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Abstract 

 Serotonin (5-Hydroxy-Tryptamine) is an important neuromodulator that serves to 

amplify odorant response in the olfactory pathway of the Hawkmoth, Manduca sexta. 

Serotonin binds to one or more of several subtypes of a receptor belonging to the G-

Protein Coupled Receptor family, and these subtypes are expressed by different neurons 

in the brain. The research data for this thesis focuses on the progress made towards 

cloning (and subsequently characterizing) a specific serotonin receptor subtype labeled 

Ms5HT-2. A fragment of the receptor gene has been cloned via degenerate primer PCR 

on cDNA obtained from mRNA extracted from whole brain tissue. Furthermore, using 

RACE PCR, we have been able to clone the 3' end of the receptor gene. Current efforts 

are underway to clone and characterize the 5' end of the gene. Once a full length clone 

has been obtained and sequenced, characterization experiments such as in situ 

hybridization and RNAi knockdown of this gene in the brain and Antennal Lobe of the 

Manduca sexta can then be performed. This research is supported by the Howard 

Hughes Medical Institute (GN: 52003749) through the Undergraduate Biology Research 

Program at the University of Arizona and by the NIH (GN: DCO4292). 
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Introduction and Literature Review 

I. Olfaction in M. sexta 

The olfactory sensory and processing system varies between invertebrate and vertebrate phyla, 

and furthermore, between different invertebrate families themselves. The following is a 

comparison between invertebrate (specifically insects) and vertebrate olfactory systems as 

reviewed by Hildebrand and Shepherd in 1997.  

A. Olfactory Reception 
Olfactory Receptor Cells are located in the antennae of the insect and are associated with 

olfactory sensilla. These sensilla are exposed to odorant molecules in the antennae. Once 

absorbed, they are then transported from the sensillium lymph to the olfactory receptor cells 

where they are processed (Hildebrand and Shepherd 1997).  

The entire family of olfactory receptors is believed to belong to a family of G-protein coupled 

receptors that evidence has shown to activate a second messenger cascade via G-protein coupled 

activity through adenylyl cyclase and cAMP. These studies were done using the rat olfactory 

system as a model (Hildebrand and Shepherd 1997). The following are the properties of 

olfactory receptors characterized by Lancet in 1986 and reviewed by Hildebrand and Shepherd in 

1997: 

• The olfactory receptors can bind and respond to a large variety of odorant molecules 

(Hildebrand and Shepherd 1997) 

• Each olfactory receptor cell can respond to different odorants with varying degrees of 

effectiveness (Hildebrand and Shepherd 1997) 

• Characterization of the loss of response to a specific odorant molecule (anosmia) has lead 

researchers to believe that there are at least 40 different types of olfactory receptor cells 

in humans (Hildebrand and Shepherd 1997).  

As a result of this analysis, three postulates were developed to explain these results: 
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• The broad sensitivity to different odorant molecules suggests that there are many 

olfactory receptor families that respond to specific odorant molecules with varying 

degrees of effectiveness (Hildebrand and Shepherd 1997) 

• The idea that there may be similar second messenger cascades generated by these various 

odorants suggests that olfactory receptor cells may be structured like antibodies 

(containing a variable binding region and a constant region to generate a second 

messenger cascade) (Hildebrand and Shepherd 1997).  

The olfactory gene family has been shown to be one of the most conserved gene families 

throughout evolution and almost every species studied has expressed at least a subset of these 

genes (Hildebrand and Shepherd 1997).  

Olfactory receptor cells in invertebrates have been hypothesized to be very specific toward 

odorant binding, with each cell expressing only a single or a few receptor genes for odorant 

molecules. However, no receptor compounds have yet been successfully identified (Hildebrand 

and Shepherd 1997).  
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B. Olfactory Signal Processing 
 

 

Figure I - Schematic of antenna and Antennal Lobe of M. sexta courtesy of Mark Higgins and Leslie Tolbert, Arizona 
Research Labs Division of Neurobiology, University of Arizona, Tucson, AZ. 

Olfactory Receptor Cells bind to odorant molecules and transfer this information into action 

potentials that travel down the olfactory nerve. In insects like M. sexta, these nerves are a bundle 

of odorant specific olfactory receptor neurons (ORNs) that transfer information to the Antennal 

Lobe (AL) in the brain. Specifically, these nerves terminate in discrete bundles of neurons called 

olfactory glomeruli (Hildebrand and Shepherd 1997). 

Olfactory glomeruli in vertebrates are spheroidal neuropil structures that are comprised of 

preterminal and terminal axons and the dendrites of mitral, tufted and perimglomerular cells 

(Hildebrand and Shepherd 1997).  

The number of olfactory receptor neurons is far greater than the number of olfactory glomeruli 

(Hildebrand and Shepherd 1997). This implies that there are multiple olfactory receptor neurons 

that converge in a single olfactory glomerulus and that this glomerulus is partially responsible for 

the signal processing and differentiation of any stimulation of the converging neurons 

(Hildebrand and Shepherd 1997).  
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The functional significance of these glomeruli has been reviewed extensively by Hildebrand and 

Shepherd (1997). Their review indicates that experimental evidence shows a label mapping of 

olfactory receptor neurons to each olfactory glomerulus. As a result, stimulation of a single or 

multiple olfactory receptor neurons activates the subset of neurons in the respective glomerulus 

that these receptor neurons are mapped to. As a result, the entire glomerulus is activated as a unit 

(Hildebrand and Shepherd 1997).  

The review further suggests that the glomerulus is responsible for odor discrimination based on 

its activation by one or more of the olfactory receptor neurons that converge into it, and the 

activity (or lack thereof) of the other glomeruli in the olfactory bulb (or in insects, the AL) 

(Hildebrand and Shepherd 1997).  

In invertebrates, the presence of a significant number of local interneurons (LNs) that connect 

many glomeruli in each species’ respective olfactory center suggest that a somewhat more 

complex olfactory signal processing takes place at the glomerular level than in vertebrates 

(Hildebrand and Shepherd 1997). Although it has been established that there are less glomeruli 

in insect olfactory centers, there are however a larger number of interconnecting LNs that make 

for more complex odor discrimination by insects compared to mammalian olfactory centers 

(Hildebrand and Shepherd 1997).  

The ALs of the M. sexta possess 64 olfactory glomeruli and a male-specific Macroglomerular 

Complex (MGC) that is involved in the olfactory signal processing of sex-linked pheromones 

(Hildebrand and Shepherd 1997). A review of this structure is offered by Hildebrand and 

Shepherd (1997). Essentially, the MGC is divided into two divisions, each division responding to 

one of two sex pheromones. Furthermore, the projection neurons (PNs) responsible for 

processing information about each of these pheromones are limited to one of these two 

anatomical divisions (Hildebrand and Shepherd 1997).  

This discovery proves that discrete bundles of neurons are responsible for the reception and 

processing of individual sex pheromones, and that further studies can use this information to 

obtain more specific details about how each pheromone is processed (Hildebrand and Shepherd 

1997).  
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In vertebrates, various techniques reviewed by Hildebrand and Shepherd (1997) have been used 

by researchers to positively affirm the initial hypothesis that specific odorants are mapped to 

specific olfactory glomeruli for processing. The resulting analyses indicated that the olfactory 

glomeruli were divided into characteristic (but overlapping) domains based on their activity to 

different odorant molecules. This may indicated that odor discrimination occurs as a result of this 

characteristic division (Hildebrand and Shepherd 1997). Furthermore, the fact that an increasing 

concentration of odorants activates an increasing number of olfactory glomeruli may also suggest 

a mechanism by which an organism interprets the intensity of the odorant stimulus. Therefore, 

the mechanism behind odorant discrimination is the topographic mapping of various olfactory 

receptor neurons to certain discrete subsets of olfactory glomeruli(Hildebrand and Shepherd 

1997). Furthermore, a possible mechanism behind recognition of odor intensity may be the 

expression of receptors in these glomeruli that possessed differential binding affinities towards 

the same odorant molecule. As a result, lower affinity receptors activate the glomeruli they are 

expressed in only when higher concentrations of odorants are present (Hildebrand and Shepherd 

1997). 

In order to understand the organization and functional significance of how discrete glomerular 

domains show enhanced activity to specific odor stimulation, we must delve into the mechanisms 

of signal enhancement wherein an initial signal can be pre-synaptically and/or post-synaptically 

enhanced to produce a larger response in the subset of the glomeruli that respond to this odor so 

that the organism can clearly distinguish (based on the enhanced activity of some glomeruli 

against diminished or non-existent activity of other glomeruli) one odorant (and its intensity) 

from another. One major mechanism of enhancement is neuromodulation by molecules like 

serotonin (5-Hydroxytryptamine or 5-HT).  

II. Neuromodulation by 5-HT 

Aside from its role as a primary neurotransmitter in the CNS of many organisms, 5-HT also 

plays an important role in neuromodulation. Neuromodulation is the effect caused when a 

neuromodulator (such as 5-HT) is used to regulate the properties of a set of neurons through 

extra-synaptic mechanisms. While neuromodulators themselves are not responsible for the 

transmission (or generation) of action potentials in an affected neuron, they impose functional 
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and regulatory plasticity on the affected neuron, thereby modifying its behavior in response to a 

stimulus.  

5-HT is a well known neuromodulator that enhances the effects of odor stimulation in the AL of 

M. sexta (Kloppenburg and Mercer 2008). 

It has been previously discussed how olfactory stimulation in the antennae of the moth is 

transferred into various odor specific glomeruli in the AL of the moth where most of the signal 

processing takes place. It is in this region that neuromodulation becomes significant on how 

signal processing takes place. By providing structural and functional plasticity to a diverse subset 

of LNs and PNs in the AL, 5-HT can cause these neurons to alter their response to continuous 

stimulation by the same (or different) odorant (Kloppenburg and Mercer 2008).  

Before we delve into the mechanisms of neuromodulation by 5-HT, it is important to understand 

the neuromodulation by itself is not the cause of neuronal stimulation in the AL, rather, 

neuromodulation is itself caused by odor stimulation and simply serves to enhance the effects of 

the stimulating odorant by temporarily altering the behavior of a subset of AL neurons to the 

odorant.  

Keeping this important concept in mind, we will now proceed further into the mechanistic details 

of neuromodulation by 5-HT in the AL of M. sexta. 

A. Properties of Neuromodulation by 5-HT  

A study performed by Kloppenburg et. al. in 1999 on monitoring the levels of 5-HT in various 

moths during different times of day noted that 5-HT levels were highest when the moths were the 

most active, at night, and lowest when the moths were the least active, during the day. Therefore, 

Kloppenburg hypothesized that 5-HT levels must be related to the activity of the moth, and 

furthermore, may have something to do with regulating the circadian rhythm in the moth 

(Kloppenburg et. al. 1999).  

Characterization studies by Hildebrand and Kloppenburg have determined that the degree of 

enhancement of the olfactory stimulus by 5-HT is dose dependent in vitro, that is, 5-HT was 

observed to have a more subtle effect with decreased dosage on the target neurons (Hildebrand 

and Kloppenburg 1995). Studies further indicate that there is a non-linear increase in cell 
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excitability with increased dosage of 5-HT (Hildebrand and Kloppenburg 1995). The reason for 

this dose dependence as attributed to the presence of various amine receptors on the target 

neuron (Hildebrand and Kloppenburg 1995). Hildebrand and Kloppenburg therefore deduced 

that different amine receptors expressed by the target neuron activate at different concentrations 

to 5-HT based on their binding affinities to the ligand and the presence of 5-HT agonists and 

antagonists (that have not been characterized in M. sexta) that affect these affinities (Hildebrand 

and Kloppenburg 1995). It should be noted that Hildebrand and Kloppenburg did not observe 

any effects of 5-HT on the resting potentials of neurons.  

Another effect observed by Kloppenburg and Hildebrand in 1999 was the effect that 5-HT had 

on the electrical properties of studied LN membranes. It was shown that 5-HT caused a sustained 

depolarization of the membrane which in turn increased the duration and frequency of the action 

potentials. The mechanism for this is discussed below.  

B. Mechanisms of Neuromodulation by 5-HT 

Studies have shown that a single, well characterized 5-HT immunoreactive neuron known as the 

Contralaterally Projecting Deutocerebral (CSD) neuron secrets 5-HT (Dacks et. al. 2006). This 

neuron has been shown (in M. sexta) to extend across both ALs. Studies have shown that this 

category of immunoreactive neurons is integrated into the ALs during early development thus 

indicating that 5-HT plays a vital role in the development of the olfactory systems in M. sexta.  

As discussed previously, the Macro Glomerular Complex (MGC) of the male sphinx moth 

consists of a group of olfactory glomeruli that serve to process odorant responses received by the 

moth’s antennae. Different cell cultures of AL neurons were recorded under control conditions 

and when bathed with 5-HT. In order to understand specifically which currents were affected by 

bath application of 5-HT, ion currents were selectively isolated by blocking all other possible 

currents and measuring their levels (Hildebrand and Kloppenburg, 1995). 
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Figure II - The CSD neuron as positioned in the Al of M. sexta (Dacks et. al., 2006) 

It was found that K+ currents were susceptible to application of 5-HT. Furthermore, by 

selectively isolating different types of K+ currents by application of Tetraethylammonium (TEA), 

researchers discovered that there were two currents, a fast acting current and a slower current, 

that were affected by 5-HT. Specifically, 5-HT was shown to reduce these transient currents in 

the cell as proved by whole cell patch clamp recordings (Kloppenburg and Mercer 2008).  

 

Figure III - 5-HT increases the excitability of both projection and local inhibitory LNs causing an increase in firing rate 
and in the duration of responses by reducing two K+ conductances 

Mechanistically, 5-HT has been shown to broaden the spike width of action potentials generated 

by target neurons. As studied by 5-HT leads to an amplitude reduction of two voltage gated K+ 
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currents (Mercer et. al.1995). One current is a fast activating A-type current, while the second is 

a slower activating current. Furthermore, the results obtained by Hildebrand and Kloppenburg 

indicating that the effects of 5-HT has variable time courses show that there is likely multiple 

different cellular mechanisms that are affected by 5-HT, possibly because of different receptors 

expressed by the neuron that bind differentially to 5-HT (Hildebrand and Kloppenburg 1995). 

Transient fast activating K+ currents are those currents that are activated soon after a 

depolarizing voltage step, and after a period of 10-100 milliseconds, become inactivated (Mercer 

et. al. 1995). These currents are present in insect neurons and have been implicated in the active 

repolarization of the cell membrane, as well as the initiation and duration of action potentials 

(Mercer et. al. 1995).  

The mechanism by which 5-HT alters K+ currents is by altering the conductance of K+ ions in the 

cell membrane. For example, 5-HT has been shown to alter the S-Channel, a voltage gated ion 

channel that contributes to maintaining the neuronal resting potential. By altering these ion 

channels, 5-HT can then in directly influence the resistance of the membrane to K+ ions and thus 

alter it’s current across the membrane (Mercer et. al. 1995).  

The moths used in this study were stage 5 pupae, specimens from a relatively early stage of 

development of the organism. Since the CSD neuron is closely integrated with the AL early in 

the moth’s life cycle, it can therefore be easily studied at this stage of simplicity in the brain 

(Mercer et. al. 1995).  

Ca2+ currents were also studied as a part of this experiment and it was found that 5-HT inhibits 

inward Ca2+ currents. Calcium plays a vital role in neurons and their development, from acting as 

an intracellular second messenger to contributing to the cellular membrane depolarization. 

Therefore, 5-HT modulated calcium currents are hypothesized to have an effect on the 

development (such as differentiation) and the functionality of the target neurons (Mercer et. al. 

1995).  

III. 5-HT Receptors 

There are currently four known 5-HT receptors subtypes that exist in the insect family. These 

receptors form a subset of the receptor subtypes that are found in invertebrates. While there are 
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5-HT receptor subtypes that are both metabotropic (such as G-Protein Coupled Receptors) and 

ionotropic (5-HT gated ion channels) that exist in mammals, as of now, only metabotropic 

receptors have been cloned and characterized in insects.  

The mechanism through which 5-HT enhances the structural and functional plasticity of AL 

neurons is by interacting with one of more of these receptors in different combinations. The 

second messenger cascade generated by each receptor upon 5-HT binding can then interact with 

various other intercellular signaling mechanisms to achieve a final result. In the AL of M. sexta, 

the final result of 5-HT binding to its receptors has been shown to be an activation or 

deactivation of K+ channels that are expressed by the neurons (Hildebrand and Kloppenburg 

1995).  

The following are the characterizations of the various invertebrate 5-HT receptors that have been 

hypothesized and/or have been cloned as reviewed by A.J Tierney in 2001. 

A. The 5-HT-7DRO Receptor 

The 5-HT-dro receptor was the first invertebrate receptor to be cloned. The receptor was 

characterized as an 8 transmembrane domain receptor consisting of 564 amino acids that was 

expressed in the head of the Drosophila (Tierney 2001). The finding of repeat sequences in this 

receptor gene that are homologous to two other genes that are partially responsible for the 

biological clock of the organism suggest that this gene may be modulated with the circadian 

rhythm of the organism, however, this has yet to be shown. Weak agonists of this receptor 

include 2-methyl-5-hydroxytryptamine, 5-methyoxytryptamine and LSD. Further studies 

performed by Saudou et. al in 1992 and reviewed by Tierney in 2001 resulted in the following 

gradient of agonist affinity to this receptor: dihydroergocryptine_d-butaclamol > 

methysergide_5-HT_prazosin_1-butacla_mol > y ohimbine>8-OH-DPAT (Tierney 2001).  

The drosophila 5-HT receptor has been shown to be homologous to the human 5-HT-1A 

receptor. However, when the vertebrate 5-HT7 receptor was cloned, it was shown that the 

drosophila receptor actually presented greater homology to this receptor. Moreover, it was shown 

that the drosophila 5-HT receptor had a similar second messenger system (via adenylyl cyclase) 

to the 5-HT7 family but was dissimilar to the second messenger system used by the 5-HT1 

receptor family. To reflect this sequence similarity, the receptor was renamed to 5-HT7dro 

(Tierney 2001).  
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B. The 5-HT-1Adro and 5-HT-1Bdro receptors 

These two transmembrane receptors showed sequence homology to the human 5-HT1A and 5-

HT1B receptors respectively and were therefore classified as part of the 5-HT1 receptor family. 

Both of these receptors block adenylate cyclase, which is the membrane protein that cyclizes 

adenosine monophosphate (AMP) to cyclic-AMP (cAMP) as part of the second messenger 

cascade system (Tierney 2001). These two receptors further activate the Phospholipase-C second 

messenger system (Tierney 2001). The following are the agonist profiles for 5-HT-1Adro and 5-

HT-1Bdro receptors respectively: dihydroergocryptine  > prazosin > d-butaclamol > methysergide 

> 1-butaclamol > 5-HT_yohimbine > 8-OH-DPAT  and dihydroergocryptine > d-butaclamol > 

methysergide > 5-HT_prazosir  > 1-butaclamol  > yohimbine > 8-OH-DPAT (Tierney 2001).  

The important characteristic of these two receptors is their relatively different affinities for 5-HT 

binding. 5-HT-1Bdro receptor has been shown to bind to an 8-fold higher concentration of 5-HT 

than the 5-HT-1Adro receptor (Tierney 2001). This difference in binding affinities implies that a 

higher concentration of 5-HT may have a different effect than a lower concentration owing to its 

differential binding affinity to the two 5-HT-1dro receptors (Tierney 2001).  

C. The 5-HT-2DRO receptor 

This receptor displayed sequence homology to the 5-HT2 receptor family and was thus named 

from that family. The binding affinity for this receptor is as follows: ritanserin >  ketanserin >  

pizotifen  >  5-HT  > setoperone > spiperone = TFMPP = cyproheptadine = mesulergine = N-

acetyl-5-HT  > methiothepine  > methysergide (Tierney 2001). This receptor has been expressed 

in the CNS of the organism and during embryogenesis and is suspected of being involved in 

pattern recognition (Tierney 2001). 

As the sequence similarity between the above drosophila receptors and vertebrate receptor 

families has been identified, one can hypothesize that 5-HT receptors are well conserved 

between invertebrates and vertebrates. 5-HT is an essential component of neurochemistry that 

plays an important role in nearly every part of neuronal processing and recognition. Since the 

effectiveness and functionality of 5-HT is dependent on the receptors that 5-HT binds to and 

their second messenger systems (or in the case of the vertebrate 5-HT3 receptor, its ionic current 

flow (Nichols and Nichols 2008)), conservation of these receptor genes may be essential to 

maintaining the basic functionality of the nervous system in all higher-order organisms. 
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Therefore, as we delve further into the descriptions of 5-HT receptors found in other organisms, 

we can begin to see a pattern of sequence identity of these receptors into the major receptor 

families that have already been described above.  

D. The 5-HT-1Lym and 5-HT-2Lym receptors 

The 5-HT-1Lym receptor, cloned from the organism Lymnaea stagnalis was also identified to be 

a transmembrane G-protein Coupled Receptor (GPCR) protein. Structural features in the protein 

led researchers to believe that this protein may inhibit adenylate cyclase (as characterized in at 

least one of the drosophila receptors described above) (Tierney 2001). The pharmacological 

profile for this receptor is as follows: methiothepin > lisuride > LSD > clozapine > ergotamine 

 > methysergide > metergoline > 5-CT > 8-OH-DPAT > 5-HT > ketanserin (Tierney 2001). As a 

result of this profile, the 5-HT-1Lym receptor, originally called the 5-HTLym was placed in the 5-

HT-1-like receptor family, where it took on its current name. However, there are some distinct 

differences with respect to pharmacological binding affinity between this receptor and those 

belonging to the true 5-HT-1 receptor family, thus making placing this receptor somewhat 

outside the true 5-HT-1 receptor family (Tierney 2001). This receptor has been localized in the 

CNS of the organism (Tierney 2001). 

IV. Cloning and characterizing the Ms5HT-2 receptor 
The aim of this project is to clone and possibly characterize a single putative 5-HT receptor 

labeled Ms5HT-2. Out of the many 5-HT receptor families that have been discussed above, this 

putative receptor is hypothesized to belong to the 5-HT2 receptor family.  

With that idea in mind, the initial step in this project was to attempt to extract whole-brain 

mRNA from M. sexta and obtain its corresponding cDNA using the enzyme Reverse 

Transcriptase (RT). The obtained DNA molecules (cDNA) from this mRNA will contain the 

DNA nucleotides complementary to the mRNA extracted. As a result, the only difference 

between the synthesized cDNA and the genomic DNA in the moth is the poly-A tail that is 

attached to the mRNA during in vivo transcription and is polymerized by the RT during cDNA 

synthesis. TRIzolTM was used in the extraction protocol to obtain the mRNA from multiple M. 

sexta organisms. The OmniscriptTM RT kit was used to polymerize cDNA from the extracted 

mRNA.  
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The next step in cloning the entire receptor is to clone and sequence a fragment of the putative 5-

HT2 receptor from the cDNA previously obtained. This was done using the Polymerase Chain 

Reaction (PCR) method of DNA amplification with degenerate primers synthesized from 5-HT2 

receptor sequences that have been published from other homologous species. The idea behind 

this method of PCR is the assumption that closely related species whose 5-HT2 receptor 

sequences have been cloned will possess some degree of sequence similarity with the putative 5-

HT2 receptor that we are attempting to clone. Furthermore, by limiting this initial cloning step to 

a fairly small fragment of the receptor sequence, the designed mixture of degenerate primers may 

be able to bind to a similar sequence on the M. sexta cDNA to amplify.  

Degenerate primer sequences were obtained by using published sequences (obtained from the 

National Center for Biotechnology Information (NCBI) database) from homolgous species such 

as Drosophila melanogaster and Bombyx mori. Furthermore, these sequences were run through a 

computer program labeled CODEHOP® that used these various sequences to design the most 

favorable degenerate primers for PCR.  

Once the fragment of the putative 5-HT2 receptor in M. sexta was cloned and identified as such 

(via sequence comparison using the BLASTx algorithm in the NCBI database), a different 

method of PCR could now be used to amplify and clone the 5’ and the 3’ end of the fragment 

from the synthesized cDNA. The protocol used to amplify both the 5’ and 3’ end of the fragment 

was the SMARTTM RACE protocol using the SMARTTM RACE cDNA amplification kit by 

Clontech Laboratories, Inc. The specifics of this protocol are explained in the methods and 

protocols section below.  

Using the amplified 5’ and 3’ strands of the receptor, it then becomes possible to design gene-

specific primers from each end to polymerize and amplify the entire receptor and clone it as a 

single gene for further characterization experiments such as localization (using in situ 

hybridization) and functionality (using RNAi knockdown).  
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Methods and Protocols 

I. TRIzol® mRNA extraction protocol 
This protocol was used in this project to extract mRNA from whole brain tissue dissected from 

thirteen M. sexta organisms. The mRNA extracted was then used for subsequent reverse 

transcription and PCR. The methods and protocols used were identical to the TRIzol® Plus RNA 

Purification System by Invitrogen Corp. 

II. Degenerate primer PCR 

A. Reverse Transcription 
The following protocol was used to synthesize cDNA from the extracted mRNA in the previous 

step. This cDNA was subsequently used as a template for PCR using degenerate primers in order 

to amplify a fragment of the putative Ms5-HT2 receptor. The protocols used were identical to the 

Omniscript® RT Kit by Qiagen Corp.  

B. Degenerate Primer Synthesis 

Degenerate primer synthesis was performed using CODEHOP®, an algorithm that uses genetic 

sequences from species to design a series of degenerate primers to subsequently use in PCR. 

Please refer to citation N for further reference.  

C. PCR 

PCR was performed using the degenerate primers synthesized above. Duplicate samples were 

run under a gradient of different annealing temperatures in order to identify the reaction 

conditions that optimized the amplification of the putative receptor fragment.  
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III. Rapid Amplification of cDNA Ends (RACE) 

 

Figure 4: A diagram that details and compares the SMARTTM RACE technology to other RACE technologies 
(Clontechniques 2007).  

RACE is the technique by which a given fragment of previously sequenced gene can be 

used to clone and sequence the entire gene. The first step in this process is to create RACE-ready 

cDNA from previously extracted mRNA using a special RT enzyme. This RT uses an extra 

template in the reaction consisting of multiple G sequences to append a poly-C end to the 5’ end 

of the newly polymerized cDNA molecule. The 3’ end of this molecule contains a poly-T tail 

that is polymerized from the poly-A tail of the mRNA template. Each cDNA molecule therefore 

has standardized, published, end sequences that can be used to anneal specific primers for PCR 

(SMARTTM RACE cDNA Amplification Kit User Manual).  

Amplifying the 5’ and 3’ ends of the cloned gene fragment requires two separate PCR 

reactions, one for each end. For each PCR reaction, two gene-specific primers (GSPs) are 

required. One GSP is a gene specific primer designed from the previously cloned gene fragment 

that can anneal to the fragment and amplify in the desired direction. Primers designed from these 
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fragments should possess sequences that minimize effects like hetero and homo dimerzation, 

high G-C content, false priming and any other effects that could potentially lower the efficiency 

of the PCR reaction (SMARTTM RACE cDNA Amplification Kit User Manual). The other GSP 

used in each of the PCR reactions is the Universal Primer Mix (UPM) whose sequence is 

provided by the SMARTTM RACE cDNA Amplification Kit used in this procedure. The mix 

consists of two sequences that can anneal to the standardized template on either the 5’ or 3’ end 

of the RACE ready cDNA synthesized previously. Once these GSPs are used to amplify the 

RACE ready cDNA, the fragment amplified should consist of either the entire 5’ or 3’ end of the 

desired gene up to the GSP sequence previously designed on the gene fragment cloned earlier 

(SMARTTM RACE cDNA Amplification Kit User Manual).  

As a result, the RACE PCR reactions can amplify both the 5’ and 3’ end of the gene fragment 

obtained through degenerate primer PCR. Subsequence cloning and sequencing can reveal the 

entire sequence of any desired gene.  

The following are the PCR Primers used to amplify the 3’ end of the 5HT2 receptor: 

• Universal Primer Mix sequence provided in the ClontechR SMARTTM RACE cDNA 

Amplification Kit Manual and prepared as indicated in the manual. 

• 3’GSP-A: 5’-CAT CCG CAA CCC TTT GAA GAG CCG-3’ 

The PCR reaction protocol given with the above manual was used with a gradient in the  

annealing temperature from 68ºC to 78ºC.  

Information about the mechanics of the SMARTTM RACE cDNA Amplification Kit described in 

this section and the protocols used in this project (excluding any exceptions described in this 

section) were obtained from the SMARTTM RACE cDNA Amplification Kit by Clontech 

Laboratories, Inc.  

 

 



 Cloning and Characterizing a 
Putative Serotonin Receptor Page 

20 

 

  

IV. Bacterial Cloning 

A. Cloning using the Novagen Perfectly Blunt® Cloning Kit 
The Novagen Blunt® Vector Cloning technique was used to insert PCR products in the PST-

Blue-1 Blunt Vector and clone this product-vector using NovaBlue SinglesTM competent cells 

with the end goal of obtaining gene fragments that were ready to be sequenced.  

The desired gene fragment to be cloned was first treated with an End Conversion Mix provided 

with the Perfectly Blunt® Cloning Kit. T4R DNA ligase was then used to ligate the desired insert 

into the above vector in between the EcoR1 restriction sites shown above such that an EcoR1 

restriction digest can be used to extract the insert from the vector. The ligation product vector 

was then transformed into NovaBlue SinglesTM Competent Cells for cloning. While either 

electroporation or heat-shock transformation methods are acceptable, the Ms5HT-2 receptor 

fragments were transformed using the heat-shock method.  

In order to increase the likelihood of picking the colonies that contain the correct insert for DNA 

extraction (Mini-prep), a blue-white screening method can be used based on whether or not an 

insert is present in the vector. For further information, please reference the Novagen Perfectly 

Blunt® Cloning Kit Manual.  

For further details on the transformation protocol, please refer to the provided manual with the 

Perfectly Blunt® Cloning Kit.  

B. Cloning using the Invitrogen TOPO® TA Cloning Kit 
This method of cloning is used to obtain high yield DNA product using the Invitrogen One Shot® 

TOP 10-F’ cells provided with the kit. The PCR product obtained previously is inserted into the 

pCR® 2.1-TOPO® cloning vector provided with the kit by using a special topoisomerase 

provided with the kit (instead of the T4R DNA ligase used above). The vector and insert can then 

be heat-shocked into the provided cells and plated according to the protocol provided with the 

kit. The resulting colonies can picked and the vectors extracted using a standard Mini-Prep 

procedure. EcoRI can be used to extract the cloned insert from this vector.  

For further details on the transformation protocol, please refer to the provided manual with the 

TOPO® TA Cloning Kit by Invitrogen Corp.  



 Cloning and Characterizing a 
Putative Serotonin Receptor Page 

21 

 

  

V. DNA Extraction and Sequencing 

A. DNA Extraction 

Extraction of the purified DNA product from the bacterial colonies grown using one of the two 

methods described above was done using the DNA Mini-Prep kit provided by Qiagen. For 

further details, please refer to the provided manual with the QIAprep® Spin Mini-Prep kit.  

B. DNA Sequencing 

DNA sequencing was performed by the Genomic Analysis and Technology Core (GATC) at the 

University of Arizona. 
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Results and Conclusions 
 

The following is a sequence analysis of the partial Ms5HT-2 receptor. While the entire receptor 

has not currently been sequenced, this analysis proves that the receptor is indeed part of the 5HT-

2 receptor family.  

Ms5HT-2          -----------------IRDWPFGXDWCNVYVTCDVLACSASIMHMCFISIGRYLGIRNP  
DM5ht2          LLVSLFVMPMGAIPAF-LGYWPLGFTWCNIYVTCDVLACSSSILHMCFIGLGRYMGIRNP 
Lym5ht2         LLVSLIVMPFS-IINVFTGRWLFGFVLCDFFVTSDVLMCTSSILHMCTISLERYIGIRYP  
 
Ms5HT-2          LKSRHHSTKRLVVIKIALVWLLSMVVSSSITVLGLINRTNIMPTEDLCVINNRLFWIFGS  
DM5ht2          LGSRHRSTKRLTGIKIAIVWVMAMMVSSSITVLGLVNEKSIMPEPNICVINNRAFFVFGS  
Lym5ht2         LWTKNKS-KRIVLLKIVLVWTIALAITSPITVLGIVKADNVLFQ-GACVLNNEHFIIYGS  
 
Ms5HT-2          LVAFYXPMFMMVFICLR-------------------------------------------  
DM5ht2          LVAFYIPMLMMVTTYALTIPLLRKKARFAAEHPESEPFRRLGGRFTLRPQHSQQQLQMFS  
Lym5ht2         ICAFFIPLAIMVLMYALTVKMLNTQARLCQSRGAEDGEGQPMIRRSTSRRNWQTRRQFYG  
  
Note: ClustalW analysis was used to generate the above multiple sequence alignment. Please 
refer to reference L. in the reference section.  

As can be observed from the above result, the partial Ms5HT-2 receptor sequence possesses 

similarities to other homologous 5HT-2 receptor sequences.  

The homologous receptors shown in this sequence identity analysis are: 

• Ms5HT-2: Partial 5HT2 receptor as a result of the experiments described in this thesis 

• DM5HT2: Partial 5HT2 receptor sequence from Drosophila melanogaster as obtained 

from the National Center for Biotechnology Information (NCBI) BLASTx algorithm.  

• Lym5HT2: Partial 5HT2 receptor sequence from Lymnaea stagnalis as obtained from 

the National Center for Biotechnology Information (NCBI) BLASTx algorithm. 

The following are the two nested GSP PCR primers that (along with the Universal Primer Mix 

described in the preceding section) are projected to produce the 5’ end of the Ms5HT-2 receptor:  

• 5’GSP-Y: 5’-GCTATCTTGATGACCACCAGCCTCTT-3’ 

• 5’GSP-X: 5’-CCAGCCTCTTGGTGGAGTGGTGCC-3’ 

These two sequences are to be used in the order displayed above in a nested RACE PCR reaction 

such that 10% of the PCR product from the first reaction (with primer 5’GSP-Y) will act as the 



 Cloning and Characterizing a 
Putative Serotonin Receptor Page 

23 

 

  

template for the second PCR reaction thereby ensuring a final PCR product that only both of the 

above primers can bind to, ensuring greater accuracy. As of now, this nested PCR reaction can 

consistently produces a DNA fragment 650 base pairs in length which is the expected size of the 

5’Ms5HT-2 fragment. However, this DNA fragment has yet to be sequenced to confirm its 

identity. 

The end result of this project is to produce the entire Ms5HT-2 receptor clone so that the 

sequence can be used to characterize this receptor in the AL of the Manduca sexta.  
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