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SYMPOS IUM REPORT

Serotonin differentially modulates the intrinsic properties
of spinal motoneurons from the adult turtle
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This report considers serotonergic (5-HT) effects on spinal motoneurons, reviewing previous

data and presenting a new study showing distinct effects of two 5-HT receptor subtypes. We

previously investigated the effects of 5-HT on motoneurons in a slice preparation from the

spinal cord of the adult turtle. In agreement with previous studies, we had found that 5-HT

applied to the extracellular medium promoted a voltage sensitive plateau potential. However,

we also reported that this effect was only observed in half of the motoneurons; 5-HT inhibited

the firing of the other half of the motoneurons recorded from. To investigate the reasons for this,

we applied 5-HT focally by means of the microiontophoresis technique. Facilitation of plateau

potentials was observed when 5-HT was released at sites throughout the somatodendritic region.

However, motoneurons were inhibited by 5-HT when selectively applied in the perisomatic

region. These two effects could be induced in the same motoneuron. With pharmacological

tools, we demonstrate here that the facilitation of plateau potentials is mediated by 5-HT2

receptors and the inhibitory effect is due to the activation of 5-HT1A/7 receptors.
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Review and introduction

Serotonin (5-HT) is one of the main neuromodulators
in the central nervous system. In the adult spinal cord,
5-HT primarily originates from neurons belonging to the
raphe spinal pathway. 5-HT is released on different types
of neurons, and these include motoneurons, suggesting
a role in motor function. Modulation of motoneurons
by 5-HT has been widely studied and it is commonly
agreed that it induces a depolarization associated with an
increase in input resistance (Vandermaelen & Aghajanian,
1980; White & Fung, 1989; Wang & Dun, 1990; Elliott
& Wallis, 1992; Hsiao et al. 1997). This effect has been
ascribed to inhibition of a potassium leak conductance
(VanderMaelen & Aghajanian, 1980; Wang & Dun, 1990;
Elliott & Wallis, 1992; Hsiao et al. 1997; Perrier et al. 2003),
facilitation of an inward rectifying conductance (Takahashi
& Berger, 1990; Hsiao et al. 1997) or facilitation of a low
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threshold calcium current (Berger & Takahashi, 1990).
5-HT also increases the excitability of motoneurons by
inhibiting the medium afterhyperpolarization (mAHP)
following action potentials (Hounsgaard et al. 1988a;
White & Fung, 1989; Berger et al. 1992; Bayliss et al.
1995; Wikstrom et al. 1995; Hsiao et al. 1997; Grunnet
et al. 2004), by decreasing the threshold for sodium action
potentials (Fedirchuk & Dai, 2004) and by facilitating
a plateau potential either mediated by CaV1.3 calcium
channels (Hounsgaard & Kiehn, 1989; Simon et al.
2003) or by a persistent sodium current (Harvey et al.
2006). However, in addition to these excitatory effects,
a few studies also notes that 5-HT induces a hyper-
polarization of motoneurons (Phillis et al. 1968; Holohean
et al. 1990; Zhang, 1991) associated with a decrease in
input resistance (Wang & Dun, 1990). This discrepancy
suggested that 5-HT either regulates the firing of distinct
motoneurons differently (Schmidt & Jordan, 2000) or that
it differentially modulates different compartments of the
same motoneurons.

To investigate this, we tested the effects of 5-HT on
a slice preparation made from the lumbar enlargement
of the spinal cord of the adult turtle (Chrysemys scripta
elegans). We monitored the excitability of motoneurons
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by injecting intracellular depolarizing current pulses,
and to discard possible presynaptic effects, we blocked
fast synaptic potentials. Figure 1, adapted from Perrier
& Hounsgaard (2003), summarizes the effects of 5-HT.

Figure 1. Serotonin induces heterogeneous effects on motoneurons
Aa, scheme of the set-up. A slice in a continuously perfused recording chamber (arrows). Drugs were applied to the
extracellular medium. Intracellular recordings from motoneurons. b and c, responses to depolarizing current pulses
in 2 motoneurons. b, extracellular addition of 5-HT promoted a plateau potential characterized by a bistable firing
that was abolished by a hyperpolarizing current pulse. c, another motoneuron had plateau properties characterized
by an afterdischarge in control condition. Addition of serotonin inhibited the firing of the motoneuron. Ba, scheme
of the iontophoresis set-up. A glass pipette filled with serotonin was either positioned close to a distal dendrite or
close to the soma of the recorded cell. b, release of 5-HT close to a dendrite promoted a plateau potential with a
latency that decrease with the amount of serotonin released. Traces separated for the clarity of the figure. c and
d, the excitability of the motoneuron was tested by injecting depolarizing current pulses. c, release of 5-HT close
to the soma promoted a plateau potential. d, when the motoneuron was hyperpolarized by means of a negative
bias current, release of 5-HT at same intensity and same position as in Bc had an inhibitory effect characterized by
a gradual decrease in the number of action potentials generated by the current pulse. All the recordings in B are
from the same motoneuron. Fast synaptic potentials were blocked by a mixture of CNQX, AP5, Bicuculline and
strychnine. Figure adapted from Perrier & Hounsgaard (2003); used with permission of the American Physiological
Society.

In agreement with previous studies (Hounsgaard &
Kiehn, 1989; Delgado-Lezama et al. 1997), we found
that 5-HT promoted a voltage sensitive plateau potential
(Fig. 1Ab). However, this result was only obtained in 55%
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(12/22) of the motoneurons tested. In the remaining
45% (10/22), 5-HT had a powerful inhibitory effect that
could be sufficient to annihilate a plateau present in
control conditions (Fig. 1Ac). To find out if these two
different effects could occur on the same motoneurons,
we selectively depolarized the lateral dendrites of the
motoneurons by means of an electric field applied through
the slice (Hounsgaard & Kiehn, 1993; Delgado-Lezama
et al. 1999). Under these conditions, 5-HT added to the
bath promoted a plateau potential in all motoneurons
tested (14/14; Perrier & Hounsgaard, 2003). These results
suggested that the serotonergic receptors located on the
lateral dendrites selectively promote plateau potentials.

To investigate the spatial segregation of the effects
induced by 5-HT further, we used the microiontophoresis
technique (Fig. 1Ba). We positioned a glass pipette
filled with 5-HT, either close to the distal dendrite or
close to the soma of a recorded motoneuron. 5-HT
was released by passing a current through the pipette.
When released close to a distal dendrite, 5-HT always
induced a plateau potential (n = 5; Figs 1 and 2). When
released close to the cell body, 5-HT could also facilitate
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Figure 2. 5-HT1A receptors located close to the soma inhibit the firing of motoneurons
A, a depolarizing current pulse generated a train of 28 action potentials. B, when 8-OH-DPAT was iontophoresed
close to the cell body, the discharge (14 spikes) stopped shortly after the beginning of the current pulse. C, the firing
properties were recovered after stopping the iontophoresis (30 spikes). D, scheme of the set-up. E, synthesis of
the results. 8-OH-DPAT significantly decreased the number of action potentials generated by depolarizing current
pulses; control: 16.6 ± 10.3 S.D.; iontophoresis: 10.7 ± 8.8; recovery: 15.0 ± 11.4; significant difference between
control and iontophoresis (P = 0.02; paired t test; n = 8); significant difference between iontophoresis and recovery
(P = 0.08; paired t test; n = 6); non-significant difference between control and recovery (P = 0.52; paired t test;
n = 6).

a plateau potential (n = 10; Fig. 1Bc). However, when
the plateau potential was inhibited by hyperpolarizing
the neuron with a negative bias current, the release
of serotonin induced an inhibitory effect sufficient to
prevent the firing of the motoneuron (n = 15; Fig. 1Bd).
This suggests that 5-HT receptors located in different
cellular compartments of the same motoneuron are
coupled to distinct functional pathways. The 5-HT
receptors expressed in the dendritic tree of motoneurons
specifically facilitate plateau potentials while the 5-HT
receptors present in the perisomatic region facilitate
plateau potentials and have an inhibitory effect.

We made two series of experiments that suggest that
the serotonin receptors responsible for facilitation of
plateau potentials are the 5-HT2 subtype. First of all,
addition of the 5-HT2 receptor agonist (±)-1-[2,5]-
dimethoxy-4-iodophenyl-2-aminopropane (DOI; 10 μm)
to the extracellular medium, promoted a plateau potential
in all motoneurons tested (n = 5/5; Perrier & Hounsgaard,
2003). Second, we induced synaptic release of 5-HT
by applying an electrical stimulation on the raphé
spinal pathway. This promoted a plateau potential that

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



1236 J.-F. Perrier and F. Cotel J Physiol 586.5

disappeared in the presence of the 5-HT2 receptor
antagonist SB-206553 hydrochloride (10 μm; Perrier &
Delgado-Lezama, 2005).

In the study reported here, we investigate the reasons
why 5-HT can induce an excitatory or an inhibitory effect
on the same motoneurons, depending on the experimental
conditions. We show that the different effects induced by
5-HT are mediated by different receptor subtypes that are
located on different compartments of the motoneuron.

Methods

Experiments were performed on a slice preparation
from the lumbar enlargement of the adult turtle
(Chrysemys scripta elegans). After intraperitoneal injection
of 100 mg sodium pentobarbitone, turtles were killed by
decapitation. The surgical procedures comply with the
Danish legislation and are approved by the controlling
body under The Ministry of Justice. The methods are
summarized here. More detail can be found in Perrier &
Hounsgaard (2003).

Slices were perfused in a solution containing (mm):
120 NaCl; 5 KCl; 15 NaHCO3; 2 MgCl2; 3 CaCl2 and 20
glucose saturated with 98% O2–2% CO2 to obtain pH 7.6.
Intracellular recordings in current clamp and voltage
clamp mode were performed using pipettes filled with
1 m potassium acetate or a mixture of 0.9 m potassium
acetate 0.1 m KCl. Motoneurons were selected for study
if they had a stable membrane potential of more than
−60 mV. Fast synaptic inputs mediated by glutamate,
GABA and glycine were eliminated by a mixture of
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 25 μm;
Tocris), dl-2-amino-5-phosphonopentanoic acid
(dl-AP5, 50 μm; Tocris) or d(−)-2-amino-7-phosphono-
heptanoic acid (AP7, 25 μm; Tocris), (+)-bicuculline
(20 μm; Tocris) and strychnine (10 μm) added to the
extracellular medium.

For these microiontophoresis experiments, we used
micropipettes filled with 150 mm serotonin hydrochloride
(pH 4–4.5) or 40 mm 8-OH-DPAT (pH 4–4.5). The pH
value was chosen so that the drugs were ejected by
a positive current. Diffusion from the pipette was
minimized by applying a constant holding current of
−40 nA. Data were analysed statistically by using Student’s
t-test for two populations (paired or independent)
(Origin software, OriginLab Corp., Northampton, MA,
USA). Significance was accepted when P < 0.05. Data are
presented as means ± standard error of the mean.

Results

Since 5-HT1a receptors have been reported in spinal
motoneurons (Takahashi & Berger, 1990; Talley et al.
1997) we tested if they are responsible for the inhibitory

effect induced by 5-HT. When we added 8-OH-DPAT
(a 5-HT1a/7 receptor agonist) to the bath, most
motoneurons responded by a depolarization associated
with an increase in input resistance (n = 9/11). This effect
was mediated by the inhibition of a TASK-1-like K+

leak current (Perrier et al. 2003). In a smaller fraction
of motoneurons (2/11), however, 8-OH-DPAT had a
hyperpolarizing effect concomitant with a decrease in
input resistance (Perrier et al. 2003). Since the inhibitory
effect induced by 5-HT is restricted to an area located
close to the cell body of motoneurons, we used the
iontophoresis technique to apply serotonergic agonist
directly to the perisomatic region. We found that release
of 8-OH-DPAT (40 mm) close to the cell body produced
a powerful inhibitory effect. We assessed the excitability
of motoneurons by injecting depolarizing current pulses
lasting 1 s.

Figure 2A shows an example in which the positive pulse
applied in control conditions induced a repetitive firing
throughout the whole duration of the depolarization.
When 8-OH-DPAT was released close to the cell body, the
motoneuron still fired action potentials at the beginning
of the current pulse. However, after a few hundreds of
milliseconds, the motoneuron stopped to produce action
potentials (Fig. 2B). The effect was fully recovered a few
seconds after stopping the iontophoresis (Fig. 2C). We
tested the effect of 8-OH-DPAT applied to the perisomatic
region for eight motoneurons (Fig. 2E). This experiment
suggests that 5-HT1A/7 receptors, located in the
perisomatic region of motoneurons are responsible for the
inhibitory effect induced by 5-HT.

Discussion and conclusions

In agreement with previous studies, we found that 5-HT
applied to the extracellular medium can exert either
excitatory or inhibitory effects on different motoneurons
(see Schmidt & Jordan, 2000 for review). However, when
we tested the effects of 5-HT with other techniques such
as electrical field stimulation or microiontophoresis, we
realized that both effects occur in the same motoneurons,
but in different compartments. 5-HT promotes plateau
potentials by acting on 5-HT2 receptors expressed in the
somato-dendritic membrane while an inhibitory effect of
5HT is restricted to the perisomatic region and mediated
by 5-HT1A/7 receptors.

Identity of the inhibitory pathway mediated by 5-HT

We found that the inhibitory effect of 5-HT can be
mimicked by iontophoresis of 8-OH-DPAT close to the
cell body of motoneurons. This compound is an agonist
for the 5-HT1A receptors, but also, to a lesser degree, for
the 5-HT7 receptors (Markstein et al. 1999). Expression of
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5-HT7 receptors has not been reported in motoneurons.
On the other hand, low levels of 5-HT1A receptor mRNA is
present in hypoglossal motoneurons in adult rats (Talley
et al. 1997. Moreover, using a 5-HT1A receptor anti-
body, Kheck et al. (1995) demonstrated the presence
of 5-HT1A receptors on the axon hillock of cervical
motoneurons of primates. It is therefore tempting to
speculate that the inhibitory effect of 5-HT is induced
by 5-HT1A receptors present on the initial segment of
motoneurons.

Recently, Deng et al. (2007) showed that 5-HT inhibits
the firing of neurons from the entorhinal cortex of
the rat by facilitating a leak current mediated by K+

ions. 5-HT1A receptors specifically activate the TWIK-1
type of the two-pore domain K+ channels. This intra-
cellular pathway is a good candidate for the inhibitory
effect observed in motoneurons. Conversely, Pan et al.
(2006) reported that the KCNQ2/3 ion channels are
specifically expressed on the axon hillock of motoneurons
of the mouse. These channels are responsible for the
M-current expressed by motoneurons (Alaburda et al.
2002). The matching expressions of 5-HT1A receptors and
KCNQ2/3 ion channels is also an interesting alternative. A
third option could be the inhibition of sodium channels
expressed on the axon hillock. We are currently performing
experiments to test these possibilities.

Methodological considerations

Studying the effects of serotonin on a particular type of
neuron is not as easy as it might appear. When 5-HT
is added to the extracellular medium, it activates all the
5-HT receptors present in the different compartments
of the neurons and coupled to different intracellular
pathways. The resulting effect may be different from what
occurs under physiological conditions where 5-HT is
released from synapses. It is therefore essential to combine
different techniques such as pharmacology, electric field
stimulation, microiontophoresis and finally to test the
effect of 5-HT released from synapses.

Concluding remarks

Spinal cord injury is characterized by an initial
hypotonia lasting several weeks, and followed by
a long lasting period of uncontrolled spasms and
spasticity. Experiments performed in acute spinal animals
suggest that the initial spinal shock is initiated by the
down-regulation of plateau potentials in motoneurons
caused by the absence of 5-HT. First, an increase in the
level of 5-HT in chronic spinal animals restores plateau
potentials in motoneurons (Hounsgaard et al. 1988b).
Second, a selective activation of 5-HT2 receptors brings
back the excitability of extensor motoneurons (Miller et al.

1996) and weight bearing ability (Kim et al. 2001). These
observations suggest that, under physiological conditions,
the facilitation of plateau potentials induced by the
activation of 5-HT2 receptors is critical for the tonus
of antigravity muscles. This regulatory mechanism must
be finely tuned otherwise it may lead to debilitating
spasms and spasticity (Li et al. 2004). In the central
nervous system, 5-HT1A receptors have been reported at
extrasynaptic and non-synaptic sites (Riad et al. 2000). Our
current hypothesis is that the inhibitory effect induced by
perisomatic 5-HT1A receptors is triggered by a spillover
of 5-HT and acts as a safety mechanism preventing the
hyperexcitability of motoneurons.
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