Standard curves of serial dilutions of cell extracts were generated and analyzed by regression for 

each marker RNA, including GAPDH used as internal control. Correlation for GAPDH is Ct= -

4.775*log(conc) + 25.710 [R2 = 0.98795) and efficiency = 0.62. The correlation for 5-HT1A is Ct= -

3.809*log(conc) + 33.331 (R2 = 0.99208) and efficiency = 0.83. The correlation for Deaf-1 is Ct= -

4.264*log(conc) + 30.033 (R2 = 0.99339) and efficiency = 0.72. The correlation for TPH2 is Ct= -

3.371*log(conc) + 30.942 (R2 = 0.99071) and efficiency = 0.98. B) Sample curves showing 

representative amplification of each of the marker RNAs. C) Average relative abundance of marker 

RNAs. Graph showing relative amounts compared to GAPDH of TPH2, 5-HT1A and Deaf-1 RNAs from 

multiple independent cultures. Data are shown as mean ± SEM of at least three independent 

experiments. 
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3.5 Discussion 

3.5.1 Characterization of raphe cultures 

We have established midbrain cultures from El3-15 rat embryos that are enriched 

in serotonergic cells. These cultures were derived from the tissue rostral to the 

pontine flexure, which separates the B4-B9 raphe nuclei (including dorsal and 

median nuclei] from the caudal raphe nuclei (Konig et al., 1988). The dorsal raphe 

projects specifically to the prefrontal cortex, lateral septum and amygdala, while the 

medial raphe projects to the medial septum, cingulate and dorsal hippocampus 

(Beck et al., 2004), as well as limbic areas involved in depression. Thus, these 

cultures provide a model for understanding regulatory changes implicated in 

depression (Adell et al., 2002). Typically, embryonic midbrain cultures have yielded 

less than 1% 5-HT positive neurons, a limitation for mechanistic studies. For 

example, only 200/75,000 cells (0.3%) were 5-HT positive in a recent study 

(Rumajogee et al., 2002). Gaiter and Unsicker (1999) reported ~ 1 % TPH positive 

neurons in rostral rhombencephalon cultures from E14 rat embryos after 24h IV; 

the percentage of 5-HT positive neurons declined until 6 DIV and then stabilized 

(Gaiter and Unsicker, 1999). They also reported less than 1% TH positive neurons, 

and virtually no GFAP positive astroglia. Lautenschlager et al. (2000) obtained about 

4% overall, and as high as 7.5% 5-HT positive neurons in a small subgroup of their 

rostral cultures from E14 rat embryos at 14 DIV (Lautenschlager et al., 2000). In 

their studies they did fine dissection of the rostral raphe region to optimize the 

yield, using trypsin/EDTA to dissociate the cells, a treatment that we found reduced 

the neuronal viability of our cultures and was omitted. In our approach, gentle 
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mechanical dissociation of cells prior to plating ensured a higher rate of survival 

than with enzymatic treatment, especially if cells were already undergoing 

differentiation upon harvesting and were prone to injury. Thus we routinely 

obtained a high yield of approximately 8% 5-HT positive neurons from the entire 

rostral raphe, from rat embryos spanning a two-day range of development (E13-

E15], an improvement over previous preparations. As with any primary culture 

system, the accuracy with which the appropriate region of the midbrain is harvested 

is critical. Thus, the level of precision with which these dissections were conducted 

could account in part for the increased yield of serotonergic neurons in comparison 

to other findings. It should be noted that treatment of these cultures with exogenous 

growth factors, such as TGF-(3 and BDNF, has been shown to significantly induce 

expression of serotonergic markers (Gaiter and Unsicker, 1999, 2000]. These 

treatments were not applied to our culture system in order to maintain as 

physiological a baseline condition as possible since these cultures serve as a model 

for future regulatory studies of the serotonergic system. 

The raphe cultures we have characterized had approximately 5% GFAP-

positive astrocytes, with the remainder being predominantly neuronal cell types 

based on Tujl and NeuN staining. Other groups (Hery et al., 2000] indicate that their 

serum-free rostral raphe cultures contain <5% glial cells, while Lautenschlager et al. 

(2000] obtained 9% glial cells. Glial proliferation is suppressed under serum-free 

culture conditions using B27/Neurobasal medium (Brewer et al., 1993]. In our 

study, further treatment of cultures with cytosine arabinoside to inhibit glial 

proliferation had toxic effects on cell survival, even at very low concentrations 
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(concentration range tested was between 2 uM and 10 uM) and was not pursued. 

However, the presence of glia appears to be beneficial to 5-HT neuronal survival 

through the secretion of neurotrophic factors such as SlOOb (Nishi et al., 2000). 

Thus we believe that the presence of 4.8% GFAP-positive cells in our cultures was 

sufficient to simulate a physiological environment and support neuronal survival 

and differentiation. 

Previously, raphe cultures have not been extensively characterized for other 

neurotransmitter phenotypes. Our cultures displayed less than 1% TH positive 

monoaminergic cells, 8-fold less than the frequency of 5-HT cells. Since 

dopaminergic (TH positive) neurons are localized adjacent to 5-HT neurons in both 

the rostral and caudal embryonic rat rhombencephalon, while adrenergic neurons 

are entirely caudal (Dahlstrom and Fuxe, 1964; Hokfelt et al., 1984; Konig et al., 

1988), the few TH positive cells detected in our cultures are probably dopaminergic. 

The predominant (over 50%) neuronal subtype present in our cultures was 

GABAergic. A small fraction of GAD-positive neurons are present in the adult rat 

DRN, suggesting that the neurons in our culture may arise from adjacent tissue 

(Abellan et al., 2000). Interestingly, 5-HT neurons express both GAD (Nanopoulos et 

al., 1982; Belin et al., 1983), GABA-R1 receptor subunit (Abellan et al., 2000) and 

vesicular glutamate transporter type 3 (vGLUT3) (Stornetta et al., 2005), suggesting 

that some of the 5-HT neurons in rostral raphe cultures may produce GABA. 

Consistent with this, amino acid neurotransmitters GABA, glycine, taurine and 

glutamate were reported in rostral raphe cultures from E15 rat embryos (12 DIV), 

and were found to regulate 5-HT metabolism (Becquet et al., 1993). 
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Primary cultures have the advantage of retaining many of the properties of 

differentiated neurons, in comparison to transformed cell lines that tend to de­

differentiate with passage in culture. An important limitation of primary cultures of 

the rostral raphe region is the cellular heterogeneity due to the inherent complexity 

of this region. However, the presence of critical cell types also provides a more 

physiological environment. For example, the presence of glia results in greater 

neuronal survival, mimicking the physiological conditions found in the rostral raphe 

region of the brain. For this reason we have optimized the procedure to obtain the 

highest purity of 5-HT neurons, while preserving a physiological environment for 

their survival. The problem of heterogeneity is mitigated by examining cell-specific 

markers (e.g. serotonergic). Another important limitation of all primary cultures is 

that culture conditions (dispersed cells, media, target neurons, etc.] do not entirely 

replicate the developmental milieu of raphe neurons in vivo. For this reason we have 

measured several serotonergic markers to assess the differentiation of these 

embryonic neurons to the serotonergic phenotype. 

3.5.2 Multiplex Q-PCR 

One objective of establishing enriched raphe cultures was to obtain enough cells to 

perform quantitative measurement of RNA levels using Q-PCR. We examined three 

RNAs: the transcription factor Deaf-1, which was prevalent in these cultures and is 

widely expressed in the brain (Lemonde et al., 2003]; the serotonin-specific marker 

TPH2; and the 5-HT1A receptor, a more weakly expressed protein that is 

predominantly expressed in 5-HT neurons (Hillion et al., 1994]. Thus we predicted a 
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range of RNA abundances, from transcripts expressed in all cells (Deaf-1) to 

serotonin-specific RNA expression [TPH2, 5-HT1A), although 5-HT1A receptors 

have been detected in a small proportion of non-serotonergic raphe cells in adult 

DRN as well (Kirby et al., 2003; Beck et al., 2004; Marinelli et al., 2004). Although 

TPH2 is the predominant isoform expressed in the brainstem (Patel et al., 2004), 

there have been no specific studies done on this enzyme in raphe primary cultures. 

To quantify the RNA subtypes we performed a dual probe Q-PCR reaction to 

normalize the mRNA to GAPDH within each sample. Thus from each individual 

sample we could determine the relative abundance of the RNA transcript. 

Interestingly, the abundance of Deaf-1 and TPH2 were similar despite the more 

widespread cellular distribution of Deaf-1, suggesting that TPH2 RNA is 3.5-fold 

more abundant in 5-HT cells (assuming 8% proportion of 5-HT cells). On the other 

hand, 5-HT1A receptor RNA was 3-fold less abundant than TPH2, suggesting that in 

5-HT neurons, 5-HT1A receptor and Deaf-1 RNA have similar expression (assuming 

5-HT1A receptors are expressed in 5-HT neurons alone). These data are consistent 

with a greater synthesis of TPH2 enzyme compared to receptor (100 fmol/mg 

protein) or Deaf-1. However, we have assumed similar efficiencies of reverse 

transcription and PCR amplification to estimate the relative amounts of the target 

RNA (Figure 3.3C). 

In summary we have established and characterized primary raphe cultures 

that provide several important advantages over previous cultures. Firstly, these 

cultures are enriched in 5-HT neurons, and have a low proportion of TH-positive 

cells. They also yield sufficient RNA to perform multiplex Q-PCR analysis on at least 
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three different transcripts with GAPDH as standard, over a 200-fold concentration 

range. Both ubiquitous and 5-HT-specific RNA's were quantified using this protocol. 
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4.1 Abstract 

Altered regulation of the serotonin-lA (5-HT1A) receptor gene is implicated in 

major depression and mood disorders. The functional 5-HT1A C(-1019]G promoter 

polymorphism (rs6295), which prevents the binding of Deaf-1/NUDR leading to 

dys-regulation of the receptor, has been associated with major depression. In cell 

models, Deaf-1 represses 5-HT1A autoreceptor expression in serotonergic raphe 

cells, but enhances post-synaptic 5-HT1A receptor expression in non-serotonergic 

neurons. Analogous to the human promoter, an imperfect palindrome Deaf-1 

binding site was identified at -947 bp of the mouse 5-HT1A promoter. To address 

regulation by Deaf-1 in vivo, Deaf-1 knockout mice compared to wild-type siblings 

were examined for changes in 5-HT1A RNA and protein by quantitative RT-PCR, in 

situ hybridization and immunofluorescence. Deaf-1 knockouts were bred to a 

C57BL/6 background and loss of Deaf-1 coding RNA and protein were verified. In 

the dorsal raphe, Deaf-1 knockout mice displayed increased 5-HT1A mRNA and 

protein and reduced 5-HT levels, while other serotonergic markers such as 5-HT-

positive cells and TPH2 RNA were unchanged. By contrast, 5-HT1A mRNA and 5-

HTlA-positive cells were reduced in frontal cortex of Deaf-1-null mice, with no 

significant change in hippocampal 5-HT1A RNA or protein. These findings 

demonstrate region-specific regulation of brain 5-HT1A gene expression by Deaf-1 

in vivo. The Deaf-1 deficient mice provide a model to study how the 5-HT1A G[-

1019) allele may impair serotonergic neurotransmission in humans by de-

repressing 5-HT1A autoreceptors, while reducing serotonin response through 

region-specific reduction in post-synaptic 5-HT1A receptor expression. 
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4.2 Introduction 

Reduced activity of the brain serotonin system has been implicated in major 

depression and suicide (Charney et al., 1990, Mann, 1999, Jans et al., 2007] and 

antidepressant treatments including serotonin reuptake inhibitors (SSRl's) increase 

serotonergic neurotransmission, either directly or indirectly (Pineyro and Blier, 

1999, Blier, 2003). The serotonin-lA (5-HT1A) somatodendritic autoreceptor 

inhibits the firing of raphe serotonin neurons to negatively regulate the serotonin 

system (Pineyro and Blier, 1999]. Post-synaptic 5-HT1A receptors are strongly 

expressed in limbic and cortical brain regions (Chalmers and Watson, 1991; 

Pompeiano et al., 1992) and mediate serotonin action to reduce fear and anxiety. 5-

HTlA-null mice display increased depression and anxiety behaviours (Heisler et al, 

1998; Parks et al., 1998; Ramboz et al., 1998) and lack response to SSRI treatment 

(Santarelh et al., 2003), while transgenic over-expression of the 5-HT1A receptor 

decreases anxiety (Kusserow et al, 2004). Rescue of 5-HT1A receptor expression in 

early postnatal forebrain rescues the anxiety phenotype suggesting its role in 

development of the anxiety phenotype (Gross et al., 2002). Hence, the 5-HT1A 

receptor regulates the serotonin system and is implicated in mood disorders. 

The 5-HT1A gene is regulated by a proximal promoter and an upstream 

repressor region that determines basal expression in neuronal cells (Ou et al., 2000, 

Lemonde et al., 2004). In the human 5-HT1A repressor region, we previously 

identified a functional C(-1019)G polymorphism associated with major depression 

and suicide, which has been replicated in independent studies (Le Francois et al., 

2008, Kishi et al, 2009). The G-allele prevents the binding of the transcription factor 
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Deformed epidermal autoregulatory factor-1 (Deaf-1] (Lemonde et al., 2003). In 

serotonergic cells, Deaf-1 represses 5-HTlA autoreceptor expression, while in non-

serotonergic neuronal cells, Deaf-1 enhances 5-HTlA promoter activity (Czesak et 

al., 2006]. However, the opposite action of Deaf-1 on 5-HTlA expression in vivo has 

not been demonstrated. The G-allele should increase 5-HTlA autoreceptor levels to 

reduce 5-HT neuron firing, and decrease post-synaptic 5-HTlA receptors 

synergistically reducing serotonin neurotransmission. In depressed subjects, the 

homozygous 5-HTlA G/G(-1019) genotype was associated with increased 5-HTlA 

autoreceptor binding potential (Parsey et al., 2006b; Sullivan et al., 2009), 

consistent with increased 5-HTlA autoreceptors in post-mortem studies of 

depressed suicides (Stockmeier et al., 1998; Boldrini et al., 2008). Thus, the 5-HTlA 

G(-1019) allele may alter 5-HTlA receptor expression in vivo by blocking Deaf-1 

function. 

The role of Deaf-1 in regulating 5-HTlA receptor expression in vivo was 

addressed using the Deaf-1 -/- mouse (Hahm et al., 2004). In Deaf-1 null mice 

compared to littermate wild-type controls, 5-HTlA mRNA and protein levels were 

increased in the dorsal raphe region, while 5-HT levels were reduced and serotonin 

cell number and TPH2 mRNA were unchanged. By contrast, post-synaptic 5-HTlA 

receptors were down-regulated in the frontal cortex of Deaf-1 knockout mice. Thus, 

consistent with results in cell lines, we find a region-specific dys-regulation of 5-

HT1A receptor expression in Deaf-1 -/- mice. The Deaf-1 knockout mice provide a 

new model for 5-HTlA receptor gene regulation that mimics the homozygous G(-

1019) genotype in humans. 
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4.3 Materials and Methods 

4.3.1 Animals 

All animal studies were conducted in accordance to The University of Ottawa 

Animal Care Committee guidelines using protocol NSI-57. Animals were maintained 

on a 12 h light/dark cycle with lights on at 6:00 A.M., at 21°C with food and water ad 

libitum. Deaf-1 knockout mice were received from Dr. Jane Visvader (Hahm et al., 

2004) and re-derived by embryo transfer (Taconic, Hudson, NY) on a mixed 

C57BL/6-BALB/C-129 background. Pilot experiments revealed no significant 

differences in 5-HT1A mRNA levels between mixed background Deaf-1 null (-/-) and 

wild-type (+/+) mice, but differences were observed compared to pure C57BL/6 

mice (Supplementary Figure 4.1). Hence the mice were backcrossed for six 

generations onto the C57BL/6 background. Although litter size was decreased by 

50% compared to wild-type C57BL/6 mice the allele distribution remained normal. 

All experiments were performed on adult (8-10 weeks) knockout mice with age-

matched littermate wild-type controls from the C56BL/6J background, unless 

otherwise specified. Absence of Deaf-1 mRNA expression was verified using 

sequence-specific primers designed within the deleted mRNA sequence 

(Supplementary Figure 4.2A). Lack of functional Deaf-1 protein was verified by two-

dimensional gel electrophoresis and Western blot analysis (Suppl. Figure 4.2B). 

4.3.2 Genotyping 

Tail DNA was isolated using DNA lysis buffer, pH 8.0 (5 mM EDTA, 0.2% SDS, 200 

mM NaCl, 10 ug/ml proteinase K). Genotyping was done by PCR using the following 
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primers: forward primer, GTGCTCTCATCCTCATAGCCTC; reverse primer-1, 3'-

GAAACAAGAAAACACATCGGGAGAATCA; reverse primer-2, 

AAGAATAGAACCACCACCCAGCT, with 267-bp wild-type and 421-bp knockout 

products. Each mouse used in this study was genotyped at weaning and verified at 

sacrifice. 

4.3.3 Immunofluorescence 

Mice were anesthetized by lethal intraperitoneal injection (0.01 ml/g body weight) 

of sodium pentobarbital (Somnitol, MTC Pharmaceuticals, Cambridge, Ontario) and 

perfused by cardiac infusion of 20 ml saline, then 20 ml 4% paraformaldehyde 

(PFA). Whole brains were isolated, post-fixed overnight in 4% PFA, washed with 

10% sucrose changed twice daily for five consecutive days, and frozen. Coronal 

brain slices (12-um) were prepared using the following coordinates [Paxinos and 

Franklin, 2001): rostral raphe (Bregma -4.2 to -4.96 mm), hippocampus (Bregma 

1.46 to -2.30 mm), and prefrontal cortex (Bregma 2.96 to -2.80 mm). Sections were 

blocked for 1 h in blocking solution (Stockholm's PBS with 1% BSA, 10% goat 

serum, 0.1% Triton X-100), and incubated overnight with the following antibodies: 

1:50 rabbit serum anti-5-HTlA (custom made primary antibody designed to the i2 

loop of the 5-HT1A receptor sequence, Cedarlane, Hornby, Ontario) and 1:100 rat 

anti-5-HT antibody (Chemicon International, Temecula, CA). As control, preimmune 

rabbit serum was used at a dilution of 1:5000 (Cedarlane). Sections were washed 3x 

in PBS followed by 1-hr incubation at 22°C with secondary antibodies in blocking 

solution (1:1000) Alexa Fluor 488 donkey anti-rabbit IgG and Alexa Fluor 594 goat 
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anti-rat IgG (Molecular Probes, Eugene, OR). Images were acquired on an Axiovert 

S100 Zeiss microscope using Northern Eclipse imaging software (EMPIX, Toronto, 

ON, Canada). Blinded counts of positive-labeled cells were performed in triplicate 

using a constant area and minimum-threshold of 15% brightness (compared to 

background) in Adobe Photoshop CS3. Intensity of staining was quantified based on 

percent brightness of each cell and normalized to average of background brightness, 

for each section analyzed. A constant pixel area was selected in the brightest region 

of the cell body. Each staining was replicated three times per brain region, with at 

least three animals used per group. 

4.3.4 In situ Hybridization 

Plasmid containing a 417-bp sequence of the mouse 5-HT1A receptor cDNA for 

sense and antisense 5-HT1A riboprobes was a kind gift from Dr. Alexandre Bonnin 

(Bonnin et al., 2006). The plasmid was linearized and transcribed to incorporate 

digoxygenin-UTP (Roche Diagnostics, Laval, Quebec) to generate sense or antisense 

riboprobes using SP6 or T7 polymerases, respectively. In situ hybridization was 

done as described (Ferguson et al., 2005). Tissue sections were incubated overnight 

with riboprobes (1:1000) in hybridization buffer (lx SSC, deionized formamide, 

10% dextran sulfate, 1 mg/ml rRNA, lx Denhardt's solution). Slides were washed 3x 

for 30 min each, followed by two washes, 30 min each with lx MABT (0.5M Maleic 

acid, 0.75M NaCl, 0.5% Tween). Slides were then blocked for 1 h at 22°C in blocking 

reagent (Roche Diagnostics) and followed by overnight incubation with 1:1000 anti-

DIG antibody (Roche Diagnostics). Slides were washed 5x for 20 min with MABT, 
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equilibrated with pre-staining buffer (100 mM NaCl, 50 mM MgCl2, 100 mM Tris pH 

9.5, 0.1% Tween-20) 3x for 10 min at 22°C and developed using staining solution 

((100 mM NaCl, 50 mM MgCb, 100 mM Tris pH 9.5, 0.1% Tween-20, 10% polyvinyl 

alcohol) containing 3.5ul/ml of BCIP (5-bromo-4-chloro-3-indolyl-phosphate, Roche 

Diagnostics) and 4.5 jxl/ml of NBT (4-nitro blue tetrazolium chloride, Roche 

Diagnostics) for 2-24 h at 22°C and terminated by rinsing in PBS. Sections were 

examined using a Zeiss Axiophot II light microscope at lOx magnification. Images 

were acquired using Northern Eclipse software and a Axiovert S100 Zeiss 

microscope (EMPIX). 

4.3.5 RNA extraction/reverse transcription 

Adult mice were euthanized by CO2 asphyxiation followed by decapitation, removal 

and dissection of brains. For preparation of total RNA, brain samples were triturated 

and extracted in 600 ul TRIzol (Invitrogen, Burlington, Ontario, Canada), centrifuged 

in chloroform, and the supernatant precipitated and resuspended in 30 |iL 

diethylpyrocarbonate-treated water to 0.5-2 ng/uL. Samples were treated with 1 ̂ L 

of DNase/5 ug of total RNA for 30 min at 37°C using the Turbo DNA-free kit 

(Ambion, Foster City, CA), terminated in DNase Inactivation buffer, and quantified at 

OD260. Reverse transcription was carried out using 0.05 ug/ul of DNase-treated RNA, 

with 1:10 random decamer oligonucleotides (Ambion) and 0.4 mM dNTP mix. 

Samples were incubated for 3 min at 70CC and annealed on ice. First-strand buffer 

(Ambion) was then added along with 25U of M-MLV reverse transcriptase (Ambion) 

and 10U of RNase inhibitor (Promega, Madison, WI, USA) and reactions were 
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incubated for 60 min at 42°C, and inactivated for 10 min at 95°C. Parallel reactions 

lacking M-MLV enzyme served as no reverse transcription controls. Newly 

synthesized cDNA was stored at -20°C. 

4.3.6 Q RT-PCR 

Quantitative Real-Time RT-PCR was performed as described (Czesak et al., 2007] 

using TaqMan Gene Expression Assay Kits (Applied Biosystems, Foster City, CA, 

USA]. Product numbers are as follows: TPH2, Mm00557717_ml; Deaf-1, 

Mm00516805_ml; 5-HT1AR, Mm00434106_sl; and GAPDH, 4352339E. TPH2, Deaf-

1 and 5-HT1A probes are FAM-labeled probes, while GAPDH is a VIC-labeled probe. 

GAPDH amplification was used as internal control and was included in every 

multiplex reaction. Each reaction contained 5 uL of TaqMan Universal PCR 

Mastermix (Applied Biosystems), 0.5 uL each of FAM- and VIC-labeled probes, 3 uL 

of nuclease-free water and 1 uL of sample. Standard curves (r2 > 0.996) from serial 

dilution of the most concentrated cDNA sample spanned the range of test sample 

duplicates and at least one standard was included in duplicate in each experiment 

for quantification. Control samples without template DNA (no template controls) or 

reverse-transcriptase (no RT) controls were run for each gene analyzed. The cycling 

program used was: 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 60 s on 

the Rotor Gene 3000 cycler (Corbett Research, Sydney, Australia). Data were 

analyzed using Rotor Gene v6.0 software using the AACt method (Livak and 

Schmittgen, 2001). Briefly, relative amounts of each target gene to GAPDH were 

obtained as io<c,T~CtG) where CtT is the threshold cycle for the target gene and CtG is the 

threshold cycle for GAPDH in the same tube. In order to verify the deleted exon 
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sequence in Deaf-1 knockout mice (Suppl. Figure 2A], SYBR green technology was 

applied. The following probes were designed to the deleted sequence of the Deaf-1 

gene: forward 5'-CTGTCGGAACATCAGTGGCA; reverse 5'-

CACAGGCAACTCGCTGTCATAC. The amplification cycles were 92°C for lOmin, 92°C 

for 30s, 58°C for 15s, 72°C for 20s (40 cycles], terminated at 72°C for 10 min. Ct 

values were quantified using SYBR green (Molecular Probes] incorporation 

following amplification with QtaqTM DNA polymerase mix (Clontech, Mountain 

View, CA]. Averages were normalized to GAPDH. 

4.3.7 Electrophoretic Mobility Shift Assay (EMSA) 

EMSA protocol was conducted as previously described (Czesak et al., 2006]. Briefly, 

sense and antisense oligonucleotides of the 26-bp Deaf-1 element with CC/GG 3'-

overhangs were hybridized and labeled with [32P]-dCTP using Klenow fragment 

DNA polymerase (Ou et al., 2000). Purified Deaf-1 protein (2.5 |ig/reaction] was 

pre-incubated with or without competitor DNA in a 20 ul reaction containing DNA 

binding buffer (20 mM HEPES, 0.2 mM EDTA, 0.2 mM EGTA, 100 mM KC1, 5% 

glycerol, and 2 mM DTT, pH 7.9], 1 ug poly dl-dC, at 22°C for 20 min. and resolved 

on a non-denaturing 5% acrylamide/Tris-glycine gel at 4°C. Unlabeled doubled-

stranded polyoma virus enhancer activator 3 (PEA3] (GGGATCCAGGAAGTGA] and 

E2F (ATTTAAGTTTCGCGCCTTTTC) sequences were used as nonspecific 

competitor. 

4.3.8 Two dimensional SDS-PAGE 

Prefrontal cortex was dissected, rinsed in ice-cold 10 mM BES pH 7.4, 0.3 M sucrose, 
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homogenized in isoelectric focusing (IEF) buffer (7M Urea, 2M Thiourea, 4% CHAPS, 

1% DTT, 0.001% Bromophenol blue) and incubated for 90 min at 22°C. Samples 

were centrifuged at 10,000g for 5 min, supernatant precipitated in 90% acetone, 

centrifuged (2000g x 5 min.) and pellet resuspended in IEF buffer supplemented 

with biolytes. IPG (17-cm) strips (BioRad Laboratories Ltd. Mississauga, 

Ontario)(pH 3-10) were rehydrated overnight with 300 uL of IEF buffer containing 

1 mg of total protein. Isoelectric focusing was done using the following conditions: 

desalting for 20 min at 500V; 2.5 hr ramp to 10,000 V; 40000 VH focusing at 

10,000V. IPG strips were then treated for 15 min with a reducing solution [375 mM 

Tris-HCl pH 8.8, 20% glycerol, 2% SDS, 65 mM DTT) followed by 15-min incubation 

with an alkylation solution (375 mM Tris-HCl pH 8.8, 2% SDS, 20% glycerol, 215 

mM iodoacetamide) and placed on top of a 12% SDS PAGE gel using a 0.5% agarose 

overlay. Gels were run for 5 hrs at 30 mA and transferred to PVDF membranes and 

exposed overnight at 4eC with rabbit anti-Deaf-1 antibody (1:1000; custom raised 

against full-length Deaf-1 peptide, Cedarlane). 

4.4 Results 

4.4.1 Deaf-1 binding site of the mouse 5-HT1A promoter 

Previous studies have identified the allele-specific recognition by Deaf-1 at the C-

allele of a 26-bp palindrome sequence at -1019 bp of the human 5-HT1A promoter 

sequence (Lemonde et al., 2003; Czesak et al., 2006), but the corresponding site of 

the mouse 5-HT1A promoter sequence has not been identified. Based the location 

and palindrome structure of the human 5-HT1A Deaf-1 site, two imperfect 
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Figure.4.1: Deaf-1 binding site of the mouse 5-HTlA promoter. 

A. 5-HTlA Promoter Alignment. Alignment (5'-3') of human (above, -1027/-959 bp)) and mouse 

(below, -971/-946 bp) 5-HTlA promoter regions showing human Deaf-1 site (26C, -1021/-998 bp), 

mouse palindrome #1 ((Mouse #1, -971/-947 bp] and mouse palindrome #2 (Mouse #2, -1003/-983 

bp) in boxes. Consensus minimal Deaf-1 sites (TCG) are highlighted. Palindrome sequences are 

underlined, palindrome stems are separated by dashes, and palindrome gaps indicated by a space; an 

arrow indicates the location of C(-1019)G human 5-HTlA polymorphism. B. Electrophoretic Mobility 

Shift Assay. EMSA was done using purified recombinant Deaf-1 protein (5 ug/lane) incubated with 

labeled human 26-bp palindrome, in the absence or presence of the indicated fold excess of 

unlabelled competitor double-stranded primers. Deaf-1 protein binding is competed out by 

increasing concentrations of Mouse #1 but not Mouse #2 palindrome element. The C- or G-allele 

(26C or 26G) of human 5-HTlA 26-bp palindrome elements were used as positive or negative 

controls, respectively, and PEA3 and E2F elements were included as non-specific competitors. 
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palindrome mouse promoter sequences (Mouse#l and #2) were identified 

containing the Deaf-1 TCG minimal consensus sequence (Huggenvik et al., 1998) 

(Figure 4.1A). Electrophoretic mobility shift assay (EMSA] was done using 

recombinant purified Deaf-1 protein bound to labelled 26-bp human 5-HT1A C-

allele Deaf-1 site (26C) in the absence or presence of excess unlabelled double-

stranded primers (Figure 4.1B). Deaf-1 binding was competed with equally potency 

by the human 26C and Mouse#l primers, but not Mouse #2 primers. As a control, 

the human 26-bp G-allele palindrome (26G) that does not bind Deaf-1 or unrelated 

DNA elements for PEA3 or E2F, failed to compete Deaf-1 binding. Thus, the mouse 5-

HT1A promoter contains a Deaf-1 binding element 947 bp upstream of translation 

start site. 

4.4.2 Characterization of Deaf-1 deficient mice 

The importance of Deaf-1 in regulation of the 5-HT1A receptor in vivo was 

addressed using Deaf-1 knockout mice (Hahm et al., 2004], which were backcrossed 

six generations from a mixed background onto the C57BL/6 background (see 

Methods]. After genotyping, the presence of the knockout mutation in genomic DNA 

and mRNA was verified by DNA sequence analysis. In Deaf-1 -/- mice, the loss Deaf-

1 coding RNA was shown by RT-PCR analysis (Supplementary Figure 4.2A] and the 

loss of Deaf-1 protein was resolved by 2D-gel electrophoresis/Western blot analysis 

(Supplementary Figure 4.2B]. Morphological analysis of the brains of Deaf-1 -/-

mice using Cresyl violet staining showed no gross alteration (Supplementary Figure 

4.3). 
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Figure 4.2: 5-HTlA mRNA expression alterations in brain areas of Deaf-1 knockout mice. 

RNA isolated from prefrontal cortex [A], hippocampus [B], and rostral raphe region (C) was analyzed 

by Multiplex RT-PCR for 5-HTlA mRNA and GAPDH RNA and quantified as 5-HTlA RNA normalized 

to GAPDH RNA using the 10(ctT-QG) formula. Data are presented as mean ± S.E.M. n=4 mice/group, 

*p<0.05 by two-tailed unpaired t-test. In Deaf-1 knockout (-/-) compared to wild-type mice (+/+), 5-

HT1A RNA was reduced by 38% in prefrontal cortex, 23%) in hippocampus, and increased by 46% in 

raphe region. 
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- / -

Sense control 

Figure 4.3: Increased 5-HT1A mRNA in Dorsal Raphe Nuclei of Deaf-1 -/- mice. 

In situ hybridization showing representative sections of the dorsal raphe nuclei hybridized with 5-

HT1A antisense RNA probe in wild-type (+/+) vs. Deaf-1 knockout (-/-) mice: increased 5-HT1A-

positive cell counts were observed in Deaf-1 -/- mice. Sense probe was used as negative control. 

Representative images are shown at 20x magnification, size bar = 100 |im. 
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4.4.3 Altered 5-HTlA mRNA levels in Deaf-1 deficient mice 

To address whether loss of Deaf-1 affects 5-HTlA receptor expression, brain tissues 

from Deaf-1-null (-/-) and wild-type (+/+) littermates were examined for levels of 5-

HT1A receptor RNA using quantitative RT-PCR. Interestingly, we observed a 

significant 38% decrease in 5-HTlA mRNA levels in the frontal cortex when 

compared to wild-type littermate controls (Figure 4.2A] and a trend towards 

decreased 5-HTlA mRNA levels (23%) in the hippocampus (Figure 4.2B). 

Oppositely, there was a significant 46% increase in 5-HTlA mRNA in midbrain 

tissue from the rostral raphe region (Figure 4.2C]. Although midbrain tissue 

dissection used was enriched for serotonin neurons (Czesak et al., 2007), in situ 

hybridization was performed to determine the precise localization of 5-HTlA RNA 

in the dorsal raphe nuclei (DRN) (Figure 4.3). Compared to wild-type littermates, 5-

HT1A RNA was markedly up-regulated in the DRN of Deaf-1 null mice, consistent 

with the up-regulation of 5-HTlA autoreceptor expression in serotonin neurons of 

the DRN. By contrast, no change in 5-HTlA mRNA was observed in the median 

raphe nuclei of these mice (data not shown), implying that up-regulation of 5-HTlA 

receptor mRNA in Deaf-1 -/- mice is specific to the DRN. 

4.4.4 5-HTlA protein in Deaf-1 knockout mice 

To determine whether altered 5-HTlA mRNA corresponded with changes in 5-

HT1A protein, immunofluorescence staining for 5-HTlA receptors was done in the 

dorsal raphe nuclei, prefrontal cortex, and dentate gyrus (DG) region of the 

hippocampus (Figure 4.4A). In Deaf-1 null mice, a significant increase in 5-HTlA 
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Figure 4.4-A: 5-HT1A protein expression in Deaf-1 knockout mice. 

Immunofluorescence of 5-HT1A receptor immunoreactive labeling in wild-type (+/+} and Deaf-1 

knockout (-/-] mice in Dorsal Raphe Nuclei (DRN], Prefrontal Cortex [PFC] and hippocampal Dentate 

Gyrus (DG], secondary antibody was used as a negative control Representative images are shown at 

lOx (DRN) and 20x magnification, size bar = 100 urn 
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Figure 4.4-B,C,D: 5-HT1A protein expression in Deaf-1 knockout mice. 

Quantitative analysis of 5-HT1A receptor-positive cells in B) dorsal raphe nuclei, DRN; C) prefrontal 

cortex, PFC; and D) hippocampus of wildtype (+/+) and Deaf-1 knockout (-/-) mice. Counts are 

presented as mean % of total cells ± S.E.M., n > 3 mice, *p<0.05 by two-tailed unpaired t-test. 
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receptor-positive cells (by 36%) and 5-HT1A protein levels (by 16%) was observed 

in the DRN (Figure 4.4B), which correlated with the observed up-regulation of 5-

HT1A mRNA (Figure 4.2C, Figure 4.3). The number of cells labelled with anti-GFAP 

antibody in the dorsal raphe region was comparable between knockout and wild-

type mice (data not shown), implying no alteration in activated astroglia. 

Oppositely, in the prefrontal cortex a significant 34% decrease in 5-HT1A receptor 

labelling was observed (Figure 4.4B). However, no significant change in 5-HT1A-

labelled cells was observed in the hippocampal dentate gyrus (Figure 4.4B). Thus, 

Deaf-1 deficiency led to brain region-specific changes in 5-HT1A receptor levels that 

mirrored changes in 5-HT1A mRNA. 

4.4.5 Expression of 5-HT and TPH2 RNA in Deaf-1 knockout mice 

As marker for serotonin neurons in the dorsal raphe nuclei, immunofluorescence 

was done using anti-5-HT antibody (Figure 4.5A). Although the intensity of the 

staining was reduced by 30% in serotonergic neurons of Deaf-1-null mice, there was 

no change in the number of 5-HT-positive cells (Figure 4.5B). In addition, 5-HT1A 

and 5HT were co-localized in the majority of DRN neurons, confirming the 

serotonergic identity of sections analyzed (Figure 4.6). As another marker of 

serotonin function, the level of tryptophan hydroxylase-2 (TPH2) mRNA in raphe 

tissue was quantified (Figure 4.7), since TPH2 is the rate-limiting enzyme for brain 

5-HT synthesis. Levels of TPH2 mRNA were the same between Deaf-1 knockout and 

wild-type mice. Taken together these results indicate that the absence Deaf-1 did 
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Figure 4.5: Serotonin (5-HT)-positive cells in the DRN. 

A) Representative images of Immunofluorescent labeling of 5-HT-positive cells in wild-type (+/+) 

and Deaf-1 knockout (-/-) dorsal raphe nuclei at 20x magnification (scale bar = 100 um). B) 

Quantification of 5-HT-positive cells and 5-HT intensity/cell in dorsal raphe sections. Cell counts are 

presented as mean % of total cells ± S.E.M. from combined rostral and caudal DRN; intensity is 

presented percent brightness above background, n > 3 mice/group; *p<0.05 by two-tailed unpaired 

t-test. 
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5-HT1A 5-HT Overlay 

Figure 4.6: 5-HT1A expression in Serotonergic Cells. 

Dorsal raphe nuclei of Deaf-1 control mice, showing co-locahzation of 5-HT1A with5-HT positive 

neurons Region expressing Almost 100% co-localization was observed in the region corresponding 

to the DRN (which was used in cell counts and analysis) 20X magnification was used, with n=3 
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Figure 4.7: TPH2 mRNA expression in Dorsal Raphe region. 

Multiplex Real-time PCR showing TPH2 RNA levels in the dorsal raphe region dissected from wild-

type (+/+) and Deaf-1 knockout (-/-) mice. Data are normalized to GAPDH using the 10tctrctG) 

method, and presented as mean ± S.E.M., n=3 mice/group. 
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not effect the number of serotonin neurons or the expression of TPH2, but reduced 

the level of 5-HT. This suggests that up-regulation of the 5-HT1A autoreceptor in 

Deaf-1 null mice did not affect serotonergic differentiation but may have reduced 

serotonin synthesis in the dorsal raphe nuclei. 

4.5 Discussion 

4.5.1 Deaf-1 knockout mice as a model 5-HT1A gene regulation 

The identification of Deaf-1 as an allele-specific regulator of the human 5-HT1A 

receptor gene, and the association of the 5-HT1A G(-1019) allele with depression 

and suicide suggests that Deaf-1 may have an important role in the regulation of 5-

HT1A receptor expression in vivo. Our previous results demonstrated that Deaf-1 

has differential activity depending on the cell model, with repressor activity in 

serotonergic raphe RN46A cells, but enhancer activity in several non-serotonergic 

neuronal cell lines (Lemonde et al., 2003; Czesak et al., 2006), implying that Deaf-1 

regulates the 5-HT1A autoreceptor differently than 5-HT1A receptors expressed on 

non-serotonergic neurons. To address the effect of Deaf-1 on 5-HT1A receptor gene 

regulation in vivo, we have examined the levels of 5-HT1A mRNA and protein in 

Deaf-1 knockout mice on the C57BL/6 genetic background. The C57BL/6 strain 

displays higher relative levels of forebrain 5-HT1A receptor RNA (Supplementary 

Figure 4.1) and responds to chronic SSRI treatment with increased hippocampal 

neurogenesis and reduced anxiety-like behaviour, responses that are abolished in 5-

HT1A knockout mice (Santarelli et al., 2003), unlike the BALB/C strain (Holick et al., 

2008). The C57BL/6 strain also has the higher activity Arg477 variant of TPH2 
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(Zhang et al., 2004] and the low-activity GK-5-HTT variant (Carneiro et al., 2009), 

suggesting a more active serotonin system. Furthermore, by analogy with the 

human 5-HT1A promoter, a palindrome site is located at -947 bp in the mouse 5-

HT1A promoter that contains the minimal TCG consensus sequence (Huggenvik et 

al., 1998) and is specifically recognized by Deaf-1 protein. Although the level of 

nucleotide identity of human and mouse genes in this region is limited (Figure 

4.1A), the presence of a Deaf-1 element in the same region suggests its importance 

in regulation of 5-HT1A gene transcription. Thus the Deaf-1 knockout mouse 

provides a useful model to study 5-HT1A receptor regulation in vivo. 

In Deaf-1 null mice, 5-HT1A mRNA was increased in the dorsal raphe nuclei, 

consistent with the role of Deaf-1 as a repressor of 5-HT1A autoreceptor 

transcription in serotonergic neurons. Increased presynaptic 5-HT1A autoreceptor 

expression in Deaf-1 knockout mice would tend to reduce raphe firing rate and 

decrease serotonin release. Consistent with this, we observed reduced 5-HT levels 

in dorsal raphe neurons from Deaf-1 -/- mice, suggesting a restriction in serotonin 

synthesis despite the lack of change in TPH2 mRNA. Oppositely in 5-HT1A -/- mice, 

the lack of 5-HT1A autoreceptors results in increased raphe basal firing and 

fluoxetine-induced 5-HT release (He et al., 2001; Richer et al, 2002; Bortolozzi et al., 

2004). Interestingly, the number of serotonin-positive cells was not altered in adult 

Deaf-1 knockout mice, suggesting that Deaf-1 deficiency does not significantly alter 

serotonergic differentiation. However, dysregulation of 5-HT1A autoreceptor levels 

and serotonin neurotransmission during development could play a role in the 

behavioural phenotype of adult mice (Gross et al., 2002). By contrast to the up-
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regulation of 5-HTlA autoreceptors, 5-HTlA mRNA and 5-HTlA stained cells were 

reduced in the frontal cortex of Deaf-1 knockout mice, suggesting that Deaf-1 acts as 

an enhancer in the cortex, consistent with a dual regulation of pre- and post­

synaptic 5-HTlA receptors by Deaf-1 in vivo. Although Deaf-1 enhanced 5-HTlA 

receptor transcription in non-serotonergic neurons, Hesl, which represses at the 

26-bp 5-HTlA palindrome sequence, retained repressor activity in these cells 

(Czesak et al., 2006; Jacobsen et al., 2008]. In contrast to Deaf-1 deficient mice, 

Hesl-/- mice display widespread up-regulation of 5-HTlA receptor RNA and 

protein in embryonic midbrain and hindbrain regions (Jacobsen et al., 2008). Thus, 

the loss of Deaf-1 regulation results in a dual action to decrease serotonergic 

neurotransmission: induction of 5-HTlA autoreceptors to decrease 5-HT neuronal 

activity; and decreased cortical 5-HTlA receptors to reduce serotonin 

responsiveness. 

4.5.2 Deaf-1 knockout mice as a model for the human 
5-HTlA C(-1019)G polymorphism 

Reduced activity of the serotonin system is implicated in major depressive disorder 

(Jans et al., 2007], and antidepressant therapies act directly or indirectly to enhance 

serotonergic neurotransmission (Pineyro and Blier, 1999). Upon chronic treatment 

with SSRI, 5-HTlA autoreceptors become desensitized while post-synaptic 5-HTlA 

receptors remain responsive to enhance serotonergic neurotransmission, 

correlating with clinical improvement. The 5-HTlA C(-1019)G polymorphism is 

associated with depression and prevents Deaf-1 regulation of 5-HTlA transcription, 

which could reduce serotonergic neurotransmission (Le Francois et al., 2008). 
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Based on our results, the 5-HTlA G/G(-1019) genotype would be predicted confer 

differential changes in 5-HTlA receptor RNA and protein levels in pre- and post­

synaptic brain regions. Recent studies support an up-regulation of 5-HTlA 

autoreceptors in antidepressant-free depressed patients with the G/G genotype 

(Parsey et al., 2006a; Sullivan et al., 2009), but not in healthy subjects (David et al., 

2005). This suggests that reserve mechanisms are recruited to normalize 5-HTlA 

autoreceptor expression in healthy subjects, but are incompletely effective in 

depressed subjects. However, the effect of the G/G genotype on post-synaptic 5-

HT1A receptors is less clear. The G/G genotype in depressed subjects was 

associated with no change or increased 5-HTlA receptors in some regions such as 

hippocampus (Parsey et al., 2006a; Sullivan et al., 2009), which could reflect a 

compensatory up-regulation due to reduced serotonergic neurotransmission in 

these subjects (Abbas et al., 2007). Several other studies report reduced 5-HTlA 

RNA or binding potential in the prefrontal cortex of subjects with major depression 

(Lopez et al., 1998; Stockmeier et al., 1998; Sargent et al., 2000; Drevets et al., 2007; 

Szewczyk et al., 2009), consistent with reduced transcription of the 5-HTlA 

receptor. Similarly, in female Cynomolgus monkeys, depressed status was 

associated with reduced 5-HTlA receptor levels in several forebrain regions 

(especially cingulate cortex, with lesser change in hippocampus and amygdala) with 

no change in the raphe region (Shively et al., 2006). In panic disorder, both pre- and 

post-synaptic 5-HTlA receptors are reduced (Neumeister et al., 2004), but recovery 

is associated with an increase in post-synaptic 5-HTlA receptors (Nash et al., 2008), 

suggesting their role in anxiety (Akimova et al., 2009). The G(-1019) allele is also 
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associated with reduced threat-induced reactivity of the amygdala and prefrontal 

cortex (Domschke et al, 2006; Fakra et al., 2009], suggesting a functional role for 

post-synaptic 5-HT1A receptor sites in fear response. In addition to the presence of 

the G(-1019] allele, reduction in Deaf-1 expression has also been associated with 

reduced 5-HT1A receptor expression in the prefrontal cortex of female depressed 

subjects (Szewczyk et al., 2009]. Thus, multiple factors may influence the regulation 

of 5-HT1A receptor levels in the brains of healthy or depressed subjects. 

Recent evidence suggests that stressful life events in combination with the 5-

HT1A G(-1019] genotype can increase the risk for depression and suicide (Zhang et 

al., 2008; Videtic et al., 2009]. Since the C(-1019]G 5-HT1A polymorphism effects its 

regulation by Deaf-1 and Hes proteins throughout the lifetime, dys-regulation of the 

5-HT1A receptor in embryonic or early post-natal brain may have long-term effects 

on adult behavioral phenotype (Gross et al., 2002), that could be modified by early 

life environmental events. However association studies are limited by frequency of 

the risk allele in the population size, heterogeneity of the genetic background as well 

as environmental influences, and are not always replicated. In addition, these 

studies do not shed light on the mechanisms of interaction between 5-HT1A 

genotype and environment. Hence better animal models are needed to address the 

etiology and treatment of depression. Deaf-1 deficient mice provide an animal 

model of perturbed 5-HT1A receptor regulation that corresponds to the expected 

effect of C(-1019)G genotype in humans. In addition to its association with 

depression, anxiety and suicide, the C(-1019]G polymorphism has been associated 

with reduced response to antidepressant treatment (Lemonde et al., 2004; Serretti 
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et al., 2004; Arias et al., 2005; Hong et al, 2006; Yu et al., 2006; Baune et al., 2008; 

Wang et al., 2008; Yevtushenko et al., 2009). In mice and rats, 5-HTlA receptors are 

implicated in the activity of chronic SSRI treatment to induce hippocampal 

neurogenesis and to reduce anxiety and depression-like behaviors (Santarelli et al., 

2003; Greene et al., 2009). It is possible that the combination of reduced cortical 5-

HT1A receptors and increased 5-HTlA autoreceptors in the Deaf-1-null mice may 

attenuate SSRI action. Thus, Deaf-1 deficient mice may serve as a useful model for 

investigating the actions of the C(-1019)G polymorphism on behaviour and 

antidepressant response (Le Francois et al., 2008). 
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Supplemental Figure. 4.1: 5-HT1A mRNA expression in mixed and pure mouse strains. 

Multiplex Real-time PCR analysis of 5-HT1A mRNA levels in mixed BALB/C-C57BL/6 Deaf-1 deficient 

mice (-/-) compared to wild-type littermate controls (+/+), pure BALB/C or pure C57BL/6 mice in A) 

Dorsal Raphe region (DRN), B) Frontal Cortex and C) Hippocampus. Data are normalized to GAPDH 

using the 10tctTCtG) and presented as mean ± S.E.M. n=3 mice/group, *p<0.05 were considered 

statistically significant using the two-tailed unpaired t-test. 
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Supplemental Figure 4.2: Loss of Deaf-1 mRNA and protein expression in Deaf-1 -/- mice. 

A) Deaf-1 RNA. Real-time PCR amplification of Deaf-1 mRNA from the frontal cortex of Deaf-1 wild-

type (+/+) and knockout (-/-) mice using primers located within the deleted exon 4 cDNA sequence 

as indicated. Ct values were normalized to GAPDH. n=3 mice/group. B] Deaf-1 protein. Two-

Dimensional SDS-PAGE showing Deaf-1 protein expression in frontal cortex tissue of wild-type (+/+) 

and knockout (-/-) mice. M.W. standards are shown on the ordinate, and pi range on the abscissa. 

Deaf-1 deficient mice lacked the 68-kDa Deaf-1 protein species. 
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Supplemental Figure 4.3: Brain morphology of Deaf-1 deficient mice. 

Representative sections of frontal cortex, hippocampus and dorsal raphe nuclei from Deaf-1 

knockout (-/-) mice compared to wild-type (+/+) mice were stained with Cresyl Violet 

Representative images are shown at lOx magnification, scale bar is 100 um n=3 mice/group 
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Supplemental Figure 4.4: 5-HTlA receptor expression in the cerebellum. 

Sections of cerebellum from wildtype Deaf-1 mice were stained with 5-HTlA antibody (1 100) and 

viewed at lOx and 20x magnification Lack of 5-HTlA receptor expression in the cerebellum 

corresponds to absence of 5-HTlA staining As positive antibody control, the caudal raphe nuclei 

(also from the same coronal section] was used for comparison 
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The 5-HTlA receptor is a key modulator of serotonergic neurotransmission, 

regulating both, pre-synaptic firing rates of serotonin, as well as its reuptake at post­

synaptic sites (Pineyro and Blier, 1999). Furthermore, pharmacological evidence 

suggests that transcriptional regulation of the 5-HTlA receptor gene may contribute 

to the effectiveness of antidepressant treatments (Albert and Lemonde, 2004]. As 

such, deciphering the transcriptional machinery involved in modulating basal 

expression of the 5-HTlA gene is crucial in strengthening our understanding of the 

etiology of major depression. For that reason, the main focus of my thesis was to 

elucidate specific mechanisms involved in transcriptional regulation of the 5-HTlA 

receptor gene, and how these mechanisms might be affected by depression, leading 

to altered levels of 5-HTlA receptors both in vitro and in vivo and resulting in 

reduced serotonergic activity. 

My initial studies focused on characterizing the palindromic region at the C(-

1019)G polymorphism of the human 5-HTlA promoter and its role in 

transcriptional regulation of the 5-HTlA receptor. The results in Chapter II focused 

on transfection studies characterizing the 26-bp regulatory region encompassing 

the C(-1019)G polymorphism in different neuronal cell lines. I confirmed the role of 

Deaf-1 as a transcriptional regulator of 5-HTlA gene expression in cell models of 

both pre- and post-synaptic 5-HTlA receptor expression and verified the 

importance of the normal C(-1019) allele in regulation of the 5-HTlA receptor gene 

by specific transcription factors. I have successfully characterized the dual 

properties of Deaf-1 in regulating the 5-HTlA promoter: in a serotonergic raphe cell 

model of presynaptic receptors, Deaf-1 functioned as a repressor of gene 
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transcription, while in post-synaptic 5-HTlA cell models, Deaf-1 exhibited enhancer 

activity. In the presence of the G(-1019) allele, however, Deaf-1 was not able to bind 

to the palindrome sequence, and did not regulate the 5-HTlA promoter. Thus, my 

data convincingly supports the role of Deaf-1 as a sequence-specific transcriptional 

regulator of the 5-HTlA receptor gene at this polymorphic site. Hes5 however 

remained a transcriptional repressor of the 5-HTlA promoter in both pre- and post­

synaptic cell lines. In addition, the regulatory properties of Deaf-1 were unaffected 

by presence of Hes5, both pre- and post-synaptically, suggesting that Deaf-1 has the 

higher affinity for the palindrome element (Jacobsen et al., 2008b]. Since Hes5 is 

only expressed in development (Akazawa et al., 1992; Lemonde et al., 2003) and is 

less affected by the presence of the C(-1019)G polymorphism, I focused my studies 

on examining the role of Deaf-1 in regulating 5-HTlA receptor expression. Deaf-1 

exerted its regulatory properties through a mechanism that was TSA-sensitive, thus 

implicating HDAC as a potential partner in regulating 5-HTlA gene expression. The 

findings in Chapter II indicate that genetic alterations in the palindromic region of 

the 5-HTlA promoter lead to abnormal 5-HTlA receptor regulation both pre- and 

post-synaptically, which could result in reduced serotonergic activity in vivo. Cell-

specific repressor and enhancer activities of Deaf-1 suggest distinct, cell-specific co­

mpressor or co-enhancer complexes are involved in mediating differential effects on 

chromatin remodeling. 

Secondly, in Chapter III I developed a novel technique of culturing midbrain 

raphe primary cells, and to enrich for serotonin neurons. The rationale was to 

develop and characterize a new model for studying the pre-synaptic serotonergic 
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system in vivo, as an alternative to using the RN46A pre-synaptic cell line. While 

useful for biochemical studies, the RN46A cells have over time displayed reduced 

expression of serotonergic markers, and particularly 5-HT1A receptor RNA and 

protein. Thus, it was desirable to develop a cell culture model that more closely 

reflected regulation of the 5-HT1A receptor in normal raphe serotonin neurons. I 

quantified the types of neuronal markers present in my cell cultures, including 

various serotonergic markers, and established a much higher yield of 5-HT positive 

neurons then previously reported. More importantly, I was able to optimize a 

sensitive real-time RT-PCR technique for consistent and accurate detection of Deaf-

1 and 5-HT1A mRNA within the rostral raphe region of the mouse brain, consistent 

with previous findings that implemented Deaf-1 in transcriptional regulation of the 

5-HT1A receptor in vitro. 

Finally in Chapter IV, 1 conducted experiments to establish the role of Deaf-1 

as an important regulator of 5-HT1A receptor expression in vivo. I successfully 

identified a palindromic region within the mouse promoter sequence containing a 

minimal TCG Deaf-1 binding site and demonstrated its binding potential using 

EMSA. This evidence is the first to implicate Deaf-1 in regulating the mouse 5-HT1A 

receptor gene. Using Deaf-1 knockout mice, I discovered that the levels of 5-HT1A 

RNA and protein exhibited striking similarities in 5-HT1A gene expression patterns 

to those predicted using my cell culture models, and consistent with changes in 5-

HT1A receptor levels reported in human depression. Specifically, mice lacking the 

functional Deaf-1 protein had altered 5-HT1A mRNA and protein levels that were 

increased pre-synaptically in the raphe nuclei and decreased in at least one post-
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synaptic brain region, the prefrontal cortex. TPH2, a marker of a functional 

serotonergic system was not affected in the Deaf-1-deficient raphe, implying a direct 

effect of Deaf-1 on 5-HT1A receptor regulation, as opposed to global alteration in 

serotonergic differentiation. Further studies will be necessary to establish whether 

altered 5-HT1A receptor levels translate to a depressive-like behavioural 

phenotype. 

It should be noted that the experimental design of the in vitro portion of my 

thesis was somewhat restricted by the availability of only one pre-synaptic RN46A 

cell line model, as well as a limited variety 5-HTlA-expressing cell lines available. As 

such, human gene segments were studied in rat or hybrid cell lines rather than real 

neurons and thus, some aspects of cell-specific expression may not have been 

detected in these assays. Hence in chapter III, I developed a more accurate pre­

synaptic model system that provided a predominantly neuronal population of cells, 

derived from the rostral raphe rat region that can be utilized in the future to study 

5-HT1A gene regulation or to establish a new pre-synaptic neuronal cell line (data 

not shown). Unfortunately, the yield of serotonin-positive cells in these cultures, 

while better than previous protocols (1%), was still quite low (8%) and not practical 

for most biochemical assays (Gaiter and Unsicker, 1999; Lautenschlager et al., 2000; 

Rumajogee et al., 2004). Finally, in chapter IV, several technical difficulties had to be 

addressed before proceeding with experiments, including re-derivation and 

backcrossing of the Deaf-1 knockout strain of mice. Once characterized, mice lacking 

Deaf-1 protein became an excellent model to study 5-HT1A regulation and provided 
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a model for examining the effects of the C[-1019)G polymorphism on 5-HT1A 

receptor expression, and ultimately behaviour. 

The findings of this thesis provide new insight into the understanding of 

potential mechanisms involved in the etiology and treatment of major depression. 

Increased 5-HT1A autoreceptor expression is associated with depression, implying 

that a compromised regulatory mechanism is at play (Stockmeier et al., 1998]. 

Moreover, down-regulation of this receptor is postulated to mediate the effects of 

antidepressants and result in enhanced serotonergic neurotransmission [Albert et 

al., 1996; Pineyro and Blier, 1999). In addition, a complete knockout of the 5-HT1A 

receptor gene consistently generates mice with an anxious phenotype [Heisler et al., 

1998; Parks et al., 1998; Ramboz et al., 1998), while 5-HT1A gene over-expression at 

the pre-synaptic sites generates a depressive phenotype; implying differential 

mechanisms exist to regulate the two phenotypes [Richardson-Jones et al.). In light 

of these observations, both 5-HT1A enhancement pre-synaptically and its 

repression post-synaptically may be attributed to abnormal gene regulation by 

Deaf-1 which could partially explain the behavioural phenotypes observed with 5-

HT1A knockout mouse models. Interestingly enough, the anxious phenotype 

observed using complete gene knockout models can be rescued by inducing early 

post-natal expression of the 5-HT1A receptor in hippocampal/prefrontal regions 

[Gross et al., 2002). As such, developmental regulation of the 5-HT1A receptor and 

its expression profile may contribute to the neurodevelopmental wiring of anxiety 

or depression pathways. As a result, expression of the 5-HT1A autoreceptor during 

early post-natal development could be a critical determinant of predisposition to 
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depression, regardless of the receptor levels in adulthood. Both Deaf-1 and Hes5 are 

expressed during development (Ohtsuka et al., 2001; Gross and McGinnis, 1996; 

Huggenvik et al., 1998), where they may function as key regulators of 5-HTlA 

receptor expression by interacting with either the LIM-domain protein family or the 

Notch signaling pathway, respectively (Bulchand et al., 2003); Sugihara et al., 1998). 

Since Hes5 is expressed in the dentate gyrus and subventricular zone of the 

hippocampus, and in the cortex in early post-natal development (Stump et al., 

2002), it may function to inhibit dendritic elongation (Sestan et al., 1999; Redmond 

et al., 2000); Ohtsuka et al., 1999). As a result, Hes5-mediated repression of 5-HTlA 

expression may reduce inhibitory somatodendritic signaling of the 5-HTlA receptor 

during embryogenesis. In addition, Hesl was shown to also repress 5-HTlA 

receptor expression (Jacobsen et al, 2008). In Hesl -/- embryos, 5-HTlA receptor 

RNA is dramatically upregulated and its midbrain expression pattern is broadened, 

suggesting a widespread and adherent upregulation of 5-HTlA receptor expression 

and overlapping developmental functions of Hesl and Hes5 in regulating 5-HTlA 

gene. Moreover, the presence of the C(-1019)G functional polymorphism throughout 

development may also affect the onset of 5-HTlA receptor expression during 

serotonergic differentiation, perhaps leading to long-term changes in serotonergic 

development and behavioural changes in the adult. Hence, the Deaf-1 -/- mice may 

not model the full extent of changes in 5-HTlA receptor expression that occur due 

to the C(-1019)G polymorphism. Future approaches will focus on deciphering the 

molecular role of both Hes5 and Deaf-1 in early developmental regulation of the 5-

HT1A receptor and the serotonergic system. 
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Although Hesl and Hes5 are primarily developmental transcription factors, 

Deaf-1 is expressed widely throughout the brain at all stages of life and may play an 

important role in regulating 5-HTlA receptor gene expression in the adult 

(Lemonde et al., 2003). In my proposed model, the G(-1019) allele prevents the 

binding and repression of the 5-HTlA gene by Deaf-1, leading to decreased 

serotonergic neurotransmission pre-synaptically, and thus an increased risk of 

depression. Although the C(-1019)G polymorphism de-represses the 5-HTlA 

receptor presynaptically, it appears to decrease 5-HTlA receptor expression 

postsynaptically in at least some brain regions (prefrontal cortex) to further 

decrease 5-HT neurotransmission in subjects with the homozygous G-allele. In 

addition, my data suggest that Deaf-1 has the ability to function as an enhancer of 5-

HT1A receptor promoter activity in post-synaptic (non-serotonergic) 5-HTlA 

expressing cell lines such as mouse septal SN-48, neuroblastoma hybrid NG108-15, 

rat hippocampal H19-7 as well as human neuroblastoma SKN-SH cells. As such, the 

cellular context appears to determine the regulatory properties of Deaf-1. Although 

reasons for this cell specificity are still not fully understood, both Deaf-1-mediated 

repression (Michelson et al., 1999) and activation (Huggenvik et al., 1998) of genes 

has been previously reported. Interestingly, the localization of Deaf-1 appears to 

vary depending on the cellular context: in pre-synaptic RN46A cells and primary 

raphe cultures Deaf-1 has a nuclear and perinuclear localization, while in post­

synaptic cells Deaf-1 localization is mainly cytosolic (Lemonde et al, 2003, data not 

shown). It is not surprising that Deaf-1 has the capability to "shuttle" within the 

cellular compartments since it contains both a nuclear import and export signal 
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(Huggenvik et al., 1998; Jensik et al., 2004}. Thus, the subcellular localization of 

Deaf-1 in a given cell type may effect its rate of translocation into the nucleus and 

hence, the rate of gene transcription (Michelson et al., 1999). 

While the exact mechanism that determines Deaf-1 activity in cells remains 

to be elucidated, both repressor and enhancer activities of Deaf-1 are abolished at 

the G-allele resulting in the upregulation or downregulation of 5-HT1A promoter 

activity, respectively. Consistent with a role in human depression, our recent 

collaborative study showed that both Deaf-1 and 5-HT1A receptor proteins are co-

localized in neurons of the prefrontal cortex of female depressed suicides (Appendix 

C) (Szewczyk et al., 2008]. In addition, levels of Deaf-1 and 5-HT1A are decreased in 

prefrontal cortex from depressed females, suggesting that not only does Deaf-1 

function as a transcriptional enhancer of 5-HT1A gene expression in this post­

synaptic region of the brain, but also that dys-regulation of Deaf-1 expression 

potentially contributes to a depressive phenotype (Appendix D) (Szewczyk et al., 

2008). This study further suggests that loss of Deaf-1 activity leads to reduced 5-

HT1A gene transcription post-synaptically, consistent with an enhancer function for 

Deaf-1 in these cells. In addition, this study also implicates gender-specific changes 

in Deaf-1 and 5-HT1A protein expression in depression. Interestingly, pre­

menstrual dysphoric disorder (PMDD), which effects 3-8% of women during 

reproductive age can be successfully treated with SSRIs, thus supporting the 

hypothesis that PMDD is associated with a dysregulation of the serotonergic system 

(Steiner and Born, 2000; Eriksson et al., 2001; Carr and Ensom, 2002). Additional 

183 



Chapter 5 

experiments using the Deaf-1 knockout mice will be needed to determine if Deaf-1 

affects 5-HT1A receptor expression in a gender-specific manner. 

Post-translational modification of histones has a fundamental role in 

regulating gene expression. Histone deacetylases (HDACs) regulate the pattern of 

histone acetylation and may be involved in deacetylation of non-histone proteins as 

well as recruitment of proteins to form complexes involved in regulation of gene 

expression. Deaf-1 provides a unique example of a transcription factor that has the 

intrinsic ability to repress or enhance gene expression by direct binding to its DNA 

regulatory element and recruitment of HDAC for both activities as evidenced by 

TSA-mediated inhibition of Deaf-1 activity at the 5-HT1A promoter. Since HDAC is 

often a co-repressor of transcription, its role in regulating Deaf-1 activity remains 

unclear. It is possible that the dual role of Deaf-1 in regulating the 5-HT1A receptor 

may depend on ligand-induced conformational change, and recruitment of histone 

deacetylase [for repression) or acetylase [for enhancement). Other transcriptional 

regulators can also act as either repressors or activators, depending on the 

developmental lineage of a particular cell [Bessis et al., 1997; Kallunki et al., 1998; 

Seth and Majzoub, 2001). For instance, the RE-1 silencing transcription factor 

[REST) is expressed ubiquitously in non-neuronal cells and neuronal precursors and 

functions to silence neurally expressed genes containing the neural restrictive 

silencer element [NRSE; binding element for REST). However, during post-natal 

development (postmitotic), REST can behave as either a repressor and an enhancer 

of gene expression, depending on the cellular context (Kallunki et al., 1998). 

Evidence also suggests that the location of the binding element of certain 
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transcription factors may play a part in establishing their regulatory properties. For 

instance, REST, when placed no further than 50 bp away from the transcriptional 

start site of the nicotinic acetylcholine receptor beta2-subunit gene, behaves as an 

enhancer in neuronal cells, but always functions as a silencer in non-neuronal cells 

regardless of position (Bessis et al., 1997). This suggests that activity of this 

regulator may be dependent on its concentration levels in a given cell type. For 

instance, at low REST concentrations (e.g., in neurons), REST does not repress 

distant RE-1-containing promoters, but may enhance proximal RE-1 promoters 

while at high concentrations (e.g., in non-neuronal cells). Deaf-1 may function is a 

similar concentration-dependent manner. In addition, multiple splice variants of 

REST have been identified in neurons (Palm et al., 1998), some with activating 

properties (Shimojo and Hersh, 2006), giving it the ability to repress and enhance 

neuronal gene expression in the brain, depending on the gene and its cellular 

context. As such, the unique dual properties of Deaf-1 may also be the result of 

potential cell-type specific splice-variant isoforms of Deaf-1. One study reports that 

a homoeodomain protein called Barx2 was found to exhibit region-specific DNA-

binding properties in that the N-terminal region was essential to mediate repression 

of cell adhesion molecules, while the C-terminal domain was required for their 

activation (Edelman et al., 2000), thus making this regulator both a repressor and an 

activator. Similarly, Deaf-1 has previously been characterized as having tissue-

specific variations in molecular weight (Huggenvik et al., 1998) and preliminary 

findings from our laboratory suggest alternative splice variants of this protein may 

be present depending on the cellular context (data not shown). 
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Post-translational modifications of Deaf-1, such as phosphorylation, 

sumoylation, methylation or ubiquitination may also contribute to the opposing 

regulatory mechanisms of Deaf-1, especially since several sites responsible for these 

modifications have already been identified in the Deaf-1 genetic sequence (Jensik et 

al., 2004). Oppositely, post-translational modifications of the 5-HT1A receptor such 

as methylation, may also alter its gene expression pattern by effecting the binding of 

various regulators including Deaf-1. Interestingly enough, the C(-1019)G 

polymorphism is located within a CpG sequence, which is often the target site of 

methylation. Unfortunately, preliminary data suggests that methylating the 

sequence does not prevent Deaf-1 from binding to the promoter (Appendix B). 

However, other CpG-rich regions within the palindromic sequence may become 

methylated and potentially alter the binding of Deaf-1 in an indirect manner (data 

not shown). 

Cell-specific regulation of the 5-HT1A receptor by Deaf-1 implies that this 

transcription factor also recruits cell-specific regulatory factors to repress or 

enhance transcription. Interestingly enough, Deaf-1 contains a helix-loop-helix motif 

that is responsible for dimerization (Bottomley et al., 2001), which may direct 

heterodimerization between Deaf-1 and itself or other SAND-containing proteins 

that have differential pre- and post-synaptic expression patterns. In order to further 

our understanding of the mechanism involved in Deaf-1 mediated regulation of the 

5-HT1A receptor gene, we preformed a yeast-2-hybrid experiment by screening a 

human cDNA brain library using the full length Deaf-1 sequence (data not shown). 

Surprisingly, over 400 positive interactions resulted from this experiment, and 
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although we subcloned and sequenced 30 positive clones, no relevant interacting 

partners were identified, prompting us to seek alternative approaches in addressing 

this issue. 

In an alternative attempt to identify Deaf-1-interacting proteins, we 

performed immunprecipitation (IP) experiments in order to successfully isolate 

potential interacting partners of Deaf-1. By employing a technique that utilized 

cobalt beads, we obtained a relatively clean pull down of His-tagged Deaf-1 proteins 

transiently transfected into Hek-293 cells and identified several potential co-factors 

[Appendix E) by using MALDI-TOF Mass Spectrometry analysis of molecular bands. 

Amongst those isolated, several potential factors were identified, which included: 

bromodomain 4 (BRD4), nuclear fragile x mental retardation interacting partner 

protein 2 (NUFP2), transducin-like enhancer of split-3 (TLE); P66B (a 

transcriptional repressor that is part of the MeCP2 complex); histone deacetylase-2 

(HDAC-2) and the REST (Appendix F). Although interesting, these results need to be 

further verified, due to the 5-HTlA-negative cell line that was used, the potential 

"stickiness" of beads used as well as the use of a transient transfection approach 

that may not mimic endogenous Deaf-1 accurately. One technique that will be 

applied in the future to help in confirming the specificity of each target identified, is 

known as the SILAC (Stable isotope labeling with amino acids in cell culture) which 

will allow for either endogenous or stably-transfected Deaf-1 to be incorporated 

into an appropriate cell type and treated with light or heavy amino acid medium to 

detect the relative abundance of newly synthesized proteins (Ong et al., 2002; 

Trinkle-Mulcahy et al., 2008). However, other co-repressors that do not directly 
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interact with Deaf-1 may be more difficult to identify. For instance, the interaction 

with HDAC may include the recruitment of its corepressor Sin3A/B, and would 

require protein-complex immunoprecipitation (Co-IP) in order to be identified. 

To avoid problems associated with the use of cell lines as models, Deaf-1 

knockout mice provided an alternative in vivo model of studying regulation of the 5-

HT1A receptor by Deaf-1. However, initial characterization of Deaf-1 knockout mice 

quickly revealed the influence of background mouse "strain" on the outcome of 

results. More specifically, Deaf-1 knockout mice were backcrossed from a C57BL/6 

strain (Hahm et al., 2004] onto a BALB/C background by the original group for 

breeding purposes. Our initial findings established that these Deaf-1 knockout mice 

displayed a loss of the previously reported developmental phenotype such as 

excencephaly and in addition, exhibited comparable levels of 5-HT1A receptor gene 

expression with only a "trend" for decrease at the post-synaptic sites. Despite the 

fact that some knockout models such as the 5-HT1A knockout mice, produce similar 

phenotypes when generated on a variety of homogeneous background strains 

(Heisler et al., 1998; Parks et al., 1998), other mouse models report strain-related 

variability of data, particularly on mixed backgrounds (Gordon and Hen, 2004; 

Beaulieu et al., 2008; Carola et al., 2008). It appears that in the case of Deaf-1 

knockout mice strain was also a factor, which prompted us to backcross the mice 

onto the original C57BL/6 mouse strain (Hahm et al., 2004). Upon further 

characterization, it became evident that lack of Deaf-1 protein alters 5-HT1A gene 

expression in a brain region-specific manner, as predicted by my studies in cell 

lines. More specifically, 5-HT1A mRNA and protein were both upregulated in the 
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raphe and downregulated in post-synaptic tissues including the cortex and dentate 

gyrus of the hippocampus, confirming the dual regulatory properties of Deaf-1. 

Interestingly enough, level of TPH2 RNA was not altered in these mice, suggesting 

Deaf-1 has a direct effect on fine-tuning the regulation of 5-HT1A but not altering 

other aspects of the serotonergic system. On the other hand, the intensity of 5-HT 

staining in pre-synaptic neurons was slightly decreased in Deaf-1 -/- mice, 

suggesting that although the number of serotonergic neurons has not changed, 

production of 5-HT may be reduced. Further experiments including HPLC analysis 

will provide a more quantitative measure of the level of 5-HT in the dorsal raphe 

tissue. 

The Deaf-1 -/- mice provide a new model for studying the effects of Deaf-1 

deficiency on the serotonergic system in vivo, that appears to generate a 5-HT1A 

phenotype mimicking that of humans with the C(-1019)G polymorphism and 

diagnosed with depression. A recent study has developed a mouse model which 

mimics the presynaptic effects of the human 5-HT1A C(-1019]G polymorphism 

(Richardson-Jones et al.). The authors of this study generate mice that express 

"high" or "low" levels of 5-HT1A gene expression by manipulating only the levels of 

5-HT1A autoreceptors without affecting the heteroreceptors located at post­

synaptic sites. Although the increase in presynaptic 5-HT1A receptor levels 

inhibited basal raphe firing, these mice lacked a detectable anxious phenotype, as 

previously reported for the full 5-HT1A knockout mice, indirectly implicating the 

post-synaptic 5-HT1A receptor as an important regulator of anxiety (Heisler et al., 

1998; Parks et al., 1998; Ramboz et al., 1998; Gross et al., 2002). Interestingly, 
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elevated pre-synaptic 5-HT1A receptor levels observed in the 'high mice" resulted in 

decreased response to acute stress, increased behavioural despair (a hallmark 

phenotype of depression) and lack of antidepressant response, thus modeling 

patients with the 5-HT1A risk allele (Le Francois et al., 2008). It is likely that the 

Deaf-1 knockout mice, which display a similar molecular pattern of 5-HT1A 

autoreceptor over-expression, will exhibit depressive-like behaviours similar to the 

"high" mouse model. Additional experiments are required to establish a correlation 

between the lack of Deaf-1 protein expression and behavioural despair. 

Human genetic studies are limited due to the restricted number of human 

samples available for testing. In addition, environmental, ethnic and regional 

differences make it difficult to obtain a large sample size with entirely matched 

controls. These considerations are particularly important in the case of depression, 

a heterogeneous disorder that is most likely affected by multiple loci in combination 

with potential environmental influences (Fava and Kendler, 2000). As an 

alternative, the mouse has served as an excellent tool for conducting genetic and 

environmental manipulations in order to study the effects on behaviour or drug 

treatment responses (Heisler et al., 1998; Palm et al., 1998; Olivier et al., 2001; 

Parsons et al., 2001; Groenink et al., 2003). A variety of behavioural tests have been 

designed to monitor anxiety-like and depressive behaviours in mice, and several of 

those can be utilized in future studies to correlate Deaf-1 protein deficiency with 

"depressive" or "anxiety"-like behaviour. The "tail-suspension test" relies on a 

hallmark behavioural phenotype of a depressed mouse that results in the loss of 

struggle observed when suspended by its tail (Steru et al., 1985; Cryan et al., 2005). 
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The "forced swim test" forces mice to swim in an inescapable cylinder of water, and 

a "depressive state" can be quantified by measuring the time spent in an immobile 

posture (Porsolt et al., 1979). This test is often accompanied by a pre-test to further 

induce a state of behavioural despair (i.e. loud noise, shaking), which will cause 

quicker immobility times during actual testing. The "elevated-plus maize" test 

(Ramboz et al., 1998) and the "novelty suppressed feeding" test (Overstreet et al., 

2003) are additional behavioural paradigms which can be used to study levels of 

"anxiety" behaviour in Deaf-1 knockout mice. Moreover, each of the above 

mentioned tests can be combined with acute or chronic antidepressant treatment to 

determine the effects of gene mutations on drug response rates (Schramm et al., 

2001; Santarelli et al., 2003). In this respect, the novelty suppressed feeding test is 

the most clinically relevant, since it responds to chronic antidepressant treatment 

only. 

Strong pharmacological evidence suggests that selective desensitization 

of raphe 5-HT1A autoreceptors is a key adaptive change that contributes to the 

effectiveness of chronic antidepressant treatment. However, in humans, response to 

treatment occurs only in 67% of cases (Hirschfeld et al., 1997), while remission is 

even less frequent (30-40%) and this could be attributed in part to heritable factors 

(Lerer and Macciardi, 2002; Zanardi et al., 2001; Lemonde et al., 2004). In fact, 

several studies have already correlated genetic mutations such as the C(-1019)G 

polymorphism with a decreased response to anti-depressant treatments (Lemonde 

et al., 2004; Parsey et al., 2006a; Anttila et al., 2007; Kraus et al., 2007). In addition, 

mice overexpressing the pre-synaptic 5-HT1A receptor, and those lacking the gene 
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all together both fail to respond to antidepressant (SSRI) treatment (Richardson-

Jones et al.; Santarelli et al., 2003]. By establishing a depressive and/or anxious 

phenotype of the Deaf-1 knockout mouse, and then being able to address whether 

there is a decreased response to antidepressant treatment, we will be able to 

address whether Deaf-1 is a key factor in the MDD phenotype, and validate whether 

it is also required for effective antidepressant response. If the Deaf-1 -/- mice are 

antidepressant resistant, this may provide a useful model to test novel treatment 

approaches for treatment-resistant depression. 

A possibility exists, that the signaling cascades involved in 5-HT1A signaling 

pathways may also be altered in Deaf-1 knockout mice, thus affecting 5-HT1A gene 

expression. Recent studies have demonstrated that chronic antidepressant therapy 

upregulates the cAMP cascade in hippocampus and cerebral cortex, increasing the 

levels of PKA and upregulating the function and expression of CREB (Popoli et al., 

2001). As such, inhibition of cAMP and PKA signaling following activation of 5-HT1A 

autorereceptors in Deaf-1 knockout mice may lead to cellular changes in additional 

proteins that modulate 5-HT1A gene transcription. Further investigation using PKA 

or PKC activators and inhibitors will be necessary to address this possibility. 

The role of antidepressant treatment in adult neurogenesis has been an 

important but controversial topic in recent years. It is now established that 

behavioural effects of chronic antidepressants require hippocampal neurogenesis 

and are mediated by an increased synaptic plasticity in the dentate gyrus (Santarelli 

et al., 2003; Sahay and Hen, 2007). Oppositely, antidepressant treatments have the 

potential to reverse loss of neurons in the prefrontal cortex and the hippocampus of 
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depressed and anxious individuals (Sheline et al., 1996] establishing a level of co-

dependency between neurogenesis and depression treatment. However, genetic 

predisposition can play a key role in decreasing neurogenesis as in the case of the 

BDNF Val(66]Met mutant mouse model (Chen et al., 2006]. As such, it would be very 

interesting to assess the effect of Deaf-1 protein deficiency on the development of 

new neurons in the hippocampus in the Deaf-1 knockout model, something that has 

never been addressed in humans harboring the 5-HT1A C(-1019]G polymorphism. 

In an alternative approach, it would be interesting to re-visit the behavioural 

studies and build on previous findings that suggest expression of the 5-HT1A 

receptor at an early post-natal period is crucial for a normal anxiety phenotype in 

the adult (Gross et al., 2002; Lo lacono and Gross, 2008]. As an example, the lack of 

Deaf-1 protein may have an effect on the response to early post-natal stress, 

especially since the 5-HT1A receptor is a major regulator of the HPA axis (Hanley 

and Van de Kar, 2003]. Mice can be subjected to maternal deprivation and the effect 

of the resulting glucocorticoid up-regulation can be studied at an adult stage 

(McEwen, 1999; Liu et al., 2000; Meaney, 2001]. In fact, pre-disposition to 

depression has already been associated with early life stress and the 5-HTT 

polymorphism (Caspi et al., 2003], and there is some evidence for 5-HT1A C(-

1019]G genotype/environment interaction in suicide completion (Videtic et al., 

2006; Videtic et al., 2009]. Thus, it is possible that loss of Deaf-1 protein may 

influence the developmental regulation of 5-HT1A gene expression leading to 

increased pre-disposition to depression especially when combined with elevated 

stress at an early stage in post-natal development. 
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One major drawback of studies correlating depression with a single genetic 

variation, such as the C(-1019)G polymorphism, is the heterogeneity of the disorder 

that is most likely to involve small contributions from multiple genetic variations. 

Thus, other polymorphisms within the 5-HT1A receptor gene, or other genes that 

regulate the serotonin, noradrenergic or other neurotransmitter systems (e.g., other 

receptors, transporters, or biosynthetic genes) may be mutated and lead to 

decreased levels of serotonin that are associated with major depression. For 

instance, the T(-102)C polymorphism in the 5-HT2A receptor has been associated 

suicidal thoughts in depressed subjects (Du et al., 2000) and the short allele of the 

long polymorphic repeat of the SERT gene has been associated with reduced 

transcriptional activity and anxiety-related behaviour in human (Lesch et al., 1996). 

As such, other available mouse models may become useful tools for studying the 

additive effects of several genetic factors on regulation of the serotonerigic system 

in the Deaf-1 knockout mice. In addition to full knockout mouse models, including 

Pet-1, SERT, TPH2, Lmxlb, and various 5-HT-receptor subtype knockouts, mice that 

harbor genetic variations including Val(66)Met mutation in the BDNF gene (Chen et 

al., 2006), C(1473)G mutation in the TPH2 gene (Cervo et al, 2005; Osipova et al., 

2009) or the R(441)H mutation in the TPH2 gene (Beaulieu et al., 2008) can also 

serve as excellent models for crossing. As a result, the added effects of multiple 

genetic abnormalities on the regulation of the serotonergic system can be studied. 

In conclusion, the cell specific properties of Deaf-1 mediated transcriptional 

regulation of the 5-HT1A receptor observed in cell lines and in the Deaf-1-null mice 

provides a new model that could account for brain region specific alterations in 5-
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HT1A receptor expression and serotonergic neurotransmission implicated in 

depression and anxiety disorders. The results presented in this thesis are 

potentially very interesting for both the clinical and basic science communities. The 

strength and originality of this work resides in both in vitro and in vivo analysis of 

the 5-HT1A receptor regulation, and the implication of the C(-1019)G functional 

polymorphism as an important regulator responsible for "fine-tuning" the 

regulation of the 5-HT1A receptor both pre- and post-synaptically. Additionally, the 

in vivo work presented in this thesis correlates the loss of Deaf-1 protein with 

abnormal 5-HT1A gene expression. This molecular phenotype is similar to that 

observed with human depressed subjects harboring the C(1019)G polymorphism 

and may provide a potential new mouse model for studying the effects of genetic 

predisposition. This is also the first study to identify a potential Deaf-1 binding site 

in the mouse and implicate Deaf-1 as a direct transcriptional regulator of the mouse 

5-HT1A gene. Finally, my pioneering studies on the characterization of Deaf-1 and 

its associated binding proteins may lead to new insights into the transcriptional 

regulatory mechanisms involved in the predisposition to mental illness which may 

stimulate research into analysis of these mechanisms in other candidate genes 

relevant to mental illness. 
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Purified DeaM (5ug) 

fsrfsnfiNriSfs 

B-Fnguiire 6.1: Effect off 5-HT1A p r o m o t e r mettoylatBon om Deaf-1 bamdlnng. 

Electronic Mobility Shift Assay shows no difference in binding affinity of purified Deaf-1 protein to 

the methylated 26-bp human promoter sequence versus the 26-bp promoter sequence that is not 

methylated (26C) Each sequence competes out the labeled probe with equal affinity as compared to 

the 26-bp sequence containing the polymorphism (26G), which does not compete out Deaf-1 PEAS 

and E2F are used as non-specific competitors 

EMSA protocol was performed as described in the materials and methods section of 

Chapter 4 
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C - Figure 6.2: Colocalization of NUDR immunoreactivity in neurons and glia 

A) Co-labeling of NUDR immunoreactivity (green) with the neuronal marker NeuN (red) NUDR 

protein (yellow) is localized to neuronal nuclei and perinuclear areas B) Co-labeling of NUDR 

immunoreactivity (green) with the astrocytic marker GFAP (red) NUDR (yellow) is localized in glial 

nuclei C) Colocalization of NUDR immunoreactivity (green) and immunoreactivity for HT1A receptor 

(red) NUDR immunoreactivity (yellow) is present in nuclei of majority of cells expressing 5-HT1A 

receptor immunoreactivity NUDR=Deaf-l Copyright Szewczyk et al, 2009, Cambridge Press 

Methods: Immunohistochemistry was used to examine the expression and laminar distribution of 

Deaf-1 in the human PFC of normal control subjects Immunostaining was performed as described in 

Szewczyk et al, 2009, using primary antibody characterized in Lemonde et al, 2003 and Czesak et al, 

2006 
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A, 
CON MDD CON MDD CON MDD 
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f^-Actin :i:i|Sil|iiis^^ "'^'~' '̂D<3 

B - CON MDD CON MDD CON MDD 

5HT1A — * - * - « «*. „ HMmn . ^ ^ - 56 kDa 

Iw / ^ W v l l I *miii£iligp ^ ^ i ^ ^ ^ ^ uppil̂MflWMiR!! ^ ^ ^ m p p r I^Hftjgsgmi^ fl , .innmirr ^4 ^ U l ypi 

D - Figure 6.3 NUDR and 5-HT1A protein expression in human prefrontal cortex. 

Representative Western blots showing the immunolabeling of Deaf-1/NUDR (A) and 5-HT1A 

receptor (B) and 13 -actin in prefrontal cortex [PFC] of 3 pairs of control and matched MDD subjects. 

Copyright Szewczyk et a)., 2009, Cambridge Press. 

Methods: Western blot was used to examine the protein expression of Deaf-1 in the human PFC of 

normal control and matched MDD subjects. Western blot was performed as described in Szewczyk et 

al., 2009, using primary antibody characterized in Lemonde et al., 2003 and Czesak et al., 2006. 
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Appendices 

E - Figure 6.4: Immunoprecipitation of His-Tagged Deaf-1 from Hek-293 cells. 

A) Western blot showing His-tagged Deaf-1 successfully Immunoprecipitated from Hek-293 using 

His-Pur Cobalt bead technology. Custom-made rabbit anti-Deaf-1 antibody was used to detect 

protein signal. Input lanes show Hek-293 cell lysate with or without His-Deaf-1 transfected. Elution 

lanes show transiently transfected empty pcDNA3 construct lacking Deaf-1 or pcDNA construct with 

His-tagged Deaf-1 sequence, post immunoprecipitation with cobalt beads. B) Coomassie staining of 

SDS-PAGE shows "His-Deaf-1 elution" lane with all protein bands immunoprecipitated onto gel. "Cntl 

input" lane shows Hek-293 cell lysate and "cntl elution" shows transiently transfected empty pcDNA3 

vector. Bands indicated by numbers were cut from gel and analyzed via MALDI-TOF spectroscopy. 

Methods: Custom made Deaf-1 primary antibody was used at a dilution of 1-2000 as characterized in 

the materials and methods section of Chapter 4. His-Pur Cobalt beads were used according to 

company protocol [Pierce Inc). Briefly, Hek-293 cells were transiently transfected with His-tagged 

Deaf-1 in pcDNA3 vector for 48 hours. Empty pcDNA3 vector was transiently transfected as control. 

Whole cell lysates where collected in RIPPA buffer with protease inhibitors. Lysate was diluted lOx 

and pre-cleared with bead slurry for 30 minutes. Lysate was incubated with 50u.l of HisPur beads at 

room temperature for 2 hours. Beads were washed and immunocomplexes dissociated by adding 

elution buffer and boiling for 5 min. 25ul of supernatant was run on SDS-PAGE and stained using 

Cooomassie or transferred onto nitrocellose membrane for Western blot analysis. 
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Table 6.1: MALDI-TOF Mass Spectrometry. 

Highlighted (red) proteins are potential Deaf-1 interacting partners. All target proteins shown in this 

table are unique targets, never seen in control experiments. Proteins that are omitted from chart are 

those that have been identified in control IP's, chromatin associated or found in Sepharose Bead 

Proteome. 

Type of Stain 
Band Type 
Band Size 

Protein Identified 
Molecular 
Weight of 
Protein 

peptides 

Coomassie Stain 
B a n d # l 
200 kDa 

Coomassie Stain 
Band #2 
180-200 kDa 

Coomassie Stain 
Band #3 
80 kDa 

Coomassie Stain 
Band #4 
60 kDa [upper band} 

Coomassie Stain 
Band #5 
60 kDa (lower band) 

Coomassie Stain 
Band #6 
50 kDa 

• Deaf-1 
• BRD4 bromodomain 4 
• CD2L7 cell division cycle 2-related protein 

kinase 7 
• TBR1 T brain protein 

• DOCK7 dedicator of cytokinesis protein 7 
• BRD4 human bromodomain 4 
• CD2L7 cell division cycle 2-related protein 

kinase 7 

• Deaf-1 (transfected) 
• NUFP2 nuclear fragile x mental retardation 

interacting partner protein 2 
• TLE transducin-like enhancer of split 3 

• Deaf-1 
• Q5PU80 protein phosphatase 2A 
• ZKSC1 zincfinger protein 

• Deaf-1 
• P66B transcriptional repressor (MeCP2 

complex) 
• NRBP nuclear receptor binding protein 
• TF65 transcription factor p65 
• SMAD4 tumor repressor 

ADA4ZD insulin like growth factor 2 mRNA 
binding protein 2 

• HDAC2 histone deacetylase 2 
• SMAD4 tumor repressor 
• REST transcription factor 
• 1F2B1 insulin growth factor 2 mRNA binding 

protein 1 

60 kDa 
152 kDa 
164 kDa 
74 kDa 

242 kDa 
152 kDa 
164 kDa 

80 kDa 
76 kDa 

83 kDa 

60 kDa 
61 kDa 
63 kDa 

60 kDa 
65 kDa 

59 kDa 
60 kDa 
60 kDa 
65 kDa 

55 kDa 
60 kDa 
53 kDa 
63 kDa 

13 
5 
3 
1 

14 
6 
3 

39 
10 

2 

8 
3 
2 

10 
3 

2 
1 
1 
1 

2 
1 
1 
1 
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