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___________________________________________________________________________ 

Summary 
 

5-HT is used to communicate many signals in the animal kingdom. Either  in tight 
synapses between nervous cells or as hormones in the circulatory systems. Crustaceans 
can be used to study this complex interplay at an organismal level, and crayfishes lend 
themselves exceptionally well due to their ease of maintenance witch in turn has 
resulted in much research. In this report Astacus leptodactylus is studied in order to 
determine possible uses of 5-HT in stress responses, and in this two aspects of stress 
response are studied; elevation of circulating glucose levels and variation of 
circulating defensive blood cells (hemocytes). The hemocytes themselves are also 
investigated in order to determine their use of 5-HT in hemocyte-hemocyte signaling.  

 
___________________________________________________________________________ 
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Introduction 
 
 
Seretonin (5-HT) – the physiological 
context 
 
The name "serotonin" is something of a 
misnomer and reflects the circumstances of 
the compound's discovery. It was initially 
identified as a vasoconstrictor substance in 
blood serum - hence "serotonin", a serum 
agent affecting vascular tone. This agent 
was later chemically identified as 5-
hydroxytryptamine (5-HT) and as the 
broad range of physiological roles were 
elucidated, 5-HT became the preferred 
name in the pharmacological field. 
 

 
Fig. 1. 5-Hydroxytryptamine, 5-HT, Serotonin. 
The molecule is based on tryptamine with the 
addition of a hydroxyl group on the 5th carbon of 
the large carbon ring. 
 
 
Chemical studies have revealed the atomic 
composition of 5-HT. 5-HT is made up of 
a double ring structure with the addition of 
a hydroxyl group on the 5th carbon of the 
large carbon ring. 
 
2 Nitrogen atoms are associated to the 
small carbon ring (See Fig. 1.). The ring 
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structure contain delocalised electrons and 
absorb electromagnetic waves that can be 
detected by spectrophotometry. The 
electronegative nitrogen and oxygen atoms 
contribute to local polarisation. Molecular 
mass is 176.22 g/mol. 5-HT does not cross 
membranes unmediated.  
 
 
Functions 
 
5-HT plays multiple regulatory roles in the 
nervous system, including 
neurotransmission. In humans, it is 
produced in the pineal gland, where it 
serves as a precursor to melatonin. The 
pineal is known to regulate light-dark 
cycles in animals, and the levels of 5-HT 
and melatonin undergo cyclic variations in 
phase with these cycles. Thus, although the 
cycle-related actions of these compounds 
are not yet known, they point to 5-HT as as 
a regulator of sleep and wakefulness. Other 
functions accredited to 5-HT in humans are 
intestinal peristaltis and vasoconstriction, 
controlling blood preassure (1. Christopher 
K. Mathews, Kensal E. van Holde, Kevin 
G. Ahern, 1999). 
 
5-HT is also involved in the biochemistry 
of  several human psychological disorders 
including major depression and suicidal 
behaviour (2. Mann JJ, 1999), migraine, 
bipolar disorder and anxiety. It is also 
believed to be influential on sexuality and 
appetite. 
 
5-HT and 5-HT receptor levels are also 
sensitive to stress, including social stress. 
Central neurons containing 5-HT often 
exhibit widespread projection patterns with 
release sites generally lacking specialised 
postsynaptic features. Thus, biogenic 
amines can spread through large regions of 
neuropil or even through the general 
circulation and may thereby act on many 
different sites concurrently (3. Barbara 

Beltz 1995). This is also the case in 
crayfishes, where receptors are found both 
in neural synapses and other cells, 
indicating both neurotransmitter- and 
hormone like actions (4. Sosa MA, Spitzer 
N, Edwards DH, Baro DJ. 2004). 
  
As with all neurotransmitters, the actual 
effects of 5-HT on the human mood and 
state of mind are very difficult to ascertain. 
In crayfish, however, behavior is more 
easily quantifiable (5. Huber R, Smith K, 
Delago A, Isaksson K, Kravitz EA., 1997). 
 
Several lines of evidence suggests that in 
crayfish (and other decapod crustaceans) 
an increase in 5-HT neuron function is 
closely associated with aggressive or 
dominant behaviour. Direct injections of 
substantial amounts of 5-HT (1-10 mg) 
produce a posture resembling “meral 
spread”, a threat stance commonly seen in 
dominant animals, where the animal stands 
high on its walking legs and lifts up the 
claws (5. Huber R, Smith K, Delago A, 
Isaksson K, Kravitz EA., 1997; 6. Kravitz 
EA.). Behavioral effects are thought to be 
mediated through the 5-HT receptor levels, 
witch can be related different factors such 
as age and dominance. 
 
Although an increase in 5-HT levels 
produces more aggressive behaviour, this 
aggressivnes does not translate to increased 
fighting efficency, wich is determined by 
physical superiority (7. R. Huber and A. 
Delago 1998) 
 
 
Production 
 
5-HT is a monoamine neurotransmitter and 
in humans it is synthesised in serotonergic 
neurons in the central nervous system and 
enterochromaffin cells in the 
gastrointestinal tract. 5-HT is found 
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extensively in the human gastrointestinal 
tract, or gut, as well as in the blood stream. 
 
In our body, 5-HT is synthesized from the 
amino acid tryptophan by various enzymes 
as shown in the reactions below. 
 

 
 
 
Fig. 2. 5-HT synthesis in humans 
The synthesis of 5-HT (serotonin) in human 
brain as mediated by tryptophan hydroxylase 
and aromatic amino acid decarboxylase. 
 
 
5-HT taken orally does not pass into the 
serotonergic pathways of the central 
nervous system (CNS). This is due to the 
blood-brain barrier preventing 5-HT in the 
blood stream from affecting 5-HT levels in 
the brain. However, the amino acid 
tryptophan and its metabolite 5-
hydroxytryptophan, from which 5-HT is 

synthesized, are capable of crossing the 
blood-brain barrier. These agents are 
available as dietary supplements and may 
be effective serotonergic agents, though 
their efficacy is questionable. 
 
 
 
Receptors 
 
Although neuromodulators are circulating 
the bloodstream, they remain highly 
specific. This specificity of the response 
arises from the fact that only a small subset 
of neurons and other cells contain 
receptors for 5-HT. Amine receptors are 
commonly associated with G-proteins tied 
to second messenger systems and are in 
only few cases ligand-gated ion channels. 
All 5-HT receptors are G-protein mediated. 
The G-proteins associated to the receptor 
(on the cytosolic side of the membrane) 
become active when bound to GTP, the 
binding of GTP in turn is mediated by 
binding of 5-HT. The activity consists in 
activating other enzymes, such as 
adenylate cyclase, that converts ATP to 
cAMP which then goes on to have various 
cellular effects. This protein machinery 
seems to be operating as a part of a large 
multi-protein signaling complex composed 
of receptors, effectors, cytoskeletal 
elements and signaling molecules. (8. Carl-
Ivar Branden, John Tooze, 1999)  
 
In crustaceans there exists several different 
classes of receptors all receptive to 5-HT, 
and many of these have analogs in 
vertebrates (9. Clark MC et al) . 
 
5-HT is generally thought not to be 
released from synaptic terminal buttons in 
the manner of classical neurotransmission 
but from serotonergic varacosities into the 
extra neuronal space. From here it is free to 
diffuse over a relatively large region of 
space (>20µm) and activate 5-HT 



Alexander Alsén   

Degree project 20 weeks   
   
 

4 
 

receptors located on the dendrites, cell 
bodies and presynaptic terminals of 
adjacent neurons. 
 
Both the lack of anatomically-contained 
release in classical synapses, and its 
coupling to predominantley, “slow” signal 
transduction cascades indicative of a more 
dynamic, sustained, modulatory 
interactions with target neurons (10. 
Vaughan M. 1998) rather than rapid, direct 
and primary effects. 
 
Within the central nervous system a 
general activation of contractor muscles in 
thorax and abdomen is elicited to produce 
this posture and an increase in activity of 
seretonergic neurons enhances these motor 
systems. Neurons with local circuits 
controlling tailflip, a common behaviour of 
retreat, exhibit reduced responsivness in 
the presence of 5-HT, and changes in their 
exitability  and 5-HT subtype populations 
(11. Yeh SR, Fricke RA, Edwards DH. 
1996) have been reported as a consequence 
of social status. This is thought to be 
mediated through a 5-HT receptor levels 
being modulated by social status (12. 
Spitzer N et al ). 
 
Serotonergic action is terminated primarily 
via uptake of 5-HT from the synapse. This 
is through the specific monoamine 
transporter for 5-HT, 5-HT reuptake 
transporter, on the presynaptic neuron. 
Various agents can inhibit 5-HT reuptake 
including MDMA, cocaine, tricyclic 
antidepressants (TCAs) and selective 5-HT 
reuptake inhibitors (SSRIs). 
 
 
Modulation/Drugs  
 
In vertebrates, decreased effectivnes of 5-
HT is generally accompanied by increased 
levels of aggression, while in invertebrates 

the converse appears to be true (13. Weiger 
WA. 1997). 
 
The pharmacology of 5-HT is extremely 
complex, with its actions being mediated 
by a large and diverse range of 5-HT 
receptors. 
 
One way of understanding it is through the 
use of MDMA, which is thought to cause a 
mass release of 5-HT, possibly by drawing 
it back through the transporter. 
 
The effects of MDMA, which may in fact 
be the effects of the 5-HT which floods 
synapses during an MDMA "roll," include 
feelings of well-being, comfort, tactile 
sensitivity, and, at very high doses, 
feelings of emotional empathy or 
entactogenesis. 
 
A variety of other psychiatric medications 
also affect 5-HT levels, including the 
monoamine oxidase inhibitors (MAOIs), 
tricyclic antidepressants (TCAs), atypical 
antipsychotics, and the selective serotonin 
reuptake inhibitors (SSRIs). 
 
The MAOIs prevent the breakdown of 
monoamine neurotransmitters (including 5-
HT) and therefore increase concentrations 
of the neurotransmitter in the brain. MAOI 
therapy is associated with many adverse 
drug reactions and patients are at risk of 
hypertensive crisis triggered by foods with 
high tyramine-content and certain drugs. 
 
Some drugs inhibit this re-uptake of 5-HT, 
again making it stay in the synapse longer. 
The tricyclic antidepressants inhibit the re-
uptake of both 5-HT and norepinephrine. 
The newer selective 5-HT Re-uptake 
Inhibitors (SSRIs) have fewer (though still 
numerous) side effects and fewer 
interactions with other drugs. 
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5-HT receptors are also used by other 
psychoactive drugs, including LSD, DMT, 
and Psilocybin, the active ingredient in 
psychedelic mushrooms. 
 
Deficient (and sometimes, excessive) 
intake of various dietary minerals and 
vitamins can lead to disturbed levels of 5-
HT via disrupting either the production or 
reuptake processes. Direct addition of 5-
HT would not be efficient since it would 
not pas the blood-brain barrier. 
 
In all cases care must be taken in any 
attempt to increase 5-HT levels, as a 
dangerous condition known as 5-HT 
syndrome may result. This is especially a 
concern if multiple serotonergic agents 
interact to increase 5-HT levels. 
 
One breakdown product of 5-HT is 5-
hydroxyindoleacetic acid (5HIAA) which 
is excreted in the urine. 5-HT and 5HIAA 
are sometimes produced in excess amounts 
by certain cancer tumors, and levels of 
these substances may be measured in the 
urine to test for these tumors. 
 
5-HT receptor antagonists such as 
ondansetron, granisetron and tropisetron 
are important antiemetic agents. They are 
particularly important in treating the 
nausea and vomiting which occur during 
anticancer chemotherapy using cytotoxic 
drugs. Another application is in treatment 
of post-operative nausea and vomiting. 
Applications to the treatment of depression 
and other mental and psychological 
conditions have also been investigated with 
some positive results. (14. Rang HP, Dale 
MM, Ritter JM, Moore PK, 2003)  
 
 
Crustaceans and 5-HT 
 
Neurotransmitters such as 5-HT play a 
fundamental role in hormone modulation 

in crustacians (15. RodrIGuez-Sosa L et al) 
and at the same time their levels and 
functions can be altered by pollutants. 
 
In crustaceans 5-HT is linked with discrete 
circuits that control movements of the 
foregut, escape behaviour, locomotion and 
posture as well as higher-order behaviours 
such as agression. In addition 5-HT levels 
are sensitive to environmental stress. 
 
5-HT has long been known to have a 
potent hyperglycemic effect in several 
crustacean species, this effect however, is 
abolished in eye-stalk ablated animals. 
This suggeststhe involvement of the 
eyestalk hormone cHH in the 
hyperglycemic response obtained from 5-
HT. (16. S. Lorenzon) 
 
 
Hemolymph  
 
Hemolymph is the blood analogue used by 
all arthropods and most mollusks that have 
an open circulatory system. In these 
animals there is no distinction between 
blood and interstitial fluid. The liquid fills 
all of the interior (hemocoel) of the body 
and surrounds all cells. 
 
Hemolymph is composed of water, 
inorganic salts (mostly Na, Cl-, K+, Mg2+, 
and Ca2+), and organic compounds (mostly 
carbohydrates, proteins, and lipids). The 
primary oxygen transporter molecule is 
hemocyanin. Other important proteins 
include coagulogen (responsible for 
plasma clotting) agglutinins, lysins, 
bacteriocidins and opsonins (perform 
functions performed by antibodies in 
vertebrates). The lack of hemoglobin and 
the prescence of the copper-containing 
hemocyanin makes newly drawn 
hemolymph transparent, but after some 
time of air exposure it develops a blue 
tinge (17. K. Söderhäll, L. Cerenius 1992,  
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7. Gary G. Martin and Jo Ellen Hose, 
1995). 
 
The actions of central neurons and 
peripherally located sensory organs are 
extended by an elaborate network of 
neurohormonal organs that release 
chemical substances (including 5-HT) 
directly into the hemolymph. Once 
circulating every tissue in the body is a 
potential target for the action of these 
compounds in accordance to their 
respective display of receptors. (3. Barbara 
Beltz, 1997). 
 
Although the hemolymph flows through an 
open circulatory system, this system is by 
no means inefficient as hemolymph flow 
can be re-located as needed. This is 
comparable to the redirecting of blood 
through closing of cappilaries in 
vertebrates, observed in for example cold 
weather (7. Gary G. Martin and Jo Ellen 
Hose, 1995).(18. Frederich M, DeWachter 
B, Sartoris FJ, Portner HO., 2000). 
 
 
Hemocytes 
 
Hemocytes are free-floating cells within 
the hemolymph. They play the main role in 
the arthropod immune system. Hemocytes 
often resort to phagocytosis or enclosing 
large foreign objects in clusters of 
hemocytes (encapsulation). An important 
pathway for crustacean immunity is the 
prophenoloxidase activating system (the 
proPO-system) (17. K. Söderhäll, L. 
Cerenius, 1992). 
 
Hemocytes exists in a number of diffrent 
forms, which might represent a number of 
diffrent steps in hemocyte maturation. 
These different forms perform different 
functions and perform new tasks as they 
mature (7. Gary G. Martin and Jo Ellen 
Hose, 1997). The different phases of 

maturation are hyaline (involved in 
phagocytosis), semigranular (encapsulation 
and nodule formation) and granular 
(chemical defences).  
 
Hemocytes are produced from the 
hematopoetic tissues wich can rapidly 
replenish hemocytes lost from defence 
mechanisms (19. Söderhall I, 
Bangyeekhun E, Mayo S, Söderhall K., 
personal communication with Söderhall). 
 
As hyaline hemocytes phagocytose foreign 
objects they are clumped to the gills where 
they are sheathed into the surroundings. 
These hemocytic accumulations take on 
different forms depending on the nature of 
the foreign objects triggering the response 
(20. Victor B., 1993), (21. Costa-Ramos C, 
Rowley AF., 2004). 
 
 
Glucose levels 
 
In all animals glucose is used for it´s easily 
accessible energy content. Glucose 
circulating freely in the circulatory systems 
does not represent a method of energy 
storage, but is released into the circulatory 
system when an immediate energy supply 
is needed. An externally applied stress 
increases the hemolymphic levels of 
circulating glucose. Glucose levels can be 
used as a general indicator of stress (for a 
scope on different  stress factors see 22. 
Adamczewsk AM, Morris S., 2001). 
 
In crustaceans this increase in hemolymph 
glucose is mediated by the crustacean 
hyperglycaemic hormone (cHH) wich is 
produced and stored in the eyestalks (23. 
Simonetta Lorenzon et. al., 2004; 24. 
Mettulio R. et. al., 2004; 25. Mettulio R. et. 
al., 2004/2 ; 26. Serrano L. et. al., 2003; 
27. Escamilla-Chimal EG et al).  
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Materials and Methods  
 
 
Animal supply and maintenance 
 
The crayfish A. leptodactylus (Decapoda, 
Astacidea) were imported from Turkey by 
a local dealer. Animals were stocked in 
120 l glass tanks with closed circuit filtered 
and thoroughly aerated freshwater 16-18 
oC, and with natural light condition. 80 l´s 
of water was replaced with fresh water 
every week, before animals were feed with 
balanced pellet-food. 
 
 
Determination of glycemic response 
(glycemia) 
 
Hemolymh (100 µl) was withdrawn from 
the pericardial sinus into a sterile 1 ml 
syringe fitted with 25 g needled. Animals 
(N=6 or 4 for each treatment) were bled at 
0 h, usually between 9-10 a.m., to reduce 
possible interference due to natural 
variations in blood-glucose levels. 
 
Hemolymph glucose content was 
quantified by using One touch II Meter 
(Lifescan, Miltipas, CA, USA) and 
commercial kit test stripes (precision of 
stripe +- 3% coefficient of variation in the 
tested range). Owing to the speed of 
processing, no anticoagulant was needed. 
In the results, variations of glycemia 
defined as increments are given as the 
mean of: [(experimental value)/(value 
displayed by the same animal at 0 
h)]*100%. 
 
 
Determination of hemocytic response 
 
Of the 100 µl withdrawn hemolymh, the 
sample not used for glucose measurements 
was applied to a Bürker counting chamber. 
When hemocytecounts in one quarter of 

the chamber numbered above N=50 the 
result was kept, otherwise more quarters 
where counted until N=50, and the 
resulting count was divided in the number 
of quarters counted. Due to the rapid 
application of the samples no hemolymph 
dilutants where needed. The values 
obtained at T=0 for each individual animal 
was used to determine individual 
increases/decreases. Population values 
where then based on the percentual 
variations taken together. The 
hemocyte/glucose data presented here are 
based on observation of over 400 
preparations. 
 

 
 
Fig. 3 . Bürker cell counting chamber 
This grid is incorporated into the coverslip in 
order to facilitate counting 
 
 
 
Effect of PBS injection and simple 
hemolymph withdrawal on glucose 
levels. (Fig. 4. + Fig. 5.) 
 
In Fig. 4. nothing was injected into the 6 
crayfishes, instead only hemolymph 
withdrawals were made in order to 
establish the basal response to handling. 
 
In Fig. 5. Groups of 6 A. leptodactylus 
were exposed to injection of 100µL (1x 
concentrated)  PBS  into the pericardial 
sinus. 
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Hemolymph was withdrawn from the 
animals at T=0 (before injection, for 
reference), 0.5, 1, 2, 4, 6 and 24h. 
 
 
Effect of Hommarus americanus 
hemocyte lysate injection on glucose- 
and hemocyte levels. (Fig. 6. + Fig. 15.) 
 
The lysate was prepared by extracting 
1000µL hemolymph from the pericardial 
sinus bellow the second tail plate of one H. 
americanus which was then centrifuged 5 
min at 3000g, 4oC and resuspended in 
500µL  MilliQ H2O. The hemocytes were 
lysed by total freezing of the sample 
followed by thawing done 2 times. Lysis 
progress was followed by observation with 
a light microscope. Cell debris was 
removed by centrifugation 10000 g for 2 
min. Lysate was put on cold and quickly 
used. 
 
Groups of 6 A. leptodactylus were exposed 
to injection of 100µL (2x concentrated)  
hemocyte lysate into the pericardial sinus. 
 
Hemolymph was withdrawn from the 
animals at T=0 (before injection, for 
reference), 0.5, 1, 2, 4 and 24h. 
 
 
Effect of A. leptodactylus  hemocyte 
lysate injection on glucose- and 
hemocyte levels. (Fig. 7. + Fig. 16.) 
  
The lysate was prepared by extracting 
500µL hemolymph from the pericardial 
sinus bellow the second tail plate of one 
A.leptodactylus witch was then centrifuged 
5 min at 3000g, 4oC and resuspended in 
500µL  MilliQ H2O. The hemocytes where 
lysed by total freezing followed by 
thawing 2 times and a 5 min sonification 
with handheld sonificator, lysis progress 
was followed by observation with a light 

microscope. Cell debris was removed by 
centrigugation 10000 g for 2 min. Lysate 
was put on cold and quickly used. 
 
Groups of 3 A. leptodactylus were exposed 
to injection of 100µL (1x concentrated) 
hemocyte lysate into the pericardial sinus. 
 
Hemolymph was withdrawn from the 
animals at T=0 (before injection, for 
reference), 0.5, 1, 2, 4 and 24h. 
 
 
Effect of A. leptodactylus  hemocyte 
lysate (lysed with sonification and SDS) 
injection on glucose- and hemocyte 
levels. (Fig. 8. + Fig. 17.) 
  
The lysate was prepared by extracting 
700µL hemolymph from the pericardial 
sinus bellow the second tail plate of one A. 
leptodactylus witch was then centrifuged 5 
min at 3000g, 4oC and resuspended in 
200µL  MilliQ H2O. The hemocytes where 
lysed by total freezing followed by 
thawing 2 times and a 5 min sonification 
with handheld sonificator, lysis progress 
was followed by observation with a light 
microscope.  
 
SDS-detergent was added in order to make 
the sample contain 0.05% SDS by addition 
of 1 µL 10% SDS and left to incubate for 
10 min. After the incubation the sample 
was diluted by another 500 µL MilliQ H2O 
to make SDS content 0.0143% and cell 
debris was removed by centrifugation at 
10000 g for 5 min 3 times, with 
supernatant transferred between 
centrifugations. Cell debris was removed 
by centrigugation 10000 g for 2 min. 
Lysate was put on cold and quickly used. 
 
Groups of 3 A. leptodactylus were exposed 
to injection of 100µL (1x concentrated) 
hemocyte lysate into the pericardial sinus. 
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Hemolymph was withdrawn from the 
animals at T=0 (before injection, for 
reference), 0.5, 1, 2, 4 and 24h. 
 
 
Effect of injection of activated hemocyte 
supernatant (A.leptodactylus) on glucose- 
and hemocyte levels. (Fig.9. + Fig. 18.) 
  
The lysate was prepared by extracting 
5000 µL hemolymph from the pericardial 
sinus bellow the second tail plate of seven 
A.leptodactylus witch was then centrifuged 
5 min at 3000g, 4oC. The pellet was 
resuspended in 200µL of latex bead slurry 
(resuspended) and 300 µL H2O. This was 
left to incubate for 30 min in order for the 
latex beads to activate (28. S. Lorenzon et. 
al. )the hemocytes. Clearing of sample was 
performed by centrifugation 15 min at 
3000g, RT, Inspection of sample in light 
microscope in order to check progress in 
bead-removal, centrifugation 10 min at 
10000 rpm (eppendorf table centrifuge), 
inspection and finally centrifugation 5 min 
at 10000 rpm (eppendorf table centrifuge) 
to remove all beads. 
 
Groups of 4 A. leptodactylus were exposed 
to injection of 100 µL (10x concentrated) 
each of activated hemocyte supernatant. 
 
Hemolymph was withdrawn from the 
animals at T=0 (before injection), 0.5, 1, 2, 
4 and 24h. 
 
 
Effect of injection of supernatant  from 
H. ammericanus hemocytes lysed by 
sonification and SDS on glucose- and 
hemocyte levels. (Fig. 10. + Fig. 19.) 
 
The lysate was prepared by extracting 
4000 µL hemolymph from the pericardial 
sinus bellow the second tail plate of two H. 
ammericanus witch was then centrifuged 
10 min at 3000g, 4oC. The pellet was 

resuspended in 400µL of MilliQ H2O in 
two eppendorfs. The hemocytes where 
lysed by total freezing followed by 
thawing 2 times and a 5 min sonification 
with handheld sonificator, lysis progress 
was followed by observation with a light 
microscope. SDS-detergent was added in 
order to make the sample contain 0.0005% 
SDS and left to incubate for 10 min. After 
the incubation the sample was diluted by 
another 200 µL MilliQ H2O to make SDS 
content 0.0003% and cell debris was 
removed by centrifugation at 10000 g for 5 
min 3 times, with supernatant transferred 
between centrifugations.  
 
Groups of 4 A. leptodactylus were exposed 
to injection of 100 µL (6.7x concentrated) 
each of activated hemocyte supernatant.  
 
Hemolymph was withdrawn from the 
animals at T=0 (before injection), 0.5, 1, 2, 
4 and 24h. 
 
 
Effect of A. leptodactylus hemocytes 
lysed by sonification on glucose- and 
hemocyte levels. (Fig.11. + Fig. 20.) 
  
The lysate was prepared by extracting 
3500 µL hemolymph from the pericardial 
sinus bellow the second tail plate of two H. 
ammericanus witch was then centrifuged 
10 min at 3000g, 4oC. The hemocytes 
where resuspended in 100 µL latex bead 
solution (thourougly resuspended) and  800 
µL MilliQ H2O, this was set to incubate for 
30 min at RT. Clearing of sample was 
performed by centrifugation 15 min at 
10000 rpm (table centrifuge). 
 
Groups of 6 A. leptodactylus were exposed 
to injection of 100 µL (3.9x concentrated) 
hemocyte lysate. 
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Hemolymph was withdrawn from the 
animals at T=0 (before injection), 0.5, 1, 2, 
4 and 24h. 
 
 
Effect of 5-HT injection on glucose- and 
hemocyte levels. (Fig. 12. + Fig. 21.)  
 
Groups of 6 A. leptodactylus were exposed 
to injection of 100 µL (containing to 0.096 
mg 5-HT) 5-HT/MilliQ solution. This 
concentration was used as to give the A. 
leptodactylus a concentration of 5-HT of 
10-8 moles/g when their weight was 45g 
per animal. 
  
Hemolymph was withdrawn from the 
animals at T=0 (before injection), 0.5, 1, 2, 
4 and 24h. 
 
 
Effect of A. leptodactylus eyestalk lysate 
injection on glucose- and hemocyte 
levels. (Fig. 13. + Fig. 22.)  
 
A. leptodactylus eyestalks had previously 
been ablated and frozen at –20oC. After 
thawing the pigmented eye-cups where 
dissected. Eyestalk homogenate was 
prepared from 20 eyestalks homogenized 
in 1 ml cold phosphate-buffered saline 
(PBS Sigma) pH 8.0, and then centrifuged 
5000 rpm (eppendorf table-centrifuge), 4 
oC, and the pellet discarded. Homogenates 
were quickly deep frozen at –20oC and 
stored until required for study. 
 
Groups of 6 A. leptodactylus were exposed 
to injection of 100 µL (containing extracts 
from 2 eyestalks) eyestalk lysate. 
 
Hemolymph was withdrawn from the 
animals at T=0 (before injection), 0.5, 1, 2, 
4 and 24h. 
 
 

Effect of CPH injection on glucose- and 
hemocyte levels. (Fig. 14. + Fig. 23.)  
 
Groups of 6 A. leptodactylus were exposed 
to injection of 100 µL (containing to 0.146 
mg CPH) CPH/MilliQ solution. This 
concentration was used as to give the A. 
leptodactylus a concentration of 5-HT of 
10-8 moles/g when their weight was 45g 
per animal. 
  
Hemolymph was withdrawn from the 
animals at T=0 (before injection), 0.5, 1, 2, 
4 and 24h. 
 
 
Electron microscopy (Fig. 24., 25. and 
26.) 
 
Hemocytes of A. leptodactylus where 
incubated with antibodies specific to 5-HT. 
These hemocytes where then pelleted and 
casted into a resin witch was left to 
solidify. After obtaining a hard resina, thin 
slices where removed, cutting thorough 
cells creating cross-sections of cells with 
5-HT presence was marked by the 
antibodies. 
 
 
Protocol 
 
The pellets were prepared as following: 
 
500 µL A. leptodactylus hemocytes were 
pelleted through centrifugation and 
resuspended in a PBS solution with 2% 
paraformaldehyde, 0.05% glutaraldehyde, 
sodium cacodylate 0.2 M at pH 7.4 and 
incubated for 15 min in a mixing rotor. 
 
Cleaning in 0.01% Triton X-100 (in PBS) 
5 min, 3 times. 
0.02% Glycine in 0.01% Triton X-100 (in 
PBS) 10 min. 
20% NS (normal goat serum) in 0.01% 
Triton X-100 (in PBS) 10 min. 
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Incubation with primary antibodies against 
5-HT (in PBS-A, (0.5% blocking solution, 
0.01% Triton)). 
PBS-A 5 min, 6 times. 
Incubation with secondary antibodies 
against rabbit IgG (in PBS-A). 
PBS-A 5 min. 
PBS 5min, 5 times. 
1% glutheraldehyde (in PBS) 15 min 
Washing in milliQ 5 min, 3 times 
Silver enhancing nanoprobes HQ 5 min in 
dark room 
Washing in milliQ 5 min, 4 times 
Centrifugation at 14000g 10 min 
Alcohol gradient (70% 2 times, 96% 3 
times, 100% 3 times) 10 min each 
Overnight incubation in 100% alcohol  
Propylene oxide 10 min, 2 times 
Propylene oxide:resine (1:1) 60 min 
Propylene oxide:resine (1:2) overnight 
Resine, 180 min 
Polymerisaton at 60 oC, 20 hours 
 
 
Results 
 
The purpose of this work was to establish 
if hemocytes can communicate a chemical 
message to the host animal and circulating 
hemocytes. As a first step, hemocyte lysate 
supernatant from both Astacus 
leptodactylus and Hommarus ammericanus 
where injected in  
A. leptodactylus. In order to monitor 
responses total hemocyte count (THC) and 
glucose levels where continually measured, 
two common indicators for stress. 
 
All error bars indicate the standard 
deviation, and data is based on 
measurements conducted 3, 4, 6 or 12 
times as indicated in materials and 
methods. The experiments where 
conducted at the times indicated on the x-
axis. Graphs are displayed in “one size” 
consistently throughout this work to enable 

practical comparisons. This results in 
empty fields in some graphs. 
 
  
Glucose level responses 
 
Figures 4. and 5. are used as basal levels of 
glucose response. Fig. 4. shows results 
from handling only, whereas in Fig. 5. PBS 
is injected at the start of the experiment. 
PBS is used throughout the experiments as 
buffer for the various preparations. 
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Fig. 4. Glucose variation in untreated A. 
leptodactylus 
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Fig. 5. Glucose variation in A. 
leptodactylus injected with PBS 
 
 
The contents of A. leptodactylus and H. 
ammericanus hemocytes lysed in different 
ways where injected and the following 
response in glucose levels was obtained.  
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Fig. 6. Glycemic response from A. leptodactylus 
following injection of lysed H. americanus 
hemocytes 
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Fig. 7. Glycemic response from A. leptodactylus 
following injection of lysed A. leptodactylus 
hemocytes 
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Fig. 8. Glycemic response from A. leptodactylus 
following injection of lysed A. leptodactylus 
hemocytes lysed with added SDS and 
sonification 
 
 
From the results it seems that we obtain a 
clearer response from the A. leptodactylus 
lysate lysed without SDS, wich could 
correspond to signaling from the lysate 
wich is hindered by SDS. H. ammericanus  
hemocyte lysate does not result in the same 
increase of glucose levels. It is also worth 
noting the low levels of hemolymph 
glucose 24h after both lysate injections. 
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Fig. 9. Glycemic response from A. leptodactylus 
following injection of A. leptodactylus hemocytes 
activated by latex beads 
 
The follow up of this experiment is to see 
if another treatment of the A. leptodactylus 
can trigger a stronger response. Therefore 
in this experiment a technique to activating 
the hemocytes, to trigger a hemocyte 
response, was applied. Here we incubated 
the A. leptodactylus with latex beads that is 
known to trigger a hemocytes reaction. 
 
The reaction on glucose levels seemed to 
mirror the results previously obtained, with 
a maximum at T=2 followed by a decline. 
Although quicker the response was 
weaker, wich could be because the cells 
where never lysed and only hemocyte 
supernatant and excreted chemicals where 
used. Chemicals producing a response 
could still be inside the pelleted hemocytes 
and never being injected. 
 
 



Alexander Alsén   

Degree project 20 weeks   
   
 

14 
 

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0 0.5 1 2 4 6 24 48
0

50

100

150

200

250

300

H
em

ol
ym

ph
 G

lu
co

se

time (h)

  
Fig. 10. Glycemic response from A. 
leptodactylus following injection of A. 
leptodactylus hemocytes lysed by addition of SDS 
and sonification 
 
In Fig. 10. a higher concentration of 
hemocytes lysed by SDS and sonification 
is used than in Fig. 8.. 
 
In this figure we see the results when the 
A. leptodactylus hemocytes are lysed with 
sonification and incubated in 0.005 % 
SDS. This result resembles more closely to 
the first hemocyte lysate experiment 
conducted. Peak values at T=2 is around 
150 % followed by a recession to a sub-
initial point at T=24. 
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Fig. 11. Glycemic response from A. 
leptodactylus following injection of A. 
leptodactylus hemocytes activated by latex beads 
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Fig. 12. Glycemic response from A. 
leptodactylus following injection of  5-HT 
 
In this experiment 5-HT was injected at a 
low concentration. Although there was 
some individual variation to the maximal 
response the peak was at T=4 whereafter a 
decline to sub-initial values was obtained. 
Note the different scaling of the bars and 
the much higher response (at 300 % it is 
double that of previous experiments). 
These sub-initial values at T=24 were 
however not as low as those in fig. 6.,7.,8. 
and 9. which could point to a different 
glucose level recovery method.  
 
It is however clear that a high peak of 
glucose does not bring a low dip as would 
be the case if glucose was  taken from a 
constant pool. Instead it is followed by a 
faster return to normal levels (T=24, = 
~100%). 
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Fig. 13. Glycemic response from A. 
leptodactylus following injection of  
A. leptodactylus eyestalk extract 
 

To achieve a connection between 
responses to the different chemicals 
excreted or found within hemocytes and 5-
HT, an experiment was conducted with 
eyestalk extract. It is known  that the 
eyestalks of crustaceans produce and store 
many regulatory neuropeptides. Thereby 
we can compare these results for 
connections and differences with the the 
hemocyte extracts and the neuropeptides. 
 
The response on glucose levels were even 
greater than from the 5-HT experiment, 
although some resonded more than others. 
In any case, the final values (T=24, 48) 
showed sub-initial glucose levels similar to 
the other experiments with biological 
samples injected. 
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Fig. 14. Glycemic response from A. 
leptodactylus following injection of CPH 
 
CPH is the antagonist of 5-HT, and should 
therefore have a inhibitory effect on 5-HT 
effects. In this experiment CPH was 
injected, and a slight increase in glucose 
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levels could be observed. At time T=24 
and T=48 no sub-initial values could be 
observed, witch is consistent with fig. 7. 
and the fact that the CPH solution was not 
extracted from biological material. 
 
 
Responses in total number of circulating 
hemocytes, total hemocyte count (THC) 
 
Hemocytes (Among other things) fulfill 
what white blood cells perform in 
vertebrates. Thereby they are involved in 
recognintion of foreign objects and defence 
in the hemolymph. As such hemocytes are 
released into the hemolymph as a response 
to stress, It would also be plausible that the 
lysis of hemocytes release chemicals that 
in turn communicate this message to 
mobilize against whatever lysed the 
hemocytes. We are interested if this is 
mediated by 5-HT or by other mechanisms. 
 
This series of samples were taken from the 
same animals as in the glucose analysis 
above. 
 
The occurrence of more hemocytes in the 
hemolymph, the hemocytic response, was 
more varied than the glycemic response.  
 
Hemocyte lysate from A. leptodactylus and 
H. americanus were lysed and injected into 
the A. leptodactylus hemolymph. The 
following numbers of circulating 
hemocytes were then measured at the times 
indicated. 
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Fig 15. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of 
lysed H. americanus hemocytes 
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Fig 16. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of 
lysed A. leptodactylus hemocytes 
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Fig 17. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of 
A. leptodactylus hemocytes lysed by SDS and 
sonification 
 
 
These results indicate that the hemocytic 
response could be faster than the glycemic 
response, with peaks at T=0.5, 1 in fig. 
10.(Glycemic peaks, from bioextracts, are 
at T=2, fig. 1.,2.,3.,4.,5.,7.). The response 
also seems to be longer lasting (T=24 
values are >100%, compare to fig. 
1.,2.,3.,4.,5.,7.) 
 
 
 
 

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0 0.5 1 2 4 6 24 48
0

200

400

600

800

1000

1200

1400

%
TH

C

time (h)

Fig. 18. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of 
activated A. leptodactylus  hemocytes 
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Fig. 19. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of 
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A. leptodactylus hemocytes lysed by addition of 
SDS and sonification 
 
 
Here A. leptodactylus hemocytes are lysed 
with sonification in a medium containing 
SDS. The results however resemble those 
of fig. 9 closely, where hemocytes have 
been lysed by freeze-thawing (comparable 
rise until max. >350%, at T=2) with the 
diffrence that this injection results in a 
faster decline and the achievement of 
normal levels at T=24, something that is 
not done in fig. 9. 
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Fig. 20. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of 
H. ammericanus hemocytes activated by latex 
beads 
 
 
In this experiment A. leptodactylus and H. 
ammericanus hemocytes where activated 
with latex beads, after wich this 
supernatant was injected into A. 
leptodactylus. 
 

As we compare these results we se a faster 
hemocytic response from the H. 
ammericanus hemocytes as in fig. 9. and 
10. although the A. leptodactylus response 
is much stronger. Also, the supernatant 
from activated H. ammericanus hemocytes 
does not seem to produce a lasting 
mobilization of hemocytes (fig. 12., T=24). 
It could be that the lysate from A. 
leptodactylus produces a longer lasting 
mobilistaion of hemocytes since this lysate 
simulates destruction of own hemocytes, 
whereas H. ammericanus lysate to a higher 
degree simulates foreign objects entering 
the hemolymph. 
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Fig. 21. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of  
5-HT. 
 
As 5-HT was injected we measured a much 
more consistent response, and it is also 
weaker. It is very interesting to see the 
immediate decline in hemocyte occurrence 
(T=0,5) after injection, opposite to results 
obtained from injections of bioextracts 
(fig. 15., 16., 17., 18., 19., 20.). The 
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number of circulating hemocytes then 
stabilize at initial levels at T=4.  
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Fig. 22. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of  
 A. leptodactylus eyestalk extract 
 
The injection of eyestalk extract produced 
a very strong response, although some 
animals were more receptive than others. 
At T=24 the number of circulating 
hemocytes are still high, in analogy with 
fig. 15., 16., 17. and 18.. The levels the 
approach initial levels at T=48. 
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Fig. 23. Fluctuations in total hemocyte count 
(THC) in A. leptodactylus following injection of  
CPH 
 
Upon injection of CPH (5-HT antagonist) 
we se an immediate decline in circulating 
hemocytes, analogous to the 5-HT 
injection (fig. 21.) and contrary to the 
bioextract injections (fig. 15., 16., 17., 18., 
19. and 20.). This loss of hemocytes is then 
replenished and a slight hemocytic 
response can be seen. The number of 
circulating hemocytes at T=4 are close to 
initial. 
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Electron microscopy of A. leptodactylus 
hemocytes incubated with anti-5-HT 
antibodies. 
 
In these experiments A. leptodactylus 
hemocytes where first incubated with anti-
5-HT antibodies. After 5-HT recognition 
by specific antibodies these were in turn 
recognized by antibodies carrying a 
reaction site for glutheraldehyde, a reaction 
visible in electron microscopy. They where 
then pelleted, mixed with a resin, and 
casted into a pellet wich was then cut into 
thin layers suitable for electron 
microscopy.  
 
 

 
 
Fig. 24. Electron microscopy of A. leptodactylus 
hemocytes incubated with anti-5-HT antibodies 
followed by antibodies carrying a reaction site 
for glutheraldehyde. Detected by 
glutheraldehyde. 
 
 

 
 
Fig. 25. Electron microscopy of  A. 
leptodactylus hemocytes incubated with anti-5-
HT antibodies followed by antibodies carrying a 
reaction site for glutheraldehyde. Detected by 
glutheraldehyde. 
 
 
 

 
 
Fig. 26. Electron microscopy of  A. 
leptodactylus hemocytes incubated with anti-5-
HT antibodies followed by antibodies carrying a 
reaction site for glutheraldehyde. Detected by 
glutheraldehyde. 
 
 
Figure 19., 20. and 21. shows typical 
images from the electron microscopy.  
Dark spots indicate occurrence of 5-HT at 
that location. From these experiments 5-
HT seems to concentrated to the nucleus of 
the hemocytes. 
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Discussion / Future work 
 
I have made several investigations into the 
responses of A. leptodactylus following 
injection of several different hemocyte 
products from A. leptodactylus and the 
related H. ammericanus. To establish 
connections to 5-HT responses this 
chemical was also tested, as well as the 5-
HT antagonist CPH. The responses of A. 
leptodactylus was measured in hemolymph 
glucose levels and variations in the number 
of circulating hemocytes. 
 
Moreover, results from electron 
microscopy revealed the occurrence of 5-
HT in the hemocyte nucleuses. 
 
 
The samples 
 
The samples used in the injections can be 
divided into the following classes; 
 
1. Hemocyte derived material 
 
a. Hemocytes lysed by freeze-thawing 
 
b. Products excreted by activated 
hemocytes 
 
c. Hemocytes lysed by sonification and 
SDS 
 
2. Eyestalk extract 
 
3. Neurochemicals 
 
a. 5-HT 
 
b. CPH (5-HT antagonist) 
 
The hemocyte preparations where where to 
a large extent made using both hemocytes 
from A. leptodactyulus and H. 
ammericanus in parallel. 
 
 

How is 5-HT involved in the glycemic 
response? 
 
As we inspect the graphs we see a 
glycemic response from 5-HT. In our 
experiments this response is comparable to 
that of eyestalk extract. The graphs mirror 
each other to a high degree, and the 
different scaling of these graphs compared 
to the other glycemic experiments should 
also be noticed.  Although from our 
experiments the results look similar the 
mechanisms need to be different. Eyestalk 
extract contains cHH, known to stimulate 
the glycemic response. 5-HT however 
needs to recruit active cHH in some way. 
 
 
How is 5-HT involved in the hemocytic 
response? 
 
It is clear that 5-HT does not trigger a 
significant increase in circulating 
hemocytes (.fig). The eyestalk extract 
however, causes both an increase in 
circulating hemocytes and an increase in 
glucose levels. From this it follows that it 
is something other than 5-HT from the 
eyestalk extract that triggers this hemocyte 
release. 
 
From this we could also propose that 5-HT 
interacts with cHH to trigger high glucose 
levels independently from the hemocytes 
(fig, fig).  This would allow 5-HT to play a 
role in the glycemic response, although 5-
HT from another source than the 
hemocytes. 
 
 
If not 5-HT, then what triggers the 
hemocytic response? 
 
 
Although the hemocytic response was 
somewhat variable between specimens, 
one thing does stand out: one hemocyte 
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preparation manages to produce a 
hemocyte comparable to that of eyestalk 
extract (witch, due to its hormonal 
composition,  seem to induce a host of 
responses). The preparation of activated A. 
leptodactylus hemocytes. Hemocytic 
response drops dramatically when we 
compare this result to that obtained from 
activated H. americanus hemocytes. This 
is in contrast to the fact that another 
species normally would produce a stronger 
response, in this case it would seem that 
we have a specific activation of the 
hemocytic defense by the activated 
hemocytes. As we compare that to the 
different preparations of lysed hemocytes 
the hemocytic response drops markedly 
(fig.), supporting that the strongest 
mobilization is from activated A. 
leptodactylus hemocytes. 
 
This specific activation of hemocytic 
response does not, however, extend to the 
glycemic response. In the glycemic 
response we see no species-specific 
difference, in fact all hemocytic 
preparations produce results with small 
differences (as mentioned above, 5-HT and 
eyestalk extract produce the notable 
responses). 
 
 
Where does all this lead us? 
 
Summarizing the results leads us to many 
conclusions. It seems we have stress 
responses operating in parallel. Although 
many situations activate more than one 
response mechanism they appear to be 
distinct. It makes perfect sense that 5-HT 
which is involved in aggressive behavior 
(4.) also induces an increase in hemolymph 
glucose levels. Glucose is used in fighting 
activities witch often accompany 
aggression (4.). 
 

On the other end of this stress spectrum is 
hemocytes having recognized a foreign 
particle, and responding by emitting a 
signaling substance that in turn mobilizes 
more hemocytes into the hemolymph. This 
kind of stress response might not benefit 
from increases in glucose levels unless it 
requires glucose as a molecular substrate.  
 
Hemocytes do (fig.) contain some amount 
of 5-HT, although it seems unlikely that 
the hemocytes play a major role in 
regulating hemolymph glucose levels. It 
also appears unlikely that this 5-HT is used 
to among hemocytes to communicate a 
stress response for mobilizing more 
hemocytes. 
 
5-HT does, however, induce a strong 
increase in glucose levels and might be 
involved in this response. The cells 
involved in signaling/mediating a glucose 
release would probably not be hemocytes. 
 
 
Where will one go from here? 
 
There are some ways to put these 
conclusions made here and to gain further 
evidence. The obvious test to determine 
where 5-HT does its activity would be to 
perform test on eyestalk ablated animals. 
This would determine if the glucose 
response is due to effects on the hormonal 
organs in the eyestalks or through another 
more direct pathway. 
 
Although CPH failed to produce a 
response, it would be interesting to observe 
its effect in curbing 5-HT effects. Other 
inhibitors could also be used in order to 
determine 5-HT/inhibitor kinetics and the 
effects of multiple receptors responding to 
5-HT. 
 
As always, there is the matter of 
physiologically relevant concentrations, 
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Fig. 27. Summary describing relations between 5-HT, cHH, different hemocyte products and the 
resulting phenotype differences. Based on  figures 6-23.
 
 
and in order to make definitive conclusions 
further gradient-experiments would be 
needed. 
 
The matter of contaminated samples could 
also play a part, the crustacean immune 
system is for example very receptive to 
bacterial lipopolysaccharides (LPS). 
 
These results point at some interesting 
differences in stress responses. Regarding 
the increase in circulating glucose levels 
the strongest increase came from animals 
injected with 5-HT and eyestalkextract. In 
the case of eyestalk extract this effect is 
from cHH contained within the eyestalks. 
In the case of 5-HT the mechanism is not 
so clear cut, it could be that 5-HT recruits 
active cHH in some way. This would make 
much sense since 5-HT initiates an 
aggressive behaviour wich often puts 
animals in stressful situations (4. Huber R 
et. Al., 1997). From this study it would  
seem that these effects are equally fast, 
perhaps with a slightly slower reaction  
 

 
 
from the 5-HT injection. This makes sense 
when the 5-HT itself is not the mediator of  
the increased glucose levels, but a step in a 
chain leading up to cHH activity.  
 
This could be tested by performing the 
eyestalk extract and 5-HT experiments on 
eyestalk ablated animals. Eyestalk extract 
would produce similar results to those 
obtained here whereas 5-HT glycemic 
response would be reduced. 
 
If eyestalk extract and 5-HT results are 
closely comparable in the glycemic 
analysis, that is not true for the hemocytic 
analysis of those experiments. Here we see 
a very strong increase in circulating 
hemocytes from the eyestalk extract 
experiment, whereas the 5-HT experiment 
does not produce an increase. 
 
In this aspect 5-HT is similar to CPH, an 
antagonist of 5-HT, both which fail to 
produce an increase in circulating 
hemocytes. This could be because these 
samples were both free from the myriad of 
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different, unspecific,  biomolecules present 
in al the bioextracts that trigger the 
hemocytic response. 
 
Further analyzing the hemocytic responses, 
it is interesting to see that the other sample 
that gave the strongest response was that of 
the activated A. leptodactylus hemocytes. 
This could indicate that these activated 
hemocytes can initiate a specific 
mobilization of hemocytes that is greater 
than the result of lysed hemocytes. This 
effect of activated hemocytes does not 
however extend to the glycemic response. 
In the glycemic response the activated 
hemocytes does not give a stronger 
response than the lysed, something that 
could indicate that activated hemocytes 
does not trigger an increase in hemolymph 
glucose levels but only the production of 
more circulating hemocytes. 
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