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Abstract 

Aggression is a highly conserved behavior among animals, and plays a crucial role in survival and 
fitness. It is well known that the brain neurotransmitter serotonin (5-HT) plays an important role in the 
initiation, maintenance and termination of aggressive behavior. The 5-HT system is one of the oldest 
neurotransmitter systems, and is exceptionally well-conserved among vertebrates and invertebrates. 
There are many 5-HT receptor subtypes, but especially the 5-HT1A receptor has frequently been 
implicated in the modulation of aggressive behavior. Activation of the 5-HT1A receptor seems to have a 
potent inhibitory effect on the display of aggressive behaviors in vertebrate species, whereas it seems 
to have a potentiating effect on aggression in invertebrate species. The 5-HT1A receptor in vertebrates 
is expressed both pre- and postsynaptically. The presynaptic 5-HT1A receptor acts as an autoreceptor, 
and activation causes cell hyperpolarization and consequently an inhibition of 5-HT release. The 
postsynaptic 5-HT1A receptor acts as a heteroreceptor on various non-serotonergic neurochemical 
systems, and activation also leads to cell hyperpolarization and inhibition of neurotransmitter release. 
Invertebrates have 5-HT1A receptor homologues, which are important for proper execution of 
aggressive behavior, and activation can lead to higher levels of aggression. In this paper, I will review 
the differences between the effects of the 5-HT1A receptor on aggression between vertebrates and 
invertebrates.  
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1. Introduction 
Aggression is one of the most interesting 

social behaviors displayed across the animal 
kingdom. Aggression has an important role in 
social communication in many, and maybe even 
all, animal species. From vertebrates to 
invertebrates – aggression is seen everywhere. 
Aggression is a behavior that appears to be very 
well conserved in animals (Thomas et al. 2015), 
and it plays a fundamental role in fitness and 
survival (Gilby et al. 2012; Harris et al. 2014). 
Aggression is the behavioral weapon of choice in 
competition for food, territory, dominance  and 
potential mates, as well as in defence of offspring 
and sometimes relatives and groups  (Crowcroft et 
all. 1963; Mackintosh, 1970; Poole et al. 1976; 
Hurst, 1987; Palanza et al. 1994; Lucion et al. 1998; 
Parmigiani et al. 1998; Williams et al. 2004; 
Gesselman 2012). Moreover, aggressive behavior 
can also be a consequence of fear and frustration 
(Miczek et al. 2001). And aggressive behavior is 
energetically costly and is associated with risks like 
injury, loss of resources or sometimes even death 
(Watts et al. 2006). 

Besides the functional form of aggression, 
there are also abnormal escalated, pathological 
forms of aggression, referred to as violence 
(Miczek et al. 2002; Miczek et al. 2003; Miczek et 
al. 2007; Natarajan et al. 2010). Because 
aggression plays such a fundamental role in both 
human and animal behavior, it is important to 
learn more about the neurobiological mechanisms 
behind this complex behavior for pharmacological 
as well as ecological purposes. 

There has been plenty of research on 
aggressive behavior, and many studies have linked 
the brain neurotransmitter serotonin (5-HT) to 
aggressive behavior in many different animal 
species (Edwards et al. 1997). The 5-HT system in 
the brain is very complex and has been 
exceptionally well-conserved throughout 
evolution (Peroutka et al. 1992; Peroutka et al. 
1994). Various studies indicate the importance of 
the 5-HT1A receptor in aggressive behavior (de 
Boer et al. 2000; van der Vegt et al. 2001; Sperry 
et al. 2003; de Boer et al. 2005; Caramaschi et al. 
2007; Centenaro et al. 2008; Johnson et al. 2009; 
Audero et al. 2013; Stein et al. 2013; Alekseyenko 

et al. 2014; Williams et al. 2014). Interestingly, it 
seems that activation of the 5-HT1A receptor in 
vertebrates suppresses the display of aggressive 
behaviors (de Boer et al. 2000; Sperry et al. 2003; 
de Boer et al. 2005; Stein et al. 2013), whereas 
activation of the 5-HT1A receptor homologues in 
invertebrates stimulates aggression (Johnson et al. 
2009; Alekseyenko et al. 2014; Williams et al. 
2014).  Unfortunately, it is not exactly clear how 
these differences between vertebrates and 
invertebrates can be explained. With this 
literature research, I will try to answer the 
following questions: What are the differences in 
the effects of the 5-HT1A receptor on aggression 
between vertebrates and invertebrates? How 
does the 5-HT1A receptor affect aggression in 
vertebrates? And how do 5-HT1A receptor 
homologues affect aggression in invertebrates? 
 

2. The 5-HT system in the brain 
The 5-HT system is an ancient 

neurotransmitter/hormone system conserved 
within the animal kingdom. According to 
phylogenetic and molecular evolutionary studies, 
the first 5-HT receptors developed about 700-800 
million years ago in single cell eukaryotes 
(Peroutka et al. 1992; Peroutka et al. 1994). There 
are at least 16 5-HT receptors in vertebrates, most 
of which belong to the G-protein (Gi/Go) coupled 
receptor (GCPR) superfamily (Hoyer et al. 2002). 
The 5-HT neurons in the brain have projections to 
a wide variety of different brain regions, where 
they can influence many physiological and 
behavioral processes. It is not surprising, 
therefore, that the 5-HT system has been 
implicated in almost every function of the central 
nervous system, including sleep (Popa et al. 2005; 
Yuan et al. 2006), circadian rhythm (Yuan et al. 
2005; Nichols 2007), eating (Currie et al. 1999; 
Gasque et al. 2013), sexual behavior (Angoa-Perez 
et al. 2015), thermoregulation (Hillegaart, 1991), 
pain (Bardin, 2011) as well as learning and 
memory (King et al. 2008; Ogren et al. 2008; Polter 
et al. 2010; Blenau & Thamm 2011).  

 Considering the complex role of 5-HT in the 
nervous system, it is to be expected that aberrant 
functioning of this system has implications in 



5 
 

various neuropathological disorders, such as 
depression (Savitz et al. 2009; Jacobsen et al. 
2012; Stewart et al. 2014; Borroto-Escuela et al. 
2015), schizophrenia (Akhondzadeh, 2001), 
anxiety disorders (Akimova et al. 2009) and many 
others. 
 

3. 5-HT1A receptor 
3.1 Receptor characteristics 

The 5-HT receptors can be subdivided into 
families. The 5-HT1 family includes 5-HT GPCRs 
(Gi/o) that are negatively coupled to adenylyl 
cyclase (Hoyer et al. 2002). The 5-HT1A receptor 
was the first 5-HT receptor to be cloned (Kobilka 
et al. 1987; Fargin et al. 1988). Activation of the 5-
HT1A receptor targets different cellular pathways 
(figure 1). Binding of a 5-HT1A receptor agonist 
elicits an exchange of GDP for GTP on the α-
subunit of the G-coupled protein (Birnbaumer, 
2009). This, in turn, inhibits adenylyl cyclase, 
which leads to a reduction of cAMP production 
and protein kinase A (PKA) activity (Cooper et al. 

1982). However, there has been a study in which 
activation of the 5-HT1A receptor in the dorsal 
raphe of rats did not lead to an inhibition of 
adenylyl cyclase (Clarke et al. 1996), so apparently 
the 5-HT1A receptor does not inhibit this pathway  
at every expression site. 

Activation of the 5-HT1A receptor also causes 
an activation of G-protein coupled inward 
rectifying potassium (GIRK) channels, causing cell 
hyperpolarization, and thereby reducing cell 
excitability, neuronal firing and neurotransmitter 
release (Andrade et al. 1987; Clarke et al. 1987; 
Araneda et al. 1991; Sakai et al. 1993; Tada et al. 
1999; Zhong et al. 2008; Polter et al. 2010). 
Activated 5-HT1A receptors also increase levels of 
inositol phosphate and moderately activate 
phospholipase C through the cellular Akt pathway 
(figure 1), although not in all cell types (Gerhardt 
et al. 1997). The Akt pathway is known to play an 
important role in cell survival (Polter et al. 2010). 
 The human 5-HT1A receptor also mediates the 
mitogen-activated protein kinase (MAPK) 

Figure 1 Different cellular pathways targeted by the 5-HT1A receptor. Activation of the 5-HT1A receptor inhibits adenylyl 
cyclase through the Giα subunit, which leads to a decreased cAMP production and PKA activity, which, in turn, activates 
transcription factor CREB. CREB has been extensively studied for its role in stress, anxiety and depression. The G iβγ complex 
activates GIRK, which leads to cell hyperpolarization. The Giβγ complex also leads to activation of the RAS pathway, and the 
phosphatidylinositol-3 kinase (PI3K) pathway. Activation of the PI3K pathway has an inhibitory effect on transcription factor 
FoxO, which has been implicated in depression (Potler et al.2010). (For a detailed review on the cellular pathways targeted by 
the 5-HT1A receptor, see Polter et al. 2010). 
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pathway by regulating extracellular signal-
regulated kinase (ERK) phosphorylation 
(Garnovskaya et al. 1996; Cowen et al. 1996). The 
MAPK pathway is known to be important in cell 
growth and survival as well as plasticity, 
development and cognition of the central nervous 
system (Bonni et al. 1999; Sweatt, 2001; Adams et 
al. 2002; Thomas 2004; Polter et al. 2010).  

In mammals, the 5-HT1A receptor subtype can 
be further divided into two distinct classes based 
on the site of expression. The 5-HT1A receptor can 
be expressed both pre- and postsynaptically in 
mammals (Polter et al. 2010). The serotonergic 
neurons of the brain originate in the median and 
dorsal raphe nucleus in the brainstem (Polter et al. 
2010). These serotonergic neurons contain 
somatodendritic presynaptic 5-HT1A 
autoreceptors. Activation of these autoreceptors 
elicits a negative feedback on the cell, thereby 
inhibiting excitability of 5-HT neurons and 
consequently 5-HT release (Hoyer et al. 2002), 
(Figure 2). From the raphe nucleus, serotonergic 
neurons have projections to many different areas 
of the brain, where they can release 5-HT in order 
to modulate a variety of activities of the central 
nervous system (Polter et al. 2010). Postsynaptic 
5-HT1A heteroreceptors are expressed in the limbic 
areas, especially in the hippocampus, and in the 
cortex (Palacios et al. 1987, 1990) on non-
serotonergic neurons, such as glutamatergic, 
GABAergic and cholinergic neurons. Activation of 
these receptors causes an inhibition of 
neurotransmitter release (Hoyer et al. 2002), 
(figure 3).  

 
3.2 Receptor nomenclature 

Subscript numbers are applied to imply 
homology between receptor subtypes; meaning, 
for instance, that the 5-HT1A and 5-HT1αDro are 

homologues (Tierney 2001). And in order to 
emphasize that there is no orthology between 
vertebrate and invertebrate receptor subtypes, 
Greek letters will be used to define invertebrate 
receptors, whereas Roman letters will be used to 
define vertebrate subtypes (5-HT1A is a vertebrate 
receptor subtype and 5-HT1αDro is an invertebrate 
receptor, and these two receptor subtypes are no 
orthologs) (Clark et al. 2004). This distinction is 
important, because it is generally believed that 
invertebrate and vertebrate paralogs within a 5-HT 
receptor family have evolved independently 
(Tierney 2001), (figure 4), which makes it highly 
likely that distinct functional and structural 
differences between vertebrate and invertebrate 
subtypes have evolved in the course of evolution. 

 
3.3 Invertebrate 5-HT1A-like receptors 
Different 5-HT receptor subtypes have 

been identified in D. melanogaster, two of which 
resemble the 5-HT1A receptor of vertebrates. The 
5-HT1αDro and 5-HT1βDro (formerly the 5-HTdro2A 
and 5-HTdro2B) receptors are thought to be 
homologues of the mammalian 5-HT1A receptor 
(figure 4). The 5-HT1βDro receptor has a sequence 
homology of 43,4% with the human 5-HT1A 
receptor, and 84,3% sequence homology with the 
5-HT1αDro receptor (Saudou et al. 1992). Because 
these two Drosophila receptors are found at the 
same chromosomal location and they have similar 
coding sequences, they are believed to be the 
consequence of a duplication event (Saudou et al. 
1994). Unlike the intronless vertebrate 5-HT1A 
gene, the 5-HT1α and 5-HT1β receptor gene 
contains 4 introns (Saudou et al. 1992). 

When these receptors were expressed 
and activated in mammalian cells, they negatively 
coupled to adenylyl cyclase, and inhibited cAMP 
production. They also activated phospholipase C, 

Figure 2 Activation of the 5-HT1A presynaptic autoreceptor 
causes cell hyperpolarization and inhibits firing rate, 
excitability and 5-HT release. 

Figure 3  Activation of the 5-HT1A postsynaptic 
heteroreceptor by high levels of 5-HT (or a receptor 
agonist) causes cell hyperpolarization and inhibits firing 
rate, excitability and neurotransmitter release of the cell. 
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increasing the concentration of  inositol 
phosphates (Saudou et al. 1992). The 5-HT1α and 
5-HT1β receptor are most likely coupled to an 
invertebrate Gi-protein homologue (Saudou et al. 
1992). It has not yet been investigated whether 
the invertebrate 5-HT1A receptor homologues also 
target the other cellular pathways that are 
targeted by the vertebrate 5-HT1A receptor. And 
even though previous research has assumed that 
activation of the 5-HT1α and 5-HT1β receptor leads 
to cell hyperpolarization (Alekseyenko et al. 2014), 
this has not (yet) been demonstrated. 

The 5-HT1αDro and 5-HT1βDro receptor are 

expressed around the peduncles of the 
mushroom bodies, the ventrolateral 
protocerebrum (Alekseyenko et al. 2014) and 
the pars intercerebralis (Luo et al. 2012). The 
5-HT1αDro receptor is also expressed in the ventral 
cord motor neurons, indicating a role of this 
receptor in motor control. Previous research 

performed by Silva et al. also indicated a role of 
the Drosophila 5-HT1A receptor homologues in 
locomotion (Silva et al. 2014). And in other 
invertebrates 5-HT has been shown to affect 
motor function as well. For instance, when 
lobsters (Homarus americanus) and crayfish 
(Procambarus clarkii) received acute injections of 
5-HT into the circulation, they showed posture 
changes resembling that of dominant individuals 
(Livingstone et al. 1980). And 5-HT injections into 
the hemolymph of the squat lobster, Munida 
quadrispina, elicited aggressive posture and 
behavior (Antonsen 1997).  

It is believed that the divergence of 5-HT 
receptor families took place early in evolution 
before the separation of vertebrates and 
invertebrates (Saudou et al. 1992), (figure 4).  
Interestingly, when the 5-HT1αDro and 5-HT1βDro 
receptors were brought to expression in 
mammalian cells, they showed only a weak affinity 

Figure 4 Evolutionary dendogram based on homologies in amino acid sequences. The 5-HT1α and 5-HT1β receptors are 
depicted under their previous names, 5-HTdro2A and 5-HTdro2B, respectively (Saudou et al. 1994). Evolution of receptor 
families probably took place before the separation of vertebrates and invertebrates, and the evolution of receptor 
subtypes most likely took place after this event. 
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for the 5-HT1A receptor agonist 8-OH-DPAT, but a 
relatively high affinity for the  α1 adrenergic 
receptor antagonist prazosin (Saudou et al. 1992).  
The 5-HT1βDro receptor has been suggested to be 
expressed presynaptically, but it is not yet known 
whether the invertebrate 5-HT1A receptor 
homologues are expressed both pre- and 
postsynaptically, as is the case in mammals. 

5-HT1 receptors have also been identified 
in the crustaceans Procambarus clarkii and 
Panulirus interruptus (5-HT1αPro and 5-HT1αPan, 
respectively) (Spitzer et al. 2008), the honeybee 
Apis mellifera (5-HT1Am) (Thamm et al. 2010), the 
mollusc Aplysia californica (5-HT1Ap) and the 
nematode Caenorhabditis elegans (5-HT1Ce), 
which all decrease cAMP production as well 
(Tierney et al. 2001). Interestingly, the 5-HT1Ce 
receptor of Caenorhabditis elegans has a strikingly 
high homology of 63% with the 5-HT1αDro receptor, 
(calculated over the transmembrane regions) 
(Tierney et al. 2001). And the 5-HT1Ap receptor has 
a homology of 62,4% with the 5-HT1Lym receptor, 
54,7% with the 5-HT1αDro receptor and 51,8% with 
the human 5-HT1A receptor. The honeybee 
receptor was found to be expressed mainly in the 
mushroom bodies (Thamm et al. 2010). And in the 
mollusc Lymnaea stagnalis a 5-HT1 receptor was 
also described, but it has not (yet) been 
demonstrated to inhibit adenylyl cyclase. The 5-
HT1Lym receptor shares a 53% homology with the 
mammalian 5-HT1A receptor, and  59% with the 5-
HT1αDro receptor, and 61% with the 5-HT1βDro 
receptor (Tierney et al. 2001). Moreover, research 
has also indicated a the potential presence of a 5-
HT1 receptor the pars intercerebralis, 
protocerebrum, optic areas and the 
suboesphageal ganglion in ground crickets 
(Dianemobius nigrofasciatus and Allonemobius 
allardi) (Shao et al. 2010). So overall, invertebrate 
5-HT1 receptors appear to share quite some 
similarities, indicating a high degree of 
conservation, but there are a lot of differences 
between these receptors in different invertebrate 
species as well. This is so surprising, considering 
the variety of invertebrate phyla that have evolved 
over the course of time. Unfortunately, only the 
Drosophila receptors have been studied in regard 
to aggression modulation. 

 
4. 5-HT1AR and aggression in vertebrates 
4.1 The 5-HT1AR in state-like aggression 

Activation of the 5-HT1A receptor in 
vertebrates has been shown to lead to a decrease 
in aggressive behavior in several studies in 
vertebrates (de Boer et al. 2000; van der Vegt et 
al. 2001; Sperry et al. 2003; de Boer et al. 2005; 
Popova et al. 2005; Caramaschi et al. 2007; 
Centenaro et al. 2008; Audero et al. 2013; Stein et 
al. 2013). For example, research by Sperry et al. 
investigated male-male aggression in song 
sparrows (Melospiza melodia morphna) after 
treatment with 5-HT1A receptor agonist 8-OH-
DPAT. Song sparrows show aggressive behavior in 
defense of their breeding and feeding territories 
against conspecific intruders (Wingfield et al. 
1992). So a territory intrusion was created by 
using a novel male decoy combined with a 
playback of conspecific song, during which 
aggressive behavior was observed. Results of this 
study showed that 8-OH-DPAT treatment 
significantly reduced aggression compared to 
control animals, and did so dose-dependently 
(Sperry et al. 2003). These findings indicate an 
inhibitory effect of 5-HT1A receptor activation on 
aggressive behavior in these birds.  

Studies performed by de Boer et al. 
investigated the effects of the pre- and 
postsynaptic 5-HT1A receptors in offensive 
aggression in wildtype rats. In these studies, the 
effects of different 5-HT1A full and partial agonists 
were determined by a resident-intruder 
paradigm. The resident-intruder paradigm focuses 
on territorial aggression in a semi-natural setting 
(Koolhaas et al. 2013). All agonists decreased 
levels of aggression, but the competitive 
postsynaptic 5-HT1A antagonist and presynaptic 5-
HT1A receptor agonist, S-15535, did so with 
remarkable specificity (de Boer et al. 2000; de 
Boer et al. 2005). S-15535 was able to dose-
dependently decrease offensive aggression, 
whereas defensive aggression remained 
unchanged (de Boer et al. 2000). Unlike other 
agonists, treatment with S-15535 was not 
accompanied by effects on non-aggressive motor 
behavior. And when S-15535 treatment was 
combined with a full 5-HT1A receptor agonist, 
there was a clear additive anti-aggressive effect, 
which confirmed the importance of both 5-HT1A 
pre- and postsynaptic receptors in eliciting anti-
aggressive effects (de Boer et al. 2000; de Boer et 
al. 2005), (figure 5). 

 
4.2 The 5-HT1AR in trait-like aggression 
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When Caramaschi et al. studied the role of 
5-HT in trait-like aggression by an across-strain 
comparison, results were found that indicated the 
importance of the 5-HT1A receptor as well. Mice 
from three different, independent artificial 
selection programmes for high and low aggression 
were included in this study; the Dutch SAL (short 
attack latency)/LAL (long attack latency) mice (van 
Oortmerssen et al. 1981), the Finnish TA (Turku 
Aggressive)/TNA (Turku Non Aggressive) mice 
(Sandnabba et al. 1996) and the NC900 (North 
Carolina 900)/NC100 (North Carolina 100) mice. 
The goal of this study was to determine whether 
low levels of 5-HT activity are associated with 
increased 5-HT1A autoreceptor activity. First, 
aggression levels were analysed during a resident-
intruder paradigm of male mice of all strains. Next, 
5-HT and 5-HIAA (5-HT’s main metabolite) levels 
were measured in the prefrontral cortex (PFC) by 
high-performance liquid chromatography. Then, 
mice from all strains received subcutaneous 
injections with distilled water, pre-synaptic 5-HT1A 
agonist S-15535 and with the full 5-HT1A agonist 8-
OH-DPAT in a random order. Both S-15535 and 8-
OH-DPAT were used to determine whether an 
increased sensitivity of either the pre- or the post-
synaptic receptor could be responsible for the 
lower 5-HT levels that are characteristic for high 
aggressive animals. An injection with distilled 
water caused stress-induced hyperthermia, S-
15535 reduces stress-induced hyperthermia, and 
8-OH-DPAT is able to induce hypothermia. So, the 
decrease in body temperature was used as an 
indicator for the sensitivity of the 5-HT1A 
receptors. The aggressive mice of all three strains 
had lower 5-HT and 5-HIAA levels in the PFC than 
low aggressive mice, and the aggressive mice of 
the Finnish and Dutch strains had a higher 
response to 8-OH-DPAT than low aggressive mice. 
Only the aggressive individuals of the Dutch strain 
showed a higher response to S-15355 than low 
aggressive animals. It appears that the 5-HT1A 
receptor is differently involved in levels of trait-
like aggression in the different strains. It seems 
that a higher sensitivity of the pre-synaptic 5-HT1A 
autoreceptor is an important factor for elevated 
levels of aggression in the Dutch strain. And in the 
Finnish strain an increased sensitivity of the 
postsynaptic receptors appears to be associated 
with elevated levels of aggression (Caramaschi et 
al. 2007). These results indicate that increased 
sensitivity of 5-HT1A receptors and lower levels of 

5-HT (and 5-HIAA) in the PFC could be responsible 
for high levels of trait-like aggression in mice.  

Research by Popova et al. showed a 
correlation between high levels of trait-like 
defensive aggression and low levels of 5-HT1A 
postsynaptic receptor expression and activity in 
rats. This study was performed to examine the 
role of the 5-HT1A receptor in genetically defined 
aggression in rats. The rats used for the 
experiments were of a strain that was bred for 
high and low levels of aggression towards humans. 
Both 5-HT1A postsynaptic receptor binding, 
density and mRNA expression in the brain were 
determined in the midbrain, cortex, hippocampus, 
hypothalamus and amygdala. And the 8-OH-DPAT-
induced hypothermia and lower lip retraction 
were used as functional correlates, because they 
are physiological reactions of 5-HT1A postsynaptic 
receptor activity in rats. High aggressive rats 
showed lower specific receptor binding for 8-OH-
DPAT in the frontal cortex, hypothalamus and 
amygdala, as well as a decrease in 5-HT1A receptor 
mRNA expression in the midbrain compared to 
low aggressive rats. Interestingly, low and high 
aggressive rats did not differ in receptor density or 
mRNA expression in the hippocampus, where the 
postsynaptic 5-HT1A receptor has the highest 
levels of expression. Low aggressive rats showed 
stronger hypothermia and lower lip retraction 
responses than high aggressive rats, indicating 
higher sensitivity of the 5-HT1A postsynaptic 
receptors in low aggressive animals. And levels of 
aggression towards humans decreased in low 
aggressive rats after 8-OH-DPAT treatment 
(Popova et al. 2005). The results of this study 
indicate a negative association of 5-HT1A 
postsynaptic receptor expression and function 
with trait-like defensive aggression, in at least 
certain brain regions. When these same lines of 
rats were tested on offensive aggression in a 
resident-intruder paradigm after 71-72 
generations, it was found that the rats bred for 
low aggression towards human showed less 
offensive aggression compared to the rats bred 
for high aggression towards human and wild rats 
that had been unselectively bred in captivity for 
three generations. These lower levels in both 
offensive and defensive aggression could both be 
caused by the higher activity of the 5-HT system in 
these rats, however activity of the 5-HT system 
was not analysed again in the study on offensive 
aggression. The high aggressive rats did not show 
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such distinct differences in offensive aggression 
compared to the unselected rats. However, they 
did show  an insignificant lower number of attacks 
and of certain aggressive behaviors. But attack 
latency and total aggression levels were similar. 
They did  show higher levels of defensive 
aggression in the glove test, however (Plyusnina et 
al. 2011). To determine whether the different 
levels of 5-HT system activity contribute to the 
different levels in both defensive and offensive 
aggression in these rats needs further 
investigation.  
 Van der Vegt et al. also performed 
a study on trait-like aggression. For this study, a 
random-bred strain of rats with varying levels of 
aggression was used in a resident-intruder 
paradigm. There were no apparent differences in 
receptor binding though. But hypothermia was 
also analysed after treatment with 5-HT1A agonist 
alnespirone in these rats as well as in mice 
selectively bred for high and low levels of 
aggression. Both in mice and rats, aggressive 
individuals showed a stronger hypothermia 
response than other individuals, indicating a 
higher postsynaptic 5-HT1A receptor sensitivity in 
aggressive individuals (van der Vegt et al. 2001). 
These results indicate an increased sensitivity of 
the 5-HT1A postsynaptic receptors in high 
aggressive individuals. 
 In some of these studies it appears 
that increased 5-HT1A postsynaptic receptor 
sensitivity is associated with high levels of 
aggression (van der Vegt et al. 2001; Caramaschi 
et al. 2007 (for one strain)), whereas other studies 
show somewhat contradictory findings (Popova et 
al. 2005). Different results could be explained by 
differences in strains and experimental 
procedures. For example, it is possible that in 
certain strains bred for high levels of aggression, 
the individuals are showing escalated forms of 
aggression, whereas in other strains the high 
levels of aggression could still be of a functional 
form. The studies by Caramaschi et al. and van der 
Vegt et al. both indicate an association between 
high levels of 5-HT1A heteroreceptor activity and 
high levels of offensive aggression, whereas the 
study by Popova et al. indicates an association 
between high levels of 5-HT1A heteroreceptor 
activity and low levels of defensive aggression. So 
it does seem that 5-HT1A receptor expression and 
sensitivity are important in trait-like aggression, 
especially the 5-HT1A postsynaptic receptor. 

 
4.3 The 5-HT1AR in escalated aggression 
A method that in commonly used in 

research in rodents to create models for escalated 
forms of aggression is social instigation (Potegal 
1991; Fish et al. 1999; Miczek et al. 2002; de 
Almeida et al. 2005). A study by Centenaro et al. 
used this method to study the effects of 5-HT1A 
receptor agonist 8-OH-DPAT on escalated 
aggression in mice. 8-OH-DPAT was injected into 
the ventral orbital prefrontal cortex (VO PFC), a 
brain region that is known to be important in 
inhibition of aggression and impulsive behavior 
(De Almeida et al. 2005; Blair 2004).Patients with 
lesions in this area show escalated aggressive 
behavior (Grafman et al. 1996; Anderson et al. 
1999; Davidson et al. 2000). Results showed that 
mice treated with 8-OH-DPAT reduced the 
frequency of attack bites, indicating that the 5-
HT1A postsynaptic receptors in this area are 
important in the regulation of aggressive behavior 
in mice (Centenaro et al. 2008).  

Stein and colleagues also assessed 
escalated aggression in mice. They used the 
postsynaptic 5- HT1A receptor agonist F15599, 
which was micro-injected into the VO PFC and the 
infralimbic cortex (ILC). Several studies have 
implicated the ILC as an important brain region for 
the modulation of alcohol-heightened aggression, 
although its relationship to aggressive behavior is 
not precisely clear (Faccidomo et al. 2008; 
Faccidomo et al. 2012). A significant decrease in 
certain aggressive behaviors was observed in mice 
that received their injection into the VO PFC, but 
not in mice which received injections into the ILC. 
These findings also indicate that activation of the 
postsynaptic 5-HT1A receptors in the VO PFC can 
decrease aggressive behavior in animals showing 
an escalated form of aggression (Stein et al. 2003). 
In another study, administration of 8-OH-DPAT 
into the DRN in postpartum female rats with 
escalated levels of aggression due to social 
instigation caused increased levels of aggression 
(da Vieiga et al. 2011), indicating a stimulating role 
of the 5-HT1A presynaptic receptor on escalated 
forms of aggression. 

 It seems the 5-HT1A receptors in certain 
brain regions (VO PFC, DRN) are important in the 
modulation of escalated aggression, but not in 
others (ILC). However, activation of these 
receptors in different brain regions seems to have 
different effects on the modulation of aggression. 
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Activation of the 5-HT1A postsynaptic receptors in 
the VO PFC reduces escalated aggression, 
whereas activation of the 5-HT1A presynaptic 
autoreceptors in the DRN seems to further 
stimulate escalated aggression (figure 5). These 
findings suggest an association of low levels of 5-
HT with escalated aggression. 
 

4.4 5-HT1AR manipulations during 
development 
When Dennis et al. investigated the 

effects of 5-HT agonist 5-MT during the neural 
development of chicks of the extremely aggressive 
White leghorn strain, alterations were found in 
the 5-HT system and in levels of aggressive 
behavior. Chicks were injected with 2.5 mg/kg 5-
MT (a 5-HT agonist), 10 mg/kg 5-MT or a saline 
solution (control) on the hatch day and 24 hours 
afterwards, and aggressive behavior was observed 
at an age of 10 weeks. Male chicks injected with 
either dose of 5-MT showed higher levels of 
aggressive behavior compared to controls, 
whereas there were no differences in aggression 
levels in female chicks. Chicks that had received 
the lower dose of 5-MT had lower 5-HT levels in 
the hypothalamus and dorsal raphe, and they had 
higher 5-HT1A receptor expression in these brain 
areas than the chicks of the two other groups. 
Treatment with this 5-HT agonist during 
development can apparently increase aggression 
in male chicks from an already highly aggressive 
strain. The different results for female and male 
chicks are very interesting. It seems that for some 
reason the effects of higher 5-HT receptor 
activation during development on aggression is 
gender-specific. Females also had higher levels of 
catecholamines in the DRN and higher levels of 5-
HIAA in the hypothalamus and DRN, and showed 
higher levels of 5-HT turnover in the DRN (Dennis, 
Lay and Cheng, 2013). It could be that differences 
in male and female hormones affect the results of 
this study. Because females of most species have 
fluctuating levels of sex hormones, many studies 
usually only include male individuals to eliminate 
that possibility. Interestingly, 5-HT agonist 
treatment during development leads to higher 
levels of aggression, and a lower dose of agonist 
treatment has stronger effects on aggression than 
a higher dose. 

Interesting results were also found when 
manipulations in 5-HT levels and 5-HT1A receptor 
activity were performed during development in 

chicks of the same strain. Fertilized eggs were 
injected with either 5-HT, 8-OH-DPAT or saline. 
Nine weeks after hatching and at the onset of 
sexual maturity (18 weeks), aggressive behavior  
was analysed. At 9 weeks, chicks of the 5-HT 
treatment showed significantly lower levels of 
aggression than chicks of the other two 
treatments. And at 18 weeks, the 5-HT treatment 
chicks showed significantly lower levels of 
aggression than control chicks. Chicks of the 8-OH-
DPAT treatment showed almost similar levels of 
aggression as control chicks at 9 weeks, but at 18 
weeks they showed lower levels of aggression 
than controls chicks but still higher than chicks of 
the 5-HT treatment, although these differences 
were not significant. These findings suggest that 
alterations in the 5-HT system during 
development can have considerable 
consequences on aggressive behavior in chicks 
(Dennis, Fahey and Cheng, 2013). Treatment with 
5-HT during development has long-term 
attenuating effects of aggressive behavior in 
chicks. The differences between the results of 
chicks treated with 5-HT and chicks treated with 
8-OH-DPAT, indicates that another 5-HT target 
besides the 5-HT1A receptor is important in the 
reduction of aggression by the 5-HT treatment. 

The importance of the 5-HT1A 
autoreceptor during development was indicated 
in a study performed by Audero and colleagues. In 
this study, transgenic mice with a reversible 
overexpression of 5-HT1A autoreceptors on 
serotonergic neurons were used. Chronic 
overexpression of the 5-HT1A autoreceptors on 
serotonergic neurons decreased 5-HT activity. 
During a resident-intruder paradigm, mice with a 
chronic overexpression of the 5-HT1A 
autoreceptors showed higher levels of aggression 
than control mice. Mice with an overexpression of 
the autoreceptors during adulthood, but not 
during development, showed similar levels of 
aggression. But an overexpression only during 
development was not sufficient to enhance 
aggression. And acute suppression of 5-HT activity 
by treating the serotonergic neurons with 8-OH-
DPAT, also enhanced aggression (Audero et al. 
2013). These findings show that acute reduction 
of 5-HT1A receptor activity and chronic reduction 
of 5-HT activity during adulthood can both lead to 
enhanced aggression in mice. These findings 
indicate an association between low levels of 5-HT 
activity and high levels of aggression, but also 
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show that overexpression of these receptors 
during development has no effect on aggression 
levels in mice.  
 

4.5 Conclusion 
So it seems that, in vertebrates, activation 

of both the presynaptic autoreceptors and the 
postsynaptic heteroreceptors can elicit a 
reduction in acute state-like aggression. 
Activation of only presynaptic autoreceptors 
decreases aggression, and activation of only the 
postsynaptic heteroreceptors decreases 
aggression as well. And when both pre- and 
postsynaptic receptors are activated at the same 
time, additive anti-aggressive effects can be 
observed. It is not precisely clear what this means 
for the effects of 5-HT levels on aggression. 
Because an activation of the presynaptic 
autoreceptors inhibits 5-HT release in the DRN, 
which would mean that low levels are associated 
with low levels of aggression. But, on the other 
hand, activation of the postsynaptic 
heteroreceptors mimics the effects of 5-HT, which 
would mean that higher 5-HT levels in the limbic 
areas and cortex leads to a reduction of 
aggression. And these two statements are 
contradicting each other. This could mean that 
activation of the presynaptic 5-HT1A receptor also 
has other effects besides inhibiting 5-HT release, 
through which it can regulate aggression levels. 
So, activation of both types of 5-HT1A receptors 
can lead to reductions of acute state-like 
aggression, but it is not necessary for both types 
to be activated to obtain a reduction in this type 
of aggression. More research is needed to further 
determine the mechanisms by which these two 5-
HT1A receptor types can modulate aggression.  

In trait-like aggression, differences in 5-
HT1A receptor expression and sensitivity seem to 
be associated with differences in levels of 
aggression. It appears that higher levels of 
expression and sensitivity of the 5-HT1A 
postsynaptic receptor are associated with low 
levels of trait-like offensive aggression, whereas 
the opposite seems to be the case for defensive 
aggression. This indicates that 5-HT has a different 
role in modulating defensive and offensive 
aggression, but further investigate this more 
research is needed.  

And 5-HT1A agonists can also decrease 
aggression levels in the VO PFC in forms of 
escalated aggression through activation of the 5-

HT1A postsynaptic receptors. And activation of the 
5-HT1A autoreceptors in the DRN seems to further 
increase aggression levels of individuals which 
already exhibit escalated aggression. It seems, 
therefore, that low levels of 5-HT activity are 
associated with escalated aggression. So it 
appears that the presynaptic autoreceptors in the 
DRN have different effects on functional and 
escalated forms of aggression. These different 
findings are very interesting, and it would be very 
intriguing if future research would be able to shine 
more light on these different consequences of 5-
HT1A autoreceptor activation in the DRN between 
functional and escalated forms of aggression. And 
because activation of 5-HT1A autoreceptors 
inhibits 5-HT release, whereas activation of the 5-
HT1A heteroreceptors is elicited by high levels of 5-
HT release, it seems that low levels of 5-HT are 
associated with escalated forms of aggression. 
 Furthermore, it seems that elevated levels 
of 5-HT during development can affect aggression 
in chicks, whereas the manipulations on the 5-
HT1A receptor during development are less clear. 
In mice, manipulations of 5-HT1A receptor activity 
has different effects on aggression at different 
stages in life. 
 

5. 5-HT1AR and aggression in invertebrates 
5.1 The 5-HT1αDro receptor and aggression 
To date, there have only been studies 

conducted on D. melanogaster that examined the 
relationship between the 5-HT1A invertebrate 
receptor homologues and aggression. Therefore, I 
will use D. melanogaster as a model to analyse this 
relationship in invertebrates. 

Fruit flies exhibit aggressive behavior in 
competition for food, territory and mates, 
although aggressive behavior can differ among fly 
strains. After aggressive encounters, a dominance 
relationship is usually established between males 
(Alekseyenko et al., 2010; Certel et al., 2010). They 
exhibit a repertoire of distinct, complex fighting 
behaviors, making them very suitable for analysis 
of aggressive behavior (Chen et al. 2002).  

When Johnson et al. examined the role of 
the 5-HT1αDro and 5-HT1βDro receptors in aggression 
in male fruit flies, it was found that activation of 
these receptors by 5-HT1A receptor agonist 8-OH-
DPAT led to significantly higher levels of aggressive 
behavior compared to controls. And when the 
receptors were blocked by 5-HT1A receptor 
antagonist WAY-100635, aggression levels 
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significantly dropped. And remarkably, a 
combination of 8-OH-DPAT and WAY-100635 
showed a further reduction in aggressive behavior. 
There is a possibility that this further reduction is 
caused by different affinities of 8-OH-DPAT and 
WAY-100635 for potential pre- and postsynaptic 5-
HT1A receptor homologues, but this is not known. 

Using an intersectional genetic strategy, 
Alekseyenko et al. identified a symmetrical pair of 
5-HT neurons in the posterior lateral 
protocerebrum (PLP) of D. melanogaster that were 
able to modulate aggressive behavior in male flies. 
Silencing of these particular neurons caused 
decreased levels of aggressive behavior, whereas 
activation of these neurons caused increased 
levels of aggressive behavior. They also found that 
these PLP neurons arborize to 5-HT1αDro receptor-
containing neurons in the central brain. Activation 
of these 5-HT1αDro receptor-containing neurons 
caused a decrease of aggressive behavior 
(Alekseyenko et al. 2014).  These findings suggest 
that 5-HT release of the PLP neurons could have a 
possible inhibitory effect on the 5-HT1αDro 
receptor-containing neurons in the central brain It 
is possible that the 5-HT1αDro receptors on these 
neurons in the central brain are postsynaptic 
heteroreceptors. This pathway could play an 
important role in the control of aggression levels 
in D. melanogaster. These findings can also 
indicate that 5-HT release of the PLP 5-HT neurons 
causes an activation of these 5-HT1α receptors in 
the midbrain, which leads to higher levels of 
aggression by possibly hyperpolarizing the cell. 
However, this has not (yet) demonstrated to be 
the case. 

In another study, naïve male D. 
melanogaster flies were given 8-OH-DPAT. These 
flies showed an increased tendency to engage in 
high intensity fighting. When 5-HT1A receptor 
homologues were knocked down in the insulin 
producing cells (IPC) in the pars intercerebralis 
(PI), flies showed less high intensity fighting 
behavior compared to controls. And when these 
knock-down flies were given 8-OH-DPAT, there 
was no change in fighting behavior (Williams et al. 
2014). These findings indicate that 5-HT1αDro and 
5-HT1βDro expression in the IPC is necessary for 
proper fighting behavior in D. melanogaster, and 
that these receptors are important in mediating 
high intensity fighting behaviors in particular. 
 

5.2 Conclusion 
These findings all indicate that activation 

of the 5-HT1A receptor homologues in Drosophila 
has a stimulating effect on aggressive behavior. 
Unfortunately, not as much is known about the 
invertebrate 5-HT1A receptor homologues as there 
is about the vertebrate 5-HT1A receptor. For 
instance, it is not known for sure if invertebrates 
have both presynaptic autoreceptors and 
postsynaptic heteroreceptos mediating similar 
effects as in vertebrates. And of course, there are 
striking differences between invertebrate 
brain/brain-like structures and vertebrate brains. 
And because the studies that focused on the 
effects of the 5HT1αDro and 5-HT1βDro receptors on 
aggression do not discern between effects 
mediated through pre- or postsynaptic receptors, 
these studies do not indicate whether high or low 
levels of 5-HT activity are associated with 
aggression in invertebrates. However, there are 

Figure 5 The effects of the 5-HT1A receptors on aggression in vertebrates and invertebrates. Activation of the 5-HT1A-like 
receptors in invertebrates leads to higher levels of aggression (left). And activation of the presynaptic autoreceptor in 
vertebrates leads to higher levels of aggression in escalated forms of aggression, and leads to lower levels of aggression in 
functional forms of aggression. Activation of the 5-HT1A postsynaptic heteroreceptor in vertebrates leads to lower levels of 
aggression in escalated and functional forms of aggression. 



14 
 

other studies that do not specifically focus on 5-
HT1A receptor homologues, but that do examine 
the effects of different levels of 5-HT on aggression 
in invertebrates. 

For example. in a study on aggression in D. 
melanogaster, Alekseyenko et al. used the binary 
Gal4/UAS system to chronically or acutely 
manipulate serotonergic neurons. Acute silencing 
of serotonergic neurons resulted in flies that were 
still able to fight, but unable to escalate fighting to 
establish hierarchal relationships. And when the 
serotonergic neurons were activated, flies showed 
more high intensity fighting with hierarchal 
relationships being established faster compared 
to control flies. These results show that 5-HT is not 
necessary to initiate aggressive encounters, but 
that it is crucial for a proper escalation of fighting 
behavior and establishing hierarchal relationships 
(Alekseyenko et al. 2010). 

Furthermore, research by Dierick and 
Greenspan showed that high 5-HT levels led to 
higher levels of aggression in fruit flies as well 
(Dierick et al. 2007). Actually, this association has 
been shown in many other invertebrate species as 
well. For example, stalk-eyed fly (Teleopsis 
dalmanni) with higher 5-HT levels showed higher 
levels of high-intensity fighting behaviors, fewer 
retreats and won more fights compared to control 
flies (Bubak et al. 2013; Bubak et al. 2014). And 
crickets depleted of 5-HT showed increased 
escape behavior and won fewer fights than 
controls (Dyakonova et al. 1999), whereas crickets 
with elevated 5-HT levels fought for longer periods 
of time and showed more dominant postures 
(Dyakonova et al. 2013). Squat lobsters (Munida 
quadrispina) injected with 5-HT showed 
aggressive behaviors and postures (Antonsen et al. 
1997) as well. And 5-HT injection into subordinate 
crayfish increased their propensity to engage 
dominants again in agonistic encounters (Huber et 
al. 1997). And in another experiment 5-HT 
injection led to fights that lasted remarkably 
longer (Huber et al. 1998).  

However, there have also been studies 
that did not find significant effects of 5-HT on 
aggression in invertebrates (Baier et al. 2002; 
Stevenson et al. 2000; Stevenson et al. 2005). This 
could be explained by different effects on 
aggression by different 5-HT receptor subtypes. 
For example, Johnson et al. showed that the 5-HT2 
subtype receptor in D. melanogaster causes a 
reduction in aggressive behavior. And it is very 

likely that similar receptor subtypes with similar 
effects are present in other invertebrate species as 
well. 

It seems that activation of 5-HT1A receptor 
homologues in invertebrates can lead to higher 
levels of aggression, and that the 5-HT1A receptor 
homologues are important in proper fighting 
behavior in invertebrates (figure 5). 
 

6. Discussion 
Because the research concerning the 

relationship between the 5- HT1αDro and 5-HT1βDro 
receptors and aggression focused on state-like 
aggression, I will be focusing on the differences of 
the effects of the 5-HT1A receptor on state-like 
aggression between vertebrates and 
invertebrates. 

Of course, there are certain difficulties 
with comparing results from different studies, in 
that experimental procedures always differ which 
can affect results. Moreover, some studies use 
lab-bred animals, whereas other studies use 
wildtype animals which can also really affect 
results. Wildtype animals show much more 
individual variation than lab-bred animals due to 
higher selection pressures and less inbreeding. 
And because there are differences between 5-
HT1A agonists in side-effects and differences in 
receptor affinity for different agonists, 
comparison of studies using different agonists can 
be tricky. And of course there are physiological 
and behavioural differences between vertebrate 
species, which can lead to different results of 
studies using different vertebrate species. 

Moreover, in this paper I have used D. 
melanogaster as a model for invertebrates, but it 
is very well possible that there are differences 
within invertebrates in the effects mediated by 
the 5-HT1A receptor homologues. It is highly likely 
that 5-HT1 receptors in invertebrates have 
functional as well as structural differences due the 
evolutionary distances between different 
invertebrate phyla. Just a few differences in 
coding sequence can alter affinities for ligand 
binding. Nevertheless, I believe that the 
comparison of the effects of the 5-HT1A receptor 
on the modulation of aggression between 
vertebrates and invertebrates in this paper 
emphasizes important differences in the 5-HT 
system between these animals. 

In vertebrates, activation of the 5-HT1A 
receptor leads to lower levels of aggressive 
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behavior, whereas activation of 5-HT1A 
homologue receptors in invertebrates leads to an 
enhancement of aggression. However, it is not 
immediately clear how this difference can be 
explained. Because when you compare the signal 
transduction pathways of 5-HT1A receptors in 
vertebrates and their invertebrate homologues, 
they appear quite similar. They are both 
negatively coupled to adenylyl cyclase, and 
thereby decrease cyclic adenosine 
monophosphate (cAMP) production and 
phospholipase A (PKA)  activity. They also both 
activate PLC. However, in mammals activation of 
the 5-HT1A receptors is coupled to activation of 
GIRK channels, leading to cell hyperpolarization. 
Whether this particular pathway is activated by 
the invertebrate 5-HT1A homologues is not known. 
If this is not the case in invertebrates, 5-HT1A 
receptor homologue activation may not lead to 
hyperpolarization, and therefore, not to 
decreased cell excitability, firing rate and 
inhibition of neurotransmitter release. This in 
turn, could cause a different effect on the 
modulation of aggressive behavior in these 
animals. Because if this pathway is important in 
the inhibition of aggressive behavior in 
vertebrates, its potential absence in invertebrates 
could explain the seemingly opposing effects of 5-

HT on aggression between vertebrates and 
invertebrates. However, the study by Alekseyenko 
investigating the role of PLP 5-HT neurons in 
aggression indicates a hyperpolarizing effect of 
the 5-HT1αDro receptor (Alekseyenko et al. 2014), 
but this has not been demonstrated to be the 
case. In my opinion, the GIRK pathway could be a 
potential candidate to explain the differences in 
aggression modulation of the 5-HT1A receptor 
between vertebrates and invertebrates (figure 6). 
It would be very exciting if future research 
investigated this possible difference between 
vertebrates and invertebrates further, which 
could have intriguing evolutionary implications. 

It is believed that the 5-HT1αDro and 5-
HT1βDro receptors are coupled to Gi proteins, 
because activation of these receptors in 
mammalian cells inhibits adenylyl cyclase. 
However, this does not prove that there is such a 
coupling in invertebrate systems as well. It is 
possible that the 5-HT1αDro and 5-HT1βDro receptor 
activation in invertebrates is coupled to other 
cellular pathways. Different scenarios are 
possible: for example, the G-protein to which the 
5-HT1αDro and 5-HT1βDro receptors are coupled 
could exist of a different βγ subunit, which does 
not couple to GIRK channels, or to a different type 
of G-protein altogether. And there are, as is to be 

Figure 6 Proposed mechanism for different modulation of aggression between vertebrates and invertebrates.  
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expected, certain differences in G proteins 
between vertebrates and invertebrates (Krishnan 
et al. 2015). 

 Furthermore, there are various distinct 
differences between the nervous systems of 
vertebrates and invertebrates which could cause 
differences in the effects of 5-HT1A receptor 
activation between vertebrates and invertebrates. 
The 5-HT1A receptors in vertebrates are known to 
be expressed mainly in the raphe nucleus, limbic 
areas and the cortex, whereas in Drosophila the 5-
HT1A-like receptors are expressed around the 
peduncles of the mushroom bodies and the 
ventrolateral protocerebrum (Alekseyenko et al. 
2014) and the pars intercerebralis (Luo et al. 
2012). 

There could also be differences in the 
interactions of 5-HT with other neurotransmitters 
between vertebrates and invertebrates. And there 
are remarkable differences in binding affinity for 
the 5-HT1A receptor agonist 8-OH-DPAT. The 
vertebrate 5-HT1A receptors are known to have a 
high affinity for this agonist, whereas the 5-HT1αDro 
and 5-HT1βDro have weaker affinities (Saudou et al. 
1992). Another interesting point, is that the 5-
HT1βDro has only a 43,4% homology with the 
human 5-HT1A receptor, whereas the 5-HT7Drp 
receptor (formerly called 5-HTdro1 receptor) has a 
49% homology with the human 5-HT1A receptor 
(Witz et al. 1990; Colas et al. 1995). Even so, in 
most evolutionary trees and dendograms, the 5-
HT1αDro and 5-HT1βDro receptors are positioned 
more closely to the mammalian 5-HT1A receptor 
than the 5-HT7Dro receptor (figure 5). This is 
probably because the 5-HT7Dro receptor activates 
adenylyl cyclase, and therefore does not belong in 
the 5-HT1 family. The HT1αDro and 5-HT1βDro 
receptors in mammalian cells leads to an 
inhibition of adenylyl cyclase (Saudou et al. 1994), 
and therefore do belong in the 5-HT1 family even 
though their percentages of homology with the 
mammalian receptors are lower. The differences 
in the effects on adenylyl cyclase between the 5-
HT7Dro receptor and the 5-HT1A receptor, 
emphasizes that there can be critical functional 
differences between receptors even though they 
share a relatively high homology. So, it would not 
be that unexpected if there were differences in 
the cellular signalling pathways between the 5-
HT1αDro and 5-HT1βDro and the 5-HT1A receptor as 
well.   

So, in my opinion, there is not yet enough 
information available today about the structural 
and functional aspects of these receptors to 
simply refer to them as 5-HT1A receptors in 
invertebrates. The primordial 5-HT receptor is 
estimated to be more than 750 million years old. 
And from that time on, the process of the 
divergence of different 5-HT receptors started 
(Peroutka et al. 1994).  And because the 5-HT 
receptor subtypes are believed to have evolved 
after the separation of vertebrates and 
invertebrates, invertebrates should not be 
categorized in the vertebrate subtype classes at 
all. The 5-HT1α and 5-HT1β receptors should not be 
referred to as invertebrate 5-HT1A receptors 
because they belong to a potential invertebrate 
subtype, not a vertebrate subtype. So, in my 
opinion, it would be better to refer to them as 
simply 5-HT1 receptors to avoid confusion. And 
perhaps, in the future invertebrate subtype 
classes can be developed as well, avoiding 
confusion about the evolutionary relationships 
between vertebrate and invertebrate receptors. 

Moreover, the 5-HT1αDro and 5-HT1βDro  
receptors have a long extracellular tail with a 
hydrophobic sequence, which is very unusual for 
GPCRs (Saudou et al. 1992). So, even though these 
receptors have a relatively high degree of 
homology with the human 5-HT1A receptor, in the 
course of evolution functional and structural 
adaptations of these receptors have accumulated, 
making them very different from the vertebrate 5-
HT1A receptor as well. It is important that the 
differences between these receptors are 
recognized, because especially the invertebrate 
Drosophila melanogaster is widely used as a 
model system for pharmacological and behavioral 
research. And because of these differences, 
invertebrates may not be adequate model 
systems for pharmacological studies that target 
the 5-HT1A receptor. It would be very interesting if 
future research could determine whether 
activation of the invertebrate 5-HT1A receptor 
homologues are coupled to GIRK channels. This 
information could be of interest for evolutionary, 
behavioral, neurobiological and pharmacological 
research purposes. So hopefully, in the future 
more research will be conducted on this topic to 
shine more light on these fascinating differences 
between vertebrates and invertebrates. 
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