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LIST OF ABBREVIATIONS 

 
5-HT Serotonin 
AHP Afterhyperpolarization 
AIS Axon initial segment 
Ca2+ Calcium  
Cd2+ Cadmium 

CsCl Cesium chloride 

GABA -aminobutyric acid 
ICAN Calcium activated non-selective cationic current 
Ih Hyperpolarization activated current 

K+ Potassium 
mAHP medium afterhyperpolarization 
Na+ Sodium 
SK small Ca2+-activated potassium channel 
TASK-1 TWIK-related acid-sensitive K+ channel 
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2. INTRODUCTION 
The goal of the present work was to understand how the modula-
tion of the intrinsic properties of a given group of neurons con-
tributes to a well-defined physiological function. I chose the spinal 
cord as a model because, in contrast with other neuronal net-
works, it has well defined inputs (the primary afferent fibres in-
nervating skin, joints and muscles) and outputs, the motoneu-
rons. Motoneurons are the final common output of the central 
nervous system. Their cell bodies located in the brainstem and 
the ventro-lateral part of the spinal cord send axons that contact 
muscle fibres. Each time a motoneuron generates action poten-
tials, it induces the contraction of the muscle fibres it innervates 
and therefore triggers a movement. For this reason it is possible 
to correlate the activity of individual motoneurons with motor 
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control, one of the most important functions of the central nerv-
ous system. Since serotonin is one of the major modulators in the 
spinal cord, I chose to study how it modulates the intrinsic prop-
erties of motoneurons. 
 
It is thought that information in the brain is coded by action po-
tentials in individual neurons. Two main factors contribute to 
shape firing patterns in neurons: the synaptic inputs and electrical 
currents flowing through voltage-gated ion channels expressed in 
the membrane. This latter factor provides a degree of freedom to 
individual cells allowing them to filter or amplify synaptic inputs, 
prolong firing or even allow firing in the absence of any input (11, 
12). Hence, non-linearity provided by intrinsic properties in-
creases the computational capabilities of neurons.  In addition, 
voltage-gated ion channels can be regulated by the binding of 
neuromodulators such as dopamine, serotonin, noradrenaline, 
GABA or glutamate to metabotropic receptors (13, 14). The re-
sulting modulation provides an even higher degree of flexibility to 
the central nervous system that enhances computational possibil-
ities.  
 

 
Figure 1: The serotonergic system 
A, Serotonin structure. B, Organization of the serotonergic system. Motoneurons in-
nervate muscle fibers belonging to a give muscle. During voluntary movements, mo-
toneurons receive excitatory inputs from neurons originating from the brain. Neu-
rons from the raphe project to the spinal cord and make synaptic contact on 
motoneurons. The release of 5-HT modulates the excitability of motoneurons. 

SEROTONIN 
Serotonin, also called 5-hydroxytryptamine (5-HT) is a biogenic 
amine that contributes to several functions of the central nervous 
system such as affective state, appetite regulation, sexual arousal 
pain modulation or motor control. 5-HT is synthetized by neurons 
from the raphe nuclei located around the midline in the brain-
stem. These neurons project to most areas of the central nervous 
system. A subgroup of raphe neurons belonging to the nuclei ra-
phe obscursus, raphe pallidus, raphe magnus project to the spinal 
cord (15, 16). Serotonergic axons project both to dorsal and ven-
tral areas and make synaptic contacts on motoneurons (17) (Fig-
ure 1).  
 

Experiments performed in cats have shown that the activity of 
neurons from the raphe nuclei is positively correlated with the 
level of motor activity (18). During sleep, most serotonergic neu-
rons are silent. In contrast, when the animal is in quiet waking 
state, neurons from the nucleus raphe obscursus and nucleus ra-
phe pallidus fire at a regular low pace around 5 Hz. During active 
motor activities such as locomotion, the firing frequency in-
creases in parallel with the intensity of the exercise (19), suggest-
ing that the amount serotonin released correlates with the firing 
of motoneurons and thereby movements.  
 
Several studies suggest direct effects of 5-HT on motoneurons. 
First of all, motoneurons express a range of serotonin receptors 
including the 5-HT1A, 5-HT1B, 5-HT2A, 5-HT2B, 5-HT2C subtypes (re-
viewed in (10)). Second, application of 5-HT near the membrane 
of motoneurons increases their excitability through modulation of 
various types of conductances (20-22). 5-HT facilitates the hy-
perpolarization-activated cationic current (Ih) (23, 24) and the di-
hydropyridine sensitive non-inactivating L-type Ca2+ channels that 
can generate plateau potentials (25). 5-HT also inhibits leak K+ 
conductances (26-28) and Ca2+-activated K+ conductances respon-
sible for the medium afterhyperpolarization following action po-
tentials (11, 28-32) (a systematic review of the literature is availa-
ble in article (10)). Hence, it is a generally agreed that 5-HT 
promotes motoneuron activity. However, few other studies that 
are usually disregarded showed that serotonin also exerts inhibi-
tory effects characterized by a hyperpolarization (28, 33) concom-
itant with an increase of membrane conductance (26). What is 
the explanation for this apparent contradiction?  
Interestingly, in vivo studies showed that injection of the 5-HT 
precursor tryptophan in the blood or directly in the central nerv-
ous system accelerates the exhaustion occurring during motor ac-
tivity (34, 35). Moreover, the time to exhaustion is decreased by 
serotonin receptor agonists and increased by serotonin antago-
nists (36). Even though none of these studies tested if the effect 
of serotonin affected motoneurons directly, they underlined the 
paradoxical effect of 5-HT on motor control. How can the same 
neuromodulator boost the activity of motoneurons and, thereby, 
muscle contraction and at the same time enhance exhaustion? 
 
We investigated the modulation of intrinsic properties of moto-
neurons by 5-HT in a systematic manner with the aim of uncover-
ing the mechanisms underlying the paradoxical effects of seroto-
nin on motoneurons.  

3. RESULTS AND DISCUSSION 
SEROTONIN INCREASES THE EXCITABILITY OF MOTONEURONS 
To study the effects of serotonin on motoneurons, we took ad-
vantage of the spinal cord slice preparation of the adult turtle de-
veloped by Hounsgaard (11). The preparation has the advantages 
of being resistant to anoxia and of being fully differentiated. This 
point is crucial because the expression of ion channels and recep-
tors undergoes dramatic changes during development (37). We 
studied the intrinsic properties of motoneurons by performing in-
tracellular recordings with sharp electrodes in the presence of 
blockers for fast synaptic transmission (see methods). 

Serotonin inhibits TASK-1 like conductances 
We investigated how 5-HT or agonists for serotonin receptors 
modulate the properties of motoneurons by adding agonists for 
serotonin receptors during recordings performed in current and 
voltage-clamp modes. In an initial study (4), we found that 5-HT 
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as well as an agonist for 5-HT1A receptors added to the extracellu-
lar medium induced a depolarization and an increased input re-
sistance of most motoneurons, but caused hyperpolarization and 
a decreased input resistance in the remaining smaller fraction of 
cells. We restricted our study to the excitatory effect by adding 
CsCl, a blocker of most voltage gated K+ conductances (38), to the 
extracellular medium. Under this condition, addition of a 5-HT1A 
receptor agonist inhibited a pH sensitive, voltage-insensitive cur-
rent that reversed at a value compatible with K+ (figure 2). Since 
the modulated current was blocked by anandamide, we con-
cluded that 5-HT1A receptors induced the inhibition of the TWIK-
related acid-sensitive K+ channel, TASK-1, a channel belonging to 
the two-pore domain K+ channel family that contributes to the 
membrane leak conductance (39). 

 

 
 
Figure 2: Activation of 5-HT1A receptors inhibits a TASK-1-like 
channel 

Experiments in voltage-clamp mode in the presence of tetrodotoxin (TTX, 1 µM) 
and CsCl (1 mM). A, I–V plot before (black) and after addition of the 5-HT1A receptor 
agonist 8-OH-DPAT (10 µM; red). B, normalized and averaged I–V plot before (black) 
and after addition of 8-OH-DPAT (10 mM; red) (n = 4). Inset: normalized current 
measured at –110 mV. The inhibition was statistically significant. C, normalized and 
averaged I–V plot before (black) and after changing to medium with low pH (green) 
(n = 7). The inhibition was significant (*). Subsequent addition of 8-OH-DPAT (10 µM; 
red) had no additional effect. D, normalized and averaged IV plot before (black) and 
after addition of anandamide (blue) (n = 4). The inhibition was significant (*). Subse-
quent addition of 8-OH-DPAT (10 µM) had no additional effect (inset; red). 

Serotonin inhibits the medium afterhyperpolarization following 
action potentials 
Action potentials in motoneurons are followed by a fast afterhy-
perpolarization (AHP) mediated by delayed-rectifier K+ channels 
and a slower AHP caused by the subsequent activation of small 
conductance calcium-activated K+ channels (SK) (40, 41). Because 
an even slower AHP was described in mammalian neurons (42), 
the SK-mediated AHP is usually called the medium afterhyperpo-
larization (mAHP).  
The mAHP is modulated by 5-HT (28, 29) acting on 5-HT1A recep-
tors (30, 31). Since 5-HT inhibits Ca2+ current in motoneurons, the 
effect of 5-HT was ascribed to the inhibition of the Ca2+ influx re-
sponsible for the activation of SK channels (30, 32). Another pos-
sibility could be a modulation of SK channels through a specific 
pathway. We designed experiments to test this possibility (article 

(5)). We stably expressed the three different subtypes of SK chan-
nels in Xenopus laevis oocytes and activated them by intracellular 
injection of Cd2+ (see methods). Activation of 5-HT1A receptors in-
hibited the three SK channels subtypes, suggesting a specific 
pathway between the receptors and the ion channels. To investi-
gate the physiological relevance of this pathway, we character-
ized the mAHP present after action potentials in spinal motoneu-
rons recorded in a slice preparation. In current clamp mode, we 
showed that 5-HT1A receptor activation inhibited the mAHP. We 
analysed the underlying mechanism by performing voltage-clamp 
recording and found that 5-HT1A receptors specifically inhibited 
the fraction of the AHP mediated by SK channels (Figure 3). 

 
 

 
 
Figure 3: 5-HT1A receptors inhibits the medium afterhyperpolari-
zation in motoneurons  
A, Action potential evoked by a brief depolarizing current pulse before (black) and 
after addition of the 5-HT1A receptor agonist 8-OH-DPAT. B, motoneuron recorded in 
voltage-clamp mode. Inset: voltage clamp protocol. A depolarizing voltage step to -
10 mV evoked an outward tail current (black) that was inhibited by 8-OH-DPAT (red). 
C, Mean IV plot of the normalized current sensitive to 8-OH-DPAT. D, Current rec-
orded under control conditions (black), after addition of apamin (100 nM) (green), 
and after addition of 8-OH-DPAT (10 µM; red) in the presence of apamin. Note the 
absence of effect of 8-OH-DPAT. Inset: Voltage clamp protocol.  

Serotonin promotes plateau potentials 
A brief activation of spinal motoneurons can trigger prolonged fir-
ing in the absence of on-going stimulation. This sustained activity, 
which was first ascribed to a reverberating loop of excitatory neu-
rons (43), is caused by the recruitment of the slowly activating 
voltage-gated L-type Ca2+ channels (11, 41).  
When we initiated our project (article (1)), it was not known 
whether the Ca2+-influx was the charge carrier for the plateau po-
tential or merely the trigger for a non-inactivating Ca2+-activated 
conductance generating the current underlying the plateau po-
tential remained as shown in other types of neurons (44). The 
non selective calcium-activated cationic current (ICAN) was a possi-
ble candidate because CAN channels, usually permeable for Na+, 
K+, and also Ca2+, do not undergo voltage- or Ca2+-dependent inac-
tivation and thus provide a potential mechanism for maintaining 
depolarization and Ca2+ entry in the cell (45). Taking advantage of 
the ability of motoneurons to generate Ca2+ action potentials, we 
showed that a transient increase in Ca2+ concentration activates a 
CAN current. However, removal of the extracellular Na+ ions, 
which produces a reversal of the CAN current at resting mem-
brane potential, did not affect the ability of motoneurons to gen-
erate plateau potentials. We therefore concluded that plateau 
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potentials in spinal motoneurons are triggered and mediated by 
L-type Ca2+ channels.  

 
Figure 4: HT selectively facilitates plateau potentials in the den-
dritic compartment  
A, Spinal cord slice positioned between the two silver electrodes used to apply an 
electrical field. With the cathode positioned laterally to the motoneuron recorded 
from, the medial dendrites and the soma were hyperpolarized (S- configuration), 
while the lateral dendrites were depolarized. B, bottom trace: control response in-
duced by the S- field (black bar). Note the transient hyperpolarization. Top trace: re-
sponse to the same field stimulation after addition of 5-HT (10 µM). Note the supple-
mentary depolarization, the amplitude of which was strong enough to generate an 
afterdischarge when the field was stopped. C, electrode arrangement with a 5-HT 
microiontophoresis pipette near a distal dendrite and the recording electrode at the 
soma. D, Superimposed recordings from a motoneuron to release of 5-HT at 2 differ-
ent intensities close to a dendrite (sweeps and stimulus bars labeled with iontopho-
resis current). Sweeps separated for clarity (the resting potential was the same 
throughout the experiment). With more 5-HT released the plateau potential was 
triggered faster. 
 
5-HT has been known to promote plateau potentials in motoneu-
rons for many years (25, 41). However, the mechanism by which 
monoamines facilitate plateau potentials remained hypothetical. 
It was not known whether plateau potentials were indirectly in-
duced by the inhibition of an outward current such as a leak con-
ductance or the current mediating the afterhyperpolarization fol-
lowing action potentials (11), or through a direct facilitation of 
the L-type Ca2+ current. We undertook a study to clarify the ef-
fects of 5-HT on spinal motoneurons and showed that 5-HT pro-
motes plateau potentials by activating 5-HT2 receptors, which 
specifically facilitate L-type Ca2+ channels (article (3)). By means of 

microiontophoresis application of 5-HT and by differential polari-
zation of the dendrites, we showed that the effect induced by 5-
HT2 receptor activation occurs, at least partly, in the dendritic 
compartment of motoneurons (Figure 4). 
 
 
 
L-type Ca2+ channels are inactivated by a Ca2+-dependent process 
(46) that may involve calmodulin (47, 48). However, other studies 
showed that calmodulin facilitates the activity of L-type Ca2+ 
channels (47, 49). This raised the possibility that the level of cyto-
solic Ca2+ directly or via calmodulin is involved in the regulation of 
L-type Ca2+ channels in spinal motoneurons. The fact that 5-HT2 
receptors are coupled to Gq proteins, which induce the release of 
Ca2+ from intracellular stores (50), also suggests that increased in-
tracellular Ca2+ concentration mediates the facilitation of plateau 
properties in response to serotonin receptor activation. We inves-
tigated this possibility in a dedicated study (article (2)). We found 
that a transient increase in the intracellular Ca2+ concentration 
triggered by Ca2+ spikes facilitated plateau potentials. In addition, 
chelating Ca2+ or antagonizing calmodulin inhibited plateau po-
tentials. We therefore concluded that plateau potentials in spinal 
motoneurons are facilitated by activation of a calcium–calmodu-
lin-dependent pathway.  
In summary, we showed that 5-HT promotes the activity of moto-
neurons by acting on different receptors. The binding to 5-HT1A 
receptors leads to the inhibition of a leak current mediated by 
TASK-1 channels, and to the inhibition of a Ca2+-activated K+ cur-
rent mediated by SK channels. The activation of 5-HT2 receptors 
induces the facilitation of L-type Ca2+ channels via an intracellular 
pathway involving Ca2+ and calmodulin (figure 5). 

 
 
 
Figure 5: Summary of the serotonergic pathways leading to an in-
crease of motoneuron excitability 

The plain arrows indicate a facilitation of ion channels; the dotted lines corre-
spond to an inhibition. 

Synaptic release of serotonin modulates intrinsic properties of 
motoneurons 
Pharmacological agents added to the extracellular medium are 
convenient tools for dissecting mechanisms for activation or inhi-
bition of neurons. However, this approach is far from physiologi-
cal condition since all the receptors from all the cells present 
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Figure 6:  The plain arrows indicate a facilitation of ion channels; 
the dotted lines correspond to an inhibition. 
A, Scheme of the brainstem spinal cord preparation. A bipolar electrode was posi-
tioned at the ventral third of the midline of the brainstem section (i.e., at the level of 
the raphe nucleus) (see Materials and Methods). Intracellular recording of motoneu-
rons was performed with a microelectrode positioned in the lateral part of the ven-
tral horn of the spinal cord section. B, Control response to a depolarizing current 
pulse. C, After stimulation of the raphe nucleus, the same current protocol induced a 
train of action potentials occurring at a higher frequency and followed by an afterde-
polarization with a superimposed afterdischarge (arrow), indicative of an underlying 
plateau potential. For B and C: bottom trace, current injected intracellularly; middle 
trace, membrane potential; top plot, instantaneous spike frequency. 
 

in the preparation are simultaneously affected. After showing 
that 5-HT promotes the excitability of motoneurons, we investi-
gated if similar results could be obtained under more physiologi-
cal conditions. We first tested if the synaptic release of 5-HT also 
increases the excitability of motoneurons (article (6)). Since 5-HT 
is released from raphe spinal neurons, we developed an inte-
grated preparation consisting of the brainstem left in continuity 
with the cervical spinal cord of the turtle (figure 6A). We demon-
strated that synaptic release of 5-HT induced by stimulation of 
the raphe nucleus increases the excitability of motoneurons by 
decreasing the amplitude of the afterhyperpolarization following 
action potentials and by promoting plateau potentials (figure 
6BC). The increase in excitability lasted several seconds. Pharma-
cological analysis showed that the facilitation of plateau poten-
tials is due to activation of 5-HT2 receptors specifically facilitating 
low threshold L-type calcium channels. This study demonstrates 
that the regulation of plateau potentials by 5-HT is a mechanism 
by which the brain can regulate the excitability of motoneurons. 
This form of short-term plasticity could be important for muscle 
tone. In support, it was shown that in rats with complete spinal 
transections, activation of 5-HT2C receptors increases the ability of 

animals to perform weight-supported locomotion (51). The acti-
vation of 5-HT2 receptors also upregulates the excitability of ex-
tensor motoneurons in acute spinal cats (52). 
 

To Fig-
ure 7: In vitro frog spinal cord with attached hindlimb allows 
study of motor behaviors 
A, Schematic diagram of the preparation. The spinal cord and innervated hindlimb 
were placed in separate chambers. Withdrawal reflexes were evoked by electrical 
stimulation of the foot. B, Mean EMG of semitendinosus muscle during withdrawal 
reflex in control Ringer solution (light trace) and after application of 5-HT to the spi-
nal cord (dark trace). 5-HT increased the EMG activity. C, after application of the L-
type Ca2+ channel blocker nifedipine, the potentiating effects of 5-HT were no longer 
observed. 
 
further investigate the functional significance of the modulation 
of plateau potentials by 5-HT, I collaborated with Matthew Tresch 
(M.I.T.; Boston, USA) who had developed a preparation consisting 
in the in vitro spinal cord of an adult frog left attached with one 
leg. In this preparation, it is possible to record motoneurons intra-
cellularly during movement of the leg monitored by electromyo-
graphic electrodes inserted in several muscles. We designed ex-
periments aimed at determining if and how plateau potentials 
modulated by 5-HT contribute to a simple motor behaviour (arti-
cle (7)). We found that plateau properties, following their potenti-
ation by 5-HT, are recruited and contribute to the production of 
withdrawal behaviours.   These properties confer a voltage-de-
pendent prolongation to the duration of motor neuronal activity. 
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Consistent with this potentiation of motoneuronal plateau prop-
erties, 5-HT also increased the duration of evoked muscle activa-
tion (figure 7). These results demonstrated that plateau proper-
ties mediated by L-type Ca2+ channels in motoneurons can be 
recruited during the production of behavior and play a role in 
specifying the temporal details of motor output. 

Serotonin decreases the excitability of motoneurons 
The results presented so far show that 5-HT increases the excita-
bility of motoneurons. These findings, which are in agreement 
with publications from several laboratories (25, 53-55), were not 
always reproducible. In several instances, we found that 5-HT ap-
plied to the extracellular medium had instead an inhibitory effect 
characterized by a decrease in the number of action potentials 
generated by intracellular current pulse injection (articles (3) and 
(8)). We investigated this discrepancy by applying 5-HT through 
microiontophoresis electrodes and found that activation of sero-
tonergic receptors in somato-dendritic compartments promoted 
plateau potentials. In contrast, stimulation of receptors in an area 
located near the soma had an inhibitory effect. We found that the 
facilitation of plateau potentials was induced by 5-HT2 receptor 
activation, while the inhibitory effect was caused by the activa-
tion of 5-HT1A receptors. This observation shows that the effects 
of 5-HT are compartmentalized. Even though the results looked 
appealing, it was difficult to understand their physiological impli-
cations. How can the raphe spinal pathway activate one type of 
receptors without the other? 
 

 

 
Figure 8: Dual modulation of MNs firing induced by stimulation of 
the raphe spinal pathway  
A, Experimental setup. B, Intracellular recording of a motoneuron in control (black) 
and after a stimulation of the raphe spinal pathway during 1 s at 40 Hz (pink). C, I-
clamp (white background) and V-clamp (blue background) recordings from a moto-
neuron during application of the 5-HT1A receptor agonist 8-OH-DPAT (40 mM) at dif-
ferent spots on the membrane. The excitability was either tested by depolarizing 
current pulses (I-clamp; each pulse induced two spikes in control; black) or voltage 

pulses from −60 mV to −20 mV (V-clamp; each step induced a transient inward cur-
rent). The release at various positions had no effect except at position 2, where 
there was a decrease in excitability. 

We initiated a new study aimed at understanding the inhibitory 
function of 5-HT (article (9)). To figure out if both 5-HT1A and 5-
HT2 receptors are activated during synaptic release of 5-HT, we in-
duced stimulation of the raphe spinal pathway. As previously 
shown (article (6)), we found that a brief stimulation (1s) induced 
an increased excitability of motoneurons (figure 8A), while a pro-
longed stimulation (3 min.) decreased their excitability by activat-
ing 5-HT1A receptors located at the initial segment (figure 8C). A 
detailed pharmacological and electrophysiological analysis 
showed that the activation of 5-HT1A receptors at the axon initial 
segment (AIS) decreases action potential genesis by inhibiting the 
activity of Na+ channels. We showed by immunohistochemical 
staining that, in contrast to the somato-dendritic compartments, 
the AIS is devoid of serotonergic innervation. This suggests that 
the 5-HT1A receptors are activated by 5-HT spillover. We tested 
this hypothesis by means of cyclic voltammetry. We monitored 
the variation in the extracellular concentration of 5-HT with a car-
bon fiber electrode positioned in the vicinity of motoneurons. We 
demonstrated that during prolonged stimulation of the raphe spi-
nal pathway, the extracellular concentration of 5-HT increases 
sufficiently for activating 5-HT1A receptors. Our results suggest 
that by decreasing the gain of motoneurons, 5-HT induces central 
fatigue. 

4. CONCLUDING REMARKS 
During movement, motoneurons receive descending and periph-
eral synaptic inputs that depolarize the membrane and induce the 
genesis of action potentials. If we assume that the release of 5-HT 
is positively correlated to motor activity as suggested by several 
studies (56), our results suggest that 5-HT during moderate physi-
cal activity facilitates muscle contraction by increasing the gain of 
motoneurons through modulation of several conductances. Dur-
ing more intense activity, more 5-HT is released and the reuptake 
mechanisms saturate. As a result, spillover now allows 5-HT to 
reach the AIS of motoneurons (figure 9). Here, activated 5-HT1A 
receptors inhibit firing and, thereby, muscle contraction. This is 
the first identified cellular mechanism for central fatigue, a form 
of motor fatigue that does not depend on muscles (57, 58). Its 
function might be to secure rotation of motor units during pro-
longed contractions (59) and to prevent hyperactivity of muscles 
(60). The use of the same transmitter for both facilitating and in-
hibiting motoneurons makes the system particularly robust and 
reliable. 
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Figure 9: Spillover of serotonin activates 5-HT1A receptors at the 
AIS and induces central fatigue 
A, Scheme of a MN in control. During a motor exercise, 5-HT boutons located over 
the somatodendritic compartments (but not at the AIS) release 5-HT. B, The 5-HT2 
receptors that are synaptically activated facilitate the firing. C, When the level of 5-
HT released increases, it induces spillover. 5-HT activates 5-HT1A receptors at the 
AIS, which, in turn, inhibit a Na+ current. The 5-HT1A receptors effect overcomes the 
excitatory effect induced by 5-HT2 receptors. The motoneuron output is then de-
creased 

5. METHODS 
PREPARATIONS 

Slice preparation from the spinal cord of the turtle 
Most experiments presented in the dissertation were performed 
on the spinal cord of the adult turtle (Chrysemys picta and 
Chrysemys scripta elegans). After anesthesia induced by an intra-
peritoneal injection of 100mg sodium barbiturate, animals were 
killed by decapitation. Preparations were perfused in a solution 
containing (in mM): 120 NaCl; 5 KCl; 15 NaHCO3; 2 MgCl2; 3 CaCl2 
and 20 glucose saturated with 98% O2 and 2% CO2 to obtain pH 
7.6. Slices (1-2mm thick) were made from the lumbar enlarge-
ment of the spinal cord of the turtle. 

Turtle brainstem spinal cord preparation 
In a series of experiments, the portion of the central nervous sys-
tem consisting of the caudal half of the brainstem and the cervical 
enlargement of the spinal cord of the turtle was placed in vitro 
without removing the surrounding bone. Most of the surrounding 
muscles were removed. Remaining parts were paralyzed with gal-
lamine triesthiodide (20mg/ml; Sigma). The sides of rostral and 
caudal ends of the preparation were glued to a Plexiglas plate so 
that the cut surfaces of the spinal cord and the brainstem faced 
upwards. A catheter inserted in the subdural space at the level of 
the brainstem allowed continuous perfusion of ringer.  

Spinal cord of the frog left attached with one hindlimb 
A series of experiment was performed on the isolated adult frog 
(Rana catesbiana) spinal cord with attached hindlimb. After spi-
nalization performed under anesthesia, hindlimbs muscles were 
implanted with bipolar EMG electrodes (semitendinosus (ST), sar-
torius (SA), rectus internus (RI), vastus internus (VI), semimembra-
nosus (SM), vastus externus (VE), biceps femoris (BF), and iliop-
soas (IP)). Frogs were perfused intracardially with ice cold 
oxygenated (95% O2 and 5% CO2) Ringer’s solution (113mM NaCl, 
2mM KCl, 20mM NaHCO3, 5.5mM glucose, 1mM MgCl2, 2mM 
CaCl2, pH adjusted to 7.4-7.6).  The spinal cord was exposed by 
ventral laminectomy.  The 7-9th dorsal and ventral roots innervat-
ing the right hindlimb were dissected in continuity with the dorsal 
root ganglia and peripheral nerves in order to maintain the main 
sensory and motor innervation of the hindlimb.  All other spinal 
nerves were cut, the left hindlimb excised, and the spinal cord re-
moved from the spinal column.  The spinal cord and hindlimb 
were placed in separated chambers. The descending aorta was 
catheterized in order to continuously perfuse the hindlimb with 
oxygenated Ringer’s. Withdrawal reflexes, characterized by pre-
dominant activation of ST and BF were evoked by electrical stimu-
lation (500-1000ms trains, 0.1-1.0ms pulses, 5-20V, 10-30Hz) ap-
plied across bipolar electrodes placed on the skin of the foot.  
Stimulation was applied at long, constant intervals (30-120s) to 
minimize habituation and potentiation of behavioral strength.  

RECORDING TECHNIQUES 

Recording with sharp electrodes 
For all the preparations, intracellular recording of motoneurons in 
current clamp mode was performed with sharp electrode (30-60 
MΩ) filled with either K-acetate (1M) or a mixture of K-Acetate 
and KCl. Recordings were made in current-clamp using an Axo-
clamp 2B amplifier (Axon Instruments).   
Voltage-clamp recordings were performed in discontinuous ser-
vice mode at a sample rate of 6-12 kHz, gain of 0.7-1.5 nA.mV-1 
and low-pass filter of 0.1 kHz.  

Recording with patch electrodes 
The patch pipette solution (in mM: K-gluconate, 122; MgCl2, 2.5; 
Mg-gloconate, 5.6; K-HEPES, 5; H-HEPES, 5; Na2ATP, 5; EGTA, 1; 
biocytine, 2.5; K-OH to adjust the pH to 7.4) contained the fluo-
rescent dye Alexa 488 (250 µM, Sigma), to stain the recorded cells 
and visualize their dendritic arborization. Electrodes had a re-
sistance ranging from 5 to 18 MΩ that was automatically compen-
sated. Neurons were recorded with a Multiclamp 700B amplifier 
(Molecular Devices, USA). Recordings were sampled at 10-50 kHz. 
Voltage clamp recordings were low-pass filtered at a cutoff fre-
quency of 3 KHz (Bessel filter). Data were sampled with a 16-bit 
analog-to-digital converter (DIGIDATA 1322A, MDS) and displayed 
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by means of the Clampex 9.2 software (MDS). Fast glutamate and 
GABA synaptic transmission was blocked by CNQX (20-25 µM, 
Tocris), AP5 (50 µM, Tocris), Strychnine (10 µM, Sigma), SR 95531 
hydrobromide (Gabazine; 10 µM, Tocris).  

Recording of Xenopus oocytes 
Currents were measured by using the two-electrode voltage-
clamp technique. Oocytes were impaled with a current electrode 
and a voltage clamp electrode pulled from borosilicate glass capil-
laries on a horizontal patch electrode puller (Zeitz Instruments, 
Munich, Germany). Both electrodes had a tip resistance of 0.5–
2.5 MΩ when filled with 1 M KCl and were connected to a two-
electrode voltage-clamp amplifier (Dagan CA-1B). During the ex-
periments, oocytes were placed in a chamber connected to a con-
tinuous flow system (6 ml/min). Oocytes were voltage clamped at 
-5 mV. SK channels were activated by CdCl2 (9.2 nl, 100 mM) in-
jected intracellularly with a Nanoject injector. Cd2+ is as efficient 
as injection of Ca2+ in activating SK channels expressed in oocytes 
(Grunnet et al., 2002). Cd2+ was used because it minimizes the ac-
tivation of Ca2+-activated Cl– currents (Grunnet et al., 2002).  

EMG recording in the frog preparation 
For quantification of behavior, recorded EMG activity was recti-
fied and digitally filtered (10Hz low pass Butterworth filter).  On-
sets and offsets of individual muscle activations following cutane-
ous stimulation were identified visually using custom analyses 
written in Matlab (Mathworks). Any responses with multiple 
bursts of muscle activity were excluded from analysis.  The dura-
tion of response for a muscle on a particular trial was taken as the 
time between its onset and offset. The activity of each muscle 
was also integrated from onset to offset to obtain a measure of 
the total intensity of the evoked response.  For the analyses de-
scribed below, we used the duration and intensity of ST activity to 
characterize the behavior, since this muscle was most reliably ac-
tivated between different frogs and between different trials.  Du-
rations of intracellular depolarizations following stimulation were 
also identified visually for each trial using custom software.  For 
all statistical tests we used the conservative significance level of α 
= 0.01, in order to minimize type I errors. 

Voltammetry 
A carbon-fiber electrode was placed in the lateral part of the ven-
tral horn of a slice (1500 µm thick). Evoked extracellular 5-HT sig-
nals were detected using fast-scan cyclic voltammetry (FCV) with 
a Millar voltammeter (Julian Millar, Barts and the London School 
of Medicine and Dentistry, UK) and 10 µm-diameter carbon fiber 
microelectrodes (tip length 50 -100 µm, fabricated in house). The 
scanning voltage was a triangular waveform from -700 mV to 
+1300 mV to -700 mV vs. Ag/AgCl at a scan rate of 800 V/sec and 
scan frequency of 8 Hz. Between scans, the electrode was 
switched out of comparison of the peak potentials for oxidation 
and dual reduction currents against those seen in 5-HT calibration 
solutions (500 nM 5-HT in experimental media). These were typi-
cally +600 mV for the oxidation current and -60 mV and -560 mV 
respectively for the dual reduction currents (vs. Ag/AgCl).  

STIMULATION  

Stimulation with bipolar electrodes 
The nucleus raphe inferior in the brainstem spinal cord prepara-
tion, or the dorsolateral funiculus in the spinal cord preparation 

were stimulated by means of electrical chocks applied with a bi-
polar electrode positioned on the surface of the tissue. 

Stimulation applied with an electrical field 
Selective depolarization or hyperpolarization of part of the den-
dritic tree of neurons from slice preparations was performed by 
applying an electrical field through the slice. This was achieved by 
means of two silver electrodes positioned laterally to the slice. 
The electric field was applied in the lateral direction of motoneu-
ronal dendrites. With this orientation of the electric field, maxi-
mal polarization is obtained in the distal compartments of lateral 
and medial dendrites while an indifferent point with no change in 
membrane potential is located proximally in lateral dendrites (61, 
62). With the cathode lateral to the ventral horn recorded from, 
the lateral dendrites are depolarized while the medial dendrites 
and the soma are hyperpolarized. This configuration, that allows a 
selective depolarization of part of the dendritic compartment, is 
termed a soma-hyperpolarizing field (S-). When the recording 
electrode was withdrawn from a motoneuron the extracellular 
potentials induced by the fields applied during intracellular re-
cording were measured. Offline, the transmembrane potential 
was obtained as the difference between intra and extracellular 
potentials for each intensity of the electric field applied. 

PHARMACOLOGY 
For most of the experiments, the effects of drugs were tested by 
superfusion of the whole preparation (slices, spinal cord attached 
with one leg). For the brainstem spinal cord, drugs were applied 
at the cut end of the spinal cord by means of a local superfusion 
system consisting in an inlet and an outlet. The continuous perfu-
sion of the spinal cord with ringer prevented drugs to penetrate 
the tissue deeply. 
For all the experiments performed on slice preparation, the syn-
aptic potentials were inhibited by blocking fast synaptic receptors 
with a mixture of CNQX (25µM), Strychnine (10µM), DL-AP5 
(50µM) or DL-AP7 (25µM). 

Microiontophoresis 
Focal pharmacology was peformed with microiontophoresis tech-
nique. Micropipettes filled with 150 mM serotonin hydrochloride, 
pH 4-4.5 were positioned either close to the cell body or close to 
a dendrite of a motoneuron recorded in a slice preparation. 

Other drugs used 
 (+/)-1-[2,5]-dimethoxy-4-iodophenyl-2-aminopropane (DOI; 
10µM); (+/-)-2-Dipropylamino-8-hydroxy-1,2,3,4-tetrahydronaph-
thalene hydrobromide (8-OH-DPAT; 10µM); (RS)-1-aminoindan-1, 
5-dicarboxylic acid (ADA; 20 µM); (S)-alpha-methyl-4-carboxy-
phenylglycine (MCPG; 0.5 mM); 1-(2-methoxyphenyl)-4-(4-
phthalimidobutyl) piperazine HBr (NAN-190; 12.5-25 µM); Arachi-
donylethanolamide (Anandamide; 10µM); atropine (0.1 µM); 
BAPTA-AM (20-100 µM); BayK8644 (1-2 µM); Cesium chloride 
(CsCl; 1mM); cis-(+/-)-1-aminocyclopentane-1,3-dicarboxylic acid 
(cis-ACPD; 40µM); Cobalt (2mM); Hepes sodium salt (N-[2-hydrox-
yethyl]piperazine-N'-[2-ethanesulfonic acid]); kynurenic acid (0.5 
mM); Lidocaine N-Ethyl Bromide (QX314; 0.1M); Muscarine (20 
µM); N-(6-Aminohexyl)-5-chloro-1-napthalenesulfonamide, HCl 
(W-7; 50-200 µM); N-[2-[4-(2-Methoxyphenyl)-1-piperazi-
nyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide (WAY-100635; 
10µM); Nifedipine (10-40 µM); N-methyl-D-glucamine chloride 
(NMDG); pindobind-5-HT1A (10 µM); SB 206553 hydrochloride 
(10µM); Serotonin (10µM); tetra-ethyl-ammonium (TEA; 10 mM); 
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tetrodotoxin (TTX; 1-2 µM); Trifluoperazine (250-500µM); ZD7288 
(100µM); ω-conotoxin (1-2 µM). 

IMMUNOHISTOCHEMISTRY 
Neurons were filled with biocytin during their recording with 
patch. Slices were fixed in paraformaldehyde (1%; 30 minutes at 
4°C) and then washed three times in Phosphate-buffered saline 
(PBS). After 1 h of incubation in a blocking solution (0.1 % triton 
X100, 1 % human serum albumin), recorded neurons were re-
vealed staining with streptavidin coupled to Alexa 488 (1:200; 
sigma). Motoneurons were identified by immunohistochemical 
staining with a polyclonal antibody directed against Choline Ace-
tyl Transferase (ChAT, 1:50, host goat; Chemicon).  

PanNaV 
High densities of sodium ion channels were detected with a mon-
oclonal antibody directed against all isoforms of voltage-sensitive 
sodium channels (PanNaV, 1:50, host mouse; Sigma). The primary 
antibodies were added to the solution and let for incubation dur-
ing 6 days at 4°C. After washout, the slices were incubated with 
the secondary antibodies (Donkey anti goat 647; 1:500; Molecular 
Probes) during 4 hours at room temperature and then mounted 
on slides using vectashield medium to protect the fluorescence 
(Vector Laboratories, California, USA). Large ChAT positive cells 
present in the lateral part of the ventral horn were considered as 
motoneurons.  

Serotonin 
Slices were incubated with a primary antibody anti-5-HT, 1:100, 
Chemicon for 6-7 days at 4°C after fixation and blockage steps. A 
secondary antibody (anti-rat Alexa 488, 1:200; Invitrogen; anti-
mouse Cy5, 1:500; Chemicon) was added to the bath for 2 hours 
at room temperature. Pictures were obtained with a confocal mi-
croscope (Leica TCS SP2).  

MOLECULAR BIOLOGY 

Expression of SK channels in Xenopus oocytes 
To obtain robust expression in Xenopus laevis oocytes, cDNAs en-
coding for h5-HT1A and hSK1, rSK2, and rSK3 were subcloned into 
the oocyte and mammalian expression vector pXOOM, which 
contains the 5’ and 3’ untranslated regions from the Xenopus 

laevis -globin as well as a poly-A segment. For in vitro transcrip-
tion, the plasmids were linearized downstream of the poly-A seg-
ment, and mRNA was synthesized from the T7 RNA polymerase 
promoter by using the mCAP mRNA capping kit (Stratagene, La 
Jolla, CA). mRNAs were phenol/chloroform extracted, ethanol 
precipitated, and dissolved in TE buffer to a concentration of ap-
proximately 1 µg/µl. The integrity of the transcripts was con-
firmed by agarose gel electrophoresis, and the mRNA was stored 
at –80°C until injection. 

Oocyte treatment  
Oocytes were kept in Kulori medium (90 mM NaCl, 1 mM KCl, 1 
mM MgCl2, 1 mM CaCl2, 5 mM HEPES, pH 7.4) for 24 hr at 19°C 
before injection of 50 nl mRNA (approximately 50 ng) with a 
Nanoject microinjector (Drummond). For coexpression of SK 
channels and 5-HT1A receptors, molar ratios between 1:1 and 1:5 
were applied. Oocytes were kept at 19°C in Kulori medium for 2–7 
days before measurements were performed. 

6. ABSTRACT 
Serotonin is a major neuromodulator in the central nervous sys-
tem involved in most physiological functions including appetite 
regulation, sexual arousal, sleep regulation and motor control. 
The activity of neurons from the raphe spinal tract, which release 
serotonin on motoneurons, is positively correlated with motor 
behaviour.   
During moderate physical activity, serotonin is released from syn-
aptic terminals onto the dendrites and cell bodies of motoneu-
rons. Serotonin increases the excitability of motoneurons and 
thereby facilitate muscle contraction by acting on several parallel 
intracellular pathways. By activating 5-HT1A receptors, serotonin 
inhibits TWIK-related acid-sensitive potassium channels and small 
conductance calcium-activated potassium channels. In parallel, 
serotonin binds to 5-HT2 receptors, which promotes the low-
threshold L-type Ca2+ channels. During intense physical activity, 
more serotonin is released. The reuptake systems saturate and 
serotonin spills over to reach extrasynaptic 5-HT1A receptors lo-
cated on the axon initial segment of motoneurons. This in turn in-
duces the inhibition of the Na+ channels responsible for the initia-
tion of action potentials. Fewer nerve impulses are generated and 
muscle contraction becomes weaker. By decreasing the gain of 
motoneurons, serotonin triggers central fatigue. 
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