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Abstract 
The serotonergic system is involved in a broad range of functions in both vertebrates and 

invertebrates and is highly conserved across taxa. Serotonin is an important monoamine acting in 

the brains of humans and animals, and has large and varying influences on many aspects of an 

individual’s life. For example, in humans, serotonin modulates feelings of happiness and in fruit 

flies, higher levels of serotonin increase aggression. In humans, an abnormal serotonergic system 

can result in health issues, such as depression and obsessive compulsive disorders, for which 

medications have been developed, including selective serotonin reuptake inhibitors (SSRI). 

Because the serotonin system has a large influence on human health, understanding how it 

functions is of great interest to researchers. Using comparative studies to explore differences in the 

serotonin system across taxa can provide insight into the mechanistic details of the system. To 

investigate if the serotonin system is comparable between vertebrates and invertebrates, a literature 

study with particular focus on receptors and proteins involved was performed. In addition, this 

report takes part in an experimental study investigating the effect of the SSRI fluoxetine in 

Mediterranean field crickets.  Fluoxetine reduced exploration propensity of crickets, which was 

reversed, compared to what was anticipated and compared to effects seen in vertebrates. The 

literature review suggests that serotonin receptors are quite similar, but that proteins differ more 

when comparing vertebrates and invertebrates. This offers a likely explanation as to why results of 

studies on these different groups of animals may differ. 
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1. Abstract 

The serotonergic system is involved in a broad range of functions in both 

vertebrates and invertebrates and is highly conserved across taxa. Serotonin is an 

important monoamine acting in the brains of humans and other animals, and has 

large and varying influences on many aspects of an individual’s life. For 

example, in humans, serotonin modulates feelings of happiness, and in fruit 

flies, higher levels of serotonin increase aggression. In humans, an abnormal 

serotonergic system can result in health issues, such as depression and obsessive 

compulsive disorders, for which medications have been developed, including 

selective serotonin reuptake inhibitors (SSRI). Because the serotonin system has 

a large influence on human health, understanding how it functions is of great 

interest to researchers. Using comparative studies to explore differences in the 

serotonin system across taxa can provide insight into the mechanistic details of 

the system. To investigate if the serotonin system is comparable between 

vertebrates and invertebrates, a literature study with particular focus on involved 

proteins such as receptors and transporters, was performed. In addition, this 

report contains an experimental study investigating the effect of the SSRI 

fluoxetine in Mediterranean field crickets. Fluoxetine reduced exploration 

propensity of crickets, which was reversed compared to what was anticipated 

and compared to effects seen in vertebrates. The literature review suggests that 

serotonin receptors are quite similar, but that the serotonin transporter protein 

differ more when comparing vertebrates and invertebrates. This offers a likely 

explanation as to why results of studies on these different groups of animals may 

differ. 

2. Introduction 

The monoaminergic system is a complex system regulating many aspects of 

functions in the body. Monoamines such as dopamine, histamine and serotonin 

regulate different behaviours, for example, aggression, sleep, activity and 

learning (Blenau & Baumann 2001). One of the well-studied monoamines is 

serotonin (Figure 1), which is found in all organisms that have a central nervous 

system. In humans, serotonin affects feelings of well-being, self-confidence and 

happiness. Fruit flies (Drosophila) with increased levels of serotonin show 

higher fighting frequencies and more intense fighting than ones with lower 

levels (Dierick & Greenspan 2007). Evolution of the serotonergic system is 

highly conserved and exists in a broad range of species, including both 

vertebrates and invertebrates. This suggests that the serotonergic system may 

have an important role in allowing organisms to alter their behaviour traits 

(Lövheim 2012). Humans and fruit flies seem to have similarly functioning 
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serotonergic systems. The first functions shown to be similar were sleep and 

appetite (Yuan et al. 2006). The serotonergic system is dependent on pre- and 

postsynaptic neurons, receptors and transporter proteins. Receptors and 

transporters involved in the system are two of the major keys to making the 

serotonergic system work (Strüder & Weicker 2001). 

Serotonin originates from the essential amino acid tryptophan which is 

commonly found in most proteins. Serotonin belongs to the group of natural 

products that have a basic amine group separated from an aromatic core by an 

aliphatic chain consisting of two carbon oxides (Figure 1).  

Figure 1. Chemical structure of serotonin. 

The metabolic precursor of serotonin (5-Hydroxytryptophan, 5-HTP) is involved 

in the biosynthesis of serotonin in vertebrates. 5-HTP is also part of the 

biosynthesis of the serotonergic system in invertebrates (Dyakonova et al. 2012). 

The pathway of serotonin biosynthesis for both vertebrates and invertebrates 

requires several steps (see Figure 2). These steps involve addition of a hydroxyl 

group to the indole ring and a decarboxylation. An enzyme, tryptophan 

hydroxylase (TPH), is necessary for the process. The role of TPH is to add a 

hydroxyl group to tryptophan. TPH uses O2 and tetrahydrobiopterine as its 

cofactors to catalyse the reaction. In the second step of the synthesis, the 5-HTP 

is decarboxylized by an enzyme called 5-HTP decarboxylase which converts 5-

HTP to 5-HT (Vleugels et al. 2015).  
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Figure 2. Overview of the biosynthesis of serotonin in both vertebrates and 
invertebrates (Vleugels et al. 2015). 

To be able to act in the body, serotonin has to be stored. Biogenic amines, such 

as serotonin, are stored in the synaptic terminals to be released at chemical 

synapses. Serotonin binds to specific receptor proteins. There are at least 14 

serotonin receptors that are coupled into seven different groups according to 

their signalling mechanism, structure and function in humans (Kroeze et al. 

2002). Another important aspect of the serotonergic system in vertebrates is the 

serotonin transport protein, SERT. SERT is a transporter that is located on the 

membrane of the presynaptic cell and regulates the reuptake of serotonin from 

the synaptic cleft (UniProt 2017). Selective serotonin reuptake inhibitors 

(SSRIs) alter levels of serotonin by regulating the transport of serotonin with 

decreasing the activity of SERT. Therefore, serotonin stays in the synaptic cleft 

during a longer time. SSRIs are common drug used to treat human behavioural 

issues. In humans, loss of function in the serotonergic system can lead to 

different health problems, for instance depression and obsessive compulsive 

disorder. Currently, this can be treated with the aid of different drugs, including 

SSRIs. SSRIs increase extracellular levels of serotonin in the brain and help to 

upregulate serotonin. A commonly used SSRI is fluoxetine, which is the active 

substance in Prozac™ (Dankoski et al. 2014). Fluoxetine is used worldwide for 



4 

 

treating the symptoms for example against depression, attention deficit disorder 

(ADD), attention deficit hyperactivity disorder (ADHD) and Asperger syndrome 

(Williams 2010). 

Studies are frequently carried out investigating aspects of the serotonergic 

system in both vertebrates and invertebrates. However, it is still unclear what 

aspects of the serotonergic system are comparable between these taxa. Hence, 

this report aims to investigate if the receptors and proteins involved in the 

serotonergic system in vertebrates and invertebrates are comparable. This report 

will mainly focus on humans as a model for vertebrates and insects as a model 

for invertebrates. 

3. Literature review 

 

3.2.1 Biosynthesis and metabolism of serotonin 

 

When reviewing the literature, it becomes clear that the biosynthesis of 

serotonin is identical in vertebrates and invertebrates (Blenau & Baumann 

2001). In vertebrates, the catabolic pathway of serotonin is oxidative 

deamination by monoamine oxidases. However, little or no activity of 

monoamine oxidases could be detected in insect nervous tissue, thus the 

enzymatic inactivation is probably after amino-terminal tagging (Vleugels et al. 

2015).  

 

3.2.2 Receptors involved in the serotonergic system 

 

G-protein-coupled-receptors (GPCR) are receptors found only in eukaryotes and 

probably 800 genes in human encodes for different types of GPCRs. The 

receptors are divided into six classes depending on their functioning. The major 

class of GPCRs is Class A Rhodopsin-like receptors. The receptors are involved 

in a lot of different mechanisms in an organism (Bjarnadóttir et al. 2006). 

GPCRs in the serotonergic signalling system all fall under the subfamily of 

rhodopsin-like receptors. All members of this receptor group have their N-

terminus located in the extracellular environment and the C-terminus located 

intracellularly. The N-terminal often contains motifs for N-linked glycosylation, 

and the receptors will be turned off by phosphorylation assisted by serine and 

threonine located on the C-terminal of the protein (Blenau & Baumann 2001).  
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3.2.3 Serotonin receptor subtypes in vertebrates 

 

Receptors in the serotonergic system in vertebrates are both GPCRs and ligand-

gated ion-channel receptors (Peroutka & Howell 1994). Six of the seven classes 

of serotonin receptors belong to the GPCR and one is a ligand-gated ion-

channel. The seven classes of the receptor are named 5-HT1-7. They are 

separated into special groups due to their structure and operation in the 

serotonergic system. There are also different subtypes of the 5-HT1-7 receptors. 

There are presumably a lot of different signalling capabilities due to numbers of 

posttranslational modifications of the protein-linked receptors (Hoyer et al. 

2001). The meaning of posttranslational modifications is that either the N- or C-

terminal is altered, for example, by glycosylation, phosphorylation or by 

modifying the existing functional group (Swedish MeSH 2017). Studying the 

GPCRs, five of the receptors inhibit cAMP production, three induce cAMP, 

three lead to higher concentration of Ca2+ and the two others are yet unknown 

(Blenau & Baumann 2001). 

The receptor 5-HT1 has five subtypes, named A-F. The receptors 5-HT1A, B and 

5-HT D have the same functions in various tissues in different species (Hoyer et 

al. 2001). The invertebrate and vertebrate systems probably originate from the 

same main receptor class (Peroutka & Howell 1994; Hauser et al. 2006).  

 

3.2.4 Serotonin receptor subtypes in invertebrates 

 

Insects’ serotonin receptors are classified with help from vertebrate sequences. 

Most of the receptors that are found in vertebrates are also found in invertebrates 

and signalling is similar between the two taxa (Blenau & Baumann 2001). The 

GPCRs share a high level of sequence homology across taxa (Brody & Cravchik 

2000). Serotonergic receptors are found frequently in the brain and ventral nerve 

cord (Cai et al. 2010). Due to the conserved amino acid sequences and activation 

of second messengers the serotonergic receptors in insects have been classified 

as 5-HT1, 5-HT2 and 5-HT7 of the type GPCRs (Table 1). In fruit fly and field 

cricket (Gryllus bimaculatus) five different receptors have been found, two 

subtypes of 5-HT1, two of 5-HT2 and one of 5-HT7. In honey bee (Apis 

melllifera) one subtype of 5-HT1 and two of 5-HT2 have been characterized, 

while in locust (Locusta migratoria manilensis) and American cockroach 

(Periplaneta americana), only one subtype of 5-HT1 and one of 5-HT2 receptors 

are found. However, the 5-HT7 receptor is found in all species (Vleugels et al. 

2015). Studying the homology in the 5-HT7 receptor between human and fruit 

fly showns that the sequences are identical to 39 % and the query coverage is 68 

%. Comparing the homology in the 5-HT1 receptor between human and fruit fly 

results in 39 % identical and with 89 % query coverage. It is also shown that 

comparing 5-HT2A between the two species, the ident is 36 % and 5-HT2B results 
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in 29 % identical. (BLAST; UniProt 2017). Noticeable is that subtypes 5-HT3-6 

that exists in human seem to lack homologous genes in insects. This indicates 

that the gene set-up between insects and human is not identical and possess a 

different number of genes encoding for serotonin receptors.  

 

Table 1. Summary of the number of different subtypes of serotonin receptors in 
different insect species 

Species 5-HT1 5-HT2 5-HT7 

Fruit fly 2 2 1 

Field cricket 2 2 1 

Honey bee 1 2 1 

Locust 1 1 1 

American cockroach 1 1 1 

 

Analysing the different subtypes of serotonergic receptors implies that subtypes 

differs between species. Insects possess a 5-HT7 receptor but the number of 

subtypes of 5-HT1 and 5-HT2, differs. In vertebrates, the mechanisms for 

creating subtypes of receptors seem to be alternative splicing and so does it for 

invertebrates as well. However, the pharmacological effects are different 

between vertebrate and invertebrate receptors. It has been shown that synthetic 

agonists for human serotonergic receptors do not have the same potency and 

efficiency on insects’ serotonin receptors (Vleugels et al. 2015).  

 

3.2.5 Serotonin transporter proteins 

 

There are several proteins that are involved in the serotonergic system. One of 

the most important is the serotonin transporter (SERT or 5-HTT, Uniprot 2017). 

SERT is a major target for drugs involved in the serotonergic system due to its 

important function in the system. The transporter is located on the dendrites of 

nerve cells. It is a part of the sodium-dependent serotonin transporter family and 

encoded by the SLC6A4 gene. The gene is found on chromosome 17 in humans 

(Nakamura et al. 2000). The gene that encodes for SERT consists of 14 exons 

(Murphy & Moya 2011). The transporter transports serotonin from the synaptic 

cleft to the presynaptic neuron so that it can be re-used. The protein consists of 

630 amino acids and is a membrane protein that penetrates the membrane 12 

times (Uniprot 2017).  
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Figure 3. X-ray picture of serotonin transporter protein and how it is located in the cell 
membrane. Red = outer membrane, blue = inner membrane (Protein Data Bank, 
2017). 

 

3.2.6 Serotonin transporter protein in vertebrates and invertebrates 

 

The affinity (KM-value) of serotonin for SERT in fruit flies is in the range of 

mammalian SERT values (Murphy et al. 2004). However, the transporter has 

changed somewhat over evolutionary time and the similarities of the gene 

encoding for SERT are around 50 % when comparing human and fruit fly 

(Figure 5, Murphy et al. 2004).  

 

Figure 5. Evolutionary tree of the serotonin transporter protein, SERT (Murphy et al. 
2004).                 

Human SERT is quite similar to various other vertebrate species, but the 

percentage of homology is reduced in comparison to invertebrates (Table 2, 

Murphy et al. 2004). 
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Table 2. Percentage of homology when comparing different species to the human 
serotonin transporter protein (Murphy et al. 2004). 

Species Homology  

Human 98 % 

Rhesus Monkey 93 % 

Cow 93 % 

Sheep 90 % 

Guinea pig 91 % 

Rat 91 % 

Mouse 91 % 

Drosophila 51 % 

Tobacco hawkmoth 53 % 

Caenorhabditis elegans 44 % 

Streptococcus thermophilus  21 % 

 

3.2.7 Blocking the serotoninergic system 

 

Blocking the serotonergic system can be achieved using SSRIs. SSRIs 

commonly require 3-6 weeks for reaching observable effects. The efficacy of 

SSRIs in treating depression and obsessive compulsive disorders is linked to 

other factors, such as ongoing stress during the treatment (Dankoski et al. 2014). 

All SSRIs have a flat drug-response curve meaning that there is no reason to 

exceed the effective minimum concentration of the drug (Preskorn et al. 2004). 

 

3.2.8 Fluoxetine 
 

For the experimental part of this study (see Material and Methods below), 

fluoxetine (Figure 3) was chosen as an SSRI due to its known effect on humans 

where it is commonly used as an anti-depressant (FASS 2017). Because human 

pharmaceuticals enter our waste water, animals are also exposed to this drug 

(Brodin et al. 2013). Fluoxetine affects the serotonin transporter gene SLC6A4. 

However, the response of fluoxetine on SERT is related to the allelic variation 

of the gene (Altar et al. 2013).  

 

 

 

 

Figure 3. The chemical structure of fluoxetine. 
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4. Experiment 

In addition to my literature review, I took part in an experimental study 

investigating the effect of the SSRI fluoxetine in Mediterranean field crickets.  

 

4.1 Material and Method 
 

4.1.1 Subjects 

 

Sexually mature male Mediterranean field crickets (Gryllus bimactulatus) were 

purchased at the local pet shop (n = 72). Crickets were individually housed in 

containers (9 x 16 x 10.5 cm) in a laboratory at Linköping University. The 

containers were covered with a plastic lid and each container had a paper towel 

covering the bottom. Housing containers contained a cylindrical cardboard piece 

(as a shelter), food and water, apple slices and agar pieces. Crickets were housed 

at a temperature of 23 ± 2 °C, with a photoperiod of 12:12 light:dark.   

 

4.1.2 Treatment 

 

Based on previous studies on fall armyworm (Spodoptera frugiperda, Howarth 

et al. 2002), the concentration of fluoxetine was diluted to yield a final 

concentration of 10 µM (see appendix). The dilution was made in phosphate 

buffered saline (PBS). The buffer was chosen because it matched the 

physiological extracellular medium in the cricket. The treated crickets (n = 36) 

were injected with a volume of 10 µL fluoxetine into the abdominal cavity, with 

a micro-syringe (Hamilton, Sigma-Aldrich). Control crickets (n = 36) were 

injected with 10 µL PBS, as a sham injection. The control crickets were handled 

and injected with pure PBS buffer to exclude that stress could be a confounding 

factor. Only the injector knew which cricket belonged to which group, to avoid 

biases.  

 

4.1.3 Exploration 

 

Based on previous work, the experiment started approximately 60 minutes after 

the injection. This was to have time for fluoxetine to work, but not too long so 

that the effect would wear away. The specific time was chosen due to previous 

studies injecting 5-HTP in crickets (Dyakonova & Krushinsky 2012). 

Exploration in a novel environment for the crickets was scored by measuring the 

cricket’s total movement in centimetres (recorded by the program Ethovision) 

for 15 minutes. Crickets were moved from their home container to a novel 

container (36 x 21.5 x 22 cm), the bottom of the container was covered with 
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white sand. They were moved from their home container with the help of their 

home shelter (a cylindrical cardboard piece). To optimize the video tracking, the 

arenas were empty except from the shelters.  

 

4.1.4 Statistics 

 

Because the data were non-normally distributed, non-parametric statistics were 

used. To investigate the difference between the experimental and control group 

in distance explored, a Mann-Whitney U test was used. The data program used 

for analysing the data was SPSS.  

 

4. 2 Results 

Crickets treated with fluoxetine explored significantly less than control crickets 

(treated crickets, 36.04 ± 16.12 cm, control crickets, 219.08 ± 48.90 cm, U = 

386, P = 0.001, Figure 5). 

 
Figure 5. Fluoxetine reduced exploration in male Mediterranean field crickets. 
Differences in distance explored (given in cm) was greater for control (white) vs 
experimental (blue) crickets, in a novel arena. Control crickets were injected with 

phosphate buffer, experimental crickets were injected with fluoxetine. Mean ± SE is 
given. 
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5. General Discussion 

My review of the literature indicates that the serotonergic system possess 

similar, but not identical, receptors in vertebrates and invertebrates. It does 

however differ in the amount of different subtypes of receptors between the two 

taxa. The serotonin transporter, SERT, is somewhat different between 

vertebrates and invertebrates. 

Our experiment showed that fluoxetine decreases the willingness for crickets to 

explore relative to crickets not exposed to fluoxetine. This result contrasts with a 

previous study which showed that crickets injected with 5-HTP increased their 

willingness to fight (Dyakonova & Krushinsky 2012). The different results with 

comparing the fluoxetine and 5-HTP studies could be explained by fluoxetine 

being a drug aimed for human receptors and proteins, while 5-HTP exists in 

both human and insect. In humans, fluoxetine increases serotonin levels and 

thereby increases the activity of serotonin, which leads to individuals feeling 

happier and more self-confident (Vårdguiden 2017). If the feeling of self-

confidence increases, it could increase the willingness for a human to explore 

new surroundings. The serotonin transporter protein is less than ~50 % similar in 

humans and insects, thus chemicals manipulating transportation of serotonin 

may not have the same effect in the two taxa. The 5-HT7 receptor is only 39 % 

similar between fruit fly and human, but there are more receptors involved in the 

serotonergic system than transporter proteins, so there could be that another 

receptor reacts differently with fluoxetine. Another difference between our study 

and human results is that in humans, SSRIs could take 3-6 weeks to have an 

effect so more comparable results may be obtained by increasing the cricket 

exposure time period to 3-6 weeks. 

 

5.1 Social and ethical aspects 
 

The social aspect of this project is that we gained information about how 

serotonin affects the behaviour in crickets. This could give further information 

on how the serotonergic system works. Likely we will learn transferable 

implications to a range of species, due to that we will learn about the role of 

serotonin on behaviour. From the experimental study we might also learn about 

if the functions of receptors and transporters are equal between species and if 

there is a possibility to do experiments on, for example crickets instead of 

humans or other mammals on the serotonergic system.  

 

Despite invertebrates not requiring special ethical permits, it is still taken in 

consideration that they are animals and need to be handled with care and without 

adding extra stress. 
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5.2 Conclusion 

 

The serotonergic systems in vertebrates and invertebrates are somewhat similar 

in terms of receptors. However, the receptors in the two taxa may not be 

influenced by the same SSRIs because important transporters, such as SERT 

because it seems to differ between species. To investigate this further, I suggest 

amplifying the transport protein SERT from both vertebrates and invertebrates 

and trying different methods to investigate the affinity of the transporter with 

serotonin. This could give insight into whether SERT is different between 

vertebrates and invertebrates. 

 

With the knowledge of the role of receptors and transporters involved in the 

serotonergic system, I suggest that using insects as a model organism for 

research about the human serotonergic system is not appropriate for now 

because of the differences between the two taxa.   
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Appendix 

Calculations of dilution for fluoxetine 

Total weight of fluoxetine = 10 mg 

Molecular weight= 345, 79 g/mol 

 

5 𝑚𝑔 50 𝑚𝐿⁄ = 0.1 𝑚𝑔 𝑚𝐿⁄ = 0.1 𝑔 𝐿⁄    (1) 

 
0.1

345.79
= 0.000289 𝑚𝑜𝑙 = 289µ𝑀   (2) 

 

289 µ𝑀 ∙ 𝑣1 = 10 µ𝑀 ∙ 100 𝑚𝐿    (3) 

 

𝑣1 = 3,46 𝑚𝐿    (4) 

 

 

From (4) it was known that to obtain a concentration of 10 µM, 3.46 mL of 

fluoxetine had to be diluted in 96.54 mL PBS.  

 

 


