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ABSTRACT 

Dopamine and serotonin are biogenic neurotransmitters that play major roles in the 

nervous system. In invertebrates, dopamine has been shown to be involved in aversive learning, 

and serotonin in the processes of olfaction, with the effects of these neurotransmitters being 

mediated by specific GPCRs. In order to characterize the effects of serotonin in olfaction, 

pharmacological drugs that regulate both serotonin and dopamine receptors are often used. To 

characterize the possibility of drug crosstalk between serotonin and dopamine receptors in 

Manduca sexta, the four suspected dopamine receptors will be characterized to help more 

accurately study the effects of serotonin on the olfactory system. PCR on whole brain cDNA 

with degenerate oligonucleotide primers produced an expected 255 bp DNA fragment that 

corresponds to the Manduca sexta homolog of an INDR-type dopamine receptor found in 

Bombyx mori and Papilio xuthus. Therefore, a portion of the first dopamine receptor has been 

successfully cloned. An amino acid change in the cloned sequence suggests that the Manduca 

sexta homolog may potentially be evolutionarily closer to Papilio xuthus than Bombyx mori, 

although the full-length clone must be analyzed to determine the phylogenetic significance of 

this sequence difference.  



2 

INTRODUCTION 

 Dopamine is a biogenic amine and a small molecule neurotransmitter that is involved in 

the function of both vertebrate and invertebrate nervous systems. In vertebrates, dopamine is 

highly involved in motor control, motivation, cognition, reward-seeking behaviors such as 

addition, and its depletion or dysfunction results in diseases such as Schizophrenia and 

Parkinson’s Disease (Arias-Carrion, 2007). In insects, dopamine pathways appear to be notably 

responsible for the modulation of motor behavior and memory recall with respect to aversive 

learning (Unoki, 2005; Schwaerzel et al, 2003).  

 The effects of dopamine on neurons are mediated by G-Protein Coupled Receptors 

(GPCRs), and all dopamine receptors belong to the rhodopsin-like GPCR family (Mustard et al., 

2005). They are characterized by an extracellular amino-terminus, an intracellular carboxyl-

terminus, and seven transmembrane-domains that contain the site for ligand binding (Mustard et 

al., 2005). In invertebrates, there are three distinct groups of dopamine receptors; the DOP1 

group, the INDR group, and the D2-like receptors (Mustard et al., 2005). The three groups are 

distinguished by differences in structure and pharmacological profiles (Mustard et al., 2005). In 

the presence of dopamine, the INDRs (Invertebrate Dopamine Receptors) lead to an upregulation 

of cAMP, which indicates that they are likely to activate the Gα-s class of G-proteins that 

activate adenylyl cyclase (Mustard et al., 2005).  

 The upregulation of cAMP caused by the activation of INDRs can cause both short and 

long term effects. Cell signaling mediated by cAMP can lead to short term changes in ion 

conductance. It has been shown that activated INDRs from Drosophila melanogaster (accession 

number: Q24563) expressed in Xenopus oocytes can activate an endogenous, inward calcium-

dependent chloride current (Feng et al., 1996). Activation of this current suggests that these 
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receptors may couple with Gα-q/o G-proteins and may therefore help regulate phospholipase C 

(Feng et al., 1996). The long term effects of cAMP mediated cell signaling can be caused by the 

regulation of transcription factors and subsequent protein synthesis. It has been shown that 

dopamine-dependent upregulation of cAMP can lead to the phosphorylation, and regulation, of 

the transcription factor CREB, or cAMP Response Element Binding Protein (Chartoff et al., 

2003; Andersson, 2001).  

 Conversely, serotonin is another small molecule neurotransmitter that has been shown to 

induce significant behavioral and physiological effects, particularly in the antennal lobes of 

lepidopterous insects (Dacks et al., 2006). In Bombyx mori, the exogenous application of 

serotonin causes an increase in sensitivity of males to female sex pheromone (Gatellier et al., 

2004) and also reduces two potassium currents in antennal lobe neurons in Manduca sexta, 

thereby reducing their excitability (Mercer et al., 1995). The effects of small molecule 

neurotransmitters, such as dopamine and serotonin, are often examined with the aid of 

pharmacological agonists and antagonists. However, pharmacological analyses have determined 

that drug crosstalk occurs between serotonin and dopamine receptors, and therefore these 

receptors must cloned and pharmacologically characterized in order to properly study the effects 

of either neurotransmitter in an organism (Kaufman, 2006).  

This study is the beginning of the characterization of dopamine receptors in Manduca 

sexta. It is suspected that there are four different dopamine receptors in Manduca, all of which 

must be cloned and localized to determine if they are potentially involved in olfaction. If a 

receptor is localized in the antennal lobes or antennae, it must be pharmacologically 

characterized. Therefore, in this study, a portion of the first dopamine receptor, an INDR, has 

been cloned from Manduca sexta that will be localized and subsequently pharmacologically 
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characterized if found in the antennal lobes or antennae, in order to help accurately study the 

effects of serotonin in the olfactory system.  

 

MATERIALS AND METHODS 

Animals: 

Manduca sexta were raised at the Arizona Research Laboratories Division of Neurobiology 

rearing facility at the University of Arizona (Sanes, 1976). Both male and female 1—7-day-

old adult moths were used for this study. 

Cloning: 

Total RNA extraction was performed on brain tissue with Trizol. Extracted RNA was 

reverse transcribed using the Qiagen Reverse Transcription Kit to generate cDNA that was 

used for PCR. Amino acid sequence alignment using CLUSTAL W was performed with 

INDR-type dopamine receptors from Papilio xuthus (accession number: BAD72870), 

Bombyx mori (accession number: NP_001108338), Apis mellifera (accession number: 

AAM19330), and Drosophila melanogaster (accession number: Q24563), and the conserved 

amino acid sequences were used to design degenerate oligonucleotide primers via 

CODEHOP (Rose, 2003). Sense primer MsDA1F4 (amino acids: VISLDRYWAI, and 

nucleic acids: 5’-CGTGATCTCCCTGGACMGNTAYTGGGC-3’) and antisense primer 

MsDA1RI (amino acids: FYLPLFVMVF, and nucleic acids: 5’-GAACACCATCACGAAC 

AGAGGNARRTARAA-3’) produced a band of 255 base pairs visualized via 1.2% agarose 

gel electrophoresis under the following PCR conditions: 94 °C for 5 minutes, followed by six 

cycles of 94 °C for 30 s, x °C for 30 s, 72 °C for 60 s, where x begins at 30 °C and increases 
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by 3 °C each cycle, followed by 25 cycles of 94 °C for 30 s, 50 °C + 5 °C gradient for 30 s, 

72 °C for 60 s, and 72 °C for 120 s.  

The cloned 255 bp DNA fragment was isolated using the Qiagen Gel Extraction Kit and 

cloned into the pSTBlue-1 vector which was used to transform NovaBlue Singles
TM

 

Competent Cells using the Novagen Blunt End Cloning Kit. The transformation reaction was 

plated onto LB medium and ampicilin, and was incubated at 37 °C for approximately 16 

hours. Eight colonies displaying the white or white/blue center phenotypes were randomly 

selected for inoculation. All eight colonies were inoculated in LB medium and carbenicilin 

and placed in a 250 rpm shaker at 37 °C for approximately 16 hours. The vector DNA in the 

inoculated colonies was purified using the Qiagen Mini-Prep Kit.  

Restriction Digestion: 

The inoculated colonies were restriction digested with EcorI at 37 °C for 60 minutes.  

Sequence Analysis: 

All DNA sequencing was performed by the University of Arizona sequencing facility. A 

consensus DNA sequence was generated from the alignment of all the sequenced samples. A 

BLASTx search was performed in the National Center for Biotechnology Information 

(NCBI) using the consensus sequence and the matches were analyzed for percent identity. 

Sequence Alignment: 

The amino acid sequence derived from the consensus sequence was aligned with amino acid 

sequences from BLASTx matches for Papilio xuthus and Bombyx mori, and a consensus 

amino acid sequence was generated.  
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RESULTS AND DISCUSSION 

Figure 1: Agarose Gel Electrophoresis visualization of 255 

bp dopamine receptor DNA fragment from PCR on whole 

brain cDNA. 

 
Lanes 1 & 11: 100bp DNA Ladder. Lanes 3-6: Positive Control, Tubulin 

(primers 1200s and 1455As). Lanes 7-10: Dopamine receptor fragment 

(primers MsDA1F4 and MsDA1RI). Primer combinations were subjected 

to PCR under an annealing temperature gradient of 45 °C to 55 °C as 

visualized from left to right in lanes 3-6 and 7-10. The positive control 

produced a 260 bp DNA fragment for all melting temperatures indicating 

that the PCR reactions were successful. The degenerate oligonucleotide 

primers for the dopamine receptor produced dim, expected 255 bp DNA 

fragments for all melting temperatures as well. The arrow indicates the 

excised DNA fragment that was purified and cloned into vector  

pSTBlue-1.  

 

Figure 2: Agarose Gel Electrophoresis visualization of EcorI 

restriction digestion of inoculated colonies. 

 
Lanes 1 & 10: 100bp DNA Ladder. Lanes 2-9: EcorI digestion of eight 

inoculated colonies. DNA fragments of 3851 bp correspond to plasmid 

pSTBlue-1. Dim fragments of 2800 bp in lanes 5-7 correspond to 

supercoiled, undigested plasmid. Fragments of ~290 bp correspond to the 

255 bp insert, including DNA flanking either side of the insert to the EcorI 

restriction sites. Arrows indicate the colonies containing the desired insert 

that were submitted for DNA sequencing, which were chosen based on 

potential fragment size variability and DNA concentration after 

purification.  

A portion of an INDR-

type dopamine receptor was 

cloned from Manduca sexta 

using degenerate 

oligonucleotide primers with 

whole brain cDNA. The 

expected 255 bp fragment 

was produced and visualized 

by agarose gel electrophoresis 

(Figure 1). The fragment was 

purified and cloned into 

vector pSTBlue-1, which was 

then transformed into 

NovaBlue Singles
TM

 

Competent Cells. The purified 

DNA from the selected 

inoculated colonies were 

restriction digested with EcorI 

and three samples displaying 

insert fragments of 

approximately 300 bp were 

selected for sequencing due to 

slight size variability (Figure 

2). The purified DNA from 

the three colonies was 

sequenced and a consensus 

sequence of the coding strand 

was constructed (Figure 3).  

The consensus DNA 

sequence was submitted   
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Figure 3: Consensus DNA sequence of the coding strand. 

 

5’-CGTGATCTCCCTGGACAGGTACTGGGCCATCACG 

GACCCAATAACGTATCCCATGCGGATGAGTGGACGA

AAAGCCGCGTTCCTTATAGCGGCGGTGTGGGTGTGT

TCTGGAGCGATATCGTTCCCTGCGATCGCGTGGTGG

CGCGCCGTGCGAGTCGAAGAAGTGCCCGATTACAAA

TGTCCGTTTACGGAAAACTTAGAGTATATAATATTCT

CGTCGACAATATCGTTCTACCTCCCTCTGTTCGTGAT

GGTGTTC-3’ 
 

The consensus DNA sequence of the coding strand derived from the three 

sequenced samples. The open reading frame begins at the second 

nucleotide; the codon depicted in bold is the first full codon.  
 

through a BLASTx search in 

NCBI to search the protein 

database with the translated 

sequence. The first matches 

from BLASTx revealed a 

98% identity of the translated 

consensus sequence with 

amino acid sequences for 

dopamine receptors in both 

Papilio xuthus and Bombyx

mori, and an 81% identity with that of Apis mellifera. The dopamine receptor sequence match 

with Papilio xuthus had an e-value of 3e-44 (accession number: BAD72870), the sequence 

match with Bombyx mori had an e-value of 4e-44 (accession number: NP_001108338), and 

finally the e-value for the receptor in Apis mellifera was 2e-35 (accession number: 

NP_001011567 XP_392074).  

 The high percent identities and extremely low e-values clearly indicate that a portion of a 

dopamine receptor has indeed been cloned from Manduca. Furthermore, the accession numbers 

of the matches in Papilio and Bombyx are identical to those of the INDRs used in the designing 

of degenerate oligonucleotide primers for PCR, as described in the materials and methods 

section. Additionally, amino acid alignment of the translated sequence from Manduca and the 

peptide sequences of both Papilio and Bombyx reveals a consensus peptide sequence with only 

one amino acid change, out of the total 86 amino acids, that occurs at exactly the same position 

in all three species (Figure 4). Ergo, the newly cloned DNA sequence is indeed the Manduca 

sexta homolog of the specific INDR-type dopamine receptors found in both Papilio and Bombyx. 

The greater degree of sequence conservation in Manduca with both Papilio and  
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Figure 4: Multiple sequence alignment of homologous amino acid sequences from different 

species. 

 
M. sexta       VISLDRYWAITDPITYPMRMSGRKAAFLIAAVWVCSGAISFPAIAWWRA 

P. xuthus 161  VISLDRYWAITDPITYPMRMSGRKAAFLIAAVWVCSGAISFPAIAWWRA 

B. mori   163  VISLDRYWAITDPITYPMRMSGRKAAFLIAAVWVCSGAISFPAIAWWRA  

Consensus      VISLDRYWAITDPITYPMRMSGRKAAFLIAAVWVCSGAISFPAIAWWRA 

 

M. sexta       VRVEEVPDYKCPFTENLEYIIFSSTISFYLPLFVMVF   

P. xuthus 221  VRLEEVPDYKCPFTENLEYIIFSSTISFYLPLFVMVF  246 

B. mori   223  VRTEEVPDYKCPFTENLEYIIFSSTISFYLPLFVMVF  248 

Consensus      VR+EEVPDYKCPFTENLEYIIFSSTISFYLPLFVMVF 

 
The amino acids from the translated Manduca sexta INDR consensus sequence aligned with the corresponding 

amino acid fragments in Papilio xuthus and Bombyx mori, and the subsequent consensus sequence. Numbers 

indicate amino acid position in the full-length clone of the corresponding species. Alignment of the amino acid 

sequences revealed identities for 85 out of 86 amino acids in all organisms (98% identity). The e-value for Manduca 

and Papilio sequences was 3e-44 and that of Manduca and Bombyx was 4e-44. The single amino acid change, in 

bold and underlined, occurred at the same position for all species with valine (V) in Manduca, leucine (L) in 

Papilio, and threonine (T) in Bombyx. This indicates that the amino acid in that position is less conserved than at 

other sequence positions and therefore probably less functionally important.  

 

Bombyx than with Apis was expected since the Lepidoptera are both evolutionarily much closer 

to Manduca. 

 Interestingly, however, the one amino acid change suggests that the Manduca homolog 

may potentially be slightly evolutionarily closer to Papilio than to Bombyx, although Manduca 

and Bombyx are evolutionarily closer in general. The Manduca sequence codes for valine, the 

sequence of Papilio codes for leucine, and that of Bombyx encodes threonine (Figure 4). Valine 

and leucine are both hydrophobic and non-polar, and the difference between them is simply an 

additional CH2 in the side chain of leucine. Threonine, on the other hand, is a polar amino acid, 

which is a significant change in amino acid functionality and is more likely to change 

characteristics in protein folding and function. Additionally, the codons representing valine and 

leucine are more similar than codons for threonine. It is possible to interchange valine for 

leucine, and vice versa, by one mutation in the genetic code, whereas a change from either valine 

or leucine to threonine, and vice versa, would require a minimum of two mutations. Since 
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Manduca and Papilio are evolutionarily more distant than Manduca and Bombyx, yet the codon 

sequences are more conserved and the peptide sequences are more similar, it appears that the 

mutation into threonine probably occurred closer to Bombyx. There is the possibility of back 

mutation, in which a threonine would revert to a valine or leucine, but this is highly unlikely. The 

amino acid change at this position has apparently not affected the overall function of the protein 

since they have been successfully characterized as functional receptors. Importantly, however, to 

determine the correct phylogeny, the full-length clone in Manduca sexta is needed for proper 

analysis.   

 Therefore, the successful cloning of this portion of the INDR-type dopamine receptor in 

Manduca will be followed by the application of 5’ and 3’ RACE-PCR on the consensus 

sequence to obtain the full-length clone. Additionally, the sequence will be used for RT-PCR on 

different brain tissues to determine general areas of expression. Because the primary objective of 

the project is with respect to olfaction, RT-PCR will be performed on the antennal lobes of the 

brain to determine if the receptor is expressed and therefore a potential target for 

pharmacological crosstalk. It is also possible that olfactory receptor neurons in the antennae may 

express this receptor since it may bind to dopamine released as a hormone, and therefore RT-

PCR will be performed on the antennae themselves as well. Since it is now known that the 

receptor is indeed expressed, the rest of the brain tissues will also be analyzed for expression by 

RT-PCR. It is expected that the receptor will be found in either the antennal lobe or the antennae 

because the same homolog in Papilio has been found to play a functional role in chemoreception, 

and although the receptors were expressed in the taste organs, there remains a possibility that the 

Manduca homolog may be involved in olfactory chemoreception (Ono, 2004).  
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 If RT-PCR reveals expression of the dopamine receptor in the antennal lobes or the 

antennae, then more precise tissue localization will be determined by performing in situ 

hybridization. Once localized, the receptor will be characterized pharmacologically to determine 

whether or not the possibility of drug crosstalk exists. If the INDR is localized to different 

regions than the serotonin receptors, or if there is little or no drug crosstalk, then the effects of 

serotonin in olfaction can be studied using pharmacology without affecting this particular 

dopamine receptor. However, if the INDR is localized to the same tissues as the serotonin 

receptors, and there is a significant potential for drug crosstalk, then RNA interference (RNAi) 

will be applied to each of the different subsets of serotonin receptors. In this way, we can 

characterize the effects of downregulation on each different serotonin receptor subset. These 

loss-of-function characterizations will ultimately enable us to determine the overall effects of 

serotonin in the olfactory system of Manduca sexta. 
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