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Serotonin (5-HT) is neurotransmitter that modulates a range of emotional behaviors and 

is involved in mediating behaviors related to reinforcement learning. Disturbances of the 5-HT 

system are implicated in psychiatric conditions such as post-traumatic stress disorder, 

depression, and anxiety.  Of the 14 described 5-HT receptors, 5-HT6 receptors have been 

implicated in a variety of cognitive processes and have generated interest due to increasing 

evidence for their role in feeding, obesity, anxiety, depression and cognition. The 5-HT6 receptor 

is an excitatory GS coupled receptor that is found almost exclusively in the brain and is localized 

abundantly on the primary cilia of neurons, especially in the striatum.  Primary cilia are sensory 

organelles found on most neurons that receive both chemical and mechanical signals from the 

surrounding environment. The striatum is a brain region of the basal ganglia that mediates a 
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variety of neural functions including movement, learning, and cognition. From their subcellular 

localization on primary cilia to their pathway specific role in the striatum, this thesis dissertation 

will describe my work on understanding the underlying function of 5-HT6 receptors. 

My work shows 5-HT6 receptors in the striatum can alter normal cocaine reward 

conditioning, and explores the effect of 5-HT6 receptors on neuronal primary cilia. In particular, 

I show that increased expression of 5-HT6 receptors in the indirect pathway medium spiny 

neurons (MSNs) but not direct pathway MSNs of the ventral striatum lead to an increase in the 

sensitivity to the reinforcing properties of cocaine. I also show that the activity of 5-HT6 

receptors affects the morphology of primary cilia in striatal neurons and that the amount of 

heterologous receptor expressed affects the subsequent subcellular receptor localization.  

Together my results continue to implicate an important role of 5-HT6 receptors in animal 

behavior and indicate a need for further analysis of 5-HT6 receptors in both a sub region and 

subcellular-specific manner. 
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CHAPTER I: INTRODUCTION 

 

A. 5-HT 

Serotonin (5-hydroxytryptamine, 5-HT) action was first observed in 1912 when 

researchers studying vasoconstriction by blood serum found that serum caused vasoconstriction 

in the intestine (O’Connor, 1912).  The theory at the time was that adrenaline caused all 

vasoconstriction, however these researchers saw adrenaline relaxing intestine, implicating a 

substance in the serum other than adrenaline responsible for vasoconstriction (Göthert, 2013; 

O’Connor, 1912).  5-HT was isolated and crystallized some 35 years later and named “serotonin” 

indicating, “that its source is serum and its activity is one of causing constriction”  (Rapport et al, 

1948). Upon crystallization from blood, the chemical structure of serotonin was determined to be 

an indolealkylamine and identified as 5-hydroxytrptamine yet the dual nomenclature exists to 

this day (Göthert, 2013; Rapport, 1949).  A few years later 5-HT was identified in the brain 

(Twarog and Page, 1953) and hypothesized to function as a possible neurotransmitter because 

lysergic acid diethylamide (LSD) suppressed action of 5-HT on the central nervous system of 

mice (Brodie et al, 1955; Shore et al, 1955). In the nearly 70 years since its discovery, 5-HT has 

been a major pharmacological target in brain research and found to be involved in many 

physiological functions in the brain.  

The biochemical mechanism underlying the synthesis of 5-HT involves the hydroxylation 

of the essential amino acid, L-tryptophan, by tryptophan hydroxylase (TPH). L-tryptophan is 

taken up by neurons by a plasma membrane transporter (Boado et al, 1999), hydroxylation is 

catalyzed by the enzyme tryptophan hydroxylase to form 5-hydroxytryptophan (5-HTP), which 

then is rapid decarboxylated, by the enzyme L-amino acid decarboxylase, to form 5-HT (Berger 
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et al, 2009; Côté et al, 2003; Kandel, 2000; Walther et al, 2003) (Figure 1.1).  After the 

biochemical synthesis of 5-HT it is stored in presynaptic nerve terminal vesicles with a serotonin 

binding protein, where it remains until synaptic vesicle release (Tamir and Kuhar, 1975).  

 

 

 

Figure 1.1 Synthesis of Serotonin (5-HT) 

 

Although much of current research on 5-HT involves studying the monoamine’s function 

in the brain, 5-HT is also found throughout the periphery, including the gastrointestinal tract, the 

cardiovascular system and immune cells (Barnes and Neumaier, 2011; Chamba et al, 2008; 

Lucki, 1998). 95% of peripheral 5-HT is found in the enteric nervous system in the lining of the 

gastrointestinal tract (Berger et al, 2009; Côté et al, 2003; Göthert, 2013).  5-HT in the 

gastrointestinal tract has been found to mediate responses as varied as nausea, intestinal 

secretion, and peristalsis and has even been implicated in irritable bowel syndrome (Berger et al, 

2009; Hoyer et al, 2002). 5-HT’s function throughout the central nervous system (CNS) is of 

primary concern regarding its implications in the neuromodulation of a broad array of behaviors, 
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including sleep, locomotion, feeding, vomiting, addiction, aggression, sexual activity and affect 

(Heath and Hen, 1995). 

In the mammalian CNS, 5-HT is manufactured by a cluster of neurons located in the 

brainstem. These neuronal clusters are part of the raphe nuclei (Lucki, 1998; McDevitt et al, 

2014; Tamir and Kuhar, 1975).  Of the raphe nuclei, most of serotonergic neurons have their cell 

bodies in the dorsal and median nuclei, and supply the 5-HT throughout the forebrain. These 

serotonergic neurons in the dorsal and median raphe project extensively to nearly every brain 

region and are characteristically slow and rhythmic with regards to firing patterns (Allers and 

Sharp, 2003; Schweimer et al, 2011; Wang and Aghajanian, 1982).  This slow, often tonic, 

discharge pattern provides electrophysiologists with a unique electrical signature for discerning 

the serotonergic neurons of the dorsal raphe nucleus (DRN) from other neurons in the region 

(Andrade and Haj-Dahmane, 2013; Wang and Aghajanian, 1982). Even though, the number of 

serotonergic neurons from the raphe nuclei is a relatively small number (~ 20,000 neurons in rat 

brain)(Andrade and Haj-Dahmane, 2013) as compared to the number of glutamatergic or 

dopaminergic neurons, the raphe nuclei send projections throughout the CNS (Jacobs and 

Azmitia, 1992; Whitaker-Azmitia, 1999).  These relatively few projections have been found to 

influence a broad range of physiological systems. 

5-HT projections have been implicated in a variety of physiological functions and 

multiple behaviors, including circadian rhythm entrainment,  appetite, aggression, sexual 

behavior, sensorimotor reactivity, and pain sensitivity (Lucki, 1998; Prosser et al, 2014).  More 

recently, a growing body of work has established that the serotonergic system affects multiple 

types of associative learning in mammals (Cowen and Lucki, 2011; Eskenazi and Neumaier, 

2011a; Eskenazi et al, 2015; Mitchell et al, 2007). The neural circuitry responsible for each of 
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these 5-HT-mediated behavioral processes is not well understood, yet there is much research 

implicating specific nuclei, projections, and systems that are modulated by these 5-HT 

projections.   

Dysfunction of the serotonergic system is implicated in multiple neuropsychiatric 

illnesses and impairments (Berger et al, 2009; Kirby et al, 2011). Among some of the disorders 

and diseases associated with 5-HT are depression, post-traumatic stress disorder, and anxiety 

(Carr and Lucki, 2012; Lucki, 1998). Due to the prevalence of 5-HT in all of the aforementioned 

disorders, serotonergic neurons, 5-HT receptors, and the serotonin transporter (SERT) have 

become major targets for pharmaceutical research.  In particular, selective serotonin reuptake 

inhibitors (SSRIs) have become a ubiquitous treatment for affective disorders including 

depression and anxiety disorders. SSRIs target SERT function which manipulates the 

endogenous levels of 5-HT in the brain (Carr and Lucki, 2012; Carr et al, 2011; Fuller and 

Wong, 1990; Martinowich and Lu, 2008).  Along with drugs targeting SERT function, many 

pharmaceuticals target the various 5-HT receptors.  Research into depression and anxiety 

disorders has uncovered much about system and function of the 5-HT receptors. 

 

B. 5-HT Receptors 

The cellular effects of 5-HT are mediated by several pharmacologically and structurally 

distinct 5- HT receptors.  These 5-HT receptors are found both in the central and peripheral 

nervous system (Barnes and Sharp, 1999; Göthert, 2013). The initial studies that identified the 

existence of more than one 5-HT receptor for serotonin were performed in the guinea pig ileum, 

where 5-HT mediated contractions were partially blocked by the indirect action of morphine and 

further blocked by dibenzyline.  They found that this additive blockade by two different drugs 
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represented two different mechanisms, and thus two different 5-HT receptors (Gaddum and 

Picarelli, 1957).  It was not until 20 years later that radioligand binding of different radiolabeled 

ligands, [3H]5-HT, [3H]LSD or [3H]spiperone, demonstrated the presence of more than two 

distinct 5-HT receptor binding sites (Bennett and Snyder, 1976; Peroutka et al, 1981).  Since 

these original receptor differentiation experiments many more 5-HT receptors have been 

identified. 

Currently, 14 distinct serotonin receptors have been identified (Barnes and Neumaier, 

2011; Barnes and Sharp, 1999; Hannon and Hoyer, 2008). All of the known 5-HT receptors are 

G protein-coupled receptors (GPCRs) with the exception of the ionotropic 5-HT3 receptor 

(Barnes and Sharp, 1999; Hoyer et al, 2002).  In the 1990s, a system for naming the receptors 

was developed by the International Union of Pharmacology; this new system included the 

operational, phylogenetic, and structural characteristics of each receptor (Hoyer and Martin, 

1996; Hoyer et al, 1994). This wide range of 5-HT receptors allows 5-HT to mediate a wide 

range of actions via a variety of signal-transduction pathways. Each 5-HT receptor has a distinct 

and varied distribution throughout the body. Many experimental approaches have been used to 

evaluate and determine varied 5-HT receptor expression at the neuroanatomical level (Hannon 

and Hoyer, 2008).  

In mammalian brain, the function of many 5-HT receptors are now associated with 

specific physiological responses, extending from modulation of neuronal activity to effects on 

animal behavior (Barnes and Neumaier, 2011). Studies on animal behavior in response to 

selective 5-HT receptor activity have led to the development and clinical use of drugs with 5-HT 

receptor-subtype selectivity (Barnes and Sharp, 1999).  Research on the potential therapeutic 

effects of these receptors in treating anxiety, depression, pain, and cognition is ongoing.  Based 
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on known differences in receptor sequences and function, the 13 different 5-HT GPCRs 

developed differential coupling and signaling cascades through evolution (Figure 1.2). 

      

Figure 1.2 Phylogeny of 5-HT G-Protein Coupled Receptors (GPCRs) Divergent evolution 

of the 13 5-HT GPCRs.  Nomenclature follows that of the International Union of Pharmacology 

guidelines (upper case used only when in vivo functional data are available for a receptor; lower 

case describes newly described recombinant receptors). 

  

The 14 distinct mammalian 5-HT receptor subtypes (Table 1.1) can be divided into seven 

sub-families (5-HT1 to 5-HT7) based on their amino acid sequence, function, and structural 

characteristics (Hoyer and Martin, 1996; Hoyer et al, 2002).  The 5-HT1 receptor class is 

comprised of five receptor subtypes (5-HT1A, 5-HT1B, 5-HT1D, 5-ht1E and 5-ht1F), which all 

signal through Gαi/o to inhibit cAMP formation (Hoyer et al, 1994) typically leading to decreases 

in cellular activity.  The 5-HT2 receptor class is comprised of three receptors (5-HT2A, 5-HT2B 

and 5-HT2C), which couple preferentially to Gαq to increase the hydrolysis of inositol phosphates 

and elevate cytosolic [Ca2+], typically leading to increased neuronal excitability (Cunningham et 
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al, 2011; Heath and Hen, 1995).  The 5-HT3 receptor is the only 5-HT receptor that is a ligand-

gated ion channel, a non-selective cation channel that modulate fast neurotransmission (Barnes et 

al, 2009; Sugita et al, 1992). The 5-HT4, 5- HT6 and 5-HT7 receptor families all preferentially 

couple to Gαs and typically elicit increases in neuronal activity through the increase of cAMP 

formation and the regulation of both calcium and potassium channels (Andrade and Chaput, 

1991; Barnes and Sharp, 1999; Kohen et al, 2001; Sleight et al, 1998). The 5-ht5 receptor family 

(5-ht5A and 5-ht5B) are not as well understood as the other 5-HT receptors as their preferential 

coupling remains unclear, but is hypothesized to be to either Gαi/o or possibly Gαs (Matthes et al, 

1993; Waeber et al, 1998).
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5-HT 

Receptor 
Location in CNS 

G-Protein 

Effector 

Transduction 

System 

Downstream Effects on Ion 

Channels 

5-HT1A 
Hippocampus (hipp), raphé nuclei (RN), 

and cortex (Cor) 
Gαi/o ↓cAMP ↑Potassium channel 

5-HT1B Striatum, RN, hipp Gαi/o ↓cAMP ↑Potassium channel 

5-HT1D 
Hipp, Cor, DRN, spinal cord and 

periaquaductal grey 
Gαi/o ↓cAMP ↑Potassium channel 

5-ht1E Cor, hipp, amygdala, hypothalamus (hypo) Gαi/o ↓cAMP ↑Potassium channel 

5-ht1F 
Hipp, cortex, DRN, striatum (stri), hypo 

and thalamus (thal) 
Gαi/o ↓cAMP ↑Potassium channel 

5-HT2A Cortex, hipp, olfactory tubercle and stri Gαq ↑PLC 
↓Leak potassium channel 

↑Non-selective cation channel 

5-HT2B 
Cerebellum, lateral septum, hypo, and 

medial amygdala 
Gαq ↑PLC 

↓Leak potassium channel 

↑Non-selective cation channel 

5-HT2C 

Choroid plexus, cor, hipp, nucleus 

accumbens (NAc), amygdala and basal 

ganglia 

Gαq ↑PLC 
↓Leak potassium channel 

↑Non-selective cation channel 

5-HT3 
Hipp, area postrema, dorsal motor nucleus 

of the solitary tract, and stri 
N/A 

Ion conductance 

(K+, Na+, Ca2+) 
↑Non-selective cation channel 

5-HT4 Stri, hipp, amygdala, olfactory tubercle Gαs ↑cAMP 
↓Leak potassium channel 

↑Non-selective cation channel 

5-ht5A 
Cerebellum, hipp, hypo, stri, cerebral 

cortex 
? ? Unknown 

5-ht5B Cor, hipp, DRN, olfactory tubercle ? ? Unknown 

5-HT6 
Stri, NAc, hipp, amygdala, cor, hypo, thal, 

caudate and putamen 
Gαs ↑cAMP 

↓Leak potassium channel 

↑Non-selective cation channel 

5-HT7 Thal, hypo, hipp Gαs ↑cAMP 
↓Leak potassium channel 

↑Non-selective cation channel 

 

 

Table 1.1 Summary of known 5-HT receptors. ↑, Activation; ↓, Inhibition (Barnes and 

Neumaier, 2011; Hannon and Hoyer, 2008; Hoyer and Martin, 1996; Noda et al, 2004) 
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C. 5-HT6 receptors 

 One of the more recently identified 5-HT receptors is the 5-HT6 receptor.  Two 

independent groups simultaneously isolated and identified the 5-HT6 receptor in the rat brain 

using newer techniques in molecular biology rather than the traditional pharmacological 

profiling (Monsma  Jr. et al, 1993; Ruat et al, 1993).  The groups utilized PCR probes based on 

known receptors to screen cDNA libraries from rat striatum and identified a new 5-HT receptor 

with GPCR structure and high affinity for both adenylyl cyclase and tricyclic psychotropic drugs 

(Monsma  Jr. et al, 1993; Ruat et al, 1993).  

Some 5-HT receptors have species-specific differences in drug affinities and interest in 5-

HT6 receptors as a tool for psychopharmacology led to the cloning and characterization of human 

5-HT6 receptor using PCR amplification from the human caudate cDNA library (Kohen et al, 

1996). The human 5-HT6 receptor protein was found to consist of 440 amino acids and a 

molecular mass of 46.96 kDa. When comparing the different 5-HT6 receptors to each other the 

human 5-HT6 had 89% amino acid sequence homology with the rat 5-HT6 receptor (Branchek 

and Blackburn, 2000; Kohen et al, 1996). Studies of the mouse 5-HT6 receptor found the nucleic 

acid sequence to have 94% and 84% homology to rat and human respectively (Hirst et al, 2003; 

Kohen et al, 2001).  In humans, there is one described single nucleotide polymorphism in the 

coding region for the 5-HT6 receptor as well as a nonfunctional truncated splice variant (Lee et 

al, 2005; Masellis et al, 2001; Olsen et al, 1999); these receptor variants have not be associated 

with any human disease. 
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5-HT6 receptors are almost exclusively found in brain and 5-HT6 receptor mRNA is 

detectable during development starting at embryonic day 12  (Boess and Martin, 1994; Grimaldi 

et al, 1998).  A variety of methods including: northern blot analysis, in situ hybridization 

histochemistry, immunohistochemistry, and RT-PCR have localized 5-HT6 receptors in striatum, 

nucleus accumbens, hippocampus, amygdala, cerebral cortex, hypothalamus, thalamus, olfactory 

tubercle, caudate nucleus and putamen of both rat and human brain samples (Gerard et al, 1997; 

Marazziti et al, 2013; Monsma  Jr. et al, 1993; Ruat et al, 1993; Schechter et al, 2008; Sleight et 

al, 1998) The majority of the brain’s 5-HT6 receptors are found in striatum, where the 5-HT6 

receptors are detected in both direct and indirect pathway medium spiny neurons (MSNs) 

(Helboe et al, 2015; Tassone et al, 2011; Ward et al, 1995). 

The subcellular localization of 5-HT6 receptors is particularly interesting. 5-HT6 

receptors were originally visualized in the neuropil and electron microscopy suggested that 

localization to dendrites (Gerard et al, 1997). Further electron microscopy studies revealed that 

the 5-HT6 receptor not only associated with dendrites, but also with primary neuronal cilia 

(Brailov et al, 2000; Hamon et al, 1999). 5-HT6 receptors are the only serotonin receptors that 

localize to primary cilia (Berbari et al, 2008a; Guadiana et al, 2013). Localization to the primary 

cilia is thought to involve unique ciliary trafficking mechanisms which may require the presence 

of an amino acid consensus sequence in the third intracellular (i3) loop of the receptor (Berbari et 

al, 2008a; Nachury et al, 2010; Nagata et al, 2013). This primary cilia localization may have 

profound implications for interactions with other primary cilia-specific proteins, including 

adenylyl cyclase 3 (AC3), which is exclusively localized in primary cilia (Berbari et al, 2007; Ou 

et al, 2009; Wang et al, 2009).  
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5-HT6 receptors are thought to signal as traditional Gαs-coupled GPCRs, but they also 

engage more subtle signaling pathways suggesting a more complex role (Dayer et al, 2015; 

Jacobshagen et al, 2014). As with other Gαs-coupled GPCRs, 5-HT6 receptors activate adenylate 

cyclase leading to intracellular increases of cAMP and thus activating protein kinase A activity 

(Hirst et al, 2006; Marazziti et al, 2013; Monsma  Jr. et al, 1993; Ruat et al, 1993; Sebben et al, 

1994; Yun and Rhim, 2011).  Gαs activation by 5-HT6 receptor agonism can activate several 

adenylate cyclase isoforms, including AC3, AC5, and AC8 but not AC1 or AC8 (Baker et al, 

1998; Kohen et al, 1996).  5-HT6 receptor activation in striatum has also been shown to activate 

DARPP32, which in turn activates Fyn kinase and Jun activation domain-binding protein-1.  Fyn 

is a Src tyrosine kinase family member and when phosphorylated, Fyn is thought to activate 

Erk1/Erk2 kinases via the Ras-Raf-MEK pathway (Fienberg et al, 1998; Riccioni et al, 2011; 

Yun and Rhim, 2011; Yun et al, 2007).   Recently, 5-HT6 receptors were shown to independently 

associate with both the mammalian target of rapamycin (mTOR) and cyclin-dependent kinase 5 

(Cdk5) (Dayer et al, 2015; Duhr et al, 2014; Jacobshagen et al, 2014; Meffre et al, 2012). The 

fact that 5-HT6 receptors activate a plethora of signaling cascades (PKA, Erk, Cdk5, Fyn, and 

mTor) is indicative of how complex signaling through the receptor may be and underlie some of 

the unique roles 5-HT6 receptors have in animal behavior,  

Although the story behind 5-HT6 receptor signaling is intricate, its impact on cognition 

has been repeatedly demonstrated, particularly on the role of 5-HT6 receptors on learning and 

memory tasks and with reward and reinforcement learning (Ferguson et al, 2008; Mitchell and 

Neumaier, 2005; Svenningsson et al, 2007).  Early studies on rats showed that 5-HT6 receptor 

antagonism improved memory consolidation on instrumental learning and memory tasks 

(Meneses, 1999, 2001). Further work showed that 5-HT6 antagonists have a restorative function 



12 
 

for cognition in memory deficit models (Foley et al, 2004; Mitchell and Neumaier, 2008; 

Mitchell et al, 2006). 5-HT6 receptor antagonists elicit pro-cognitive effects in several other 

behavioral including novel-object recognition (King et al, 2004; Woods et al, 2012). Since 

blocking 5-HT6 receptor is pro-cognitive, it seemed the normal function of the receptor must be 

impair cognition and memory. However, potent selective 5-HT6 receptor agonists have also been 

shown to enhance learning and memory in cognitive tasks (Burnham et al, 2010; Kendall et al, 

2011; Woods et al, 2012).  Thus, both 5-HT6 receptor agonist and antagonist compounds show 

promise as pro-cognitive therapeutics but an explanation for their paradoxical effects has not 

been forthcoming; however, one possible explanation is that 5-HT6 activation may be pro-

cognitive in some brain regions while reducing 5-HT6 activation in other brain regions may be 

pro-cognitive (Fone, 2008).  

There is also some research on the role of 5-HT6 receptors with regard to reward and 

reinforcement learning. Antagonism of 5-HT6 receptors resulted in dose-dependent increases in 

locomotion and self-administration of amphetamine (Frantz et al, 2002). Some reports found no 

effect of a systemic 5-HT6 agonist or antagonist on cocaine self-administration (cocaine SA) 

(Fijal et al, 2010; Frantz et al, 2002; Valentini et al, 2012), while other studies suggested that 

cocaine reinforcement or reinstatement was increased by 5-HT6 receptor activity (van Gaalen et 

al, 2010; Valentini et al, 2012).  More recently, studies indicated that increasing expression of 5-

HT6 receptors in the dorsomedial striatum interfered with the acquisition of a simple operant task 

but did not affect learning or recall in the Morris Water Maze task (Mitchell et al, 2007). 

Analogously, increased 5-HT6 receptor expression in nucleus accumbens (NAc) blocked the 

acquisition of conditioned-place preference (CPP) to cocaine without altering psychomotor 

sensitization (Ferguson et al, 2008). 5-HT6 receptors also regulate reward-motivated learning and 



13 
 

the expression of habitual actions (Eskenazi and Neumaier, 2011a, 2011b). In both of these 

studies, 5-HT6 receptors were increased in medium spiny neurons (MSNs) generally and were 

not targeted at the direct (dMSNs) or indirect (iMSNs) pathway specifically. It was also observed 

that increased striatal 5-HT6 receptor activity has different effects on reward motivated learning 

using sucrose pellets as the reinforcer when expression is restricted to either the dMSNs or 

iMSNs (Eskenazi et al, 2015), suggesting that the distribution of the receptors is a key 

determinant of the behavioral impact of 5-HT6 receptor signaling.  

 

D. The Striatum 

The basal ganglia are a group of four subcortical brain regions that are associated with a 

variety of neural functions including movement, learning, motivation, and cognition (Graybiel 

and Ragsdale, 1978; Kandel, 2000).  Comprised of the striatum, the globus pallidus, the 

substantia nigra, and the subthalamic nucleus, the basal ganglia are some of the most widely 

researched nuclei in neuroscience (Bornstein and Daw, 2011; Graybiel and Ragsdale, 1978).  

Receiving input from cerebral cortex, thalamus, and brainstem, the striatum is known as the main 

input structure of the basal ganglia (Graybiel, 2005; Gruber and McDonald, 2012).  Most (~95%) 

of the neurons in striatum are GABAergic MSNs (de Rover et al, 2002; Ward et al, 1995; Witten 

et al, 2010), which project through two distinct pathways, known as the direct (striatonigral) or 

indirect (striatopallidal) pathways (Gerfen et al, 1990, 1991; Surmeier et al, 2007). The dMSNs 

express mainly D1 dopamine receptors and dynorphin (Dyn) whereas the iMSNs express mainly 

D2 dopamine receptors and enkephalin (Enk) (Gerfen et al, 1990, 1991; Hikida et al, 2010).  

Enhanced output via the direct pathway is thought to facilitate motivated behaviors and other 

simple and complex actions while activation of the indirect pathway is thought to inhibit actions 
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(Chandra et al, 2015; Macpherson et al, 2014; Yager et al, 2015). Although the striatum has long 

been associated with the control of movement, current evidence suggests the striatum also 

contributes directly to many other executive functions including decision making (Balleine et al, 

2007; Ferguson et al, 2013; Macpherson et al, 2014).  

In rodents, the striatum can be separated into distinct anatomically and functionally 

diverse sub regions.  Dorsal striatum is comprised of two major nuclei, dorsomedial striatum 

(caudate nucleus) and dorsolateral striatum (the putamen).  In humans these nuclei are separated 

by the internal capsule.  Ventral striatum is also comprised of two separate regions: the nucleus 

accumbens (NAc) and the olfactory tubercle (Graybiel and Ragsdale, 1978; Graybiel, 2005; Holt 

et al, 1997).  Many functional differences exist between these different regions in dorsal and 

ventral striatum, which are thought to arise from differences in associated input and output 

circuitry.  Dorsomedial striatum (DMS) is thought to be involved in processes relating to more 

flexible goal-directed or reward sensitive behaviors.  The DMS is thought to be crucial for 

rapidly switching plans of actions based on current task conditions.  This has been repeatedly 

testing in rats using dynamic changes in contingencies of skill learning and operant conditioning 

(Eskenazi et al, 2015; Gruber and McDonald, 2012; Kimchi and Laubach, 2009). Dorsolateral 

striatum (DLS) differs from DMS in that it is thought to be involved in cue-associated learning 

and habit formation. Under certain conditions, goal-directed actions eventually transform into a 

reflexive habitual response (Corbit et al, 2012; Eskenazi and Neumaier, 2011b; Gruber and 

McDonald, 2012).  The NAc is the main part of ventral striatum and can also be divided into two 

separate structures: the NAc core and the NAc shell (Macpherson et al, 2014; Stuber et al, 2005; 

Valentini et al, 2012).  These two subdivisions differ in that the NAc shell receives more 

dopaminergic input from the VTA than the core and may have slightly different implications in 
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reward mediated behaviors (McDevitt et al, 2014; Neumaier et al, 2002; Packard and Knowlton, 

2002). NAc MSNs fire in patterns corresponding to and in anticipation of external events and 

cues.  This temporal responsiveness in the NAc is likely encoding the relative value of cues and 

anticipated value of an action (Everitt et al, 1999; Wise et al, 1995; Yager et al, 2015).  It is for 

this reason that the NAc is a common target of research for therapeutics regarding irregularities 

in the perceived relative valence of rewards, as seen in drug addiction (Stuber et al, 2005). 

 

 

E.  Primary Cilia 

5-HT6 receptors are thought to primarily exist on neuronal primary cilia. Every 

mammalian cell, including neurons, express a primary cilium at some point during their life 

cycle (Bishop et al, 2007; Singla and Reiter, 2006; Wheatley et al, 1996).  Primary cilia are 

microtubule-supported organelles that stem from the basal body and extend beyond the plasma 

membrane and outside the surface of a cell, essentially turning each primary cilium into a 

separate antennae-like subcellular compartment (Arellano et al, 2012; Avasthi and Marshall, 

2012; Louvi and Grove, 2011). Originally identified by the Swiss anatomist K.W. Zimmerman in 

1898, primary cilia were ignored in biological research for many years and even misclassified as 

a vestigial component of the invertebrate nerve net (Praetorius and Spring, 2003; Whitfield, 

2004). Often referred to as “non-motile” cilia, due to not being involved in generating motion, 

these receptor-rich structures receive both chemical and mechanical signals from the surrounding 

environment (Davenport and Yoder, 2005; Pazour and Witman, 2003; Praetorius and Spring, 

2003).  These signals are transduced by a discrete set of membrane-bound receptors specifically 

localized to the primary cilium.  The large diversity and specificity of primary cilia-localized 
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receptors suggest that primary cilia have a great capacity for complex cellular signaling, 

particularly on neurons. The role of neuronal primary cilia in normal cognitive functions is not 

yet understood, but there is evidence that impairments of ciliary signaling produce cognitive 

deficits (Berbari et al, 2008a; Davenport and Yoder, 2005).   

The unique structure of the primary cilium is comprised of multiple components.  The stem-

like core of primary cilia is known as the ciliary axoneme, which contains nine microtubule 

doublets as opposed to the 11 (9+2 arrangement) found in motile cilia (Domire and Mykytyn, 

2009; Wheatley, 2005).  The ciliary axoneme stems from a ciliary basal body containing the 

mother centriole of the cell (Arellano et al, 2012; Avasthi and Marshall, 2012).  The basal body 

and associated structures function as a selectively permeable barrier between the primary cilium 

and the rest of the cell, essentially turning the primary cilium into a separate subcellular 

compartment (Louvi and Grove, 2011).  Proteins which are present in primary cilia must be 

selectively trafficked across this barrier (Jin et al, 2010; Kulaga et al, 2004; Pazour and Witman, 

2003).  Once designated proteins cross the basal body barrier, they are carried along the ciliary 

axoneme by intraflagelar transport (IFT).  IFT utilizes kinesin and dynein motor proteins to 

transport proteins along the axoneme to distal portions of primary cilia (Nachury et al, 2010).  A 

select group of GPCRs are among the proteins that traffic to primary cilia in neurons.  These 

GPCRs include: 5-HT6 receptors, somatostatin receptor 3 (Sstr3), melanin-concentrating 

hormone receptor 1 (Mchr1), and D1 dopamine receptors (Domire et al, 2011; Green et al, 2012; 

Nagata et al, 2013).  Some of these primary cilia localizing receptors express exclusively to 

primary cilia while others may have a broader expression pattern; all of the receptors utilize the 

established mechanisms to reach primary cilia (Berbari et al, 2008b; Nachury et al, 2010; Ross et 

al, 2005).  These ciliary localizing GPCRs are thought to have conserved amino acid sequences 
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on the third intracellular (i3) loop which are required for ciliary localization (Berbari et al, 

2008a), as well as possible associated chaperone proteins which are needed for ciliary uptake 

(Berbari et al, 2008b).  The large diversity and specificity of ciliary localizing receptors suggest 

primary cilia indicate that modulating these receptors may exploit a novel strategy for altering 

cellular activity in neurons without directly affecting synaptic neurotransmission.   

Recently, there is increasing interest in the function and significance of primary cilia, 

especially with regards to their role in a variety of disorders now known as “ciliopathies” 

(Ainsworth, 2007; Novarino et al, 2011).   Some of the best characterized ciliopathies arise from 

the mutation or complete loss of genes responsible for formation and function of primary cilia 

(Kim et al, 2010; Lee and Gleeson, 2011). Physical malformations of primary cilia include: 

Primary cilia shortening, elongation, and ablation.  These physical changes are often associated 

with ciliopathies (Avasthi et al, 2012; Marley and von Zastrow, 2012; Ou et al, 2009). Although, 

little is known about the function of primary cilia on neurons, common symptoms of ciliopathies 

include brain deformation and cognitive impairments (Green et al, 2012; Louvi and Grove, 

2011). The presence of primary cilia on neurons and the study of ciliopathy symptoms has led to 

a convergence of evidence that primary cilia may play an important role in the pathology of 

various neuropsychiatric disorders not yet classified as ciliopathies (Marley and von Zastrow, 

2012; Ruat et al, 2012).  Screens of genes linked to diseases such as schizophrenia, bipolar 

affective disorder, autism spectrum disorder, and Alzheimer’s have identified upwards of 100 

genes that are also related to the function, regulation, and formation of primary cilia neurons 

(Armato et al, 2013; Marley and von Zastrow, 2012; Massinen et al, 2011).  Despite the 

phenotypic diversity of these neuropsychiatric disorders, a common component of their 

pathologies may include the primary cilia as a cellular “node” (Marley and von Zastrow, 2012).  
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In addition to possible roles in the pathology of neuropsychiatric disorders, disruption of 

neuronal primary cilia lead to an adverse effect on the migration and differentiation of 

developing neurons (Guadiana et al, 2013).  Since both neuronal development and genetic 

neuropsychiatric disorders seem to rely on some genes associated with primary cilia, genes 

coding for proteins present on neuronal primary cilia, including GPCRs, seem to be a logical 

target of comprehensive studies. 

 

F. Summary 

 From the subcellular localization of 5-HT6 receptors in primary cilia to their striatal 

pathway specific role in the reinforcing properties of cocaine, in this thesis I will describe my 

work on understanding the underlying function of 5-HT6 receptors.  My work in the Neumaier 

lab both expanded on previous work from the lab showing that increased expression of 5-HT6 

receptors in the striatum can alter normal cocaine instrumental reward mechanisms, and opened 

new doors regarding the effect of 5-HT6 receptors on neuronal primary cilia.  In chapter II, I 

describe how increased expression of 5-HT6 receptors in the indirect pathway MSNs but not 

direct pathway MSNs of the NAc shell leads to an increase in the sensitivity to the reinforcing 

properties of cocaine.  This finding further implicates the importance of location-specific 5-HT6 

receptor activation in reward learning and furthers the notion that differential activation of the 

striatal pathways affects cocaine reinforcement.   In chapter III, I address the unique subcellular 

localization of 5-HT6 receptors to neuronal primary cilia.  I found that the activity of 5-HT6 

receptors affects the morphology of primary cilia in striatal cultures and that the amount of 

exogenous receptor you express affects the subsequent localization of the heterologous receptor.  

These findings are some the first to implicate a role for endogenous 5-HT6 receptors on primary 
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cilia function or structure.  These findings also challenge conventional approaches of 

exogenously increasing receptor expression by showing that the amount of heterologous receptor 

expressed directly effects how it is expressed in the system.  The implications of these studies are 

further considered in Chapter IV, along with an outline of the future direction of studies of 

striatal 5-HT6 receptors. 



i 

 
 

 

CHAPTER II:  

Striatal 5-HT6 receptors regulate cocaine reinforcement in a 

pathway-selective manner 

 

 

 

 

* This chapter has currently been resubmitted with revisions as an article with the same title to 

Neuropsychopharmacology. Alec W. Gibson, Sunila Nair, Denis Smirnov, and John F. Neumaier 

are coauthors. 

 

A.W.G., S.N., J.F.N. and I contributed to experimental design. A.W.G. and I collected all the 

experimental data with assistance from D.S. I carried out data analysis. I prepared the manuscript 

with A.W.G. and J.F.N.
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A. Summary 

 The nucleus accumbens (NAc) in the ventral striatum integrates many neurochemical 

inputs including dopamine and serotonin projections from midbrain nuclei to modulate drug 

reward.  While D1 and D2 dopamine receptors are differentially expressed in the direct and 

indirect pathway medium spiny neurons (dMSNs and iMSNs, respectively), 5-HT6 receptors are 

expressed in both pathways, more strongly than anywhere else in the brain, and are an intriguing 

target for neuropsychiatric disorders. In the present study, we used viral vectors utilizing 

dynorphin- or enkephalin promoters to drive expression of 5-HT6 receptors or green fluorescent 

protein (GFP) selectively in the dMSNs or iMSNs of the NAc shell (NAcSh). Rats were then 

trained to self-administer cocaine. Increased 5-HT6 receptor expression in dMSNs did not change 

any parameter of cocaine self-administration measured. However, increasing 5-HT6 receptors in 

iMSNs reduced the amount of cocaine self-administered under fixed-ratio schedules, especially 

at low doses, increased the time to the first response and the length of the inter-infusion interval, 

but did not alter motivation as measured by progressive ratio “break point” analysis. Modeling of 

cocaine pharmacokinetics in NAc showed that increased 5-HT6 receptors in iMSNs reduced the 

rat’s preferred tissue cocaine concentration at each dose. Finally, increased 5-HT6 receptors in 

iMSNs facilitated conditioned place preference for a low dose of cocaine. We conclude that 5-

HT6 receptors in iMSNs of NAcSh increase the sensitivity to the reinforcing properties of 

cocaine, particularly at low doses, suggesting that these receptors may be a therapeutic target for 

the treatment of cocaine addiction. 
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B. Introduction 

Substance use disorders are prevalent neuropsychiatric conditions that are costly on 

personal and societal levels. A recent estimate holds substance addiction accountable for over 

500 billion dollars spent annually within the United States alone (Rehm et al, 2009; U.S. 

Department of Justice National Drug Intelligence Center, 2011; United States Department of 

Health and Human Services, 2014). Addiction is thought to involve maladaptations of the neural 

processes that normally mediate reward learning in neural circuitry converging in the dorsal and 

ventral striatum (Hyman et al, 2006), which lead to compulsive substance taking. In particular, 

the nucleus accumbens (NAc) of ventral striatum is crucial to drug reward and may be an 

appropriate target for future addiction therapies (Stuber et al, 2011). The NAc is comprised of 

mostly GABAergic medium spiny neurons (MSNs) which project through two distinct pathways, 

known as the direct (striatonigral) and indirect (striatopallidal) pathways (Gerfen et al, 1990, 

1991; Surmeier et al, 2007). Output via the direct pathway is thought to facilitate actions while 

the indirect pathway is thought to inhibit actions (Chandra et al, 2015; Macpherson et al, 2014; 

Yager et al, 2015). The direct pathway MSNs (dMSNs) express mainly D1 dopamine receptors 

and dynorphin (Dyn) whereas the indirect pathway MSNs (iMSNs) express mainly D2 dopamine 

receptors and enkephalin (Enk) (Gerfen et al, 1990, 1991; Hikida et al, 2010). The specific 

functions and mechanisms underlying drug seeking within these pathways is not well 

understood, but the relative activity in these pathways is likely to play a role in the progression of 

addiction (Bock et al, 2013; Hikida et al, 2010).  

Cocaine’s reinforcing properties involve direct interactions with monoamine transporters 

including the serotonin transporter (Sora et al, 2001; Uchimura and North, 1990). Serotonin 
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neurons strongly innervate ventral striatum (Dölen et al, 2013; McDevitt et al, 2014; Parsons and 

Justice, 1993a) and cocaine increases extracellular serotonin in NAc (Andrews and Lucki, 2001; 

Parsons and Justice, 1993b). By increasing extracellular 5-HT, cocaine enhances signaling at 

multiple 5-HT receptor subtypes, several of which have been implicated in mediating the 

reinforcing properties of cocaine in NAc (Müller and Homberg, 2015). 

Among the 14 identified serotonin receptors, 5-HT6 receptors are notable for their 

abundance in striatum, where they are expressed in both dMSNs and iMSNs (Hirst et al, 2003; 

Tassone et al, 2011; Ward et al, 1995). Some reports found no effect of a systemic 5-HT6 agonist 

or antagonist on cocaine self-administration (cocaine SA) (Fijal et al, 2010; Frantz et al, 2002; 

Valentini et al, 2012), while other studies suggested that cocaine reinforcement or reinstatement 

was regulated by 5-HT6 receptor activity (van Gaalen et al, 2010; Valentini et al, 2012). We 

previously showed that viral-mediated increases in 5-HT6 receptor expression in NAcSh blocked 

the acquisition of conditioned place preference to cocaine without altering psychomotor 

sensitization (Ferguson et al, 2008). 5-HT6 receptors also regulate reward motivated learning and 

the expression of habitual actions (Eskenazi and Neumaier, 2011a, 2011b) . In both these studies, 

5-HT6 receptors were increased in MSNs generally and were not specifically targeted at the 

direct or indirect pathway. Recently, we observed that increased striatal 5-HT6 receptor activity 

had different effects on reward motivated learning using sucrose reinforcers when expression 

was restricted to either the dMSNs or iMSNs (Eskenazi et al, 2015), suggesting that the 

distribution of the receptors is a key determinant of the behavioral impact of 5-HT6 receptor 

signaling.  

In general, striatal 5-HT6 receptors tend to oppose dopamine’s effects on drug reward 

(Eskenazi et al, 2015). Because this might involve opposing the differential activation of both 
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pathways by dopamine, we used phenotype-specific viral vectors to increase expression of 5-HT6 

receptors or GFP selectively in the dMSNs or iMSNs in the NAc shell (NAcSh) of rats. Our 

original hypothesis was that 5-HT6 receptors in dMSNs and iMSNs would increase and decrease 

cocaine reinforcement, respectively. However, upon examination of several parameters of 

cocaine reinforcement and reward, we conclude that increasing 5-HT6 receptors only in iMSNs 

increases the sensitivity to the reinforcing properties of cocaine, particularly at low doses, 

suggesting that these receptors may be a target for pharmacological manipulation in the 

treatment of cocaine addiction. 

 

C. Materials and Methods 

Animals 

For all experiments, male Long-Evans rats (Charles River, Raleigh, NC) weighing 350-

450 grams were used. Rats were double-housed for one week to acclimate them to the 

temperature- and humidity-controlled vivarium prior to the experiment, and were kept under a 

12-hour light–dark cycle. All experiments were carried out during the light period. Following 

implantation of intravenous catheters, the rats were housed individually. Food and water were 

freely available at all times except during the cocaine SA sessions. All experimental procedures 

were approved by the University of Washington Institutional Animal Care and Use Committee 

and were conducted in accordance to the guidelines of the “Principles of Laboratory Animal 

Care” (NIH publication no. 86–23, 1996). A total of 76 rats were used for these experiments, of 

which 4 were excluded due to failure to learn to self-administer cocaine, 5 were excluded 

because viral-mediated gene expression was outside the target brain region, and 11 were 

removed from the study due to health issues (such as lost IV access).  
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Intravenous catheter placement and intracranial virus-mediated gene transfer  

Jugular catheters were implanted as previously described (Nair et al, 2013). Rats were 

allowed to recover for 10 days before cocaine SA training. During the recovery and training 

phases, catheters were flushed every 48 hours using sterile gentamicin (0.08 mg/mL). We used 

replication-deficient herpes-simplex viral (HSV) vectors to increase 5-HT6 receptor expression in 

either dMSNs or iMSNs of the NAcSh. The experiment utilized four different viral cassettes for 

this manipulation: two that express fully functional hemagglutinin-tagged (HA) 5-HT6 receptors 

under either the proenkephalin promoter (Enk-5-HT6) or the prodynorphin promoter (Dyn-5-

HT6), and two control viruses that express GFP alone under either the proenkephalin promoter 

(Enk-GFP) or the prodynorphin promoter (Dyn-GFP). We have previously confirmed that these 

viral vectors produce HA-tagged 5-HT6 receptors in either enkephalin or dynorphin containing 

neurons and not glia (Eskenazi et al, 2015; Ferguson et al, 2011, 2013; Michaelides et al, 2013). 

HSV vectors were injected at 400 nl/min using surgical procedures previously described 

(Eskenazi et al, 2015; Ferguson et al, 2013). The volume of viral vector (2 µl) was chosen based 

on previous studies in our laboratory to induce discrete infection in the target region (Mitchell 

and Neumaier, 2008; Mitchell et al, 2007). Using a 10° angle of approach, the NAcSh was 

targeted using the coordinates relative to bregma: +1.7 mm (anterior-posterior),  2.3 mm 

(medial-lateral), and -7.6 mm (dorsal-ventral). To confirm the injection site, rats were perfused 

as previously described (Eskenazi and Neumaier, 2011a), brains were dissected and post-fixed in 

2.5% paraformaldehyde for 6 hours, after which they were placed 30% sucrose in PBS. Tissue 

sections were made on a Leica Jung CM 3000 cryostat and mounted on slides at 40 µm 

thickness. Accuracy of injection coordinates was confirmed by visualization of the injection 
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needle tracts. Rats with injection sites outside of the targeted brain region were excluded from 

the experiments. 

 

Behavioral testing 

Apparatus 

The rats were trained and tested in standard Med Associates operant chambers (Med 

Associates, Georgia, VT). Each chamber was equipped with two levers located 9 cm above the 

grid floor. Lever-presses on the active lever activated the infusion pump whereas lever-presses 

on the inactive lever had no programmed response. All chambers were kept in sound-attenuating 

boxes equipped with fans for temperature regulation and to provide white noise. All chambers 

were connected to a Med Associates interface, and experimental data were collected using Med-

PC software. 

 

Behavioral Procedures 

The procedure consisted of four phases: fixed-ratio cocaine SA (11 days), progressive 

ratio (4 days), low-dose responding (3 days) and high-dose responding (3 days). 
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Cocaine SA  

Rats were trained to self-administer cocaine for 2 hours/day (2 one hour sessions with a 5 

minute interval between sessions) for 11 days. Cocaine hydrochloride (National Institute on 

Drug Abuse, Bethesda, MD) was dissolved in sterile injectable 0.9% saline and infused in a 

volume of 0.1 ml at a dose of 0.75 mg/kg/infusion. Each session started with the turning on of a 

white house-light and introduction of the levers into the operant chamber. During training, 

cocaine infusions were earned under a fixed-ratio-1 (FR1), 20 second timeout reinforcement 

schedule and were accompanied by a compound tone-light cue for 5 seconds. During the 

20 second timeout period, lever presses were recorded but did not result in cocaine delivery. A 

maximum of 20 cocaine infusions/hour was set to prevent cocaine overdose. At the end of each 

session, the house-light was turned off and the levers retracted. 

 

Progressive ratio 

 

Following the FR1 sessions, rats were trained to SA cocaine for four days on a 

progressive ratio (PR) reinforcement schedule, during which the response requirement to earn a 

cocaine infusion (0.75 mg/kg/infusion) increased after each infusion earned. The response 

requirement increased incrementally in accordance with the following equation: Response ratio = 

(5e [injection number X 0.2] -5) (Richardson and Roberts, 1996). The PR sessions were 

terminated when the rat failed to receive a cocaine infusion within one hour. 
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Cocaine dose-response experiments 

Following cocaine SA on FR1 and PR schedules, behavioral responding was measured 

for 3 days each on a low and a high dose of cocaine. The low-dose testing was done during a 2 

hour FR1 SA session where each response yielded a cocaine infusion (0.375 mg/kg/infusion). 

Three days of high-dose (1.5 mg/kg/infusion) FR1 sessions followed immediately after the low 

dose period. 

 

Cocaine pharmacokinetic modeling 

Whole-brain levels of cocaine were modeled using a two-compartment mathematical 

model for rats receiving iv cocaine as previously described (Zimmer et al, 2011), based on an 

original report that measured extracellular cocaine concentration in the NAc measured by 

microdialysis (Pan et al, 1991). The average estimated cocaine concentration for each session 

was calculated between 10-120 minutes after the initiation of the session using the equation: 

 

Equation 2.1 Estimated cocaine brain concentration 

which gives the estimated cocaine brain concentration (c) by accounting for the dose of cocaine 

(d), the transport of cocaine between the blood and brain (k = 0.233 min-1), the brain volume (v = 

0.151 kg-1), and the removal of cocaine from circulation via redistribution ( = 0.642 min-1) and 
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elimination ( = 0.097min-1). Group means for each unit dose were calculated from the average 

values for each animal over the three testing sessions. 

Locomotor Activity  

On the day following the completion of all cocaine SA behavior, locomotor activity was 

measured in infrared beam break activity boxes (22 x 45 x 23 cm; San Diego Instruments, San 

Diego, California) for 30 minutes in a dimly lit room. Locomotor activity was analyzed in 3 

minute bins. 

 

Conditioned place preference 

A separate cohort of rats began place conditioning trials on the eleventh day after viral 

infusion using a three-chamber conditioned place preference (CPP) apparatus (Medical 

Associates, St Albans, VT, USA) comprised of two large side chambers (24 x 21 x 21 cm) 

separated by a small central chamber (12 x 21 x 21 cm). The three chambers differed in lighting 

(dim, medium or bright), wall color (white, black or gray) and floor texture (grid, rod or solid). 

Before the onset of the study, light intensities were adjusted so that there was no overall 

preference by a separate test group of animals for any chamber. We did not use a pre-exposure 

trial to avoid latent inhibition of associations between the drug effect and the chamber cues 

(Barot et al, 2007; Tzschentke, 1998). Chamber pairing with drug was randomly assigned in a 

counterbalanced fashion so any preexisting individual preferences would be randomly 

distributed. 

The first trial of each conditioning day began at 09.00–10.00 am, with each animal 

receiving an injection of isotonic saline (1 mL/kg, i.p.). After the injection, animals were 
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confined to one of the side chambers of the CPP apparatus for 15 minutes. Three hours after the 

morning trial, animals received cocaine hydrochloride (NIDA 5 mg/kg in 1 ml saline, i.p.), after 

which they were placed into the other side chamber for 15 minutes. Conditioning trials were 

repeated in the same manner for the following 3 days. The day following the three conditioning 

trials (Day 14), animals were tested for CPP. The animal was placed into the central chamber, 

and after a 3 minute habituation period the doors were raised and the animal was allowed to 

explore the entire apparatus for 15 minutes. Time spent in each compartment was recorded 

automatically. 

 

Immunohistochemistry 

Floating sections (40 µm) were washed in 0.5% Triton-X/PBS for 10 minutes, then 

blocked in 10% normal goat serum (NGS)-Triton-X/PBS for 1 hour. Sections were then 

incubated in 5% NGS-Triton-X/PBS containing HA (1:400, rabbit, Cell Signaling) with gentle 

agitation at 4ºC overnight. Next, sections were rinsed 4 times in PBS and incubated with Alexa 

488-conjugated, goat anti-rabbit secondary antibody (1:250, Invitrogen, Carlsbad, CA) for 2 

hours. Sections were washed 3 times in PBS, mounted on slides and cover-slipped with ProLong 

Gold Antifade mounting medium (Life Technologies). Images were captured with a Nikon 

fluorescence microscope and associated ZEN software. 

 

Statistical analyses 

Data from the cocaine SA sessions were collected using Med PC IV software. Analysis 

was performed using GraphPad Prism (Version 5.01). Significance for all cocaine SA data was 
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tested with two-way analyses of variance (ANOVAs; with or without repeated measures, as 

warranted) followed by Bonferroni post hoc tests (Supplemental Table 1). For analysis involving 

only two samples we used a two-tailed t-test. For all comparisons, we used an alpha value of 

0.05.
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D. Results 

Pathway Specific Targeting of 5-HT6 Receptors in NAcSh 

To increase expression of 5-HT6 receptors in either the direct or indirect pathway neurons 

selectively, we used HSV viral vectors that have been described (Figure 2.1a) (Eskenazi et al, 

2015; Ferguson et al, 2011, 2013; Michaelides et al, 2013). These vectors utilize the rat 

prodynorphin (Dyn) or the rat proenkephalin (Enk) promoter to induce transgene expression of 

either hemagglutinin (HA) tagged 5-HT6 receptors or GFP in direct and indirect pathway 

medium spiny neurons (dMSNs and iMSNs), respectively. The dMSN and iMSN manipulations 

were performed on separate cohorts of animals run at different times and were hence analyzed 

separately. The medial NAcSh was targeted and accurate injections were confirmed 

histologically (Figure 2.1b); five animals were excluded due to inaccurate injections. Transgene 

expression using these the Enk and Dyn promoters has been shown by our lab to be present up to 

two months post-injection (Ferguson et al, 2008) and was confirmed in NAcSh 40 days post-

injection using immunohistochemistry (Figure 2.1c). The experimental timeline is illustrated in 

Figure 2.1d.   
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Figure 2.1 Pathway Specific Targeting of 5-HT6 Receptors in NAcSh. (a) Viral vector 

plasmid maps: plasmid maps for both experimental vectors expressing hemagglutinin (HA)-

tagged 5-HT6 receptors via either the Pdyn promoter (Dyn-5-HT6) or the Penk promoter (Enk-5-

HT6). (b) Diagram depicting locations of viral injections in NAcSh in experimental animals. Hits 

are shown in green and misses are shown as empty circles. Inset dashed square shows area 

imaged for fig 1c.  (c) Photomicrograph at 5X magnification depicting the immunostaining of 

cells in the NAcSh infected with experimental virus Enk-5-HT6 more than 40 days past infection. 

Anti-HA antibody is shown in green. Inset shows same area at 20X magnification. (d) Timeline 

of experimental procedure.
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Increasing 5-HT6 receptors in NAcSh iMSNs but not the dMSNs decreased operant cocaine 

SA on a FR1 schedule.  

In rats treated with Dyn-GFP or Dyn-5-HT6, there was no significant difference between 

viral vector treatment groups on the number of cocaine infusions (Figure 2.2a, F(1,13) = 0.87, p = 

0.37), indicating that increased expression of 5-HT6 receptors in dMSNs did not alter cocaine 

reinforcement at a moderate unit dosage (0.75 mg/kg/infusion). The rats had established stable 

patterns of cocaine self-administration after the first 8 days; as a result, we examined the final 

three days of FR1 responding but there was no significant difference in average cocaine 

infusions between these treatment groups (Figure 2.2b, t-test, p = 0.87). In contrast, in rats 

expressing either Enk-5-HT6 or Enk-GFP in medial NAcSh there was a significant difference 

between viral vector treatment groups on the number of cocaine infusions (Figure 2.2c, F(1,24) = 

5.32, p = 0.03) indicating that increased expression of 5-HT6 receptors in iMSNs decreased 

cocaine SA on a FR1 reinforcement schedule. We examined the final three days of FR1 

responding and the Enk-5-HT6-expressing rats took significantly less cocaine (Figure 2.2d, t-test, 

p = 0.015). There was a significant difference between active and inactive lever presses in both 

the 5-HT6 receptor and GFP groups in the dMSNs (Supplemental Figure 2.1a, 1-Way ANOVA, 

p < 0.001), as well as the 5-HT6 receptor and GFP in the iMSNs (Supplemental Figure 2.1b, 1-

Way ANOVA, p < 0.001) across all days of FR1 training. 
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Figure 2.2 Increasing 5-HT6 receptors in NAcSh iMSNs but not the dMSNs decreased 

operant cocaine SA on a FR1 schedule.  

(a) Average cocaine infusions (Mean ± SEM) for Dyn-GFP (n = 7) and Dyn-5-HT6 (n = 8) 

(F(1,13)=0.87; p=0.37) from 2 hour FR1 sessions. (b) Average FR1 cocaine infusions during the 

last 3 days of training (Mean ± SEM) for Dyn-GFP (n = 7) and Dyn-5-HT6 (n = 8) (t-test 

p=0.87). (c) Daily FR1 cocaine infusions (Mean ± SEM) for Enk-GFP (n =12) and Enk-5-HT6 (n 

= 13) (2-Way ANOVA with repeated measures F(1,24) =5.32; p=0.03). (d) Average cocaine 

infusions during the last 3 days of training (Mean ± SEM) for Enk-GFP (n = 12) and Enk-5-HT6 

(n = 13) (t-test p=0.016) from 2 hour FR1 sessions. * = P < 0.05, ** = P < 0.001, *** = P < 

0.0001. 
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Supplemental Figure 2.1 Active and inactive lever presses shown for both increased 5-HT6 

receptors and GFP in the dMSNs and iMSNs averaged across all days of FR1 training.  

(a) Daily FR1 cocaine active and inactive lever presses (Mean ± SEM) for Dyn-GFP (n = 7) and 

Dyn-5-HT6 (n = 8) (one way ANOVA; p<0.001). (b) Daily FR1 cocaine active and inactive lever 

presses (Mean ± SEM) for Enk-GFP (n =12) and Enk-5-HT6 (n = 13) (one way ANOVA 

p<0.001) * = P < 0.05, ** = P < 0.001, *** = P < 0.0001. 
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Increased expression of 5-HT6 receptors in iMSNs shifted the dose-preference curve 

downward. 

Rats were exposed to two additional doses of cocaine (0.375 mg/kg/infusion, and 1.5 

mg/kg/infusion) for three days at each dose, starting with the low dose and followed by the high 

dose. We also included SA data from the last three training days at the 0.75 mg/kg/infusion dose 

in our analyses. All groups had decreasing preference for the highest dose of cocaine as indicated 

by fewer infusions taken as dose increased. Rats with increased 5-HT6 receptors in the dMSNs 

did not differ from their GFP counterparts with regard to either the number of cocaine infusions 

(Figure 2.3a, F(1,29) = 0.77, p = 0.39) or the total cocaine taken (Figure 2.3b, F(1,29) = 1.75, p = 

0.20). However, rats with increased 5-HT6 receptors in iMSNs administered significantly fewer 

cocaine infusions (Figure 2.3c, F(1,52) = 16.85, p = 0.0001) at the lower two doses as well as less 

cocaine across all doses (Figure 2.3d, F(1,52) = 14.9, p = 0.0003). 
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Figure 2.3 Increased expression of 5-HT6 receptors in iMSNs shifted the dose-preference 

curve downward.             

 (a) Dose-dependent cocaine infusion (Mean ± SEM) for rats with Dyn-GFP or Dyn-5-HT6 (Dyn-

5-HT6, n = 4-8 depending on dose; Dyn-GFP n= 4-7 depending on dose) at three unit doses of 

cocaine infusion (0.375 mg/kg/infusion, 0.75 mg/kg/infusion, and 1.5 mg/kg/infusion) (2-Way 

ANOVA, F(1,29) = 0.77, p = 0.39). (b) Total cocaine received (Mean ± SEM) for rats with Dyn-

GFP or Dyn-5-HT6 at the three cocaine doses (0.375 mg/kg, 0.75 mg/kg, and 1.5 mg/kg) (2-Way 

ANOVA, F(1,29) = 1.75, p = 0.20). (c) Dose dependent cocaine infusion (Mean ± SEM) for rats 

with Enk-GFP or Enk-5-HT6 (Enk-5-HT6 n = 8-13 depending on dose; Enk-GFP n = 8-13 

depending on dose) at the three doses (0.375 mg/kg, 0.75 mg/kg, and 1.5 mg/kg) (2-Way 

ANOVA, F(1,52) = 16.85; p = 0.0001) (d) Total cocaine received (Mean ± SEM) for rats with 

Enk-GFP or Enk-5-HT6 at the three doses (0.375 mg/kg, 0.75 mg/kg, and 1.5 mg/kg) (2-Way 

ANOVA, F(1,52) = 14.9, p = 0.0003). * = p < 0.05, ** = p < 0.001, *** = p < 0.0001 
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Increasing expression of 5-HT6 receptors in the NAcSh iMSNs changes patterns of cocaine 

taking.  

To assess whether increased 5-HT6 receptors in either dMSNs or iMSNs affects the pattern of 

cocaine taking, we examined the time-course (15 minute intervals) of FR1 operant responding 

for a unit dose of 0.75 mg/kg/infusion. The number of infusions per 15 minute bin over the 

course of the session did not change for rats with increased 5-HT6 receptors in dMSNs (Figure 

2.4a, F(1,11) = 2.56, p = 0.14). However, the average number of infusions per 15 minute bin over 

the course of the session was significantly decreased in rats with increased 5-HT6 receptors in 

iMSNs (Figure 2.4b, F(1,24) = 9.07, p = 0.006). We also examined the interval from the initiation 

of the session until the first response within each session. We found no change in the average 

time to first response for the group with increased 5-HT6 receptors in dMSNs (Figure 2.4c, t-test, 

p = 0.63), but increased 5-HT6 receptors in iMSNs significantly increased the interval prior to the 

initial lever press of each session (Figure 2.4d, t-test, p = 0.035).  
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Figure 2.4 Increasing expression of 5-HT6 receptor the iMSNs changes pattern of cocaine 

taking.  

(a) Average cocaine infusions (Mean ± SEM) per 15 minute bin on mid dose testing days shown 

for rats expressing either Dyn-GFP (n = 7) or Dyn-5-HT6 (n = 8) (2-Way ANOVA, F(1,11) =2.56; 

p=0.14). (b) Average cocaine infusions (Mean ± SEM) per 15 minute bin on mid dose testing 

days shown for rats expressing either Enk-GFP (n = 13) or Enk-5-HT6 (n = 13) (Repeated 

measure 2-Way Anova, F(1,24) =9.07; P=0.006) . (c) Average time to initial response in minutes 

for Dyn-GFP (n = 7) and Dyn-5-HT6 (n = 8) rats on all testing days (t-test p=0.63). (d) Average 

time to initial response in minutes for Enk-GFP (n = 13) and Enk-5-HT6 (n = 14) rats on all 

testing days (t-test P=0.035). 
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Increasing expression of 5-HT6 receptors in iMSNs reduced the preferred brain cocaine 

concentration. 

To further probe the pattern of cocaine taking among rats we used a previously described 

pharmacokinetic model to estimate local brain concentration of cocaine in NAc (Pan et al, 1991; 

Zimmer et al, 2011). For reference, examples of how the model predicted brain cocaine 

concentration during the SA session are shown for Enk-GFP and Enk-5-HT6 injected rats (Figure 

2.5a and b, respectively). Estimated tissue cocaine concentrations were not different between 

Dyn-5-HT6 and Dyn-GFP rats at any unit dose tested (Figure 2.5c, F(1,29) = 1.94, p = 0.18). 

However, rats with increased 5-HT6 receptors in iMSNs titrated around significantly lower 

cocaine concentrations as compared to their GFP counterparts (Figure 2.5d, F(1,54) = 7.427, p = 

0.0086).  
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Figure 2.5 Increasing expression of 5-HT6 receptors in iMSNs reduced the preferred brain 

cocaine concentration. 

Example brain cocaine concentration modeling at 0.75 mg/kg/infusion are shown for reference 

Enk-GFP (a) and Enk-5-HT6 (b). (c) Average estimated brain cocaine concentrations across 

doses (0.375 mg/kg/infusion, 0.75 mg/kg/infusion, and 1.5 mg/kg/infusion) for Dyn-5-HT6 rats 

(n = 4-8 depending on dose) and Dyn-GFP rats (n= 4-7 depending on dose) (2-Way ANOVA, 

F(1,29) = 1.94, p = 0.18). (d) Average estimated brain cocaine concentrations across doses (0.375 

mg/kg/infusion, 0.75 mg/kg/infusion, and 1.5 mg/kg/infusion) for Enk-5-HT6 rats (n = 8-14 

depending on dose) and Enk-GFP rats (n = 8-14 depending on dose) (2-Way ANOVA, F(1, 54) = 

7.427, p = 0.009). * = p < 0.05, ** = p < 0.001, *** = p < 0.0001.
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Increasing expression of 5-HT6 receptors in either the NAcSh iMSNs or dMSNs MSNs did 

not affect cocaine SA on PR reinforcement schedule 

On a progressive ratio (PR) reinforcement schedule, increased 5-HT6 receptor expression 

in dMSNs had no significant effect on the total number of cocaine infusions when averaged over 

4 PR testing days (Figure 2.6a, t-test, p = 0.14) or average active-lever presses (Figure 2.6b, t-

test, p = 0.264). Similarly, increased 5-HT6 receptor expression in iMSNs had no significant 

effect on the average number of cocaine infusions over four PR testing days (Figure 2.6c, t-test, 

p = 0.31) or active-lever presses (Figure 2.6d, t-test, p = 0.53). Thus, we conclude that the 

motivation to self-administer cocaine at the dose of 0.75 mg/kg/infusion was not directly affected 

by increased expression of 5-HT6 receptors in either pathway. 
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Figure 2.6 Increasing expression of 5-HT6 receptors in either the dMSNs or iMSNs does not 

affect operant responding on a PR schedule. (a) Cocaine infusions (Mean ± SEM) for the 

average of four PR sessions for Dyn-GFP (n = 7) and Dyn-5-HT6 (n = 7) t-test; p=0.144). (b) 

Active lever presses (Mean ± SEM) for the average of four PR sessions for Dyn-GFP (n = 7) and 

Dyn-5-HT6 (n = 7) (t-test; p=0.264). (c) Cocaine infusions (Mean ± SEM) for the average of four 

PR sessions for Enk-GFP (n = 12) and Enk-5-HT6 (n = 14) (t-test; p=0.31). (d) Active lever 

presses (Mean ± SEM) for the average of four PR sessions for Enk-GFP (n = 12) and Enk-5-HT6 

(n = 14) (t-test; p=0.53). 
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Increasing expression of 5-HT6 receptors in NAcSh iMSNs increased preference for cocaine 

at a low dose.  

To examine whether increased 5-HT6 receptors in the indirect pathway altered the 

sensitivity to the rewarding properties of cocaine, we tested the effects of expressing 5-HT6 

receptors or GFP in iMSNs on the ability of cocaine to support conditioned place preference to a 

low dose of cocaine (5 mg/kg) that we previously found was too low to produce a consistent 

conditioned place preference in control rats (Barot et al, 2007; Neumaier et al, 2002). The rats 

with increased 5-HT6 receptor expression in iMSNs spent a significantly longer period exploring 

the cocaine paired chamber during testing (Figure 2.7a, t-test; p=0.04). 
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Figure 2.7 Increasing expression of 5-HT6 receptors the iMSNs increases preference for 

cocaine at a low dose. (a) CPP score (cocaine time – saline time [seconds]) shown for rats with 

either Enk-GFP (n = 8) or Enk-5-HT6 (n = 8) (t-test, p = 0.04).  * = p < 0.05, ** = p < 0.001, *** 

= p < 0.0001. 
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Increasing expression of 5-HT6 receptors in dMSNs or iMSNs does not influence locomotor 

activity.  

We tested whether there were differences in locomotor activity in rats from a subset of rats from 

all groups by placing the individual rats into locomotor activity monitoring chambers. All of the 

groups demonstrated similar locomotor activity patterns with no significant between-group 

differences (direct pathway: Supplemental Figure 2a, F(1,5) =0.30; p=0.61; indirect pathway: 

Supplemental Figure 2b, F(1,10) =2.42; p=0.151). 

Supplemental Figure 2.2 Increasing expression of 5-HT6 receptor in either the dMSNs or 

iMSNs does not change locomotor activity. (a) Average beam breaks per 3 minute bin for rats 

with either Dyn-GFP (n = 4) or Dyn-5-HT6 (n = 3) (2-Way ANOVA, F(1,5) = 0.30; p = 0.61). (b) 

Average beam breaks per 3 minute bin for rats with either Enk-GFP (n = 3) or Enk-5-HT6 (n = 6) 

(2-Way ANOVA, F(1,10) = 2.42; p = 0.15). * = p < 0.05, ** = p < 0.001, *** = p < 0.0001. 
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Supplemental Table 2.1 Statistical values for ANOVAs. P values less than 0.05 are shown in 

bold. 
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E. Discussion 

The segregation of direct and indirect pathway MSNs in dorsal and ventral striatum is a 

fundamental feature of the organization of brain reward circuitry and the functional implications 

of the divergent roles of these pathways is currently a topic of great interest. It has been known 

for many years that both iMSNs and dMSNs express 5-HT6 receptors (Ward et al, 1995), but 

past studies involving 5-HT6 receptors and psychostimulants did not address these distinct 

pathways (de Bruin et al, 2013; Eskenazi and Neumaier, 2011a; van Gaalen et al, 2010; 

Valentini et al, 2012), and hence the circuitry mechanisms involved were not evaluated. 

Therefore, we investigated the relative contribution of 5-HT6 receptors in each pathway on 

operant behaviors reinforced by cocaine. 

Previously, we found that increasing 5-HT6 receptors in both pathways of NAcSh 

interfered with learning of a conditioned place preference for cocaine, and that systemic 

treatment with a selective 5-HT6 antagonist had the opposite effect (Ferguson et al, 2008). 

However, in that study we did not observe any direct effects on drug preference. Furthermore, 

we have previously observed that increasing 5-HT6 receptors in both pathways of dorsomedial 

striatum interfered with acquisition of action-outcome learning when sucrose was used as the 

reinforcer (Eskenazi and Neumaier, 2011a; Mitchell et al, 2007). In dorsomedial striatum, we 

recently found that selective expression of 5-HT6 receptors in indirect pathway MSNs alone was 

sufficient to interfere with action-outcome operant learning (Eskenazi et al, 2015). In contrast, 

we found that 5-HT6 receptor signaling in dorsolateral striatum facilitated omission training in a 

contingency-specific manner, but did not affect the learning acquisition of action-outcome 

learning (Eskenazi and Neumaier, 2011b). Thus, the impact of 5-HT6 receptors on striatum-
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dependent behavior depends both on the pathway being manipulated and the sub region that is 

targeted. 

The central finding of this report is that increased expression of 5-HT6 receptors in the 

iMSNs reduced cocaine SA under an FR1 reinforcement schedule by about 50% when using a 

0.75 mg/kg unit dose. The most obvious explanation for this result is that the animals had lower 

motivation to take cocaine, but increasing 5-HT6 receptors in iMSNs had no effect on the “break 

point” under a PR reinforcement schedule at a dose of 0.75 mg/kg, suggesting that their 

motivation to take cocaine was not likely altered at this dose. In contrast, increasing expression 

of 5-HT6 receptors in the dMSNs of NAcSh had no effect on cocaine SA under either FR1 or PR 

reinforcement schedules. While it is possible that increasing 5-HT6 receptor expression may 

modulate break point at higher or lower doses of cocaine, the present evidence suggests that 

there were no changes in motivation using the PR “break point” method. 

One possible explanation for our central observation is that the rats were more sensitive 

to the reinforcing properties of cocaine and therefore required less to attain a preferred subjective 

response to the drug. We applied a previously developed and later refined method for modeling 

the pharmacokinetics and tissue concentration of cocaine to estimate the brain cocaine 

concentration that each animal titrated to and presumably preferred for each unit dose of cocaine 

tested (Pan et al, 1991; Zimmer et al, 2011). This analysis suggested that the Enk-5-HT6 rats 

preferred a lower tissue concentration of cocaine, further supporting the notion that they are 

more sensitive to the reinforcing properties of cocaine.  

We further tested this idea using a different behavioral model by performing a cocaine 

CPP experiment using conditions that enhance the sensitivity to detecting differences in reward 

as compared to aversion—i.e. low dose and brief pairing of cocaine with the context (Barot et al, 
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2007; Ettenberg, 2004; Pliakas et al, 2001). The rats with increased 5-HT6 receptors in iMSNs 

developed a stronger preference for a typically sub-threshold dose of cocaine (5mg/kg i.p.) 

(Barot et al, 2007; Neumaier et al, 2002), suggesting that these rats were more sensitive to the 

rewarding effects of cocaine at this dose.  

We considered alternative interpretations as well. It is also conceivable that increasing 5-

HT6 receptors in the iMSNs altered the processing of aversive information. However, we found 

no differences in operant self-administration at the highest cocaine dose (1.5 mg/kg unit dose), 

which is most likely to generate aversive effects. We did not test place conditioning with high 

dose cocaine and delayed pairing, which is a sensitive method for detecting aversion (Barot et al, 

2007; Ettenberg, 2004; Pliakas et al, 2001) because there were no differences in cocaine SA at 

the highest unit dose tested. Further, we found no differences in operant responding on a PR 

reinforcement schedule. Taken together, this suggests that these results are not likely due to 

changes in the processing of aversive information. Another explanation is that increased 5-HT6 

receptors in NAcSh altered motor activity and interfered with cocaine taking, but there were no 

changes in locomotion following these manipulations nor were there differences at 1.5 mg/kg 

cocaine, a unit dose that would be most likely to induce motor deficits. In a previous study we 

also found no evidence that increased 5-HT6 receptors altered the acute locomotor response to 

cocaine or sensitization over several days, although in that study we expressed 5-HT6 receptors 

using a pathway-nonselective viral vector (Ferguson et al, 2008). 

While we observed no change in PR responding at 0.75 mg/kg, which is usually 

interpreted to mean that there was no change in motivation to take cocaine at this dose, Enk-5-

HT6 animals displayed a consistent pattern of delaying the initial cocaine infusions during each 

test session, across multiple days. It is unlikely that 5-HT6 receptors impaired the animal’s 
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association between cocaine availability and the active lever because there was no declination in 

the delay to initial lever press over multiple days. However, most of the differences between 

Enk-GFP and Enk-5-HT6 treated rats occurred during the beginning of each session, as the 

experimental animals lacked the initial burst of cocaine taking that is typical of cocaine SA 

(Belin et al, 2009; Zimmer et al, 2011). The higher initial rate of cocaine infusions may be taken 

to attain a preferred cocaine level in the brain, followed by a second phase of slower cocaine 

taking to maintain a preferred cocaine concentration in the brain. If this interpretation is correct, 

5-HT6 receptors in the NAcSh indirect pathway have an impact on the initial phase of cocaine 

SA and it is not surprising that there was no change in break point under a progressive ratio 

schedule, which depends on an extended cocaine SA session. In a recent study, we found that 

increased 5-HT6 receptors in iMSNs in dorsomedial striatum delayed the time to initial lever 

press only on the first day of training for sucrose responding (Eskenazi et al, 2015), which is a 

similar result but this effect was not sustained over multiple days as it was in the present study 

using cocaine SA. If 5-HT6 receptors in iMSNs of the NAcSh produce increased sensitivity to 

lower doses of cocaine, this might in turn reduce the likelihood of developing compulsive 

addiction-like behaviors which are associated with higher infusion rates of cocaine SA during 

early experience with drug taking (Belin et al, 2009, 2011). This interpretation is supported by 

previous work showing that activating the indirect pathway fosters resilience to compulsive 

cocaine use (Bock et al, 2013) and reducing indirect pathway activity can facilitate psychomotor 

sensitization to cocaine (Ferguson et al, 2011).  

One parsimonious way to interpret all of these results together is to consider the 

distribution of 5-HT6 receptors in both of these output pathways. Whereas dopamine 

differentially activates dMSNs via D1 receptors and inhibits iMSNs via D2 receptors, serotonin 
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will excite both pathways as both populations of MSNs express endogenous 5-HT6 receptors 

(Ward et al, 1995).Thus, dMSNs are activated by both the endogenous Gs-coupled D1 and 5-

HT6 receptors, leading to an accumulation of cAMP (Dobi et al, 2011; Surmeier et al, 2007). 

However, D2 and 5-HT6 receptors in iMSNs have opposite effects on adenylate cyclase activity 

and will tend to oppose one another. Therefore, 5-HT6 receptors in the iMSNs are positioned to 

interfere with behaviors that are supported by dopamine action in NAcSh. Presumably balanced 

activation of endogenous 5-HT6 receptors in both pathways simultaneously interferes with 

dopamine actions by reducing the differential activation of these two pathways. It is not known 

whether exposure to abused drugs alters the expression levels of 5-HT6 in these pathways 

differentially, but this is a topic under active exploration. 

The finding that increased 5-HT6 receptor expression in the iMSNs of NAcSh leads to an 

increase in the sensitivity to the reinforcing properties of cocaine while maintaining normal 

reward motivation properties has implications toward the field of drug addiction research. While 

similar studies have focused on the role of 5-HT6 receptors modulating DA in NAcSh (Valentini 

et al, 2012) during cocaine reinforcement, or the role of the indirect pathway in reducing cocaine 

reinforcement (Hikida et al, 2010), no studies have focused on the pathway specific roles for 5-

HT6 receptors. Our findings suggest that 5-HT6 receptors are a potential target for treatment of 

drug addiction, in that if receptors are selectively up-regulated or stimulated in the iMSNs, the 

amount of drug taken by individuals might reduce, thereby impeding the progression toward 

compulsive, unregulated drug use. 
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CHAPTER III:  

Regulation of Primary Cilia Morphology in Striatal Neurons by      

5-HT6 Receptor Signaling 

 

 

 

 

* This chapter is currently in preparation as an article with the same title for publication with 

Adam Lesiak, Alex Croicu, Natalie Cohenca, Jane M. Sullivan3, 4, and John F. Neumaier and 

John F. Neumaier are coauthors. 

 

A.W.G., S.N., J.F.N. and I contributed to experimental design. A.W.G. and I collected all the 

experimental data with assistance from D.S. I carried out data analysis. I prepared the manuscript 

with A.W.G. and J.F.N. 

 



55 
 

 

A. Summary 

The 5-HT6 receptor has been implicated in a variety of cognitive processes including 

habitual behaviors, learning, and memory.  It is found almost exclusively in the brain and is 

localized to the primary cilia of neurons, and is expressed abundantly in the striatum.  The 

primary cilium is an antenna-like, sensory organelle found on most neurons that receives both 

chemical and mechanical signals from other cells and the surrounding environment; however, the 

effect of 5-HT6 receptor function on cilia has not been examined. We confirmed that 5-HT6 

receptors were present and localized to primary cilia in wild-type (WT) but not 5-HT6 knockout 

(5-HT6KO) in both native mouse brain tissue and primary cultured striatal neurons then used 

primary neurons cultured from WT or 5-HT6KO mice (PND 0) to study the function of these 

receptors. Selective 5-HT6 antagonism reduced cilia length in neurons cultured from wild-type 

mice in a concentration and time-dependent manner, but had no effect on primary cilia length in 

neurons cultured from 5-HT6KO mice. We examined the effect of varying the expression level of 

heterologously expressed 5-HT6 receptors on the fidelity of ciliary localization in both WT and 

5-HT6KO neurons and found that increasing levels of overexpression lead to increasing amounts 

of 5-HT6 localization outside of the cilia but did not alter cilia length. Introducing several 

discrete mutations in the third cytoplasmic loop of the 5-HT6 receptor greatly reduced, but did 

not entirely eliminate, trafficking of the 5-HT6 receptor to primary cilia but did not affect cilia 

length. These data suggest that blocking 5-HT6 receptor activity reverses a tonic lengthening of 

cilia and that mechanisms that regulate trafficking of 5-HT6 receptors to cilia are more complex 

than previously thought. 
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B. Introduction 

 Almost all mammalian cells, neurons included, have a primary cilium at some point 

during their life cycle (Bishop et al, 2007; Singla and Reiter, 2006; Wheatley et al, 1996).  

Primary cilia are microtubule-supported organelles that stem from the basal body and extend 

beyond the cell body into the extrasynaptic space (Arellano et al, 2012; Avasthi and Marshall, 

2012; Louvi and Grove, 2011). Originally identified by the Swiss anatomist K.W. Zimmerman in 

1898, primary cilia were neglected in biological research for many years and even misclassified 

as a vestigial organelle (Praetorius and Spring, 2003; Whitfield, 2004). Often referred to as “non-

motile” cilia due to not being involved in generating motion, primary cilia are rich with receptors 

and receive both chemical and mechanical signals from the surrounding environment (Davenport 

and Yoder, 2005; Pazour and Witman, 2003; Praetorius and Spring, 2003).  Signaling within 

primary cilia is transduced by a discrete set of membrane-bound receptors specifically localized 

to the primary cilium; while some receptors are found both in cilia and dendrites, others are 

exclusive to cilia and represent an interesting category of nonsynaptic receptor-mediated signals 

from the extracellular environment. Many studies have investigated the developmental impact of 

neuronal primary cilia, but their role in normal cognitive functions is not well understood and 

there is some evidence that ciliary signaling throughout the lifespan modulates neuronal function 

and cognition (Berbari et al, 2008a; Davenport and Yoder, 2005).   

There is a rising interest in the function and significance of primary cilia, especially with 

regard to their role in a variety of disorders now known as “ciliopathies” (Ainsworth, 2007; 

Novarino et al, 2011).   Some of the best characterized ciliopathies arise from mutations in or 

deletions of genes responsible for formation and function of primary cilia (Kim et al, 2010; Lee 
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and Gleeson, 2011). Ciliopathies frequently involve malformations of primary cilia such as 

shortened, elongated or total ablation of the primary cilia (Avasthi et al, 2012; Marley and von 

Zastrow, 2012; Ou et al, 2009). Although, little is known about the function of primary cilia on 

neurons, common symptoms of ciliopathies include brain deformation and cognitive 

impairments (Green et al, 2012; Louvi and Grove, 2011). Even less is known about more subtle 

alterations in the signaling events that occur within cilia and how they affect health and disease.  

The 5-HT6 receptor is the only serotonin (5-HT) receptors that localize to primary cilia in 

neurons (Berbari et al, 2007; Brailov et al, 2000).  These GαS-coupled metabotropic receptors 

couple to adenylyl cyclase and stimulate accumulation of cyclic adenosine monophosphate 

(cAMP) which, in most neurons, mediates a downstream excitatory effect (Duhr et al, 2014; 

Jacobshagen et al, 2014; Kohen et al, 2001). 5-HT6 receptors are present during development 

and their localization on primary cilia may be involved in neuronal migration (Dayer et al, 2015; 

Duhr et al, 2014; Grimaldi et al, 1998). However, additional signal-transduction mechanisms 

separate from the canonical G-protein signaling cascades have been recently described (Dayer et 

al, 2015; Duhr et al, 2014; Yun and Rhim, 2011; Yun et al, 2007). 5-HT6 receptors are expressed 

almost exclusively in the brain, especially in striatum, hippocampus, and cortex(Gerard et al, 

1997; Monsma  Jr. et al, 1993; Ruat et al, 1993). The receptor has high affinity for several 

psychotropic drugs, and have substantial similarities of sequence identity and pharmacological 

properties between rats and humans (Eskenazi and Neumaier, 2011a; Hirst et al, 2003; Mitchell 

et al, 2007).  Due to their expression in striatal medium spiny neurons, 5-HT6 receptors are a 

possible candidate for serotonin’s effect on learning, memory, and reward-motivated behavior 

(Mitchell and Neumaier, 2005).  Increased expression of 5-HT6 receptors in neurons of the 

ventral striatum of rats blocks the reward-learning processes associated with cocaine (Ferguson 
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et al, 2008). The specific cell type that expresses these receptors is critical, as increasing 5-HT6 

expression just in indirect pathway medium spiny neurons reduced cocaine self-administration 

by increasing the sensitivity to cocaine reward (Brodsky, submitted).  Together these studies 

implicate 5-HT6 receptors as a possible therapeutic target for drug addiction and possibly other 

cognitive disorders (Eskenazi et al, 2015; Ferguson et al, 2011; Fukuo et al, 2010; Wilkinson et 

al, 2014).  While a number of GPCRs in striatal circuitry have been investigated in relation to 

these problems, the unique role of cilia-localized signaling has not been considered. 5-HT6 

receptors, along with most other ciliary localizing GPCRs, have a five amino acid long ciliary 

targeting consensus sequence (CTS) within their third intracellular (i3) loop that is thought to be 

critical for trafficking into primary cilia (Berbari et al, 2008a; Nachury et al, 2010; Nagata et al, 

2013).  The unique subcellular localization of 5-HT6 receptors to primary cilia in neurons creates 

an interesting question about the true functions of the receptor.  

 In the present study, we asked whether the unique functional properties of 5-HT6 

receptors are dependent upon their localization to primary cilia. In particular we evaluated 

whether manipulating 5-HT6 receptor activity and expression in striatal neurons alters neuronal 

primary cilia morphology and signaling. In both native brain tissue and primary cultured striatal 

neurons, 5-HT6 receptors were localized to cilia in wild-type (WT) but not 5-HT6 knockout mice 

(5-HT6KO). Treatment of cultured neurons with a selective 5-HT6 receptor antagonist reduced 

cilia length in striatal neurons in a concentration and time-dependent manner. The degree of 

heterologously expression of 5-HT6 receptors modified the fidelity with which 5-HT6 receptors 

localized to primary cilia in primary cultured neurons, but had no effect on primary cilia length.  

Lastly, targeting of mutant 5-HT6 receptors containing mutations within the CTS decreased but 

failed to eliminate targeting to the primary cilia or changes in primary cilia length. These results 
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suggest that the presently assumed CTS mechanism for 5-HT6 receptor trafficking to primary 

cilia is not the exclusive system resulting in the unique localization. Taken together our findings 

suggest a role for endogenous 5-HT6 receptor activity in the dynamic regulation of striatal 

primary cilia and find that regulation of cilia trafficking of 5-HT6 receptors is more complex than 

previously thought. 
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C. Materials and Methods  

 

Animals 

All animal procedures were approved by the University of Washington’s Institutional Animal 

Care and Use Committee and were carried out in accordance with National Institutes of Health 

guidelines of the “Principles of Laboratory Animal Care” (NIH publication no. 86–23, 1996). 

Care was taken to minimize animal discomfort. 5-HT6KO mice on a C57BL/6 background 

(generously provided by Dr. Lawrence Tecott) (Bonasera et al, 2006) or WT C57BL/6 mice 

(Jackson Labs, Sacramento, CA) were housed for breeding with two females and one male per 

cage with access to food and water available ad libitum.  5-HT6KO mice were genotyped by 

polymerase chain reaction performed on tail DNA utilizing 5’GCCATGCTGAACGCGCTG as 

the forward primer upstream of the Htr6 null mutation and either 5’GCACCCAGGATGAGCGC 

or 5’TGCCCCAAAGGCCTACCCGCTTCC as the reverse primer for WT or 5-HT6KO, 

respectively. 

 

Neuronal cell culture 

Primary dissociated striatal cultures containing a small number of cortical neurons were 

generated from either postnatal day 0–1 C57BL/6 mice or postnatal day 0–1 5-HT6 KO mice 

(Bonasera et al, 2006). Dissociation and culture method were adapted from previously described 

protocols (Brewer, 1997; Lesiak et al, 2015; Pratt et al, 2011). Cells were plated at a density of 7 

× 104 cells per cm2 on culture dishes pre-coated with poly-L-lysine (Sigma; molecular weight 
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300,000). Cultures were maintained in growth media consisting of Neurobasal-A (NBA) medium 

(Life Technologies, Carlsbad, CA) supplemented with B27 and Glutamax (Life Technologies) 

throughout treatment days. From the fourth day in vitro (DIV) until homogenization or fixation, 

culture medium was supplemented with 1 µM Ara-C (Sigma), a mitotic inhibitor. This results in 

cultures consisting of approximately 70% neurons and 30% glia. Cultures were maintained at 

37°C in 5% CO2 from DIV0 until homogenization or fixation. 

 

Drugs and Drug Treatments 

Selective 5-HT6 receptor agonist WAY 208466 (N-[2-[3-(3-fluorophenylsulfonyl)-1H-

pyrrolo[2,3-b]pyridin-1-yl]ethyl]-N,N-dimethylamine) and selective 5-HT6 receptor antagonists 

SB 399885 (N-[3,5-dichloro-2-(methoxy)phenyl]-4-(methoxy)-3-(1-

piperazinyl)benzenesulfonamide) HCl and SB 258585 (4-Iodo-N-[4-methoxy-3-(4-methyl-1-

piperazinyl)phenyl]benzenesulfonamide) were obtained from Tocris Biosciences.  Unless noted 

otherwise, drugs were diluted in warm neuronal growth medium and administered directly to 

primary neuronal cultures on DIV9. 

 

Transfection/Plasmids 

Cultured neurons were transfected on DIV7 using Lipofectamine 2000 (Life 

Technologies). Lipofectamine 2000 was added to warm NBA media (0.02 µL/µL) and incubated 

for 5 minutes before combining with pre-mixed plasmid DNA (50 µL/well). Total plasmid DNA 

for transfections consisted of 1 µg/well (24-well plate). The percentage of total plasmid 

transfected for each plasmid-combination used in the experiments was as follows: 25% 5-HT6 
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receptor or mutant 5-HT6 receptors (unless specified otherwise), 50% fluorescent protein reporter 

(hSyn-RFP or Clover), and for each condition empty plasmid vector (pCAGGS) was added to 

the plasmid mix to reach 100% of total transfected plasmid. Lipofectamine 2000/NBA/DNA mix 

was incubated at room temperature for 20 minutes, while native culture media was collected and 

kept at 37°C and replaced with growth medium. Lipofectamine 2000/NBA/DNA mix was added 

to plates (50 µL/well), and incubated for 35–40 minutes before transfection media was aspirated 

and replaced with original culture media.  Plasmids expressing varied receptors were all c-

terminally HA tagged for identification, and expressed under the CMV promoter (Figure 3.5).   

 

Immunohistochemistry  

Cultured neurons were fixed with 4% paraformaldehyde in phosphate-buffered saline 

(PBS) / PHEMS (Sigma-Aldrich) buffer on DIV10 for 20 minutes at room temperature.  Neurons 

were then permeabilized with 1xPBS/0.5% Triton-x100 for 10 minutes at room temperature, and 

blocked in 5% Bovine Serum Albumen (BSA) in PBS for 1 hour at 4°C. Cultured cells were 

incubated overnight at 4°C with either of the following primary antibodies in PBS with 1% BSA: 

anti-adenylyl cyclase III (AC3) rabbit polyclonal antibody (sc-588; Santa Cruz Biotechnology, 

Santa Cruz, CA), used at 1:1000, anti- ADP-ribosylation factor-like protein 13B (Arl13b) mouse 

monoclonal antibody (73-287; NeuroMab, Davis, CA), used at 1:1000, anti-SR-6 (5-HT6) (A-20) 

raised in goat (sc-26668; Santa Cruz Biotechnology, Santa Cruz, CA), used at 1:1000, or anti-

HA (1:1000, rabbit, Cell Signaling).  Next, coverslips were rinsed briefly four times in PBS and 

incubated in species-appropriate Alexa 488 (green) and/or Alexa 568 (red)-conjugated donkey 

secondary antibodies (1:400, Invitrogen) for 1-2 hours at room temperature. Coverslips were 
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washed 3 times in PBS, mounted on slides and using ProLong Gold Antifade media containing 

DAPI (Invitrogen, Carlsbad, CA).  

Floating sections (40 µm) were washed in 0.5% Triton-X/PBS for 10 min, then blocked 

in 10% normal goat serum (NGS)-Triton-X/PBS for 1 h. Sections were then incubated in 5% 

NGS-Triton-X/PBS containing anti-adenylyl cyclase III (ACIII) rabbit polyclonal antibody (sc-

588; Santa Cruz Biotechnology, Santa Cruz, CA), used at 1:400 and anti-SR-6 (5-HT6) (A-20) 

raised in goat (sc-26668; Santa Cruz Biotechnology, Santa Cruz, CA), used at 1:400 with gentle 

agitation at 4ºC overnight. Next, sections were rinsed 4 times in PBS and incubated with Alexa 

488 or Alexa 568, conjugated goat anti-rabbit secondary antibody (1:250, Invitrogen, Carlsbad, 

CA) for 2 h. Sections were washed 3 times in PBS, mounted on slides and cover-slipped with 

ProLong Gold Antifade mounting medium. 

 

Image Analysis/ Statistics 

Immunostained primary cultured neurons or brain sections were imaged as stacks using 

either a Leica inverted wide field fluorescence microscope and associated ZEN software or a 

Leica TCS SL Confocal at the University of Washington Keck Microscopy Facility.  Stacked 

images were compiled and images were analyzed using the NeuronJ plugin of the ImageJ 

software (Schneider et al, 2012).   Unless noted otherwise, primary cilia measurements from 

neurons were averaged from neurons on each culture coverslip and those coverslip averages 

were used as each biological replicate.   

 

Cyclic AMP analysis 



64 
 

Cyclic adenosine monophosphate (cAMP) accumulation was measured using IMCD-3 kidney 

cells (ATCC, Manassas, VA) as they possess primary cilia (Mai et al, 2005); they were 

maintained in Dulbecco's modified eagle medium: nutrient mixture F-12 (DMEM/F12) media 

supplemented with 10% FBS, 1.2 g/l of sodium bicarbonate, and 0.5 mM sodium pyruvate 

(Invitrogen). Cells were plated on 6-well plates at 100,000 cells per well and allowed to grow to 

overnight. On the second day IMCD3 cells were transfected using lipofectamine 2000 with 

plasmids containing 5-HT6 receptors or our mutants and allowed to grow in the absence of serum 

for two days.  The cells were then lysed with 0.1 M HCl, and then cellular cAMP levels were 

measured using an enzyme-linked immunosorbent assay-based detection kit (Cayman 

Chemicals, Ann Arbor, MI) according to the manufacturer’s directions. 

 

Data Analysis 

 Statistical analysis, non-linear regression modeling, and IC50 calculations were performed 

using GraphPad Prism. Significance for multiple comparisons was assessed with one-way 

analyses of variance (ANOVA) followed by Tukey post hoc tests. For analysis involving only 

two samples we used a two-tailed t-test. Chi-squared and Fisher’s exact test were used where 

appropriate to evaluate contingency tables of categorical data done in GraphPad Prism. For all 

comparisons, we used an alpha value of 0.05.   
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D. Results 

5-HT6 receptors localize to WT mouse neuronal primary cilia both in vivo and in vitro 

Previous studies have described endogenous 5-HT6 receptors on “cilia-like” processes in 

rats with electron microscopy and peroxidase staining (Brailov et al, 2000; Hamon et al, 1999). 

Here we confirmed that endogenous 5-HT6 receptors co-localize with adenylyl cyclase 3 (AC3), 

an established marker for primary cilia, (Bishop et al, 2007; Wang et al, 2009), in sections of 

WT mouse striatum (Figure 3.1A).  Further, 5-HT6 receptors immunostaining was absent in 5-

HT6KO striatal sections despite continued presence AC3-positive cilia (Figure 3.1B). 5-HT6 

receptors also localized to primary cilia in WT primary cultured striatal neurons following 

dissociation and 10 days growth in vitro (Figure 3.1C); as expected, primary cultured striatal 

neurons from 5-HT6 KO mice had cilia but lacked 5-HT6 immunostaining altogether (Figure 

3.1D). 
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Figure 3.1 5-HT6 receptors localize to mouse neuronal primary cilia both in vivo and in 

vitro A) Images of WT mouse striatum stained against cilia marker AC3, 5-HT6 receptors, and 

both (also shown at higher magnification). B) Images of 5-HT6 receptors mouse striatum stained 

against cilia marker AC3, 5-HT6 receptors, and both (also shown at higher magnification). C) 

Images of WT primary mouse striatal neurons stained against cilia marker AC3, 5-HT6 receptors, 

and both (also shown at higher magnification). D) Images of 5-HT6 receptor KO primary mouse 

striatal neurons stained against cilia marker AC3, 5-HT6 receptors, and both (also shown at 

higher magnification).
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5-HT6 receptor antagonists shorten primary cilia of striatal neurons 

 To examine the effect of endogenous 5-HT6 receptor activity on neuronal primary cilia 

morphology, we used primary cultured striatal neurons to facility precise control of drug 

concentration and ready imaging and measurement of individual primary cilia.  Treatment of WT 

cultured striatal neurons with 1 µM of either selective 5-HT6 receptor agonist (WAY-208466) for 

24 hours had no effect on primary cilia length, but treatment with the 5-HT6-selective receptor 

antagonist SB-399885 for 24 hours significantly reduced the length of primary cilia (Figure 2A, 

F(3,58) = 16.84; p<0.0001). Treatment with both 5-HT6 receptor agonist and antagonist together 

had no effect.  These drug treatments did not alter the percentage of primary neurons with 

primary cilia (ciliation) on the striatal neurons (Figure 2B, F(3,33) = 0.113; p=0.95).  Treatment 

with SB-399885 reduced the average primary cilia length in a concentration-dependent manner 

with an IC50 value of 28 nM (Figure 2C), which is similar to the previously reported Ki for this 

drug (Hirst et al, 2006). The effect of 1 µM SB-399885 treatments on WT cultured striatal 

neurons at different time intervals (0, 4, 12, and 24 hours) established that the antagonist-induced 

primary cilia shortening is also time dependent (Figure 2D).  We observed a similar reduction in 

cilia length using the 5-HT6-selective antagonist SB-258585 (1 µM, data not shown).   
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Figure 3.2 5-HT6 receptor antagonism shortens primary cilia of striatal neurons.  A) Effect 

of 5-HT6 receptor selective drugs on primary cilia lengths (Mean ± SEM) of WT primary striatal 

neurons in culture. Vehicle (n=18 coverslips), WAY (n=17 coverslips), SB (n=18 coverslips) 

WAY+SB (n=8 coverslips). B) Effect of 5-HT6 receptor selective drugs on percentage of WT 

striatal neurons with primary cilia (Mean ± SEM). Vehicle (n=10 coverslips), WAY (n=10 

coverslips), SB (n=9 coverslips) WAY+SB (n=8 coverslips).  C) Primary cilia length in response 

to different concentrations of SB-399885 (antagonist) (Mean ± SEM); Vehicle (n=25 cilia across 

5 coverslips), 10 nM (n=36 cilia across 5 coverslips), 100 nM (n=29 cilia across 5 coverslips) 

and 1 µM (n=30 cilia across 5 coverslips).  D) Time-dependent reduction of cilia length by SB-
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399885 (Mean ± SEM); 0 (n=6 coverslips), 4 (n=7 coverslips), 12 (n=5 coverslips), and 24 hours 

(n=7 coverslips).  * = P < 0.05, ** = P < 0.001, *** = P < 0.0001; one-way ANOVA followed by 

post hoc Tukey’s HSD test. 
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Effect SB-399885 of primary cilia of striatal neurons is 5-HT6 receptors specific. 

We confirmed that SB-399885 reduced cilia length via 5-HT6 receptors using primary 

cultured striatal neurons cultured from 5-HT6KO mice; there was no effect of 5-HT6-selective 

agonist (1 µM WAY-208466), antagonist (1 µM SB-399885) or both drugs together; none of 

these treatments altered primary cilia length (Figure 3A, F(3,26) = 0.46; p=0.71) or ciliation 

(Figure 3B, F(3,16) = 1.53; p=0.25). 

Figure 3.3 Effect of SB-399885 on primary cilia length of striatal neurons is 5-HT6 

receptors specific.  A) Effect of 5-HT6 receptor selective drugs on primary cilia lengths (Mean ± 

SEM) of 5-HT6 KO primary striatal neurons in culture. Vehicle (n=5 coverslips), WAY (n=6 

coverslips), SB (n=8 coverslips) WAY+SB (n=10 coverslips). B) Effect of 5-HT6 receptor 

selective drugs on percentage of 5-HT6KO striatal neurons with primary cilia (Mean ± SEM). 

Vehicle (n=5 coverslips), WAY (n=5 coverslips), SB (n=5 coverslips) WAY+SB (n=5 

coverslips). *P < 0.05, **P < 0.01; one-way ANOVA followed by post hoc Tukey’s HSD test. 
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High levels of heterologous expression increased nonspecific localization of 5-HT6 receptors 

 Previous studies of subcellular localization of 5-HT6 receptors to primary cilia used 

heterologous expression of 5-HT6 receptors (Berbari et al, 2008a; Guadiana et al, 2013; Mahjoub 

and Stearns, 2012).  Using Lipofection, we transfected HA-tagged 5-HT6 receptor plasmid into 

primary striatal neurons using a wide range of plasmid levels. Immunostaining of the transfected 

neurons revealed that the heterologous 5-HT6 receptors did not always localize to neuronal 

primary cilia (Figure 3.4A), and sometimes localized to the surface of the cell body (Figure 

3.4B).  This finding led us to vary the amount of 5-HT6 plasmid while maintaining a constant 

amount of total transfected plasmid to evaluate the extent to which increased levels of 

overexpression affected subcellular localization of the HA-5-HT6 receptor (Susa et al, 2008).  In 

each condition, each well of WT or 5-HT6KO neurons was transfected with a total of 1 µg of 

total plasmid DNA containing varying proportions of the 5-HT6 receptor plasmid.  At low levels 

of expression, most of the immunostaining for 5-HT6  receptor was mostly in the primary 

neuronal cilia, but as the amount of 5-HT6 receptor plasmid increased, the percentage of 

transfected neurons with HA-tagged receptor localized outside of primary cilia increased 

significantly in both WT neurons (Figure 3.4C, χ²(7, N=111) = 14.13, p=0.048) and 5-HT6KO 

neurons (Figure 3.4F, χ²(7, N=169) = 22.26, p=0.0023) neurons.  Proportions of receptor 

localization where HA-5-HT6 receptor was found in primary cilia, out of primary cilia, or both 

was evaluated for both transfected WT (Figure 3.4D) and 5-HT6KO (Figure 3.4G) neurons.  

Primary cilia length did not change with different amounts of transfected plasmid in either WT 

(Figure 3.4E, 1-way ANOVA, p = 0.76) or 5-HT6KO (Figure 3.4H, 1-way ANOVA, p = 0.12) 

cultured striatal neurons. 
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Figure 3.4.  High levels of heterologous expression increases nonspecific localization of 5-

HT6 receptors. A) Representative images of transfected 5-HT6 receptor expressing in neuronal 

primary cilia. Red = hSynRFP (marker for neuronal specific transfection), Green = HA (HA-

tagged transfected 5-HT6 receptors), Blue = Arl13b (marker for primary cilia). B) Representative 

image of transfected 5-HT6 receptor expressing out of neuronal primary cilia and on cell surface. 

Red = hSynRFP (marker for neuronal specific transfection), Green = HA (HA-tagged transfected 

5-HT6 receptors), Blue = Arl13b (marker for primary cilia). 
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Figure 3.4 cont.  High levels of heterologous expression increases nonspecific localization of 

5-HT6 receptors. C) Receptor localization from gene-dose transfection of WT 5-HT6 receptor in 

WT primary culture neurons (counts). 0% (n=15 cells), 3% (n=13 cells), 6% (n=11 cells), 12% 

(n=13 cells), 25% (n=12 cells), 50% (n=17 cells), 75% (n=16 cells), 100% (n=14 cells). D) 

Proportion of total WT neurons transfected with varied amount of 5-HT6 receptor plasmid where 

HA is found either in primary cilia, out of primary cilia, or both. E) Average primary cilia 

lengths resulting from gene-dose transfection of WT 5-HT6 receptor in WT primary culture 

neurons 0% (n=29 cells), 3% (n=10 cells), 6% (n=10 cells), 12% (n=10 cells), 25% (n=17 cells), 

50% (n=6 cells), 75% (n=28 cells), 100% (n=13 cells). F) Receptor localization gene-dose 

transfection of 5-HT6 receptor in 5-HT6KO primary culture neurons (count). 0% (n=15 cells), 

3% (n=13 cells), 6% (n=17 cells), 12% (n=25 cells), 25% (n=24 cells), 50% (n=26 cells), 75% 

(n=21 cells), 100% (n=28 cells). G) Proportion of total 5-HT6KO neurons transfected with varied 

amount of 5-HT6 receptor plasmid where HA is found either in primary cilia, out of primary 

cilia, or both. H) Average primary cilia lengths resulting from gene-dose transfection of 5-HT6 

receptor in 5-HT6KO primary culture neurons 0% (n=54 cells), 3% (n=19 cells), 6% (n=16 

cells), 12% (n=20 cells), 25% (n=43 cells), 50% (n=17 cells), 75% (n=20 cells), 100% (n=29 

cells). 
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Mutations to the CTS reduced cilia targeting 

 Previous studies of the 5-HT6 and other GPCRs have suggested that a five amino acid 

long consensus sequence in the i3 loop acts as a cilia targeting sequence (CTS) (Berbari et al, 

2008a; Domire et al, 2011; Nagata et al, 2013). We took advantage of the CTS on the rat 5-HT6 

receptor and cloned two mutant forms of receptor: one in which the five amino acid CTS was 

removed (Δ5-HT6 No CTS, Figure 5A) and one in which the entire i3 loop was replaced with 

that of the 5-HT7 receptor (Δ5-HT6 i3-7) (Figure 5B). The 5-HT7 receptor was chosen because it 

is also a Gαs-coupled receptor, but does not localize to primary cilia (Berbari et al, 2008a). We 

transfected WT 5-HT6, Δ5-HT6 No CTS, and Δ5-HT6 i3-7 (25% of total plasmid transfected) 

into 5-HT6KO cultured neurons to test localization in the absence of endogenous 5-HT6 receptors 

to preclude possible WT-mutant heteromerization and thus prevent potential co-trafficking to 

primary cilia. These two mutants had significantly reduced trafficking to primary cilia but a 

modest proportion of the mutant receptors were still localized to primary cilia (Figure 5C, 

Fisher’s Exact test; Δ5-HT6 No CTS, p=0.001; Δ5-HT6 i3-7, p=0.007). The mutant 5-HT6 

receptors did not affect the average length of primary cilia (Figure 5D, 1-way ANOVA, p = 

0.6836).  Since it was possible that the functional properties of these mutants affected 

localization or cilia morphology, we tested whether these mutants were still able to activate 

adenylyl cyclase using an enzyme-linked immunosorbent assay to measure cAMP accumulation 

in IMCD3 cells, which do not express 5-HT6 receptors endogenously (data not shown). The WT 

5-HT6 and Δ5-HT6 No CTS showed both constitutive and agonist-stimulated increase in cAMP 

levels compared to empty vector control, but the Δ5-HT6 i3-7 receptor failed to activate cAMP 

accumulation (Figure 5E, 2-way ANOVA; WT 5-HT6, p<0.001; WT 5-HT6 +WAY, p<0.001; 

Δ5-HT6 No CTS, p<0.001; Δ5-HT6 No CTS + WAY, p<0.001; Δ5-HT6 i3-7, p>0.05; Δ5-HT6 i3-
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7 + WAY, p>0.05). Thus, the Δ5-HT6 i3-7 mutant was non-functional at least in terms of the 

ability to increase adenylyl cyclase activity.  
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Figure 3.5. Mutations to the CTS reduces cilia targeting. A) Representative diagram of 

mutation on 5-HT6 receptor to create a receptor without the primary cilia targeting sequence (Δ5-

HT6 No CTS). B) Representative diagram of mutation on 5-HT6 receptor to create a receptor 

with 5-HT7 receptor intracellular loop 3 (IC3) (Δ5-HT6 i3-7).  
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Figure 3.5. Mutations to the CTS reduces cilia targeting cont. C) Proportion primary cilia 

localization of 5-HT6KO cultured neurons transfected with 25% receptor plasmid: WT 5-HT6 

(n=39 neurons), Δ5-HT6 No CTS (n=15 neurons), or Δ5-HT6 i3-7 (n=18 neurons). D) Average 

primary cilia lengths when the mutant 5-HT6 receptors localize to cilia: WT 5-HT6 (n=43 

neurons), Δ5-HT6 No CTS (n=28 neurons), or Δ5-HT6 i3-7 (n=41 neurons). E) Relative levels of 

cAMP accumulation in IMCD3 cells transfected with empty vector (pCAGGS), WT 5-HT6, Δ5-

HT6 No CTS, or Δ5-HT6 i3-7; both in the presence and absence of WAY-208846 (n=3 

independent biological replicates). * = P < 0.05, ** = P < 0.001, *** = P < 0.0001.
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E. Discussion 

The 5-HT6 receptor has become an important target for drug development (Fone, 2008) 

and at least one 5-HT6 antagonist is in later stages of development for the treatment of 

Alzheimer’s disease (Wilkinson et al, 2014). However, the implications that 5-HT6 receptors 

localize to primary neuronal cilia has received scant attention. Primary cilia are enriched with 

signaling proteins such as receptors and second messenger systems that allow them to function as 

neuronal sensory organelles that sample the extrasynaptic space (Koemeter-Cox et al, 2014; 

Louvi and Grove, 2011; Whitfield, 2004). This could be an important mechanism for integrating 

extracellular signals over a different time scale than that associated with synaptic 

neurotransmission. Thus, 5-HT6 receptors on neuronal primary cilia are well positioned for 

detecting the extrasynaptic effects of 5-HT (Whitfield, 2004), rendering them unique targets for 

modulating neuronal plasticity without interfering with momentary synaptic events. Here, we 

demonstrate that 5-HT6 receptors preferentially localize to primary cilia and regulate primary 

cilia morphology.  We also find that the level of 5-HT6 receptor expression dictates receptor 

localization, and that the mechanism leading to the unique neuronal primary cilia localization is 

more complicated than previously described. 

 We observed no effect of the addition of a 5-HT6 agonist on primary cilia length but 5-

HT6 antagonists reduce striatal primary cilia length in a time and concentration dependent 

manner; the inclusion of an agonist and an antagonist together reversed this effect. There are at 

least two possible explanations for this. First, the 5-HT6 receptor has been reported to express 

constitutive activity (Brouard et al, 2015; Duhr et al, 2014; Jacobshagen et al, 2014; Sebben et 

al, 1994) and there may be a “ceiling effect” in which additional receptor activation produces no 
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further elongation of primary cilia. Further, we observed no effect of increasing levels of 

overexpression on cilia length. Secondly, we cultured the primary neurons in the presence of 

FBS, which can contain a small amount of serotonin. Since 5-HT6 receptors have moderately 

high affinity for 5-HT, they might be activated by residual (or extrasynaptic) serotonin much of 

the time. While we observed constitutive activity in our functional assay of cAMP accumulation 

following heterologous overexpression of the receptor, we are aware of no definitive evidence 

that endogenous 5-HT6 receptors show constitutive activity under conditions where there is no 

trace serotonin present.  

Regulation of cilia length is thought to modulate the amplitude of signaling events 

possible in cilia (Marley and von Zastrow, 2012), with longer cilia allowing greater signaling 

capacity by the receptor systems within the cilia. The effect of 5-HT6 receptors on primary cilia 

morphology is particularly interesting because reduced cilia length is regulated during key stages 

in development and is often associated with genetic ciliopathies (Armato et al, 2013; 

Chakravarthy et al, 2012; Pan and Snell, 2007). Another phenotype often seen in ciliopathies is a 

reduction in the number of neurons possessing primary cilia (Kulaga et al, 2004; Lee and 

Gleeson, 2011; Novarino et al, 2011; Ross et al, 2005). 5-HT6 receptor antagonism did not 

change the proportion of neurons bearing primary cilia.  

Using 5-HT6KO cultured neurons, no morphology changes were seen in the primary cilia 

of, indicating that the effects of SB-399885 were dependent upon endogenous 5-HT6 receptors 

on the WT neurons. Although we were able to confirm that the antagonist effects were absent in 

primary striatal neurons cultured from 5-HT6KO mice, these germ-line null mutants had normal 

cilia length, perhaps due to developmental compensation that has been described for 5-HT6 

effects on neuronal migration (Riccio et al, 2009). These data implicate a role for 5-HT6 
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receptors in the dynamic regulation of neuronal primary cilia length, and provides another target, 

along with lithium, for studying inducible changes to primary cilia morphology (Miyoshi et al, 

2009; Ou et al, 2009).   

 Previous findings showed that heterologous expression of 5-HT6 receptors via in utero 

electroporation of embryonic hippocampal neurons elongated primary cilia dramatically 

(Guadiana et al, 2013). We expressed heterologous 5-HT6 receptors in both WT and 5-HT6KO 

cultured striatal neurons using lipofection and found the subcellular distribution of 

heterologously expressed 5-HT6 receptors was dependent on the amount of receptor plasmid 

introduced to the neurons, while primary cilia length was unaffected. The previous report studied 

less mature, neocortical neurons and found that even mutant, nonfunctional receptors produced 

elongation of up to several hundred percent as well as a number of morphological and 

phenotypic anomalies such as branching and loss of AC3 expression (Guadiana et al, 2013); we 

did not observe these issues. Rather, we observed that transfection with increasing amounts of 

exogenous 5-HT6 receptor led the receptor to localize outside of primary cilia in both WT and 5-

HT6KO cultured striatal neurons. Other investigators have used heterologous overexpression of 

ciliary receptors to study the effects on primary cilia, but to our knowledge the observation of 

gene dose-dependent mislocalization of protein has not been previously addressed.  Here, we 

find that moderate to high levels of expression impact the fidelity of ciliary localization in 

primary neurons, perhaps this is due to overloading of the ciliary protein trafficking machinery.  

This supports the notion that the rates of protein expressed in primary cilia are likely more 

dependent on the machinery necessary to traffic the proteins than on the total amount of protein 

expressed (McGlashan et al, 2010).  Additionally, cilia length was unaffected by reintroducing 5-

HT6 receptors into 5-HT6KO striatal neurons or increasing 5-HT6 expression in WT neurons. It is 
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possible that cilia localization depends on the maturity of the neurons, and so studying them in 

postnatal day 0 neurons grown in culture for another 10-14 days provides new perspective on 5-

HT6 trafficking and signaling, as we did not observe the extreme lengthening that others saw 

even with receptors deemed as nonfunctional. 

 A five amino acid consensus sequence on the i3 loop, denoted the CTS, has been found in 

many GPCRs that traffic into primary cilia (Berbari et al, 2008a; Nachury et al, 2010; Nagata et 

al, 2013). The 5-HT6 receptor is the only serotonin receptor that contains this motif and no other 

serotonin receptors have been reported to traffic to cilia.  Based on these findings, we designed 

two mutant 5-HT6 receptors that disrupted the CTS in different ways and were predicted to block 

cilia trafficking in order to study the effect of 5-HT6 receptors signaling inside or outside of 

neuronal primary cilia. By deleting the CTS or by swapping the i3 loop from a non-cilia 

localizing receptor into the 5-HT6 receptor, we found that these changes significantly reduced, 

but did not entirely abolish, trafficking of the receptor to cilia. Additionally, cilia length was 

unaffected by reintroducing these mutant 5-HT6 receptors into 5-HT6KO striatal neurons.  One 

possible explanation for how mutant receptors might gain access to cilia is through dimerization 

with endogenous 5-HT6 receptors; however, we also expressed the mutant 5-HT6 receptors in 5-

HT6KO neurons but the trafficking was not substantially different than in WT neurons, so we 

conclude that dimerization (at least with other 5-HT6 receptors) is unlikely to explain trafficking 

to cilia. It still remains possible that 5-HT6 receptors heterodimerize with some other cilia-

localizing GPCR but that seems less likely since receptors heterodimerize rather freely but very 

few receptors gain access to cilia.  

 Together, our results implicate a role of 5-HT6 receptor signaling in primary cilia 

function and regulation of primary cilia morphology. Our findings suggest that 5-HT6 receptor 
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research should consider relative levels of receptor expression when evaluating their impact on 

primary cilia function. Future studies can also examine how 5-HT6 receptor signaling alters 

neuronal function and interacts with signaling via other cilia-localizing receptors, and together 

these may provide novel avenues for treating a variety of neuropsychiatric diseases (Marley and 

von Zastrow, 2012). 
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CHAPTER IV: DISCUSSION 

 

The results presented in this dissertation provide some insight into the importance of 5-

HT6 receptors on the structure and function of the neuronal circuitry in mammalian striatum. The 

implications of the experiments carried out in this study are threefold. First, I show that 5-HT6 

receptor expression in major output pathways of striatum affects the reinforcing properties of 

cocaine.  Next, I show that the activity of 5-HT6 receptors affects the morphology of primary 

cilia in striatal neurons. Finally, I show that the relative levels of 5-HT6 receptor overexpression 

in striatal neurons affect the subcellular localization of the receptors.  Together, my work begins 

to address how 5-HT6 receptor function within striatum needs to be considered both in a sub 

region and subcellular-specific manner. 

 In chapter two, I used viral vector tools previously developed in our lab to target 

increased expression of 5-HT6 receptors into either the direct or indirect pathway of the NAcSh 

(Eskenazi et al, 2015; Ferguson et al, 2011, 2013).  By injecting viral vectors utilizing 

prodynorphin- or proenkephalin promoters to drive expression of 5-HT6 receptors or GFP 

selectively in the dMSNs or iMSNs of the NAcSh, I showed that increased expression of 5-HT6 

receptors in the iMSNs, but not dMSNs, reduced cocaine SA under an FR1 schedule at varied 

doses of cocaine.  Further, I saw this selective increase of 5-HT6 receptors in NAcSh iMSNs did 

not lead to a decrease in the “break point” under a PR reinforcement schedule, suggesting that 

the rats’ motivation to take cocaine was not altered.   

 I postulate that the rats with increased 5-HT6 receptors in iMSNs were more sensitive to 

the reinforcing properties of cocaine and therefore needed a lower dose of cocaine to reach a 

preferred subjective response to the drug. This hypothesis was supported when I applied a 
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method for modeling the pharmacokinetics and tissue concentration of cocaine to estimate the 

brain cocaine concentration that each animal took and presumably preferred for each dose of 

cocaine tested (Pan et al, 1991; Zimmer et al, 2011). Further support for my hypothesis was 

established by CPP, as the rats with increased 5-HT6 receptors in iMSNs developed a preference 

for a typically sub-threshold dose of cocaine that did not support a conditioned place preference 

in GFP control rats (Barot et al, 2007; Neumaier et al, 2002). These analyses suggested that the 

Enk-5-HT6 rat were more sensitive to cocaine and preferred a lower tissue concentration of 

cocaine, further supporting the notion that they are more sensitive to the reinforcing properties of 

cocaine. 

As with any set of experiments, there are multiple ways to improve them or address the 

questions differently in future experiments.  The experiments in Chapter 2 could be designed to 

make sure the rats go through the different cocaine SA behavioral paradigms in a way that is 

more consistent with previous literature.  One particular concern was that the rats in Chapter 2 

experienced the PR sessions before the low and high dose FR1 sessions as a possible confound to 

the behavioral results, because the rats would have to reacquire stable FR1 cocaine taking 

behavior. This point may be addressed in future experimental design, however I believe our 

results were not affected by our less conventional order of experiments.  Since our rats changed 

behavior within the first few presses of each session they seemed to learn new paradigms and 

doses so quickly that the order of experiments once a rat has established stable cocaine taking 

should not matter, especially when taking averages across multiple sessions.  Another way to 

improve similar experiments in the future would be to adapt behaviors that are more sensitive to 

the rats’ preference and titration of cocaine dose by allowing the rats to control the speed of its 
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own cocaine pump and thus preferential dose (Liu et al, 2005; Ward et al, 2005; Zimmer et al, 

2013).   

As mentioned in Chapter 2, dopamine differentially activates dMSNs via D1 receptors 

and inhibits iMSNs via D2 receptors whereas 5-HT excites both populations of MSNs via 

endogenous 5-HT6 receptors (Tassone et al, 2011; Ward et al, 1995). Thus, dMSNs are activated 

by both the endogenous Gs-coupled D1 and 5-HT6 receptors, leading to an accumulation of 

cAMP and downstream activation of many signaling pathways (Dobi et al, 2011; Surmeier et al, 

2007). On the other side, D2 and 5-HT6 receptors in iMSNs have opposing effects on adenylate 

cyclase activity and work in opposition. Thus, 5-HT6 receptors in the iMSNs are positioned to 

interfere with behaviors that are supported by dopamine action in NAcSh. Presumably balanced 

activation of endogenous 5-HT6 receptors in both pathways simultaneously interferes with 

dopamine actions by reducing the differential activation of these two pathways. It is not known 

whether exposure to abused drugs alters the expression levels of 5-HT6 in these pathways 

differentially, but this is a topic under active exploration. 

There is therapeutic potential for 5-HT6 receptors in the research and treatment of drug 

addiction.  Since increased 5-HT6 receptor expression in the iMSNs of NAcSh does not affect 

motivation while increasing the sensitivity to the reinforcing properties of cocaine, if 5-HT6 

receptors are up-regulated or stimulated selectively in the iMSNs, the amount of drug taken by 

individuals may decrease, thereby impeding the progression toward compulsive, unregulated 

drug use and reducing the risk of overdose.    Another potential way to achieve a similar result 

would be to selectively express DREADD receptors with analogous protein coupling profiles in 

the indirect pathway using viral vectors and the Penk promoter, and stimulate using CNO.  
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However, these types of genetic interventions are currently unavailable and would be fairly 

invasive compared to the condition they potentially treat. 

In Chapter 3, I focused on the subcellular localization of 5-HT6 receptors to neuronal 

primary cilia.  Utilizing cultured striatal neurons, I focused on whether manipulating 5-HT6 

receptor activity and expression in striatal neurons altered primary cilia morphology and 

signaling. There are three major findings stemming from these experiments. First, 5-HT6 

receptor antagonists reduce the average primary cilia lengths of striatal neurons in both a 

concentration- and time-dependent manner via direct action on 5-HT6 receptors. Second, 

increasing levels of overexpression of heterologously expressed 5-HT6 receptors led to 

increasing amounts of 5-HT6 localization outside of the primary cilia in in both WT and 5-

HT6KO striatal neurons. Last, mutations in the CTS of the i3 loop of the 5-HT6 receptor 

substantially reduced but did not entirely eliminate trafficking of the 5-HT6 receptor to primary 

cilia.  

 There are multiple hypotheses regarding the function of neuronal primary cilia, especially 

during neuronal development (Dobi et al, 2011; Koemeter-Cox et al, 2014; Ruat et al, 2012). 

Since primary cilia are enriched with sensitive signaling proteins and may function as neuronal 

sensory organelles, 5-HT6 receptors likely contribute to their signaling pathways. I hypothesize 

that 5-HT has extrasynaptic effects via 5-HT6 receptors on neuronal primary cilia, making 5-HT6 

receptors unique targets for modulating internal neuronal signaling without interfering with 

momentary synaptic events. Our finding that selective 5-HT6 antagonists reduced cilia length in 

striatal cultured neurons is an example of such specific signaling. These inducible changes on the 

dynamic regulation of neuronal primary cilia length may be useful in the future of ciliopathy 

research (Avasthi and Marshall, 2012; Miyoshi et al, 2009; Thompson et al, 2015).  
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 Our findings that the subcellular distribution of heterologous expressed 5-HT6 receptors 

was dependent on the amount of receptor plasmid introduced to the neurons has repercussions 

for the fields of both primary cilia and 5-HT6 receptor research.  Specifically, I saw that with an 

increase of transfected 5-HT6 receptor expression, the location of where the receptor was 

expressed changed.  With more transfected receptor, there was more HA-tagged receptor 

expressed outside of primary cilia in both our WT and 5-HT6KO cultured striatal neurons. 

Perhaps this effect is due to overloading of the ciliary protein trafficking machinery, but to our 

knowledge the issue of protein spilling out of or never reaching primary cilia has not been 

previously addressed.  It is common to use heterologous overexpression of ciliary receptors in 

order to study the effects of those receptors on primary cilia and the amount of heterologous 

receptor is rarely quantified.   Additionally, we observed no effect of reintroducing 5-HT6 

receptors into striatal neurons on cilia length. This result contradicts previous studies that 

reported dramatic lengthening and branching of primary cilia after overexpression of 5-HT6 

receptors via in-utero electroporation (Guadiana et al, 2013). It is possible that our use of more 

mature neurons led to less dramatic effects of 5-HT6 expression on primary cilia morphology 

because the effect requires immature neurons. 

 The final finding in Chapter 3 regards the putative CTS on the i3 loop that has been 

proposed to be essential for selective trafficking of GPCRs into primary cilia. I designed two 

mutant 5-HT6 receptors that were predicted to block cilia trafficking in order to study the effect 

of 5-HT6 receptor signaling either within or outside of neuronal primary cilia. By deleting the 

entire CTS or by swapping the i3 loop from a non-cilia localizing receptor into the 5-HT6 

receptor, I found that these mutations reduced, but did not prevent, trafficking of the mutant 

receptors to cilia.  In order to eliminate the possibility of our mutants being co-transported to 
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primary cilia with endogenous 5-HT6 receptors as heterodimers, I transfected the mutants into 5-

HT6KO cultures as well. I still saw our mutants localizing to primary cilia. This brings previous 

CTS and ciliary protein trafficking research into question as it is likely not the only method by 

which GPCRs can localize to neuronal primary cilia. 

 Despite the reduction of primary cilia localization, the mutant 5-HT6 receptors still 

localized to neuronal primary cilia to some extent. The mutant receptors would be an ideal tool if 

the mutant receptors remain functional and exclusively localize to or outside primary cilia in 5-

HT6KO cultured striatal neurons.  We could use those mutant receptors to study what the 

morphological and cellular consequences of expressing and activating 5-HT6 receptors 

exclusively in the primary cilium vs. soma of a neuron.  Further, we could package the mutant 

receptors in viral vectors and explore whether 5-HT6 receptor localization to primary cilia has a 

behavioral impact in vivo.  Using WT and 5-HT6KO mice, we would investigate how viral-

mediated gene transfer of primary cilia or somatodendritic localizing 5-HT6 receptors in striatal 

neurons alters reward-mediated learning, general locomotion, open field behavior, and a variety 

of cognitive tasks. 

 When taken together, our results implicate roles for 5-HT6 receptors both in the 

reinforcing properties of cocaine, and in the function and regulation of primary cilia.  The 5-HT6 

receptor proves to be of continual interest to those who study neuropsychiatric disease and to 

those who study the function of primary cilia on neurons. The findings presented in this thesis 

suggest that 5-HT6 receptors’ circuitry specific role in behavior and localization to neuronal 

primary cilia may be closer than previously assumed. Thus highlighting the importance of 

evaluating 5-HT6 expression levels when studying their impact on primary cilia function, as well 

as how they function within the specific pathways in which they are expressed. 
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ABBREVIATIONS 

 

5-HT   5-hydroxytryptamine (serotonin) 

DA   Dopamine 

5-HT6   5-hydroxytryptamine6  

NAc              Nucleus accumbens 

NAcSh   Nucleus accumbens shell 

GFP   Enhanced green fluorescent protein 

Dyn   Dynorphin (marker of striatonigral) 

Enk   Enkephalin (marker of striatopallidal) 

D1   Dopamine receptor type 1 

D2   Dopamine receptor type 2 

HSV   Herpes-simplex virus 

MSN   Medium spiny neuron 

dMSN   Direct pathway medium spiny neuron 

iMSN   Indirect pathway medium spiny neuron 

SA   Self-administration 

FR1   Fixed-interval reinforcement schedule 

PR   Progressive Ratio 

AC3   Adenylyl Cyclase 3 (marker of primary cilia) 

cAMP   Cyclic adenosine Monophosphate 

hSyn   Human Synapsin-1 promoter 

RFP   Red fluorescence protein 

WT   Wild-type 

5-HT6KO  5-HT6 knockout mice 

CMV   Cytomegalovirus promoter 

pcDNA  Plasmid cytomegalovirus promoter deoxyribonucleic acid   

CTS   Ciliary targeting sequence 
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i3 loop   Third intracellular loop 

DIV    Days in vitro 

NBA   Neurobasal-A medium 

PBS   Phosphate buffered saline 

BSA   Bovine serum albumin 

Arl13b   ADP-ribosylation factor-like protein 13B (marker of primary cilia) 

HA   Hemagglutinin tag  

Δ5-HT6 No CTS 5-HT6 receptor mutated to remove CTS 

Δ5-HT6 i3-7  5-HT6 receptors mutated to swap i3 loop with that of 5-HT7 receptor 

IMCD3  Inner medullary collecting duct 

FBS   Fetal bovine serum 
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I. B. Witten, E. E. Steinberg, S. Y. Lee, T. J. Davidson, K. Zalocusky, M. Brodsky, O. Yizhar, 

S. L. Cho, S. Gong, C. Ramakrishnan, G. D. Stuber, K. M. Tye, P. H. Janak, and K. Deisseroth, 

“Recombinase-driver rat lines: tools, techniques, and optogenetic application to dopamine-

mediated reinforcement” Neuron, vol. 72, no. 5, pp. 721–33, Dec. 2011. 

 

I. Goshen, M. Brodsky, R. Prakash, J. Wallace, V. Gradinaru, C. Ramakrishnan, and K. 

Deisseroth, “Dynamics of retrieval strategies for remote memories” Cell, vol. 147, no. 3, pp. 

678–89, Oct. 2011. 

 

I. B. Witten*, S.-C. Lin*, M. Brodsky*, R. Prakash*, I. Diester, P. Anikeeva, V. Gradinaru, C. 

Ramakrishnan, and K. Deisseroth, “Cholinergic interneurons control local circuit activity and 

cocaine conditioning” Science, vol. 330, no. 6011, pp. 1677–81, Dec. 2010. 

 

 

Posters and Presentations 

 

 

M. Brodsky, A. W. Gibson, D. Smirnov, S, Nair and J. F.  Neumaier "Striatal 5-HT6 receptors 

regulate cocaine reinforcement in a pathway-selective manner." (Poster) Society for 

Neuroscience, Oct. 16-21, 2015 Chicago, IL 
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M. Brodsky, A.J. Lesiak, K.Garcia-Nakata, J.M. Sullivan, and J. F.  Neumaier “Regulation of 

primary cilia morphology in striatum by 5-HT6 receptor signaling,” (Poster) Society for 

Neuroscience, Nov. 15-19, 2014 Washington, DC 

 

M. Brodsky, and J. F.  Neumaier “Regulation of Neuronal Primary Cilia Morphology in Striatal 

Neurons by 5-HT6 Receptors” (Presentation and Poster) International Society for Serotonin 

Research, July  9-12, 2014  Arabella, South Africa 

 

M. Brodsky, J.M. Sullivan, A.L. Kostrinsky-Thomas, and J. F.  Neumaier “Regulation of 

primary cilia morphology in striatum by 5-HT6 receptor signaling,” (Poster) Society for 

Neuroscience, Nov. 9-13, 2013  San Diego, CA 

 

M. Brodsky “Dissecting the Relationship between 5-HT6 Receptors and Neuronal Primary 

Cilia” (Presentation) Annual NIDA T32 Trainees Retreat, March 28th 2013, Seattle, WA  

 

M. Brodsky, J.M. Sullivan, and J. F.  Neumaier “5-HT6 receptor signaling effects neuronal 

primary cilia morphology” (Poster) Society for Neuroscience, Oct. 13-17, 2012 New Orleans, 

LA 

 

M. Brodsky, J.M. Sullivan, and J. F.  Neumaier “5-HT6 receptor antagonism modulates neuronal 

primary cilia morphology” (Poster) Center for Integrated Neuroscience Annual Symposium, 

May 14 2013, Seattle, WA 

 

M. Brodsky “5-HT6 Receptors and Drug Addiction” (Presentation) Annual NIDA T32 Trainees 

Retreat, May 31st 2012, Seattle, WA 

 

I. B. Witten*, S.-C. Lin*, M. Brodsky*,  P. Anikeeva, I. Diester, C. Ramakrishnan, and K. 

Deisseroth, “Cholinergic interneurons of the nucleus accumbens control local circuit activity and 

reward behavior.” (Poster) Society for Neuroscience, Nov. 13-17, 2010  San Diego, CA 

 

I. Goshen, M. Brodsky, V. Gradinaru, C. Ramakrishnan, and K. Deisseroth, “Optogenetic 

inhibition of dorsal CA1 enables reversible interruption of memory acquisition and recall.” 

(Poster) Society for Neuroscience, Nov. 13-17, 2010 San Diego, CA 
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Research Experience 

 

Neumaier Lab, University of Washington – Seattle, Washington     2011- Present 

Ph. D. Candidate 

Advisor: John F. Neumaier 

 Examining the function of 5-HT6 receptor localization on neuronal primary cilia in 

mammalian striatum. 

 

Deisseroth Lab, Stanford University - Stanford, CA 2009 to 2010 

Research Assistant, 

 Identifying neural correlates of reaching in the rodent motor cortex, with a focus 

on elucidating the key differences between healthy and Parkinsonian animals. 

 Optically dissecting the neural circuits underlying addiction  

 

Zuo Lab, University of California, Santa Cruz – Santa Cruz, California 2008 to 2009 

Undergraduate Researcher 

 Visualizing the synaptic plasticity of learning, with regards to dendritic spine density.  In 

normal and stroke model rodents. 

 

Lab Rotations 

 

Chavkin Lab, University of Washington – Seattle, Washington   Fall 2010 

 Modulating serotonergic projections in stress related behaviors using a novel TPH2 

floxed transgenic mouse line 

 

Phillips Lab, University of Washington – Seattle, Washington           Winter 2011 

 The role of phasic dopamine in the nucleus accumbens core in computing the utility of 

reward transactions. 

 

Neumaier Lab, University of Washington – Seattle, Washington           Spring 2011 

 Developing a mi/shRNA mediated knock-down of the 5-HT6 receptor 
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Teaching Experience 

 

University of Washington – Seattle, Washington Jan 2012 to April 2012 

Teaching Instructor, Neurobiology 

 Taught NeuroBio 301 lab course. Taught electrophysiological techniques, provided 

technical lectures, managed laboratory equipment, graded lab reports and exams.  

Service 

 

Pacific Science Center, Portal to the Public – Seattle, WA 

Science Communication Fellow  

 

University of Washington, Neuroscience Graduate Admissions Committee – Seattle, WA 

Committee Member 2012 - Present  

 

University of Washington, Neurobiology Community Outreach – Seattle, WA 

Member September 2010 - Present 

 

Dominican Hospital Emergency Dept. – Santa Cruz, CA 

Emergency Department Volunteer Jan 2008- Nov 2008 

 

Honors and Awards 

 

Neuroscience Scholarship for full tuition to attend Pacific Science Center’s Science 

Communication Fellowship short course (Summer 2015) 

 

National Institutes of Drug Abuse (NIDA) Travel Award to attend the 2014 meeting of the 

International Society for Serotonin Research (ISSR) in South Africa 

 

NIDA T32 Training Grant Awardee (2011-2014)  


