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Octopamine and tyramine, both biogenic amines, are bioactive chemicals important in

diverse physiological processes in invertebrates. In insects, octopamine and tyramine

operate analogously to epinephrine and norepinephrine in the vertebrates. Octopamine

and tyramine bind to G-protein coupled receptors (GPCRs) leading to changes in

second messenger levels and thereby modifying the function in target tissues and insect

behavior. In this paper, we report the cDNA sequences of two GPCRs, RhoprOctβ2-R,

and RhoprTyr1-R, have been cloned and functionally characterized from Rhodnius

prolixus. Octopamine and tyramine each activate RhoprOctβ2-R and RhoprTyr1-R in

a dose-dependent manner. Octopamine is one order of magnitude more potent than

tyramine in activating RhoprOctβ2-R. Tyramine is two orders of magnitude more potent

than octopamine in activating RhoprTyr1-R. Phentolamine and gramine significantly

antagonize RhoprOctβ2-R, whereas yohimbine and phenoxybenzamine are effective

blockers of RhoprTyr1-R. The transcripts of both receptors are enriched in the central

nervous system (CNS) and are expressed throughout the adult female reproductive

system. It has been shown in other insects that Octβ2-R is essential for processes

such as ovulation and fertilization. We previously reported that octopamine and tyramine

modulate oviducts and bursa contractions inR. prolixus. Our data confirm the importance

of octopamine and tyramine signaling in the reproductive system of R. prolixus.

Keywords: octopamine, tyramine, G-protein-coupled receptor, antagonists, insect

INTRODUCTION

Biogenic amines are a class of organic neuroactive chemicals, derived from amino acids,
characterized by having lowmolecular weights and an aminemoiety and are an integral component
of neuronal communication and signaling in animals. Biogenic amines are utilized by neurons
to send quick, private and short-term signals to specific targets leading to transient physiological
changes. Octopamine, a biogenic amine, is not only known to be a neurotransmitter, but also to
act as a neuromodulator and a neurohormone in insects (Orchard, 1982; Roeder, 1999; Farooqui,
2012). Octopamine’s precursor, tyramine, is also known to be an independent neuroactive chemical
signaling through tyramine specific receptors (Kononenko et al., 2009; Lange, 2009). In insects,
the octopaminergic system functions in a similar manner to the adrenergic system in vertebrates
(Roeder, 1999, 2005). Octopamine and tyramine play a variety of physiological roles in insects,
thereby modulating feeding (Cohen et al., 2002; Ishida and Ozaki, 2011), learning and memory
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FIGURE 2 | RhoprOctβ2-R cDNA sequence and the corresponding predicted amino acid sequence. (A) Amino acid numbers are bolded and indicated on the right of

the sequences below the nucleotide numbers. The predicted transmembrane domains are highlighted in gray. The predicted N-glycosylation sites are underlined and

bolded, while the potential phosphorylation sites are highlighted in yellow. The boxed cysteine residue is a site of potential palmitoylation. The region within the arrows

indicate the predicted cDNA sequences from VectorBase. (B) RhoprOctβ2-R’s open reading frame is indicated in solid black formed by four exons. The numbers

above the exon map indicate exon length while the numbers below the exon map indicate intron lengths. The red bar below the exon map indicates the predicted

regions obtained from VectorBase.
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FIGURE 3 | RhoprTyr1-R cDNA sequence and the corresponding predicted amino acid sequence. (A) The nucleotide numbers are indicated on the right above the

bolded amino acid numbers. The predicted hydrophobic transmembrane domains are highlighted in gray. The predicted N-glycosylation residues are bolded and

underlined. Residues highlighted in yellow indicate potential phosphorylation sites. The region within the first and second arrow + third and fourth arrow indicate

predicted cDNA sequences from VectorBase. (B) The open reading frame of RhoprTyr1-R gene spans a single exon as indicated in black. The red bar below the exon

map indicates the predicted regions obtained from VectorBase.

Frontiers in Physiology | www.frontiersin.org 6 September 2017 | Volume 8 | Article 744

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Hana and Lange Octopamine and Tyramine GPCRs in Rhodnius prolixus

FIGURE 4 | Phylogenetic tree of insect octopamine and tyramine receptors analyzed by Maximum Likelihood method using the JTT matrix-based model. Short form

and GenBank accession numbers are indicated for each species. The percent bootstrap (1,000 replicates) support for the associated taxa that clustered together is

shown next to the branches. Note that the cloned R. prolixus (Rpro) Octβ2-R and Tyr1-R are boxed. Taxonomic units (Dmel OctA2S-R and Dmel OctA2L-R) marked

with asterisks indicate predicted sequences. The outgroup is D. melanogaster metabotropic glutamate receptor (Dmel mGlutR). Dmel, Drosophila melanogaster;

Bmor, Bombyx mori; Pame, Periplaneta americana; Sgre, Schistocerca gregaria; Amel, Apis mellifera; Csup, Chilo suppressalis; Lmag, Locusta migratoria; Lcup,

Lucilia cuprina; Tcas, Tribolium castaneum; Nves, Nicrophorus vespilloides; Nlug, Nilaparvata lugens.
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(Figure 3A). Multiple phosphorylation sites are highlighted
in the long third intracellular loop between TM5 and TM6
(Figure 3A). Multiple sequence alignment of octopamine and
tyramine receptors yielded key amino acids common in all
insect octopamine and tyramine receptors (Figures 5, 6). In
short, RhoprOctβ2-R and RhoprTyr1-R contain the predicted
biochemical sites suggesting that these receptors are functionally
viable and are closely related to other insect Octβ2 and Tyr1
receptors.

Functional Characterization of the
Receptors
It was important to confirm the identity of RhoprOctβ2-R
and RhoprTyr1-R by testing the activation of the receptors to
their corresponding ligands. This was done by transfecting and
transiently expressing both receptors in HEK293/CNG cells.
The interaction of the ligand with the receptor was monitored
by measuring the bioluminescence released due to calcium
mobilization in the cytosol. Maximum activation of the receptors,
peak luminescence, was detected within 5–10 s. RhoprOctβ2-R
was activated in a dose-dependent manner by both octopamine
and tyramine (Figure 7A). Tyramine (EC50 = 3.85 × 10−6 M)
was ten times less potent than octopamine (EC50 = 3.67 ×

10−7 M) in activating RhoprOctβ2-R. Tyramine was a partial
ligand of RhoprOctβ2-R with a 69.00 ± 7.94% luminescence
response relative to 10−5 M octopamine (One-Way ANOVA
followed by Dunnett’s Multiple Comparison Test compared
to the octopamine group at 100%, ∗∗P < 0.01) (Figure 7B).
Other biogenic amines (serotonin and dopamine) were inactive
against RhoprOctβ2-R, confirming its selectivity for octopamine
and tyramine (Figure 7B). For the antagonists, phentolamine
and gramine significantly reduced the 10−5 M octopamine-
induced luminescence response, whereas partial inhibition was
noted with chlorpromazine, mianserin and metoclopramide
(One-Way ANOVA followed by Dunnett’s Multiple Comparison
Test compared to the octopamine group at 100%, ∗P <

0.05, ∗∗∗P < 0.001) (Figure 7C). Furthermore, tyramine and
octopamine each activated RhoprTyr1-R in a dose-dependent
manner with a threshold in the nanomolar range for tyramine
(Figure 8A). Tyramine (EC50 = 5.17 × 10−8 M) was ∼100
times more potent that octopamine (EC50 = 6.88 × 10−6 M).
Analysis of various biogenic amine agonists (serotonin and
dopamine) against RhoprTyr1-R revealed that RhoprTyr1-R is
selective for tyramine and octopamine (yields ∼50% of 10−5 M
tyramine luminescence response) (Figure 8B). Various biogenic
amine antagonists were effective in significantly reducing
tyramine’s luminescence response, most notably, yohimbine
(>50% reduction in luminescence) and phenoxybenzamine
(One-Way ANOVA followed by Dunnett’s Multiple Comparison
Test compared to the tyramine group at 100%, ∗P < 0.05, ∗∗P <

0.01, ∗∗∗P < 0.001) (Figure 8C). HEK293/CNG cells transfected
with empty vectors resulted in a luminescence response that
was identical to control wells. As predicted, RhoprOctβ2-R and
RhoprTyr1-R are functional GPCRs. Octopamine and tyramine
bind to RhoprOctβ2-R and RhoprTyr1-R causing modification
in second messengers.

RhoprOctβ2-R and RhoprTyr1-R Transcript
Expression
The expression of both receptors was analyzed in the CNS and
in the reproductive system of adult female R. prolixus using Real
Time Quantitative PCR. RhoprOctβ2-R transcript expression
was highly expressed in the CNS relative to the female adult
reproductive tissues (Figure 9A). RhoprOctβ2-R expression was
roughly similar in all reproductive tissues (Figure 9A). Slightly
low expression of RhoprOctβ2-R transcript was found in the
bursa compared to other reproductive tissues (Figure 9A).
Transcript distribution of RhoprTyr1-R was enriched in the CNS
relative to adult female reproductive tissues (Figure 8B). The
expression of RhoprTyr1-R in the ovary and common oviduct
+ spermetheca was similar (Figure 9B). Low RhoprTyr1-R
expression was noted in the lateral oviducts and the cement
gland (Figure 9B). Overall, the expression of RhoprOctβ2-R
and RhoprTyr1-R in the reproductive system suggests that
octopamine and tyramine could utilizing these receptors to cause
a modification in the rhythmic contractions of the reproductive
visceral muscle (Hana and Lange, 2017). In fact, tyramine’s lack of
direct action at the oviducts could be substantiated by the lower
expression of RhoprTyr1-R transcript relative to other tissues
(Hana and Lange, 2017).

DISCUSSION

Two receptors, Octβ2-R and Tyr1-R, have been cloned and
characterized in R. prolixus. These receptors were deorphaned
and their pharmacological profiles were analyzed. Previously,
we have shown that octopamine, acting via cAMP, decreases
the amplitude of spontaneous oviduct contractions, whereas
tyramine was ineffective (Hana and Lange, 2017). This previous
data complements the present data that reveals RhoprOctβ2-R
couples to a Gs protein leading to the activation of adenylate
cyclase and elevation of intracellular cAMP in HEK293/CNG
cells in the functional receptor assay. The increase in cAMP in
HEK293/CNG cells would have in-turn opened the CNG channel
resulting in an influx of Ca2+ from the extracellular medium.
Intracellular Ca2+ levels were detected by the reporter molecule
aequorin from the hydrozoan Aequorea victoria. RhoprTyr1-R
likely couples to a Gq protein leading to the release of Ca2+ from
intracellular stores through the IP3 pathway which would then
also have been detected with the reporter aequorin.

RhoprOctβ2-R and RhoprTyr1-R share key structural features
similar to other insect Octβ2-Rs and Tyr1-Rs. The third
intracellular loop of both receptors were elongated relative to
other loops, in terms of comparison, Tyr1-Rs are known to
have a lengthy third intracellular loop as seen with RhoprTyr1-
R. Interestingly, multiple phosphorylation sites (S and T) are
found in the third intracellular loops for all octopamine and
especially tyramine receptors. Phosphorylation of these residues
likely leads to receptor signaling and desensitization (Kristiansen,
2004). As shown from the sequence alignment, there are key
amino acids in all receptors that are important for ligand
binding and are widely conserved in vertebrate and invertebrate
receptors. For example, for RhoprOctβ2-R, the Asp142 residue
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FIGURE 5 | Multiple sequence alignment of insect Octβ2-Rs generated by MUSCLE alignment tool. Identical and similar amino acids across 60% of the sequences are

shaded in black and gray, respectively. RhoprOctβ2-R transmembrane domains are highlighted with blue bars. Amino acids noted with asterisks below the alignment

are signature residues conserved in adrenergic and adrenergic-like receptors. Dmel, Drosophila melanogaster (Q4LBB9); Bmor, Bombyx mori (NP_001280501.1);

Csup, Chilo suppressalis (AEO89318.1); Nlug, Nilaparvata lugens (ASA47149.1); Hsap, Homo sapiens, ADRβ2, adrenergic receptor beta-2 (P07550.3).
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FIGURE 6 | Multiple sequence alignment of insect Tyr1-Rs generated by MUSCLE alignment tool. Identical and similar amino acids across 60% of the sequences are

shaded in black and gray, respectively. The RhoprTyr1-R transmembrane domains are highlighted with blue bars. Amino acids noted with asterisks below the

alignment are signature residues conserved in adrenergic and adrenergic-like receptors. Bmor, Bombyx mori (BAD11157.1); Amel, Apis mellifera (NP_001011594.1);

Lmag, Locusta migratoria (Q25321.1); Clec, Cimex lectularius (XP_014240675.1); Hsap, Homo sapiens, ADRα2, adrenergic receptor alpha-2 (AAA51666.1).
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FIGURE 7 | Functional characterization of R. prolixus Octβ2 receptor in HEK293 cells. (A) Dose-response curve showing the effects of octopamine (OA) and tyramine

(TA) on RhoprOctβ2-R. (B) RhoprOctβ2-R is selective for octopamine and tyramine, while serotonin and dopamine are inactive against the receptor. (C) The effects of

various biogenic amine antagonists on RhoprOctβ2-R. Phentolamine and gramine significantly reduced octopamine-induced receptor activation (One-Way ANOVA

followed by Dunnett’s Multiple Comparison Test compared to octopamine groups at 100%, *P < 0.05, **P < 0.01, ***P < 0.001). All receptor agonists and

antagonists were tested at 10−5 M. Data represent the mean ± SEM of n = 5–6 per treatment.

FIGURE 8 | Functional characterization of R. prolixus Tyr1 receptor in HEK293 cells. (A) Dose-response curve showing the effects of tyramine (TA) and octopamine

(OA) on the RhoprTyr1-R. (B) RhoprTyr1-R is more selective for tyramine. (C) Various biogenic amine antagonists, notably yohimbine and phenoxybenzamine, reduced

the tyramine-induced activation of the RhoprTyr1-R (One-Way ANOVA followed by Dunnett’s Multiple Comparison Test compared to tyramine groups at 100%,

*P < 0.05, **P < 0.01, ***P < 0.001). All receptor agonists and antagonists were tested at 10−5 M. Data represents the mean ± SEM of n = 3–6 per treatment.

in TM3, Ser231 and Ser235 in TM5 and Phe338 in TM6 are all
believed to participate in ligand binding (Strader et al., 1995;
Sato et al., 1999; Blenau and Baumann, 2001; Huang et al.,
2007; Chen et al., 2011). In 2011, Chen and colleagues reported
that an Asp115, Ser202, and Tyr300 were required for Bombyx
mori Octβ2-R activation and cAMP elevation in HEK293 cells
(Chen et al., 2011). Similarly, a report by Ohta et al. (2004)
showed that the Asp134 residue in TM3 and Ser218 and Ser222

in TM5 were essential for activation of the B. mori Tyr1-
R suppression of cAMP levels in HEK293 cells (Ohta et al.,

2004). Essentially, these ligand interacting residues found in
RhoprOctβ2-R and RhoprTyr1-R are homologous to the residues
found in other octopamine and tyramine receptors from other
insects. Therefore, it is established that the cloned receptors
contain the predicted structural and biochemical features needed
for biological activity.

Predictions are hypothetical and do not grant function,
therefore, biological activity of Octβ2-R and RhoprTyr1-R
was investigated in HEK293/CNG cells. Octopamine is one
order of magnitude more potent than tyramine in activating
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FIGURE 9 | Spatial analysis of transcript expression of biogenic amine receptors in the adult female reproductive system. (A) RhoprOctβ2-R transcript is widely

distributed in the reproductive tissues. The expression of RhoprOctβ2-R is significantly higher than the reproductive tissues (one-way ANOVA followed by Tukey

multiple comparisons test; *P < 0.05). (B) RhoprTyr1-R transcript is expressed in all reproductive tissues. RhoprTyr1-R transcript expression in the ovary is

significantly higher than the lateral oviducts and the cement gland (one-way ANOVA followed by Tukey multiple comparisons test; *P < 0.05, ***P <0.001). CNS,

central nervous system; OVA, ovary; LOV, lateral oviduct; COS, common oviduct and spermatheca; BUR, bursa; CEM, cement gland. Data represents the mean ±

SEM of three biological replicates for RhoprOctβ2-R and four biological replicates for RhoprTyr1-R, each biological replicate included two technical replicates.

RhoprOctβ2-R. The half-maximal activation was 3.67 × 10−7

M for octopamine compared to 3.85 × 10−6 M for tyramine.
Octopamine fully activated the receptor, unlike tyramine which
is a partial agonist. Half-maximal activation values (EC50) of
other cloned Octβ2-Rs vary with a range of 10−9 to 10−7 M.
Octopamine has been shown to be one order of magnitude
more potent than tyramine in N. lugens (Wu et al., 2017), Apis
mellifera (Balfanz et al., 2014) and D. melanogaster (Maqueira
et al., 2005). In Chilo suppressalis, octopamine was found to be
two to three orders of magnitudemore potent than tyramine (Wu
et al., 2012). RhoprOctβ2-R was antagonized by phentolamine
> gramine > metoclopramide. In general mianserin and
phentolamine have been shown to be effective antagonists of
Octβ2-Rs in other insects (Maqueira et al., 2005; Wu et al.,
2012, 2017; Balfanz et al., 2014); however, this is not always
the case, and chlorpromazine and metoclopramide antagonized
the B. mori Octβ2-R (Chen et al., 2010). Octopamine’s potency
in activating Octβ2-R varies with different insects. Similarly,
functional analysis of RhoprTyr1-R showed that tyramine was
significantly more potent than octopamine in activating the
receptor. Tyramine (EC50 = 5.17 × 10−8 M) was found to be
two orders of magnitude more potent than octopamine (EC50

= 6.88 × 10−6 M). Nonetheless, octopamine fully activated
Tyr1-R at ≥10−4 M concentrations. Tyr1-Rs from B. mori
(Ohta et al., 2003) and L. migratoria (Vanden Broeck et al.,
1995; Poels et al., 2001) have been shown to be activated by
tyramine at similar concentrations reported here for RhoprTyr1-
R. Tyramine was two orders of magnitude more potent than
octopamine in these organisms (Vanden Broeck et al., 1995;
Poels et al., 2001; Ohta et al., 2003). In A. mellifera (Blenau and
Baumann, 2001) and D. melanogaster (Saudou et al., 1990; Enan,
2005), tyramine was only one order of magnitude more potent
than octopamine. Interestingly, tyramine is three times more
potent than octopamine in activating a Tyr1-R in C. suppressalis

(Wu et al., 2013). Yohimbine was the most effective antagonist
in inhibiting tyramine’s activation of RhoprTyr1-R. Overall,
yohimbine has been established as the most potent antagonist
of insect Tyr1-Rs (Arakawa et al., 1990; Saudou et al., 1990;
Robb et al., 1994; Vanden Broeck et al., 1995; Poels et al., 2001;
Enan, 2005; Rotte et al., 2009). The contribution of different cell
lines and the type of expression (stable and transient) can of
course alter the pharmacological data obtained in these assays.
Altogether, RhoprOctβ2-R and RhoprTyr1-R are bioactive and
exhibit a distinct yet similar pharmacological profile compared
to other octopamine and tyramine receptors.

RhoprOctβ2-R and RhoprTyr1-R are confirmed to be active
receptors, but where and what physiological processes could
these receptors mediate? Analysis of Octβ2-R and Tyr1-R
transcript distribution reveals that both receptors are highly
expressed in the CNS (Blenau et al., 2000; Rotte et al., 2009;
Wu et al., 2012, 2013, 2017; El-Kholy et al., 2015). Octβ2-R
transcript is highly expressed in skeletal muscle, reproductive
organs, leg, antenna and other structures (El-Kholy et al., 2015;
Wu et al., 2017) while Tyr1-R transcript is strongly expressed
in the heart and minorly expressed in the reproductive organs
(El-Kholy et al., 2015). Similar to other insects, strong expression
of RhoprOctβ2-R and RhoprTyr1-R transcripts was detected in
the CNS relative to the transcript expression in adult female
reproductive system. RhoprOctβ2-R transcript expression is
similar to Octβ2-R transcript expression in D. melanogaster and
N. lugens in the reproductive system (Lim et al., 2014; Li et al.,
2015; Wu et al., 2017). Indeed, the differential expression of
RhoprOctβ2-R and RhoprTyr1-R transcripts in the reproductive
system are likely correlated with the physiological effects
observed (Hana and Lange, 2017). Previously, it was shown
that an Octβ receptor is responsible for the inhibitory actions
in the oviducts and the bursa (Hana and Lange, 2017). The
expression of RhoprOctβ2-R transcript in the oviducts and the
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bursa supports this hypothesis, in fact, it is further strengthened
due to phentolamine strongly antagonizing RhoprOctβ2-R.
On the other hand, lower RhoprTyr1-R transcript expression,
relative to other reproductive tissues, reinforces the fact that
tyramine is unable to inhibit oviduct contractions by itself
(Hana and Lange, 2017). RhoprTyr1-R transcript expression
at the lateral oviducts could signify tyramine’s neuromodulator
rather than neurotransmitter properties at the oviducts (Hana
and Lange, 2017). In this scenario, tyramine modulates the
activity of other neuropeptides that stimulate contraction rather
than directly influencing contraction. To summarize, octopamine
and tyramine could be utilizing these found GPCRs to modify
rhythmic contractions and other various female reproductive
processes.

In conclusion, the cDNA of RhoprOctβ2-R and RhopTyr1-R
has been cloned and functionally characterized. RhoprOctβ2-R
isspecifically activated by octopamine, whereas RhoprTyr1-R is
specifically activated by tyramine. The wide spatial distribution of
these two receptor transcripts in the female reproductive system
suggest their importance in modulating reproductive processes.
Octβ2-R has already been established in D. melanogaster and
N. lugens to be important for ovulation of eggs (Lim et al., 2014;
Li et al., 2015; Wu et al., 2017). The RhoprOctβ2-R expressed in
the oviducts of R. prolixus is likely involved in the relaxation of
the oviducts which may be a vital step in the process of ovulation.
RhoprOctβ2-R and RhoprTyr1-R knockdown studies are needed
to further elucidate the role of these receptors in ovulation and
other reproductive processes in R. prolixus.
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