
[Frontiers in Bioscience S1, 437-447, June 1, 2009] 

437 

Sleep and its possible role in learning:  a phylogenetic view 
 
Stefania Piscopo 
 
Lab. of Animal Physiology and Evolution, Stazione Zoologica Anton Dohrn,80121 Napoli, Italy 
 
TABLE OF CONTENTS 
 
1. Abstract  
2. Introduction 
3. Main features of sleep 
4. General ideas about the phylogeny of sleep 
5. Possible functions of sleep 
6. Sleep and synaptic plasticity 
7. Cnidarians 
8. Nematodes 
9. Molluscs 
10. Arthropods 
11.Discussion & Conclusion 

11.1. Towards a general hypothesis 
12. Acknowledgements 
13.References 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. ABSTRACT 

 
A fascinating but still partly unsolved scientific 

question is to understand the function/s of sleep. Many 
hypotheses have been proposed, and in this review I focus 
on the idea that sleep has a role in supporting brain 
plasticity, learning and memory.  Although the majority of 
sleep research is concentrated on vertebrates, especially 
humans and mammals, sleep-like behaviour is also evident 
in some invertebrates. Though surprisingly there are very 
few studies that have directly tested if there is a 
mechanistic link between sleep and plasticity. I argue that a 
phylogenetic approach gives potential insight into the 
mechanisms and roles of sleep, by allowing an analysis by 
comparison of the evolution of sleep and rest/activity 
cycles in organisms showing radically different lifestyles 
and brain plans. This review attempts to set the scene for a 
much more profound analysis of these issues using 
phylogenetic tools.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 

 
Sleep in most vertebrates is a heterogeneous state 

characterized by behavioural, electrophysiological and 
energetic aspects. In invertebrates, our knowledge of sleep 
is growing rapidly though we are as yet far from a complete 
synthesis. At the same time, it is clear that a comparative 
approach that examines sleep features in phylogeny may 
help in understanding sleep evolution, and may be useful to 
indicate what could be the universal functions of this 
physiological state.   

 
The current list of animal phyla studied from 

this respect has been rightly, and highly biased,  as the 
main effort has been directed at  understanding 
mammalian sleep. Until recently, there were only a few 
reports, based mostly on behavioural observations, 
dedicated to invertebrate “rest” or “sleep-like 
behaviour”.  
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This situation has changed dramatically with the 
advent of cheap and rapid throughput genome sequencing 
(“genomics”) which has made it  possible to sequence 
many small invertebrate genomes. This has opened the 
possibility of using combined functional/genomic 
approaches to address basic questions.  As a result, we now 
know that a complicated phenomenon such as sleep is also 
present in a small insect like the fruit-fly. However 
although this represents a very restricted phylogeny, it has 
already been suggested that the  phylogenetic approach 
may be a good  tool to understand in more depth  the 
evolution and the function of sleep (1,2).  

 
 In this review for the first time I have listed the 

principal studies done on sleep or rest activity cycles in 
invertebrate phyla and using this information I discuss the 
important proposal that the function of sleep could be 
related to  synaptic plasticity and learning. 
 
3. MAIN FEATURES OF SLEEP;  VERTEBRATES 

 
Before proceeding with a detailed evaluation of 

sleep and sleep- like processes in invertebrates, it is worth 
reviewing what we already know about the process in 
warm blooded vertebrates. Sleep is a heterogeneous 
functional state characterized by reduced responsiveness 
and homeostatic regulation. Modern research on sleep 
started in the 30s when the EEG method was invented (3) 
and it became possible to record brain electrical activity 
and to correlate this with behaviour.  On the basis of this 
correlation, it was possible to identify 2 different kinds of 
sleep: slow wave or synchronised sleep (SWS) and REM or 
paradoxical sleep (PS). These two sleep states have been 
shown to be present in both mammals  (4) and birds (5).  
SWS is characterized by low frequency and high amplitude 
waves, while the ‘paradox’ in PS is the existence of a 
desynchronised trace consisting of high frequency and low 
amplitude waves, similar to an awake state.  The 
paradoxical state may be distinguished from the awake 
state only by correlating it with the loss of muscular tone, 
rapid eye movements, irregular heart and respiratory rate, 
variation of the blood pressure and presence of dreams.  
The sleep cycle itself is  strongly influenced by the 
endogenous clock, but also by external factors such as light 
and temperature, and is regulated by homeostatic 
mechanisms. In fact, lack or deprivation of sleep leads to 
compensation (sleep rebound).   Lastly it should be 
underlined  here that the tem ‘sleep’ when used in the 
vertebrate/mammalian context emerges from this  strong 
tradition in behaviour and neurophysiology.   
 
4. GENERAL IDEAS ABOUT THE  PHYLOGENY 
OF SLEEP 
 

Explanations of sleep function have tended to 
reflect our focus on mammals. It has been stated variously 
that sleep evolved with brain complexity, homeothermy or 
increasing system complexity. For example, it has been 
claimed that synchronized sleep was present in the 
Palaeozoic era, while REM sleep origin was more recent, 
occurring along with homoeothermy (6). Until recently  PS 
was  found only  in birds and mammals and  was present in 

a intermediate state in  echidna,  a monotreme  which 
represents  a kind of primitive mammal (7). Recently it has 
been shown that echidna sleep has a REM component and 
hence a PS state (8) as well as the platypus, another 
member of the monotremes (9).  While, the  idea that sleep 
evolved along with brain complexity, learning and memory 
and intelligence is somewhat undermined by the  
spectacular  lack of PS in  certain key mammalian species 
such as cetaceans that must sleep with one hemisphere at a 
time to allow  the other hemisphere control respiration. 
These animals show only slow cortical activity comparable 
to SS and an absence of PS (10).  Equally, in reptiles, (11) 
amphibians and fish (12) no REM sleep has been found, 
although for practical reasons it has been difficult to define 
clearly this characteristic of their sleep.  Thus as the general 
situation in vertebrates is unclear with no apparent unifying 
pattern, a critical comparison with invertebrates could be 
instructive.  It should be noted first that when we talk of 
invertebrates, it has only recently been possible to talk 
about “invertebrate sleep”. In the past the term “rest” has 
been seen to be a more appropriate term.  

 
Historically, research on invertebrate sleep 

started last century with behavioural descriptions, but since 
then, it has been possible to make correlative  electrical 
recordings and now  molecular  and now genetic analysis as 
well. In Figure 1 I show a simplified scheme of the 
phylogenetic tree of the animal kingdom, indicating phyla 
where sleep has been shown to exist (red spot).  The 
simplest animals (in terms of brain complexity) where such 
a state has been described are the   “cubomedusae” or box 
jellyfish that are different from  other cnidarians as they 
have a very specialised visual system that allows them to 
perform visually guided avoidance (13).  Other simple 
animals include the nematode worm c.elegans, (14) an 
invertebrate with a very simple ‘brain’ consisting of only 
302 neurons. Looking into the ‘upper’ part of the tree, one 
sees that in the area of the celomatic protostomes, that sleep 
has been discovered in 2 other phyla (molluscs and 
arthropods). Among molluscs, Octopus vulgaris is a 
cephalopod whose outstanding ability to learn has been 
described in detail (15,16)  and here it has been possible to 
make an in vivo electrical recording of sleep in a free 
moving animal (17). Arthropods have  been the most 
studied phylum in invertebrate sleep research, as the first 
observations of this sort were carried out on scorpions and 
cockroaches (18,19,20) and recently Drosophila 
melanogaster has become a key model in this field of 
research (21). 
 
5. POSSIBLE FUNCTIONS OF SLEEP  

 
As stated above, the function/s of sleep have/s always been 
and remain an open question despite the many different 
hypotheses proposed. Some authors consider sleep to be a 
restorative period when all cell synthesis and metabolic 
operations occur. For example,   Adam and Oswald 
proposed that during SS there is an intense cell 
proliferation and tissue restoration, considering also that the 
presence of growth hormone in the blood is higher during 
the first hours of sleep (22). The same is true for sex 
hormones and prolactin (23), while in other experiments it
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Figure 1. Animal phylogenetic tree showing major transitions and the position of key species covered in this review.   
 
has been seen that during SS there is a decrease in protein 
synthesis in the brain (24).  In another theory, based on 
studies on mammalian basal metabolism, which is reduced 
by the 10 % during  SS,  SS was proposed to be a stage for 
energy conservation (25,26). This hypothesis may be 
appropriate for the animals that in difficult conditions (like 
lack of food), need to save energy. If sleep represents a 
stage of energy saving, the animal could use it to have a 
better possibility of  survival. To support this hypothesis, 
there is the consideration that adaptive stages like torpor or 
hibernation start from SS and not from the awake state.  So 
SS could be the first step of a series of different energy 
saving levels. Other hypotheses claim that during sleeping 
other necessary operations such as thermoregulation occur 
in the brain (27), or detoxification (28).  

 
Many authors propose that sleep facilitates brain 

plasticity to favour the adaptation of behaviour to any 
situation. In this way the brain would not be constrained to 
follow only genetic programs, but would be able to change 
its structure and function, and respond to environmental 
changes (29,30). According to this work , since the brain 
tends to be  more complex in more complex  animals, 
where it is necessary to retain  large amounts of new 
information together with  ‘pre-programmed’ instinctive 
functions (6,31), the information could  be  best reconciled 
in the absence of other (confounding) major input. This 
operation would be best done during sleep when the animal 
is isolated from the environment and the brain is not 

involved in other active operations. The relationship 
between sleep and memory was first noticed at the end of 
the nineteen century (32) and by many authors it is still 
considered a valid if largely untested hypothesis for the 
function of sleep. 
 
 
6. SLEEP AND SYNAPTIC PLASTICITY 
 

As intimated in the last section, the involvement 
of sleep in memory  is an attractive explanation for sleep 
function, thus  any  changes should occur through 
alterations in synaptic plasticity the cellular and synaptic 
correlate of the  memory trace. At present there are  two 
main views,  the “ontogenetic hypothesis” and  the  
“memory consolidation hypothesis”.  According to the 
ontogenetic hypothesis sleep has an important role in brain 
maturation, as  the amount of REM sleep decreases with 
age and is maximum in neonatal life (33). Many studies 
have been done whose results support this  idea.  For 
instance some authors believe that REM sleep is 
fundamental for brain growth, connectivity and synaptic 
plasticity (34) and others underline the role of sleep in the 
development of central visual pathways (35). Before REM 
sleep was discovered (4), the idea that sleep was involved 
in learning and memory process was already present, in fact 
in 1885 Ebbinghaus, a German psychologist that was 
carrying experiments on memory, discovered that the 
amount of forgetting was reduced by sleep, but he rejected 
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his data thinking that he had made accidental errors in his 
experiments (32).  

 
Jenkins and Dallenbach, 50 years later, studying 

his work, reconsidered his data and started making 
experiments on human subjects. They discovered that 
people who slept after reading a list of nonsense phrases, 
could remember better. With these data they proposed an 
interference theory of forgetting, in which they assumed 
that since during the night the brain rests, the memory 
persists because there is less interference (36).  

 
After the discovery of REM sleep, several others 

hypotheses were proposed about the relationship between 
sleep and memory (37), among these, there are some 
authors who believe that the amount of REM sleep is 
important for memory consolidation  (38,39,40,41,6,42,43) 
while  others that believe the REM sleep does not have an 
important role in the elaboration of memories (44,45). After 
a series of  experiments on human subjects, it has been 
proposed that sleep has more than one  role in the 
elaboration of  memory traces, since it could be useful to 
consolidate perceptual and motor skill learning, simple 
declarative memory, emotional memories and complex 
cognitive learning (46).  

 
Using non invasive neuroimaging techniques 

such as PET (positron emission tomography) and fMRI 
(functional magnetic resonance imaging), it has been 
possible to correlate learning behaviour while  awake with 
neuronal activity during sleep and it has been shown that 
entire macroscopic cortico-subcortical networks change 
depending on  experience during the previous awake state. 
Moreover with experiments of sleep deprivation, there was 
a lack of recent memories as a consequence (47). Since it 
has been postulated as a result of experiments at the 
behavioural, physiological, cellular and molecular levels, 
that synaptic plasticity processes are altered when sleep is 
disturbed, it has been proposed that the primary function of 
sleep might be the facilitation of synaptic plasticity (48) 
however a direct connection between the two processes is 
currently lacking in vertebrates.  However vertebrates are 
not the only animals to have developed complex brains, and 
synaptic plasticity has been detected in most animal phyla. 
How does the above hypothesis hold up across animal 
phylogeny? 

 
7. CNIDARIANS 
 

Cnidarians are some of the simplest metazoan 
animals capable of independent locomotion and they live in 
one of the most challenging environments on earth: the sea. 
In general they do not show much in the way of complex 
neural processing or behaviour, apart from Chironex 
fleckeri, a cubomedusa known also as the “sea wasp” 
because of its lethal sting.  This jellyfish is notable because 
even if it has no centralised brain, it has a complex visual 
system with 24 eyes of 4 different types, each specialised 
for a different task (unlike other jellyfish). By means of 
ultrasonic transmitters (biotelemetry) it was possible to 
follow the animals with an underwater directional 
microphone and track their activity. The  data showed  that 

jellyfish were more active during the daylight hours (from 
about 0600 to 1500), when they moved with a speed  of 
about 212 m an hour, while from 1500 to 0600, they moved 
on  average at  less than 10 m an hour. During the night, 
jellyfish were clearly inactive, lying motionless on the sea 
floor, with tentacles completely relaxed and absence of bell 
pulsation. This rest was disturbed by external stimuli like 
strong lights or vibrations that caused  the animals to rise 
from the sea floor and swim around briefly, falling back 
into an inactive state on the sand soon after. Using this 
method the author recorded 15h of behavioural sleep (49).  

 
The discovery of a sleep-like state in jellyfish 

supports the hypothesis of an ancient origin of sleep and 
show that its basic function is not coupled to brain 
complexity. An evolutionary analysis was used to suggest 
that sleep in this animal could be linked to the conflict 
produced by a huge request of neural elaboration from 
complex eyes on the multifunctional neuronal circuit. This 
conflict may be solved if all the “non-urgent process” can 
be done during sleep. Without sleep, selection would 
favour the evolution of circuits dedicated to single or few 
tasks with a corresponding minor efficiency. (50).  
 
8. NEMATODES 

Nematodes are very versatile worms that include 
species adapted to different habitats, they may be free 
living terrestrial, or aquatic animals or parasites. Perhaps 
the best understood in this phylum is the free-living worm 
C. elegans, that although ‘simple’, possesses a nervous 
system that has been studied in detail.  

 
Some  recent work on invertebrate sleep has been 

carried out on  C. elegans, whose quiescence period 
(associated with lethargus), shows sleep-like properties of 
reversibility, reduced responsiveness and homeostasis. This 
sleep-like behaviour is under homeostatic regulation and 
with transgenic experiments, it was found that sensory 
neurons have a role in the regulation of lethargus. Equally 
it was shown that the genetic control of sleep is a 
conservative process as there is a common genetic 
regulation of sleep-like states in arthropods and nematodes. 
Finally it was shown that in this species the sleep-like state 
has a role in the growth and development of the nervous 
system (14). 
 
9. MOLLUSCS 
 

 The Molluscs are a very heterogeneous phylum 
including several different species living in different 
habitats and among which cephalopods have the most 
complex brain, with well developed and elaborate sensory 
and motor organs. Their nervous system are  large  and 
consist of ‘nuclear’ specialized lobes to a much greater 
extent that  other molluscs.  Unsurprisingly perhaps, their 
behaviour is similar in many respects to higher vertebrates, 
a result according to Packard, of their ancient and ongoing 
competition with fish (51).  Octopus vulgaris for example, 
exhibits at least 3 different kinds of complex learning: 
tactile learning, visual discrimination and observational 
learning (52), in addition to the simple forms of learning 
common to most invertebrates. These advanced abilities 
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have been associated (mainly with lesion experiments) with 
the supra oesophageal lobes of the brain and it has been 
hypothesised that a parallelism exists between the structure 
and the function of these lobes and the vertebrate 
hippocampus. Altman noticed that Octopus vulgaris is 
more active during the night (53), and later it was 
demonstrated that they generally catch prey during the 
night and during the day prefer to stay in their dens (54).  In 
1995 Cobb demonstrated the presence of a circadian cycle 
in another species of octopus (Eledone cirrhosa) (55). 
However, there seems to be no evidence for a circadian 
influence on visual and tactile discrimination learning (56).  
Recently, behavioural, and  electrical evidence, has  
provided the first indication that something like the well 
known “off-line activity” associated with vertebrate sleep 
and memory processing when sensory input is closed down 
is also occurring in an invertebrate (17). In fact it has been 
shown in O. vulgaris that  rest periods are characterised by 
a time of day effect, quiet behaviour, decreased 
responsiveness to external stimuli, behavioural rebound 
after deprivation, and selective modification of electrical 
activity in the supra oesophageal lobes (17).  As octopus 
has a complex brain and ‘advanced ‘sleep-like behaviour 
the question naturally arises as to whether  this indicates 
that sleep has a role in learning and memory.  
 
10. ARTHROPODS 
 

The first study on activity cycles in arthropods 
was carried out  by Lindauer in 1952, who wrote a  detailed 
paper about the life of bees in a beehive. He followed their 
activity for 8 days continuously and he was able to see how 
they organize their work and distribute the tasks inside their 
community. In particular he made long term observations 
of the life of single bees and made graphs of their activity 
with frequency histograms. The results were graphically 
presented showing different activities; bees cleaning their 
cells, caring for the larvae, building cells, checking that 
there was no danger for the beehive, and working for 
temperature regulation. From a comparison of different 
activities done during the night and the day, it emerged 
that, although they never stopped working, the quantity of 
each category is always larger during the hours of light. 
Lindauer concluded that he wasn’t able to say if the period 
of rest occurred in a determined hour of the day or night, 
but he also said that “the rest-activity cycle is the same 
during the light and during the dark”, talking for the first 
time of a rest-activity cycle in an arthropod. (57). More 
recently, honey- bee neural activity during sleep has been 
measured by recording from  the optic lobes, and  shows 
the existence of an endogenous cycle.  Sleep is also 
characterized by movements of the antennae at regular 
intervals (58) where the posture of the animal including the 
position of the head and antennal movement indicate the 
depth of sleep (59). As sleep deprived honey bees 
compensate the sleep deficit by intensifying the sleep 
process, it was also proved that sleep in honey bees is 
controlled by regulatory mechanisms (60).  Other 
arthropods such as   scorpions and cockroaches exhibit   
rest cycles; here there are  not only differences in the 
behaviour, such as the existence of a 24hr variation of 
vigilance and a reduced responsiveness, but  also the 

presence of a homeostatic response to rest deprivation, 
demonstrating the existence of regulatory aspect of sleep 
(18,19,20). It has been shown that an increased metabolic 
rate (82%) occurs in sleep deprived cockroaches which 
eventually die (61). As this animal is  ‘cold-blooded’  this 
data is in contrast with the hypothesis that increased 
metabolic heat production is produced by a perturbation of 
the temperature regulating system, caused by the 
deprivation of sleep  (62) and supports the idea that insects 
need sleep like mammals (61). Finally another arthropod 
that shows sleep like state is crayfish, where a   quiescent 
behavioural state exists where the  animal tends to lie  in 
one  position and shows  an elevated threshold for vibratory 
stimulation in this state. Furthermore this state is 
accompanied  by a distinctive form of slow wave electrical 
activity of the ‘brain’ ganglia (63,64).  

 
 In the last few years, Drosophila melanogaster 

has emerged as key model for modern studies on sleep. 
This is because many because of the features of its sleep 
are similar to mammalian sleep  and it has the advantage of 
allowing advanced genetic approaches such as  rapid 
mutagenesis screening.  Sleep in the  fruit fly was first 
described in 2000 by two groups working independently ; it 
is characterized by immobility (5 or more minutes)  an 
increased arousal threshold influenced by homeostasis and 
a  circadian cycle (21,65). Like mammalian sleep, 
drosophila sleep is regulated  by the catabolism of 
monoamines, is age dependent, is modulated by stimulants 
and hypnotics, and has several molecular markers in 
common with mammals (65), Amylase (66),  and glycogen 
in the brain changes in relationship to rest and activity (67). 
According to Zimmerman, sleep deprivation causes a 
nervous system stress response that  may induce a change 
in  immune response gene expression, that would provoke a 
down regulation of genes and an encode for proteins that 
control multiple steps in protein metabolism. This would 
influence calcium homeostasis and neuronal excitability. 
So a forced prolonged wakefulness results in a huge waste 
of energy and this would be stopped by multiple 
mechanisms instead of accumulation of chemical factors 
(68).  With electrophysiological recording of local field 
potentials in the medial brain between the mushroom 
bodies, it has also been demonstrated that during sleep 
there are changes in brain activity, (69). Moreover chemical 
ablation of the mushroom bodies provoked reduced sleep, 
demonstrating that they have an important role in sleep 
regulation (70). Mutagenesis studies have been done on 
Drosophila and 5000 mutants have been screened. From 
these data it emerged that, although the presence of 10 
short sleeper lines and 4 lines with no compensation after 
sleep deprivation, the homeostatic regulation of sleep are 
highly conserved phenotypes (71,72). At a molecular level, 
circadian and homeostatic mechanism of sleep regulation 
interacts and the time of the day has an influence on the 
expression of many wakefulness-related and sleep-related 
Drosophila transcripts (73,74). Another study was done on 
the neurobiological mechanisms of arousal in the 
Drosophila brain, which is modulated and regulated by 
dopamine (75,76,77). Bushey in 2007 identified a gene, 
Hk, which is necessary to maintain normal sleep, and 
provided genetic evidence that short sleep and poor
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Figure 2. Scheme of experiments done on invertebrates investigating the presence of sleep. 

 
memory are linked (78).  Probably the most important 
results of this work in relation to the function is sleep is the 
finding  that wakefulness leads to up regulation of the 
expression of three categories of genes;  energy 
metabolism,  cellular stress related and activity dependent 
synaptic potentiation. During sleep,  genes in the 
categories, synaptic downscaling, synthesis and 
maintenance of membranes and lipid metabolism are up-
regulated and the hypothesis has emerged that sleep may 
have a major function in controlling synaptic weight (79).  
Recently it has been shown that there is a connection 
between social experience and sleep in flies, in fact socially 
enriched individuals sleep more than socially impoverished 
ones and if both the types were sleep deprived for 24 h, 
they compensated the sleep loss by going back to their 
previous levels. Moreover sleep mutants (clock, timeless 
and cycle genes) have disrupted circadian rhythms and 
normal  experience dependent responses in sleep need. It 
seems also that experience dependent changes in sleep are 
modulated by dopamine. In an elegant series of 
experiments it was found that in courtship conditioning of 
male flies, which induces long-term memory,  sleep time 
was significantly increased and conversely when this was 
blocked by sleep deprivation for 4 hours after conditioning 
both training induced changes in sleep bout and courtship 
memory were abolished.  (80).  The results begin to  
illustrate a strong link between learning and memory and 
sleep function, the reader is refereed to several recent 
reviews  that discuss ‘fly-sleep’  in depth  (79,81,82).  
 
11. DISCUSSION & CONCLUSIONS 
 

A recent paper reported the discovery of a 
dinosaur from the cretaceous that was found in an avian-
like sleeping posture, (83) gives another clue about how 
sleep has had a long and important history. Phylogeny 

however points to a more ancient origin of sleep, as we 
now know it  is present in simple animals like Cnidarians.  

 
In Figure 2 I show a simple scheme of the 

experiments done on invertebrate sleep. The criteria applied 
in investigation of sleep are listed in the upper part of the 
scheme, three are behavioural and consider posture, 
responsiveness to stimuli and sleep rebound that imply 
homeostatic regulation, and the fourth is electrical 
recording which provides a useful indication of what 
happens in the brain while the animal is sleeping.  Finally, 
there are methods to check if metabolic changes occur and 
if genetic techniques may be applied (such as the search for 
sleep mutants and if there are effects produced by the 
alteration of gene expression) and this approach in arthropods 
has already yielded important results that have been shown to 
have universal (in terms of phylogeny) application. What are 
the possible new avenues one might explore with the 
phylogenetic approach? Starting from less complicated 
organisms, the work done on “cubomedusae” is purely based 
on behavioural data, since the author followed animal 
movements for 24 hours with a telemetric transmitter. So 
although from this kind of analysis was possible to see that the 
speed of the animal was higher during the day, while in the 
night was much lower, indicating that the medusa was likely to 
be resting. No other evidence has been presented, though and 
considering the simplicity of the nervous system it would be 
useful to test the hypothesis that ‘off’ line processing occurred 
during sleep by making electrical recordings from the neural 
networks in the swimming animal.  In addition, a critical 
approach to understand the circuitry may be revealing,  as 
for example,  a lack of motor activity during visual 
processing would require a damping circuit (analogous to 
the inhibition by the  reticular activating system in 
mammals) that actively suppresses motor output, a situation 
that is  difficult to imagine in a simple circuit such as this.  
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Table 1. The brains of invertebrates, discussed in the text, and their behavioural capacity compared 
PHYLUM PLASTIC AREA IN THE BRAIN BEHAVIOUR 

CNIDARIA 
(Chironex fleckery, Tripedalia cystophora, Chiropsella 
Bronzie) 

 
Complex visual system 

Fish-like behaviour 
Visually guided avoidances 

NEMATODA 
(Caenorhabditis elegans) 

Neural circuit with interneurons RIA (integration and processing) Complex learning 
Plastic behaviour 

MOLLUSCA 
(Octopus vulgaris) 

Vertical lobe (LTP) Complex learning 
Plastic behaviour 

ARTROPODA 
(Drosophila melanogaster, Apis mellifera, 
Procambarus clarkii) 

Mushroom bodies (insect) 
Visual interneurons network (crayfish) 

Complex learning 
Plastic behaviour 

 
In nematodes,  recent work  shows that they also  

posses  sleep-like behaviour  and have  the advantage of 
providing another genomic model to compare with that of 
Drosophila. The only weak point is the difficulty in  
possibility of carrying out correlations between behaviour 
and ‘brain’ activity (though it is notable that it is likely that 
this very simple animal sleeps).  

 
In molluscs  the work on cephalopods lacks the 

support of genetic information, and this should be an area 
of great interest to explore in the future especially 
considering the possible tie-in with complex behaviour and 
sleep.  

 
Arthropods are undoubtedly the invertebrate 

phylum where the majority of the ‘phylogenetic’ work on 
sleep has been concentrated.  Apart from the basic 
observation of posture and lack of responsiveness, in 
scorpions, cockroaches, honey bees and Drosophila, it has 
been possible to also examine also if there is a sleep 
rebound after deprivation. In addition metabolic changes 
have also been noticed in cockroaches and drosophila. In 
honeybees, drosophila and crayfish brain electrical 
recording has also been carried out. It’s clear that, at the 
moment the studies on Drosophila are the most complete 
and the fruit fly has become a  key model making a major 
contribution to understanding the function of sleep. 
 
11.1. Towards a general hypothesis 

The hypothesis that has emerged from 
comparative work so far suggests that synaptic weight (a 
major regulator of synaptic plasticity) may be a 
phylogenetically conserved mechanism in sleep /wake 
cycles.   It is then profitable to examine the potential 
correlates/way forward in other more phylogenetically 
remote species. In Table 1 I summarise the presence of 
specific ‘plastic’ areas of the brain of invertebrates that 
exhibit sleep and review  both  their ‘behaviour’ and 
capacity for learning.   The ‘simplest’ animals in the list are  
box jellyfish although they have a sophisticated visual  
system which allows them to filter information earlier than 
a more general visual system. Their eyes are in fact  
camera-type eyes morphologically similar to the vertebrate 
and cephalopod eyes. (84). Moreover cubomedusae exhibit  
‘fish-like’ behaviour, showing  strong directional 
swimming combined with rapid turns (up to 180° in two 
bell contraction) (13), positive phototaxis (85,86)  and are 
able to perform visually guided obstacle avoidance (13). As 
many hypotheses involve sleep during neural development, 
and it seems that REM sleep is important for the correct 
development of the rudimentary neural circuitry in the

 
visual system in vertebrates (87), sleep might be 
fundamental for each animal that needs a correct 
development of its eyes.  It’s interesting to underline the 
fact here that  sleep has been found  only in jellyfish with  
complex eyes. In  C .elegans it has been  possible to 
understand the molecular and cellular basis of neural 
plasticity. In a recent experiment in fact, thermo-taxic 
behaviour of the worm was   analyzed at molecular, 
neuronal and neural circuit level and has been proposed 
that the work of integrating and processing learned 
information is done by interneuron RIA, that represents an 
area of synaptic plasticity in the brain of the nematode (88). 
In the complex brain of Octopus vulgaris the vertical lobe 
is well known to be prevalently involved in memory 
processing. As Brown managed to record an active 
electrical trace on the vertical lobe of a sleeping octopus, it 
may not be unreasonable to conclude that its activity during 
quiet behaviour reflects some form of memory processing. 
The rest state is characterized by a ‘body off/brain-different 
” situation as its electrical trace is active while  eyelids are 
closed and its posture is relaxed. Moreover there is also  a 
sleep rebound after deprivation showing  homeostatic 
regulation. Octopus vulgaris is a cephalopod that  is able to 
perform associative learning, observational  learning (52),  
and in addition exhibits both  short and long term memory 
(15,16) under laboratory conditions. Thus octopus brain  is 
arguably  the most sophisticated of all  invertebrates and  
has been  used not only for learning and memory 
experiments but also for in vivo recording. As far as 
synaptic plasticity goes and LTP similar to that in the 
hippocampus of vertebrates is present in the vertical lobes 
(89).  

 
Also arthropods  are  able to perform complex 

learning ( social learning). In insects  the area responsible 
for learning and memory are the mushroom bodies, a 
plastic area that in the fruit fly is also involved in the 
regulation of sleep (70).  Crayfish brain also shows a 
dynamic, stimulus-dependent plasticity in the visual 
interneurons of the brain, that form a complex distributed 
network (90). Thus, from the analyses of the life styles and 
brain complexity of these invertebrates, it’s possible to 
state that many of them  have in common  plastic areas in 
the brain, and  the capacity to carry out complex learning 
(91,92,93,94,95,96)  the only exception being the jellyfish 
that can perform only simple learning  such as  habituation 
(97).   

 
My conclusion is that, whatever the basal  

function of sleep is, such a role should emerge from a 
rigorous phylogenetic analysis. Thus in the future a broad 
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phylogeny offers the possibility of testing the various ideas 
about the relationship between sleep and its function  (e.g 
memory trace processing, learning, synaptic-weight 
regulation, metabolism) and the coupling between plasticity 
and learning. A work of some importance in the future 
would be to establish if there are  different kinds or 
‘flavours’ of sleep in different animals and if so whether 
they are  really homologous entities (i.e have emerged from 
the same origins) or alternatively if ‘it’  represents several 
convergent paralogous processes.  This question can only 
be approached by an accurate description of the 
behavioural and neurophysiological phenomena coupled 
with a good knowledge of the genes involved.  
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