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at synaptic terminals
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SUMMARY

This work analyses the participation of calcium release from the en-
doplasmic reticulum in the serotonin release in synaptic terminals. 
Experiments were carried out in synapses formed in culture between 
serotonergic Retzius neurons and pressure mechanosensory neurons, 
isolated from the Central Nervous System of the leech. In this prepara-
tion, paired-pulse stimulation produced synaptic facilitation. Locking 
ryanodine receptors in a sub-conductance state by incubation with 
100 μM ryanodine caused an elongation of the synaptic potential in 
response to presynaptic impulses, suggesting that calcium released 
through these channels may reach the vesicles and then promote secre-
tion. By contrast, depletion of intracellular calcium pools by incubation 
with 500 nM thapsigargin gradually decreased paired-pulse synaptic 
facilitation and abolished extrasynaptic axonal serotonin release in 
response to trains of impulses. All this occurred without changes in the 
properties of the postsynaptic membrane, indicating that intracellular 
calcium release participates in a feedback mechanism that enhances 
presynaptic and perisynaptic release in serotonergic neurons.

Key words: Serotonin, synapse, calcium-induced calcium release, 
facilitation, endoplasmic reticulum.

RESUMEN

En este trabajo se estudió la participación que tiene la liberación de 
calcio del retículo endoplásmico en la liberación de serotonina en 
terminales sinápticas. Los experimentos se llevaron a cabo en sinapsis 
formadas en cultivo entre neuronas serotonérgicas de Retzius y neuro-
nas mecanosensoriales sensibles a presión, aisladas del Sistema Ner-
vioso Central de la sanguijuela. En esta preparación la estimulación 
con pares de impulsos produjo facilitación sináptica. La estabiliza-
ción de los receptores de rianodina en un estado de sub-conductancia 
por la incubación con rianodina 100 μM produjo un alargamiento 
del potencial sináptico en respuesta a impulsos presinápticos, sugi-
riendo que el calcio liberado por estos canales puede alcanzar las 
vesículas y promover la secreción. En contraste, el vaciamiento de los 
depósitos intracelulares de calcio con tapsigargina 500 nM produjo 
una disminución gradual de la facilitación sináptica ante impulsos 
presinápticos pareados y abolió la liberación extrasináptica en el 
axón neuronal en respuesta a trenes de impulsos. Todo esto ocurrió 
sin cambios en las propiedades de la membrana postsináptica, lo 
cual sugiere que la liberación de calcio intracelular participa en un 
mecanismo de retroalimentación positiva que promueve la liberación 
presináptica y perisináptica en las neuronas serotonérgicas.

Palabras clave: Serotonina, sinapsis, liberación de calcio inducida 
por calcio, facilitación, retículo endoplásmico.

INTRODUCTION

Serotonin is a neurotransmitter and neuromodulator of great 
importance in the regulation of various physiological func-
tions and behaviors in animals throughout the phylogenetic 
scale, including humans. For example, aggressive behavior 
and the establishment of social dominance are regulated by 
serotonin from crustaceans1–3 to primates4–7 where serotonin 
also regulates mood. Serotonin also regulates feeding,8,9 
sleep, attention,10 anxiety,11 circadian rhythms,12 sexual be-
havior13,14 and the generation of rhythmic motor patterns 
such as locomotion, mastication and breathing14–17, among 

many others. In humans, changes in the serotonergic system 
are related to behavioral and neurological disorders includ-
ing food, depression,18 epilepsy,19 schizophrenia,20 and anxi-
ety,21 therefore, studying how its release is regulated in the 
nervous system could help developing treatments for this 
kind of pathology.

Serotonergic neurons secrete this monoamine from syn-
aptic terminals,22–24 where it acts as a neurotransmitter pro-
ducing rapid and localized effects on postsynaptic terminals 
in fixed neural circuits, and also from extrasynaptic sites on 
soma,25–30 axon and dendrites,31 where it acts as a modulator 
causing slow and diffuse paracrine type effects.
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Due to the anatomical complexity of the serotonergic 
neurons in vertebrates, the fine mechanisms of synaptic 
serotonin release have been studied mainly in synapses 
formed in culture between isolated identified neurons of 
the central nervous system of the leech Hirudo medicina-
lis.32,33 The neurons in culture, being iso-potential, have 
considerable advantages for these studies. The basic mech-
anisms of release in these synaptic terminals are similar to 
those of conventionally studied synapses as the neuromus-
cular plate34 and the squid giant synapses,35,36 i.e., the re-
lease occurs in a quantum way, depending on calcium and 
on the presynaptic membrane potential.37,38 In the active 
site of synaptic terminals the serotonin is released from 
clear synaptic vesicles, from which there is a pool ready 
to be released and a reserve pool.39 Depending on the re-
lease probability and on the amount of available vesicles, 
there are short-term plasticity phenomena such as facilita-
tion and depression.40 As in many other synaptic terminals, 
clear vesicles in these terminals are surrounded by electron 
dense vesicles that also contain serotonin39,41 and release it 
in presynaptic or extrasynaptic zones, also producing post-
synaptic effects, although slower (Trueta and De-Miguel, 
in preparation).

Serotonergic terminals contain endoplasmic reticulum, 
which is an intracellular calcium pool.42,43 The endoplasmic 
reticulum stores calcium in high concentrations due to the 
function of an ATPase that actively transports calcium from 
the cytoplasm to the lumen of the reticle against its concen-
tration gradient.42 The calcium of this intracellular reservoir 
may be released into the cytoplasm through channels called 
ryanodine receptors that open in response to moderate in-
creases in cytoplasmic calcium concentration, producing 
the so-called calcium-induced calcium release (ICRC).43 
This mechanism plays a key role in secretion at the excitable 
endocrine cells44,45 and in some neuronal types it has been 
shown that it contributes to the spontaneous release of neu-
rotransmitter,46–48 as well as to the synaptic facilitation47 and 
to the release in response to trains of impulses.49,50

Furthermore, in some neurons that use electron dense 
vesicles, calcium release from intracellular pools is an im-
portant contribution to the increase in intracellular calcium 
concentration in response to the electrical activity51 and it 
participate in the mobilization of these vesicles towards the 
membrane and its fusion with same in order to produce 
peptide secretion.52–54 In the cell body of serotonergic Retzius 
neurons calcium the calcium-induced calcium release also 
has an important contribution to somatic secretion when 
producing mobilization of vesicles towards the membrane55 
(León-Pinzón et al. in preparation). The presence of endo-
plasmic reticulum cisternae in synaptic terminals of these 
neurons suggests that this calcium release mechanism could 
also participate in the regulation of synaptic release of se-
rotonin, but this participation has not been studied. While 
synaptic secretion in response to a pulse is very fast and is 

unlikely to have a contribution from this calcium source, 
which is activated more slowly, calcium-induced calcium 
release could be involved in the mobilization of clear vesi-
cles of the reserve pool and/or of the electron dense vesicles 
released in perisynaptic areas in response to repetitive elec-
trical activity.

In the present work we study the participation of cal-
cium-induced calcium release in the serotonin synaptic and 
perisynaptic release in response to pairs and trains of im-
pulses. For this purpose we use synapses formed between 
serotonergic Retzius neurons and pressure mechanosen-
sory neurons (P-cells), isolated from the Central Nervous 
System of the leech Hirudo medicinalis and making contact 
in culture. Presynaptic Retzius neuron was stimulated by 
the current injection with an intracellular electrode and the 
serotonin release was analyzed from synaptic potentials 
recorded in the postsynaptic P-cell. Calcium release from 
the endoplasmic reticulum was promoted using ryanodine, 
which stabilizes ryanodine receptors in a semi-open state, 
or was inhibited by using thapsigargin, which inhibits the 
calcium ATPase from the endoplasmic reticulum, resulting 
in the depletion of the intracellular pool through the passive 
calcium leak.

MATERIALS AND METHODS

Neuronal isolation and culture

The nerve ganglia chain forming the central nervous system 
of the leech was isolated and the ganglion capsules were 
opened using fine tweezers. After treatment with collage-
nase-dispase (2mg/ml), Retzius neurons (Rz) and pressure-
sensitive neurons (P) were individually isolated by suction 
through a glass pipette. Neurons were seeded on culture 
dishes (Falcon, primary) covered with concanavalin-A, 
placing the axonal stump of the Retzius neuron in contact 
with the soma of P-neuron. Figure 1A shows an image of 
a pair of neurons Rz-P in culture. Neurons were recorded 
after 2-7 days in culture.

Intracellular recording

The presynaptic neuron was stimulated by injecting depo-
larizing current pulses through an intracellular microelec-
trode, with a 20-30 MΩ resistance, filled with 3M potassium 
chloride, using an intracellular amplifier (Getting, model 5) 
in balance bridge mode. Pulses are used with duration of 
100 ms to produce two action potentials; or of 200 ms to pro-
duce trains of 5-6 action potentials. The synaptic potentials 
were recorded in the P-cell with a microelectrode filled with 
2M cesium chloride. The signals were acquired and digi-
tized with a Digidata 1322 converter (Axon Instruments) at 
10 KHz for their subsequent analysis.
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Pharmacology

After recording synaptic potentials in control conditions, 
100�μM ryanodine or 500�nM thapsigargin were added. 
Ryanodine, at the concentration we use, stabilizes the chan-
nel of the ryanodine receptors in a sub-conductance state, 
producing a slow release of calcium into cytoplasm.56–58 
Thapsigargin blocks ATPases that pump calcium within 
endoplasmic reticulum; as the passive calcium leak is not 
compensated, the pool gradually empties.

Iontophoretic application of serotonin

Microelectrodes that are similar to those used for intracel-
lular recording were filled with a solution of 5-hydroxytryp-
tamine-HCl 150�mM. To retain the serotonin in the electrode 
a constant direct current of -1 nA was applied to the elec-
trode. The tip of the electrode was placed near the soma of 
the postsynaptic neuron P. To produce serotonin output, 
2�nA positive current pulses were applied with duration of 
200�ms.

RESULTS

In pairs of neurons Rz-P (Figure 1A) that had formed synaps-
es, the firing of an action potential by the presynaptic Retzius 
neuron evoked a potential synaptic in the postsynaptic neu-
ron P (Figure 1B), produced by the serotonin presynaptic re-
lease. While a pair of action potentials produced at an interval 
of 300 ms or more in the presynaptic neuron produced two 
synaptic potentials of similar amplitude in the P-cell (Figure 
1C), the reduction of this interval to 100 ms or less, produced 
synaptic facilitation, determined by the presence of a synaptic 
potential having greater amplitude than the sum of the two 
individual synaptic potentials (Figure 1D).

The synaptic knobs of the Retzius neurons contain en-
doplasmic reticulum cisternae at a distance greater than 
500�nm of the active zones (see, for example, Figure 1 in ref-
erence 39). Therefore, to study whether the release of calcium 
from such intracellular pools is involved in the neurotrans-
mitter release, it was necessary to investigate if the calcium 
released through ryanodine receptors spreads to the sites 
where the vesicles are located. To this end, the postsynap-
tic responses were recorded after the presynaptic firing of 
simple action potentials, paired and in trains at a frequency 
of 20�Hz in control conditions and then the continuous out-
put of calcium was induced from the endoplasmic reticu-
lum into the cytoplasm, incubating pairs of neurons with 
100�μM ryanodine, which stabilizes the channels of ryano-
dine receptors in a sub-conductance state.56–58

Under these conditions there was an elongation of 
552 ± 174% in the decay phase of the synaptic potential, 
from 70.5 ± 28.9�ms in control conditions (n = 11; Figure 2A, 
left panel, black trace) to 389.7 ± 100.3�ms after five minutes 
(n=3, figure 2A, left panel, gray trace). To verify that this 
enlargement of the synaptic potential was not produced by 
a gradual decay of the state of the neurons over time, we 
recorded the postsynaptic responses of pairs of neurons that 
were not treated with ryanodine. In these cases, the aver-
age decay time of the synaptic potential increased only mar-
ginally during five minutes of recording (Figure 2B, black 
triangles) from 106.1 ± 21.6�ms to 131.2 ± 25.2�ms after five 
minutes of recording (n = 11).

The effect of ryanodine was most notable with pairs or 
trains of pulses in the presynaptic neuron (Figure 2). With 
paired pulses, the synaptic potential in the presence of ry-
anodine increased by 436 ± 168%, from 140.82 ± 19.3�ms to 
689.2 ± 271.3�ms (n=5), while in control conditions it only 
changed from 168 ± 34.6�ms to 88.5 ± 28.1�ms (n=13). With 
trains of five or six pulses at 20 Hz, the ryanodine increased 
the decay time of the synaptic potential by 420 ± 105%, from 
335.9�±�116.7 ms to 1454.3�±�325.8�ms (n=5), while in control 
conditions it changed from 392.7�±�108�ms to 441.9�±�100.1�ms 
(n=8).

To verify that the effects of ryanodine were not caused 
by changes in the electrical properties of the postsynaptic 

Figure 1. Facilitation in synapses between Retzius Neurons and 
P-Neurons in culture. A) Phase-contrast image of a pair of P-Retzius 
neurons being in contact in culture. B-D) Recording of the pre and 
post-synaptic membrane potential. The (pre) top traces show presyn-
aptic action potential in the Retzius neuron and the (post) bottom 
traces show synaptic potentials recorded in P-neuron. In D, two action 
potentials with an interval of 30 ms caused facilitation. Note that the 
amplitude of the composite synaptic potential in D has an amplitude 
greater than the sum of the two individual synaptic potentials shown 
in C (marked by horizontal gray lines).
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neuron, responses of P-cells were recorded before and after 
the application of the drug (Figure 3). Action potentials pro-
duced by depolarizing pulses in the postsynaptic neuron in 
control conditions (Figure 3A, black trace) and in the pres-
ence of ryanodine (Figure 3A, gray trace) were identical, dis-
carding possible effects on the postsynaptic electrical activity 
induced by ryanodine. In addition, the input resistance and 
the time constant of the postsynaptic membrane to a pulse 
of hyperpolarizing current also remained unchanged (Fig-
ure 3B, black trace) in the presence of ryanodine (Figure 3B, 
gray trace). Moreover, the postsynaptic neuron’s response to 
the application of serotonin via iontophoresis was neither al-
tered by the ryanodine (Figure 3C), discarding changes in the 
postsynaptic sensitivity to serotonin after treatment with ry-
anodine. All this suggests that the calcium released from the 
endoplasmic reticulum through ryanodine receptors, reaches 
the release sites in the synaptic terminals and that it is capable 
of promoting fusion of the vesicles with the membrane.

To verify that the presynaptic electrical activity stim-
ulates the calcium-induced calcium release and that this 
mechanism is involved in the release of serotonin, intracel-
lular calcium pools were emptied using thapsigargin. Since 
such depletion occurs slowly, responses were recorded ev-
ery five minutes for at least 30 minutes.

After 15 minutes of incubation with thapsigargin the 
generation of synaptic potentials was kept in response to a 

pulse, but the composite synaptic potential, in response to 
paired pulses decreased by 33%, showing a decrease in syn-
aptic facilitation after 15 minutes of incubation with thap-
sigargin (Figure 4A). This was not caused by a declining 
status of neurons, since in registered pairs in the absence of 
thapsigargin the amplitude of the composite synaptic po-
tential decreased only marginally even after 45 minutes of 
recording (Figure 4B).

This result suggests that the release of calcium from in-
tracellular pools plays an important role in the facilitation of 
synaptic release of serotonin before the repetitive electrical 
activity.

Some pairs of Retzius-P neurons do not form synapses, 
given that no synaptic potentials are produced in response 
to a presynaptic impulse. However, subsequent stimulation 

Figure 2. Calcium release through ryanodine receptors reaches 
the synaptic vesicles and promotes serotonin release. A) Synaptic 
potential recorded in the cell P, in response to an impulse (left) or a 
train of 6 impulses (right) in presynaptic Retzius cell under control 
conditions (black) and after 5 minutes of incubation with ryanodine 
100 μM (gray). Stabilization of ryanodine receptors in a sub-con-
ductance status prolonged ryanodine postsynaptic potential in the 
cell P. B) Average fall time (mean ± standard error, n=6 for each 
group) of the synaptic potential in response to an impulse, paired-
pulse or trains of presynaptic impulses before (initial) and 5 min-
utes after addition of ryanodine 100 μM (gray circles). Control cells 
(black triangles) were recorded in the absence of ryanodine.

Figure 3. Ryanodine does not affect the properties of the membrane 
of the postsynaptic cell. Voltage response of P-cell to a depolariz-
ing current pulse (A), to a hyperpolarizing current pulse (B) and to 
an iontophoretic serotonin pulse (5-HT, black bar), (C) before (black 
traces) and 10 minutes after addition of ryanodine 100 μM (gray 
traces). Ryanodine did not change the shape of the action potential, 
neither the input resistance nor the time constant of the membrane, 
nor the amplitude or time course of the response to 5-HT.



Calcium release from intracellular pools promotes serotonin secretion at synaptic terminals

107Vol. 37, No. 2, March-April 2014

Tr
an

sl
at

io
n 

of
 th

e 
or

ig
in

al
 v

er
si

on
 p

ub
lis

he
d 

in
 s

pa
ni

sh
 in

:
Sa

lu
d 

M
en

ta
l 2

01
4,

 V
ol

. 3
7 

Is
su

e 
N

o.
 2

.

produces a slow depolarization attributable to the release 
of serotonin from electron dense presynaptic vesicles (Fig-
ure 5A, Control). In such connections thapsigargin gradu-
ally decreased postsynaptic responses until abolishing 
them completely after 20 minutes of incubation (Figure 5A). 
However, in neurons pairs not treated with thapsigargin, 
responses were kept during 30 minutes (Figure 5B). As with 
ryanodine application, electrical responses from the post-
synaptic neuron were not affected by incubation with thap-
sigargin (not shown). These results suggest that the release 
of calcium from intracellular pools is critical to produce the 
movement and fusion of electron dense vesicles in extrasyn-
aptic release sites on the neuronal axon.

DISCUSSION

The results shown in this paper indicate that the calcium-
induced calcium release modulates synaptic and extrasyn-

aptic axonal release of serotonin. Elongation of synaptic po-
tentials in pairs of neurons treated with ryanodine suggests 
that the calcium release from the endoplasmic reticulum 
through ryanodine receptors reaches synaptic vesicles and 
can participate in its delayed fusion with the membrane. 
Also decreased serotonin release after depletion of intracel-
lular calcium pools suggests that the calcium-induced calci-
um release participates in serotonin release at the terminals 
in response to repetitive electrical activity.

Calcium release from the endoplasmic reticulum plays 
a key role in excitable endocrine cells44,45 and also in the 
extrasynaptic release of neurotransmitters in the soma of 
several neuronal types, including Retzius neurons,55,59–61 
as well as in glial cells.62 Particularly, the calcium-induced 
calcium release provides a positive feedback mechanism 

Figure 4. Calcium-induced calcium release promotes synaptic facili-
tation in response to paired-pulses. A) Recordings of pre-and postsyn-
aptic membrane potential in response to application of presynaptic 
depolarizing pulses of 100 ms before (control) and during incubation 
with thapsigargin 500 nM. Note that after 15 minutes of incubation, 
the amplitude of the composite synaptic potential decreased. B) Con-
trol registers in the absence of thapsigargin, during the same time 
that the pairs of neurons with the drug were recorded. The amplitude 
of the synaptic potential was maintained along the recording.

Figure 5. Calcium-induced calcium release is necessary for extra-
synaptic release from electron dense vesicles. Recordings of pre-and 
postsynaptic membrane potential in response to application of pre-
synaptic depolarizing pulses of 200 ms in neuron pairs where only 
extrasynaptic release occurs (note the slow postsynaptic response) 
considering trains of impulses. A) Responses in a pair of neurons 
before (Control) and during incubation with thapsigargin 500 nM. 
Note that the postsynaptic response was completely abolished after 
20 minutes of incubation with thapsigargin. B) Responses in a pair of 
control neurons, in the absence of the drug. Note that the postsynap-
tic response was maintained throughout the entire recording.



Trueta

108 Vol. 37, No. 2, March-April 2014

Tr
an

sl
at

io
n 

of
 th

e 
or

ig
in

al
 v

er
si

on
 p

ub
lis

he
d 

in
 s

pa
ni

sh
 in

:
Sa

lu
d 

M
en

ta
l 2

01
4,

 V
ol

. 3
7 

Is
su

e 
N

o.
 2

.

that amplifies the intracellular calcium signals caused by 
the transmembrane entry of this ion through voltage-de-
pendent channels. Although in many neurons the presence 
of intracellular calcium pools has been described and even 
their participation in the generation of postsynaptic signals 
in dendrites,63–66 their role in neurotransmitter release at the 
presynaptic terminals has been little studied. The presence 
of endoplasmic reticulum by the presynaptic terminals of 
Retzius serotonergic neurons suggests that functionally the 
calcium release of these compartments could have effects on 
the mobilization of vesicles and the release of serotonin, as 
happens in parasympathetic, cerebellar and hippocampal 
neurons, where calcium release from intracellular pools pro-
motes transmitter release.46,47,50 However, since endoplasmic 
reticulum cisternae are not very close to release areas and 
since calcium diffusion in cytoplasm is limited, it was neces-
sary to determine first whether the calcium released from 
this pool reaches the release sites to be able to participate 
in exocytosis. Synaptic potential elongation in the presence 
of ryanodine suggests that when a calcium release occurs 
through ryanodine receptors, calcium may reach vesicles 
in the release sites and maintain the release of serotonin af-
ter electrical stimulation. Ryanodine stabilizes the channels 
of ryanodine receptors in a sub-conductance status where 
calcium may flow continuously, but at a slower rate than 
through the fully open channel. In various mammalian cell 
types, ryanodine, at the concentration used in this work, 
blocks ryanodine receptors, preventing the calcium-induced 
calcium release. However, leech neurons are little sensitive 
to many of the drugs used to block ion channels, therefore, 
it is not surprising that this high concentration of ryano-
dine does not block the channels, but stabilizes them in the 
semi-open status, as with ryanodine at lower concentrations 
in mammalian cells. Nevertheless, to verify this effect it is 
necessary to perform measurements of intracellular calcium 
signals in response to electrical stimulation in the presence 
of ryanodine in Retzius neurons.

Since ryanodine binds to its receptors in the inner part of 
the reticular membrane, it is necessary to stimulate the neu-
rons electrically in order that the compound is introduced 
and it opens the channels. Thus it is expected that only cal-
cium release occurs after the electrical stimulation that pro-
duces transmembrane calcium entry and then an increase in 
the cytoplasmic calcium concentration sufficient to activate 
ryanodine receptors. Furthermore, the effect of ryanodine 
is observed tens of milliseconds after the action potential 
and it is most evident in response to repetitive stimulation, 
presumably because the calcium entering via the membrane 
needs to be diffused up to the endoplasmic reticulum to be 
able to activate the ryanodine receptors. Once this occurs, 
the calcium released also takes time to diffuse to the active 
region. In the case in which the calcium evokes the release 
of electron dense vesicles, the scheme is more complex and 
delayed as these vesicles are not in contact with the plasma 

membrane and their fusion requires prior transport to the 
membrane, thereby adding a delay to the process.

In various preparations which have been used to study 
the mechanisms of synaptic neurotransmitter release, facili-
tation is produced by the residual calcium remaining in the 
terminal after a nerve impulse, when a second impulse oc-
curs before calcium concentration has returned to its basal 
levels.34 This is the case of Retzius neurons hereby studied.40 
The amount of adding residual calcium to calcium enter-
ing the membrane in response to a second pulse increases 
the probability of neurotransmitter release,67 resulting in 
the fusion of a greater number of vesicles with the mem-
brane in response to the second impulse. The gradual de-
crease of the facilitation herein noted after draining the pool 
through the incubation with thapsigargin suggests that the 
calcium-induced calcium release contributes to synaptic fa-
cilitation. This could occur if the calcium released from the 
endoplasmic reticulum is added to residual calcium, help-
ing to increase the probability of release. It is also possible 
that the calcium released from intracellular pools promotes 
the mobilization of vesicles from the reserve pool to the re-
leasable pool, increasing the number of vesicles available for 
release.

The inhibition produced by the thapsigargin of post-
synaptic responses in those cases where no synapses were 
formed and only perisynaptic release occurs, suggests that 
calcium release from intracellular pools is needed to pro-
duce the movement of electron dense vesicles towards 
extrasynaptic release sites and their fusion with the mem-
brane. The involvement of calcium-induced calcium release 
in the mobilization of electron dense vesicles also occurs in 
the soma of Retzius neurons themselves during somatic se-
cretion,55 as well as in other preparations where the release 
occurs from this type of vesicles.53,68 It is possible that the 
calcium release from the endoplasmic reticulum also par-
ticipates in the fusion process of the electron dense vesicles 
with the plasma membrane, as the transmembrane influx of 
calcium in response to electrical stimulation possibly ends 
before these vesicles reach the membrane, whereas the in-
tracellular calcium release is slower, but suitable to the time 
course of mobilization and fusion of this type of vesicles.

The depletion of intracellular calcium pools using thap-
sigargin is one of the most commonly used manipulations 
to eliminate the contribution of these pools and to study 
the role they perform in several physiological phenomena.42 
Since depletion occurs slowly, it was necessary to record 
the postsynaptic responses during tens of minutes, which 
allows the possibility that the status of neurons diminishes 
over time. However, control neurons that were recorded in 
the absence of the drug showed no significant decay in the 
amplitude of synaptic potentials in 30 minutes of recording, 
suggesting that the effects observed in neurons treated with 
thapsigargin were specifically produced by the drug when 
emptying calcium pools.
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Since the decrease in the amplitude of the postsynaptic 
responses in the presence of thapsigargin occurred in about 
15 minutes and no change was observed thereafter, it seems 
that the depletion of calcium intracellular pools was com-
pleted during this time.

The effects of calcium release from the endoplasmic re-
ticulum apparently are purely presynaptic effects upon the 
release of the neurotransmitter and not upon the sensitiv-
ity of the postsynaptic membrane to serotonin or upon their 
electrical properties, since the electrical characteristics of the 
postsynaptic P-neurons and their sensitivity to serotonin 
were not affected by ryanodine or thapsigargin.

In summary, the results shown in this paper suggest 
that the calcium-induced calcium release participates in a 
positive feedback mechanism that increases neurotransmit-
ter release and offer a complementary explanation to the 
hypothesis of residual calcium.

REFERENCES

	 1.	 Livingstone MS, Harris-Warrick RM, Kravitz EA. Serotonin and octo-
pamine produce opposite postures in lobsters. Science 1980;208:76-79.

	 2.	 Harris-Warrick RM, Kravitz EA. Cellular mechanisms for modulation 
of posture by octopamine and serotonin in the lobster. J Neuroscience 
1984;4(8):1976-1993.

	 3.	 Kravitz EA. Serotonin and aggression: insights gained from a lobster 
model system and speculations on the role of amine neurons in a com-
plex behavior. J Comparative Physiology. A sensory, Neural, Behavio-
ral Physiology 2000;186(3):221-238.

	 4.	 Raleigh MJ, McGuire MT, Brammer GL, et al. Serotonergic mecha-
nisms promote dominance acquisition in adult male vervet monkeys. 
Brain Res 1991;559:181-190.

	 5.	 Higley JD, Linnoila M. Low central nervous system serotonergic acti-
vity is traitlike and correlates with impulsive behavior. A nonhuman 
primate model investigating genetic and environmental influences on 
neurotransmission. Ann N Y Acad Sci 1997;836:39-56.

	 6.	 Ferris CF. Adolescent stress and neural plasticity in hamsters: a vaso-
pressin-serotonin model of inappropriate aggressive behaviour. Exp 
Physiol 2000;85;Spec No:85S-90S.

	 7.	 Lesch KP, Merschdorf U. Impulsivity, aggression, and serotonin: a mo-
lecular psychobiological perspective. Behav Sci Law 2000;18:581–604.

	 8.	 Breisch ST, Zemlan FP, Hoebel BG. Hyperphagia and obesity follo-
wing serotonin depletion by intraventricular p-chlorophenylalanine. 
Science 1976;192:382-385.

	 9.	 Saller CF, Stricker EM. Hyperphagia and increased growth in rats 
after intraventricular injection of 5,7-dihydroxytryptamine. Science 
1976;192(4237):385-387.

	 10.	 Jacobs BL, Azmitia EC. Structure and function of the brain serotonin 
system. Physiol Rev 1992;72:165-229.

	 11.	 Zangrossi H Jr, Viana MB, Zanoveli J et al. Serotonergic regulation of 
inhibitory avoidance and one-way escape in the rat elevated T-maze. 
Neurosci Biobehav Rev 2001;25:637-645.

	 12.	 Prosser RA, Miller JD, Heller HC. A serotonin agonist phase-shifts 
the circadian clock in the suprachiasmatic nuclei in vitro. Brain Res 
1990;534:336-339.

	 13.	 Hull EM, Lorrain DS, Du J et al. Hormone-neurotransmitter interac-
tions in the control of sexual behavior. Behavioural Brain Research 
1999;105(1):105-116.

	 14.	 Weiger WA. Serotonergic modulation of behaviour: a phylogene-
tic overview. Biological Reviews Cambridge Philosophical Society 
1997;72(1):61-95.

	 15.	 McCall RB, Aghajanian GK. Serotonergic facilitation of facial moto-
neuron excitation. Brain Res 1979;169:11-27.

	 16.	 Jacobs BL, Fornal CA. 5-HT and motor control: a hypothesis. Trends 
Neurosci 1993;16:346-352.

	 17.	 White SR, Fung SJ, Jackson DA et al. Serotonin, norepinephrine and 
associated neuropeptides: effects on somatic motoneuron excitability. 
Prog Brain Res 1996;107:183-199.

	 18.	 Arango V, Underwood MD, Mann JJ. Serotonin brain circuits involved 
in major depression and suicide. Progress Brain Research 2002;136:443-
453.

	 19.	 Jobe PC, Dailey JW, Wernicke JF. A noradrenergic and serotonergic 
hypothesis of the linkage between epilepsy and affective disorders. 
Crit Rev Neurobiol 1999;13:317-356.

	 20.	 Brieden T, Ujeyl M, Naber D. Psychopharmacological treatment of aggres-
sion in schizophrenic patients. Pharmacopsychiatry 2002;35(3):83–89.

	 21.	 Jenike MA, Rauch SL, Cummings JL et al. Recent developments in 
neurobiology of obsessive-compulsive disorder. J Clinical Psychiatry 
1996;57(10):492-503.

	 22.	 Kiehn O, Rostrup E, Møller M. Monoaminergic systems in the brains-
tem and spinal cord of the turtle Pseudemys scripta elegans as revea-
led by antibodies against serotonin and tyrosine hydroxylase. J Comp 
Neurol 1992;325:527-547.

	 23.	 Alvarez FJ, Pearson JC, Harrington D et al. Distribution of 5-hydroxy-
tryptamine-immunoreactive boutons on alpha-motoneurons in the 
lumbar spinal cord of adult cats. J Comp Neurol 1998;393:69-83.

	 24.	 Moukhles H, Bosler O, Bolam JP et al. Quantitative and morphome-
tric data indicate precise cellular interactions between serotonin ter-
minals and postsynaptic targets in rat substantia nigra. Neuroscience 
1997;76:1159-1171.

	 25.	 Trueta C, Méndez B, De-Miguel FF. Somatic exocytosis of serotonin me-
diated by L-type calcium channels in cultured leech neurones. J Physiology 
2003;547 Pt2:405-416.

	 26.	 De-Miguel FF, Trueta C. Synaptic and extrasynaptic secretion of sero-
tonin. Cell Mol Neurobiol 2005;25:297-312.

	 27.	 Colgan LA, Putzier I, Levitan ES. Activity-dependent vesicular mo-
noamine transporter-mediated depletion of the nucleus supports 
somatic release by serotonin neurons. J Neurosci Off J Soc Neurosci 
2009;29:15878-15887.

	 28.	 Kaushalya SK, Desai R, Arumugam S et al. Three-photon microscopy 
shows that somatic release can be a quantitatively significant compo-
nent of serotonergic neurotransmission in the mammalian brain. J 
Neurosci Res 2008;86:3469-3480.

	 29.	 Sarkar B, Das AK, Arumugam S et al. The dynamics of somatic exocyto-
sis in monoaminergic neurons. Front Physiol 2012;3. Available at: http://
www.frontiersin.org/Membrane_Physiology_and_Biophysics/10.3389/
fphys.2012.00414/abstract. (Accessed date: February 13, 2013).

	 30.	 De Kock CPJ, Burnashev N, Lodder JC et al. NMDA receptors induce 
somatodendritic secretion in hypothalamic neurones of lactating fe-
male rats. J Physiol 2004;561:53-64.

	 31.	 Chazal G, Ralston HJ 3rd. Serotonin-containing structures in the 
nucleus raphe dorsalis of the cat: an ultrastructural analysis of den-
drites, presynaptic dendrites, and axon terminals. J Comp Neurol 
1987;259:317-329.

	 32.	 Nicholls JG, Kuffler DP. Quantal release of serotonin from presynap-
tic nerve terminals. Neurochem Int 1990;17:157-163.

	 33.	 Fernández-de-Miguel F, Drapeau P. Synapse formation and func-
tion: insights from identified leech neurons in culture. J Neurobiol 
1995;27:367-379.

	 34.	 Katz B, Miledi R. The role of calcium in neuromuscular facilitation. J 
Physiol 1968;195:481-492.

	 35.	 Llinas R, Sugimori M, Silver RB. Microdomains of high calcium con-
centration in a presynaptic terminal. Science 1992;256:677.

	 36.	 Llinas R, Gruner, M, Sugimori M et al. Regulation by synapsin I and 
Ca(2+)-calmodulin-dependent protein kinase II of the transmitter re-
lease in squid giant synapse. J Physiol 1991;436:257-282.



Trueta

110 Vol. 37, No. 2, March-April 2014

Tr
an

sl
at

io
n 

of
 th

e 
or

ig
in

al
 v

er
si

on
 p

ub
lis

he
d 

in
 s

pa
ni

sh
 in

:
Sa

lu
d 

M
en

ta
l 2

01
4,

 V
ol

. 3
7 

Is
su

e 
N

o.
 2

.

	 37.	 Henderson LP, Kuffler DP, Nicholls J et al. Structural and functional 
analysis of synaptic transmission between identified leech neurones 
in culture. J Physiol 1983;340:347-358.

	 38.	 Dietzel ID, Drapeau P, Nicholls JG. Voltage dependence of 5-hydroxy-
tryptamine release at a synapse between identified leech neurones in 
culture. J Physiol 1986;372:191-205.

	 39.	 Kuffler DP, Nicholls J, Drapeau P. Transmitter localization and vesicle 
turnover at a serotoninergic synapse between identified leech neurons 
in culture. J Comp Neurol 1987;256:516-526.

	 40.	 Stewart RR, Adams WB, Nicholls JG. Presynaptic calcium currents 
and facilitation of serotonin release at synapses between cultured lee-
ch neurones. J Exp Biol 1989;144:1-12.

	 41.	 Bruns D, Riedel D, Klingauf J et al. Quantal release of serotonin. Neu-
ron 2000;28:205-220.

	 42.	 Pozzan T, Rizzuto R, Volpe P et al. Molecular and cellular physiology 
of intracellular calcium stores. Physiol Rev 1994;74:595-636.

	 43.	 Tsien RW, Tsien RY. Calcium channels, stores, and oscillations. Annu 
Rev Cell Biol 1990;6:715-760.

	 44.	 Lemmens R, Larsson O, Berggren PO et al. Ca2+-induced Ca2+ release 
from the endoplasmic reticulum amplifies the Ca2+ signal mediated 
by activation of voltage-gated L-type Ca2+ channels in pancreatic 
beta-cells. J Biol Chem 2001;276:9971-9977.

	 45.	 Kang G, Holz GG. Amplification of exocytosis by Ca2+-induced Ca2+ 
release in INS-1 pancreatic beta cells. J Physiol 2003;546:175-189.

	 46.	 Llano I, González J, Caputo C, et al. Presynaptic calcium stores under-
lie large-amplitude miniature IPSCs and spontaneous calcium tran-
sients. Nat Neurosci 2000;3:1256-1265.

	 47.	 Emptage NJ, Reid CA, Fine A. Calcium stores in hippocampal synaptic 
boutons mediate short-term plasticity, store-operated Ca2+ entry, and 
spontaneous transmitter release. Neuron 2001;29:197-208.

	 48.	 Simkus CRL, Stricker C. The contribution of intracellular calcium 
stores to mEPSCs recorded in layer II neurones of rat barrel cortex. J 
Physiol 2002;545:521-535.

	 49.	 Lauri SE, Bortolotto ZA, Nistico R, et al. A Role for Ca2+ Stores in 
Kainate Receptor-Dependent Synaptic Facilitation and LTP at Mossy 
Fiber Synapses in the Hippocampus. Neuron 2003;39:327-341.

	 50.	 Smith AB, Cunnane TC. Ryanodine-sensitive calcium stores involved 
in neurotransmitter release from sympathetic nerve terminals of the 
guinea-pig. J Physiol 1996;497(Pt 3):657-664.

	 51.	 Peng Y. Ryanodine-sensitive component of calcium transients evoked 
by nerve firing at presynaptic nerve terminals. J Neurosci J Soc Neu-
rosci 1996;16:6703-6712.

	 52.	 Shakiryanova D, Tully A, Hewes RS et al. Activity-dependent libera-
tion of synaptic neuropeptide vesicles. Nat Neurosci 2005;8:173–178.

	 53.	 Shakiryanova D, Klose MK, Zhou Y et al. Presynaptic ryanodine recep-
tor-activated calmodulin kinase II increases vesicle mobility and poten-
tiates neuropeptide release. J Neurosci J Soc Neurosci 2007;27:7799-7806.

	 54.	 Shakiryanova D, Levitan ES. Prolonged presynaptic posttetanic cyclic 
GMP signaling in Drosophila motoneurons. Proc Natl Acad Sci U S A 
2008;105:13610-13613.

	 55.	 Trueta C, Sánchez-Armass S, Morales MA et al. Calcium-induced cal-
cium release contributes to somatic secretion of serotonin in leech Re-
tzius neurons. J Neurobiol 2004;61:309-316.

	 56.	 Lattanzio FA Jr, Schlatterer RG, Nicar M et al. The effects of ryanodine 
on passive calcium fluxes across sarcoplasmic reticulum membranes. J 
Biol Chem 1987;262:2711-2718.

	 57.	 McPherson PS, Kim YK, Valdivia H et al. The brain ryanodine recep-
tor: a caffeine-sensitive calcium release channel. Neuron 1991;7:17-25.

	 58.	 Meissner G. Ryanodine activation and inhibition of the Ca2+ release 
channel of sarcoplasmic reticulum. J Biol Chem 1986;261:6300-6306.

	 59.	 Lambert RC, Dayanithi G, Moos FC et al. A rise in the intracellular 
Ca2+ concentration of isolated rat supraoptic cells in response to 
oxytocin. J Physiol 1994;478(Pt 2):275-287.

	 60.	 Lessmann V, Gottmann K, Malcangio M. Neurotrophin secretion: cu-
rrent facts and future prospects. Prog Neurobiol 2003;69:341-374.

	 61.	 Patel JC, Witkovsky P, Avshalumov MV et al. Mobilization of calcium 
from intracellular stores facilitates somatodendritic dopamine release. 
J Neurosci J Soc Neurosci 2009;29:6568-6579.

	 62.	 Hua X, Malarkey EB, Sunjara V et al. C(a2+)-dependent glutamate re-
lease involves two classes of endoplasmic reticulum Ca(2+) stores in 
astrocytes. J Neurosci Res 2004;76:86-97.

	 63.	 Llano I, Dreessen J, Kano M et al. Intradendritic release of calcium in-
duced by glutamate in cerebellar Purkinje cells. Neuron 1991;7:577-583.

	 64.	 Kano M, Garaschuk O, Verkhratsky A, et al. Ryanodine receptor-me-
diated intracellular calcium release in rat cerebellar Purkinje neuro-
nes. J Physiol 1995;487(Pt 1):1-16.

	 65.	 Sun MK, Nelson TJ, Alkon DL. Functional switching of GABAergic 
synapses by ryanodine receptor activation. Proc Natl Acad Sci U S A 
2000;97:12300-12305.

	 66.	 Emptage N, Bliss TV, Fine A. Single synaptic events evoke NMDA 
receptor-mediated release of calcium from internal stores in hippo-
campal dendritic spines. Neuron 1999;22:115-124.

	 67.	 Del Castillo, J, Katz B. Statistical nature of facilitation at a single ner-
ve-muscle junction. Nature 1953;171:1016-1017.

	 68.	 Wong MY, Shakiryanova D, Levitan ES. Presynaptic ryanodine recep-
tor-CamKII signaling is required for activity-dependent capture of 
transiting vesicles. J Mol Neurosci MN 2009;37:146-150.

Declaration of conflict interest: None


