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Serotonin Enhances the Resistance Reflex of the Locomotor
Network of the Crayfish through Multiple Modulatory Effects
that Act Cooperatively

Morgane Le Bon-Jego,' Daniel Cattaert,' and Edouard Pearlstein?

Laboratoire de Neurobiologie des Réseaux, Centre National de la Recherche Scientifique Unité Mixte de Recherche 5816, Biologie Animale, Batiment B2,
33405 Talence cedex, France, and 2Développement et Dysfonctionnement des Réseaux Locomoteurs, Centre National de la Recherche Scientifique, 13402
Marseille cedex 20, France

Serotonin (5HT) is an endogenous amine that modifies posture in crustacea. Here, we examined the mechanisms of action of 5SHT on the
resistance reflex in crayfish legs. This reflex, which counteracts movements imposed on a limb, is based on a negative feedback system
formed by proprioceptors that sense joint angle movements and activate opposing motoneurons. We performed intracellular recordings
from depressor motoneurons while repetitively stretching and releasing a leg joint proprioceptor in a resting in vitro preparation (i.e., a
preparation that lacks spontaneous rhythmic activity). 5HT increased the amplitude of the depolarization during the release phase of the
proprioceptor (corresponding to an upward movement of the leg) and the discharge frequency of the motoneurons. The 5HT-induced
increase in the resistance reflex is caused, to a large extent, by polysynaptic pathways because it was very attenuated in the presence of
high divalent cation solution. In addition to this activation of the polysynaptic pathways, 5HT also has postsynaptic effects that enhance
the resistance reflex. 5SHT causes a tonic depolarization, as well as an increase in the time constant and input resistance of motoneurons.
We developed a simple mathematical model to describe the integrative properties of the motoneurons. The conclusion of this study is that
the input frequency and the decay time constant of the EPSPs interact in such a way that small simultaneous changes in these parameters
can cause alarge effect on summation. Therefore, the conjunction of presynaptic and postsynaptic changes produces a strong cooperative

effect on the resistance reflex response.
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Introduction

The operation of neural networks controlling behaviors is based
on both membrane properties and connectivity of the compo-
nent neurons. These two levels of a network have been shown to
be controlled by neuromodulators in vertebrates and inverte-
brates (Hultborn and Kiehn, 1992; Katz, 1998; Sillar et al., 1998;
Cantrell and Catterall, 2001; Nusbaum et al., 2001; Marder and
Thirumalai, 2002). In crustacea, serotonin (5HT) was shown to
modify synaptic transmission (Fischer and Florey, 1983; Delaney
et al., 1991; Pearlstein et al., 1998; Wang and Zucker, 1998;
Southard et al., 2000) and endogenous properties of neurons
(Rossi-Durand, 1993; Alvarado-Alvarez et al., 2000; Nagayama,
2002). At the behavioral level 5HT can influence posture and
walking (Teshiba et al., 2001; Tierney and Mangiamele, 2001),
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aggressiveness (Huber et al., 1997a,b), and social status in cray-
fish (Huber et al., 1997b, 2001). For example, when injected into
freely moving lobsters, 5SHT and octopamine generate stable and
stereotypical postures that resemble those seen in dominant
(5HT) and subordinate (octopamine) lobsters (Livingstone et al.,
1980; Kravitz, 1988). The analysis of the mechanisms of 5HT-
induced neuromodulation is complex because these effects are
themselves modulated by the pattern of exposure of the cell to
serotonin and the social status of the animal (Edwards et al.,
2003).

In this paper, we have studied the effect of 5SHT on postural
control in the crayfish Procambarus clarkii. The control of posture
involves proprioceptive feedback. In crayfish, the resistance re-
flex consists of the monosynaptic and polysynaptic excitation of
the motoneurons (MNs) that oppose any imposed joint move-
ment (El Manira et al., 1991a,b) and of the polysynaptic inhibi-
tion of the antagonistic MNs (Le Bon-Jego and Cattaert, 2002).

In the in vitro preparation of the crayfish walking system (El
Manira et al., 1991a), the perfusion of the CNS in a resting prep-
aration (i.e., one that lacks rhythmic activity) with 10 um 5HT
induces a dramatic increase in the amplitude of the resistance
reflex of MNs in most cases. Here, we demonstrate that polysyn-
aptic excitatory pathways of the resistance reflex are activated by
5HT, and we show that SHT modifies the intrinsic properties of
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MNs. 5HT causes a depolarization of the resting potential of
motoneurons and increases their input resistance and time con-
stant. These multiple effects induced by serotonin act coopera-
tively to enhance the resistance reflex.

Materials and Methods

Experimental animals. Experiments were performed on male and female
crayfish (Procambarus clarkii; n = 48) weighing 25-30 gm. The animals
were purchased from a commercial supplier (Chateau Garreau, La Bas-
tide d’Armagnac, France), maintained in indoor aquaria containing 80—
100 animals at 15-18°C, and fed once a week with mussels.

In vitro preparation. An in vitro preparation of the thoracic nervous
system was used (Sillar and Skorupski, 1986; El Manira et al., 1991a). It
consists of the last three thoracic (T3-T5) and the first abdominal (A1)
ganglia dissected out with all the nerves of the two proximal segments of
the left fifth leg (Fig. 1 A). The chordotonal organ (CBCO), which mon-
itors the movements of the second joint (coxobasipodite), was also dis-
sected out and kept intact, and the distal end of its elastic strand was
attached to an electromagnetic puller VT101 (Ling Dynamic Systems,
Meudon-la-Forét, France) controlled by a homemade function genera-
tor allowing the application of sinewave movements to the CBCO strand
that mimic upward (during stretch) and downward (during release)
movements of the leg. The preparation was pinned dorsal side up on a
Sylgard-lined Petri dish (Dow Corning, Wiesbaden, Germany). The ner-
vous system was superfused continuously with oxygenated control saline
composed of (in mm): 195 NaCl, 5 KCl, 13 CaCl,, 2 MgCl, and 3 HEPES
(Sigma, St Louis, MO) with a pH of 7.65. The fourth and fifth ganglia
were desheathed to improve the superfusion of the central neurons and
to allow for intracellular recordings (Fig. 1 A, B). The CNS was insulated
from the CBCO by a Vaseline wall (Fig. 1 A) to restrict the superfusion of
5HT (10 uMm) to the ganglia. At the same time the CBCO was superfused
with control saline. In some experiments, a high divalent cation solution
was used to raise the spiking threshold of the interneurons containing (in
mM): 34 CaCl,, 6.4 MgCl,, with sodium concentration reduced accord-
ingly to preserve the osmolarity of the solution (157 NaCl).

Recordings. Extracellular recordings from the motor nerves innervat-
ing the depressor (Dep) and levator (Lev) muscles and from the sensory
nerve of the CBCO were made using stainless steel pin electrodes con-
tacting the nerves and insulated with Vaseline. Intracellular recordings
from depressor MNs (Fig. 1B, Dep MN) were performed with glass
micropipettes (Clark Electromedical Instruments, Reading, UK) filled
with 3 M KCI (resistance 10-20 M{2) connected to an Axoclamp 2B
amplifier (Axon Instruments, Foster City, CA) used in the current-clamp
mode. In some experiments, the injection of fluorescent dye (5% dextran
rhodamine in 0.2 M potassium acetate) was used to stain and analyze the
geometry of the recorded MN after the experiment (Fig. 1B). In crusta-
cean MNs, the soma do not participate in the electrical activity of the
neuron. MN soma lie outside of the neuropile (the region in which
neurons form their synaptic contacts) (Fig. 1B) and are linked to the
arbor of the neuron by a thin neurite. For these reasons, intracellular
recordings were made from the main neurite, where EPSPs could be
recorded (Fig. 1 B). The resting membrane potential of MNs was usually
in the range of —78 to —65 mV. Stability of resting membrane potential
over long period of time (>4 hr) was used as a criterion for evaluation of
cell health in recordings. In crustacean MNs, the soma and neurites do
not actively convey spikes. Therefore, spike amplitude was generally
small (<20 mV) at the recording site. Data were digitized and stored onto
a computer hard disk through an appropriate interface (1401plus) and
software (Spike2) from Cambridge Electronic Design Ltd. (Cambridge,
UK).

Data analysis. Data were analyzed using the Spike2 analysis software.
Spikes recorded from the CBCO nerve were discriminated according to
their waveform on the basis of a template matching protocol (wave-
mark). Templates were built automatically and corresponded to the
mean duration of sensory spikes (~1.5 msec in duration). The sampling
rate for CBCO nerve recording was set to 15 kHz, which resulted in
templates containing 20-22 points. The procedure used two criteria to
identify a spike: (1) >90% of the points should be in the confidence
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Figure 1. Invitro preparation for the study of the resistance reflex of the second leg joint of
the crayfish. A, The in vitro preparation of the crayfish thoracic locomotor system consists of
thoracic ganglia 35 (T3, T4, T5) and the first abdominal ganglion (A1) dissected out together
with motor nerves of the proximal muscles (Lev; Dep) and the (BCO, a proprioceptor that
encodes the vertical movements of the leg. A mechanical puller allowed us to mimic the vertical
movements (mvt) of the leg by stretching and releasing the CBCO strand. The CNS was isolated
from the CBCO by a Vaseline wall to superfuse only the ganglia with SHT (10 rum). Single or
multiple intracellular recordings from motoneurons and interneurons were performed within
the neuropile with glass microelectrodes (ME). B, Intracellular staining of a Dep MN. This MN
was filled with Dextran rhodamine and analyzed with the confocal microscope. The recording
microelectrode (ME) was placed in the main neurite. The neuropile of the ganglion is indicated
with a dotted line.

limits of the template; (2) the maximum amplitude change for a match
was <5%. This procedure was applied off-line. After the completion of
this protocol, each identified CBCO unit (spike shape) was assigned an
arbitrary number. Subsequently, a spike-triggered average was per-
formed for each CBCO unit, allowing us to observe in a given MN the
occurrence of any postsynaptic events related to this unit. Statistical anal-
yses were done with the Prism program (Graphpad Software, San Diego,
CA). The results are given as mean values = SEM.

Results

5HT enhances resistance reflex

Application of stretch and release movements to the CBCO
strand in the in vitro preparation results in reflex activation of
MNs (El Manira et al., 1991a,b; Le Ray et al., 1997a,b). During
sinewave movements applied to the CBCO strand, Dep and Lev
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Figure 2.  Effect of 5HT on the resistance reflex in a resting preparation. Sinusoidal move-
ments imposed on the (BCO strand induced resistance reflex responses recorded extracellularly
from the levator nerve (Lev n) and the depressor nerve (Dep n). When the (BCO strand was
released (R; mimicking upward movement in the intact animals), the Dep MNs were activated.
In contrast, during stretch movements (S), the Lev MNs were activated. The mean frequency of
the discharge of the motor activity recorded is presented ahove each recording (Dep n Mean
Freq, Lev n Mean Freq). The mean frequency was calculated by a floating average with a time
window of 100 msec. When 5HT was superfused on the ganglia, the resistance reflex response
of Dep and Lev MNs was increased.

MNss were cyclically activated: Dep MNs during release (mimick-
ing upward movement of the leg in intact animals) and Lev MNs
during stretch (mimicking downward movements of the leg in
intact animals). These responses corresponded, therefore, to re-
sistance reflex (Fig. 2). All the experiments reported here (n = 48)
were made in the absence of rhythmic activity. In such prepara-
tions, MNs generally display passive properties: their VI curve is
linear (at least in the range of a few millivolts from their resting
potential) (Le Ray et al., 1997a). On these preparations, we have
tested the effects of 10 um 5HT, a concentration that was shown
to produce significant effects both in peripheral sensory organs
(Rossi-Durand, 1993) and in the CNS (Pearlstein et al., 1998).
When 5HT (10 um) was superfused on the ganglia (1 ml/min),
two effects were observed on motor nerve activity: (1) the tonic
background activity of MNs increased in both Dep and Lev MNs
(see mean frequency traces in Fig. 2), and (2) the resistance reflex
response of Dep and Lev MNs was increased. This increase was a
result of previously silent MN's being recruited in the presence of
5HT. Moreover, the discharge frequency of previously active
MNs increased (this effect was general and is particularly obvious
for the large unit in levator nerve activity) (Fig. 2).

In intracellular recordings from MNs (Fig. 3, Dep MN), 5HT
induced two kinds of effects: (1) a slow tonic depolarization and
(2) an increase in the amplitude of the reflex response. The slow
tonic depolarization was observed in 40 experiments. It started
~1 min after application of 5HT and reached a maximum of 2—4
mV within <5 min (Fig. 3A). This tonic depolarization was in-
dependent of movement response (data not shown). The ampli-
tude of the reflex response was measured from averaged traces
from a base level (the mean membrane potential between two
volleys of EPSPs) to the peak membrane potential during the
volley of EPSPs. Note that the amplitude of the reflex response
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Figure 3.  Effect of 5HT on intracellularly recorded Dep MNs. A, After application of SHT (10

), an intracellularly recorded Dep MN displays a slight tonic depolarization. During this
recording, sinewave movements were applied continuously to the (BCO strand and evoked a
resistance reflex in the Dep MN (see enlarged view in B). The amplitude of this reflex response
was increased after 25 min in the presence of 5HT. B, Enlarged views of recordings presented in
A.The numbers 1and 2 refer to the control situation (4, control; t = 0) and to 25 min after onset
of 5HT perfusion (A, 5HT; t = 25 min). This increase in the amplitude of the resistance reflex
response was not caused by any change in the sensory activity from the CBCO nerve as demon-
strated by the mean frequency of discharge of the sensory nerve of the (CBCO (CBCO n Mean
Freq). The resting potential in control situation is indicated by a dashed line (—78 mV) in Aand
B.

includes both a reflex depolarization (El Manira et al., 1991a; Le
Ray et al.,, 1997b) and a reflex hyperpolarization of Dep MN
membrane potential caused by resistance reflex inhibitory path-
ways (Le Bon-Jego and Cattaert, 2002). In the presence of 5HT,
the amplitude of the resistance reflex response increased from
2.23 +0.45mV (n = 10 cycles) in control situation to 5.21 = 0.12
mV (n = 10 cycles) after 25 min in the presence of SHT (Fig. 3B).
More generally, the increase in the amplitude of the resistance
reflex response under 5HT condition, was observed in 58 Dep
MNs (from 40 experiments), and the maximum effect observed
after 25 min ranged from 8 to 358%.

This increase of the amplitude of the reflex response was not a
result of a change in the sensory activity of the CBCO. Sensory
activity remained identical for the duration of an experiment as
demonstrated by the CBCO nerve mean frequency discharge
(Fig. 3B). The precaution of building a Vaseline wall to confine
the perfusion of 5HT to the CNS (Materials and Methods) was
essential because when 5HT is applied on the CBCO propriocep-
tor, the response of sensory neurons to mechanical stimulation of
the CBCO strand is greatly enhanced (Rossi-Durand, 1993). To
ensure that no leakage occurred, we used two procedures. (1)
5HT was applied in a mixture containing fast green to get a visual
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presence of 5HT (Fig. 4A) at a time when

W (1) the tonic depolarization was maximum. In
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Figure 4. Time course of SHT effect on the resistance reflex response. 4, Amplitude of the intracellular resistance reflex t© increase by 151%. This effect persisted

responses of a Dep MN to sinewave movement imposed on the (BCO strand plotted against time. Each point is an average of the
amplitude of 10 movement cycles. Error bars represent SEM. 5HT exposure is indicated by a gray bar. B, Average traces (n = 10
cydles) in four conditions: control (1), 5HT 10 min (2), wash 15 min (3), and wash 45 min (4). The 5HT-induced increase in the

amplitude of the resistance reflex response persists over 45 min of washing.
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Figure5. Diversity of MN response to 5HT. A, B, Raw data of two intracellularly recorded Dep

MNs (A, Dep MN 1; B, Dep MN 2) showing resistance reflex responses to a sinewave movement
imposed on the (BCO in two experiments before (left, control) and after (right, 25 min 5HT) 5HT
exposure. Although 5HT induces an increase in Dep MN1 reflex response, SHT has no effect on
the intracellularly recorded Dep MN2. Resting membrane potentials in control situation were
—78and —62 mV for Dep MN1 and Dep MN2, respectively. In the presence of 5HT, Dep MN1
showed a tonic depolarization of 3 mV (not visible because traces are aligned for better appre-
ciation of the enhancement of the response in the presence of 5HT). No tonic depolarization was
observed in Dep MN2 in the presence of 5HT.

confirmation of the absence of leakage, and (2) the mean fre-
quency of the global sensory discharge recorded from the CBCO
sensory nerve was monitored to ensure that it did not change
during an experiment (Fig. 3B).

The enhancement of the MN resistance reflex by 5HT is

long lasting

The two effects produced by 5SHT application on Dep MN (slight
tonic depolarization and an increase in the amplitude of the re-
sistance reflex response) occurred with different time courses. In
the presence of 5HT, although the small tonic depolarization
started after ~1 min (Fig. 3A), the increase in the amplitude of
the reflex response was not observed before 5-10 min in the

for >1 hr (Fig. 4A,B). When an effect of
5HT on resistance reflex was observed
(n = 40; see below), its time course was
very consistent and more or less similar to
the experiment presented in Figure 4 A, re-
gardless of the 5SHT application protocol used (long application
>1 hr to short 10 min applications). Note that in this series of
experiments, the rate of the perfusion remained unchanged (1
ml/min). In all cases, the reflex response increased progressively
after a delay of 5-10 min, and reached a plateau 25 min after the
beginning of 5SHT application, and persisted for >1 hr after wash-
ing. Therefore, in all subsequent experiments, we applied 5SHT for
10 min and measured its effects during 1 hr (as in Fig. 4). Subse-
quently, in all of the figures and in all the following text, the
expression “after SHT application” will mean that the presented
effect of 5SHT was measured after 25 min in the presence of 5HT,
at a time during which the effect was maximum.

In the experimental conditions used, generally all Dep MNs
were silent in the Dep motor nerve. In this paper, only Dep MNs
with naturally hyperpolarized resting membrane potentials are
presented (Figs. 4, 6A). The spike threshold (—55 to —50 mV)
was never reached in these MNs in response to imposed CBCO
movements even after SHT application. This allowed us (1) to
measure continuously the change in response to movement and
the input resistance of MNs without contamination by sodium
and potassium conductances supporting spikes and (2) to ana-
lyze the changes in EPSP amplitude (see below). Dep MNs that
responded to CBCO-imposed movements by bursts of spikes in
the experimental conditions were generally rare (fewer than two
per preparation).

Diversity of MN response to 5SHT

Although 5HT increased the resistance reflex response in most
experiments, in 16.6% of the 48 experiments, 5SHT did not pro-
duce any effect on the recorded MN. The absence of effect was not
correlated with the amplitude of the control reflex response:
among the experiments in which 5HT had no effect on the intra-
cellularly recorded MNs, we found MNs with either small or large
reflex responses in control situations. Figure 5 presents two ex-
periments. In the control situation, a sinewave movement im-
posed on the CBCO strand elicited a cyclic resistance reflex re-
sponse in the two Dep MNs (Fig. 5A,B, left). The mean
amplitude of the response was 1.81 = 0.04 mV (n = 16 cycles) in
Dep MN1 and 0.87 * 0.04 mV (n = 11 cycles) in Dep MN2. At
t = 0, the preparation was bathed in 10 um 5HT. At f = 10 min,
the preparation was washed in normal Ringer’s solution. The
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t =25 min
(2)

at f = 25 min: its response increased two-

fold (2.59 = 0.06 mV; n = 16) (Fig. 54, (1 ‘
right). By contrast, in the other experi-
ment, Dep MN2 did not show any signifi-
cant change (f test, p = 0.39) in its re-
sponse (0.82 = 0.05 mV; n = 11) (Fig. 5B,
right). Such a discrepancy between re-
corded MNs could indicate either a differ- ~ Dep _

Dep
MN4 -

ence between MNs or a difference between ~ MN3
the preparations.

To clarify this point, we performed si-
multaneous intracellular recordings from
up to four Dep MNs in a given experiment. Dep
In Figure 6, four Dep MNs were intracel- ~ MN2 -
lularly recorded simultaneously. All of
them displayed a cyclic resistance reflex re- Dep
sponse during sinewave movement ap- MN1
plied to the CBCO strand. As in Figure 3, Dep n
after 1 min in the presence of 5HT, these
four Dep MNs showed a small tonic depo-  ¢gco n
larization (Fig. 6A), and the amplitude of
the movement response increased to reach mvt

a maximum after 25 min (Fig. 6 A, right).
Superimposition of control and 5HT (25
min) responses indicates that the four B
MN:ss displayed an increased response un-
der 5HT condition; however, the magni-
tude of the effects was different (8-98%)
among the different recorded MNs (Fig.
6A, right). In addition to the intracellu-
larly recorded Dep MNs, other Dep MNs
showed an increase of their reflex response
as monitored by the progressive increase
of their reflex discharge recorded from the

CBCO n (1)

mvt
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In the same preparation, 5HT induces an increase in all recorded Dep MNs involved in resistance reflex. A, The four

depressor nerve. During the experiment,
application of 5HT did not affect the activ-
ity of CBCO sensory neurons as attested by
the enlarged view of the CBCO nerve re-
cording (Fig. 6 B). Similar results were ob-
tained in five other experiments.

By contrast, in other experiments,

simultaneous intracellular recordings from Dep MNs (Dep MN1, Dep MN2, Dep MN3, and Dep MN4) display a cyclic resistance reflex
response to sinewave movements imposed on the (BCO strand in control situation (1 and gray traces). In the presence of 5HT
(black traces), the four Dep MNs are depolarized, and the amplitude of their responses is increased (most visible at t = 25 min; 2).
On the right are displayed superimposed averages (n = 20) of the responses under control (1) and 5HT (2) conditions. In the
control condition, the membrane potentials of Dep MN1, Dep MN2, Dep MN3, and Dep MN4 were — 63, —78, —64,and —65mV,
respectively. Dep n, Extracellular recording from the depressor nerve; (BCO n, extracellular recording from the (BCO nerve; mvt,
sinewave movement applied to the (BCO strand. B, Enlarged view of CBCO nerve activity during one movement cycle in control (1)

5HT did not induce any changes in all of 2 3HT condition (2)

the simultaneous recordings from four

Dep MNs (Fig. 7). It is noteworthy that in such experiments
(n = 4), neither the small tonic depolarization nor the slower
increase in the movement response was observed.

Remarkably, in no experiment in which four simultaneous in-
tracellular recordings from Dep MNs involved in resistance reflex
were performed was a combination of 5HT-sensitive and 5HT-
insensitive Dep MNs observed. Therefore, it seems that the prep-
arations could be classified into two categories: the ones in which
5HT induced a general increase in the reflex response in all Dep
MNs and the ones in which 5HT did not induce any change in any
of the Dep MNs. Hereafter, we have focused on experiments in
which 5HT induced an increase in the resistance reflex response.

5HT increases input resistance in Dep MNs

We have tested the idea that the increase in the response could be
caused by a direct effect of 5SHT on the MNs. Therefore, during
subsequent experiments, we made continuous measurements of
the input resistance of intracellularly recorded Dep MNs. Two

examples of such experiments are shown in Figure 8. In one of the
experiments (Fig. 8A,C, Dep MNI1), the resistance reflex re-
sponse was 1.25 £ 0.26 mV in the control situation and reached
1.65 = 0.34 mV after 5SHT application. In the same Dep MN1, the
input resistance that was 2.05 = 0.15 M) in control situation
increased to 2.46 * 0.22 M) after 5HT application. In another
experiment, the amplitude of the response of a Dep MN (Fig. 8 B,
Dep MN2) was 1.96 = 0.15 mV in the control situation and
reached 4.12 * 0.34 mV after 5HT application. Accordingly, the
input resistance of Dep MN2 increased from 2.16 = 0.12 M) in
the control situation to 5.83 * 0.16 M{) after 5HT application
(Fig. 8D).

The increase in input resistance was generally in accordance
with the increase in the amplitude of the resistance reflex re-
sponse. For example a moderate increase in movement response
(32% in the case of Dep MN1) corresponded with a moderate
increase (20%) in input resistance. Similarly, a large increase in
movement response (110% in the case of Dep MN2) corre-
sponded with a large increase in input resistance (169%). These
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(gray trace) and 5HT (black trace) condi-
tions. With each unitary EPSP, the shape
of the corresponding sensory spike (Unit)

(1) is presented, together with the histogram
“*M,,;ﬁw » [TmV  of its ﬁring activity during the sinewave
(ZS movement imposed on the CBCO strand.

As can be seen, these sensory units fired
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T strand (i.e., upward movement of the leg
in intact animals), and because they

evoked an EPSP in a Dep MN, they there-

MM'MW‘ 1mV  fore were involved in a resistance reflex.

Note that some sensory units were also
slightly activated during the stretch move-
ment imposed on the CBCO strand (cor-
responding to downward movement of
the leg). During the downward move-
ment, Dep MNs receive IPSPs via a
polysynaptic pathway (Le Bon-Jego and
Cattaert, 2002). These IPSPs reduce the
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Figure7.

view of (BCO nerve activity during one movement cycle in control (1) and 5HT condition (2).

observations were consistent over the eight Dep MNs tested in
this series of experiments.

This result was confirmed further by measuring the repolar-
ization time constant in control and 5HT conditions (Fig. 8 E, F).
In each of the eight tested Dep MNs, the time constant was sig-
nificantly increased after SHT application. This increase was
highly correlated with the increase in the movement response
(Fig. 8G). Similarly, the increase in input resistance was also cor-
related with the increase in movement response (Fig. 8G). There-
fore, it was very likely that the increase in the movement response
was directly related to the increase in input resistance of the re-
corded Dep MN. To confirm this hypothesis, however, we ana-
lyzed the effect of 5HT on the amplitude of unitary EPSPs evoked
by identified CBCO sensory neurons.

Effect of 5HT on unitary EPSPs from CBCO sensory neurons

The extracellular recording of the CBCO nerve was analyzed by
Spike2 software to separate the different sensory units according
to their shape. Then each spike shape was used to perform spike-
triggered averaging of the intracellular recording of the Dep MN.
In Figure 9, only the spikes that were associated with an EPSP in
the Dep MN are shown. Each of the spike shapes was monitored
continuously during an experiment. In this experiment, after
5HT application, the movement response increased from 0.78 =
0.08 to 1.52 * 0.09 mV (95.3% increase) (Fig. 9A). At the same
time, eight unitary EPSPs triggered by identified sensory units
were analyzed (Fig. 9 B, C). Each unitary EPSP is shown in control

\’//\

1s

Evidence that SHT has no effect on Dep MNs in some preparations. The experimental paradigm is the same as that in
Figure 6. A, Three simultaneous intracellular recordings were performed from Dep MNsinvolved in resistance reflex (Dep MN1, Dep
MN2, and Dep MN3). In the control condition, the membrane potentials of Dep MN1, Dep MN2, and Dep MN3 were —75, —74,
and —74mV, respectively. In the presence of 5HT, no tonic depolarization and no change in reflex response occurred. B, Enlarged

amplitude of the unitary EPSPs. Therefore
the analysis of unitary EPSP amplitude was
performed exclusively during the upward
movements. The most remarkable result
of this analysis was that the amplitude of
unitary EPSPs was only slightly affected if
at all in the presence of 5HT (Table 1). For
six of eight resistance reflex units, the uni-
tary EPSP was either unchanged (units 13,
15 and 21; ¢ test; p > 0.2) or even slightly
but significantly reduced (units 12, 17 and
27; t test; p < 0.0001, p = 0.0008, p =
0.026, respectively) in the presence of SHT
(Fig. 9B, Table 1). This result was very sur-
prising because in the presence of 5SHT the
input resistance was increased almost
fourfold, leading us to expect a proportional increase in the am-
plitude of individual EPSPs. Indeed, only two resistance reflex
units (the two with the largest spike amplitudes) presented a net
increase of EPSP amplitude under 5HT application (Fig. 9C).
These two EPSPs were characterized by complex shapes: an initial
rapid EPSP followed by a second slower depolarizing wave. The
detailed analysis of one of these EPSPs (triggered by Unit28) is
presented in Figure 9D. In the control condition, when several
EPSPs triggered by this unit were superimposed, only the first
depolarizing event was reliably present (Fig. 9D, Control) and
therefore was likely attributable to a monosynaptic EPSP. This
hypothesis is supported by the observation that the delay between
the extracellularly recorded sensory spike and the onset of this
first EPSP was constant. The second wave in the averaged EPSP
was caused by polysynaptic events, which are characterized by
nonconstant delays (Fig. 9D). On the averaged traces (Fig. 9C,
Unit28), the rapid likely monosynaptic EPSP was increased from
0.832 = 0.022mV (n = 70) in control to 0.991 = 0.051 mV (n =
62) in the 5HT condition. This increase was significant ( test; p =
0.039) (Table 1). In addition, the amplitude of the late compound
EPSP (measured 6 msec after the peak of the monosynaptic
EPSP) (Fig. 9C, arrow) was significantly increased from 0.428 =
0.075 mV in control to 0.980 * 0.130 mV in the 5HT condition (¢
test; p = 0.0002). This increase was a result of the recruitment of
large and late polysynaptic EPSPs after 5HT application (Fig. 9D,
5HT). Similar results were obtained in 12 preparations (Table 2).

To verify that EPSP amplitude did not depend on the phase of
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Figure8. 5HTincreasesinputresistancein Dep MNs. A, B, Intwointracellularly recorded Dep
MNs (A, Dep MNT; B, Dep MN2), sinewave movements (mvt) applied to (BCO strand evoked a
typical resistance reflex response (gray trace, Control) that was increased in the presence of 5SHT
(black trace, SHT). Each trace is an average of n = 12 cycles. (, D, Measurement of the input
resistance of the two Dep MNs recorded in A and B. In both cases, the input resistance increased
inthe presence of 5HT. £, F, Repolarization time constant (7) measured from Cand D (see boxes).
Estimations of 7 were made on average traces (n = 10) after fitting each recording with one
exponential decay curve (R? > 0.95). The first few milliseconds were not taken into account for
the calculation. Experiments in which the electrode capacitance was too high were rejected. In
both cases, time constant was increased in the presence of 5HT. G, Relative changes in reflex
response (percentage of control response) are correlated with changes in input resistance (R;,,
open squares; R?=0.91)and changes in time constant (, filled triangles; R? = 0.76). More-
over, R;, and T were significantly paired (paired ¢ test; p < 0.05).

the sinewave movement imposed on the CBCO strand, which
could mask some of the effects of SHT on unitary EPSPs, in some
experiments we have systematically averaged the amplitude of
unitary EPSPs with respect to the phase of the imposed move-
ment. The result of such an analysis is shown in Figure 10. In the
example presented, the global resistance reflex response of the
Dep MN was increased by 94.8% in the 5HT condition. One
unitary EPSP is presented (Fig. 10A). The amplitudes of the av-
eraged EPSPs of this unit in control (0.590 * 0.016 mV; n = 526)
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Figure9.  Effect of 5HT on unitary EPSPs recorded from a Dep MN and triggered by release-

sensitive CBCO units. A, Mean response of a Dep MN to 10 sinewave movements applied to the
(BCO strand in control and 5HT conditions. B, C, Average traces of unitary EPSPs recorded from
the Dep MN shown in A (for statistics, see Table 1). Each unitary EPSP was triggered by a (BCO
unit (Unit) extracellularly recorded from the CBCO nerve. The shape of each of these sensory
units is presented on the left of each EPSP trace. The activity of each sensory unit during sine-
wave movement is represented by an event distribution histogram calculated over 10 sinusoi-
dal movement cycles. Vertical scale represents the number of spikes per bin averaged per cycle
(bin size, 50 msec; number of bins, 200). The movement cycle is represented below each graph.
Al of the units are activated during the release movement. For each unitary EPSP, two super-
imposed traces are presented corresponding to control (gray trace) and 5HT (black trace) con-
ditions. Six EPSPs did not present any enhancement after 5HT application (B), and two EPSPs
displayed a marked enhancement (). D, Superimposed Dep MN EPSPs (n = 18) triggered by
Unit28 are presented in control (left) and 5HT (right) conditions.

and 5HT (0.580 * 0.017 mV; n = 489) conditions were not
significantly different (¢ test; p = 0.663) (Fig. 10A). Moreover, the
plot of unitary EPSP amplitude against phase of the movement
cycle demonstrates stationarity of EPSPs along movement cycle
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Table 1. Statistical analysis of amplitude of unitary EPSPs presented in Figure 9

Control unitary EPSP mean SHT unitary EPSP mean am-

(BCOunit  amplitude = SEM plitude = SEM ttest p value

p<

Unit12  0.657 = 0.0013 0.564 = 0.019 0.0007%***
n =567 n =483

Unit13 0.153 = 0.015 0.128 = 0.015 p=0244
n =737 n =856 NS

Unit15 0.137 %= 0.016 0.115 *0.017 p=10335
n =436 n =424 NS

Unit16é  0.759 = 0.020 0.788 =+ 0.021 p=10332
n =240 n =273 NS

Unit17 0478 = 0.010 0.419 = 0.014 p = 0.0008***
n =575 n =606

Unit21 0.368 = 0.012 0.348 = 0.014 p=0301
n =737 n =677 NS

Unit27  0.496 = 0.012 0.453 = 0.015 p = 0.026*
n =607 n =607

Unit28  0.832 = 0.022 0.991 = 0.051 p = 0.0039**
n =70 n =62

*p < 0.05; %% p < 0.01;*** p < 0.001; **** p < 0.0001.

(Fig. 10 B, C). The cycle was divided into 10 bins. The mean value
and the variance of the amplitude per bin did not significantly
change along the cycle (Fig. 10C). Note that in such analysis, the
bins with too few events were not taken into account (Fig. 10C,
open bars). This estimation was based on the analysis of the fre-
quency distribution of the events in the movement cycle (Fig.
10D). Moreover, the two classes of EPSPs occurred during oppo-
site movements of the CBCO: the EPSPs counted in filled bars
occurred during the release movement of the CBCO (resistance
reflex EPSPs), whereas the EPSPs counted in open bars occurred
during the opposite movement (stretch of the CBCO-downward
movement of the leg in the intact animal) and therefore occurred
in conjunction with IPSPs of the inhibitory component of the
resistance reflex (Le Bon-Jego and Cattaert, 2002). Their ampli-
tude therefore was generally smaller, and they were not included
in the analysis. Similar results were obtained with all of the
identified unitary EPSPs analyzed (n = 37).

The increase of resistance reflex response involves
polysynaptic pathways

To estimate the role of polysynaptic pathways in the 5HT-
induced increase of the resistance reflex response, we performed
a series of experiments in which the CNS
was bathed successively in normal saline
and in a high divalent cation solution, both
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the amplitude of the resistance reflex response (1.43 = 0.07 mV)
(Fig. 11A4). This increase disappeared when the CNS was bathed
with a high divalent cation solution (0.78 = 0.02 mV) (Fig. 11A5),
indicating that the effect of 5HT was caused by a change in the
polysynaptic pathways. Statistic analysis using one-way ANOVA
and Tukey’s multiple comparison test confirmed that the difference
between control and 5HT conditions when the CNS was bathed in
control saline (Fig. 11 BI) was highly significant (p < 0.001). By
contrast, in high divalent conditions, SHT induced no significant
change in the reflex response ( p > 0.05) (Fig. 11 B2).

During this series of experiments, an analysis of unitary EPSPs
was made. Two examples of this analysis are given in Figure 11C.
EPSPs obtained in control, 5HT, and 5HT in the presence of high
divalent cation solution are superimposed for the two examples.
These examples were chosen because they are representative of
two categories of effects on unitary EPSPs. In both examples, the
EPSPs presented a simple shape in control condition (i.e., a single
fast depolarizing phase followed by a slow recovery phase). After
5HT application, the peak amplitude of the EPSP triggered by
Unitl increased from 0.22 = 0.02 to 0.31 * 0.03 mV (Fig. 11CI).
This significant increase of the amplitude of the early EPSP was
observed in 17.2% of the unitary EPSPs analyzed. The second
category is represented by the EPSP triggered by Unit2 (Fig.
11C2), in which the peak amplitude was slightly reduced (0.82 =
0.11 t0 0.72 = 0.12 mV) (Fig. 11C2). Such effects were observed
in 23.9% of analyzed EPSPs. Although the general shape of these
EPSPs did not change (there was no additional late polysynaptic
EPSP recruited) after 5HT application (compare traces labeled
“25 min 5HT” and “Control”), their recovery phase was signifi-
cantly slower (in control situation, 7 = 3.12 and 3.15 msec for
EPSPs triggered by Unitl and Unit2, respectively; after SHT ap-
plication: 7 = 6.51 and 6.49 msec for units 1 and 2, respectively).
When the CNS was bathed with high divalent cation solution,
these changes were abolished (Fig. 11C, dashed lines), indicating
that 5HT induced modifications of the recovering phase of EPSPs
involved in polysynaptic pathways. Note that although the shape
of the EPSP triggered by Unit] remained simple after 5HT appli-
cation, the peak amplitude increase was a result of the recruit-
ment of polysynaptic events. Therefore, the “simple shape” fea-
ture was not an indication of a purely monosynaptic event, and
subsequently we systematically tested for the presence of polysyn-
aptic pathways in unitary EPSPs in several experiments. In all of
these experiments (n = 22), each time an EPSP presented a no-

Table 2. Effect of 5HT on the amplitude of unitary EPSPs in 12 experiments

in control and in 5HT conditions. The re- Numkper OfCEE)EOP unitsEffect of SHT on early EPSP Effect of 5HT on late EPSP
sponse of an 1nt.racellu1arly recorded Dep Experiment fl\ll: f\;lr;dg " " Nochange  Increase  Decrease ~ Nochange  Increase  Decrease
MN to CBCO-imposed sinewave move-

ment is presented in Figure 11A. In high ! 8 4 1 3 0 2 0
divalent cation solution (Fig. 11A2), the ; 16; 2 (1] ﬁ g g g
amplitude of the control response (Fig. 8 5 1 ) 1 6 0
11A1) was reduced from 0.96 = 0.04 to 5 8 3 0 5 0 4 0
0.67 = 0.02 mV, indicating thateveninthe ¢ 4 4 0 0 0 2 0
absence of exogenous 5HT, polysynaptic 7 6 5 1 0 0 2 0
pathways are involved in the global resis- 8 7 2 4 1 0 5 0
tance reflex response. When back in con- ?O 11 Z ; (]) g ‘2‘ g
trol saline (Fig. 11A3), the amplitude of " 4 4 0 0 1 ] 0
the resistance reflex response was not to- 1, 6 ) 0 4 0 ) 0

tally restored to its initial value (0.78 *
0.02 mV). Application of SHT (10 uM in
normal saline) induced a large increase of

For each experiment, the number of EPSPs presenting a type of response to SHT (no effect, increase, decrease) is given. We have distinguished the early EPSPs
from the late compound EPSPs. The significance of effects was assessed by ¢ test as in Table 1, with p << 0.05.

“Only a fraction of the analyzed EPSPs presented a clearly visible late compound EPSP.
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Figure 10. Stationarity of unitary EPSP amplitude during release movement. A, Aver-

aged unitary Dep MN EPSP triggered by a CBCO unit extracellularly recorded from the CBCO
nerve in control (gray line; n = 735) and 5HT (black line; n = 675) conditions. B, ,
Statistical analysis of the amplitude of this unitary EPSP against the phase of imposed
movement. B, Plot of the amplitude of all unitary EPSPs recorded during 300 secin control (left) and
5HT (right) conditions, against the phase of the sinewave movement imposed on the (BCO strand
(mvt). Distribution histograms are presented on the right of each plot. C, Histograms representing the
mean amplitude of unitary EPSPs against the phase of imposed movement. The movement cycle was
divided into 10 bins. Error bars represent SE. Open bars represent discharge frequency of the unit
below 1 Hz. D, Frequency distribution of the events (Unit Freq.) along the phase of imposed
movement.

ticeable increase of peak amplitude or recovery time constant,
this was a result of polysynaptic events as in Figure 11C.

5HT and EPSP amplitude
In the presence of 5HT the input resistance of the MNs was gen-
erally increased by a factor 1.2-2.9 (Fig. 8G). However, during the
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Figure 11.  Polysynaptic pathways are involved in the 5HT-induced enhancement of the
resistance reflex response. A, Intracellular averaged (n = 13) responses of a Dep MN to appli-
cation of a sinewave movement to the (BCO strand in successive conditions. A7, The intracellu-
larly recorded Dep MN displays a resistance reflex response (control). A2, In the presence of the
high divalent cation solution, the amplitude of the control response is decreased (High Ca Mg).
A3, After 40 min washing (Wash) of the high divalent cation solution, the Dep MN response is
not restored. A4, When 5HT is applied, the amplitude of the response is greatly increased (25
min 5HT). A5, This large increase disappears in the presence of high divalent cation solution
(5HT + High Ca Mg). B, Comparison of the effects of 5SHT in normal saline and in a high divalent
cation solution on the Dep MN recorded in A. B7, In normal saline, 5SHT induces an increase in the
resistance reflex response. B2, In a high divalent cation solution, 5HT has almost no effect on the
resistance reflex response. C, Averaged unitary EPSPs triggered by two CBCO units (C1 and (2;
same procedure as in Fig. 98, () and recorded from the same Dep MN as in A and B. These two
unitary EPSPs were recorded in three conditions, and the averaged traces (n = 50) correspond-
ing to control (Control, gray trace), SHT (25 min 5HT, black trace), and 5HT in the presence of
high divalent cation solution (5HT + High Ca Mg, dotted line) are superimposed.

application of movements to the CBCO strand, many EPSPs did
not increase their amplitude in the presence of 5HT (Fig. 9, Table
1). This intriguing result could be caused by three phenomena.
(1) in the presence of 5HT, the membrane potential of the MN is
more depolarized than in the control condition (Figs. 3B, 4, 6).
Therefore, the electrotonic driving force supporting the EPSPs is
smaller in 5HT condition, and the amplitude of EPSPs is expected
to become smaller. (2) Because of massive synaptic inputs, the
input resistance may be locally reduced (shunting excitation),
causing the decrease of EPSP amplitude. (3) During a volley of
EPSPs, each EPSP summates with the falling phase of preceding
EPSPs, resulting in a smaller EPSP amplitude as frequency in-
creases. We have analyzed these hypotheses. A simulation study
demonstrated that the small change in driving force caused by the
slightly more depolarized membrane potential in the 5HT con-
dition did not contribute significantly to the change in EPSP
amplitude observed (data not shown). Similarly, the effect of
shunting excitation was tested in simulation studies, and it was
concluded that it did not contribute significantly to the change in
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Figure 12.  Effect of SHT on isolated EPSPs. A—C, Intracellular recordings from a Dep MN
showing unitary EPSPs triggered by a CBCO unit in control condition (4, gray traces) and after
5HT application (B, black traces). InA7 and B are presented six superimposed EPSPs (raw data)
recorded in the absence of movement (isolated EPSPs). In A2 and B2 are presented 13 superim-
posed EPSPs (raw data) recorded during sinewave movements applied to the CBCO strand (EPSP
ina volley). C, Average traces (n = 150 for each trace) of the unitary EPSPs shown in A and B
(gray traces, control condition; black traces, after 5HT application).
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EPSP amplitude observed (data not shown). The decrease in
EPSP amplitude was caused mainly by an increase of EPSP fre-
quency in the volley in the presence of 5HT. Indeed, during a
volley, the amplitude of each EPSP summates with the falling
phases of preceding EPSPs. This phenomenon is illustrated in
Figure 13A, in which the amplitude (V) of the second EPSP is
smaller than the amplitude (V,) of the first EPSP, because the
second EPSP summates with the falling phase of the first EPSP.
The amplitude of subsequent EPSPs is decreased further because
of accumulation of falling phases (Fig. 13B). Because of this phe-
nomenon, increasing the frequency of the volley results in a fur-
ther decrease in the amplitude of EPSPs.

This hypothesis was tested in EPSPs intracellularly recorded
from Dep MNs. When amplitude measurements were performed
on an isolated identified unitary EPSP in the absence of move-
ment stimulation (in this condition most of the sensory neurons
were silent or, when active, their discharge frequency was less
than a few hertz), the amplitude of such an “isolated” EPSP was
always increased in preparation in response to 5HT application
(Fig. 12). In the experiment reported here. EPSPs from a sensory
neuron have been recorded in four conditions: in control situa-
tion and in the presence of SHT both during and in the absence of
sinewave movement imposed on the CBCO. In the control situ-
ation, in the absence of movement, this sensory neuron produced
a few sensory spikes (mean frequency = 2 Hz calculated over a
period of 15 min). These sensory spikes produced EPSPs (Fig.
12 A1, Isolated EPSPs). During a series of sinewave movements
imposed on the CBCO, this same sensory neuron presented a
burst of sensory spikes that evoked a volley of EPSPs in the Dep
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A B

Figure 13.  Model of temporal summation. A, In a volley containing only two EPSPs, the
amplitude (V) of the second EPSP is smaller than the amplitude (V/, ) of the first EPSP, because
the second EPSP summates with the falling phase of the first EPSP. B, In a volley of n EPSPs, the
maximum amplitude (V) of the volley reaches rapidly a steady state. In this steady state, the
amplitude of each EPSP is smaller than the amplitude V of the first EPSP or an isolated EPSP. C,
Modeling of EPSPs by an instantaneous depolarization (V) followed immediately by a single
exponential falling phase (see Results for explanations). D, £, More realistic model of the EPSP
summation. D, Tomodel the delay attributable to the discrete rising phase, the amplitude of the
model EPSP was artificially increased by a factor K. With this new amplitude (K.V,), the falling
phase of the realistic model EPSP (black trace) fits perfectly the real EPSP falling phase (gray
trace). £, With this more realistic model, the summation of EPSPs (black traces) fits the summa-
tion of real shape EPSPs (gray traces). The maximum amplitude ( /) is obtained by the addition
of an EPSP with an amplitude V/; to the series of model EPSPs with an amplitude K.V,

MN (data not shown). These volley EPSPs are shown in Figure
12 A2. Tsolated EPSPs were significantly larger (¢ test; p < 0.0001) in
the 5HT condition (0.458 * 0.013 mV) than in control (0.372 *
0.011 mV) (Fig. 12 B1,CI), and the likely monosynaptic part of the
volley EPSPs was significantly smaller (¢ test; p = 0.0176) in the 5SHT
condition (0.311 = 0.016 mV) than in control (0.365 = 0.015 mV)
(Fig. 12 B2,C2). Such measurements were not possible on most of
the CBCO units because they were activated only during movement
application. Only 12 units projecting on Dep MNs and presenting a
slow rate of tonic activity in the absence of sinewave movement were
analyzed. For all of these units, isolated EPSPs were significantly
larger in the SHT condition than in the control condition. For six of
these units the volley EPSP was significantly smaller in SHT condi-
tion than in control. For four of these units there was no significant
difference in volley EPSP between control and 5HT conditions. Two
units displayed larger volley EPSPs in 5HT condition.

Integrative properties of MNs

The integrative properties of a neuron and its input—output re-
lationship depend on several parameters such as input resistance,
EPSP frequency, time constant, and membrane potential. In all of
the experiments in which 5HT induced an increase in the resis-
tance reflex, an increase in the input resistance of the Dep MN
was observed (Fig. 8). To understand the effect of this parameter
on the integrative properties of the MN, we will examine first the
relationship between the shape of an EPSP and the summation
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properties of the MN. Let us consider a volley of n EPSPs at a
frequency N. Each EPSP has a decay time constant 7. For simplic-
ity, suppose that each EPSP can be modeled as an instantaneous
rising phase followed by an exponential decay. The last EPSP will
summate with the exponentially decreasing trace of the previous
EPSP. In the case of a volley containing only two EPSPs (Fig.
13A), the maximum amplitude of depolarization (V) reached
during the volley by the second EPSP is:
—t

V=V, + VyXer

with

t= N ,
where V/ is the amplitude of a single EPSP.

In a volley containing n EPSPs (Fig. 13B), we summate all
preceding EPSPs:

-1 -1
V="V,+ VyXenr+ V, X e2*Nr +

-1

-1
Vo X e*Nr + « -« + Vy X e"*¥Nr

-1 -1 -1 -1
V=V, X (1+en+ eNe+ eNe+ -+ + e"Nr).

In an infinite series of EPSPs:
V=V, X1 +X+X+X+---

-1

1
+X)=Vo><(1_X>,X=eNT

1
V=V, X|——]).
1 —ens

-1
The value of V depends on the value of env. If this value is close to
1, V'will be very large, but generally this value is small because of
the small time constant 7. In most of our recordings 7 was <10
msec (10 ~ 2 sec). Therefore, with a frequency of 100 Hz (which is
on the order of magnitude of EPSP frequency received by a given
-1

Dep MN), N7 = 1, and ex=. = 0.37, then V = V,, X 1.58.

This model is very simple and underestimates temporal sum-
mation because we considered each EPSP to have an instanta-
neous rising phase followed by a simple exponential decay that
begins immediately (Fig. 13C). In fact, a real EPSP has a discrete
rising phase that causes a delay in the onset of the exponential
falling phase. To model this delay using EPSPs with single expo-
nential falling phases, we artificially increased by a factor K the
amplitude of all EPSPs preceding the final EPSP that was used in
the measurement of V' (Fig. 13 D, E); then the estimation of V can
be written for n EPSPs as:

-1

-1
V=V, + KX VyXeNr+ KX Vy X e*Nr+ KXV,

-1 -1

X e¥Nr+ -+ + KX Vy X "Nr,
and with an infinite number of EPSPs:

V=V + KX VX XA +X+X+X+- - +X)=V,

+ KXV, X X
0 1— X/
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In this new expression, with the same parameters (7 = 10 msec;
n = 100 Hz), we get a depolarization V = V#2.16 during the 100
Hz volley. The maximum amplitude is directly proportional to
the amplitude of EPSPs, whereas the two other parameters (Tand
n) are equally important and induce a nonlinear effect on
summation.

Let us now examine the effect of 5SHT on these parameters. We
can hypothesize that any change in input resistance of the MN
will result in a change of the same order of magnitude in the
amplitude of EPSPs. If this is true, then in the presence of 5HT,
the amplitude of EPSP should be increased by a factor of 1.2-2.9
(Fig. 8G). This first effect on the amplitude of EPSPs will directly
produce an increase in the global response to movement of the
same order of magnitude. In addition, 5HT will also increase the
decay time constant 7 of EPSPs, which will increase the global
response to movement during the volley of EPSPs. Finally, in the
5HT condition, polysynaptic EPSPs are added to the monosyn-
aptic EPSPs. This addition is equivalent to increasing the fre-
quency n. For example, if the decay time constant T of EPSPs is
doubled (from 7 = 7 msec to 14 msec, with n = 100 Hz) then

-1

X = enrisincreased from 0.24 to 0.49, and the global response is
increase from 0.81 to 1.46 mV (80% increase). If we add now the
polysynaptic EPSPs (n = 200 Hz), X increases to 0.70 and the
global response increases to 2.83 mV (247% increase). It is nota-
ble that these values are compatible with the experimental obser-
vations of the global response in the presence of 5SHT (Fig. 8G).
Thus realistic changes in the parameters (n and 7) can result in
considerable increase in summation.

On the other hand, the magnitude of the effects of increasing
n or 7 will depend on the values of these parameters. If # is too
small, summation will not be very effective because of the expo-

-1

nential form of X (X = eNr), and in this case, increasing T may
not lead to a noticeable increase in the global response. For ex-
ample, when the polysynaptic excitatory pathways are blocked,
the frequency of synaptic input (n) is lower, leading to less tem-
poral summation. This phenomenon was likely responsible for
the small, statistically insignificant increase in the global response
to 5HT in high divalent cation solution shown in Figure 11 B2
(0.67 = 0.02mV in control to 0.78 = 0.02 mV in 5HT condition),
although 7 was increased by SHT.

Discussion

We demonstrated that in the CNS 5HT modulates proprio-
ceptive sensorimotor integration in crayfish walking legs. In-
deed, 5SHT enhances the resistance reflex involved in posture
control via two main effects: (1) increasing input resistance of
the Dep MN and (2) activation of the polysynaptic pathway
(Figs. 9D, 11).

Effect of 5HT on MNs

The two effects of 5HT on Dep MNs (slow tonic depolariza-
tion and increase in input resistance) occur with different time
scales. Depolarization started after 1 min in the presence of
5HT and reached a maximum after 5 min. In a series of exper-
iments in which 5HT was pressure applied close to an intra-
cellularly recorded Dep MN, each puff of 5HT elicited a rapid
(a few tens of milliseconds) and transient depolarization (D.
Cattaert, unpublished observations). Such 5HT-induced de-
polarization was observed in other preparations (Katz and
Harris-Warrick, 1989; McCormick and Pape, 1990; Kiehn and
Harris-Warrick, 1992). The second effect of 5HT on Dep MNss
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consisted of an increase in the input resistance. In our exper-
iments, this effect was detectable after 10 min in the presence
of 5HT and reached a maximum after 25 min. Because of the
long latency of this effect, the input resistance increase is likely
mediated through metabotropic 5HT receptors and second
messengers. The multiplicity of effects of 5HT on a given tar-
get was shown in the stomatogastric ganglion of the crab, in
which 5HT evoked a depolarization in dorsal gastric (DG)
neurons that was accompanied by a decrease in input conductance
(Kiehn and Harris-Warrick, 1992). The authors demonstrated that
5HT modulated more than one target conductance in DG
neurons and that the effect depended on the membrane po-
tential of DG. In addition, in the escape circuit of the crayfish,
5HT induces dual opposite effects depending on the mode of
application (Teshiba et al., 2001). In the present work, SHT
was applied with a slow perfusion system, and the level of 5SHT
increased gradually to reach 10 uMm in the bath. Therefore, our
findings are in accordance with the effects of low doses of 5HT
on the escape circuit of the crayfish.

Effect of 5HT on the polysynaptic excitatory pathway

The polysynaptic pathways activated in the presence of 5HT in-
volved spiking interneurons because they were blocked in the
presence of high divalent cation solution. This result indicates
that in the presence of 5HT, the involved spiking interneurons
increased their excitability, allowing their membrane potential to
reach the threshold for spike generation, and thereby evoked an
EPSP in postsynaptic MNs. Such a 5SHT-induced increase in ex-
citability was demonstrated in rat facial MNs (Rasmussen and
Aghajanian, 1990), pyramidal neurons from rat piriform cortex
(Sheldon and Aghajanian, 1991), and neurons of the lamprey
spinal cord (Van Dongen et al., 1986).

On the other hand, the increase in the polysynaptic response
recorded from the MNs (Fig. 9) may result from an increase in
the amplitude of the polysynaptic EPSPs. This later effect may
result from the postsynaptic effect of 5HT on input resistance
as analyzed in the mathematical model presented in this paper.
However, the increase of EPSP amplitude in Dep MNs could
also involve presynaptic mechanisms as was shown in rat dor-
solateral septal nucleus via 5SHT2A receptors (Hasuo et al.,
2002).

Multiplicity of 5HT effects

It is notable that each of the 5SHT-induced changes reported here
would lead to minor effects if occurring alone, but that it is their
conjunction that produces a dramatic enhancement of the resis-
tance reflex. The small but consistent depolarization of the MNs
will bring their membrane potential closer to spike threshold,
thereby causing an increase in firing rate. The increase in the
time constant of the MNs increases temporal summation of
EPSPs and thereby allows the MNs to reach more depolarized
potentials during a volley of EPSPs. The likely increase in excit-
ability of the interneurons causes these neurons to fire more
readily in response to a given sensory input and thereby rein-
forces the polysynaptic component of the compound EPSPs trig-
gered by sensory spikes.

In addition to the central effects analyzed here, 5HT also in-
duces peripheral effects on the sensory neurons and on muscles.
It is striking that these peripheral effects act in the same direction
as the central effects demonstrated here. When 5HT is bath ap-
plied on the CBCO proprioceptor, the excitability of the sensory
neurons is increased (Rossi-Durand, 1993); however, the maxi-
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mal effect was obtained with a concentration of 1 um. Higher
concentrations seemed to be less effective, and for 20% of the
recorded cells, 100 uM 5HT induced a decrease of the sensory
discharge. The duality of the effects on sensory neurons for SHT
concentrations of 10 uM are in accordance with the present re-
port on MNs. The significance of this dual effect is discussed
below.

The other peripheral target of 5HT is the neuromuscular
transmission. In the crayfish opener muscle, EPSP amplitudes
increase up to 18-fold in the presence of 5-HT (Fischer and Flo-
rey, 1983). This effect was caused predominantly by a serotonin-
induced increase in the release of quanta of excitatory transmitter
with nerve stimulation (Glusman and Kravitz, 1982). This in-
creased synaptic transmission at the neuromuscular junction is
use dependent (Qian and Delaney, 1997). In the locust, 5SHT was
also shown to increase muscle contraction. For example, bath
application of 5HT on the mandibular closer muscles of the
locust while the muscles are active produces marked changes
in the contractions, increasing their amplitude, rate of con-
traction, and rate of relaxation (Baines et al., 1990). These
authors have shown that SHT elevates the levels of the cAMP
in isolated muscle fibers.

All of these effects of 5SHT seem to contribute to the same
goal: increasing the resistance reflex activity. In the presence of
5HT, sensory neurons increase their sensitivity to movement,
providing the CNS target neurons with higher rates of spike
discharge. In the presence of 5HT, interneurons of polysynap-
tic pathways of the resistance reflex are more excitable and
elicit large polysynaptic EPSPs in the MNs. In the presence of
5HT, these MNs increase their responsiveness in at least two
ways: a moderate tonic depolarization and an increased input
resistance. As a consequence, their input—output relationship
is steeper, and because of the increased sensory inflow relayed
and amplified by interneurons of polysynaptic pathways, they
are recruited more readily in response to any movement of the
leg. As a consequence, previously silent MNs are activated.
Finally, the two last stages (neuromuscular synaptic transmis-
sion and muscle contraction) are also enhanced in the pres-
ence of 5SHT (Fischer and Florey, 1983; Baines et al., 1990). All
of these combined effects may be caused by the activity of the
5HT neurons that exist by pairs in thoracic and abdominal
ganglia (Beltz and Kravitz, 1983). It is not known, however,
whether these 5HT-containing neurons project on the various
targets mentioned here, and the modality of their discharge in
the living animal is not known.

Variability of 5HT-induced responses

In experiments using simultaneous intracellular recordings from
Dep MNss involved in resistance reflex, either all recorded Dep
MNs displayed an increase of the resistance reflex or none of
them was affected. Therefore, one source of variability of the
response to 5HT is inter-individual. On the other hand, in a given
experiment, the magnitude of the effect of 5HT was different
among the different intracellularly recorded Dep MNs (Fig. 5),
suggesting a variability between MNs. This inter-MN variability
could have several nonexclusive origins. First, the increase in the
resistance reflex response can depend on the distance between the
recording site and synapses of the polysynaptic pathway. Dep
MNs indeed have a complex morphology with many branches
(Cattaert et al., 1994b; Clarac and Cattaert, 1996; Watson et al.,
2000), and there are few data concerning the location of mono-
synaptic (Cattaert and El Manira, 1999) and no data about
polysynaptic input synapses. Second, the inter-MNs variability
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could suggest an heterogeneity in the MN population. Such a
heterogeneity was shown for the response of Dep MNss to acetyl-
choline (ACh). Some Dep MN are conditional oscillators and
present rhythmic oscillations of their membrane potential in the
presence of ACh, whereas others never do (Cattaert et al.,
1994a,b).

One possible source of inter-individual variability could be
related to the social status of the animal. In crayfish, the effect of
5HT on the neural circuit for tail-flip escape behavior was found
to depend also on the animals’ social experience. 5SHT reversibly
enhanced the response to sensory stimuli of the lateral giant tail-
flip command neuron in socially dominant crayfish and revers-
ibly inhibited it in subordinate animals (Yeh et al., 1996). All of
the animals used in our experiments were maintained in large
tanks containing many animals. Therefore, we did not know
the social status of each experimental animal. Given the fact
that dominant animals generally present a more elevated pos-
ture than subordinate animals, we hypothesize that 5HT can
enhance the resistance reflex response of the Dep MN in dom-
inant animals and have no effect (or a negative effect) on the
resistance reflex in subordinate animals. However, because of
the fact that 5HT increases reflex activation in both Dep and
Lev MN:s, it is likely that if this hypothesis is true, 5HT mod-
ulation would lead to an overall increase in joint stiffness
rather than toward an asymmetric change in joint posture in
dominant animals. These effects are also dependent on which
MNs participate to maintaining posture, and therefore the
effect of 5SHT on posture in vivo cannot be drawn directly from
the present results.
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