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ABSTRACT 
 
The present study has investigated the rhythmic properties of spinal networks in the 

neonatal rat spinal cord in vitro, by means of intracellular recordings from single 

motoneurons (MNs) and extracellular recordings from ventral and dorsal roots (VRs; 

DRs). 

Distinct subclasses of metabotropic glutamate receptors (mGluRs) on rat spinal 

neurons mediated complex facilitatory and inhibitory effects. The class I agonist 

DHPG evoked MN depolarization (via the mGluR1 subtype) mostly at network level 

and generated sustained, network-dependent oscillations (via the mGluR5 subtype). 

DHPG also decreased the amplitude of reflex responses induced by DR stimuli, an 

effect unrelated to depolarization but dependent on glycinergic transmission. Single 

reflex responses were insensitive to group I mGluRs antagonists, suggesting no phasic 

activation of group I receptors during this process. Finally, DHPG depressed the 

glycinergic recurrent IPSP, perhaps by impairing the cholinergic input to Renshaw 

cells. Thus, the cellular distribution of those mGluRs at strategic circuit connections 

may determine the functional outcome of the network in terms of excitation or 

inhibition. Activation of class II or III mGluRs had no direct action on MNs although 

it strongly blocked evoked synaptic transmission, presumably acting at presynaptic 

level.  

To extend our understanding of the network-based properties, which enable a 

neuronal circuit to produce sustained electrical oscillations, we explored the potential 

contribution of mGluRs to generate rhythmic discharges. 

During cumulative depolarization or fictive locomotion, spinal mGluRs were 

minimally activated by endogenous glutamate, although they could potently modulate 

these responses once activated by exogenously applied mGluR agonists. Disinhibited 

bursting was associated with the activation of mGluR1 receptors (facilitating network 

excitability) and of group II mGluRs (depressing it).  

We investigated if the K+ channel blocker 4-aminopyridine (4-AP) could facilitate 

spinal locomotor networks in addition to its well-known effect on motor nerve 

conduction. 4-AP produced synchronous VR oscillations, which did not develop into 

fictive locomotion. These oscillations had network origin, required intact 

glutamatergic transmission and were probably amplified via electrotonic coupling. 4-

AP slightly increased input resistance of lumbar MNs, without affecting their action 
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or resting potentials. DR evoked synaptic responses were enhanced by 4-AP without 

changes in axon conduction. 4-AP accelerated chemically or electrically induced 

fictive locomotion and facilitated the onset of fictive locomotion in the presence of 

subthreshold stimuli, that were previously insufficient to activate locomotor patterns. 

Thus, although 4-AP per se could not directly activate the locomotor network of the 

spinal cord, it could strongly facilitate the locomotor program initiated by 

neurochemicals or electrical stimuli.  

On DRs, 4-AP induced sustained synchronous oscillations smaller than electrically 

evoked synaptic potentials, persistent after sectioning off the ventral region and 

preserved in an isolated dorsal quadrant, indicating their dorsal horn origin. 4-AP 

oscillations were network mediated via glutamatergic, glycinergic and GABAergic 

transmission. Isolated ventral horn areas could not generate 4-AP oscillations, 

although their intrinsic, disinhibited bursting was accelerated by the substance.  

Activation of fictive locomotion by either application of neurochmicals or stimulus 

trains to a single DR reversibly suppressed DR oscillations induced by 4-AP.  

The present electrophysiological investigation also examined whether the broad 

spectrum potassium channel blocker tetraethylammonium (TEA) could generate 

locomotor-like patterns. Low concentrations of TEA induced irregular, synchronous 

discharges incompatible with locomotion. Higher concentrations evoked alternating 

discharges between flexor and extensor motor pools, plus a large depolarization of 

MNs with spike broadening. The alternating discharges were superimposed on slow, 

shallow waves of synchronous depolarization. Rhythmic alternating patterns were 

suppressed by blockers of glutamate, GABAA and glycine receptors, disclosing a 

background of depolarizing bursts inhibited by antagonism of group I mGluRs. 

Furthermore, TEA also evoked irregular discharges on DRs. The rhythmic alternating 

patterns elicited by TEA on VRs were relatively stereotypic, had limited synergy with 

the fictive locomotion induced by DR stimuli, and were not accelerated by 4-AP. 

Horizontal section of the spinal cord preserved irregular VR discharges and DR 

discharges, demonstrating that the action of TEA on spinal networks was 

fundamentally different from that of 4-AP. 
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INTRODUCTION 

 
1. PHYSIOLOGY OF THE CENTRAL PATTERN GENERATOR (CPG) AND 

SPINAL LESIONS 

 
For many species, the automated movements needed for walking, respiration, 

scratching, mastication or other rhythmic activities are generated by the remarkable 

organization of certain neural networks. For locomotion, one usually refers to the term 

“central pattern generator” to indicate a set of spinal neurons responsible for creating 

a motor pattern. 

 
1.1. The CPG for locomotion 

Early in past century, Thomas Graham-Brown discovered that rhythmic contractions 

of hind leg muscles of the spinalized cat could be generated in the absence of any 

sensory input from peripheral receptors in the legs. This important observation 

demonstrated that networks of nerve cells located entirely in the spinal cord generate 

the rhythm for stepping, and established the alternating pattern of activity in flexor 

and extensor muscles. The expression `central pattern generator` is an operational 

expression to designate an ensemble of neural elements whose properties and 

connectivity can give rise to characteristic patterns of rhythmic activity in absence of 

external feedback. The expression `fictive patterns` refers to these characteristic 

patterns themselves as expressed in paralyzed preparations or in vitro preparations, as 

opposed the full `active or real pattern` of movements in vivo. 

General principles of the organization of these circuits and their control exerted by 

higher brain centers have come from the study of smaller circuits found in 

invertebrates and from the studies on CPGs associated with swimming in the lamprey, 

tadpole, leech and the molluscs Tritonia and Clione. From investigations of these 

networks, we learned that central pattern generation is a complex process that depends 

on numerous mechanisms. These mechanisms can be related to cellular properties of 

individual nerve cells, properties of the synaptic connections between the nerve cells 

and pattern of interconnections between nerve cells (Marder and Bucher, 2001). 

As exemplified in Fig. 1, in all classes of vertebrates, the overall locomotor control 

system is designed in a similar way, which is not surprising when viewed in an 

evolutionary perspective. 
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Thus, the same mesopontine and diencephalic centres initiate locomotor activity in 

lampreys as in primates, via activation of lower brainstem reticulospinal neurons. 

These, in turn, activate the spinal CPG which generates the motor pattern, be it 

swimming or walking. Sensory feedback acting on the CPG is an integral part of the 

control system and helps to adapt the motor pattern to external events.  

 

 

Figure 1. General control scheme for vertebrate locomotion. The basal ganglia exert a tonic inhibitory 
influence on different motor centres. Once a pattern of motor behavior is selected the inhibition is 
released, allowing in this case the locomotor centre in the brainstem to be activated. Locomotion is 
then initiated by an increased activity in reticulospinal neurons which activate the central spinal 
network, which in turn produces the locomotor pattern in close interaction with sensory feedback (from 
Grillner et al., Brain Res Rev 1998). 
 

A remarkable feature that comes from a variety of invertebrate preparations, including 

the leech heartbeat system, the crustacean stomatogastric nervous system, Tritonia, 

and a variety of insect preparations, is that rhythmic motor patterns can be activated 

by a large number of different neuromodulators (Marder and Calabrese, 1996). 

Similarly, fictive locomotion patterns in neonatal rat spinal cord in vitro can be 

activated by several substances. Therefore, it has been suggested that these substances 

are responsible for configuring the spinal cord for different movements (Beato and 

Nistri, 1999), activating different spinal networks or switching individual neurons 

among distinct functional circuits. 

 

1.2. Organization of the mammalian CPG  

Recently, Lafreniere-Roula and McCrea (2005) have examined the features of 

spontaneous deletions of bursts of motoneuron (MN) activity that can occur within 

either rhythmic alternating flexor and extensor activity during fictive locomotion or 

scratching in adult decerebrated cats. Deletions are reductions or absences of one or 

more expected rhythmic bursts of activity in multiple agonist MN pools. During 
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rhythmic fictive locomotion and scratching, the deletions of activity in multiple 

agonist MN pools are presumably related to a temporary failure in the operation of the 

CPG.  

In experiments to explore the issue, the re-emergence of the activity after spontaneous 

deletions during fictive locomotion and scratching, occurs as a multiple of the pre-

existing cycle period without cycle resetting or frequency change. This maintenance 

of cycle period during deletions suggests that the failure to recruit MNs is not 

inextricably linked to the generation of the locomotor or scratching rhythm. This fact 

suggests that the organization of locomotor and scratch CPGs presents a separation 

between the cells generating rhythm (a sort of internal clock) and the cells distributing 

excitation to MNs. 

A schematic representation of the proposed architecture for the CPG operating for one 

limb pattern is provided by Lafreniere-Roula and McCrea (2005). This consists of 

separate networks for rhythm generation and for pattern formation. Pattern formation 

modules include circuitry for reciprocal inhibition of antagonist motor pools and for 

controlling the activity of subsets of MNs.  

The organization in Figure 2 offers an explanation for the deletions associated with 

the maintenance of phase of the locomotor rhythm. A spontaneous alteration of 

excitability within the pattern formation networks will not affect the rhythm 

generation network. In fact, it would simply alter MN activity, resulting in a transient, 

complete suppression of activity (or a reduction; partial deletion) in 

electroneurographic amplitude, but without producing any rhythm resetting or phase 

shift. When the deletion-producing episode disappears, MN activity would return 

precisely at the time expected if the deletion had not occurred. 
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1.3. Control of locomotion 

Like in other species, the function of mammalian neural networks for locomotion is 

dependent upon different types of external controls (Fig. 3). In the neonatal rat one is 

situated in the supraspinal regions, to provide the triggering system for locomotion. 

The second system comprising multiple segmental afferents, can modulate pattern 

frequency and intensity (Clarac et al., 2004). The third system, represented by 

propriospinal pathways, is responsible for the movement coordination among various 

parts of the body (Cazalets, 2005). 

Supraspinal centers control locomotion via slow and fast descending pathways 

impinging on the spinal networks. Fast conducting reticulospinal pathways, that, in 

turn, become activated by mesencephalic and diencephalic locomotor regions, 

regulate the level of activity within the CPG and can thus induce rapid changes in 

locomotion. In addition, slow monoaminergic pathways affect the level of 

responsiveness in the spinal circuits. Both control systems appear to function in a very 

different way, as the monoamine system sets the level of background tone, whereas 

the fast reticulospinal system has the command role (Grillner, 2002). 

Figure. 2. Schematic representation of the proposed architecture for the central pattern generator 
(CPG), which consists of separate networks for rhythm generation (clock) and for pattern formation 
(i.e., the distribution of excitation and inhibition to MN pools; from Lafreniere-Roula and McCrea, J 
Neurophysiol 2005).  
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Beside the slow and fast descending pathways controlling the locomotor CPG, other 

types of input are also needed for a behaviorally-adequate locomotor activity. In fact, 

postural adaptation involves cerebellar control via vestibulo-, reticulo- and rubro-

spinal pathways, while visuomotor coordination, for instance to achieve accurate foot 

placement in a complex terrain, is mediated via the corticospinal pathways (Grillner, 

2002). 

At the same time, the brain receives feedback information from spinal locomotor 

networks and this appears to be a common feature of spinal pattern generation 

throughout phylogeny. For example, Vinay and Grillner (1992) have described the 

existence of neurons in the lamprey spinal cord that, with axons ascending to the 

brainstem, inform reticulospinal neurons about spinal CPG activity. The same 

organization has been previously demonstrated in mammals by Arshavsky et al. 

(1984) for the neurons of the ventral spinocerebellar tract. More recently, a spino-

rubral pathway that directly conveys rhythmic signals has been observed in the cat by 

Vinay et al. (1993). 

An additional way to shape and adapt the CPG operativity is represented by 

information coming from the periphery. In fact, during locomotion, afferent inputs 

determine several types of reorganization of reflex pathways, which serve not only to 

regulate the excitability of local groups of MNs, but also to control the basic operation 

of CPG. The mechanisms involved include: the suppression of interneuronal (reflex) 

pathways operating at rest, the emergence of new reflex pathways during locomotion, 

afferent actions on interneurons that form part of the CPG, presynaptic suppression of 

synaptic transmission from afferents and modification of MN membrane currents and 

firing properties (McCrea, 2001). 

Many authors have confirmed that spinal locomotion can be either induced or 

facilitated through ‘non-specific’ sensory stimulation (deGuzman et al., 1991; 

Edgerton et al., 1991; Hodgson et al., 1994; Rossignol et al., 1996).  

Already at birth, the immature afferents can modulate the fictive locomotion 

frequency in vitro, as described by Marchetti et al. (2001), who were even able to 

induce a rhythmic activity with strong sensory stimulation. However, in the last few 

years there is a growing excitement about the wealth of data on some very specific 

types of sensory input which are thought to have direct access to the CPG (Van de 

Crommert et al, 1998). 
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Finally, for the adequate function of the central nervous system various areas of the 

body must operate together to ensure either postural or propulsive behaviors during 

locomotion. For example, bipedal locomotion is a complex motor behavior which 

needs the simultaneous activation of most body parts including trunk and neck, 

forelimbs and hindlimbs. Thus, appropriate locomotor and postural activities in 

mammals result from the coordinated activation of different spinal networks. Recent 

results by Cazalets (2005) suggest that the mammalian spinal cord contains 

propriospinal pathways, including local circuits as well as long projection fibers, 

through which motor activity propagates along the spinal cord with a specific 

temporal pattern and may be involved in coordinating various parts of body. 

 

 

 

 

 

Figure 3 

Automaticity is a 

key feature of 

neural motor 

control systems. 

Many sources of 

input to the brain 

(blue box) and 

spinal cord 

(yellow box) are 

constantly 

processed as we 

accommodate to 

the complexities 

of an ever-

changing 

physical 

environment 

(from Edgerton 

et al. Annu Rev 

Neurosci 2004). 
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1.4. Ontogeny of spinal networks 

At birth, although rodents cannot walk because of immature posture, their CPG for 

locomotion is already functional. In fact, in vitro preparations from newborn rodents 

can express alternating fictive locomotion in the presence of excitatory input as 

administration of NMDA plus 5-HT (Vinay et al., 2002). Similar locomotor-like 

patterns are also recorded from spinal cords 2 days prior to birth, showing that left-

right, flexor-extensor commands are fully expressed during the last part of embryonic 

life (Vinay et al., 2002).  

Conversely, analogous experiments done 5 days prior to birth show presence of 

synchronous motor patterns only (Kudo and Nishimaru, 1998, Nakayama et al., 

2004). During the perinatal period, important changes occur in the spinal network 

neurons in coincidence with the transition from pattern synchrony to alternation. 

GABAergic and glycinergic interneurons located in the region dorsomedial to the 

lateral motor column are mainly responsible for alternation between homosegmental 

MNs. At this stage of development, a shift of ECl- towards hyperpolarized values and 

a large growth of inhibitory connections between the two sides of the cord, convert 

GABA- or glycine-mediated excitation to inhibition (O`Donovan et al., 1998).  

Furthermore, in the last embryonic days spinal networks undergo extensive spatial 

rearrangement. In fact, both in the chick embryo (Antal et al., 1994) and the rat fetus 

(Ma et al., 1992) the transient population of GABA immunoreactive interneurons in 

the ventral part of the spinal cord disappears after birth as GABAergic interneurons 

are mostly distributed in the dorsal horn. The fate of the ventral horn neurons remains 

unclear, although evidence suggests that they can switch from GABA to glycine 

(Gonzalez-Forero and Alvarez, 2005) while these transiently express ERG K+ 

conductances typical of neuronal development (Furlan et al., 2005). 

Modifications in the intrinsic membrane properties of MNs are one of the 

fundamental characteristics during the transition from embryonic to postnatal age. 

These include age-related decrease in input resistance, augmented rheobase, and the 

development of repetitive firing properties (Carrascal et al., 2005). 

Noteworthy is that the maturation of MNs does not simultaneously proceed in all 

motor pools. For instance, ankle flexor MNs acquire repetitive firing properties earlier 

than ankle extensor MNs (Vinay et al., 2000).  

 The action potential properties are markedly changed during the last week of 

gestation and immediately after birth. Postnatal differences include a shift of the 
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threshold for action potential toward more negative potentials, a shortening in the 

action potential duration, and a decrease in the length of spike afterhyperpolarization. 

(Gao and Ziskind-Conhaim, 1998, Carrascal et al., 2005). The increase in MN 

excitability during spinal cord development is due to modifications in many ionic 

conductances. The threshold potential for INa activation is more negative in postnatal 

than in embryonic MNs. Modifications in potassium conductances involve a larger 

number of leak-potassium channels, a higher amplitude of IK, a decline in current 

density of IA and wider postnatal expression of IK(Ca) (Gao and Ziskind-Conhaim, 

1998). Another potassium current whose maturation may be important with regard to 

rhythm generation is the hyperpolarization-activated inward current Ih (Takahashi, 

1990 b; Kjaerulff and Kiehn, 1996; Kiehn et al., 2000). 

Moreover, in the mammalian isolated spinal cord the locomotor rhythmic activity is 

blocked by antagonists of L-type Ca2+ channels after P7. This suggests that L-type 

channels can make an important contribute to mature motor behavior (Jiang et al., 

1999; Perrier and Hounsgaard, 2000).  

Nevertheless, intrinsic properties of mature MNs are also changeable: for instance, 

alterations in intrinsic properties may occur as a consequence of tissue damage, thus 

making the injured spinal cord closer to the conditions found in the perinatal stage 

(Perrier et al., 2000). Nashmi and Fehlings (2001) have reported, following spinal 

cord injury, an increased level of expression of channels responsible for IA current. 

In addition, during development, anatomical changes affect the membrane properties 

of MNs. At the embryonic stages, in fact, MN somal size increases reaching adult size 

at birth and similarly, the dendritic trees growth through neonatal life with consequent 

net enlargement of the MN surface area (Carrascal et al., 2005). Age-related 

modifications in the kinetics of both GABA and glutamate receptor channels have 

also been reported (O`Brien and Berger, 2001; Stegenga and Kalb, 2001) although it 

should be noted that GABA and glycine are functionally inhibitory just after birth 

(Marchetti et al., 2002).  

A key element in the maturation of lumbar networks is the development of 

descending pathways in particular serotoninergic projections. At E17 pathways 

descending from the brainstem have just reached the lumbar enlargement and, during 

the first postnatal week, the growth of serotoninergic axons allows maturation of adult 

electrical properties in MNs (Vinay et al., 2002). Conversely, mature networks 

resume an embryo-like function following either pharmacological blockade of 5-HT 
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receptors or when 5-HT receptor activation is prevented by acute spinalization that 

severs descending projections (Sillar et al., 1992; Pfieger et al., 2000).  

Although electrical coupling among rat spinal cord neurons decreases during the first 

postnatal week (Walton and Navarrete, 1991), gap junctions in the adult reappear 

following nerve injury (Chang et al., 2000). 

In summary then, birth is associated with profound changes in the wiring properties of 

spinal networks as well as in the characteristics of intrinsic conductances. These 

modifications allow expression of locomotor patterns similar to the adult ones (Kiehn 

and Kjaerulff, 1996). The baby rat cannot walk because of skeletal muscle immaturity 

(Clarac et al., 1998), and, it can actually generates quadrupedal locomotor patterns if 

suspended from the ground. 

These observations suggest the use of neonatal spinal cord preparations as a suitable 

model to investigate the physiology and pharmacology of locomotor circuits. 

 

1.5. Intrinsic MN activity 

MNs are the final convergence pathway for the CPG network, but this does not mean 

that they are mere transducers of the synaptic inputs received from premotor network 

circuits. In fact, intrinsic properties of spinal MNs determine how converging 

neuronal inputs are translated into the final command to muscles. In particular, in the 

absence of inputs from the CPG network, MNs can produce coherent synchronous 

rhythmic patterns as a result of the activation of some intrinsic membrane 

conductances. To observe this type of discharges (which is not locomotor-like 

because of lack of alternation) two conditions must be met. The first one is the 

activation of NMDA receptors that induce bursting even after pharmacological 

blockade of synaptic transmission mediated by action potentials. The second one is 

the coordination of neuronal activity across gap junctions.  

Such a MN activity expressed by the activation of NMDA receptors is also dependent 

on the activation of 5-HT receptors (Sillar and Simmers, 1994; MacLean et al., 1998; 

Prime et al, 1999). A different form of sustained MN excitation (independent from 

CPGs) is prolonged plateau potentials during which the membrane potential remains 

depolarized versus the resting one. The plateau potential allows a cell to possess two 

stable membrane potentials: one at rest, without spike activity, and another one at a 

more depolarized level, that generates sustained firing. The term of bistability 

indicates these two stable membrane potentials (Kiehn and Eken, 1998). Functionally, 
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when a plateau potential is initiated, a cell can fire action potentials in the absence of 

continuous synaptic excitation. Such mechanism might be useful in postural muscles, 

where part of a continuous descending synaptic drive could be replaced by self-

supporting membrane properties (Kiehn and Eken, 1998). 

In spinal MNs, bistable behavior is a latent property revealed in the presence of 

promoting agents. This facilitation is mediated by the activation of muscarinic and 

group I mGluRs (Svirkis and Hounsgaard, 1997, Delgado-Lezama et al., 1997; 

Svirkis and Hounsgaard, 1998), but also by serotonin (Hounsgaard and Kiehn, 1989) 

and noradrenaline (Conway et al., 1988; Lee and Heckman, 1996). 

Bistability is originated by a non-inactivating or slowly inactivating inward current. In 

spinal MNs this current is predominantly mediated by the influx of Ca2+ through L-

like calcium channels, as it is blocked by the calcium blocker nifedipine (Hounsgaard 

and Mintz, 1988; Hounsgaard and Kiehn, 1989; Alaburda et al., 2002). The activity is 

terminated when Ca2+ influx activates calcium dependent potassium channels (KCa) 

that, in turn, causes a progressive hyperpolarization (Grillner et al., 2000). 

It has been proposed that the voltage sensitive persistent inward current in MNs is 

normally present, but masked by outward currents (Schwindt and Crill, 1982). Thus, 

after pharmacological block of the outward potassium conductance by 

neuromodulators, the inward current is capable of generating plateau potentials 

(Housgaard and Kiehn, 1985; Hounsgaard and Mintz, 1988). Neuromodulators can 

activate intracellular pathways, that target several types of ion channels and, in this 

way, regulate outward and inward current generators in parallel.  

In addition to the persistent inward current mediated by L-type Ca2+ channels, other 

persistent inward currents have been identified for generating plateaux in spinal MNs.  

For bistable behavior generation in turtles MNs, many studies have proposed the 

involvement of a calcium-activated voltage-dependent sodium current referred to as 

ICAN (Rekling and Feldman 1997; Perrier and Hounsgaard, 1999). However, the 

functional significance of ICAN and its presence in the spinal MNs of other species 

remain unknown. 

Furthermore, the inward current Ih, that carries a mixture of K+ and Na+ ions in 

response to hyperpolarization and that is strongly enhanced by 5-HT (Kjaerulff and 

Kiehn, 2001), has been suggested to play a role in generating plateaux (Kiehn and 

Eken, 1998). On the contrary, more recent evidence has suggested that Ih, rather than 
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contributing to bistability, acts as a tonically depolarizing leak conductance (Kiehn et 

al., 2000).  

The voltage- and tetrodotoxin- sensitive sodium persistent current INaP can initiate and 

maintain tonic or burst firing which, in some cases, is sufficient to evoke a plateau 

potential (Harris-Warrick, 2002). It has been reported that the pre-Botzinger complex 

for respiratory rhythmic activity incorporates an insipiratory pacemaker (kernel of 

neurons) possessing a high INaP (Del Negro et al., 2002a). In further support of the 

data, blocking INaP with the relatively selective blocker riluzole abolishes nauronal 

bursting (Del Negro et al., 2002b). 

 

1.6. Evidence for the human CPG 

In contrast to the abundance of data in animals, leading to the general assumption of a 

CPG underlying the central control of locomotion, little is known about spinal 

networks acting like CPGs in primates in general and in humans in particular. Hence, 

in the context of human locomotion, an important question arises: is there a CPG in 

humans? 

Spontaneous, involuntary and alternating stepping-like movements in the lower 

extremities have been repeatedly observed by Calancie and his colleagues (1994) 

under certain conditions in a subject with a chronic history of neurologically 

incomplete spinal cord injury (SCI). These authors pointed out that many of the 

recorded movements had the characteristics of the stepping movements seen in a 

variety of animal studies, in which the CPG operation has been implicated.  

Further evidence suggesting that neural networks responsible for generating rhythmic 

locomotor activity can be located in the human spinal cord, comes from experiments 

in which specific sites of the spinal cord were electrical stimulated. Dimitrijevic et al. 

(1998) have demonstrated that tonic electrical stimulation of human completely 

injured spinal cord induces patterned, locomotor-like activity (Fig. 4). 
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Figure 4. Diagrammatic sketch of the experimental design of this study. In (A), the subject under 

examination is in the supine position with the stimulating epidural electrode above the lumbar cord. 

Pairs of surface electrodes for electromyographic (EMG) recording are placed over both quadriceps, 

adductors, hamstrings, tibial anterior, and triceps surae muscle groups. Diagram of the quadripolar 

epidural electrode placed within the spinal canal above the posterior lumbar cord structures (B); EMG 

recording of rhythmic activity from the right lower limb during stimulation of the upper segments of 

the lumbar cord, with position sensor trace recording movement of the knee during flexion and 

extension of the lower limb (C ); (from Dimitrijevic et al. Ann N Y Acad Sci 1998) 

 
Gerasimenko et al. (2002) have also used spinal cord stimulation in paraplegic 

patients (lesioned at thoracic or cervical level) and found that stimulation of the 

ventral surface of the cord initially produces tonic activity in the motor pools of the 

leg, eventually giving way to rhythmic activity.  

Another example of involuntary stepping movements is given by sleep-related 

periodic leg movements. These are stereotypic, periodic, movements involving one or 

both lower limbs. As reported by Bixler et al (1982) such movements are not disease-

specific and can also appear in healthy subjects without voluntary trigger. 

Moreover, the possible existence of intrinsic spinal networks in humans is shown by 

the presence of primitive step-like movements in the externally supported newborn 

infants whose stepping is less likely to be under strong cortical control than in the 

adult (Forssberg, 1985).  
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Recently, Yang and his collaborators (2005) showed, for the first time, that infants 

can step in a coordinated manner on a split-belt treadmill when the belts run at 

remarkably different speeds and when the belts are running in opposite directions. 

Since different types of coupling and opposite directions of stepping are 

simultaneously possible in both legs, these authors have concluded that the pattern 

generator for each leg has some autonomy, even in infants. 

The innate character of the CPG is further supported by the well-known presence of 

coordinated movements during the prenatal phase. Rayburn (1995), monitoring fetal 

movements, has shown that coordination of the whole-body movements is very 

similar to the one seen in the newborn infant. 

 

1.7. Spinal cord injury (SCI) 

SCI may be defined as a lesion to the spinal cord that compromises, either completely 

or incompletely, its major functions (motor, sensory, autonomic and reflex). 

Following the initial impact after SCI, there is a cascade of downstream events termed 

'secondary injury', which evolves in degenerative events in the spinal cord. These 

secondary injury mechanisms include, (but are not limited to), ischemia, 

inflammation, free radical-induced cell death, glutamate excitotoxicity, cytoskeletal 

degradation and induction of extrinsic and intrinsic apoptotic pathways (Park et al., 

2004).  

Nearly all spinal-cord injuries damage both upper and lower MNs. Segmental lower 

MNs are damaged or lost in the central gray matter at the injury site and in several 

segments above and below the lesion, resulting in flaccid paralysis at the injury level. 

Variable injury to the surrounding white matter affects the long tracts, and interrupts 

descending pathways coming from supraspinal motor centers. In all lesions, apart 

from complete transections, a small doughnut-like rim of white matter remains at the 

injury site. This outer white matter allows some axons to 

remain intact, but many others cease to function because of segmental demyelination. 

While motor function is severely disrupted following SCI, the spinal circuitry, 

however, exhibits a great degree of automaticity and plasticity after an injury 

(Edgerton et al., 2004). Automaticity describes the concept by which spinal circuits 

are able to carry out complex motor tasks without “conscious” supraspinal input. 

Plasticity indicates changes at the cellular level in the spinal cord induced in an 

activity-dependent manner. These characteristics should be strongly considered as 
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advantageous in developing therapeutic strategies to assist the recovery of locomotor 

function following SCI. 

These concepts are important and necessary for the design of locomotor rehabilitation 

strategies in patients with spinal cord injuries, especially when different approaches 

such as locomotor training, pharmacoterapy and functional electrical stimulation are 

combined (Barbeau and Rossignol, 1994).  

Pain and spasticity are common sequelae of SCI (Burchiel and Hsu, 2001). Chronic 

pain is a major complication to SCI. Epidemiologic studies indicate that 

approximately two-thirds of all SCI patients suffer from chronic pain, one-third have 

severe pain. Spasticity is defined as both abnormal increase in tone (hypertonus) and 

velocity-dependent increased resistance to muscle stretch.  

An understanding of these disorders and the therapeutic means to achieve functional 

restoration from these complications of SCI are particularly crucial to allow 

individuals with para- and quadriplegia the opportunity to live a full, productive, and 

comfortable life. Fig. 5 shows diagrammatic scheme concerning modification of 

spinal networks induced by SCI. It is noteworthy that after lesion sensory input 

becomes greater than normal, whereas the direct supraspinal influence on locomotion 

is greatly reduced. 

 

 (B) Figure 5. After a 
complete SCI, where 
the supraspinal 
connections are 
severed, the spinal 
circuitry adapts to its 
altered combination of 
inputs to facilitate 
motor output. The 
locomotion and 
standing patterns that 
can be exhibited after 
training illustrate not 
only a high level of 
spinal automaticity but 
also the spinal cord’s 
capacity to learn and 
perform motor tasks. 
The gray box lists 
various therapeutic 
strategies by which 
functional motor 
recovery may be 
enhanced after SCI 
(from Edgerton et al. 
Ann Rev Neurosci 
2004). 
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2. STUDYING THE SPINAL PATTERN GENERATION: THE ISOLATED 

SPINAL CORD PREPARATION 

 
2.1. The in vitro isolated spinal cord of the neonatal rat 

Many experimental preparations from various types of animal have been used to study 

the physiology of spinal networks.  

Mouse preparations are preferable for defining genetic markers for spinal interneurons 

(Carlin et al., 2005; Hinckley et al., 2005), while mouse as much as rat or chicken 

preparations are equally suitable for studying the neonatal development of spinal 

networks (O`Donovan et al., 1998; Vinay et al., 2002). The turtle spinal cord provides 

particular advantages (stability, maturity, etc) for analyzing the properties of various 

adult neurons (Alaburda et al., 2002). Lamprey, frog and rat spinal cords have been 

traditionally employed for analyzing neuronal networks subserving locomotion 

(Grillner et al., 1998; 2000; Clarac et al., 2004). Feline spinal cord preparations have 

long been used to describe networks responsible for spinal reflexes because of they 

resemble those of the human interneuronal systems involved in mediating simple and 

complex reflex responses (Jankowska and Hammar, 2002). Of course, feline spinal 

cord preparations in vivo can generate locomotor-like patterns after i.v. injection of 

excitatory neuromodulators (Nielsen et al., 2005), thus demonstrating close 

similarities with the fictive locomotion process recorded from in vitro rodent 

preparations. 

In the present project, recording from the rat isolated spinal cord has shown many 

analogies with the data available from feline preparations, such as the modulation of 

chemically-induced fictive locomotion (Zangger, 1981), the appearance of 

synchronous discharges recorded from both ventral and dorsal roots in the presence of 

4-AP (Dubuc and Rossignol, 1989 a; b), and MNs plateau properties (Lee and 

Heckman, 1999). Furthermore, a recently-developed robotic device has been able to 

improve locomotion in spinalized rats after intense training (De Leon et al., 2002) 

suggesting that the rodent CPG for locomotion can be reactivated, after lesion, by 

training as demonstrated with feline locomotor networks (Rossignol, 2000).  

Among them, the most widely adopted is the neonatal rodent spinal cord (Kerkut and 

Bagust, 1995; Clarac et al., 2004). Such a mammalian preparation can be used 

routinely for several hours when maintained at room temperature in an appropriate 

physiological medium, that reproduces the composition of the cerebrospinal fluid and 
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that is continuously bubbled with a O2/CO2 mixture, setting the extracellular pH at 

7.4.  

There is a number of important advantages to justify the widespread use of this 

preparation. The first among them is that preparative surgery can be done rapidly and 

more easily compared to other mammals. Moreover, all chemical parameters of the 

medium are controlled and drugs can be simply added to perfusion bath.  

Finally, this mammalian model provides the opportunity to study the operational 

mechanisms of the locomotor CPG, which may be important to provide new 

approaches to neurorehabilitation of SCI patients. 

Because of its accessibility and long-term stability, such a preparation represents a 

very advantageous model to evaluate the pharmacological action of drugs proposed 

for the symptomatic treatment of spinal cord injured persons. 

From the isolated spinal cord of the neonatal rat it is possible to record different types 

of rhythmic discharge, namely spontaneous firing, locomotor-like alternated 

oscillations, and synchronous bursting. 

 

2.2. Spontaneous activity recorded from ventral roots 

Ventral roots (VRs) exhibit ‘‘spontaneous’’ activity, whose occurrence seems to be 

inversely proportional to the degree of maturation of the preparation.  

Evidence coming from studies on chick embryos has suggested that spontaneous 

activity can arise from networks built of either GABAA and glycinergic connections 

or excitatory amino acid (EAA) and cholinergic connections (O’Donovan et al., 1998 

a; b). In embryos, spontaneous VR discharges can alternate between flexor and 

extensor MN pools, suggesting the engagement of the spinal circuitry later 

responsible for locomotion in adult life. Alternation is ensured by a selective 

depolarizing shunt of action potential generation in flexor MNs during extensor 

activity (O’Donovan et al., 1998 a, b). Behavioral and electromyographic (EMG) 

experiments have shown that the basic synergies of muscle activation that 

characterize locomotion, (alternation of antagonists and co-activation of synergists), 

emerge early in development and become progressively refined thereafter. 

These observations have led to the idea that the circuitry controlling locomotion is 

assembled quite early in development. Several important differences exist between 

the mechanisms of embryonic motor activity and the production of adult locomotion. 

The most important distinction between the two types of behavior is the way in which 
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the networks are activated. In the adult, locomotion is initiated and controlled by 

descending commands from the brain. In the embryo, motor activity is generated 

autonomously by spinal circuits in the absence of descending inputs (Landmesser and 

O`Donovan, 1984).  

Conversely, Nishimaru et al. (1996) have stated that the function of spontaneous 

patterns does not seem to be related to the establishment of the specific neuronal 

connections necessary for the operation of adult networks. They have proposed that 

the presence of these spontaneous patterns could be due to transient synaptic 

connections simply involved in spreading excitation within the immature spinal cord. 

Nevertheless, spontaneous activity appears to be fundamental in supporting the 

development of muscles and joints (Jarvis et al., 1996), the neurochemistry and gene 

expression of spinal neurons (Spitzer et al., 1995), the intramuscular branching 

patterns of MNs (Dahm and Landmesser, 1998) and the survival of MNs during 

development (Pittman and Oppenheim, 1978). 

Even the postnatal mouse shows spontaneous rhythmic motor activity as observed in 

in vitro spinal cord preparations (Bonnot et al., 1998; Whelan et al., 2000). Such a 

spontaneous pattern is characterized by several patterns of VR discharge including 

synchronous slow potentials, unilateral rhythmic discharges restricted to one or more 

segments of the cord, relatively fast oscillatory depolarizations synchronized over 

many segments and also spontaneous bouts of rhythmic alternating discharges which 

could be considered as a ‘locomotor-like’ activity.   

Using rat preparations, Nishimaru and his colleagues (1996) have been the first to 

notice spontaneous movements in fetuses at E15 in utero. Similar synchronous 

spontaneous burst activity has been obtained from VR recordings from the in vitro 

isolated fetal rat spinal cord. 

In the neonatal rat spinal cord, we have often observed brief episodes of spontaneous 

alternating activity, recorded from VRs during control conditions. Figure 6 shows 

examples of alternating activity in the rat isolated lumbar cord (top traces) as well as 

in the brain stem spinal cord preparation (bottom traces). 
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Figure 6. Spontaneous activity recorded from neonatal (P1) rats. In both isolated spinal cord (top 
traces; G Taccola unpublished data) and brainstem-spinal cord preparation (bottom trace) there are 
episodes of alternating activity between left-right L2 and left L2-5 (top insert) and between left-right 
L1 (upper trace; G Taccola and K Ballanyi unpublished data). 
 

2.3. Fictive locomotion 

The CPG is responsible for generating locomotor signals, that are electrical discharges 

alternating between flexor and extensor motor pools and between left and right MN 

within the same segment. 

As Figure 7 shows, analogue motor signals are also recorded from isolated rat as well 

as mouse spinal cord and are characterized by oscillations alternated between left and 

right sides and between lumbar 2 and 5 (L2-L5) pairs of VRs. This phenomenon is 

called Fictive Locomotion and is manifested as rhythmic oscillations exclusively from 

VRs. 

Some studies have left the preparation of the dissected spinal cord still connected to 

one or two hind limbs to correlate neuronal activity with muscular output. In these 
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cases, when a locomotor rhythm is pharmacologically induced, it has been possible to 

visualize real alternating movements of the hind limbs (Atsuta et al., 1988; Cazalets et 

al., 1992). By keeping one leg attached to the spinal cord, Kiehn and Kjaerulff (1996) 

have demonstrated that the rostral lumbar VRs (L1, L2 and L3) contain mostly axons 

innervating flexor muscles, whereas the L5 segment contains MNs that determine the 

contraction of extensor muscles. 

Fictive locomotor signals are evoked by perfusing the isolated mammalian spinal cord 

with excitatory agents or by repeated stimuli applied to one DR. 

 

2.4. Chemically induced Fictive Locomotion 

Many studies have shown that limb alternation or VR alternated discharges can be 

induced by application of a variety of neurotransmitter agonists. 

Glutamate and aspartate as well as the EAA agonists NMDA and kainate, induce 

locomotor activity with a left-right, alternating pattern (Kudo and Yamada 1987; 

Cazalets et al., 1992). AMPA cannot induce fictive locomotion in rats probably due to 

desensitization of this receptor class (Dingledine et al., 1999). Moreover, either 

NMDA or non-NMDA glutamate receptors are activated during locomotor-like 

activity since, when NMDA and non-NMDA receptors are simultaneously blocked, 

there is no fictive locomotion (Kudo and Yamada 1987; Cazalets et al.1992). 

However, Beato and his colleagues have been able to elicit stable locomotor activity 

in the presence of, NMDA or non-NMDA receptor antagonism respectively, showing 

that the operation of one glutamate receptor class is sufficient to express locomotor 

activity (Beato et al., 1997). 

The literature contains other examples of locomotor network operation occurring 

independent of NMDA receptor activation. Recently, Cowley and his colleagues 

(2005) have demonstrated that, although NMDA receptor activation may appear 

essential for locomotor network operation under some experimental conditions, 

locomotor-like rhythms can, nevertheless, be generated in the presence of AP5. 

5-HT is also able to induce a locomotor pattern: the intensity of the bursts is stronger, 

suggesting an activation of a larger pool of MNs, while the rhythm frequency is much 

slower (Cazalets et al.1992). The serotonin-induced rhythm can be blocked by a 5-

HT1 antagonist (propranolol) and by 5-HT2 antagonists (kentanserin, myenserin and 

cyproheptadine), whereas 5-HT3 antagonists are ineffective (Cazalets et al.1992). 
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 In contrast, if 5-HT and NMDA are applied together, the discharges are much more 

regular and the rhythm has a frequency which is intermediate between those obtained 

with each substance applied separately: this activity remains very stable for a long 

time (Fig 7., Sqalli-Houssaini et al.1993).  

 

 
 

Figure 7. Chemically induced fictive locomotion in rat (right) and in mouse (left) preparations (left 
bottom). Stable rhythmic oscillations alternated between left and right lumbar roots (L2 or L5) and 
between L2 and L5 homolateral roots are recorded in the presence of NMDA (5µM) and 5HT (10µM; 
from G Taccola, unpublished data). 
 

Sqalli-Houssaini and Cazalets (2000) have described how bath application of 

noradrenaline (NA) elicits an extremely slow alternating motor pattern. The 

alternation is clear between right and left sides, but not between flexors and extensors 

on the same side. The role of NA could be mimicked by the � receptor agonists 

methoxamine and phenylephrine, whereas � and � receptor agonists alone do not elicit 

any activity. Kiehn and Kjaerulff (1996) have characterized the fictive rhythms 

induced by 5-HT and dopamine. The dopamine-induced rhythm is more irregular and 

slower. Kiehn and Kjaerulff (1996) have shown that 5-HT has a tendency to facilitate 

flexor drive, whereas dopamine may exaggerate extensor activity.  

Acetylcholine (ACh) combined with the acetylcholinesterase inhibitor edrophonium, 

usually elicits sustained rhythmic activity characterized by left-right alternation and 
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non-locomotor co-activation of ipsilateral flexor and extensor discharges (Cowley and 

Schmidt, 1994). However, more recent experiments have shown that, if low levels of 

cholinergic stimulation are used, transient episodes of rhythmic activity with a 

locomotor-like pattern can be evoked (Jordan and McVagh 2004).  

The role of GABA has also been studied (Cazalets et al.1994; Cowley and Schmidt 

1995; Kremer and Lev-Tov 1998). Bath-applied GABAA or GABAB agonists decrease 

the frequency of the rhythm and, depending upon the dose used, they can completely 

suppress activation previously obtained with the NMDA-5HT mixture. Similarly, the 

GABA uptake inhibitors nipecotic acid or guvacine, suppress the rhythmic pattern. 

The nipecotic response can be reversed by bicuculline or phaclofen. 

Bracci and co-workers (1998) have demonstrated that high external K+ induces 

alternating motor patterns only within a very narrow range of concentrations. The 

alternated pattern can be evoked also in the presence of NMDA, non-NMDA and 5-

HT antagonism suggesting that, in the neonatal rat spinal cord, the CPG operation 

seems to require a widespread increase in neuronal excitability rather than selective 

activation of a distinct subgroup of spinal neurons. A clear answer to this question is 

complicated by the fact that the CPG has not been precisely identified in anatomic 

terms as discussed below. 

 

2.5. Localization of CPG 

Regarding the localization of the CPG responsible for locomotor activity recorded 

from in vitro preparations of the mammalian spinal cord, there are conflicting and 

contrasting results. Some bath-partition studies point out that the hindlimb locomotor 

CPG is not segmentally distributed, but confined to a restricted upper lumbar region 

(Cazalets et al., 1995). Nevertheless, the current consensus arising from spinal 

ablation experiments, indicates that the rhythmogenic network controlling leg 

movements is distributed within all lumbar segments (Fig. 8; Kjaerulff and Kiehn, 

1996). The latter view is in accordance with that of Bracci et al. (1996 a) who have 

found that the mechanisms for burst triggering require a relatively small neuronal 

network, confined to a ventral quadrant, though distributed among all segments.  
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In the cat and in the rat, activity-dependent neuronal labeling has suggested that the 

medial part of the intermediate gray and the area around the central canal are 

important for rhythm-generation during locomotion (Viala et al., 1991; Kjaerulff et 

al., 1994; Kjaerulff and Kiehn, 1996). 

A key element in all locomotor CPGs is the left–right coordination, that ensures that 

limbs on opposite sides of the body alternate (walking) or are activated in synchrony 

(hopping). The CPG elements controlling left–right coordination necessarily include 

commissural interneurons (CINs): these neurons send axons to cross the midline to 

form synapses onto MNs and/or other interneurons (including CINs) situated in the 

contralateral hemicord.  

In the neonatal spinal cord in vitro, Butt and Kiehn (2002) have shown that in the 

medial VII, VIII, X laminae of the lumbar cord there is a significant concentration of 

interneurons with diverse projections crossing the midline. In a later study, using an 

electrophysiological approach, the same authors have identified such neurons as 

functionally responsible for left-right coordination of hindlimbs (Butt and Kiehn, 

2003). 

 

 

 

Figure 8. Summary of CPG 
localisation. The rhythm-
generating network in L1–L6 is 
shown distributed along the cord 
as two medial columns (1). 
The taper and the color gradient 
indicate the high rostral and lower 
caudal ability to generate 
rhythmic activity. The localization 
of the pathways mediating 
left/right alternation in the ventral 
commissure is indicated (2). The 
pathways mediating rostrocaudal 
alternation are shown widely 
distributed in the lateral and 
ventral funiculus on the left side 
of the preparation (3 The 
rostrocaudal drive is indicated on 
the right side of the cord (4); from 
Kjaerulff and Kiehn J Neurosci, 
1996) 
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2.6. Electrically evoked Fictive Locomotion 

In the neonatal rat spinal cord, rhythmic locomotor-like patterns can be elicited by 

bath-applied excitatory substances like NMDA (Kudo & Yamada, 1987), 5-HT 

(Cazalets et al., 1992; Beato et al., 1997) or high potassium (Bracci et al., 1998). 

Although this approach has yielded important insights into the mode of operation of 

the fictive locomotor network, persistent bath application of these excitatory 

substances to the entire spinal tissue represents a non-physiological condition.       

Marchetti and co-workers (2001) have suggested that, in the neonatal rat spinal cord 

in vitro, locomotor-like patterns of activity can be reliably evoked by trains of stimuli 

applied to one DR (Fig. 9). This condition might thus mimic physiological activation 

of the CPG by sensory inputs. The oscillatory activity induced by DR stimulation 

presents the typical phase alternation at segmental and intersegmental level which is a 

hallmark of fictive locomotion evoked by chemical substances (Kiehn et al., 1997). 

 
 

 
 
 
Figure 9. Each panel shows DC records of responses from pairs of VRs (left or right of L2 and L5). 
Oscillations are in alternation between contralateral VRs and between intersegmental VRs of the same 
side. In two different preparations, alternating oscillations outlasting the last stimulus are induced by 
two different protocols of electrical stimulation (number of stimuli, frequency and intensity) applied to 
L5 right DR (from G Taccola, unpublished data). 
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Such alternating discharges of MNs are likely to be driven by the CPG and can be 

regarded as a locomotor-like pattern turned on by the activation of dorsal afferents 

which are known to project to the CPG itself (Hultborn et al., 1998). 

Unlike the persistent and stable fictive locomotor pattern elicited by neurochemicals 

(Kiehn et al., 1997), the DR-induced one is usually transient. Loss of rhythmicity 

might be due to either fatigue in the pathways upstream of the CPG (as observed with 

afferent impulses in the presence of strychnine and bicuculline; Bracci et al., 1997) or 

stimulus-dependent release of transmitters which inhibit the CPG operation. 

    

2.7. Disinhibited Rhythm 

In the neonatal rat spinal cord, network-driven rhythmic bursting arises spontaneously 

after applying saturating concentrations of strychnine and bicuculline, which block 

GABA and glycine receptors respectively (Fig. 10). This rhythm, called disinhibited 

rhythm, is unphysiological; however, blocking fast, chloride-mediated inhibition 

largely simplifies the rhythmogenic network. Furthermore, disinhibited rhythmicity, 

by using excitatory connections only, resembles the early type of collective network 

bursting (Sernagor et al., 1995).  

After dorsal horn removal from the neonatal spinal cord of rat, the remaining network, 

localized to the ventral horn, can still perform rhythmic activity in the absence of 

synaptic inhibition (Bracci et al., 1996 a). 

To comprehend the role of inhibition in the genesis of the fictive locomotor pattern, it 

is important to answer the question of whether disinhibited rhythm and fictive 

locomotion are generated by the same network (Bracci et al., 1996 a; Nishimaru & 

Kudo, 2000). Evidence favors this hypothesis, as Bracci et al. (1996 a; b) have found 

that disinhibited bursting shares with locomotor patterns the same sensitivity to block 

of either class of ionotropic glutamate receptors (Beato et al., 1997; Bracci et al., 1996 

a) and the same anatomical location (Bracci et al., 1996 a; Kjaerulff & Kiehn, 1996). 

In addition, this rhythm can be accelerated by 5-HT (Bracci et al., 1996 a), known to 

activate fictive locomotor patterns (Cazalets et al., 1992), and a strong synergy 

between disinhibited rhythm and locomotor pattern is demonstrated with the use of 

the split bath configuration (Beato & Nistri, 1999).  

Observations made on the organotypic spinal slice culture have further supported the 

possibility that a common network is involved in generation of the two rhythms. In 

fact, it has been shown that bursting induced by disinhibition or by increased 
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excitability are composed of similar waves and involve the same areas of the slice 

(Tscherter et al., 2001). 
 

 
 

Figure 10. Synchronous rhythmic bursts evoked by pharmacological blockade of synaptic inhibition 
could be recorded from all lumbar VRs (left, right L2 and L5; top traces). DC-coupled extracellular 
recording of single burst (left insert) presents similar bursting pattern and structure as observed from 
intracellular recording of lumbar MN (bottom trace; from G Taccola, unpublished data).   
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3. MODULATING SPINAL CIRCUITS: A TARGET FOR REHABILITATIVE 

PURPOSES 

 
3.1. Modulation of neural networks 

The existence of intrinsic rhythmicity in the isolated spinal cord suggests the 

possibility to use spinal activity to restore functional movements by the spinal cord of 

SCI patients. Extending our knowledge of CPG modulation by endogenous factors 

could improve therapeutic interventions designed to select and increase functionally 

useful motor behaviors generated by spinal cord. 

In animal models, activation or blockade of different receptors or conductances could 

participate in various aspects of network output control, such, for instance, its 

initiation and the modulation of timing and amplitude characteristics. 

Modulation can occur at the level of the central pattern generating circuit itself, on the 

motor neurons directly, or on the preMNs that bring the rhythmic drive to the MNs.   

Studies in invertebrates show that similar motor patterns can be produced by different 

mechanisms (Thoby-Brisson and Simmers, 1998) and that neuromodulation can 

switch on/off different motor patterns, corresponding to a wide range of behaviors. 

These facts suggest that networks are not hard-wired, but are reconfigured by the 

modulatory environment. It is likely that, like in invertebrates (Getting and Dekin, 

1989; Dickinson et al., 1990; Wu et al., 1994), also in the mammalian CPG, 

individual neurons can be switched among functional circuits via either endogenous 

and/or exogenous interventions. 

Neuromodulatory control can also act on the intrinsic properties of spinal MNs, by 

influencing a palette of ionic currents that are expressed by each neuron and, thus, 

shaping network activity. For example, the transient potassium current IA modulates 

the output from the pyloric network of the crustacean STG. When this current is 

reduced by 4-aminopyridine, the cycle frequency increases, neuronal bursts are phase 

advanced, and the cells fire at higher frequencies (Tierney and Harris-Warrick, 1992). 

Moreover, in both vertebrate and invertebrate preparations, modulatory inputs can 

strongly influence the pattern of activity in a neuron, by modifying its ability to 

produce plateau potentials (Marder and Calabrese, 1996). In fact, many neurons of 

motor circuits present the common feature of supporting rapid transitions between 

two relatively stable membrane potentials. When such a neuron is at a hyperpolarized 

resting potential, a short pulse of depolarizing current will trigger a sustained 
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depolarization (plateau) that will long outlast the stimulus. Numerous reports have 

appeared showing clearly that modulatory substances can elicit plateau properties in 

MNs (Hounsgaard and Kiehn, 1993). In addition, the modulation of plateau properties 

may influence the specific phase relationships in a rhythmic motor pattern or may 

alter its frequency (Nagy et al., 1988). Recent work has showed that motor network 

activity facilitates the persistent inward current responsible for plateau potentials and 

it increases excitability of coactivated MNs, pointing out to the modulation as an 

intrinsic component of spinal motor output (Alaburda and Hounsgaard, 2003). 

Neuromodulation can also affect the response given by neurons to synaptic inputs. 

In fact, the co-release of different transmitters, stored either in the same vesicles or in 

different ones, could represent an additional way to modulate the final output. For 

example, from studies on the CPG of the crab stomatogastric nervous system, it has 

been proposed that some of the differential actions of distinct neurons containing the 

same neurotransmitter can be attributed to their diverse cotransmitters (Blitz et al., 

1999). 

Since sensory neurons play crucial roles in initiating and modifying rhythmic 

movements, the modulatory control of sensory responses will strongly influence 

movement.  At presynaptic level, the excitability of primary afferent fibers can be 

modulated so that a given stimulus can produce a different strength output. 

Recent studies (Kettunen et al., 2005) show that, in the lamprey spinal cord, the 

activation of postsynaptic mGluR1 can induce the release of endocannabinoids from 

MNs, that act as retrograde messengers to depress inhibitory synaptic transmission 

within the locomotor network. This conditional release of endocannabinoids can 

transform MN and crossing interneurons into modulatory neurons, by enabling them 

to regulate their inhibitory synaptic inputs and, thus, to contribute to the control of the 

locomotor burst frequency. 

The roles that neuromodulatory inputs could play in the development and maturation 

of CPG circuits have been studied in numerous preparations. 

It has been shown that neuromodulation is required for correct maturation of the 

networks. In fact, gestational depletion of neurotransmitters determines an alteration 

in network functions in the adult life (Viemari et al., 2004).  

All these findings could be transferred to clarify how the CPG works and they could 

be used to improve gait rehabilitation in spinal injured patients. In fact, one hope for 

functional recovery subsequent to lesions is the replacement of the neuromodulatory 
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substances found in descending modulatory projections with exogenous substances, 

thus activating the CPG networks below the lesion. On the other hand, exogenous 

drugs could restore locomotion by switching on some accessory networks spared by 

trauma and able to replace CPG functions.   

Different approaches can be undertaken to modulate motor networks by external 

intervention. First of all, it should be possible to facilitate the operation of the CPG by 

increasing the total excitability of spinal cord cells, for instance by increasing the 

extracellular potassium concentration in the tissue (Bracci et al., 1998). In fact, even if 

many patterns are induced, once the locomotor program starts, it could suppress all 

other sources of spinal output (Jing and Gillette, 2000). 

Second, when working with selective channel blockers, it should be possible to 

increase responsiveness of strategically localized conductances, which represent 

crucial elements for generating and sustaining motor pattern. 

Finally, one should modulate motor networks by interfering with synaptic pathways 

involved in controlling locomotion. By taking advantage of the selectivity of receptor 

mechanisms, it should be possible to facilitate excitatory transmission in an even 

more restricted region of spinal cord.  

Through these different strategies, it might even be feasible to activate alternating 

motor commands from accessory networks to express the basic features of 

locomotion.   

 

3.2. Rehabilitative approaches 

There is convincing evidence from spinal animals that training for any motor task 

provides sufficient stimulation to initiate a reorganization of neural networks within 

the spinal cord and, for example, to generate locomotion (Edgerton et al., 1997; 

Pearson, 2000). A considerable degree of locomotor recovery in mammals with a SCI 

can be attributed to the reorganization of spared neural pathways (Curt et al., 2004; 

Edgerton et al., 2004). In cats, it has been estimated that, if as little as 10% of the 

descending spinal tracts is spared, some locomotor functions can recover (Basso, 

2000; Metz et al., 2000). Even if the loss of supraspinal inputs to the spinal cord is 

complete, following intense training, the neuronal networks existing below the level 

of the lesion eventually adapt to generate locomotor activity (De Leon et al., 1998 a, 

b; Wirz et al., 2001). Moving on from these observations in animals, plasticity to SCI 

patients can be exploited for rehabilitative purposes using specific training approaches 
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(Fig. 11). This is achieved by partially unloading (up to 60% of their weight) the 

patients who are standing on a moving treadmill (Dietz et al., 1994, 1995, 1998; for 

review, see Dietz, 1997). In severely affected patients, leg movements usually have to 

be assisted externally, especially during the shift from stance to swing. These training 

effects lead to a greater weight bearing function of the extensors, so that body 

unloading during treadmill locomotion can be reduced during the course of training. 

This indicates that the isolated human spinal cord has the potential not only to 

generate a locomotor pattern but also to show some plasticity. However, only persons 

with incomplete paraplegia benefit from the training program as far as they can learn 

to perform unsupported stepping movements on solid ground (Dietz et al., 1994, 

1995). Unfortunately, patients with complete or almost complete paraplegia do not, 

yet, profit from locomotor training for their mobility: the associated muscle size 

increase and the training effects on leg muscle activation actually get lost after 

training is stopped (Wirz et al., 2001).  

One strategy that may assist the rehabilitation of patients with SCI is drug therapy 

aimed at enhancing the activity in CPGs.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Figure. 11. The experimental set-up as used during treadmill training for humans, (from Van de  
Crommert et al. Gait and Posture 1998). 
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The most effective drugs augment locomotor abilities either by reducing the 

hyperactive reflexes that cause spasticity (for example, baclofen, a GABAB agonist, 

and cyproheptadine, a 5HT2 antagonist) or by directly activating spinal locomotor 

patterns (for example, clonidine, a noradrenergic (�1, �2) agonist; Norman et al., 1998; 

Rossignol et al., 2001, Barbeau and Norman, 2003). Blockade of K+ channels with 4-

aminopyridine (4-AP) has been reported to restore some sensorimotor functions in 

patients with sub-total spinal lesions, presumably by increasing action potential 

conduction along any spared axonal projections (Grijalva et al., 2001; Waxman, 

1993).  

One further strategy is the electrical stimulation of muscles to mimic the normal 

pattern of contractions. This technique is called functional electrical stimulation 

(FES). FES in combination with locomotor training and drug therapy may prove to be 

the best approach for enhancing functional recovery of these patients in the immediate 

future. 

 

4. THE ROLE OF METABOTROPIC GLUTAMATE RECEPTORS (mGluRs)  

 

4. mGluRs in the spinal cord 

A pharmacological approach to modulation of locomotor network should consider the 

role of mGluRs. In fact, while in vertebrate spinal cord preparations locomotor CPG 

rely on interplays between co-activation of AMPA and NMDA receptors activated by 

glutamate release both from descending fibers such as the reticulospinal system (Dale 

and Roberts, 1984; Brodin et al., 1985) and from local glutamatergic spinal 

interneurons (Dale, 1986; Buchanan and Grillner, 1987), mGluRs may also be 

activated by synaptic release of glutamate. 

mGluRs are G-protein coupled receptors that trigger intracellular signaling cascades 

to modulate neuronal signalling. mGluRs are divided into three groups, depending on 

sequence homology, transduction mechanisms and pharmacological profiles (Table 

1). The group I comprises mGluR1 and mGluR5, while group II consists of mGluR2 

and mGluR3, and group III is made up by mGluR4, mGluR6, mGluR7 and mGluR8. 

The group I mGluRs increase intracellular Ca2+ levels to activate protein kinase C. 

Both group II and group III mGluRs are coupled to inhibition of adenylyl cyclase. For 

reviews of mGluR electrophysiology, pharmacology, structure and second messengers 
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mechanisms see Anwyl (1999), Pin et al. (1999), Schoepp et al. (1999), Cartmell and 

Schoepp (2000) and Schoepp (2001).  

 

 AGONISTS ANTAGONISTS Mechanism of Action 

mGlu1 CPCCOEt, AIDA, 
MCPG 

 

GROUP I 
mGlu5 

 

DHPG, t-ACPD 

MPEP, MCPG 

 

PLC ↑↑↑↑ 

 

GROUP II 
 

mGlu2,3 
 

DCG-IV, t-ACPD 
 

EGLU, MCPG 
 

AC ↓↓↓↓ 

 

GROUP III 
 

mGlu4,6-8 
 

L-AP4 
 

CPPG 
 

AC ↓↓↓↓ 

 
Table 1. Summary of mGluR subclasses and of compounds used for this study  
 

mGluRs have a profound effect on locomotor pattern generation in lamprey, but their 

role and mechanism of action in vertebrates remain largely unexplored. Given the 

limited data available on locomotion, and that this work has been performed 

exclusively on the  lamprey, it is straightforward to separate their pharmacological 

effects into two broad categories. Activation of group II and/or III receptors inhibits 

glutamatergic synaptic transmission and fictive locomotion (Krieger et al., 1994, 

1996; Cochilla and Alford, 1998). Conversely, activation of group I receptors 

facilitates locomotion both pre- and postsynaptically by release of Ca2+ from internal 

stores and augmenting glutamate release during locomotion (Cochilla and Alford, 

1998; Kettunen et al., 2002; Takahashi and Alford, 2002). 

It seems likely that the longlasting changes in neuronal biochemistry induced by 

mGluRs confer these receptors with the potential to induce sustained alterations in the 

excitability of CPGs. Hence, the location of mGluRs in the spinal cord becomes a 

strategic issue. 

Group I mGluRs in the spinal cord represent the largest group in terms of expression. 

The majority of mGluR immunoreactivity is found on the perisynaptic and 

extrasynaptic plasma membrane of neurons, and partly on glia.  

mGluR5s are densely expressed in laminae I-III of the dorsal horn with gradual 

decrease in deeper laminae. About half of vesicle-containing profiles stained for 

mGluR5 are also positively stained for GABA (Jia et al. 1999). mGluR1s are mostly 

distributed throughout laminae III-X (Berthele et al. 1999; Alvarez et al. 2000) with 

patchy immunoreactivity of varying intensity in somata and dendrites of spinal motor 
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nuclei including MNs and interneurons of the ventral horn and in presynaptic axon 

terminals (Alvarez et al. 2000). Group II and III are scattered throughout the spinal 

cord with predominance in the dorsal horn (Berthele et al. 1999) and even some glial 

labeling (Ohishi et al. 1995; Jia et al. 1999; Azkue et al. 2000, Azkue et al. 2001). In 

addition, group II mGluR3 mRNA is expressed in the small cells surrounding MNs, 

while group III mGluR4 mRNA is strongly present in the spinal MNs (Berthele et al. 

1999). 

Similar results have been obtained by Aronica and his colleagues working on human 

spinal cord (Aronica et al., 2001). Immunocytochemical analysis has demonstrated an 

expression of mGluR1, mGluR5 and mGluR2/3 throughout the human spinal cord. 

mGluR1 has the highest level of expression in ventral horn neurons (laminae VIII and 

IX), whereas intense mGluR5 immunoreactivity is observed dorsally in the superficial 

laminae I and II. The neuronal cell expression of group-II mGluRs (mGluR2/3) is low 

and mainly concentrated in the inner part of the lamina II. In another study, 

(Tomiyama et al., 2001) mRNA coding for II group of mGluRs has been shown to be 

completely absent in human lumbar spinal neurons.  

Physiologically, laminae I and II of the spinal cord contain primary afferent inputs 

coming from small myelinated and unmyelinated fibers that bring information from 

nociceptors and thermoreceptors. The deeper laminae (III–V) receive inputs from 

laminae I and II and from larger myelinated fibers which mediate information 

deriving from muscle, skeletal, cutaneous, and subcutaneous mechanoreceptors. The 

differential mGluRs localization in the dorsal horn proposes that different groups of 

mGluRs carry different sensory modalities. 

 

4.2. Neuroprotective effects of mGluRs in the central nervous system 

The involvement of these receptors in excitotoxicity is ambiguous, since both toxic 

and neuroprotective effects have been reported. A role for mGluRs in 

neurodegeneration arises from the fact that injections of the agonist of group-I 

mGluRs, (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (trans-ACPD), 

determine neurotoxic consequences in the rat hippocampus and caudate nucleus 

(McDonald and Schoepp 1992; Sacaan and Schoepp 1992; McDonald et al. 1993) and 

in experimental models of ischemia (Henrich-Noack and Reymann 1999; Pellegrini-

Giampietro et al. 1999). Further proof of the role of group-I mGluRs in neurotoxicity 

comes from the effect of selective mGluR1 antagonists, which show neuroprotective 
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effects in in vitro and in vivo models of excitotoxic degeneration (Bruno et al. 1999; 

Mills et al. 2000).  

However, several authors have indicated a possible survival advantage for those 

neuronal populations expressing high levels of group-I mGluRs. For instance, 

Anneser and his colleagues (1999) have processed for in situ hybridization the spinal 

cord of the rat, and found that autonomic MNs express higher levels of mGluR5 than 

somatic MNs. It is suggested that the presence of mGluRs 5 has an important 

neuroprotective role responsible for sparing sacral sympathetic neurons in 

amyotrophic lateral sclerosis (ALS). Similarly, it has been shown that spared motor 

neurons in ALS have abundant mGluR 5, while vulnerable ones do not express this 

mGluR subtype (Tomiyama et al., 2001).  

Group-II and III mGluRs may prevent neuronal death (Bruno et al. 1994, 1995; 

Buisson and Choi 1995; Orlando et al. 1995; Buisson et al. 1996). As demonstrated 

by Bruno et al. (1994), the group-II agonists inhibit the neurotoxicity mediated by 

kainate and NMDA in cortical neurons. Moreover, activation of group-II mGluRs 

helps functional recovery following traumatic brain injury (Allen et al. 1999), and is 

protective against ischemia (Bond et al. 1999). Using a combined approach, Schiefer 

and his colleagues (Schiefer et al., 2004) have demonstrated that chronic 

administration of a selective mGluRs 5 antagonist plus an mGluRs II selective 

agonist, increases survival and attenuates loss of motor coordination ability in a 

transgenic mouse model of Huntington`s disease (Schiefer et al., 2004). Group-III 

mGluRs activation attenuates post-traumatic neuronal death in vitro (Faden et al. 

1997).  

 

4.3. Group I mGluRs and SCI 

Many experimental studies have shown how inhibition of group-I mGluRs helps 

functional recovery following SCI, thus proposing group I mGluRs as therapeutic 

targets for SCI intervention strategies (Millis et al., 2000, 2002 a). Following 

contusive SCI, acute actions via different subtypes of group-I mGluRs have different 

behavioral outcomes on such as locomotor recovery, development of chronic pain and 

survival of spinal tissue.  

mGluR1 antagonism causes an initial improvement in locomotor activity, mitigating 

the development of mechanical allodynia and promoting grey/white matter 

neuroprotection. On the other hand, the use of mGluR5 specific antagonism does not 
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affect locomotor recovery and has a neuroprotective efficacy is restricted to the gray 

matter only, although it decreases the development of thermal hyperalgesia (Mills et 

al., 2002 a).  

Following SCI, several subtypes of mGluRs are differently expressed (Mills et al., 

2001 a). Hence, after injury, even though there is no modification in mGluR5 

expression in segments rostral or caudal to injury, there is an increase in mGluR1 

expression in I-IV laminae leading to hyperexcitability of dorsal horn nociceptive 

neurons and the development of mechanical and thermal allodynia (Mills et al., 2002 

a). 

Gwak and Hulsebosch (2005) indicate that SCI induces a significant increase of 

mGluR1 and mGluR5 expression in both spinal dorsal horn neurons and astrocytes. It 

is important to note that group-I mGluRs (mGluR1 and mGluR5) are upregulated 

faster in astrocytes than in neurons.  

Thereafter, a persistent, mGluR-sustained positive feedback loop between astrocytes 

and neurons appears after SCI  which is then followed by neuronal changes.  

Individual subtypes of mGluR regulate in different ways the extracellular EAAs 

concentrations, occurring after SCI. Mills et al. (2001 b) have shown that 

administration of the mGluR5 specific antagonist MPEP, but not of the mGluR1 

specific antagonist LY 367385, determines a marked fall in glutamate and aspartate 

extracellular concentrations immediately following SCI. These results propose that 

mGluR5 plays a greater role in augmenting extracellular EAAs concentrations, when 

compared to mGluR1.  

Since the neuroprotective effects of both mGluR1 and mGluR5 and their action on the 

EAAs release are independent from each other, the observed neuroprotective effects 

following SCI are not simply due to the decreased release of glutamate but it could 

arise from the inhibition of some group-I mGluR-mediated intracellular pathways that 

lead to cell death. 

Increasing evidence support the hypothesis that group-I mGluR receptors are also 

involved in the pathophysiology of traumatic injury to the spinal cord white matter. In 

fact, in the isolated dorsal white matter, Agrawal et al. (1998) have indicated that 

pharmacological blockade of group-I mGluR receptors by the selective antagonist 

AIDA attenuates the conduction impairment following clip compression injury.  The 

selective group-I agonist DHPG exacerbates posttraumatic reduction in action 

potential conduction. 



  37 

  

4.4. Group II and III mGluRs and SCI 

There are conflicting results on the mGluR II expression after spinal trauma. This 

scenario is probably due to the differences in the experimental techniques used to 

inflict spinal injury (hemisection versus contusion), and its magnitude. Gwak and 

Hulsebosch (2005) have observed that mGluR2/3 expression is significantly increased 

in the chronic phase and is restored to control in the chronic phase after hemisection 

injury. However, following contusive impact to the cord, Millis et al. (2001 a) have 

reported a significant decrease in mGluR2/3 expression in laminae II, III, IV, and V.  

According to the latter authors, since group-II mGluRs function primarily as 

presynaptic autoreceptors to decrease synaptic transmission, the reduced expression of 

group-II mGluRs on primary afferents may result in sustained or enhanced 

neurotransmitter release, thereby prolonging nociceptive inputs to the dorsal horn.  

Unfortunately, we lack information on group-III mGluR expression following spinal 

trauma. However, activation of group-III, but not group-II, mGluRs following SCI 

reduces extracellular EAAs levels (Millis et al., 2001 b). 

One in vivo study (Millis et al., 2002 b) has shown that activation of group-II and -III 

mGluRs following SCI reduces the development of mechanical allodynia and changes 

in exploratory behavior associated with chronic central pain, without affecting 

locomotor recovery or onset of thermal hyperalgesia.  

 

4.5. Chronic central pain: a finely tuned interplay between mGluRs. 

Interactions between different types of mGluR could sustain neurogenic pain that 

often represents one of the most disabling consequences of SCI. It seems that by PKC 

may have a crucial role in interplaying with mGluRs.  

In fact, activation of PKC induces phosphorylation of group-II and -III mGluRs, 

which inhibits their coupling to GTP-binding proteins. The increased expression of 

mGluR1 may lead to higher levels of PKC and thus to a greater inhibition of group-II 

and -III mGluRs. Therefore, the reduction in mGluR2/3 expression combined with an 

increase in mGluR1 expression may exacerbate the hyperexcitability of cells in the 

pain pathways. The combined effects of an increase in mGluR1 and a decrease in 

mGluR2/3 could contribute to the development and/or maintenance of dorsal horn 

neuron hyperexcitability, leading to chronic central pain following SCI (Mills et al., 

2002 b). 
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5. THE ROLE OF K+ CONDUCTANCES BLOCKERS IN THE SPINAL CORD  

 

5.1. Pharmacological blockade of K+ conductances: 4-aminopyridine (4-AP) 

Another approach to increase the operativity of CPG is to augment excitability of 

spinal neurons. Since Bracci et al. (1998) have been able to induce fictive locomotion 

with higher concentrations of extracellular K+, it seems promising to study the action 

of potassium blockers on locomotor networks. In particular, it could be interesting to 

evaluate whether different K+ channels play a similar role in modulating the CPG or 

or if there is some selectivity in their action when tested against various K+ 

conductances. Unfortunately, it is not always possible to assign every K+ current to a 

particular class of channels on the basis of its pharmacology (Rudy, 1988). 

Classical pharmacological blockers of voltage-gated K+ channels are 4-aminopyridine 

(4-AP) and tetraethylammonium (TEA). 

4-AP is a relatively non specific blocker of the transient outward K+ current, termed 

IA. This current is fast compared to other K+ currents and is also quickly inactivated. 

Steady-state inactivation is complete near resting potential (-50 mV; Takahashi, 1990 

a) and the threshold for activation is close to potentials, which are slightly depolarized 

with respect to resting potential (McLarnon, 1995). In most neurons the time constant 

of inactivation is around 50 ms (Rudy, 1988).  

Thus, IA operates in the subthreshold region for action potential generation, opening 

transiently with small depolarizations which start from hyperpolarized potentials. 

The hyperpolarization that follows an action potential removes the steady-state 

inactivation of A current channels and the resultant transient outward current slows 

down the return of the membrane potential toward action potential threshold. As a 

result, the interspike interval is prolonged.  When this current is reduced by 4-AP, the 

cycle frequency increases and the cells fire at higher frequencies (Tierney and Harris-

Warrick, 1992).  

At presynaptic level, 4-AP prolongs the presynaptic action potential, increasing 

calcium concentration in the nerve terminal and, thus, the transmitter release. 

In fact, it has been demonstrated that small doses of 4-AP are capable of enhancing 

synaptic transmission in the spinal cord (Jankowska et al., 1982) and at the 

neuromuscular junction (Molgo et al., 1977). For this reason, 4-AP has limited 

clinical application for restoring neuromuscular transmission following the use of 
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neuromuscular-blocking agents, or in disorders of neuromuscular transmission such as 

myasthenia gravis.  

Recently, 4AP has been proposed to offer symptomatic treatment to patients affected 

by chronic SCI and multiple sclerosis. A sustained release form of this substance, 

Fampridine-SR, is, at the moment, under phase III clinical trial for its therapeutic 

efficacy on chronic SCI. One suggested mechanism underlying the effect of 4-AP is 

the increased conduction in demyelinated axons together with the facilitation of 

synaptic transmission. In fact, IA potassium current is present in the internodal axon 

membrane under the myelin. Therefore pharmacological blockade of K+ channels 

might enhance conduction in injury-demyelinated axons (Nashmi and Fehlings, 

2001). 

Controversial experimental data have been published regarding the facilitation of 

fictive locomotion induced by 4-AP. While Zangger (1981) found that in the presence 

of 4-AP, reduced doses of DOPA were sufficient to evoke fictive locomotion, 

Cazalets et al. (1999) showed that addition of 4-AP destroyed fictive locomotion 

induced by 5HT plus NMDA. Additional experiments are needed to clarify the exact 

role of 4-AP in modulating motor networks.  

 

5.2. 4-AP evokes rhythmic antidromic discharges from dorsal roots 

Perfusing the isolated mammalian spinal cord with low concentrations of 4-AP 

induces spike activity that can be recorded from dorsal roots (DRs).  This activity 

reflects depolarization of the terminal arborizations of primary afferent fibers, which 

is then antidromically conducted along the DRs (Al-Zamil et al., 1988). 

It is interesting to note that repeated discharges are not exclusive to the spinal cord. In 

fact, at concentrations of 50-100 µM, 4-AP is a widely used model for epilepsy (Aram 

et al., 1991; Traub and Jefferys, 1994).  

In decerebrated cats, Dubuc and Rossignol (1989 a, b) have recorded synchronous 

discharges from pheripheral nerves and from DRs following intravenous injection of 

4AP.  

In order to dissect out the minimal spinal circuitry for 4-AP-dependent rhythmic 

activity, Dubuc and Rossignol (Dubuc and Rossignol, 1989 a, b) have used a reduced 

preparation consisting of two spinal cord segments only. In this condition the rhythm 

persists, indicating that the recorded activity may result from the activation of 

multiple, segmentally-coupled oscillators. 
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In in vitro preparations, application of 4-AP generates rhythmic activity from dorsal 

horns even in small segments of the spinal cord. Ruscheweyh and Sandkuhler (2003), 

using transverse slices with an attached DR, have found that 4-AP, in a dose 

dependent manner, evokes rhythmic activity in nociceptive superficial dorsal horn 

neurons.  Discharges are not prevented by cutting off the ventral horns and the 

controlateral side of the slice, showing that activity seems to have a focus in the 

medial superficial dorsal horns, but it then spreads to all regions of the dorsal horn. 

Since epileptiform activity of nociceptive spinal dorsal horn neurons may contribute 

to paroxysmal forms of neuropathic pain, Ruscheweyh and Sandkuhler (2003) 

speculate that 4-AP induced discharges represent a model to investigate the 

mechanisms underlying the central pathophysiology of hyperalgesia and allodynia. In 

fact, such an activity is prevented by anticonvulsants like phenytoin, carbamazepine 

and valproate clinically used to relieve pain attacks. In contrast to the anticonvulsants, 

neither µ-opioid agonists nor �2–adrenergic agonists block the spinal dorsal horn 

activity induced by 4-AP.  

More recently, Asghar et al. (2005) have demonstrated that high extracellular 

potassium induces field oscillations in the neonatal rat substantia gelatinosa neurons 

of the lumbar spinal cord in vitro. The pharmalogical profile of such discharges is 

similar to that of epileptiform activity induced in the same preparation by 4-AP, since 

both activities need intact non-NMDA excitatory transmission and functional 

inhibitory neurons. Since in this study there is a preservation of potassium-evoked 

rhythmic activity in dorsal horn quadrants, Asghar et al. (2005) have suggested the 

dorsal horn contains the basic circuitry for rhythmogenesis. In summary, the exact 

mechanisms by which 4-AP induces rhythmic discharges from DRs is not yet clear. 

The action could be exerted on interneurons, which in turn activate primary afferent 

terminals, or directly at the level of primary afferents terminals, or on their impulse 

conduction. Dorsal root  potentials (DRPs) similar to the ones antidromically recorded 

from a primary afferent fiber following application of 4-AP can also be seen 

spontaneously on lumbar DRs (Ryan et al., 1984; Kerkut and Bagust 1995). DRPs can 

occur in the isolated cord in the absence of supraspinal structures and afferent inputs, 

suggesting that this spontaneous activity is generated within the spinal cord. This 

activity is blocked by high extracellular Mg2+ demonstrating that it is mediated by 

synaptic processes (Ryan et al., 1984; Kerkut and Bagust 1995).  



  41 

In the isolated rat spinal cord preparation, rhythmic spontaneous potentials, 

simultaneously occurring in homolateral DRs, are completely abolished by picrotoxin 

or low concentration of bicuculline, demonstrating that they are supported by 

GABAergic mechanisms (Fellippa-Marques et al., 2000). 

 

5.3. Synaptic mechanisms of primary afferent depolarization 

DR discharges can be also evoked by electrically stimulating a neighbour DR. Such 

an antidromic activity is triggered in primary afferent fibers by the depolarization that 

occurs following the arrival of peripheral nerve volleys in the spinal cord (Rudomin 

and Schmidt, 1999; Vinay et al., 1999; Willis, 1999).  

The mechanism proposed for electrically induced primary afferents depolarization 

(Fig.12) is useful to explain how antidromic activity can be generated.   

A primary afferent fiber (pink trace on the left) coming from a dorsal root ganglion 

(DRG), before making synaptic contact with a MN, receives inputs at presynaptic 

level from spinal interneurons. Although a single GABAergic interneuron is 

represented, several populations of GABAergic interneurons may be responsible for 

presynaptic inhibition. By electrically stimulating the primary afferent of a neighbour 

DR, a glutamatergic interneuron becomes activated, which will in turn increase 

transmitter release from GABAergic interneuron to the MN. 

The resulting depolarization of the intraspinal afferent terminals, which is due, at least 

partly, to the activation of GABAA receptors, may be large enough to reach threshold 

and evoke action potentials that can be antidromically recorded. 

The bottom-right insert of the Fig. 12, depicts the cellular mechanisms by which 

GABA application can depolarise primary afferent fibers. In DRGs, just like their 

synaptic terminals, GABA and chloride equilibrium potentials are at a more 

depolarised level than the resting potential. Therefore, when chloride channels are 

opened by GABA, efflux of chloride depolarizes the membrane.  

Anatomical support for the neuronal pathways shown in Fig. 12 has been provided by 

the work of Conradi (1969), who has described the microanatomy of the large Ia 

boutons, which synapse onto motoneuronal somata and proximal dendrites.  

Maxwell et al. (1995) have used gold immunostaining of GABA, glutamate and 

glycine terminals to show that the presynaptic boutons contacting the afferent fibers 

are immunoreactive to GABA, thus presumably mediating presynaptic inhibition.  
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Figure 12. Neuronal pathways mediating presynaptic inhibition and primary afferent depolarization 

(see text). The insert (from Rudomin and Schmidt, Exp Brain Res, 1999) depicts a schematic 

representation of a presynaptic inhibitory axon establishing synaptic contacts with a primary afferent 

terminal, which in turn makes synaptic contacts with a motoneuronal dendrite. A microelectrode 

inserted in the terminal of the primary afferent records the depolarization produced by GABA. This 

depolarization is due to Cl– efflux. The depolarization activates K+ channels with consequent K+ efflux. 

The outwardly directed Cl– gradient is reestablished by the operation of the Na+ -K+ -2Cl– co-

transporter. Osmotic water fluxes are indicated with dashed arrows.  
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5.4. Modulation of CPG by other voltage dependent K+ channel blockers: TEA 

In order to ascertain the selectivity of the pharmacological blockade of K+ 

conductances, it could be interesting to test if other K+ blockers can regulate CPG 

operativity. In this sense, it seems noteworthy to investigate the role of TEA in 

inducing rhythmicity from lumbar spinal cord and to find out if TEA can modulate 

locomotor patterns. Traditionally, TEA has been indicated as a blocking agent for 

delayed rectifier channels and is thought to be much less effective in blocking IA 

current (Table 2).  

 

Pharmacological 

properties (IC50) of TEA 

or 4-AP [mM] 

Subunit of voltage-gated 

K+ channels 

Biophysical features 

� 0.5 Kv 1.1 Delayed rectifier 

1.7/7 Kv 1.6 Delayed rectifier 

� 8 Kv 2.2 Delayed rectifier 

0.02/0.6 

0.15/0.2 

Kv 3.1 Delayed rectifier and 

A-current (IA) 

� 0.15 Kv 3.2 Delayed rectifier 

� 0.14 Kv 3.3 A-current (IA) 

0.09/0.3 Kv 3.4 A-current (IA) 

� 1 KCNQ 2 Slow delayed rectifier 

 

Table 2.  Functional properties of voltage-activated K+ channels blocked by TEA (blue) and 4-AP (red) 

in the range of concentrations used in our experiments (from Coetzee et al., Ann NY Acad Sci, 1999).   

 

The delayed rectifier is a slowly inactivated voltage-dependent K+ current responsible 

for the repolarization of the action potential (Rudy, 1988). TEA application results in 

an evident prolongation of action potential repolarization (McLarnon, 1995). 

However, at the level of spinal fibers, TEA shows no significant difference on injured 

and noninjured axons (Nashmi and Fehlings, 2001). In fact, since TEA sensitive K+ 

channels are clustered with a nodal distribution (Eng et al., 1988), injured and 

noninjured axons produce similar responses to these blockers. 
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A previous study of the effects of TEA on locomotor networks has shown that TEA 

per se cannot induce alternating locomotor-like rhythms (Cazalets et al., 1999). 

However, the fictive locomotion elicited by 5-HT and NMDA is accelerated by 

adding TEA (Cazalets et al., 1999). Unfortunately, since only low concentrations of 

TEA (<4 mM) were used, we cannot rule out that augmenting the concentration of 

TEA to completely block the delayed rectifier (Coetzee et al., 1999; table 2) is 

sufficient to start fictive locomotion.   

Several neurotransmitters can modify neuronal excitability by modulating the 

function of delayed rectifiers. This channel is an integral membrane protein that can 

be modulated via second messengers activated as a result of neurotransmitter-receptor 

interaction (Rudy, 1988). In different experimental protocols, comprising elevation of 

CAMP by treatment with the adenylate cyclase activator forskolin (Strong and 

Kaczmarek, 1986), bath perfusion with ATP or its analogues (Brown and Dale, 2002), 

or application of dopamine (Gruhn et al., 2005), it has been shown that 

neurotransmitters can alter motor network by modifying the delayed rectifier 

conductance. 

We have tried applying Forskolin (Fig. 13) and the agonist of subtypes D1 dopamine 

receptors, SKF 81297 (Fig. 14). In both cases we recorded an alternating rhythm with 

rhythm frequency and periodic occurrence of deletions similar to the ones seen with 

TEA. 
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Figure 13. Bath-perfusion with the adenylate cyclase activator forskolin induced cycles of fictive 

locomotion (G. Taccola and K. Ballanyi, unpublished data). 

 

 
 

Figure 14. The D1 agonist SKF 81297 elicited cycles of locomotor-like pattern discharges (G. Taccola 

and K. Ballanyi, unpublished data). 
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6. AIMS OF THE PRESENT STUDY 

Several issues concerning the mechanisms of activation and modulation of the CPG 

are yet to be explored. A better knowledge of the basic elements regulating locomotor 

networks should allow us to devise potentially therapeutic strategies to obtain 

recovery of function in SCI people.  

The aim of this thesis is to give an answer to the following questions: 

 

1. What is the functional characterization of the mGluRs present in the neonatal spinal 

cord? Particular attention will be given to:  

- their functional location in spinal networks 

- their role in synaptic transmission 

- their ability to elicit rhythmical activity in relation with other known patterns of 

fictive locomotion and/or disinhibited bursting 

2. What is the role of 4-AP sensitive K+ conductances in spinal networks? The study 

will focus on the following topics: 

- effects of 4-AP on synaptic transmission and action potential 

- rhythmogenic properties of  4-AP 

- spinal topography of the 4-AP induced oscillations 

- identification of the minimal neuronal structure responsible for generation of 

oscillations 

- the contribution by 4-AP sensitive K+ conductances to Fictive locomotion (FL) 

- interaction of oscillations induced by 4-AP with fictive locomotion. 

3. Which are the electrophysiological effects of TEA on the neonatal spinal cord? We 

will consider such points: 

- action on synaptic and firing properties of MNs 

- rhythmic activity induced by TEA 

- spinal topography of TEA-dependent oscillators  

- discharge patterns elicited by co-application of TEA plus 4-AP 

- interaction between TEA-evoked oscillations and fictive locomotion 
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ICTIVE LOCOMOTOR PATTERNS GENERATED BY
ETRAETHYLAMMONIUM APPLICATION TO THE NEONATAL
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bstract—Intrinsic spinal networks generate a locomotor
hythm characterized by alternating electrical discharges
rom flexor and extensor motor pools. Because this process
s preserved in the rat isolated spinal cord, this preparation
n vitro may be a useful model to explore methods to reacti-
ate locomotor networks damaged by spinal injury. The
resent electrophysiological investigation examined whether
he broad spectrum potassium channel blocker tetraethylam-
onium could generate locomotor-like patterns. Low (50–

00 �M) concentrations of tetraethylammonium induced ir-
egular, synchronous discharges incompatible with locomo-
ion. Higher concentrations (1–10 mM) evoked alternating
ischarges between flexor and extensor motor pools, plus

arge depolarization of motoneurons with spike broadening.
he alternating discharges were superimposed on slow, shal-

ow waves of synchronous depolarization. Rhythmic alternat-
ng patterns were suppressed by blockers of glutamate,
ABAA and glycine receptors, disclosing a background of
epolarizing bursts inhibited by antagonism of group I
etabotropic glutamate receptors. Furthermore, tetraethyl-

mmonium also evoked irregular discharges on dorsal roots.
hythmic alternating patterns elicited by tetraethylammo-
ium on ventral roots were relatively stereotypic, had limited
ynergy with fictive locomotion induced by dorsal root stim-
li, and were not accelerated by 4-aminopyridine. Horizontal
ection of the spinal cord preserved irregular ventral root
ischarges and dorsal root discharges, demonstrating that
he action of tetraethylammonium on spinal networks was
undamentally different from that of 4-aminopyridine. These
esults show that a potassium channel blocker such as tet-
aethylammonium could activate fictive locomotion in the rat
solated spinal cord, although the pattern quality lacked cer-
ain features like frequency modulation and strong synergy
ith other inputs to locomotor networks. © 2005 Published by
lsevier Ltd on behalf of IBRO.

ey words: motoneuron, burst, central pattern generator,
pinal network, 4-aminopyridine.

Corresponding author. Tel: �39-040-3787228; fax: �39-040-3787528.
-mail address: nistri@sissa.it (A. Nistri).
bbreviations: ANOVA, analysis of variance; APV, D-amino-phospho-
ovalerate; CCF, correlation coefficient function; CNQX, 6-cyano-7-
itroquinoxaline-2,3-dione; CPCCOEt, 7-(hydroxyimino)cyclopropa[b]
hromen-1a-carboxylate ethyl ester; CPG, central pattern generator;
V, coefficient of variation; DR, dorsal root; l, left; NMDA, N-methyl-
-aspartate; r, right; S.D., standard deviation; TEA, tetraethylammo-
2
ium; Th, threshold; TTX, tetrodotoxin; VR, ventral roots; 4-AP, 4-ami-
opyridine; 5-HT, serotonin; �, mean phase.

306-4522/05$30.00�0.00 © 2005 Published by Elsevier Ltd on behalf of IBRO.
oi:10.1016/j.neuroscience.2005.09.025

1

ecent approaches to neurorehabilitation after spinal cord
njury have proposed to exploit accessory spinal networks
o perform the generation of locomotor programs damaged
y lesions to interneurons (collectively termed central pat-
ern generator, CPG) responsible for initiating and main-
aining locomotion (Barbeau and Fung, 2001; Grasso et
l., 2004; Parker, 2005). Emerging concepts in the field of
pinal plasticity applied to locomotion suggest that proprio-
pinal circuits accessory to the CPG may be activated by
harmacological modulators: hence, appropriate training and
oincidence of afferent signals and pharmacological agents
an produce a concerted interaction to re-activate, at least in
art, the lost locomotor function (Edgerton et al., 2004).

Within this framework, a few studies have been fo-
used on the use of the potassium channel blocker 4-ami-
opyridine (4-AP) that has been suggested to improve the
utcome of rehabilitation programs (Grijalva et al., 2003).
nitially (Hansebout et al., 1993) it was supposed that 4-AP
ould mainly act by blocking potassium channels of axons
nmasked by a demyelinating lesion, thus restoring con-
uction of action potentials. Recent studies have indicated
hat low concentrations of 4-AP facilitate the operation of
he locomotor CPG, though 4-AP alone cannot activate the
ocomotor program (Taccola and Nistri, 2004). These obser-
ations actually raised the question whether other potassium
hannel blockers could mimic the action of 4-AP or even

mprove upon it by direct stimulation of the CPG activity.
Former studies have shown that tetraethylammonium

TEA), a broad spectrum potassium channel blocker, could
nmask bursting by spinal motoneurons and interneurons
y promoting the activation of various depolarizing conduc-
ances and by augmenting excitatory synaptic inputs
Schwindt and Crill, 1980; Takahashi, 1990). These results
uggested to us that TEA could be an interesting agent to

nvestigate its ability to induced locomotor-like patterns. A
revious report has suggested that low concentrations of
EA can speed up the cyclic activity of the locomotor CPG
ctivated by NMDA and serotonin (5-HT; Cazalets et al.,
999). In the present study we examined how a wide range
f TEA concentrations could affect the ability of spinal
etworks to evoke rhythmic discharges, whether these had
he characteristics of fictive locomotion, the contribution of
otoneurons to this activity and the locus of its origin
ithin the spinal cord in vitro.

EXPERIMENTAL PROCEDURES

ll methods have been recently described (Taccola and Nistri,

004, 2005). In brief, spinal cords were removed from neonatal
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istar rats (0–5 days old) under urethane anesthesia (0.2 ml i.p.
f a 10% w/v solution) and isolated from mid-thoracic level to
auda equina. The experiments were run in accordance with the
ational Institutes of Health guidelines and the Italian act Decreto
egislativo 27/1/92 n. 116 (implementing the European Commu-
ity directives n. 86/609 and 93/88): all efforts were made to
educe the number of animals used and to minimize animal
uffering.

Cords were superfused (6.5 ml min�1) with oxygenated Krebs
olution of the following composition (in mM): NaCl 113, KCl 4.5,
gCl2 1, CaCl2 2, NaH2PO4 1, NaHCO3 25, glucose 11, pH 7.4,
t room temperature. Drugs were applied via the Krebs solution.
orizontal lesions to separate dorsal from ventral parts of the
pinal cord were performed using a surgical razor blade as indi-
ated by Bracci et al. (1996).

Ventral and dorsal root (VR and DR, respectively) activity was
ecorded by means of suction electrodes, and stored on digital
assette. Fictive locomotor patterns were obtained from electrical
ecordings of the activity from left (l) and right (r) L2 VRs (mostly
exor motor-pool commands to the hindlimbs) and l and r L5 VRs
mostly extensor motor-pool commands to the hindlimbs) (Kiehn
nd Kjaerulff, 1998). A typical indicator of fictive locomotion (see
utt et al., 2002) is the double alternation between homosegmen-

al l and r VRs, and between L2/L5 on the same side.
Single or trains of electrical stimuli (0.1 ms duration) were

elivered to one DR via a bipolar miniature suction electrode.
ntensity of stimulation was referred in terms of VR response
hreshold (Th).

For intracellular recordings, antidromically identified lumbar
L4 or L5) motoneurons (Fulton and Walton, 1986) were impaled
ith 3-M-KCl-filled microelectrodes under current-clamp condi-

ig. 1. Synchronous oscillations induced by 50–500 	M TEA. (A) Co
f the corresponding trace); note lack of activity under resting conditio
n all VRs. (C) TEA at 100 	M increases synchronous discharges. (D)
rom the same preparation. Scale bars apply to A–D records. (E)

sterisks�P�0.05. (F–H) Polar plots of VR oscillations shown in B, C and D. C
ignal vector indicates strength of phase coupling between VRs.
ions. The input resistance of motoneurons was obtained by de-
ivering hyperpolarizing current steps (0.05–0.55 nA). Current/
oltage plots were linear within the voltage range recorded.

The analysis of rhythms was carried out as indicated by
accola and Nistri (2004, 2005). The discharge period (T) was
easured as the time between the beginning of two subsequent
scillations (calculated as average of 20 responses). The coefficient
f variation of the period (CV�standard deviation (S.D.)�mean�1)
as used to quantify the regularity of bursting. Signal correlation
etween pairs of roots was expressed as the correlation coefficient
unction (CCF) using pCLAMP 9.2 software (Molecular Devices,
nion City, CA, USA). While CCF ��0.5 indicates synchronicity
etween two roots, CCF ��0.5 shows alternation. As for the anal-
sis of fictive locomotor-like rhythm induced by 10 mM TEA on
Rs, 10 min traces were analyzed by fast Fourier transform that
ave two different mean frequencies, corresponding to synchro-
ous and alternated rhythm. All data were expressed as
ean�S.D., with “n” as the number of experiments. Rayleigh test
nd circular statistic were used to represent phase coupling be-
ween roots (Drew and Doucet, 1991) as previously reported
Taccola and Nistri, 2004). The length of vectors in the polar plots
ndicates the strength of signal coupling, while the direction shows
he concentration of phase values around the mean phase (Mar-
hetti et al., 2001). The � value, expressed in angular degrees,
orresponds to the time span from the onset of a cycle in one root
o the onset of the corresponding cycle on the other root, divided
y the period. A ��180° means that the two cycles are completely
lternated, while a � value of 0° or 360° describes a fully coinci-
ent phase (Kjaerulff and Kiehn, 1996).

After performing a normality test to distinguish between para-
etric or non-parametric data, different statistical approaches

ords taken from four VRs (identified by their abbreviations at the end
ynchronous discharges of short duration and irregular period appear
oscillatory activity observed in the presence of 500 	M TEA. A–D are

s indicating period values for three concentrations of TEA, n�6.
ntrol rec
ns. (B) S
Intense

Histogram

lustering of data points around 0° to indicate synchronicity. Length of
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ere carried out to compare sets of data. For parametric values,
e used the Student’s t-test (paired or unpaired) for comparison
etween two groups of data, and ANOVA (analysis of variance) for
ore than two groups. For non-parametric values, the tests used
ere Mann-Whitney one if groups to be compared were two, and
NOVA on ranks, followed by a post hoc test (Tukey test) when
roups were �2. Results were considered significant when
�0.05.

Tocris (Bristol, UK) was the commercial source of the following
hemicals: 4-AP, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
-amino-phosphonovalerate (APV), N-methyl-D-aspartate (NMDA),
etrodotoxin (TTX), 7-(hydroxyimino)cyclopropa[b]chromen-1a-car-
oxylate ethyl ester (CPCCOEt). Sigma (Milan, Italy) was the com-
ercial source of the following drugs: TEA, 5-HT, carbenoxolone,
icuculline and strychnine.

RESULTS

he present study is based on 67 spinal cord preparations,
rom which root responses were systematically recorded.
urthermore, we also obtained data from 24 intracellularly-
ecorded motoneurons (�76�5 mV initial resting potential,
8�24 M
 input resistance). These values are typical of
pinal motoneurons recorded with sharp microelectrodes
Fulton and Walton, 1986) and accord with those mea-
ured in our recent investigations (Marchetti et al., 2003;
accola and Nistri, 2004; Taccola et al., 2004).

ow concentrations of TEA induced synchronous
hythms in spinal networks

ig. 1A–D shows that TEA (50–500 	M) induced electrical
scillations recorded from four lumbar VRs (L2, L5) of the

ig. 2. TEA (10 mM) evokes rhythmic alternating oscillations on VRs.
aseline) and generates fast oscillations. During continuous application
ith superimposed cycles of fast, alternating oscillations. Scale bars ap

ime corresponding to early phase of TEA application (horizontal gray

pplication (below gray bar on the right). Scale bars apply to B and C. (D, E) Po
round 180°. For further details see legend to Fig. 1. All data are from the sam
ame preparation. Concentrations lower than 50 	M were
neffective. The polar plots of Fig. 1F–H indicate that these
scillations were synchronous between pairs of VRs be-
ause data points for homosegmental and homolateral
ischarges were clustered around similar � values (near 0°,
hus indicating coincidence of activity). Strong coupling
etween these roots is demonstrated by the length of the
ectors (arrows in Fig. 1F–H). Inspection of raw data in Fig.
B–D, however, suggested that these oscillations were
ery irregular, a fact corroborated by the large value of
heir period CV (0.82�0.44 for 50, 0.80�0.27 for 100, and
.60�0.21 for 500 	M TEA, respectively; n�6). Analysis
f cross-correlation function for a pool of preparations in
he presence of 100 	M TEA further supported oscillation
ynchronicity: in fact, the CCF was 0.70�0.11 (n�6; ho-
olateral L2–L5 VRs) and 0.72�0.02 (n�4; homoseg-
ental L2–L5 VRs). The oscillation periodicity was also
ependent on the TEA concentrations as shown in the
istograms of Fig. 1E.

igh concentrations of TEA evoked alternating
atterns of VR discharges

he effect of TEA on spinal networks changed dramatically
ith larger concentrations. In fact, once concentrations
qual or above 1 mM were used, cycles of alternating VR
atterns emerged, an effect most reliably observed with
0 mM and lost with 20 mM TEA when irregular firing
eplaced any rhythmic activity. One example is provided by
he records of Fig. 2A, in which, following application of

ication of TEA (vertical open arrow) depolarizes VRs (upward shift of
the VR depolarization declines and there is appearance of slow waves
four VRs. (B) Expanded traces of fast oscillations recorded during the
). (C) Expanded traces of fast oscillations during late phase of TEA
(A) Appl
of TEA,
ply to all
bar in A
lar plots of VR oscillations displaying alternation as data are clustered
e preparation.
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0 mM TEA (open vertical arrow), there was a baseline
hift indicative of VR depolarization (1.3 mV on average for
he four VRs) with superimposed alternating oscillations
see Fig. 2B, C for expanded time base traces correspond-
ng to records indicated by the gray bars; 1.3�0.3 s pe-
iod). The polar plot of Fig. 2D shows that for l L2–l L5 (left
anel) and l, r L2 (right panel), the � data were clustered
round 180° (190�24° and 183�22°, 24 cycles). Similar
alues (198�28° and 178�34°, respectively; Fig. 2E)
ere obtained for same root pairs at later times of TEA
pplication, even though the VR depolarization evoked by
EA slowly waned. At this stage, VR oscillations typically
merged in association with slow waves of depolarization.

On a random sample of eight preparations bathed with
0 mM TEA solution, the early oscillations alternating be-

ween homolateral and homosegmental VRs had 1.6�0.3 s
eriod with 0.37�0.10 CV. The VR depolarization recorded
y means of suction electrodes was 1.2�0.5 mV (n�8),
hile using an intracellular microelectrode the depolariza-

ion of single motoneurons was 39�8 mV (n�5).
Spinal cord preparations did not fully repolarize to

aseline during sustained application of TEA: the average
esidual depolarization was 0.7�0.1 mV (n�8). Rhythmic-
ty was stably expressed with alternating events at the top
f slow waves (42�12 s, CV�0.34�0.10, average dura-
ion�59�28 s; n�8) which were synchronous among all
Rs (CCF�0.74�0.14). For each waveform there were 17�3
lternated cycles (mean period�1.6�0.4 s, CV�0.33�0.07).
lternation of oscillations recorded from VRs was also con-
rmed with cross-correlation analysis applied to the first 10
in of each trace (n�8) which yielded an average CCF

alue of �0.60�0.11.
Washing out 10 mM TEA after a standard 25 min

pplication was followed by a gradual disappearance of
low waves and fast oscillations, with return to baseline
ctivity after about 1 h.

ig. 3. Pharmacology of rhythmic patterns evoked by 10 mM TEA. (
scillations recorded from three VRs as indicated alongside the record

lternating oscillations, leaving shallow slow waves of very irregular nature wit
ntagonist CPCCOEt abolishes spontaneous electrical discharges. Scale bars
With lower concentrations of TEA (1–5 mM), the period
f alternated events (1.7�0.2 and 1.6�0.1 s for 1 and
mM respectively; n�4) at the top of each slow wave was
ot different from the one observed with 10 mM TEA.
evertheless, the time spent for alternating activity (as
ercent of the whole recording) was significantly increased
rom 33�4%, (1 mM TEA), to 54�9% (5 mM TEA) and
8�4% (10 mM TEA; P�0.05; n�3).

harmacology of TEA evoked rhythmic discharges

he Na� channel blocker TTX (1 	M) completely abol-
shed (within 6�1 min) all TEA-induced rhythmicity re-
orded from VRs and single motoneurons (n�5).

Application of 10 mM of TEA, after 50 min exposure
o the gap junction blocker carbenoxolone (100 	M),
nduced VR depolarization (1.4�0.4 mV) not different
rom the one shown in the presence of 10 mM TEA
lone, and left alternating oscillations unchanged (CCF
�0.66�0.12; n�4). Carbenoxolone (100 	M) per se did

ot change motoneuron membrane potential (0.3�0.6 mV,
�4), input resistance (110�18%, n�3) or the peak ampli-

ude of the DR-evoked reflexes (107�39%, n�4). All param-
ters of the motoneuron antidromic spike (peak 100�
%, area 95�9%, rise time 115�8%, decay time 106�
2%, half-width 114�8%) were unaffected by 100 	M
arbenoxolone.

The ionotropic glutamate receptor antagonists
NQX (10 	M) and APV (50 	M) blocked the alternating
scillations induced by 10 mM TEA as exemplified in
ig. 3A–B, leaving, however, the slow wave activity
hich became shallow and asynchronous (period�39�
0 s; CV�0.47�0.13; duration�16�4 s; CCF�0.25�
.28; n�8). When TEA was applied in the presence of
NQX and APV, it, however, retained its ability to de-
olarize motoneurons (14.5�5.9 mV, n�6). Further ap-

sponses comprising slow waves with superimposed fast, alternating
the same preparation application of CNQX and APV eliminates fast
A) VR re
s. (B) On
h superimposed spikes. (C) Further application of the group I mGluR
apply to all traces.
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lication of the glycine antagonist strychnine (1 	M) and
he GABAA antagonist bicuculline (20 	M) failed to sup-
ress the un-coordinated slow wave activity (45�17 s,
V�0.38�0.07, n�4) and strongly enhanced event
mplitude (325�39% with respect to those in CNQX
lus APV).

It was possible to suppress fully the slow wave ac-
ivity by applying the group I mGluR antagonist CPC-
OEt (100 	M; Schoepp et al., 1999) as shown in Fig.
C. This observation was consistently obtained with 10

ig. 4. Effects of 10 mM TEA on VRs and motoneurons. (A) Simul
L5 motoneuron (MN) during application of 10 mM TEA. MN me
ntracellular current injection (�0.35 nA). For the top trace recorded
ecords of events indicated by horizontal bar in A. The vertical scale
f 10 mM TEA plus the ionotropic receptor blockers CNQX, APV, st

ntracellular current injection (�0.05 nA) and displayed depolarizin
zation (see top trace) suppresses (in a reversible fashion) burst an
ownward deflections) fails to generate synaptic responses, confi
nputs to motoneuron. Different motoneuron from the one shown in C. (E)
olution plus ionotropic receptor blockers (gray trace). Records are averag
reparations after an application time of 344�117 s. It
s noteworthy that, when ionotropic receptor blockers
ere not applied, co-application of 10 mM of TEA
nd 100 	M CPCCOEt induced VR depolarization (1.8�
.6 mV; n�3) with typical superimposed oscillations
lternated between homolateral and homosegmental
Rs (period�1.4�0.23 s, CV�0.38�0.01). Thus, the
bility of CPCCOEt to suppress slow waves depen-
ed on the presence of ionotropic glutamate receptor
lockers.

record of lL5 VR oscillations in anti-phase with spike discharge of
potential is repolarized to �63 mV membrane potential (Vm) by
llularly (VR) the vertical bar is equal to 450 	V. (B) Fast time-base
0 	V for the VR record. (C) Bursting of motoneuron in the presence
(Str) and bicuculline (Bic). The cell was kept at �75 mV by steady
with superimposed spike firing. (D) Strong membrane hyperpolar-
ring. Asterisks show that DR stimulation (see artifacts indicated by
at pharmacological blockers shown in C have abolished synaptic
taneous
mbrane

extrace
bar�40

rychnine
g bursts
d spike fi
rming th
Superimposed antidromic spike in control (CTRL) or 10 mM TEA
es of five spikes.
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ropensity of motoneurons to oscillate in the
resence of ionotropic blockers

hen 10 mM TEA was added to the standard control solu-
ion, motoneurons fired in alternation with their contralateral
R as exemplified in Fig. 4A, B for one rL5 motoneuron and

L5 VR. In this example the motoneuron membrane potential
as depolarized by 42 mV and was repolarized by injection of
yperpolarizing current. When 10 mM TEA plus CNQX, APV,
trychnine and bicuculline were co-applied, motoneurons
ere depolarized by 16.6�6.2 mV (n�5). Cells were then

epolarized by current injection and displayed recurrent, slow
epolarizations (as depicted in Fig. 4C) with a superimposed
arrage of broad spikes (Fig. 4E). On average, there was no
hange in the antidromic spike peak (102�15%) and rise-
ime (111�17%), while the half-width was increased 10-fold

ig. 5. Oscillations produced by stimulus trains in the presence of 10
vokes cumulative depolarization with alternating oscillations (see also
he presence of 100 	M TEA the cumulative depolarization peak is la

64%) period. The polar plots (bottom) show that VR data for the indicated roo
left hand plots for control, right hand plots for TEA). In each panel scale bars
1107�137%; P�0.02; n�4). The input resistance of mo-
oneurons was increased to 119�21% of control (n�6;
�0.02). Injection of hyperpolarizing current during one
low oscillation, suppressed spike activity (Fig. 4D), while
lectrical stimulation of DR fibers failed to generate syn-
ptic responses (asterisks in Fig. 4D) confirming synaptic
ransmission block.

nteraction of TEA with fictive locomotor patterns

ictive locomotor cycles can be elicited by trains of elec-
rical stimuli applied to a single DR (Marchetti et al., 2001)
s exemplified in Fig. 5. In this example a series of 35

mpulses (2 Hz; 1.5�Th) evoked cumulative depolarization
recorded from three VRs) associated with homosegmen-
al (L2) and homolateral (L2–L5) discharge alternation (see

. In control solution a train of 35 DR stimuli (DR stim; 2 Hz; 1.5�Th)
d traces below horizontal gray bar). When the protocol is repeated in
rise) and associated with a higher number of oscillations with lower
0 	M TEA
expande

rger (25%

ts are clustered around 180°, indicating anti-phase of fast oscillations
apply to all records.
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xpanded records taken from traces underlined with hori-
ontal gray bars). When the protocol was repeated in the
resence of 100 	M TEA, cumulative depolarization am-
litude was increased by 25% and was accompanied by a

arger (138%) number of alternating discharges (see ex-
anded records). Stimulus trains either in control solution
r in the presence of 100 	M TEA generated alternating
R discharges with anti-phase signals between homoseg-
ental and homolateral VR (see polar plots at the bottom
f Fig. 5 with ��177°�24 and 179°�14, n�10 cycles in
ontrol, and 174°�33 and 165°�31, n�13 cycles in TEA
olution).

Fig. 6 shows pooled data obtained with stimulus trains
n the presence of various concentrations of TEA, either
elow Th for generating alternating patterns (50–500 	M)
r above it (1–5 mM). It is noteworthy that the TEA-evoked
acilitation of the size of cumulative depolarization (area
nd amplitude; Fig. 6A, B) was an evanescent phenome-
on, because it disappeared when the concentrations of
EA were �500 	M, actually turning into inhibition at
mM. Likewise, oscillations were more numerous as long

s the concentration of TEA was below the one triggering
lternating patterns, and suppression of alternating dis-
harges occurred with large doses of TEA (Fig. 6C, D).

When stimulus trains were below Th for generating
ctive locomotion, repeating this protocol in the presence

ig. 6. Summary of effects of TEA on responses evoked by DR trai
esponses (n�4–9) have been normalized with respect to control (CRT
ignificant reduction with 5 mM TEA. At 10 mM there is no cumulativ
epolarization is significantly increased with 50 and 100 	M TEA, and

f alternating fast oscillations in the presence of 100 and 500 	M TEA. # P�0.00
P�0.05.
f 50–500 	M failed to bring responses to Th (n�7). When
he area and the peak amplitude of VR responses evoked by
ingle stimuli applied to one DR were measured in the pres-
nce of 100 	M TEA, they were significantly increased
178�47% and 129�29%, respectively, n�7; P�0.001).

Fictive locomotion brought about by standard co-appli-
ation of NMDA (5 	M) and 5-HT (10 	M) was accelerated
y 500 	M TEA. On average, the period of the rhythm was
educed to 67�12% (control was 2.6�0.3 s; n�5;
�0.005), while the discharge amplitude was unchanged

100�9%).

o-application of 4-AP and TEA

ur previous observations have indicated that 4-AP per se
enerated synchronous discharges which were replaced
y faster fictive locomotion when the locomotor CGP was
ctivated chemically or electrically (Taccola and Nistri,
004). In the present study we also observed that applica-
ion of 10 mM TEA in the presence of 4-AP (5 	M; a
aximally effective dose to induce synchronous rhyth-
ic discharges) could still evoke VR depolarization ac-

ompanied by alternating discharges in place of the syn-
hronous rhythm produced by 4-AP (Fig. 7A). This phe-
omenon is clearly demonstrated with fast VR records in
ig. 7B, C and was preserved even later during the TEA

grams represent mean effects of various concentrations of TEA and
light increase in cumulative depolarization area with 100 	M TEA and
rization. * P�0.05; ** P�0.02. (B) The peak amplitude of cumulative
ed at 5 mM TEA. ** P�0.02; # P�0.005. (C) Increment in the number
ns. Histo
L). (A) S

e depola
decreas
5. (D) Significant decrease in fast oscillation period with 100 	M TEA.
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pplication (Fig. 7D). The polar plots of Fig. 7E show that
nitial synchronicity of the 4-AP discharges (l–r L5
�5°�6; r L2-5 ��14°�12; n�11 cycles) was replaced
y alternating VR signals early (Fig. 7F; ��180°�19 and
97°�30, respectively; n�21 cycles) and late (Fig. 7G;
�172°�28 and 176°�24, respectively; n�19 cycles) from

he start of TEA administration. The mean frequency of alter-
ating oscillations in the presence of 4-AP and TEA was
.4�0.5 s, while the CCF value was �0.64�0.03 (n�3).

ocalization of spinal networks responsible
or the action of TEA

lthough the electrical activity generated by TEA (10 mM)
as prominently expressed as VR discharges, DRs also
howed irregular electrical events with average period of
.1�2.3 s (CV�0.43�0.09; n�5), and 5.3�1.0 s duration
f single events. To find out the topography of the DR
vents, horizontal sections of the spinal cord were carried
ut as exemplified in Fig. 8A (Taccola and Nistri, 2005). In this
ase, VR bursting evoked by 10 mM TEA persisted although, on
verage, it was slower (3.3�1.8 s; CV� 0.39�0.19; n�5) with-
ut alternating VR patterns (CCF�0.26�0.24). DR discharges
emained with 4.9�1.2 s period (CV�0.27�0.08; n�5) and
.6�0.9 s duration, though with poor phase coordination
etween DRs (CCF�0.44�0.40; n�5). On the same prepa-
ations, after �30 min washout of TEA, application of 4-AP
5 	M; Fig. 8B) elicited larger and faster DR oscillations,
hile no events were present on VRs (see Taccola and
istri, 2005). Fig. 8C summarizes the DR bursting proper-

ies evoked by 10 mM TEA with respect to the discharges

ig. 7. Rhythmic activity produced by co-application of 4-AP and TEA
rregular VR oscillations. Subsequent application of TEA (gray bar)
atterns. Break in traces (approximately 3 min) shows that late slow w
xpanded time-base traces of VR activity during the three epochs indi
lots for activity corresponding to 4-AP alone, plus TEA and late during
re around 0° (E), while they are clustered around 180° when TEA is
nduced by 4-AP on the same sectioned preparations. It is l
lear that the TEA-dependent oscillations were signifi-
antly slower, more irregular, smaller and of longer dura-
ion.

DISCUSSION

he principal finding of the present study was the novel
emonstration that the broad spectrum potassium channel
locker TEA could activate spinal rhythmogenic networks
o generate alternating electrical discharges from homo-
egmental and homolateral VRs. Hence, TEA had actions
istinct from those of the other prototypical potassium
hannel blocker 4-AP, which could not directly produce
lternating VR patterns.

ffects of TEA on spinal neurons

revious studies have shown that, through the block of
arious potassium channel types (Rudy, 1988), TEA

argely increases the excitability of spinal neurons (Barrett
nd Barret, 1976; Schwindt and Crill, 1980; Buss et al.,
003) and augments synaptic inputs to motoneurons
Clements et al., 1986). By inhibiting hyperpolarizing out-
ard currents, TEA actually facilitates persistent, slow in-
ard currents which determine repetitive firing (Barrett and
arret, 1976). On interneurons this action of TEA is clearly
anifested as unmasking of plateau potentials with sus-

ained depolarization and bimodal firing behavior due to
oltage-activated Ca2� conductances (Harada and Taka-
ashi, 1983; Russo et al., 1998; Perrier and Hounsgaard,
999; Powers and Binder, 2000). The effects of TEA are

(5 	M) is applied (hatched bar) before TEA (10 mM) and generates
R depolarization and replaces irregular oscillations with alternating
alternating oscillations emerge. Scale bars apply to all traces. (B–D)

horizontal bars in A. Scale bars in B apply to all records. (E–G) Polar
d application of TEA and 4-AP. Note that in 4-AP solution data points
(F, G). Further details are in the legend to Fig. 1.
. (A) 4-AP
induces V
aves with
cated by
ikely to involve multiple classes of potassium channels as
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ven careful titration of this drug concentration cannot
nsure selectivity toward a particular potassium conduc-
ance (Rudy, 1988). Nevertheless, it is important to note
hat there was a dose-related change in spinal network
xcitability with consequent onset of synchronous VR dis-
harges that were then converted into alternating motor
atterns. This effect could not be attained with 4-AP (Tac-
ola and Nistri, 2004, 2005).

It should be noted that the present results were ob-
ained from neonatal spinal cord preparations. Because
ostnatally there is a steady increase in the expression
nd function of voltage-activated K� channels in spinal
eurons to gradually reach adult levels (McLarnon, 1995),

t is likely that the consequences of TEA-evoked block of
� channels in adult tissue are even more intense in terms
f network excitability.

When the spinal cord is subjected to experimental
njury, there is enhanced expression of certain K� chan-
els (Kv1.1, Kv1.2 and Kv1.4) especially at the level of the
hite matter (Nashmi et al., 2000; Edwards et al., 2002;
arimi-Abdolrezaee et al., 2004). While Kv1.2 and Kv1.4

ig. 8. Topography of oscillatory networks in the spinal cord. (A)
orresponding pair of DRs. The scheme on the right shows the section
fter extensive washout of TEA, 4-AP (5 	M) does not produce any act
cale bars apply to all records in A and B. (C) Histograms summarizin
of the actions produced by 5 	M 4-AP. Note that, unlike 4-AP oscilla

onger. Data are from n�5; * P�0.01; # P�0.05.
hannels are relatively insensitive to TEA, Kv1.1 channels t
re readily blocked by low mM concentrations of this agent
Coetzee et al., 1999). It seems feasible that, in principle,
igh concentrations of TEA might be useful to inhibit such
ver-expressed Kv1.1 channels which may otherwise ren-
er spinal networks less susceptible to activation by exci-
atory inputs. Furthermore, other families of TEA-sensitive
� channels (in addition to the classical Kv2.1 believed to
e responsible for the delayed rectifier of axons and neu-
ons; Muennich and Fyffe, 2004) are suggested to be
hythmically active during vertebrate locomotor programs
Kuenzi and Dale, 1998; Grillner et al., 2001) and might
ontribute to the fictive locomotor activity evoked by high
oses of TEA.

ynchronous rhythms evoked by small
oncentrations of TEA

oses of TEA as low as 50 	M could already activate
lectrical discharges from VRs. While these events were
ynchronous at segmental and intersegmental level, they
ere also quite irregular. Slightly increasing the concen-

mM) induces irregular oscillations on pair of L5 VRs and on the
eparate ventral from dorsal horn areas. (B) On the same preparation,

rded from VRs, yet it elicits strong, synchronous oscillations from DRs.
r DR oscillations recorded after horizontal section and expressed as

se induced by TEA are slower, more irregular, smaller and individually
TEA (10
used to s

ivity reco
g data fo
ration of TEA merely decreased discharge periodicity
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ithout improving its regularity. It is difficult to understand
he mechanisms underlying these effects, because syn-
hronicity should imply the operation of a broad spinal
etwork capable of recruiting and constraining motoneu-
ons into a simultaneous population discharge.

Despite increased network excitability, there was lim-
ted facilitation of fictive locomotor patterns induced, for
nstance, by DR stimuli or neurochemicals. Indeed, the

ost obvious change was a moderate increase in the
umber of alternating discharges caused by DR stimulus

rains. Cazalets et al. (1999) also reported modest accel-
ration of alternating patterns evoked by NMDA and 5-HT,
phenomenon confirmed in the present study. In summary

hen, in terms of ability to facilitate the CPG activation by
arious inputs, TEA appeared to be less effective than
-AP or low concentrations of the metabotropic glutamate
gonist 3,5-dihydroxyphenylglycine (Taccola et al., 2004).

lternating VR patterns elicited by large
oncentrations of TEA

illimolar concentrations of TEA surprisingly generated
hythmic, alternating patterns with all the characteristics
period, phase, regularity etc.) of fictive locomotion. Such a
henomenon had a dose window as it appeared at 1 mM
nd disappeared at 20 mM when high frequency tonic
ischarges were produced.

The alternating rhythm evoked by TEA was associated
ith network (as recorded from VRs) and motoneuron

recorded intracellularly) depolarization of considerable
mplitude. The observed depolarization was the sum of
irect effects on the motoneuron membrane plus en-
anced release by depolarizing transmitters within the lo-
al network. In fact, in the presence of blockers of gluta-
ate, GABA and glycine receptors, the observed depolar-

zation of motoneurons was halved, though still large
15–20 mV).

It was unexpected that a large depolarization of pre-
otoneurons and motoneurons did not produce broad in-
ctivation of voltage-gated channels and related arrest of
etwork activity. Indeed, in most cases the initial depolar-

zation evoked by TEA, at least in part, faded away, while
lternating rhythmic patterns persisted. At this stage a
ovel type of spinal rhythmicity emerged with slow syn-
hronous waves associated with cycles of locomotor like
atterns and motoneuron firing with phase coupling nec-
ssary for fictive locomotion. The network origin of all VR
esponses evoked by TEA was suggested by their full
isappearance in TTX solution.

harmacology of oscillations induced by large
oncentrations of TEA

he insensitivity of fast and slow oscillations to the gap-
unction blocker carbenoxolone suggested they were not
imply caused by motoneuron depolarizations spread
hrough electrical junctions. Pharmacological tools en-
bled us to dissect out slow synchronous waves from fast
lternating cycles. Blockers of ionotropic glutamate recep-

ors (CNQX and APV) suppressed fast cycles as indeed

xpected for locomotor-like discharges (Beato et al., c
997), while leaving a background of smaller, slow irregu-
ar waves. The latter were largely amplified by the GABAA

eceptor antagonist bicuculline and the glycine antagonist
trychnine. In the presence of ionotropic receptor blockers,
he selective mGluR1 antagonist CPCCOEt fully sup-
ressed these slow waves, indicating that they were me-
iated by mGluRs which, once activated, are known to
enerate oscillatory activity of premotoneurons and mo-
oneurons in the rat spinal cord (Marchetti et al., 2003).
owever, CPCCOEt did not significantly change rhythmic-

ty produced by TEA alone, suggesting that mGluRs con-
ributed to rhythmicity in concert with other major players
ike ionotropic glutamate receptors. Only when the latter
ere inhibited, the action of mGluRs became detectable.

It is noteworthy that low-intensity activation of group I
GluRs can facilitate locomotor rhythms, while strong ac-

ivation can actually suppress them (Taccola et al., 2004).
here are, therefore, some analogies between the action
f group I mGluRs and that of large concentrations of TEA:
hey both inhibit potassium conductances (Taccola et al.,
004), and can suppress locomotor-like patterns when
dministered during ongoing fictive locomotion. There are
lso important differences between them. For instance,
ctivation of mGluRs alone cannot evoke fictive locomo-
ion (Taccola et al., 2004). Furthermore, when mGluRs are
locked, TEA can still produce locomotor-like rhythms.
ence, the irregular slow waves emerging after block of

onotropic receptors in 10 mM TEA solution could not
nduce alternating (or even synchronous) motoneuron dis-
harges. Rhythmic patterns seemed to be totally depen-
ent on intact glutamatergic transmission at network level.
hen network synaptic transmission was blocked, mo-

oneurons did exhibit membrane depolarization, very
trong lengthening of their spike and irregular oscillations
ith potent spike discharges. All these effects were, how-
ver, incapable of being translated into a cohesive motor
attern, indicating that, even when potently excited by
EA, motoneuron discharges could not make up for im-
aired CPG networks.

nteraction between the effects of 4-AP and TEA

t the concentration of 5 	M 4-AP induces large electrical
ischarges synchronous on VRs and DRs (Taccola and
istri, 2004, 2005). This appears to be the maximally
ffective dose as larger concentrations generate tonic,
igh frequency firing. When 10 mM TEA was applied dur-

ng the synchronous rhythm by 4-AP, there was a large
epolarization, indicating that there was no occlusion in the
ction of each potassium channel blocker. Alternating VR
atterns were produced to replace the synchronous events
ue to 4-AP. In this sense, the switch off of the 4-AP
attern confirmed that the TEA-evoked rhythm had the
haracteristic of fictive locomotion because fictive locomo-
ion turns off other spinal network patterns in rat spinal cord
Beato and Nistri, 1999; Marchetti and Nistri, 2001; Tac-
ola and Nistri, 2004). Nevertheless, 4-AP could not speed
p the locomotor-like rhythm. Thus, the TEA-induced ac-
ivity was relatively stereotypic in its period which was not

hanged by using lower concentrations of TEA. Thus, by
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hanging the concentrations of TEA it was possible to
etermine how long the CPG remained active, but it was
ot feasible to modulate its output to motoneurons.

ocalization of rhythmogenic networks activated
y 10 mM TEA

R discharges were observed in the presence of 10 mM
EA. When the dorsal and ventral areas of the spinal cord
ere sectioned, VR discharges persisted, albeit irregular
nd asynchronous, while DRs generated asynchronous
scillations. The DR activity evoked by TEA was very
ifferent from the one elicited by 4-AP because it was
lower, irregular, longer, and of smaller amplitude. These
haracteristics suggest that the DR oscillators reputed to
e activated by 4-AP were not the exclusive (or at least the
ain) target for the action of TEA. Furthermore, while

solated ventral horns lost rhythmic activity due to 4-AP,
hey retained it with 10 mM TEA. It seems likely that the
ction of TEA disclosed a broad ability of spinal networks
o generate oscillations: topographically-sparse networks
ould generate oscillations, but their output lacked refine-
ent like phase alternation and rhythm regularity. Next to

aised neuronal excitability, network coupling was there-
ore an essential element to generate a motor program.

CONCLUSIONS

high concentration of TEA per se brought about a spinal
hythm with all the properties typical of fictive locomotion. It
s likely that this phenomenon was due to a wide-ranging
lock of multiple potassium conductances of spinal neu-
ons including those belonging to the locomotor CPG. The
EA-evoked rhythm was less stable than and less suscep-

ible to frequency modulation of fictive locomotion evoked
y electrical stimuli or neurochemicals. These observa-
ions suggest that there were different pharmacological
pproaches to facilitate the operation of the locomotor
PG: on the one hand, a drug like 4-AP could favor the
PG operation, on the other hand, a substance like TEA
er se could induce rhythmic, alternating VR discharges,
ut it actually often depressed the operation of the CPG
hen activated by other stimuli. These observations might
rovide the basis for future work designed at identifying
ore effective agents capable of activating the locomotor
PG via inhibition of strategically-restricted classes of po-

assium channels.
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Abstract This study examined whether activation of
group I metabotropic glutamate receptors (mGluRs)
could modulate synaptic inhibition of spinal motoneu-
rons in the neonatal rat isolated spinal cord. Recurrent
inhibitory postsynaptic potentials (IPSPs) generated by
Renshaw cells were evoked via antidromic stimulation
of motor axon collaterals and recorded intracellularly
from lumbar motoneurons. The selective agonist of
group I mGluRs DHPG (5 lmol L�1) depressed the
recurrent IPSP, an effect prevented by the selective
antagonist AIDA (500 lmol L�1). The depression by
DHPG was use-independent and could be partly coun-
teracted by increasing stimulus strength. Paired pulse
depression observed at £ 50-ms intervals was blocked
by DHPG in an AIDA-sensitive manner. These results
suggest that, in the presence of DHPG, smaller recurrent
IPSPs can contribute to the excitatory action of mGluR
activation on spinal networks, including the generation
of synchronous oscillations recorded from motoneurons.

Keywords Renshaw cell Æ Synaptic inhibition Æ
DHPG Æ AIDA Æ Paired pulse depression

Introduction

Although detailed information on the structure, distri-
bution and single-cell activity of metabotropic glutamate
receptors (mGluRs) is currently available (Pin and

Duvoisin 1995; Schoepp et al. 1999), their functional
role within physiologically identified neuronal circuits
remains incompletely understood.

The mammalian isolated spinal cord is useful for
investigating the functional role of mGluRs (Ishida et al.
1993; Jane et al. 1994) that are widely distributed in
spinal laminae (Berthele et al. 1999; Alvarez et al. 2000),
suggesting they are important in the modulation of local
network activity. Most mGluRs of the spinal cord belong
to group I (Berthele et al. 1999; Alvarez et al. 2000) and
are coupled to activation of phosphoinositol metabolism,
membrane depolarization, and heightened excitability
(Pin and Duvoisin 1995; Schoepp et al. 1999). In keeping
with this view, our recent studies have shown that, in the
rat spinal cord, group I mGluRs evoke motoneuron
depolarization and electrical oscillations together with
strong facilitation of spontaneous synaptic discharges
(Marchetti et al. 2003). These phenomena are, however,
associated with significant depression of excitatory syn-
aptic transmission induced by electrical stimulation of
dorsal root afferents—apparently because enhancement
of glycinergic inhibition by group I mGluR activation
leads to depression of excitatory glutamatergic responses
(Marchetti et al. 2003). In this study we wished to explore
further whether activation of group I receptors by the
selective agonist DHPG could modify inhibitory trans-
mission within a well-identified spinal pathway. For this
purpose, we examined inhibitory postsynaptic potentials
(IPSPs) mediated by Renshaw cells on motoneurons.
Renshaw cells are a class of ventral horn interneurons,
which, once excited by motor axon collaterals via cho-
linergic nicotinic receptors, inhibit motoneurons (Eccles
et al. 1954). The IPSP of Renshaw cells is predominantly
glycinergic (Werman et al. 1968; Marchetti et al. 2002)
and functionally inhibitory even on neonatal motoneu-
rons (Marchetti et al. 2002). Because group I mGluRs are
largely present in the ventral horn (Berthele et al. 1999;
Alvarez et al. 2000), the motoneuron IPSP, evoked by
antidromic stimulation of a single ventral root (VR), is a
convenient tool to explore interference by mGlu recep-
tors with inhibitory synaptic transmission.
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Methods

Experiments were performed on lumbar spinal cord
preparations isolated from neonatal Wistar rats (0–
5 days old) under urethane anaesthesia (0.2 mL i.p. of a
10% w/v solution) as previously described (Taccola et al.
2004). These procedures were conducted in accordance
with NIH guidelines, and Italian national laws DL 27/1/
92 n. 116 following the European Community directives
n. 86/609 and 93/88 (Italian Ministry of Health autho-
rization D.M. 69/98-B). The spinal cord was superfused
with Krebs solution of composition (mmol L�1): NaCl,
113; KCl, 4.5; MgCl27H2O, 1; CaCl2, 2; NaH2PO4, 1;
NaHCO3, 25; glucose, 11; gassed with 95% O2–5% CO2;
pH 7.4 at room temperature. All agents were applied via
the superfusing solution.

Intracellular current-clamp recording from function-
ally identified L3–L5 motoneurons used sharp electrodes
filled with either 3 mol L�1 KCl (30–60 MX resistance),
or 2 mol L�1 KMeSO4 (60–120 MX resistance). Ren-
shaw cell-mediated IPSPs were elicited by antidromic VR
stimulation (stimulus intensity: 1–5 V; duration: 0.1 ms;
0.4 Hz unless otherwise stated) in accordance with
standard procedures (Marchetti et al. 2002). QX-314ÆCl
(300 lmol L�1; Marchetti et al. 2002) was added to the
intracellular solution to block the somatic motoneuron
spike and the slow inward rectifier, which would other-
wise mask IPSPs. Synaptic responses were acquired after
resetting (via intracellular current injection) the moto-
neuron membrane potential (Vm) to the value recorded
before the test drug application, averaged (‡5) and
quantified as means±SD (n is the number of experi-
ments). Statistical significance was assessed with Stu-
dent’s t-test, or ANOVA plus Tukey test. The accepted
level of significance was P=0.05. Substances were used
at receptor subclass-selective concentrations (Schoepp
et al. 1999; Marchetti et al. 2003). The following chemi-
cals were purchased from Tocris: (RS)-1-aminoindan-
1,5-dicarboxylic acid (AIDA, selective antagonist of type
1 of group I receptors; 500 lmol L�1), (RS)-a-cyclo-
propyl-4-phosphonophenylglycine (CPPG, selective
antagonist of group III receptors; 50 lmol L�1), (RS)-
3,5-dihydroxyphenylglycine (DHPG, selective agonist of
group I receptors; 5 lmol L�1), (2S)-a-ethylglutamic
acid (EGLU, selective antagonist of group II receptors;
200 lmol L�1), 2-methyl-6-(phenylethynyl) pyridine
hydrochloride (MPEP, selective antagonist of type 5 of
group I receptors; 100 lmol L�1).

Results

Effect of mGluRI activation on IPSPs

Figure 1Aa shows an example of multi-fibre recurrent
IPSP recorded with a KMeSO4+QX-314-filled electrode
from an L5 motoneuron (Vm=�73 mV) stimulated via
its homolateral VR. As previously reported (Marchetti

et al. 2003), 5 lmol L�1 DHPG evoked motoneuron
depolarization with increased input resistance (not
shown). After 3 min exposure to DHPG (5 lmol L�1)
and repolarization of the membrane potential to control
level, the peak amplitude and the area of the IPSP were
depressed to 64 and 55%, respectively (Fig. 1Ab), an
effect reversible after 20 min washout (not shown). On a
sample of nine motoneurons, the IPSP peak after 2–
4 min application of DHPG became 84±27% of control
(P<0.05) and the area was 57±15% (P<0.001;
Fig. 1B) whereas the rise time and decay time were un-
changed (93±18 and 100±19%, respectively; P>0.05).

In control solution the size of the IPSPs readily grew
with small increments in stimulus intensity (compare 1
and 2 V traces in Fig. 1D). In DHPG solution, however,
a very large rise in stimulus strength (16 V) was neces-
sary to match the IPSP amplitude initially observed in
control solution (Fig. 1D).

Next, we explored the role of endogenous mGluR
activity in shaping the IPSP. Figure 1Ac–f shows little
change in IPSPs recorded in the presence of AIDA or
MPEP. On average, IPSP area (87±24%, n=9;
Figs. 1B and 2B), peak amplitude (94±20%), rise
(98±9%) and decay (90±10%) times were not signifi-
cantly different in the presence of AIDA. Likewise, in
the presence of MPEP, IPSP area (129±41%, n=8;
Figs. 1B and 2B), peak amplitude (111±24%), rise
(114±25%) and decay (93±13%) time were not sig-
nificantly different from control. Likewise, the IPSP
area, measured in the presence of EGLU, was
140±30% of control (n=5; P>0.05) with no significant
change in peak amplitude (104±6%, n=5). Similarly,
CPPG did not cause significant changes in area
(116±26%, n=3), or peak (88±25%) of the IPSP.

Because of the composite nature of the recurrent
IPSPs with considerable amplitude fluctuation, to assess
the sensitivity of the action of DHPG to antagonists we
compared (on the same cells; Fig. 1C) changes in IPSP
area in the presence of 5 lmol L�1 DHPG plus antag-
onist(s) with the response in the presence of the antag-
onist(s) alone. The IPSP depression induced by DHPG
was prevented by AIDA (96±15%, n=4) or AI-
DA+MPEP (92±9%, n=3), yet persisted with
MPEP+DHPG (47±24%, n=4; P<0.005).

Stimulus-dependent short-term changes
in Renshaw cell IPSPs

We tested if the inhibition of the IPSP by DHPG was
use-dependent. Fig. 1E shows, for five motoneurons, a
time profile plot of the normalized IPSP area during a
train of ten stimuli at 0.33 Hz. In control solution the
IPSP remained stable throughout the train (filled
squares). Four minutes application of DHPG depressed
the area of the IPSP that was also normalized in respect
of the first response for sake of comparison (open circles
in Fig. 1E). Even in this case, the depression remained
stable throughout the stimulus train, indicating that,
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despite more signal fluctuation, the synaptic block did
not show use-dependent modification.

We next tested if DHPG might affect synaptic plas-
ticity over a shorter time-frame. We changed the inter-
stimulus interval in the ms range as shown in Fig. 2A for
control (filled circles) or DHPG (open circles) solution.
Short-term synaptic depression was quantified by taking
the ratio (PPR) between the second response amplitude
over the first. In the example of Fig. 2A, at £ 50 ms
intervals, the second IPSP amplitude was reduced to
0.84±0.03% in control solution (average first IPSP
amplitude was 4.35±1.04 mV; n=7). Short-term syn-
aptic depression was, however, absent in the presence of
DHPG (Fig. 2A). This phenomenon is also illustrated
by sample records in Fig. 2B (same cell as in A) for 30-
ms stimulus interval and summarized in Fig. 2C, indi-
cating significant short-term depression in control solu-
tion (left column) only. This effect of DHPG was
sensitive to AIDA. In fact, while in DHPG solution PPR
was close to 1 (1.05±0.11; n=6) and significantly dif-
ferent from control (0.88±0.12; P<0.05), the PPR va-
lue in the presence of AIDA (0.87±0.07) or AIDA plus
DHPG (0.89±0.10; n=3) was similar to that in control,

indicating persistence of short term depression when the
mGluR antagonist was applied.

Discussion

The main result of this study is the novel demonstration
that activation of group I mGluRs depressed recurrent
synaptic inhibition of lumbar motoneurons in the neo-
natal rat spinal cord in vitro. This effect was observed
when activating the Renshaw cell pathway by stimula-
tion of the corresponding VR.

Mechanisms of IPSP depression by DHPG

It was somewhat surprising that, after concluding that
DHPG facilitated dorsal root-evoked glycinergic trans-
mission in the spinal cord (Marchetti et al. 2003), we
actually found DHPG to depress the IPSP of Renshaw
cells that use glycine as their main transmitter (Werman
et al. 1968; Marchetti et al. 2002). The recurrent IPSP is
based on a disynaptic pathway whereby cholinergic
nicotinic synapses (Eccles et al. 1954) activate Renshaw
cells impinging upon motoneurons (Werman et al.
1968). Thus, the depressant action by DHPG might
target either nicotinic transmission on Renshaw cells, or
Renshaw cell firing-dependent inhibitory transmission,
or both.

Even though DHPG reduces glutamate release on
hippocampal cells (Fitzjohn et al. 2001; Faas et al. 2002),
neurochemical studies have shown that DHPG actually
facilitates release of endogenous glycine (de Novellis
et al. 2002), thus making it unlikely that the observed
reduction in Renshaw cell IPSP was because of depres-
sion of inhibitory transmitter release on spinal moto-
neurons. The release hypothesis cannot, however, be
tested directly, because IPSPs exclusively generated by

Fig. 1 A–E Effect of mGluR group I activation on recurrent IPSPs.
A Recurrent IPSP (recorded with a KMeSO4+QX-314-filled
electrode) at the same membrane potential value (Vm=�73 mV):
response is depressed in the presence of DHPG (a, b), but not in the
presence of AIDA (c, d; different cell from a, b; Vm=�71 mV) or
MPEP (e, f, different cell from a, c; Vm=�70 mV). B Average IPSP
area (percentage of control) during application of DHPG (n=9),
AIDA (n=9), or MPEP (n=8). *P<0.001. C Average IPSP area
(percentage of value in the presence of antagonists applied for
10 min) during application of AIDA+DHPG (n=4),
MPEP+DHPG (n=3), or AIDA+MPEP+DHPG (n=3);
*P<0.005. D Superimposed IPSPs elicited by stimuli at different
intensities in control (ctrl, 1, 2 V) and in DHPG solution (16 V). E
Time course of changes in IPSP area (normalized to area of first
IPSP) in control (filled symbols) and in DHPG solution (hollow
symbols): IPSP(i) indicates the number of IPSP in the sequence
(i=1,...,9); n=5
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Renshaw cells cannot be identified on a single moto-
neurone. Previous studies have not found block of gly-
cine or GABA receptors by DHPG in spinal (Marchetti
et al. 2003; Taccola et al. 2004) or brainstem (Shariful-
lina et al. 2004) networks, suggesting that depression of
spinal recurrent IPSPs was not because of partial block
of inhibitory receptors on motoneurons. In accordance
with this view, the depressant effect of DHPG was not
use-dependent as might have been expected if this agent
acted as a non-selective channel blocker.

The alternative possibility is that DHPG blocked
cholinergic transmission, thereby depriving Renshaw
cells of their input drive. The DHPG-induced increase in
motoneuron firing (Marchetti et al. 2003) should have
actually enhanced acetylcholine release to Renshaw cells
by analogy with data from rat brain synaptosomes
(Marti et al. 2001). Although there is evidence for

DHPG acting distinctly from nicotinic receptors (Arce
et al. 2004), augmented release of acetylcholine may lead
to persistent depolarization of Renshaw cells. If Ren-
shaw cells (like other ventral horn interneurons) express
group I mGluRs (Berthele et al. 1999; Alvarez et al.
2000), their direct depolarization by DHPG would add
to that caused by enhanced release of acetylcholine. This
condition might be expected to evoke some inactivation
of voltage-dependent Na+ channels of Renshaw cells
with impairment in their ability to release inhibitory
transmitter and consequent IPSP depression.

Paired-pulse stimulation disclosed short-term
depression of the IPSP, a phenomenon likely to reflect a
transient fall in transmitter release, probably because of
a rapid decrease in the available pool of synaptic vesicles
after the first stimulus (Zucker and Regehr 2002).
Interestingly, DHPG eliminated paired-pulse depres-
sion, perhaps because DHPG is known to increase
intracellular free Ca2+ (Pin and Duvoisin 1995), a pro-
cess, which might have expanded the vesicle pool to limit
depression of the second IPSP. The ability by DHPG to
minimize paired pulse depression was not, however,
sufficient to counteract the fall in IPSP amplitude versus
control in saline solution.

Although a persistent, large release of acetylcholine
by DHPG might have facilitated nicotinic receptor
desensitization and contributed to reduced inputs to
Renshaw cells, this possibility could not explain the loss
of paired-pulse depression in the presence of DHPG.

The mechanism responsible for the IPSP decrease in
the presence of DHPG remains, however, conjectural
because direct recording from Renshaw cells in the rat
isolated spinal cord is very difficult, owing to their sparse
location which makes rare their observation even in
spinal slices (Dourado and Sargent 2002). Hence, this
report has to rely on an indirect approach based on
recording responses from motoneurons. Nevertheless,
our results indicate that the IPSP depression was be-
cause of type 1 mGluRs in view of the antagonism by the
selective blocker AIDA. It is noteworthy that, under the
present conditions, there was no detectable activation of
groups I–III receptors during antidromic stimulation,
because none of the tested antagonists per se modulated
the recurrent IPSP.

Functional implications for network activity

These data disclosing significant depression of recurrent
IPSPs on lumbar motoneurons may help to account for
one aspect of the general network activity triggered by
mGluR activation in the rat spinal cord, namely the
emergence of synchronous oscillations between moto-
neuron pools (Marchetti et al. 2003). It is widely ac-
cepted that glycinergic interneurons in the ventral horn
contribute substantially to alternation of electrical
oscillations between distinct groups of motoneurons
(Butt et al. 2002). It is therefore feasible that impairment
of Renshaw cell activity may lead to a synchronous

Fig. 2 A–C Short-term changes in recurrent IPSP in the presence
of DHPG. A Plot of PPR versus inter-stimulus time in control
solution or in the presence of DHPG. B Representative traces taken
at 30-ms paired-pulse interval demonstrating loss of synaptic
depression with DHPG application (same cell as in A). C average
PPR at 30-ms paired-pulse interval in control (n=6), 5 lmol L�1

DHPG (n=6), 500 lmol L�1 AIDA (n=3), and AIDA plus
DHPG solution (n=3); *P<0.05 compared with control
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discharge pattern that does not, however, disrupt the
fictive locomotor rhythm (Taccola et al. 2004).
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Electrophysiological e¤ects of 4-aminopyridine on fictive locomotor activity of
the rat spinal cord in vitro

G. Taccola and A. Nistri

Neurobiology Sector and INFM Unit, International School for Advanced Studies (SISSA), Trieste, Italy

Summary

Recently the Kþ channel blocker 4-aminopyridine (4-AP) has

been suggested to be useful to improve motor deficits due to spinal

cord lesions. There is, however, little basic research support for

this action of 4-AP. In this study we have used as a model the neo-

natal mammalian spinal cord in vitro that generates a rhythmic

activity termed fictive locomotion (induced by bath-application of

NMDA þ 5-HT) with phasic electrical discharges alternating be-

tween flexor and extensor motor pools and between left and right

motoneurons within the same segment. When 4-AP was added in

the presence of sub-threshold concentrations of NMDA þ 5-HT,

there was facilitation of fictive locomotion which appeared with al-

ternating patterns on all recorded ventral roots (VR). Furthermore,

in the presence of 4-AP, weak dorsal root (DR) stimuli, previously

insu‰cient to activate locomotor patterns, generated alternating

discharges from various VRs. The present data show that 4-AP

could strongly facilitate the locomotor program initiated by neuro-

chemicals or electrical stimuli, indicating that the spinal locomotor

network is a very sensitive target for the action of 4-AP.

Keywords: Central pattern generator; spinal cord lesion; rhythmic

patterns; oscillations.

Introduction

Fampridine-SR, a new sustained release oral tablet

form of 4-AP is currently under phase III clinic trial

for its therapeutic e‰cacy in patients with Multiple

Sclerosis (MS) and chronic spinal cord injury [2]. The

rationale for this approach stems from the fact that

low concentrations of 4-AP are considered to block

transient, voltage activated, outward Kþ currents. The

most striking e¤ect seen with Kþ channel blockers is

an enhancement of transmitter release at many central

and peripheral synapses as a consequence of increased

Caþþ influx into presynaptic terminals.

4-AP sensitive Kþ channels are also present in the

internodal area of the axon membrane shielded under

the myelin sheath. Traumatic injury causes apoptosis

of oligodendrocytes with disruption of the myelin

wrapping which then unmasks 4-AP sensitive Kþ

channels located in juxtaparanodal and internodal

regions. The activity of such previously-hidden Kþ

channels results in axonal conduction failure at central

and peripheral level [5]. Hence, block of voltage-

dependent fast Kþ channels by 4-AP has two impor-

tant e¤ects that are thought to ameliorate the central

conduction deficit experienced by patients following

MS or traumatic cord injury: it prolongs the duration

of the action current in focally demyelinated inter-

nodes and it enhances central and peripheral synaptic

transmission.

We have considered the possibility that 4-AP might

improve spinal cord function by modulating and/or

reactivating the operation of the specialized spinal

network devoted to generate rhythmic motor patterns

responsible for locomotion. Such network is named

Central Pattern Generator (CPG). The spinal CPG

can generate in vivo, even in the absence of external

stimuli, phasic electrical discharges alternating be-

tween flexor and extensor motor pools and between

left and right motoneurons within the same segment.

A very similar pattern can be produced also by

superfusing the isolated mammalian spinal cord with

excitatory agents like NMDA and serotonin (5HT; see

[1, 3]) or by repeated stimuli applied to one DR [4].

Since the main rhythmic burst in L2 is flexor-related

and the main burst in L5 is extensor-related, it is

common to call the rhythmic activity locomotor-

like when the L2 and L5 bursts alternate on one side

of the cord and when there is segmental left-right

alternation.
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Because of its well defined inputs via DR fibres and

motor output via VR axons, and because of its long-

term stability, the isolated spinal cord of the rat repre-

sents a very advantageous in vitro model to evaluate

the pharmacological action of drugs, like 4-AP, pro-

posed for the symptomatic treatment of spinal cord

injured subjects. The present study sought to clarify if

4-AP could act on the spinal CPG.

Fig. 1. 4-AP enhances alternating motor patterns during DR stimulation. Sample records are from three VRs (left, l, and right, r) whose seg-

mental identification is abbreviated alongside the traces. All data are from the same preparation. (A) During a train of 40 strong pulses to a

single DR, there is a slowly developing VR depolarization with superimposed alternating patterns. (B) When the test is repeated in the presence

of 4-AP the number of alternating patterns is clearly increased. (C) The same preparation is stimulated with a train of weak DR pulses unable to

induce cumulative depolarization or oscillations. (D) When the test is carried out in the presence of 4-AP, there is appearance of cumulative

depolarization and alternating oscillations
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Methods

In accordance with NIH guidelines and the Italian act DL 27/1/92

n. 116 (implementing the European Community directives n. 86/

609 and 93/88), experiments were performed on lumbar spinal cord

preparations isolated from neonatal Wistar rats (0–5 days old) under

urethane anaesthesia (0.2 ml i.p. of a 10% w/v solution). The exper-

imental set-up was the same as described by Taccola et al. (2004) [6].

In brief, the neonatal rat spinal cord was superfused (7.5 ml min�1)

with Krebs solution of the following composition (in mM): NaCl,

113; KCl, 4.5; MgCl27H2O, 1; CaCl2, 2; NaH2PO4, 1; NaHCO3, 25;

glucose, 11; gassed with 95% O2–5% CO2; pH 7.4 at room tempera-

Fig. 2. Fictive locomotion is disclosed by 4-AP. Representative traces are all from the same preparation. (A) Stable fictive locomotion is re-

corded in the presence of 4 mM NMDA and 10 mM 5-HT. Note alternation between flexor and extensor motor pools. (B) Decreasing the

NMDA concentration to 3 mM slows down the rhythm. (C) When the NMDA concentration is 2 mM, the rhythm is suppressed. (D) Admin-

istration of 5 mM 4-AP restores the rhythm despite the low concentration of NMDA

Electrophysiological e¤ects of 4-aminopyridine 153



ture. All agents were bath-applied via the superfusing solution at the

concentrations mentioned in the text. In view of the need to record

fictive locomotion rhythms for a long time, the majority of experi-

ments were based on DC-coupled recordings from lumbar VRs. DR

electrical stimuli were employed to elicit either single VR responses

(recorded from the ipsilateral VR of the same segment) or VR cu-

mulative depolarization following a train of DR pulses.

Fictive locomotion was typically induced by continuously bath-

applied NMDA plus 5-HT.

Results

A low concentration (5 mM) of 4-AP could not

trigger the expression of fictive locomotion as this drug

generated synchronous oscillations only (not shown).

We therefore explored if 4-AP could facilitate the gen-

esis of fictive locomotion in the presence of appropri-

ate stimuli to the spinal locomotor CPG. Figure 1 A–B

shows extracellularly recorded cumulative depolariza-

tion of three lumbar VRs following a train of 40 strong

electrical pulses to a single DR. The cumulative depo-

larization which developed gradually during the pulse

train presented superimposed alternating oscillations.

In control condition such oscillations occurred be-

tween lL2 and lL5 and between rL2 and lL2, thus fea-

turing the hallmarks of fictive locomotion. 4-AP

(5 mM) increased the cumulative depolarization area

by enhancing the number of oscillations without af-

fecting their period. Note that during cumulative de-

polarization the synchronous oscillations induced by

4-AP disappeared to be replaced by the alternating

ones.

The same experimental procedure was repeated by

using a train of much weaker electrical pulses (see Fig.

1 C–D), which in control condition could evoke nei-

ther cumulative depolarization nor alternating oscil-

lations. When this test was repeated in the presence of

4-AP (5 mM), the same stimulation pattern could now

generate cumulative depolarization with alternating

oscillations.

Figure 2 A shows a representative experiment of

stable fictive locomotion induced by application of

NMDA (4 mM) and 5HT (10 mM). This rhythm

shows the characteristic double alternation between

right and left side of the cord and between flexor and

extensor motor pools. A small decrease in NMDA

concentrations to 3 mM decelerated the rhythm which

preserved its alternating patterns (Fig. 2 B). When

NMDA was applied at 2 mM (Fig. 2 C), the rhythm

disappeared. However, application of 5 mM 4-AP (in

the presence of subthreshold concentration of NMDA

and 5HT) could readily restored fictive locomotion

(Fig. 2 D). When 4-AP was applied during a stable

fictive locomotor pattern, it accelerated the rhythm

(not shown).

Discussion

The present data show that 4-AP could strongly

facilitate the locomotor program initiated by neuro-

chemicals or electrical stimuli indicating that the op-

eration of the central pattern generator responsible

for locomotion could be significantly up-regulated by

a very low dose of 4-AP. The present data therefore

indicate a novel site of action for 4-AP in facilitating

spinal motor programs in addition to its e¤ects on

axons and peripheral synapses. This e¤ect of 4-AP was

strictly dependent on the coincidence of 4-AP admin-

istration and stimulatory inputs to the CPG. For this

reason 4-AP may have a possible therapeutic applica-

tion to bring the CPG activity to threshold, although

by itself it could not generate fictive locomotion.
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HARACTERISTICS OF THE ELECTRICAL OSCILLATIONS EVOKED
Y 4-AMINOPYRIDINE ON DORSAL ROOT FIBERS AND THEIR
ELATION TO FICTIVE LOCOMOTOR PATTERNS IN THE RAT SPINAL

ORD IN VITRO
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. TACCOLA AND A. NISTRI*

eurobiology Sector and INFM Unit, International School for Ad-
anced Studies, Via Beirut 4, 34014 Trieste, Italy

bstract—4-Aminopyridine (4-AP) is suggested to improve
ymptomatology of spinal injury patients because it may
acilitate neuromuscular transmission, spinal impulse flow
nd the operation of the locomotor central pattern generator
CPG). Since 4-AP can also induce repetitive discharges from
orsal root afferents, this phenomenon might interfere with
ensory signals necessary to modulate CPG activity. Using
lectrophysiological recording from dorsal and ventral roots
f the rat isolated spinal cord, we investigated 4-AP-evoked
ischarges and their relation with fictive locomotor patterns.
n dorsal roots 4-AP (5–10 �M) induced sustained synchro-
ous oscillations (3.3�0.8 s period) smaller than electrically
voked synaptic potentials, persistent after sectioning off the
entral region and preserved in an isolated dorsal quadrant,
ndicating their dorsal horn origin. 4-AP oscillations were
locked by tetrodotoxin, or 6-cyano-7-nitroquinoxaline-2,3-
ione and D-amino-phosphonovalerate, or strychnine and
icuculline, suggesting they were network mediated via glu-
amatergic, glycinergic and GABAergic transmission. Iso-
ated ventral horn areas could not generated 4-AP oscilla-
ions, although their intrinsic disinhibited bursting was ac-
elerated by 4-AP. Thus, ventral horn areas contained 4-AP
ensitive sites, yet lacked the network for 4-AP induced os-
illations. Activation of fictive locomotion by either applica-
ion of N-methyl-D-aspartate and serotonin or stimulus trains
o a single dorsal root reversibly suppressed dorsal root
scillations induced by 4-AP. This suppression was due to
epression of dorsal network activity rather than simple
lock of root discharges. Since dorsal root oscillations
voked by 4-AP were turned off when the fictive locomotor
rogram was initiated, these discharges are unlikely to inter-
ere with proprioceptive signals during locomotor training in
pinal patients. © 2005 Published by Elsevier Ltd on behalf of
BRO.

ey words: motoneuron, presynaptic inhibition, burst, cen-
ral pattern generator, spinal network.

Corresponding author. Tel: �39-040-378-7228; fax: �39-040-378-7528.
-mail address: nistri@sissa.it (A. Nistri).
bbreviations: ANOVA, analysis of variance; APV, D-amino-phospho-
ovalerate; CCF, correlation coefficient function; CNQX, 6-cyano-7-
itroquinoxaline-2,3-dione; CPG, central pattern generator; CV, coef-
cient of variation; DR, dorsal root; DR-DRP, dorsal root potential
voked by dorsal root stimulation; DR-VRP, ventral root potential
voked by dorsal root stimulation; EC50 value, concentration of drug
roducing 50% of the maximum effect; l, left; L, lumbar; NMDA,
s
-methyl-D-aspartate; r, right; Th, threshold; TTX, tetrodotoxin; VR,
entral root; 4-AP, 4-aminopyridine; 5-HT, serotonin.

306-4522/05$30.00�0.00 © 2005 Published by Elsevier Ltd on behalf of IBRO.
oi:10.1016/j.neuroscience.2005.02.012

1187
-Aminopyridine (4-AP) is proposed to offer symptomatic
reatment to spinal injury patients (Hansebout et al., 1993;
arlington, 2000). While the mechanism underlying such
n effect is probably complex and dependent on the extent
f spared spinal tissue, one contributing factor appears to
e the facilitated operation of intrinsic spinal locomotor
etworks (collectively termed central pattern generator
CPG]) induced by low micromolar concentrations of 4-AP
s demonstrated on the rat spinal cord in vitro (Taccola
nd Nistri, 2004).

Nevertheless, 4-AP is reported to exert an additional
ction on the mammalian spinal cord of either the cat in
ivo (Dubuc and Rossignol, 1989a) or the hamster in vitro
Al-Zamil et al., 1988), namely, induction of repetitive dis-
harges from dorsal roots (DRs). Although the processes
esponsible for this phenomenon are uncertain, this effect
as been replicated also in rat spinal cord slices and
uggested to represent a functional model of the abnormal
ischarges typically found during neuropathic pain (Rus-
heweyh and Sandkuhler, 2003). If DR discharges can
ersist during the CPG activation brought about by 4-AP,
ne might suppose that they could interfere with the loco-
otor program on two accounts: (1) prevention by DR fiber
ackfiring of the modulatory tone from peripheral proprio-
eptive afferents to the CPG (reviewed by Barbeau et al.,
999); (2) limitation to the usefulness of 4-AP administra-
ion to spinal patients because it could induce neuropathic-
ike pain states.

In the present investigation we sought to clarify the
nteraction of 4-AP-elicited DR discharges with the loco-

otor CPG in the in vitro rat spinal cord model. Our goals
ere (1) investigating the interaction of DR oscillations

nduced by 4-AP with fictive locomotion; (2) establishing
he spinal topography of the 4-AP induced oscillations;
3) identifying the minimal neuronal structure responsible for
heir generation; and (4) devising a wiring diagram to in-
erpret the action of 4-AP in relation to locomotor networks.

EXPERIMENTAL PROCEDURES

n accordance with National Institutes of Health guidelines and the
talian act Decreto Legislativo 27/1/92 n. 116 (implementing the
uropean Community directives n. 86/609 and 93/88), experi-
ents were performed on lumbar (L) spinal cord preparations

solated from neonatal Wistar rats (0–5 days old) under urethane
nesthesia (0.2 ml i.p. of a 10% w/v solution). All efforts were
ade to reduce the number of animals used and to minimize
nimal suffering. The experimental setup was the same as de-

cribed by Taccola and Nistri (2004).
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The spinal cord was superfused (6.5 ml min�1) with Krebs
olution of the following composition (in mM): NaCl, 113; KCl, 4.5;
gCl27H2O, 1; CaCl2, 2; NaH2PO4, 1; NaHCO3, 25; glucose, 11;
assed with 95% O2–5% CO2; pH 7.4 at room temperature (un-

ess otherwise stated). All agents were bath-applied via the su-
erfusing solution at the concentrations mentioned in the text.
esions to ablate certain areas of the isolated spinal cord were
arried out as described by Bracci et al. (1996). Various types of
esion were performed with a scalpel sectioning along the sagittal
r horizontal plane of the spinal cord, or isolating a dorsal quad-
ant and its DR after carefully removing ventral horn and contralat-
ral dorsal horn areas.

Recordings were obtained with glass suction microelectrodes
containing an Ag-AgCl pellet) filled with Krebs solution. For these
xtracellular data, records are often calibrated in terms of time
nly, as their amplitude is dependent on the access resistance of
he suction electrodes. Fictive locomotion was typically induced by
ontinuously bath-applied N-methyl-D-aspartate (NMDA; 4 or
�M) plus serotonin (5-HT; 10 �M; see Kiehn and Kjaerulff, 1998;
utt et al., 2002). To characterize fictive locomotor patterns, re-
ordings were obtained from left (l) and right (r) L2 ventral roots
VRs) that mainly express flexor motor-pool signals to the hind-
imbs, and from l and r L5 VRs (mainly expressing extensor

otor-pool signals to the hindlimbs; Kiehn and Kjaerulff, 1998).
R discharges with alternation between the l and r VRs within the
ame segment, and between L2/L5 VRs on the same side were
ndicative of typical fictive locomotion (see Butt et al., 2002).

Miniature bipolar suction electrodes were used in order to
eliver single or repetitive electrical stimuli to DRs to evoke either
R-DR potentials (DR-DRPs) or DR-VR potentials (DR-VRPs;
ee Kerkut and Bagust, 1995). Stimulus intensity was calculated

n terms of threshold (Th), defined as the minimum intensity to
licit a detectable response in the homolateral VR.

Disinhibited bursting was produced by continuously bath-applied
trychnine (1 �M) and bicuculline (10 �M) and remained un-
hanged for many hours. Oscillatory patterns recorded during this
henomenon were quantified from extracellular records.

All types of rhythmic activity were measured as described
reviously (Taccola and Nistri, 2004; Taccola et al., 2003, 2004).
hythmic discharges were characterized on the basis of their
eriod defined as the time between the onset of two cycles of
scillatory activity. When period values were averaged for a pool
f preparations, data from each spinal cord were calculated as the
ean of at least 20 cycles or bursts. The regularity of bursting was

alculated in terms of coefficient of variation (CV; given by S.D.
ean�1) of the period. To ascertain if discharges were produced

ynchronously among various DRs or VRs, we produced cross-
orrelograms with pCLAMP 9 software (Molecular Devices, Union
ity, CA, USA) to estimate the correlation coefficient function

CCF), as traces from the selected data set were shifted along
hemselves incrementally (in “lag”; expressed in ms). When the
CF value was �0.5 at zero ms lag, events were considered to be
ynchronous (fully synchronous events occurred when CCF�1).
eristimulus histograms were calculated to assess quantitatively

he reduction in DR oscillation occurrence following a train of DR
timuli. Bins (4 s long) of records prior and immediately after the
rain were analyzed for their number of events and plotted with
CLAMP 9 software. Data across experiments with DR train stim-
li were averaged and their values expressed as oscillation
requency.

All data were expressed as mean�S.D., while “n” denoted the
umber of experiments. Before assessing statistical differences
etween groups, a normality test was performed to select the use
f parametric or non-parametric tests. For comparison between
wo groups, the following tests were performed depending on
ata: Student’s t-test (paired or unpaired) for normally distributed
ata, and Mann-Whitney test for non-normally distributed data.

or multiple comparisons, ANOVA (analysis of variance) tests P
ere used (ANOVA on ranks, in the case of non-parametric data),
ollowed by a post hoc test (Tukey test). Accepted level of signif-
cance was P�0.05. To calculate the concentration of 4-AP pro-
ucing 50% of the maximum effect (EC50 value), 4-AP concentra-

ions were applied in a sequentially incrementing fashion. Individ-
al EC50 values were first calculated for each preparation and

hen averaged for the sample size.
To verify the extent of coronal or sagittal hemisection or the

emaining tissue in dorsal quadrants, specimens were fixed at the
nd of each experiment with paraformaldehyde (4% in Krebs
olution). In order to cryoprotect the tissue, specimens were kept
vernight in sucrose (30% in Krebs solution), embedded in Tissue-
ek O.C.T. compound (Sakura Finetek Europe, Zoeterwoude, The
etherlands), frozen at �20 °C, and finally sectioned (25 �m) with
cryostat. The sections were mounted on gelatin-coated slides,

ehydrated with ethanol and, after staining with Toluidine Blue
1% in distilled water), were examined with a Zeiss Axioskop 2
OT microscope (5� or 10� magnification; Carl Zeiss AG,
berkochen, Germany).

The following chemicals were purchased from Tocris (Bristol,
K): 4-AP, NMDA, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
-amino-phosphonovalerate (APV), nifedipine, tetrodotoxin (TTX).
-HT, bicuculline, and strychnine were from Sigma, Milan, Italy.

RESULTS

hythmic activities induced by 4-AP in the isolated
pinal cord

ur previous work on the isolated spinal cord of the neo-
atal rat has shown that, in the absence of CPG activation,
�M 4-AP elicits repetitive discharges from VRs (Taccola

nd Nistri, 2004). We first examined how these were re-
ated to the DR discharges reported in former studies
Kerkut and Bagust, 1995; Ruscheweyh and Sandkuhler,
003). As exemplified in Fig. 1A, application of 5 �M 4-AP
voked rhythmic discharges detected from DRs and VRs
t different segmental level (L2 and L5). On average, the
eriod of 4-AP induced oscillations on DRs was 3.3�0.8 s
n�10) with CV value of 0.36�0.11. The 4-AP EC50 value
or inducing DR discharges was 3�2 �M with a dose Th at
.1 �M concentration (n�3). Conversely, spontaneous DR
nd VR discharges in the absence of 4-AP were rarely de-

ected (five of 40 spinal cords, namely, 12.5% occurrence).
Root recordings are unsuitable to provide absolute

alues of discharge amplitude which is mainly determined
y the suction electrode access resistance. Hence, in or-
er to evaluate the relative size of the 4-AP discharges, we
ompared them (on the same preparation) with the synap-
ic DR-DRP and DR-VRP elicited by a single weak (1.5–
�Th) stimulus applied to one L5 DR. The examples in
ig. 1A (shown at the start of each trace) indicate that
R-VRPs recorded from L2–L5 VRs and DR-DRPs re-
orded from L2–L5 DRs were all larger in amplitude than
he corresponding 4-AP-induced discharges. On average,
he peak amplitude of 4-AP-induced DR oscillations was
4�10% of DR-DRPs, while the one of 4-AP-evoked VR
scillations was 25�6% of DR-VRPs (n�3).

While 4-AP is known to enhance DR-VRPs signifi-
antly (Taccola and Nistri, 2004), in the present experi-
ents it also increased the peak amplitude and area of the
R-DRP by 97�54% (n�8; P�0.01) and 115�53% (n�8;

�0.01), respectively. Furthermore, 4-AP-induced poten-
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iation was not use-dependent because DR-DRPs gener-
ted by a train of pulses (40 stimuli, 2 Hz, 2–4�Th applied
o a single DR) were uniformly enhanced: the first re-
ponse in the train was increased (123�49%; n�9;
�0.001) as much as the last one (96�59%; n�9;
�0.01).

Application of CNQX (10 �M) plus APV (50 �M) to
lock ionotropic glutamatergic transmission completely
uppressed the 4-AP evoked discharges on all four roots
Fig. 1, r; similar data were obtained on three other prep-
rations) in accordance with previous studies (Kerkut and
agust, 1995; Ruscheweyh and Sandkuhler, 2003). Appli-
ation of 20 �M bicuculline to preparations generating

ig. 1. Rhythmic oscillations induced by 4-AP in the rat isolated spinal
ord. (A) l, simultaneous records of VR and DR activity before and
uring application of 5 �M 4-AP as indicated by dashed horizontal bar.
ach trace initially shows control baseline activity, then, in the pres-
nce of 4-AP, reflex response induced by electrical stimulation of DR
L5 (DR stim), repetitive oscillations and, finally, complete suppression
f all oscillatory activities following application of 10 �M CNQX and
0 �M APV (to block inotropic glutamatergic transmission). (B) Sam-
le records of 4-AP-evoked oscillations recorded on a faster time base
aken from records in (A) as shown by cross-hatched bar. (C) Cross-
orrelogram analysis of synchronous oscillatory coupling between
RrL2 and DRlL5 from the preparation shown in (A). Note sharp peak
f CCF value in correspondence with zero lag period to indicate strong
ynchronicity between events recorded from such roots. (D) Similar
ross-correlogram plot between DRlL5 and VRlL5 activity showing
imited synchronicity between DR and VR events at the same seg-

ental level.
obust 4-AP induced oscillations (n�3) readily suppressed n
R and VR discharges, which were replaced by very slow
aveforms (22�8 s period) with highly erratic occurrence

CV�0.74�0.11). The high Th Ca2� channel antagonist
ifedipine (20 �M) did not affect the DR and VR oscilla-

ions evoked by 4-AP (n�4).
Our former investigation reported that VR oscillations

voked by 4-AP are synchronous on VRs (Taccola and
istri, 2004). Analogous, strong synchronicity (CCF�0.93)
as observed between the two DRs even at different
egmental level (see cross-correlogram plot in Fig. 1B).
owever, synchronicity between one DR and the corre-
ponding VR within the same segment (L5) was poor
CCF�0.57; see plot in Fig. 1C) while VR-VR synchronicity
ad a large (0.90) CCF (not shown). On average, DR-DR
ischarge temporal coupling was very tight (CCF�
.85�0.17; n�5), whereas DR-VR coupling was consis-
ently weaker (CCF�0.59�0.24; n�13; P�0.02).

unctional coupling of dorsal and ventral networks
nvestigated with spinal sections

sagittal section of the isolated spinal cord (see Fig. 2A)
id not abolish the 4-AP rhythmicity recorded from ipsilat-
ral DRs and VRs. Synchronicity between homolateral
Rs was more limited (see cross-correlogram in Fig. 2E
ith CCF�0.72) than in the whole preparation (cf. Fig. 1C);
n four preparations the average CCF value was
.79�0.14. The cross-correlogram of Fig. 2F shows that
or DR-VR coupling the CCF was 0.66 (average
CF�0.65�0.20; n�5). For hemisected preparations the
-AP EC50 value for DR discharges was 1.4�0.4 �M with
ose Th of 0.1 �M (n�4). With the standard dose of 5 �M
-AP, the DR discharge period was 1.7�0.6 s with
V�0.37�0.10 (n�9). On the same preparations bathed

n control saline, spontaneous discharges occurred in nine
f 17 cases with 4.0�0.7 s period (P�0.001 vs 4-AP data)
nd CV�0.30�0.07 (P�0.05 vs 4-AP data).

A different pattern emerged following horizontal sec-
ions of the spinal cord as depicted in Fig. 2B. This proce-
ure fully suppressed any VR discharge in the continuous
resence of 4-AP (Fig. 2D; n�7), while it spared DR ones,

ndicating that the site of initiation of discharges resided
ithin the dorsal portion of the spinal cord. This observa-

ion is consistent with earlier findings in the feline spinal
ord in which VR discharges can be produced in part by
R reflex propagation to afferent terminals with conse-
uent induction of excitatory postsynaptic potentials on
otoneurons and their firing (Eccles, 1964).

In order to further characterize the properties of oscil-
ations arising from dorsal horn regions, we performed

ultiple recording from four DRs in the horizontally sec-
ioned preparations as shown in Fig. 3A. Almost complete
ynchronicity was observed between L2 and L5 DRs on
he same side (Fig. 3B; CCF�0.99 for both ipsilateral pairs
f DRs), while it was absent between lDRs and rDRs of the
ame segment (Fig. 3C; CCF�0.38 for l-rL5 and 0.35 for

-rL2). On average, synchronicity between DRs at the
ame segmental level was not present (CCF�0.36�0.22;

�10; P�0.05 versus data from isolated preparations),
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hile it was strong between DRs on the same side
CCF�0.85�0.21; n�4; P�0.02).

On DRs of horizontally sectioned preparations, the
-AP EC50 value for discharge period acceleration was
.4�0.8 �M (n�5) with 0.1 �M Th. With 5 �M 4-AP the
verage discharge period was 2.4�0.7 s (n�5). Raising
he concentration of 4-AP was associated with more reg-
lar rhythmicity as indicated by the decrement in period CV
alue which fell from 0.40�0.10 (0.1 �M 4-AP; n�6) to
.24�0.06 (50 �M 4-AP; n�5). CNQX (10 �M) and APV
50 �M), or TTX (1 �M) fully abolished 4-AP evoked DR
ischarges of horizontally hemisected preparations (n�6).

In an attempt to identify the minimal spinal structure
ecessary to support 4-AP evoked DR discharges, re-
ponses were recorded from isolated spinal quadrants
ontaining one dorsal horn area and its afferent DR. With
his type of preparation discharges induced by 5 �M 4-AP

ig. 2. Effect of spinal cord hemisection on 5 �M 4-AP-evoked oscil-
ations. All data are obtained in the continuous presence of 4-AP.
A) Example of sagittal hemisection with inlaid histological section of
he spinal cord. (B) Example of horizontal hemisection with inlaid
istological section of the spinal cord. (C) Simultaneous DR and VR
ecords from sagittally hemisected preparation. Note good preserva-
ion of oscillation synchronicity. (D) On the horizontally hemisected
reparation DRs can still generate oscillatory activity while VRs be-
ome silent. (E) Cross-correlogram analysis of DRL3-DRL5 events
hown in (C). High CCF value at zero lag indicates good degree of
ynchronicity. (F), Cross-correlogram analysis of DRL3-VRL3 events
rom the same sagittally hemisected preparation shown in (C). Note
alue of CCF suggesting good degree of synchronicity.
ere small (25�1 �V; n�7). To increase the signal-to-
(
s

oise ratio we then applied 10 �M 4-AP that significantly
P�0.002) increased the mean response amplitude to
7�2 �V (n�7). Average data show that the quadrant
ischarge period (3.1�1.6 s; CV value�0.46�0.15; n�7)

n the presence of 5 �M 4-AP was similar to the one of the
orizontally sectioned preparations, and that it was signif-

cantly (P�0.002) accelerated (2.0�0.6 s; CV�0.49�015;
�7) when the 4-AP concentrations was 10 �M. These
esults thus show that a dorsal quadrant already contained
he elementary structures necessary for 4-AP elicited DR
ursting.

uppression of 4-AP-induced patterns at 33 °C

elatively small decreases in temperature are associated
ith significant rise in input resistance and membrane
epolarization of spinal neurons in vivo with consequent

ncrease in excitability (Hubbard et al., 1969). Since the
resent data were collected at room temperature, it
eemed possible that this condition heightened neuronal
xcitability so as 4-AP-evoked discharges on DRs were
nusually facilitated. This possibility was tested in experi-
ents, like the one shown in Fig. 4A, on sagittally he-

ig. 3. Analysis of oscillation timing among DRs in a horizontally
emisected preparation. All data are obtained in the continuous pres-
nce of 5 �M 4-AP. (A) Simultaneous records of L2 and L5 DR
scillations. (B) Cross-correlogram analysis shows very high CCF
alue for lL2 and lL5 events indicating very strong synchronicity.

C) Analogous analysis for r and l L2 DRs shows lack of event
ynchronicity. All data are from the same preparation.



m
e
w
p
t
r
a
r
h
c
v
r
w
u
t
s
w

1
T
t
l
e
a
D
l
a
a
p
a
t
i

I
c

I
t
(

F
4
T
N
N
N
o
N

F
4
a
2
o
l
e
c
(
o
D
s
*

G. Taccola and A. Nistri / Neuroscience 132 (2005) 1187–1197 1191
isected preparations (n�8) to improve bathing solution
xchange. 4-AP was first applied to the preparation bathed
ith standard saline at 22 °C to induce typical repetitive
atterns recorded from L4 DR and VR. The bathing solu-
ion was then warmed up (over about 10 min) with gradual
eduction in root discharge amplitude which disappeared
t 33 °C. Cooling again the same preparation partially
estored 4-AP-evoked patterns (Fig. 4A). The result at
igher temperature might have originated from either de-
reased excitability due to the warmer temperature or de-
elopment of transient hypoxia due to the larger metabolic
equirements of the tissue. To explore these possibilities,
e next investigated reflex responses evoked by root stim-
lation at different temperature. In control solution at 33 °C,
he DR-DRP peak and area fell to 22�3 and 3�1%, re-
pectively (n�4) of those found at 22 °C (P�0.005). Like-

ig. 4. Warmer recording temperature strongly reduces the action of
-AP on hemisected preparations. (A) Simultaneous records of L4 DR
nd VR oscillations in the presence of 4-AP (shaded horizontal bar) at
2 °C. Raising the bath temperature to 33 °C completely suppresses
scillations that partially recover when the bath temperature is again

owered to 22 °C. (B) DR-DRP (top) and DR-VRP (bottom) induced by
lectrical stimulation (3�Th) of DRL5 (indicated by arrowheads) re-
orded at 22 °C in control solution (l), in the presence of 4-AP at 22 °C
middle) or at 33 °C (r). (C, D), Histograms of peak amplitude and area
f DR-DRP or DR-VRP in the continuous presence of 4-AP at 33 °C.
ata are all expressed as percentage of reflex responses in 4-AP
olution measured from the same preparations at 22 °C. * P�0.02;
* P�0.05; n�8.
ise, peak and area of DR-VRP became 47�25 and
o
d

9�12%, respectively, of control at 22 °C (P�0.005).
hese results indicate that warming the preparation par-

icularly impaired polysynaptic pathways underlying the
ate components of the reflex responses. When similar
xperiments were done in the presence of 4-AP (see ex-
mple in Fig. 4B), the drug-dependent enhancement of the
R-DRP and DR-VRP observed at 22 °C (cf. Fig. 1A) was

argely diminished at 33 °C. Pooled data from eight prep-
rations in the presence of 4-AP (Fig. 4C, D) indicate that,
t the warmer temperature, together with full loss of re-
eated patterns from DRs and VRs (Fig. 4A), the reflex
rea was decreased much more than the peak, which in
he case of the DR-VRP was not even significantly
mpaired.

nteractions between 4-AP induced patterns and
hemically-induced fictive locomotion

n Fig. 5A fictive locomotor discharges with typical oscilla-
ion alternation (top three traces) were evoked by NMDA
5 �M) plus 5-HT (10 �M). The bottom record of Fig. 5A

ig. 5. Interaction between fictive locomotor patterns and the 5 �M
-AP-induced oscillations recorded from the isolated spinal cord. (A)
ypical fictive locomotor patterns evoked by co-application of 5 �M
MDA and 10 �M 5-HT with homo- and intersegmental alternation.
ote minimal activity recorded from one DR. (B) After washout of
MDA and 5-HT and disappearance of fictive locomotion, application
f 4-AP evokes irregular discharges on all roots. (C) Applying again
MDA and 5-HT to the same preparation in the continuous presence

f 4-AP restores fictive locomotor patterns and strongly depresses DR
ischarges.
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same gain as in the other traces) shows that, on lL4 DR,
lectrical discharges were minimal, in accordance with the
ery small amplitude oscillations observed with intracellu-
ar recording from dorsal afferents of the in vivo cat spinal
ord (Gossard et al., 1989). After washing out NMDA and
-HT, application of 4-AP (5 �M) evoked synchronous
atterns from VRs, and a large irregular discharge from the
4 DR (Fig. 5B). Subsequent addition of NMDA and 5-HT
o the same preparation restored the fictive locomotor
attern and led to strong depression of DR discharges
Fig. 5C). Thus, in eight preparations in the presence of
-AP, the mean amplitude of DR oscillations fell to 20�6%
P�0.01), while their mean period was decreased by
7�9% (P�0.001) during fictive locomotion.

Although 5-HT is an important agent to stabilize the
ocomotor pattern of the isolated rat spinal cord (Kiehn
t al., 1999), it also has effects on primary afferent fibers
Levy, 1977) manifested as depression of DR excitability
Sillar and Simmers, 1994; Lopez-Garcia and King, 1996).
he latter action might have caused the suppression of DR
ischarges evoked by 4-AP. To investigate this possibility,

ocomotor-like patterns were elicited by applying NMDA
nly as exemplified in Fig. 6A. After washout of NMDA,

ig. 6. Interaction between fictive locomotor patterns evoked by
MDA alone and the 5 �M 4-AP induced oscillations recorded from

he isolated spinal cord. (A) Application of 5.5 �M NMDA generates
table fictive locomotor patterns with l/r alternation and minimal activity
n L5 DR. (B) After washout of NMDA and return to rest, subsequent
pplication of 4-AP induces irregular discharges on all roots.
C) Applying NMDA again restores fictive locomotor patterns and largely
educes the DR discharges. All data from the same preparation.
-AP evoked typical repetitive discharges (Fig. 6B) that
A
e

ere largely blocked by subsequent application of NMDA
Fig. 6C). On average, the reduction by NMDA of DR
ischarges in the presence of 4-AP was 49�18% and
0�9% (n�6; P�0.02) in terms of period and amplitude,
espectively.

Finally, we tested the effect of NMDA or 5-HT on spinal
uadrants (Fig. 7A) in the presence of 4-AP (10 �M). Fig. 7B
hows that DR bursting induced by 4-AP was accelerated
y NMDA that also decreased the pattern amplitude. The
verage period acceleration in the presence of 5 �M
MDA is reported in Fig. 7C, while the average discharge
mplitude decreased by 58�9% (n�6; P�0.001). On spi-
al quadrants 10 �M 5-HT strongly inhibited 4-AP dis-
harges (Fig. 7B) with lengthening of bursting period (Fig. 7D)
nd corresponding fall in discharge amplitude (44�11%;
�5; P�0.05). These results thus show opposite actions
y NMDA and 5-HT on the 4-AP-evoked discharges of

solated dorsal quadrants. Application of 10–50 �M 4-AP
o isolated DRs failed to induce electrical discharges
n�6).

nteraction between 4-AP-induced discharges and
ctive locomotion elicited by DR stimuli

he observation that chemically induced fictive locomotion
ould inhibit the DR discharges evoked by 4-AP raised the

ig. 7. Oscillatory activity of dorsal quadrants. (A) Schematic diagram
f dorsal quadrant with inlaid histological section. (B) Continuous
resence of 10 �M 4-AP generates irregular discharges (top) which
re accelerated by 5 �M NMDA (middle) and depressed by 10 �M
-HT (bottom). (C) NMDA dose-related decrease in event period.

sterisks indicate P�0.001 (n�6). (D) 5-HT dose-related increase in
vent period. Asterisks indicate P�0.05 (n�5).
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ssue whether similar alternating patterns generated by
epeated DR stimulation (Marchetti et al., 2001) could also
epress the DR discharges. This possibility was explored

n experiments like the one depicted in Fig. 8 using an
solated spinal cord preparation bathed in 5 �M 4-AP
olution. Under these circumstances the standard rhythm
nduced by 4-AP appeared on L2 and 5 VRs and one L4
R. A train of 25 electrical pulses (2.5�Th; 10 Hz; see
ray horizontal bar in Fig. 8A, top) was applied to the
ontralateral rL4 DR to generate an epoch of alternating
atterns on VRs, outlasting the train duration and associ-
ted with depression of DR discharges (see also expanded
races in Fig. 8B). On 11 preparations the DR train led to
n average reduction in DR discharge amplitude of
8�14% (P�0.001) measured over the time period up to
he last VR alternating discharge. The peristimulus histo-
rams of Fig. 8C quantify the depression in discharge
requency of DRs immediately following a train of DR
timuli: a significant (P�0.001) fall was transiently de-
ected in coincidence with the bin just after the DR train,
hile discharge rate recovery occurred in the subsequent
ins (n�11).

ontribution by GABAergic and glycinergic
ransmission to 4-AP-induced DR discharges

pplication of strychnine (1 �M) and bicuculline (20 �M)
bolished DR discharges induced by 4-AP (5 or 10 �M) in

solated spinal cord (n�5), horizontally hemisected (n�7)
s well as DR quadrant (n�7) preparations. One experi-
ent is shown in Fig. 9A in which, in the presence of

trychnine and bicuculline, recording from one VR of the

ig. 8. Influence of DR train stimuli on 4-AP-induced DR oscillations.
uring continuous application of 5 �M 4-AP. The gray horizontal bar

nduce VR cumulative depolarization with superimposed alternating pa
mplification of the record segments indicated with dashed bar in

C) Peristimulus histograms show significant depression of DR discharge freque
P�0.001; n�11.
ntact spinal cord displayed typical disinhibited bursting
Bracci et al., 1996), while the corresponding ipsilateral DR
enerated minimal responses. Subsequent application of
-AP (5 �M) led to acceleration of VR disinhibited bursting
ithout appearance of typical DR discharges (Fig. 9B).
verage speeding up of VR rhythmicity by 4-AP was sig-
ificant (Fig. 9C).

Even if strychnine and bicuculline prevented the ex-
ression of 4-AP-evoked discharges from DRs, it seemed

nteresting to investigate any contribution by dorsal horn
reas to the disinhibited bursting recorded from VRs. For
his purpose the ventral area of horizontally hemisected
reparations was used to study disinhibited bursting
Bracci et al., 1996; see example in Fig. 9D) which was
ccelerated by 5 �M 4-AP (Fig. 9E) and made more reg-
lar because the period CV value fell from 0.42�0.24 to
.07�0.02 in the presence of 4-AP (n�4; P�0.05). Aver-
ge period acceleration is shown in Fig. 9F. On horizon-
ally sectioned preparations bathed in standard control
olution without strychnine and bicuculline, 4-AP (5 �M)
ould not generate oscillatory discharges from VRs (n�7;
ot shown).

DISCUSSION

he principal finding of the present study is the demon-
tration that the DR oscillations evoked by low micromolar
oncentrations of 4-AP and originating within dorsal horn
reas did not interfere with the fictive locomotor program
xpressed by the rat isolated spinal cord. Onset of fictive

ocomotion actually inhibited 4-AP-evoked DR discharges,

sentative traces of discharges recorded from three VRs and one DR
application of a train of stimuli (10 Hz) to the contralateral rL4DR to
anwhile, the lL4DR discharges are temporarily depressed. (B) Higher

ow depression of DR discharges in coincidence with VR patterns.
(A) Repre
indicates
tterns. Me
(A) to sh
ncy immediately after the train of stimuli applied the contralateral DR.
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ndicating that the locomotor CPG believed to reside in
entral horn areas (Kjaerulff and Kiehn, 1996; Kremer and
ev-Tov, 1997; Kiehn and Butt, 2003) was a powerful
ain-setter of these oscillations arising from overactivity
ithin dorsal networks.

ellular processes underlying DR discharges

he excitability of DR fiber terminals is controlled by vari-
us mechanisms which collectively contribute to the pro-
ess of presynaptic inhibition of peripheral inputs mani-
ested as depressed presynaptic release of the excitatory
ransmitter glutamate (Rudomin and Schmidt, 1999). One
ajor contributor is activation of GABA receptors, while

aised extracellular K� and activation of presynaptic iono-
ropic glutamate receptors may also be involved in reduc-
ng fiber excitability (Lee et al., 2002; Bardoni et al., 2004).
lthough it is debatable what cellular processes are ulti-
ately responsible for presynaptic inhibition (Stuart and
edman, 1992), it seems likely that substantial depolariza-

ig. 9. Effect of 4-AP on disinhibited bursting evoked by strychnine
nd bicuculline. (A) Regular rL5 VR bursts are associated with small
orresponding signals on contralateral L5 DR in an isolated spinal cord
reparation (see inset). (B) Application of 5 �M 4-AP accelerates
ursting. (C) Histograms to quantify the VR burst acceleration by 4-AP
5 �M); * P�0.001; n�11. (D, E) VR recording from a horizontally
emisected preparation (see inset) shows persistence of disinhibited
ursting which is accelerated by 4-AP (5 �M). (F) Histograms to
uantify the VR burst acceleration by 4-AP (5 �M) in horizontally
emisected preparations; * P�0.01; n�5.
ion of presynaptic terminals of primary afferents can inhibit f
ransmitter release via inactivation of their sodium and/or
alcium channels. Under control conditions the isolated
pinal cord can even spontaneously generate small, ran-
om DR discharges (Ryan et al., 1984; Kerkut and Bagust,
995), indicating that the local circuitry underlying DR dis-
harges is entirely contained within the spinal cord and
xhibits a degree of ongoing activity. Much slower dis-
harges are also detected from DRs in the presence of
icuculline and attributed to fluctuation in extracellular K�

Kremer and Lev-Tov, 1998), a phenomenon confirmed in
he present study. In standard saline solution spontaneous
R and VR discharges rarely occurred (12%) in the whole
pinal cord preparations and had slower periodicity than
he ones evoked by 4-AP.

Although the present study is ill suited to unveil the
olecular mechanisms underlying the electrical oscilla-

ions induced by 4-AP on dorsal afferents, it accords with
revious investigations (Ruscheweyh and Sandkuhler,
003), indicating that blockers of glutamate, glycine and
ABAA receptors suppressed DR oscillations evoked by
-AP. It is therefore apparent that DR oscillations elicited
y 4-AP required a dorsal horn network comprising gluta-
atergic, glycinergic and GABAergic transmission, and

hat they were not merely caused by transient changes in
xtracellular K� (Kremer and Lev-Tov, 1998). For sake of
implicity we shall term this structure the “4-AP oscillatory
etwork” and we shall assume it capable of exciting DR
bers strongly and in a sustained manner via enhanced
xcitability of network elements (Ruscheweyh and Sand-
uhler, 2003). Our interpretation is compatible with obser-
ations suggesting the presence (within the dorsal horn) of
network capable of generating fast oscillations after focal
epolarization (Asghar et al., 2005). Russo and Houn-
gaard (1996) found that in some dorsal horn cells of the
urtle spinal cord the interaction between plateau potentials
nd a slow membrane depolarization can produce damped
scillations in which L-type calcium channels play a major
ole. In the present experiments the L-type calcium chan-
el blocker nifedipine failed to affect 4-AP oscillations of
Rs, despite the fact that the same concentration of nifed-

pine inhibits oscillations elicited by metabotropic gluta-
ate receptor activation (Taccola et al., 2003). It seems

herefore likely that the 4-AP-induced discharges did not
ely on L-type calcium channel activity.

emperature dependence of 4-AP-induced
ischarges

he use of ambient temperature for electrophysiological
ecording is a standard tool to optimize long survival of
odent spinal cord preparations in vitro (Deshpande and

arnick, 1988; Kerkut and Bagust, 1995). However, low-
ring the temperature of the in vivo feline spinal cord

ncreases neuron input resistance and produces mem-
rane depolarization with associated rise in excitability
Hubbard et al., 1969). In theory then, the rat spinal cord at
mbient temperature may mimic this condition so as to
trongly facilitate 4-AP-evoked oscillations: this might then
epresent an experimental circumstance very different

rom the one found in vivo. Indeed, increasing recording
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emperature of the rat spinal cord from 22° to 33 °C fully
uppressed 4-AP oscillations (with partial recovery return-
ng to ambient temperature). This phenomenon was ac-
ompanied by a large reduction in the area of electrically
voked reflexes. Nevertheless, in the absence of 4-AP, the
eduction in reflexes at the warmer temperature was actu-
lly stronger. The simplest interpretation of these data is
herefore that 4-AP retained its ability to potentiate electri-
ally evoked synaptic transmission (and network depen-
ent discharges) even at higher temperature. However, at
3 °C in vitro, this effect was counterbalanced by the

unctional loss of a large fraction of polysynaptic circuits
ecessary to support the onset of oscillatory activity prob-
bly because of hypoxic mismatch between increased
etabolic demand and relative lack of oxygen supply in a
reparation where O2 is delivered by diffusion only (Wilson
t al., 2003). It is noteworthy that, even in the feline spinal
ord in vivo, 4-AP elicits oscillations recorded from DRs
nd VRs (Dubuc and Rossignol, 1989a,b), suggesting that

n vitro rat spinal cord preparations used at ambient tem-
erature to retain their functional network activity are suit-
ble models to study the action of 4-AP.

pinal topography of 4-AP-evoked oscillations

lthough, in the presence of 4-AP, oscillations could be
ecorded from DRs and VRs, their timing displayed certain
opological characteristics. In fact, against strong intraseg-
ental synchrony between a pair of DRs or a pair of VRs,

here was modest synchronicity between DRs and the
orresponding VRs within the same segment. Further-
ore, the isolated ventral region per se could not express
-AP-induced oscillations, even if 4-AP accelerated the
isinhibited rhythm in the same ventral region. The latter
esult, thus, demonstrates ventrally located, 4-AP-sensitive
ites unable to trigger oscillations. Evidently, the main
rigin of the 4-AP rhythmicity was in the dorsal horn areas
here the 4-AP oscillatory network was purported to be,
nd was relayed with some delay (or even filtered out) to
otoneurons because of the limited synchronicity between
Rs and VRs. This notion also suggests that mere pres-
nce of 4-AP-sensitive sites is insufficient to generate
scillations and that oscillations are a topographical (pre-
umably network-dependent) property rather than just the
xpression of generalized heightened excitability.

The persistence of oscillations in the dorsal horn areas
f horizontally sectioned preparations indeed confirmed

hat such discharges originated dorsally as supported by
heir presence even in isolated dorsal quadrants. Their
trong homolateral intersegmental phase coupling sug-
ests that projection interneurons might have been re-
ponsible for synchronicity on the same side. Vice versa,
he lessened coupling between l and r DR discharges
ndicated that ventral regions contributed to regularize DR
hythmicity (as actually observed in the isolated spinal
ord) perhaps because coupling between l and r DRs
equired an intact pathway coursing via a region ventral to

he central canal. b
nteractions between the 4-AP oscillatory network
nd the locomotor CPG

revious experiments have shown how activation of fictive
ocomotion by NMDA plus 5-HT led to suppression of the
ynchronous rhythm evoked by 4-AP on VRs (Taccola and
istri, 2004). The present study shows that fictive locomo-

ion suppressed synchronous DR oscillations as well. This
nding could be due to two main causes: (1) functional
uppression by CPG activity of the 4-AP oscillatory net-
ork; (2) direct inhibition by NMDA and 5-HT of primary
fferent oscillations. Although the second hypothesis is
articularly relevant to 5-HT which has been proposed to
e involved in presynaptic inhibition (Thompson and Wall,
996), it has been recently suggested that NMDA recep-
ors on primary afferents can also down-regulate fiber
xcitability (Bardoni et al., 2004).

To examine these possibilities, experiments were car-
ied out on isolated spinal cord preparations in the pres-
nce of NMDA alone, demonstrating that for suppression
f 4-AP-evoked DR oscillations it was not necessary to
ave the combined application of NMDA and 5-HT. NMDA
er se maintained such an effect whenever fictive locomo-
ion was generated. Tests on isolated DR quadrants
which had obviously lost the ventrally located CPG) dem-
nstrated that 5-HT could still slow down the 4-AP oscilla-
ions, whereas NMDA actually accelerated them. Hence,
hile 5-HT had probably a direct depressant action on DR
xcitability, NMDA did not. Any block of 4-AP oscillations
y NMDA thus implied functional activation of the CPG as
ctually supported by the experiments when the CPG ac-
ivity was evoked by pulse trains applied to a single DR.
he simplest interpretation is therefore that the operation
f the CPG switched off the 4-AP oscillatory network. Note
hat, in the rat spinal cord, standard fictive locomotor pat-
erns were not detectable from DRs, a result which accords
ith the report that antidromic DR firing during fictive loco-
otion is observed only when extracellular Cl� is halved to
oost GABAergic signaling (Vinay et al., 1999).

scheme to account for rhythmic oscillations in the
at spinal cord

ig. 10 is a simplified block diagram to illustrate how the
-AP oscillatory network and the locomotor CPG might

nteract. It should be emphasized that this is an idealized
cheme drawn on the basis of functional data reported in
he present experiments and requiring future validation on
he basis of histological results. Its value is therefore heu-
istic rather than anatomically descriptive.

Since distinct spinal lumbar segments expressed anal-
gous oscillatory activity, this finding is compatible with the
otion that oscillatory networks are arranged in a modular
ashion (Cheng et al., 1998). 4-AP primarily activated dor-
al horn regions (Ruscheweyh and Sandkuhler, 2003)
hich sent strong synaptic inputs to DRs. In the absence of
-AP the likelihood to detect spontaneous oscillations from
Rs was low probably because these responses were
erhaps inhibited by contralateral networks, as suggested

y their higher probability of occurrence in hemisected
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reparations. In the presence of 4-AP discharges from
uch dorsal horn regions were phase coupled among DRs
n the same side and, through ventrally coursing projec-
ions, with analogous dorsal horn areas on the other side.
nputs from the 4-AP oscillatory network to ventral horn
reas including motoneurons were probably phase shifted
nd filtered via polysynaptic pathways rather than large
odulation of intrinsic conductances of ventral horn neu-

ons. In fact, the strong regularity of the VR disinhibited
ursting in the presence of 4-AP after removal of the dorsal
reas suggests that the intrinsic bursting properties of
hese regions were not directly altered by 4-AP. Further-
ore, low concentrations of 4-AP did not change motoneu-

on spikes or axon conduction (Taccola and Nistri, 2004).
The operation of the CPG was expressed as alternat-

ng patterns recorded from VRs together with concurrent
epression of the 4-AP evoked DR oscillations, presum-
bly via an inhibitory input to the 4-AP oscillatory network.
revious studies have shown how the locomotor CPG
roduces a particularly strong program that can switch off
ther forms of spinal rhythmicity (Whelan et al., 2000). In
he present scheme the block by CGP operation of the

ig. 10. Idealized wiring diagram of oscillatory circuits in the rat spinal
ord. The locomotor CPG is conventionally represented as two ven-
rally located components (with cross-inhibitory links) projecting to
entral horn areas excitatory and inhibitory signals for agonist and
ntagonist muscles of the same limb. The locomotor CPG also
rojects inhibitory inputs to the dorsal network responsible for 4-AP-
voked DR oscillations so as fictive locomotor patterns can depress
R oscillatory activity. When the CPG is inactive, dorsal networks are
ctivated by 4-AP and synchronized via commissural pathways cours-

ng below the central canal. Signals from such networks are then
ransmitted to afferent DR fibers to express DR oscillations. The 4-AP
ensitive dorsal networks also activate ventral horn neurons with some
elay (represented by a resistor and a capacitor). Strong coupling of
-AP dependent DR oscillations on the same side is supposed to be
ue to heterosegmental ipsilateral connections among dorsal horn
etworks. The extent of distribution of 4-AP sensitive sites within the
PG or dorsal horn areas is indicated with J of different size.
ynchronous VR oscillations due to 4-AP was reputed to
e indirect, via suppression of the dorsally located 4-AP
scillatory network.

unctional implications

he current investigation cast some light to the complex
ssue regarding the usefulness of 4-AP administration to
pinal injury patients and the potential intervening risks.
learly, any strong discharges of afferent axons by 4-AP
ight have been expected to induce pain as well as to
isrupt the proprioceptive signals modulating CGP output,
hus blocking any attempt to restore locomotion. This sce-
ario, at least from the merely experimental angle of the in
itro preparation of the rat spinal cord, did not materialize.
R oscillations were suppressed as soon as the operation
f the CPG started. Nevertheless, it is difficult to predict
hat the clinical consequences of DR oscillations by 4-AP

n the absence of CPG operation might be. Pain is reported
o be a relatively rare side effect of 4-AP treatment (Grijalva
t al., 2003). Perhaps DR oscillations, the amplitude of
hich was observed to be relatively small with respect to
ynaptically evoked responses, could actually depress no-
iceptive inputs in a manner akin to presynaptic inhibition.
linical electrophysiological studies in patients will be nec-
ssary to clarify this issue.

In summary, the present study identified the topogra-
hy of 4-AP-evoked oscillatory activity within the rat spinal
ord and demonstrated that repeated DR oscillations did
ot interfere with the locomotor network operation which
ctually suppressed the DR discharges.
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eurobiology Sector and INFM Unit, International School for
dvanced Studies, Via Beirut 4, 34014 Trieste, Italy

bstract—Upregulating the operation of spinal locomotor
etworks is one mechanism to restore, at least partially,

esion-impaired locomotion. We investigated if the K� chan-
el blocker 4-aminopyridine (4-AP) could facilitate spinal lo-
omotor networks in addition to its well-known effect on
otor nerve conduction. Fictive locomotor patterns were re-

orded from ventral roots (VRs) of the isolated spinal cord of
he neonatal rat. 4-AP (0.1–50 �M) produced synchronous VR
scillations which did not develop into fictive locomotion.
hese oscillations had network origin, required intact gluta-
atergic transmission and were probably amplified via elec-

rotonic coupling because of their depression by the selec-
ive gap junction blocker carbenoxolone. 4-AP (5 �M) slightly
ncreased input resistance of lumbar motoneurons without
ffecting their action or resting potentials. Dorsal root (DR)
voked synaptic responses were enhanced (217�65%) by
�M 4-AP without changes in axon conduction. 4-AP (5 �M)

ccelerated fictive locomotion induced by N-methyl-D-
spartate (NMDA) and serotonin (5-HT) without altering cycle
mplitude and facilitated the onset of fictive locomotion in
he presence of sub-threshold concentrations of NMDA and
-HT. Furthermore, in the presence of 4-AP, weak DR stimuli,
reviously insufficient to activate locomotor patterns, gener-
ted alternating VR discharges. Thus, although 4-AP per se
ould not directly activate the locomotor network of the spi-
al cord, it could strongly facilitate the locomotor program

nitiated by neurochemicals or electrical stimuli. These data
uggest that the reported improvement by 4-AP in locomotor
ctivity of spinal-injury patients may include activation of
ocomotor networks when low concentrations of this drug are
dministered in coincidence with appropriate stimuli. © 2004
BRO. Published by Elsevier Ltd. All rights reserved.

ey words: central pattern generator, motoneuron, spinal
ord lesion, rhythmic patterns, oscillations, cumulative de-
olarization.

he K� channel blocker 4-aminopyridine (4-AP; Fampri-
ine�) is currently undergoing phase III clinical trials for the
ymptomatic treatment of incomplete chronic spinal cord
njuries (see http://www.acorda.com). Despite the large
mount of clinical and animal studies demonstrating the

Corresponding author. Tel: �39-040-378-7228; fax: �39-40-378-7528.
-mail address: nistri@sissa.it (A. Nistri).
bbreviations: APV, D-amino-phosphonovalerate; CNQX, 6-cyano-7-
itroquinoxaline-2,3-dione; CPG, central pattern generator; CV, coef-
cient of variation; DR, dorsal root; EPSP, excitatory postsynaptic
otential; l, left; MN, motoneuron; NMDA, N-methyl-D-aspartate; r,
ight; S.D., standard deviation; Th, threshold; TTX, tetrodotoxin; VRs,
oentral roots; 4-AP, 4-aminopyridine; 5-HT, serotonin; �, mean phase.

306-4522/04$30.00�0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2004.03.045

511
enefits of 4-AP in restoring part of lost function (Blight and
runer, 1987; Hansebout et al., 1993), up to date the
echanism and site of action of the 4-AP effects remain
nclear. This is an important issue because understanding
he action of 4-AP on spinal neurons may help to devise
ore effective strategies to mitigate the devastating out-

ome suffered by chronic spinal-injured patients.
Although early reports have indicated that 4-AP facili-

ates transmitter release from central (Tokunaga et al.,
979) and peripheral (Molgo et al., 1977) synapses, the
urrent notion is that 4-AP may help to re-establish axon
onduction in those fibers spared by the first traumatic
vent, but devoid of their myelin sheath as a consequence
f secondary damage triggered by initial impact (Nashmi
nd Fehlings, 2001). However, the high concentration of
-AP necessary to improve axon conduction in the white
atter (Fehlings and Nashmi, 1996) can induce seizures
hen applied to the whole spinal cord (Haghighi et al.,
998) and is much larger than the one detected in human
erum (Segal et al., 2000) after administration of Fampri-
ine�, the sustained-release, clinically effective form of
-AP (Darlington, 2000).

The aim of the present study was to investigate if low
oncentrations of 4-AP, comparable to those attained in
ivo, might activate the central pattern generator (CPG) of

ocomotion or affect the excitability of motoneurons di-
ectly. For this purpose we used, as an experimental
odel, the neonatal rat isolated spinal cord (Kerkut and
agust, 1995) which is an advantageous tool to investigate
pinal network properties expressed as well-defined motor
utput from ventral roots (VRs).

In the rat spinal cord in vitro, the spinal locomotor CPG
an be activated by applying excitatory agents, such as
-methyl-D-aspartate (NMDA) and serotonin (5-HT; Kiehn
nd Kjaerulff, 1998; Butt et al., 2002), or by delivering a
igh frequency train of electrical stimuli to a dorsal root
DR; Marchetti et al., 2001). Our present data suggest that
he beneficial effects of 4-AP on partially paraplegic people
ay be, at least in part, due to a direct increase in excit-
bility of the CPG. This action appeared at rather low 4-AP
oncentrations, indicating that the spinal CPG represents a
ery sensitive target for this substance.

EXPERIMENTAL PROCEDURES

n accordance with NIH guidelines and the Italian act DL 27/1/92
. 116 (implementing the European Community directives n. 86/
09 and 93/88), experiments were performed on lumbar spinal
ord preparations isolated from neonatal Wistar rats (0–5 days

ld) under urethane anesthesia (0.2 ml i.p. of a 10% w/v solution).

ved.
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ll efforts were made to reduce the number of animals used and
o minimize animal suffering. The experimental setup was the
ame as described by Marchetti et al. (2003), while full details
bout procedures have been previously published (Bracci et al.,
996a,b; Beato and Nistri, 1999). In brief, the neonatal rat spinal
ord was superfused (7.5 ml min�1) with Krebs solution of the
ollowing composition (in mM): NaCl, 113; KCl, 4.5; MgCl27H2O,
; CaCl2, 2; NaH2PO4, 1; NaHCO3, 25; glucose, 11; gassed with
5% O2–5% CO2; pH 7.4 at room temperature. All agents were
ath-applied via the superfusing solution at the concentrations
entioned in the text. In view of the need to record fictive loco-
otion rhythms for a long time, the majority of experiments were
ased on DC-coupled recordings from lumbar VRs. For these
xtracellular data, records are calibrated in terms of time only, as

heir amplitude is dependent on the access resistance of the
uction electrodes.

Intracellular recordings (from L3–L5 motoneurons) were
btained using sharp electrodes filled with 3 M KCl (30 – 60 M�
esistance). The input resistance of motoneurons was mea-
ured by delivering hyperpolarizing current steps (0.1– 0.9 nA,
0 –50 ms) through the intracellular electrode and constructing
/V curves which were linear within the voltage range consid-
red. Measurements of wind-up and cumulative depolarization
Barbieri and Nistri, 2001) always relied on simultaneous mo-
oneuron and VR recordings. DR electrical stimuli employed to
licit either single VR responses (recorded from the ipsilateral
R of the same segment) or cumulative depolarization, had

ntensity (1–10 V range; 0.1 ms duration) expressed as multi-
les of threshold (Th) necessary to evoke a detectable synaptic
esponse from the recorded motoneuron (see Marchetti et al.,
001). DR induced responses were averages of at least three
vents. VR stimulation (1–5 V; 0.1 ms) was used to elicit
ntidromic spikes.

Fictive locomotion was typically induced by continuously
ath-applied NMDA (4 or 5 �M) plus 5-HT (10 �M; see Kiehn
nd Kjaerulff, 1998; Butt et al., 2002). Rhythmic discharged
ere characterized on the basis of their period defined as the

ime between the onset of two cycles of oscillatory activity.
hen period values were averaged for a pool of preparations,

ata from each spinal cord were calculated as the mean of at
east 30 cycles or bursts. The regularity of bursting was calcu-
ated in terms of coefficient of variation (CV; given by standard
eviation [S.D.] mean�1) of the period. To calculate axon con-
uction velocity, isolated DRs were electrically stimulated at one
nd while the compound action potential was recorded at the other
nd and the length of the root measured with a calibrated caliper
nder the microscope. Data were quantified as means�S.D.;
tatistical significance was assessed with the Student’s t-test, or
NOVA plus Tukey test for non-parametric data. The Rayleigh

est was used for statistical significance of phase coupling (Drew
nd Doucet, 1991) where R is the concentration of phase values
round the mean phase (see Marchetti et al., 2001). The accepted

evel of significance was always P�0.05.
The following chemicals were purchased from Tocris (Bristol,

K): 4-AP, NMDA, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
-amino-phosphonovalerate (APV), tetrodotoxin (TTX). 5-HT and
arbenoxolone were from Sigma, Milan, Italy.

RESULTS

he database of the present study comprises 17 intracel-
ularly recorded motoneurons with �77�5 mV resting po-
ential and 37�13 M� input resistance. VR responses
ere collected from 71 spinal cord preparations.
 a
ffects of 4-AP on spinal motoneurons and network
roperties

pplication of 4-AP (5 �M) to control spinal cord prepara-
ions did not induce significant depolarization of the mo-
oneuron membrane (0.7�1.2 mV; n�9) and only a small
ncrease in input resistance (109�10%; P�0.05). The Th
or the antidromic spike generation by motoneurons was
nchanged (105�15% versus control), like the spike am-
litude (96�16%) and halfwidth (103�16%). Despite lack
f substantial changes in motoneuron properties, sus-
ained application of 4-AP elicited a discharge pattern re-
orded extracellularly and intracellularly (Fig. 1A) charac-
erized by rhythmic depolarizing waveforms with superim-
osed spikes. This phenomenon was apparent after 20�5
in from the start of application, persisted as long as 4-AP
as bath-applied (1–2 h) and, despite extensive washout

�1 h), it could not be completely eliminated. As exempli-
ed in Fig. 1A, discharges were more complex and longer
asting when recorded from the VR than from a single

otoneuron. The rhythmic discharges were readily
locked (within 169�42 s from the start of application;

ig. 1. Spinal network oscillations induced by 4-AP. (A) Simultaneous
ecords from left lumbar VR 4 (lL4; top) and single right lumbar 5
otoneuron (rL5 MN) obtained after 20 min continuous application of
�M 4-AP. Note irregular discharges appearing synchronously on VR
nd contralateral motoneuron. Vm indicates resting membrane poten-

ial of motoneuron. Fast deflections are truncated action potentials. (B)
n the same preparation depicted in (A), strong suppression of oscil-

ations by CNQX (10 �M) and APV (50 �M). (C) 4-AP-induced (5 �M)
scillations recorded from rL5 VR (different preparation from A, B) are

bolished by TTX (1 �M).
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�7) by CNQX (10 �M) and APV (50 �M) as exemplified
n Fig. 1B for the same preparation shown in Fig. 1A.
hese observations suggested that the rhythm had a net-
ork origin, a notion confirmed by its suppression (within
46�48 s from the start of application; n�4) by TTX (1 �M;
ee example in Fig. 1C with extracellular recording).

haracteristics of rhythmic discharges induced by
-AP

he network origin of such a pattern prompted exploring its
ain properties in terms of VR synchronicity and period-

city. Bursts were identified as sudden depolarizations ex-
eeding the S.D. of the baseline noise by at least 10-fold.
ig. 2 shows that rhythmicity induced by 4-AP was syn-
hronous on four lumbar VRs on either side of the spinal
ord and was confirmed with the polar plots depicted in Aa
or coupling between right L2 and right L5 VRs (mean
hase [�]�4.1�1.3°; n�20 cycles), and in Ab for coupling
etween left and right L2 VRs (��1.5�0.9°; n�20 cycles).
ignificant coupling for such responses was demonstrated

ig. 2. Strong synchrony of 4-AP induced oscillations. (A) Simulta-
eous recording from four VRs (left and right L2, and left and right L5)
how strong synchronous oscillations after 20 min exposure to 4-AP
5 �M). Note also irregular occurrence and shape of individual dis-
harges. (Aa) and (Ab) show polar plots of phase discharge coupling
or right L2 and right L5 VRs (Aa) or for left and right L2 VRs (Ab). Data
oints are grouped around 0° indicating full phase coincidence. The

ength of the vector (arrows) represents the strength of coupling be-
ween phases calculated for 20 cycles indicated by filled circles (due to
he close similarity of values, data points largely overlap). (B) Dose
esponse graph for the oscillation period value produced by concen-
rations of 4-AP ranging from 1 to 50 �M; n�6 preparations.
ith the Rayleigh test (P�0.05 for either pair). The period (
f discharges was dependent on the concentration of 4-AP
s indicated by the plot in Fig. 2B, in which for six prepa-
ations concentrations of 4-AP in the range 1–50 �M were
pplied at 30 min intervals in a cumulative fashion. Con-
entrations higher than 50 �M produced chaotic bursting
nd were not further used. We also explored the Th con-
entration of 4-AP required to elicit patterned discharges.
oses of 0.1–0.5 �M evoked occasional cycles of rhyth-
ic activity but no stable pattern. These results indicate

hat 4-AP was a potent agent to trigger spinal rhythmicity at
oncentrations between 1 and 50 �M. The average period
nduced by 5 �M 4-AP was 3.9�1.1 s (n�32). Despite its
ynchronicity, the pattern was rather irregular as quantified
y its relatively large value of period CV (0.43�0.11).

While the drive for 4-AP evoked bursting was crucially
ependent on glutamatergic ionotropic transmission (see
ig. 1B), its synchronicity suggested that additional mech-
nisms were necessary to recruit and synergize the dis-
harge of neurons throughout spinal segments. In view of
he histological and functional reports of gap junctions
mong rat spinal neurons (Fulton et al., 1980; Walton and
avarrete, 1991; Kiehn and Tresch, 2002), we tested the
ossibility that gap junctions were involved in synchroni-
ation of 4-AP evoked discharges. For this purpose, once
ursting induced by 5 �M 4-AP was fully developed, we
sed a standard protocol relying on 100 �M carbenox-
lone, a typical gap junction blocker applied for at least 50
in to obtain its effect (Kiehn and Tresch, 2002).

As shown in Fig. 3A, B, carbenoxolone strongly decel-
rated the rhythm elicited by 4-AP (5 �M) with reduced
ackground discharges between bursts. Mean data
n�11) are quantified in Fig. 3C in which a significant
P�0.001) lengthening of period values was produced by
arbenoxolone while the period CV value (0.43�0.07) was
nchanged.

ynaptic activity and impulse flow in the presence of
-AP

n analogy with previous studies of cat motoneurons in vivo
Jack et al., 1981; Jankowska et al., 1982), the area of
veraged excitatory postsynaptic potentials (EPSPs;

ntracellularly-recorded from motoneurons following single
ulses of 1–3	Th intensity delivered to one DR) was
ignificantly enhanced in the presence of 5 �M 4-AP
217�65% versus control; n�8; P�0.001). Since high
oncentrations (mM range) of 4-AP are reported to affect
xon conduction velocity (Fehlings and Nashmi, 1996), we
ondered whether the EPSP enhancement observed in

he present study could be due to facilitation of incoming
olleys. For this purpose we measured axon conduction
elocity in isolated DRs using stimuli in the 2–15 V range
1–5	Th) and we analyzed the earliest peak amplitude
hich in control conditions gave a conduction velocity of
.61�0.15 m s�1. This parameter was unmodified by 5 �M
-AP (97�3%; n�4). Nevertheless, it is possible that fibers
ithin the spinal cord had differential sensitivity to 4-AP. As
first approximation to this issue, we calculated the Th

aken as the minimal stimulus necessary to evoke EPSPs

recorded intracellularly from motoneurons) because weak
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timuli around Th are known to activate monosynaptic Ia
nputs to such cells (Jack et al., 1981). In the presence of

�M 4-AP, EPSP Th was 104�11% of control value
n�9). These data collectively indicated that enhancement
y 4-AP of motoneuronal EPSPs was an intrinsic phenom-
non not merely due to facilitated conduction and/or gen-
ration of afferent inputs.

lternating patterns induced by DR stimuli in the
resence of 4-AP

ollowing a train of DR stimuli, spinal interneurons and
otoneurons generate an incrementing depolarization (cu-
ulative depolarization) associated with alternating rhyth-
ic discharges due to activation of the CPG for locomotion

Whelan et al., 2000; Marchetti et al., 2001). In the present
tudy we tested if this phenomenon was modulated by
-AP because it would be an important manifestation of the
bility of this drug to stimulate locomotor programs of the
pinal cord. Fig. 4A, B shows an example of cumulative
epolarization plus superimposed discharges recorded
rom right L2 and L5 VRs of the same spinal cord prepa-

ig. 3. 4-AP-evoked oscillations are largely depressed by carbenox-
lone. (A) Simultaneous records from four VRs (identified by their
bbreviation alongside each trace) 20 min from the start of 5 �M 4-AP
pplication. (B) Carbenoxolone (100 �M; 50 min) strongly reduces
scillatory discharges. (C) Histograms showing significant (* P�0.001)
rolongation of oscillation period values by carbenoxolone (n�11
reparations).
ation. The rhythmic discharges, emerging when the cu- s
ulative depolarization was approaching plateau, were
lternating between these roots as quantified by the polar
lot (inset to Fig. 4A) in which the discharge phase values
re grouped around a mean � of 155�27° (n�13 oscilla-
ions; P�0.05 with Rayleigh test for coupling strength be-
ween L2 and L5 oscillations). When similar measure-
ents were repeated in the presence of 5 �M 4-AP (Fig.
B), there was a larger number of oscillations with � value
f 149�33° (n�15 oscillations; see polar plot inset to Fig.
B; P�0.05), demonstrating again strong coupling be-
ween these VR signals. Thus, during cumulative depolar-
zation the synchronous discharges typically evoked by
-AP (Fig. 1) were replaced by an alternating, locomotor-

ike rhythm. Fig. 4C shows average data from 11 prepara-
ions in which 5 �M 4-AP significantly augmented the
umber of oscillations which was reflected in a significant

ncrease in the cumulative depolarization area. Neverthe-
ess, the period of such oscillations remained unchanged
s much as the cumulative depolarization amplitude. It was

nteresting to observe that the gap junction blocker carben-
xolone had an effect opposite to the facilitatory one in-
uced by 4-AP. In fact, carbenoxolone per se significantly
epressed the peak amplitude (69�11%; P�0.03) and
rea (68�14%; P�0.01) of cumulative depolarization elic-

ted by submaximal (2	Th) stimuli applied to a DR.
While 4-AP could increase the locomotor-like output of

PG activated by repeated stimuli, it was important to find
ut if 4-AP could actually activate the CPG operation. To
his end repeated, weak DR stimuli were applied to gen-
rate a gradually decrementing depolarization (habitua-
ion; see for example Baranauskas and Nistri, 1996) as
epicted in Fig. 4D for L2 and L5 VRs. Twenty minutes
fter application of 5 �M 4-AP the same stimulus train
enerated cumulative depolarization with alternating oscil-

ations (Fig. 4E). Fig. 4F shows a polar plot of these
scillations which had � value of 203�40° (n�20 oscilla-
ions; P�0.05) in support of strong event coupling. Similar
esults were observed in five preparations indicating that
-AP could trigger the generation of a locomotor rhythm
hen the afferent inputs were subTh for it. Smaller con-
entrations of 4-AP (0.5–1 �M) could not generate alter-
ating patterns during repeated DR stimuli of intensity
1.5–2	Th) below Th for cumulative depolarization (n�4).
onversely, the largest concentration of 4-AP able to ex-
ress alternating patterns during trains of weak
1.5–2	Th) DR stimuli was 20 �M (n�3).

ffects of 4-AP on chemically induced fictive
ocomotion

he potential by 4-AP to activate and facilitate the locomo-
or CPG was further explored by inducing fictive locomo-
ion with the standard method of bath application of NMDA
4–5 �M) and 5HT (10 �M). Fig. 5A shows typical patterns
nduced by NMDA plus 5HT recorded from four VRs. Dis-
harge alternation was present between left and right VRs
f both segments (L2 and L5), and also between L2 and L5
f the same side as it represents alternations between
exor (L2) and extensor (L5) motor pool signals to the

ame hindlimb. In the presence of 5 �M 4-AP, the pattern
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eriod was accelerated although signal alternation was
ell preserved among all VRs (Fig. 5B) while synchronous
ischarges typical of 4-AP were absent. On average, pe-
iod was reduced by 4-AP to 82�8% (control was 2.6�0.7
; n�8; P�0.005) while the discharge amplitude was un-
hanged (100�29%).

The facilitatory action by 4-AP on the fictive locomotor

ig. 4. 4-AP can enhance or disclose alternating patterns during repea
o right L5 DR generates cumulative depolarization with associated alte
lot for these oscillations which are predominantly grouped near 180°

egend to Fig. 2. (B) On the same preparation, enhancement of al
orresponding polar plot with data points close to 180° (149�33°; n�1
epolarization amplitude, area, number of oscillations and their peri
P�0.001 (area); n�12 Note that only the cumulative depolarization

ecords from left L2 and L5 VRs during stimulation with a train of 40 pu
he train and lack of alternating patterns. (E) In the presence of 4-AP
umulative depolarization and alternating oscillations. (F) Polar plot fo
heir phase alternation.
hythm was manifested even when the concentration of f
MDA and 5-HT was subTh for fictive locomotion. This
xperiment is illustrated in the example of Fig. 6. First,
MDA (5 �M) plus 5-HT (10 �M) were coapplied to gen-
rate a stable alternating rhythm (Fig. 6A). After full wash-
ut for 20 min, the same agents were applied again at a

ower concentration (3 and 5 �M, respectively) which was
neffective in generating a pattern, although it evoked high-

imuli. (A) In control conditions a train of 40 stimuli (2 Hz; 3	Th) applied
ttern recorded from right L2 and right L5 VRs. The inset shows a polar
°; n�13) indicating their phase alternation. Further details are in the
oscillations in the presence of 5 �M 4-AP (20 min). Inset depicts
istograms for percent changes in average data relative to cumulative
in the presence of 5 �M 4-AP. * P�0.02 (number of oscillations)
number of oscillations were significantly changed. (D) Simultaneous
z; 1.5	Th) applied to left L5 DR. Note decrementing baseline during

the same stimulation protocol evokes much larger VR response with
ions which are on average close to 180° (203�40°; n�20) indicating
ted DR st
rnating pa
(155�27

ternating
5). (C) H
od value
area and
lses (2 H
(5 �M)
r oscillat
requency firing from VRs (Fig. 6B). After washout of
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MDA and 5-HT, 4-AP (5 �M) was applied for 20 min to
nduce a stable synchronous rhythm (not shown) which
as readily transformed into alternating locomotor-like dis-
harges by subsequent application of sub-Th NMDA and
-HT (Fig. 6C). Note that under such conditions the rhythm
eriod was 3.41�1.69 s, a value not significantly different
rom the one of alternating fictive locomotion (2.99�0.82 s)
n the absence of 4-AP. Inspection of raw data in Fig. 6C
eemed to suggest that during the entire length of each
scillatory cycle there was multiple spike activity. This
bservation was confirmed by analyzing the average cycle
rea which was 76�21% of control (n�6; P�0.02). This
nding is compatible with the rise in network excitability
voked by 4-AP (see Figs. 1, 2).

Facilitation by 4-AP of fictive locomotion was observed
n six preparations in which either 4-AP (5 �M) was added

n the continuous presence of sub-Th concentrations of
MDA (0.5–5 �M) and 5-HT (1–5 �M), or sub-Th concen-

rations of NMDA and 5-HT were administered in the pres-
nce of a synchronous rhythm evoked by 4-AP. Note that
he 5 �M concentration of 4-AP was “Th” for inducing
lternating patterns in the presence of sub-Th doses of
MDA plus 5-HT. In fact, lower concentrations of 4-AP

ig. 5. Acceleration of fictive locomotor patterns by 4-AP. (A) Control
ctive locomotor pattern induced by co-applied NMDA (5 �M) and 5HT
10 �M). Note that oscillations display typical alternation at homoseg-
ental level (left and right L2; left and right L5) and between flexor (L2)
nd extensor (L5) motor pools on the same side. (B) Records from the
ame preparation following application of 5 �M 4-AP (20 min). Note
aster rhythm with well-preserved phase alternation homolaterally and
somosegmentally.
0.5–1 �M) failed to activate fictive locomotion as VR
ecords displayed irregular discharges only (n�3).

DISCUSSION

he principal finding of the present study is that low �M
oses of 4-AP together with appropriate paradigms of
oncurrent CPG stimulation could activate and facilitate
he function the locomotor CPG in the rat spinal cord. This
esult indicates that the mechanisms responsible for the
ction by 4-AP on spinal injury patients should include a
entral action of 4-AP, in addition to its well documented
ffect on conduction of nerve fibers (reviewed by Nashmi
nd Fehlings, 2001). In the absence of even subliminal
ctivation of the CPG, 4-AP induced only a synchronous
attern mediated by a wide spinal network dependent on
lutamatergic transmission and reinforced via gap

unctions.

trong potency of 4-AP action on the spinal cord

ne interesting aspect of the present study is the demon-

ig. 6. Facilitation by 4-AP of fictive locomotor patterns. (A) Homolat-
rally alternating pattern between left L2 and L5 VRs in the presence
f NMDA (5 �M) and 5HT (10 �M). (B) After washout, a lower dose of
MDA and 5HT (3 and 5 �M, respectively) is applied without gener-
ting fictive locomotor pattern, although high frequency firing is detect-
ble from VRs. (C) After washout 5 �M 4-AP is applied for 20 min to

nduce synchronous VR oscillations (not shown) and subsequent ad-
ition of the sub-Th dose of NMDA and 5HT, in the continuous pres-
nce of 4-AP, can now induce an alternating pattern.
tration that the distinct changes in spinal network excit-
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bility could be produced by low micromolar concentra-
ions of 4-AP substantially below those normally used for
lectrophysiological experiments (reviewed by Coetzee et
l., 1999). The effects of 4-AP included onset of synchro-
ous oscillations and larger amplitude of EPSPs without
omparatively large alterations in membrane potential, in-
ut resistance and spike properties of motoneurons. These
bservations indicate that electrical synchronicity elicited
y 4-AP had a network origin which commanded a pat-

erned output from motoneurons, by themselves little sen-
itive to such low concentrations of this drug. Since CNQX
lus APV completely blocked this oscillatory pattern, it is
lear that intact glutamatergic transmission at network

evel was essential to express this activity. The high CV
alue of 4-AP-induced rhythmicity demonstrates its lack of
egular discharges and suggests a multifocal origin of this
ctivity with shifting foci of local excitability rises. Previous
tudies have shown that 4-AP increases the amplitude of
xcitatory and inhibitory potentials recorded from spinal
otoneurons in vivo (Jankowska et al., 1977) because it

educes the probability of release failure at single boutons
Jack et al., 1981). This effect is likely responsible for the
eneration of spinal network discharges reported in the
resent study. Interestingly, enhancement of synaptic
ransmission requires 
10 min to develop fully even after
.v. injection of this drug (Jack et al., 1981) in analogy with
he present observations on the latency of action of 4-AP
ath-applied to the isolated spinal cord.

ynchronicity of 4-AP elicited pattern

t is important to note that the 4-AP evoked discharges
ere synchronous on all four VRs recorded in the present
tudy. This finding clearly indicates that such electrical
ignals, even if generated by motor pools, were incompat-
ble with locomotion. There is no evidence that synchro-
icity was due to block of cross-inhibitory pathways.
n fact, the synchronous rhythm emerging spontaneously
rom block of synaptic inhibition in the spinal cord (Bracci et
l., 1996a) is much slower and characterized by long
ursts with silent intervals. Furthermore, inhibitory synaptic
rocesses are typically enhanced by 4-AP (Jankowska et
l., 1977), a mechanism essential for observing any favor-
ble action by this drug in promoting the generation of

ocomotor-like patterns.
Nevertheless, the strong synchronicity of 4-AP oscilla-

ions implied a very effective coupling process which, de-
pite the probabilistic nature of the synaptic inputs arising
rom the network, ensured simultaneous firing of motoneu-
ons. One potential mechanism underlying this property
ppeared to be electrotonic coupling among spinal neu-
ons since the gap junction blocker carbenoxolone sub-
tantially attenuated discharges. This result is analogous
o the effect of carbenoxolone on 4-AP induced discharges
n the rat hippocampus (Ross et al., 2000) and cerebral
ortex (Szente et al., 2002). Timofeev and Steriade (2004)
ave proposed that transient fluctuations in the extracellu-

ar space during bursting can increase the efficiency of
lectrical coupling among neurons, a general phenomenon

hich may be applicable to rat spinal networks as well. a
evertheless, the persistence of discharges, albeit on a
maller scale, in the presence of carbenoxolone indicated
hat additional factors, like activation of certain spinal cir-
uits hierarchical to premotoneurons and motoneurons
nd involved in reflex synchronization (Kerkut and Bagust,
995), were responsible for simultaneous pattern
ccurrence.

ellular targets for 4-AP action

he very strong sensitivity of spinal networks to 4-AP
estricts the range of voltage activated K� channels poten-
ially implicated in the action of this drug. Among them
v1.4 and Kv3.1 channels (see database in http://iuphar-
b.org) largely expressed in the ventral and dorsal horn
ray matter (Deuchars et al., 2001; Brooke et al., 2002;
dwards et al., 2002) seem to fulfill this role because of

heir exquisite sensitivity to 4-AP (Grissmer et al., 1994;
oetzee et al., 1999). Both sets of channel present rapid
oltage-dependent activation and inactivation kinetics
Coetzee et al., 1999). It is noteworthy that Kv1.4 inacti-
ation is only partial and that recovery from full inactivation
f Kv3.1 occurs quite slowly (2–4 s). These properties may
ender such channels suitable to pace the typical rhythm of
ctive locomotion.

ffects of 4-AP on axonal conduction

esions of the myelin sheath uncover paranodal K� chan-
els which, once activated by depolarization, contribute to
ailure of axonal action potential propagation (Bostock et
l., 1981; Kocsis, 1985). Thus, one important strategy to

mprove axonal conduction is pharmacological block of
uch channels (Bostock et al., 1981). In the case of lesions
ffecting spinal axons, this goal can be achieved with 4-AP
Hayes et al., 1993; Waxman, 1993; Nashmi and Fehlings,
001) although administered at concentrations consider-
bly larger (Fehlings and Nashmi, 1996) than those found
o be effective on spinal networks in the present study.
pinal axons might contribute to generation of spinal

hythms in analogy with their important role in hippocampal
ast oscillations via axonal gap junctions (Schmitz et al.,
001) whose efficiency may be dynamically modulated by
everal mechanisms (LeBeau et al., 2003) including K�

hannels sensitive to 4-AP. Since we observed no signif-
cant change in axon conduction velocity of DR fibers or in
he voltage Th to evoke EPSPs or VR antidromic spikes, it
eems likely that spinal networks rather than projecting
xons were the most sensitive target for the action of 4-AP.

ictive locomotor patterns in the presence of 4-AP

ictive locomotor patterns require alternation of regular
ischarges between flexor and extensor motor pools
Kiehn and Kjaerulff, 1998; Marchetti et al., 2001; Butt et
l., 2002), a condition thus very different from the synchro-
ous discharges induced by 4-AP alone. Nevertheless, it
eems likely that certain K� conductances have a role in
enerating the spinal locomotor pattern in the lamprey
Hess and El Manira, 2001), amphibian embryo (Kuenzi

nd Dale, 1998), and rat (Cazalets et al., 1999). It is,
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owever, noteworthy that all those studies have reported
lock of alternating patterns by high doses of 4-AP. We
lso confirmed that relatively large concentrations of 4-AP
roduced highly irregular discharges incompatible with lo-
omotor cycles (Cazalets et al., 1999). Nevertheless, the
ovel feature of the present work was to demonstrate that

ow concentrations of 4-AP (targeted to block certain pop-
lations of K� channels rather than broad spectrum K�

onductance inhibition) did facilitate locomotor-like oscilla-
ions with clear alternation among appropriate motor pools
nd simultaneous disappearance of the synchronous pat-
erns typical of 4-AP alone. In particular, the number of
scillatory patterns induced by repeated DR stimuli was

ncreased by 5 �M 4-AP. When DR stimuli were insuffi-
ient to evoke cumulative depolarization, their association
ith 4-AP could then generate typical alternating patterns.

Unlike 4-AP, the gap junction blocker carbenoxolone
ad opposite, depressant effects on cumulative depolar-

zation elicited by submaximal DR stimuli. While carben-
xolone may exert additional effects on brain neurons like
ctivation of mineralocorticoid receptors with consequent

ncrease in network excitability (Ross et al., 2000), had this
ffect occurred in the spinal cord, it would have been
xpected to enhance rather than depress cumulative de-
olarisation, contrary to the present observations. Since
arbenoxolone does not affect either AMPA or NMDA
eceptors (Oleskevich et al., 1993) or excitability and firing
roperties of spinal motoneurons (Kiehn and Tresch,
002), our results suggest that gap junction coupling might
ave facilitated VR responses due to depolarization of
on-synaptically activated motoneurons.

When fictive locomotion was induced by the standard
rotocol of NMDA plus 5-HT application, 4-AP increased

he frequency of rhythm in a persistent manner without
ignificant changes in discharge amplitude. When the con-
entration of NMDA and 5-HT was sub-Th for fictive loco-
otion, 4-AP triggered this phenomenon which was char-
cterized by cycles containing multiple spike activity. The

unctional outcome of this enhanced firing does not imply
isrupted locomotor activity in vivo because a former study
f spinalized cats has demonstrated that i.v. injection of
-AP could bring locomotor activity to Th in the presence of
-DOPA administration (Zangger, 1981). Although such in
ivo experiments could not elucidate the site or mode of
ction of 4-AP, they nevertheless demonstrate that loco-
otor facilitation observed in the rat spinal cord in vitro is
lso present in the cat in vivo.

Collectively all these observations suggest that 4-AP
er se could not generate fictive locomotion, yet it facili-

ated it as long as the drug was administered in conjunction
ith appropriate stimuli (even below Th) for the locomotor
PG. In a way, this notion is compatible with the possibility

hat 4-AP application enhanced the excitability of the CPG
o as subsequent signals of different origin could fully
ctivate it.

etwork mechanisms underlying the action of 4-AP

-AP can generate seizure-like activity in various brain

reas as exemplified by recording from cortical and hip- f
ocampal neurons (Avoli et al., 1988; Watts and Jefferys,
993; Lopantsev and Avoli, 1998). In the spinal cord, the
etwork underlying discharges evoked by 4-AP appears to
e incompatible with locomotion because it lacked motor
lternation. However, the 4-AP sensitive network could

nteract with the locomotor CPG. In fact, it could activate
ctive locomotion in association with certain stimuli, indi-
ating that the density (and/or location) of the 4-AP chan-
els within the CPG was not a major factor to suppress
pontaneous, ongoing operation of the CPG. 4-AP could
herefore enhance the ability of CPG neurons to act as
coincidence detectors” when suitable pulses reached
hem. Conversely, once the CPG network fully expressed
ocomotor-like patterns, it switched off the activity of the
-AP network to avoid overlapping patterns. This property
f CPG neurons to turn off other spinal patterns is a
ell-known phenomenon observed with other spinal pat-

erns irrelevant to locomotion (Whelan et al., 2000; Taccola
t al., 2004).

unctional implications of the action by 4-AP

he present study provides some implications that may be
seful to improve the clinical efficacy of 4-AP on spinal
atients. First, the concentration of 4-AP should be low,
arefully titrated and kept below the one which would
isrupt motor patterns. This result closely accords with
linical studies that have shown the therapeutic plasma

evel of 4-AP in man to be about 0.3–0.6 �M (Segal et al.,
000), a value not far from those found to be effective in
he present experimental conditions. Our experimental ob-
ervations suggest that a four-fold increase in the Th dose
f 4-AP was the maximum permissible to preserve alter-
ating patterns. A recent review on 4-AP concludes that
there is a narrow therapeutic range” for this drug and that
verdose is associated with dystonic movements or even
eneralized convulsions (Darlington, 2000). These find-

ngs are, therefore, fully compatible with the present study.
econd, administration of 4-AP per se appears to be in-
ufficient to trigger motor patterns. Thus, 4-AP should be
iven together with appropriate sensory stimuli to maxi-
ize the chance of successful clinical response. Interest-

ngly, clinical studies have proposed 4-AP to be beneficial
nly in patients with incomplete spinal lesions (Hayes et
l., 1993; Segal et al., 1999). Presumably in such cases,

esion-spared spinal networks might be sufficient to pro-
uce synergy of action with 4-AP. Third, more selective
lockers of certain populations of K� channels might in

uture be proven of even greater benefit to improve spinal
eficits in voluntary motor activity.

In summary, the present study carried out on the rat in
itro spinal cord provides novel data suggesting that the
meliorating action of 4-AP on spinal injury patients may
e generated at the level of locomotor networks in the
pinal cord which are highly sensitive to the action of this
rug.

cknowledgements—This work was supported by a FIRB grant

rom MIUR.



A

B

B

B

B

B

B

B

B

B

C

C

D

D

D

E

F

F

G

H

H

H

H

J

J

J

K

K

K

K

K

L

L

M

M

M

N

O

R

S

S

S

G. Taccola and A. Nistri / Neuroscience 126 (2004) 511–520 519
REFERENCES

voli M, Perreault P, Olivier A, Villemure JG (1988) 4-Aminopyridine
induces a long-lasting depolarizing GABA-ergic potential in human
neocortical and hippocampal neurons maintained in vitro. Neurosci
Lett 94:327–332.

aranauskas G, Nistri A (1996) NMDA receptor-independent mecha-
nisms responsible for the rate of rise of cumulative depolarization
evoked by trains of dorsal root stimuli on rat spinal motoneurones.
Brain Res 738:329–332.

arbieri M, Nistri A (2001) Depression of windup of spinal neurons in
the neonatal rat spinal cord in vitro by an NK3 tachykinin receptor
antagonist. J Neurophysiol 85:1502–1511.

eato M, Nistri A (1999) Interaction between disinhibited bursting and
fictive locomotor patterns in the rat isolated spinal cord. J Neuro-
physiol 82:2029–2038.

light AR, Gruner JA (1987) Augmentation by 4-aminopyridine of
vestibulospinal free fall responses in chronic spinal-injured cats.
J Neurol Sci 82:145–159.

ostock H, Sears TA, Sherratt RM (1981) The effects of 4-aminopyridine
and tetraethylammonium ions on normal and demyelinated mamma-
lian nerve fibres. J Physiol 313:301–315.

racci E, Ballerini L, Nistri A (1996a) Spontaneous rhythmic bursts
induced by pharmacological block of inhibition in lumbar motoneu-
rons of the neonatal rat spinal cord. J Neurophysiol 75:640–647.

racci E, Ballerini L, Nistri A (1996b) Localization of rhythmogenic
networks responsible for spontaneous bursts induced by strychnine
and bicuculline in the rat isolated spinal cord. J Neurosci 16:7063–
7076.

rooke RE, Pyner S, McLeish P, Buchan S, Deuchars J, Deuchars SA
(2002) Spinal cord interneurones labelled transneuronally from the
adrenal gland by a GFP-herpes virus construct contain the potas-
sium channel subunit Kv3.1b. Auton Neurosci 98:45–50.

utt SJ, Lebret JM, Kiehn O (2002) Organization of left-right coordi-
nation in the mammalian locomotor network. Brain Res Rev 40:
107–117.

azalets JR, Sqalli-Houssaini Y, Magoul R (1999) Differential effects
of potassium channel blockers on the activity of the locomotor
network in neonatal rat. Brain Res 827:185–197.

oetzee WA, Amarillo Y, Chiu J, Chow A, Lau D, McCormack T,
Moreno H, Nadal MS, Ozaita A, Pountney D, Saganich M, Vega-
Saenz de Miera E, Rudy B (1999) Molecular diversity of K� chan-
nels. Ann NY Acad Sci 868:233–285.

euchars SA, Brooke RE, Frater B, Deuchars J (2001) Properties of
interneurones in the intermediolateral cell column of the rat spinal
cord: role of the potassium channel subunit Kv3.1. Neuroscience
106:433–446.

rew T, Doucet S (1991) Application of circular statistics to the study
of neuronal discharge during locomotion. J Neurosci Methods 38:
171–181.

arlington C (2000) Fampridine Acorda therapeutics. Curr Opin Invest
Drugs 1:375–379.

dwards L, Nashmi R, Jones O, Backx P, Ackerley C, Becker L,
Fehlings MG (2002) Upregulation of Kv 1.4 protein and gene ex-
pression after chronic spinal cord injury. J Comp Neurol 443:154–
167.

ehlings MG, Nashmi R (1996) Changes in pharmacological sensitiv-
ity of the spinal cord to potassium channel blockers following acute
spinal cord injury. Brain Res 736:135–145.

ulton BP, Miledi R, Takahasji T (1980) Electrical synapses between
motoneurones in the spinal cord of the newborn rat. Proc R Soc
Lond B Biol Sci 208:115–120.

rissmer S, Nguyen AN, Aiyar J, Hanson DC, Mather RJ, Gutman GA,
Karmilowicz MJ, Auperin DD, Chandy KG (1994) Pharmacological
characterization of five cloned voltage-gated K� channels, types
Kv1.1, 1.2, 1.3, 1.5, and 3.1, stably expressed in mammalian cell
lines. Mol Pharmacol 45:1227–1234.
aghighi SS, Clapper A, Johnson GC, Stevens A, Prapaisilp A (1998)
Effect of 4-aminopyridine and single-dose methylprednisolone on
functional recovery after a chronic spinal cord injury. Spinal Cord
36:6–12.

ayes KC, Blight AR, Potter PJ, Allatt RD, Hsieh JT, Wolfe DL, Lam S,
Hamilton JT (1993) Preclinical trial of 4-aminopyridine in patients
with chronic spinal cord injury. Paraplegia 31:216–224.

ansebout RR, Blight AR, Fawcett S, Reddy K (1993) 4-Aminopyridine in
chronic spinal cord injury: a controlled, double-blind, crossover study in
eight patients. J Neurotrauma 10:1–18.

ess D, El Manira A (2001) Characterization of a high-voltage-
activated IA current with a role in spike timing and locomotor pattern
generation. Proc Natl Acad Sci USA 98:5276–5281.

ack JJ, Redman SJ, Wong K (1981) Modifications to synaptic trans-
mission at group Ia synapses on cat spinal motoneurones by 4-
aminopyridine. J Physiol 321:111–126.

ankowska E, Lundberg A, Rudomin P, Sykova E (1977) Effects of
4-aminopyridine on transmission in excitatory and inhibitory syn-
apses in the spinal cord. Brain Res 136:387–392.

ankowska E, Lundberg A, Rudomin P, Sykova E (1982) Effects of
4-aminopyridine on synaptic transmission in the cat spinal cord.
Brain Res 240:117–129.

erkut GA, Bagust J (1995) The isolated mammalian spinal cord. Prog
Neurobiol 46:1–48.

iehn O, Kjaerulff O (1998) Distribution of central pattern generators
for rhythmic motor outputs in the spinal cord of limbed vertebrates.
Ann NY Acad Sci 860:110–129.

iehn O, Tresch MC (2002) Gap junctions and motor behavior. Trends
Neurosci 25:108–115.

ocsis JD (1985) Aminopyridine-sensitivity of spinal cord white matter
studied in vitro. Exp Brain Res 57:620–624.

uenzi FM, Dale N (1998) The pharmacology and roles of two K�

channels in motor pattern generation in the Xenopus embryo.
J Neurosci 18:1602–1612.

eBeau FE, Traub RD, Monyer H, Whittington MA, Buhl EH (2003)
The role of electrical signaling via gap junctions in the generation of
fast network oscillations. Brain Res Bull 62:3–13.

opantsev V, Avoli M (1998) Participation of GABAA-mediated inhibi-
tion in ictallike discharges in the rat entorhinal cortex. J Neuro-
physiol 79:352–360.

archetti C, Beato M, Nistri A (2001) Alternating rhythmic activity
induced by dorsal root stimulation in the neonatal rat spinal cord in
vitro. J Physiol 530:105–112.

archetti C, Taccola G, Nistri A (2003) Distinct subtypes of group I
metabotropic glutamate receptors on rat spinal neurons mediate
complex facilitatory and inhibitory effects. Eur J Neurosci 18:1873–
1883.

olgo J, Lemeignan M, Lechat P (1977) Effects of 4-aminopyridine at
the frog neuromuscular junction. J Pharmacol Exp Ther 203:653–
663.

ashmi R, Fehlings MG (2001) Mechanisms of axonal dysfunction
after spinal cord injury: with an emphasis on the role of voltage-
gated potassium channels. Brain Res Rev 38:1651–1691.

leskevich S, Clements JD, Williams JT (1993) Opioid-glutamate
interactions in rat locus coeruleus neurons. J Neurophysiol 70:931–
937.

oss FM, Gwyn P, Spanswick D, Davies SN (2000) Carbenoxolone
depresses spontaneous epileptiform activity in the CA1 region of rat
hippocampal slices. Neuroscience 100:789–796.

chmitz D, Schuchmann S, Fisahn A, Draguhn A, Buhl EH, Petrasch-
Parwez E, Dermietzel R, Heinemann U, Traub RD (2001) Axo-
axonal coupling: a novel mechanism for ultrafast neuronal commu-
nication. Neuron 31:831–840.

egal JL, Pathak MS, Hernandez JP, Himber PL, Brunnemann SR,
Charter RS (1999) Safety and efficacy of 4-aminopyridine in hu-
mans with spinal cord injury: a long-term, controlled trial. Pharma-
cotherapy 19:713–723.

egal JL, Hayes KC, Brunnemann SR, Hsieh JT, Potter PJ, Pathak

MS, Tierney DS, Mason D (2000) Absorption characteristics of



S

T

T

T

W

W

W

W

Z

G. Taccola and A. Nistri / Neuroscience 126 (2004) 511–520520
sustained-release 4-aminopyridine (fampridine SR) in patients with
chronic spinal cord injury. J Clin Pharmacol 40:402–409.

zente M, Gajda Z, Said Ali K, Hermesz E (2002) Involvement of elec-
trical coupling in the in vivo ictal epileptiform activity induced by 4-ami-
nopyridine in the neocortex. Neuroscience 115:1067–1078.

accola G, Marchetti M, Nistri A (2004) Modulation of rhythmic pat-
terns and cumulative depolarization by group I metabotropic gluta-
mate receptors in the neonatal rat spinal cord in vitro. Eur J Neu-
rosci 19:533–541.

imofeev I, Steriade M (2004) Neocortical seizures: initiation, devel-
opment and cessation. Neuroscience 123:299–336.

okunaga A, Sandri C, Akert K (1979) Ultrastructural effects of 4-
aminopyridine on the presynaptic membrane in the rat spinal cord.

Brain Res 163:1–8.
alton KD, Navarrete R (1991) Postnatal changes in motoneurone
electrotonic coupling studied in the in vitro rat spinal cord. J Physiol
433:283–305.

atts AE, Jefferys JG (1993) Effects of carbamazepine and baclofen
on 4-aminopyridine-induced epileptic activity in rat hippocampal
slices. Br J Pharmacol 108:819–823.

axman SG (1993) Aminopyridines and the treatment of spinal cord
injury. J Neurotrauma 10:19–24.

helan P, Bonnot A, O’Donovan MJ (2000) Properties of rhythmic
activity generated by the isolated spinal cord of the neonatal
mouse. J Neurophysiol 84:2821–2833.

angger P (1981) The effect of 4-aminopyridine on the spinal
locomotor rhythm induced by L-DOPA. Brain Res 215:211–

223.
(Accepted 26 March 2004)
(Available online 6 May 2004)



Exp Brain Res (2004) 156: 495–504
DOI 10.1007/s00221-003-1798-5

RESEARCH ARTICLES

Giuliano Taccola . Cristina Marchetti . Andrea Nistri

Role of group II and III metabotropic glutamate receptors
in rhythmic patterns of the neonatal rat spinal cord in vitro

Received: 27 August 2003 / Accepted: 28 November 2003 / Published online: 9 March 2004
# Springer-Verlag 2004

Abstract Electrophysiological recordings were used to
explore the role of group II and III metabotropic glutamate
receptors (mGluRs) in oscillatory patterns generated by
the neonatal rat spinal cord in vitro. Neither the group II
agonist DCG-IV (and the selective antagonist EGLU), nor
the group III agonist L-AP4 (and its selective antagonist
CPPG) had any effect on lumbar motoneuron membrane
potential or input resistance. This observation suggests
that motoneurons expressed no functional group II and III
mGluRs and received no network-based, tonic influence
mediated by them. DCG-IV or L-AP4 strongly depressed
synaptic responses evoked by single dorsal root (DR)
stimuli, an effect counteracted by their respective antag-
onist. EGLU or CPPG per se had no effect on synaptic
responses, indicating no mGluR autoreceptor-dependent
control of transmitter release. L-AP4 largely depressed
cumulative depolarization, windup and associated oscilla-
tions, whereas synaptic depression induced by DCG-IV
waned with repeated stimuli. L-AP4 slowed down fictive
locomotor patterns and arrested disinhibited bursting,
which could, however, be promptly restored by DR
electrical stimulation. DCG-IV had no significant effect on
fictive locomotion, but it blocked disinhibited bursting.
EGLU facilitated bursting, suggesting that burst termina-
tion was partly controlled by group II mGluRs. All these
effects were reversible on washout. It is concluded that
activation of group II and III mGluRs differentially
modulated rhythmic patterns recorded from motoneurons
via network-dependent actions, which probably included
decrease in the release of neurotransmitters at key circuit
points.

Keywords DCG-IV . L-AP4 . Fictive locomotion .
Cumulative depolarization . Burst

Introduction

The neonatal mammalian spinal cord in vitro preparation
is very useful to investigate neuronal network properties
because of its well-defined inputs via dorsal root (DR)
fibres and motor output via ventral root (VR) axons
(Kerkut and Bagust 1995). Spinal networks can generate,
even in the absence of external stimuli, a repertoire of
rhythmic activities (reviewed by Kiehn and Kjaerulff
1998; Butt et al. 2002). One of them is termed fictive
locomotion (induced by bath-application of excitatory
agents) with phasic electrical discharges alternating
between flexor and extensor motor pools and between
left and right motoneurons within the same segment
(Kiehn and Kjaerulff 1998; Butt et al. 2002). This is a
network-dependent program that requires glutamatergic
transmission (Cazalets et al. 1992; Beato et al. 1997) and
utilizes glycine and γ-amino butyric acid (GABA) to
generate rhythm alternation (Cowley and Schmidt 1995;
Kremer and Lev-Tov 1997). Fictive locomotor patterns
can also be evoked by repeated stimuli applied to one DR
(Whelan et al. 2000; Marchetti et al. 2001a), a protocol
that elicits cumulative depolarization of interneurons and
motoneurons (Thompson et al. 1990, 1994; Sivilotti et al.
1993; Baranauskas et al. 1995; Baranauskas and Nistri
1996), which is thought to be a model of sensitization of
nociceptive pathways (Baranauskas and Nistri 1998;
Herrero et al. 2000). It is possible that spinal oscillatory
discharges are the electrophysiological expression of the
aversive locomotor response following intense nociceptive
inputs.

Blocking spinal GABA- and glycine-mediated synaptic
inhibition elicits spontaneous slow bursting (termed
disinhibited bursting; Bracci et al. 1996a, 1996b), and
demonstrates the inherent ability of spinal networks to
generate rhythmic patterns. The disinhibited rhythm is
initiated via periodic release of glutamate by intrinsically
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active interneurons (Tscherter et al. 2001; Darbon et al.
2002). Although this pattern is incompatible with loco-
motion because of its slow frequency and lack of
alternation, disinhibited bursting is similar to the natural
rhythm observed in late embryonic life (Nakayama et al.
2002), and is believed to be generated by the same pattern
generator of fictive locomotion (Beato and Nistri 1999).
Thus, disinhibited bursting represents a useful model to
study network mechanisms for burst onset and termina-
tion.

While such studies have demonstrated the key role of
glutamate as excitatory neurotransmitter acting via
ionotropic receptors, much less is known about the role
of metabotropic glutamate receptors (mGluRs), which
mediate a variety of effects on central neurons (Pin and
Duvoisin 1995; Schoepp et al. 1999). There are three main
mGluR groups, termed I, II and III, all coupled to different
G proteins. Activation of class I receptors leads to
intracellular inositol triphosphate (IP3) formation and
Ca2+ increase, while class II or III mGluR activation
inhibits adenylyl cyclase with associated depression of
Ca2+ and K+ conductances (Pin and Duvoisin 1995;
Schoepp et al. 1999).

Recent studies of the rat spinal cord in vitro have
demonstrated that activation of mGluRs by a broad
spectrum agonist inhibits fictive locomotion and speeds
up disinhibited bursting (Taccola et al. 2003). These
observations suggest a pleiotropic action of mGluRs on
spinal rhythmicity and point to further investigations to
dissect out the relative contribution by various mGluR
groups. Group I receptors modulate synaptic responses
and trigger electrical oscillations in the rat spinal cord
(Marchetti et al. 2003) and can generate fictive swimming
patterns in the lamprey spinal cord (El Manira et al. 2002).
Comparatively less is known, however, about the network
role of group II and III receptors, which are mainly found
in the most superficial dorsal layers of the dorsal horn and
are weakly expressed in laminae VIII and IX of the ventral
horn (Berthele et al. 1999; Aronica et al. 2001; Azkue et
al. 2001). Previous work has indicated that the depressant
action of group II or III mGluRs on synaptic transmission
is exerted at the presynaptic level via inhibition of
transmitter release (Pinco and Lev-Tov 1993; Cao et al.
1995, 1997; Dong and Feldman 1999). The present study
addressed how pharmacological agonists and antagonists
of group II and III mGluRs could affect motoneuron
excitability and network-mediated discharges during
fictive locomotion, cumulative depolarization and disin-
hibited bursting.

Methods

Procedures involving animals were conducted in accordance with
Italian Law DL 27/1/92 n. 116, following the European Community
directives n. 86/609 and 93/88 (Italian Ministry of Health
authorization for the local animal care facility in Trieste: D.M.
69/98-B). Full details about the experimental methods have been
published previously (Bracci et al. 1996a, 1996b; Beato and Nistri
1999; Rozzo et al. 2002). In brief, the neonatal rat spinal cord was

superfused (7.5 ml/min) with Krebs solution of the following
composition (in mM): NaCl 113, KCl 4.5, MgCl2.7H2O 1, CaCl2 2,
NaH2PO4 1, NaHCO3 25, glucose 11, gassed with 95% O2/5% CO2;
pH 7.4 at room temperature.
In view of the need to record for a long time fictive locomotion

and disinhibited rhythms, the majority of experiments were
conducted with DC-coupled lumbar ventral root (VR) recordings
via tightly fitting suction electrodes. Intracellular recordings (from
L3 to L5 motoneurons) were obtained using sharp electrodes filled
with either 3 M KCl (30–60 MΩ resistance), or 2 M KMeSO4 (60–
120 MΩ resistance) with no significant difference in resting
membrane potential. Bridge balancing was continuously checked
and capacitative transients minimized by negative capacity com-
pensation. Input resistance was calculated from the amplitude of
hyperpolarizing electronic potentials or from the slope of linear
current/voltage (I/V) relations. Experiments with the cumulative
depolarization protocol (Barbieri and Nistri 2001) always relied on
simultaneous VR and intracellular motoneuron recording. Dorsal
root electrical stimuli, delivered via miniature bipolar suction
electrodes, were employed to elicit single VR responses (recorded
from the ipsilateral VR of the same segment) or cumulative
depolarization. Stimulus intensity (1–10 V range, 0.1 ms duration)
was calculated in terms of threshold (Th), which was defined as the
minimum intensity to elicit a detectable reflex response in the
ipsilateral VR (see Marchetti et al. 2001a).
Cumulative depolarization amplitude and area, plus wind-up

(expressed as number of spikes in the train) were measured as
previously reported (Barbieri and Nistri 2001). Oscillatory patterns
recorded during cumulative depolarization were quantified from
extracellular records. In each test DR-evoked reflexes were
quantified by averaging at least three responses and measuring
their area. Fictive locomotion was typically induced by continuously
bath-applied N-methyl-D-aspartate (NMDA, 4 or 5 µM) plus
serotonin (5-HT, 10 µM; see Kiehn and Kjaerulff 1998; Butt et al.
2002). Disinhibited bursting was generated by continuously bath-
applied strychnine (1 µM) and bicuculline (20 µM; Bracci et al.
1996a, 1996b). Rhythmic discharged were characterized on the basis
of their period (T) defined as the time between the onset of two
cycles of oscillatory activity for fictive locomotor-like rhythm or of
two bursts of activity for disinhibited rhythm. When period values
were averaged for a pool of preparations, data from each spinal cord
were calculated as the mean of at least 20 cycles or bursts. The
stereotypic structure of each disinhibited burst (Bracci et al. 1996a,
1996b) comprises, after a rapid upstroke, a depolarized plateau
(whose duration, T1, was measured) followed by a series of
intraburst oscillations (whose periodicity was also measured).
mGluR agonists were applied for 10–30 min: once their effect had

stabilized, data were collected and quantified as means ±SD with n
representing the number of motoneurons for intracellular records or
number of spinal cord preparations for extracellular records. Note
that in these protocols, owing to the long-lasting nature of
experiments on disinhibited bursting, data were only collected
with extracellular recording. mGluR antagonists were applied for a
minimum of 10 min prior to the application of their agonist and
maintained throughout. Representative traces shown in Figs. 1, 2, 3,
4, and 5 were taken under steady state conditions for drug effects.
Statistical significance was assessed with the Student’s t-test, or
analysis of variance (ANOVA) plus Tukey’s test.
The following mGluR agents were purchased from Tocris

(Bristol, UK): the selective group II agonist (2S,2′R,3′R)-2-(2′,3′-
dicarboxycyclopropyl)glycine (DCG-IV), the selective group III
agonist L-(+)-2-amino-4-phosphonobutyric acid (L-AP4), the selec-
tive group II antagonist (2S)-α-ethylglutamic acid (EGLU), and the
selective group III antagonist (RS)-α-cyclopropyl-4-phosphonophe-
nylglycine (CPPG). Full details concerning their pharmacological
properties may be found in Schoepp et al. (1999). Stock solutions of
DCG-IV and L-AP4 were prepared in distilled water, whereas stock
solutions of EGLU and CPPG were prepared in 1 N NaOH and
diluted 1,000- to 10,000-fold in Krebs solution. Equivalent amounts
of NaOH added to the buffered Krebs solution had no effect on
spinal preparations. Agonists were washed out for >10 min to obtain
recovery. On each preparation, whenever antagonists were tested,
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they were applied after having established that selective agonists had
first evoked a reversible effect. After antagonist equilibration time of
at least 10 min in the tissue, the agonist was applied again in the
continuing presence of antagonist.

Results

The database of the present study comprises 45 isolated
spinal cords for VR recording and 16 motoneurons with an
average resting potential (Vm) of −74±5 mV and 30
±16 MΩ input resistance.

Action of group II- and III mGluR agents on the spinal
cord

DCG-IV (0.2–2 µM) or L-AP4 (1–50 µM), selective
agonists for class II and III mGluRs, respectively, did not
per se elicit any measurable effect on VR baseline (data
not shown). Intracellular recordings confirmed that neither
DCG-IV (0.4 µM, n=4) nor L-AP4 (1 µM, n=4) changed
motoneuron membrane potential. The input resistance was
not changed by 0.4 µM DCG-IV (27±12 MΩ versus 25

±11 MΩ in control, n=4), or by 1 µM L-AP4 (18±10 MΩ
versus 19±10 MΩ in control, n=4). Likewise, input
resistance was not altered by the group II selective
antagonist EGLU (200 µM; 16±3 MΩ versus 18±6 MΩ in
control, n=4), or by the group III selective antagonist
CPPG (50 µM; 26±15 MΩ versus 27±16 MΩ in control,
n=4). Lack of any direct action by agonists or antagonists
on motoneuron membrane properties prompted us to
investigate how activation of class II and III mGluRs
might affect synaptic transmission.

Effects of group II or III mGluR agents on DR-evoked
single responses of motoneurons

Single DR stimuli applied at suprathreshold intensity are
known to generate complex polysynaptic responses of
motoneurons that can last several seconds (see review by
Kerkut and Bagust 1995). Figure 1Aa,Ab shows the
depressant effect of DCG-IV (0.4 µM) on the potential
intracellularly recorded from one rL5 motoneuron follow-
ing rL5 DR stimulation (3× Th intensity). Since the initial
peak of synaptic response was unchanged, the depression
was quantified in terms of area, and amounted to 40±10%

Fig. 1A–D Effect of activating or blocking group II or III
metabotropic glutamate receptors (mGluRs) on dorsal root (DR)-
evoked synaptic responses. All traces are intracellular records from
single motoneurons. Data sampling rate clips fast peak responses. A
Representative records of the action of group II mGluR agonist
DCG-IV (0.4 µM) and its selective antagonist EGLU (200 µM) on
DR-evoked responses recorded at the same membrane potential (Vm
−73 mV, DR stimulus intensity 3× threshold): Aa control; Ab DCG-
IV depresses synaptic response area (not the early peak); Ac EGLU
does not significantly alter DR evoked response; Ad EGLU prevents

DCG-IV induced depression. B Average of pooled data of DR-
evoked reflex area for group II agonist and antagonist (*p<0.05,
n=4–10). C Representative records of the action of group III mGluR
agonist L-AP4 and its selective antagonist CPPG on DR evoked
responses (Vm −72 mV, DR stimulus intensity 3× threshold): Ca
control; Cb L-AP4 (1 µM) depresses synaptic response; Cc the
group III antagonist CPPG (50 µM) does not significantly alter this
response; Cd CPPG prevents L-AP4 induced depression. D Average
of pooled data of DR-evoked reflex area for group III agonist and
antagonist (**p<0.02, n=4–7)
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(Fig. 1B). This decrease was not dependent on either
stimulus intensity or the DCG-IV concentration in the 0.2–
2 µM range. Whereas the group II antagonist EGLU
(200 µM) per se did not alter the DR reflex response
(Fig. 1Ac,B), it prevented the DCG-IV-induced depression
(Fig. 1Ad).

A strong depressant effect on the DR-evoked response
was also elicited by L-AP4, as exemplified in Fig. 1Ca,Cb
where this agent caused a large (77%) decrease in synaptic
response area of an rL4 motoneuron (3× Th DR stimulus).
On average, L-AP4 (1 µM) depressed the response to 24
±14% of control (Fig. 1D). The group III antagonist CPPG
(50 µM), while leaving the control response unaltered
(Fig. 1Cc), prevented the L-AP4-dependent depression
(Fig. 1D).

The depressant action by DCG-IV or L-AP4 appeared
within 3–5 min of the start of application and was
maintained throughout their application period (10–
30 min).

Cumulative depolarization changes in relation to
group II and III mGluR activity

The VR records of Fig. 2A show that DCG-IV (2 µM)
reduced cumulative depolarization. Intracellular records
obtained from a single motoneuron before and during
DCG-IV application are shown in Fig. 2C. The average
reductions in area and amplitude were significant, yet
relatively small (Fig. 2E), and did not lead to any change
in the number of oscillations (99±39% of control, n=3) or

Fig. 2A–F Effect of group II
or III mGluR agonists on cu-
mulative depolarization induced
by trains of dorsal root (DR)
stimuli. AVentral root (VR)
response to a train of DR stimuli
(25 stimuli, 2 Hz) in control (top
trace) and in the presence of
DCG-IV (2 µM, bottom trace).
Note oscillatory patterns devel-
oping near the peak of cumula-
tive depolarization in either
trace. The first and the last
evoked responses in the train are
superimposed to show the dif-
ferential action by DCG-IV (see
insets Aa and Ab). B VR
responses to analogous trains of
DR stimuli in control (top trace)
and in the presence of L-AP4
(50 µM, bottom trace). Note
strong reduction in cumulative
depolarization and loss of
rhythmic patterns. C, D Intra-
cellular records from the same
motoneuron to demonstrate re-
duction in cumulative depolar-
ization in the presence of DCG-
IV (C) or L-AP4 (D). Shaded
traces are taken during mGluR
agonist application and super-
imposed on control traces. E, F
Histograms indicating average
values for cumulative depolar-
ization area and amplitude in the
presence of DCG-IV (E) or L-
AP4 (F) vs. control (%). In E
effects of two concentrations of
DCG-IV are shown, while in F
effects of 1 and 50 µM L-AP4
are pooled together as they were
not dose related. The mGluR III
antagonist CPPG per se is
ineffective on cumulative depo-
larization (F) (**p<0.05,
*p<0.01)
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of spikes during the train (140±40%, n=5). This result was
somewhat unexpected because DCG-IV depressed DR-
evoked single responses recorded from motoneurons. To
clarify this issue, we then compared the average amplitude
of the first response in the stimulus train with the last one,
as exemplified in the two insets to Fig. 2A. While the first
response was consistently decreased (47±8%, p<0.001,
n=5) by 2 µM DCG-IV, the last one was not significantly
different from its corresponding control (88±20%, n=5). A
lower concentration (0.4 µM) of DCG-IV, that had already
reduced single synaptic responses (see Fig. 1), was also
ineffective on the amplitude of cumulative depolarization
(Fig. 2E). EGLU (200 µM) did not affect responses to
trains of DR stimuli (2–7× Th) as cumulative depolariza-
tion area was 115±27% and amplitude 120±50% of control
(n=25).

L-AP4 (1–50 µM) largely depressed responses to trains
of DR stimulation by significantly reducing cumulative
depolarization area and amplitude, as exemplified by
extracellular (Fig. 2B) and intracellular (Fig. 2D) records,
and by abolishing oscillations (Fig. 2B). On average,
oscillations were 17±12% (p<0.01, n=4) of control. On the
other hand, the group III antagonist CPPG (50 µM) did not
significantly alter responses to trains of DR stimuli (area
112±19%, cumulative depolarization amplitude 110±29%,
n=11), while it antagonized the depressant effect of L-AP4
(area 98±14%, cumulative depolarization amplitude 85
±19%, n=9).

Effect of mGluRs on chemically induced fictive
locomotion

The effect of L-AP4 on fictive locomotion is shown in
Fig. 3A,B and summarized in Fig. 3C. The group III
agonist (1 µM) significantly slowed down rhythmicity
(133±12% of control, n=4), an effect blocked by the
selective antagonist CPPG (50 µM). Conversely, DCG-IV
(0.4 µM) had no significant effect on fictive locomotion.
Neither CPPG nor EGLU (200 µM) changed fictive
locomotor patterns. None of these mGluR compounds
affected oscillation amplitude of fictive locomotor cycles.

Group II and III mGluRs modulated disinhibited
rhythm

DCG-IV (0.4 µM) slowed down the disinhibited rhythm
(induced by bath-applied 1 µM strychnine and 20 µM
bicuculline) without changing VR baseline level (Fig. 4A).
This phenomenon was observed in 14 of 20 preparations.
Taking average data from 14 preparations, burst period
values rose to 200±40% of control, regardless of DCG-IV
concentration (0.1–1 µM, n=14) but without significant
change in burst duration (Fig. 4C, D). In the six remaining
preparations (data not shown), the disinhibited rhythm was
completely abolished by DCG-IV (0.1–0.4 µM), an effect
reversible after 10–15 min washout. However, after
washout, a further application of DCG-IV (0.4 µM) in

the presence of EGLU (200 µM; Fig. 4A,C,D) had no
effect on rhythmicity. Furthermore, EGLU (200 µM) alone
could accelerate the rhythm (Fig. 4C), as exemplified in
Fig. 4B, and it decreased average burst duration (Fig. 4D)
without changing intraburst oscillation period or T1
(Fig. 4E), or VR baseline.

L-AP4 (1 µM) completely abolished the disinhibited
rhythm in 9 of 10 preparations (see example in Fig. 5Aa,
Ab), and slowed it down in the remaining case without
changing VR baseline. The latency for the onset of burst
suppression by L-AP4 was dose-related (2–3 min for
20 µM L-AP4, and 5–10 min for 1 µM L-AP4) and the
effect of L-AP4 was always reversible after 10–15 min
washout. It is noteworthy that, even when the rhythm was
abolished, bursts could still be evoked by DR stimulation
(2× Th), as shown in Fig. 5C; in this example, regular

Fig. 3A–C Fictive locomotor patterns in the presence of group II
or III agonists and antagonists. A, B Representative examples of
alternating rhythmic discharges induced by bath-applied NMDA
(5 µM) and 5-HT (10 µM) and recorded from three ventral roots
(VRs; their abbreviations are alongside the records). Note typical
patterns displaying phase alternation between left and right VRs at
the same segmental level (L5) and between L2 and L5 VRs of the
same right side. In the presence of L-AP4 (1 µM) there is slowing
down of the rhythm (B). C Histogram of the effects of group II or III
mGluR agents on period of fictive locomotion. Data for L-AP4,
CPPG and EGLU are from four experiments while for DCG-IV
n=10 (*p<0.05 for L-AP4 data only)
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rhythmicity was abolished by 5 µM L-AP4 within 2 min
from start of application. After 4 min from the last burst, a
stimulus delivered to a DR evoked one burst (indicated by
the filled arrowhead in Fig. 5C; artefact of stimulation not
shown due to slow signal sampling frequency); a further
DR stimulus again induced bursting 1.5 min later.

The suppressant action of L-AP4 was prevented by
previous application of CPPG (Fig. 5Ac). On average, the
inhibition generated by 1–20 µM L-AP4 was antagonized
by 50 µM CPPG (Fig. 5Ac,D,E). However, CPPG (50–

200 µM) could not prevent the rhythm suppression by
50 µM L-AP4 (n=4; data not shown). CPPG (50–200 µM)
per se produced no significant change in disinhibited
bursting (see pooled data in Fig. 5D,E,F), despite
occasional rhythm acceleration (Fig. 5Bb).

Fig. 4A–E Group II mGluRs modulate disinhibited rhythm. A
Representative example of disinhibited bursts recorded from a
lumbar ventral root (VR) in control condition and in the presence of
DCG-IV (0.4 µM), which slows down rhythm without change in
burst duration. The selective antagonist EGLU (200 µM) prevents
the DCG-IV induced effect. B Application of EGLU (200 µM)

during disinhibited rhythm accelerates bursting (different prepara-
tion from A). C, D Mean data for burst period and burst duration in
the presence of DCG-IV (n=14), EGLU (n=7) or their combination
(n=7); *p<0.05. E Average duration of depolarized plateau (T1, see
Methods section) and intraburst oscillation period in control
conditions or in the presence of EGLU (n=7)

Fig. 5A–F Group III mGluRs
modulate disinhibited rhythm.
Aa–Ac L-AP4 (1 µM) abolishes
rhythm within 5 min from start
of application, an effect pre-
vented by the selective antago-
nist CPPG (50 µM). Ba, Bb
Application of CPPG (50 µM)
during disinhibited rhythm does
not alter bursting (different
preparation from A). C Dorsal
root stimulation (arrowheads)
triggers bursts during the inhi-
bition induced by L-AP4. D, E
Histograms for average burst
period and duration in the pre-
sence of CPPG (50 µM, n=4) or
CPPG plus L-AP4 (1–5 µM,
n=6). Data do not differ from
control. F Average duration of
depolarized plateau (T1) and
intraburst oscillation period in
control conditions or in the
presence of CPPG (50 µM, n=4)
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Discussion

The principal finding of the present report is that activation
of group II and III mGluRs differentially modulated the
patterned activity generated by spinal networks following
repeated DR stimuli or application of neurochemicals that
induced fictive locomotion or disinhibited rhythms. It is
noteworthy that the present data were obtained from
neonatal rat spinal cords in which the expression of
various mGluR groups is particularly high (Berthele et al.
1999). Since mGluR expression changes with tissue
maturation (Berthele et al. 1999) it is unclear how subtype
selective mGluR agents may influence synaptic transmis-
sion and network excitability in the adult. Nevertheless,
the abundant expression of such receptors in neonatal
tissue makes this preparation an excellent choice to exploit
our understanding of the functional role of such receptors.

mGluRs and cumulative depolarization

In support of immunocytochemical studies demonstrating
that group II and III mGluRs are scarcely found in the
ventral horn of the mammalian spinal cord (Berthele et al.
1999; Aronica et al. 2001; Azkue et al. 2001), we
confirmed that neither DCG-IV nor L-AP4 had any effect
on membrane potential or input resistance of motoneurons.
Interestingly, no change in membrane potential or input
resistance of motoneurons was also observed with the
antagonists EGLU and CPPG, suggesting that, under the
present experimental conditions, there was insufficient
ambient glutamate to tonically activate group II or III
receptors on network cells impinging upon motoneurons.
Thus, background neuronal excitability within the rat
spinal cord was not dependent on persistent activation of
group II receptors by extracellular glutamate as has been
reported for the rat cerebral cortex (Bandrowski et al.
2003). However, particular conditions like sustained
inhibition of glutamate uptake might raise glutamate
levels sufficiently high to activate group II and III mGluRs
(Bird et al. 2001).

In the present study, the ability by DCG-IV and L-AP4
to depress DR-evoked reflexes was consistent with a
presynaptic reduction in transmitter release (Pinco and
Lev-Tov 1993; Cao et al. 1995, 1997; Dong and Feldman
1999) and with the location of their mGluRs in the dorsal
horn area to regulate afferent input flow (Berthele et al.
1999; Aronica et al. 2001; Azkue et al. 2001).

Intracellular recording from motoneurons indicated that
DCG-IV depressed DR-evoked single synaptic potentials
as has been previously observed with extracellular
recording (Ishida et al. 1993). This effect was manifested
as a decrease in the synaptic response area rather than in
the early response peak, suggesting that polysynaptic
networks were the prime target for mGluR II activation. It
is interesting that the degree of reduction in synaptic
responses could not be graded despite using DCG-IV
concentrations ranging from 0.4 to 2 µM. This observation
is compatible with expression of mGluR II activity being

limited to certain synaptic pathways, which made
constrained contribution to the overall size of the synaptic
response recorded from motoneurons. Thus, for full
suppression of synaptic activity it was necessary to
activate group III rather than group II mGluRs.

Since the depressant action of DCG-IV was blocked by
the selective group II antagonist EGLU, it was apparently
mediated by group II mGluRs. Nevertheless, former
reports on the action of DCG-IV on rat superficial dorsal
horn neurons provide a complicated picture with inhibition
or even facilitation of excitatory transmitter release
(Gerber et al. 2000), or no effect (Chen et al. 2000). In
the present study, DCG-IV attenuated cumulative depolar-
ization without significantly changing spike windup or
associated rhythmic oscillations. The overall reduction in
cumulative depolarization was, however, of limited
magnitude because the initial depressant action of DCG-
IV on synaptic responses could not be maintained when
synaptic inputs from DRs were repeatedly stimulated. This
use-dependent waning of the inhibitory action by the
group II agonist was unlikely to be due to its receptor
desensitization and/or decay in the associated intracellular
second messenger systems because the first synaptic
response to subsequent stimulus trains remained depressed
and because depression of disinhibited bursting persisted
as long as DCG-IV was applied, indicating continuous
drug effectiveness. Although DCG-IV inhibits GABAergic
transmission in the rat cerebellum and can generate
excitation through disinhibition (Vetter et al. 1999), this
phenomenon is unlikely to have occurred in the spinal
cord because DCG-IV did not disrupt fictive locomotor
patterns, which are exquisitely dependent on efficient
synaptic inhibition (Cowley and Schmidt 1995; Kremer
and Lev-Tov 1997). It is also unlikely that any potential
NMDA-like activity of high doses of DCG-IV (Breakwell
et al. 1997; Uyama et al. 1997) could have limited the
reduction in depolarization because even low concentra-
tions of NMDA actually depress cumulative depolariza-
tion via network depolarization (Rozzo et al. 2002). In
summary, it seems probable that repeated DR stimuli
generated compensatory network changes to overcome the
early depression of transmitter release by DCG-IV. While
the identity of such mechanisms remains to be established
by future investigations, it is feasible that one of them
might be gradual build-up of extracellular K+ with
consequent facilitation of transmitter release (Marchetti
et al. 2001b).

Unlike the action by DCG-IV, the effect of L-AP4 on
cumulative depolarization was consistent with its ability to
block strongly and reversibly synaptic transmission
evoked by DR stimulation. It is noteworthy that, perhaps
because of its waning inhibitory properties on synaptic
transmission, DCG-IV is not an effective spinal analgesic
drug when administered to rats in vivo (Fisher and
Coderre 1996) whereas L-AP4 shows analgesic properties
in certain rat (Fisher et al. 2002; Mills et al. 2002) or
mouse (Onaka et al. 1996) chronic pain models.
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mGluRs and fictive locomotion

Group II and III antagonists did not change fictive
locomotion, indicating that, while this process requires
endogenous glutamate (Cazalets et al. 1992; Beato et al.
1997), it did not crucially depend on activation of
mGluRs. Notwithstanding the report of modest NMDA-
like action by DCG-IV at concentrations higher than those
used in the present study (Uyama et al. 1997), this agent
did not significantly change locomotor rhythmic dis-
charges.

It is, however, interesting that fictive locomotion was
only moderately slowed down by 1 µM L-AP4, which
strongly depressed synaptic transmission and cumulative
depolarization. On the lamprey spinal cord, it was also
surprising to find a similar discrepancy between the small
decrease in locomotor rhythm frequency by L-AP4 and the
strong depression of synaptic transmission (El Manira et
al. 2002). It is clear that the inhibition caused by L-AP4 is
not mediated via GABA or glycine (Gerber et al. 2000).
Whelan et al. (2000) have suggested that fictive locomo-
tion is the strongest functional pattern expressed by spinal
networks because it has the highest threshold for onset but,
once switched on, it has the ability to turn off the activity
of most other networks. Our results are compatible with
this view since fictive locomotion does not crucially
require the activity of those spinal regions, which are
particularly rich in group III mGluRs (Azkue et al. 2001).
Our data also indicate that it might be possible, with
application of a group III agonist, to reduce cumulative
depolarization evoked by strong peripheral inputs without
concomitant suppression of fictive locomotor patterns.
This notion can help to explain why L-AP4 slowed but did
not abolish fictive locomotor patterns, yet fully suppressed
analogous oscillations evoked by repeated DR stimuli: in
the first instance, oscillations were due to a central pattern
generator chemically activated by NMDA and 5-HT, being
weakly endowed with group III receptors, and downstream
of the dorsal horn neurons processing afferent DR inputs.
In the second case, the high density of activated group III
mGluRs on dorsal horn neurons might have prevented
adequate excitatory inputs reaching the central pattern
generator.

Group II and III mGluRs role in disinhibited bursting

Disinhibited bursts are very large depolarizations due to
synchronous activation of spinal interneurons and moto-
neurons (Bracci et al. 1996a, 1996b). Current evidence
supports the view that fictive locomotion and disinhibited
bursting may be generated by analogous spinal networks
(Beato and Nistri 1999). However, while the central
pattern generator of fictive locomotion is reputed to be
located around the central canal (Butt et al. 2002),
disinhibited bursting is triggered by spatio-temporal
coincidence of random discharges by spontaneously active
neurons often located in the ventral horn area (Tscherter et
al. 2001; Darbon et al. 2002). While it is clear that neither

pattern is dependent on the dorsal horn area where group II
and III mGluRs are primarily found (Berthele et al. 1999;
Aronica et al. 2001; Azkue et al. 2001), disinhibited
bursting, more than fictive locomotion, critically depended
on mGluRs for two reasons: (1) each rhythmic cycle is a
relatively long excitatory phase (about 7 s; Bracci et al.
1996a), during which glutamate release might be sufficient
for activation of a widespread family of mGluRs
throughout the spinal cord to terminate a burst episode;
(2) even a modest decrease in glutamate release caused by
switching on a limited cluster of group II and III receptors
with exogenously applied agonists might impair the ability
of recurrent excitatory collaterals to recruit spinal neurons
for burst onset and maintenance (Tscherter et al. 2001;
Darbon et al. 2002).

In accordance with these views, the present study
observed that activation of group II or III mGluRs
consistently inhibited bursting, a phenomenon antagonized
by their respective class-selective blockers. Bursts became
slower or even disappeared without significant change in
their duration. Even when burst inhibition was complete
like in the case of L-AP4 application, electrical stimulation
of one DR promptly evoked a burst, indicating that there
was a large fall in network excitability, perhaps due to a
reduced number of spontaneously active neurons (Tscher-
ter et al. 2001; Darbon et al. 2002) unable to recruit other
network elements to trigger bursts. Strong afferent inputs
by the stimulated DR fibres then provided an adequate
signal to boost excitability.

While the group II antagonist EGLU could facilitate
bursting, the group III antagonist CPPG did not, suggest-
ing that there was very limited activation of group III
mGluRs by endogenously released glutamate in this
experimental model. Conversely, group II receptors
seemed to play a significant role in controlling burst
duration and periodicity.
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Abstract To extend our understanding of the network-
based properties which enable a neuronal circuit to
produce sustained electrical oscillations, we explored the
potential contribution of metabotropic glutamate receptors
(mGluRs) to generation of rhythmic discharges. The in
vitro spinal cord of the neonatal rat was used as a model to
find out if electrical patterns characterized by either
alternating or synchronous motor pool discharges (re-
corded from lumbar ventral roots) required mGluR
activation or were modulated by it. Alternating patterns
of fictive locomotion (induced by NMDA and 5HT) were
slowed down and blocked by the broad spectrum mGluR
agonist (±)-1-aminocyclopentane-trans-1, 3-dicarboxylic
acid (t-ACPD; 5–50 μM) and unaffected by the broad
spectrum mGluR antagonist (RS)-α-methyl-4-carboxy-
phenylglycine (MCPG; 1 mM). The regular, synchronous
bursting emerging in the presence of strychnine and
bicuculline was accelerated by t-ACPD with a commen-
surate decrease in single burst length, an effect antag-
onized by MCPG which per se did not affect bursting. The
action of t-ACPD was selectively inhibited by the L-type
Ca2+ blocker nifedipine which, however, did not change
rhythm acceleration evoked by NMDA. These data

suggest that neither alternating nor synchronous oscilla-
tory discharges were apparently dependent on mGluR
activation via endogenously released glutamate. However,
mGluR activation by the agonist t-ACPD modulated
rhythmic patterns, indicating that such receptors are a
potential target for pharmacological up- or downregulation
of spinal rhythmicity.

Keywords Locomotor network . Fictive locomotion .
Disinhibited bursting . Spinal network . Glutamate
receptors . Oscillations

Introduction

To study the basic properties of network operation within
the central nervous system, it is useful to investigate the
functional activity of the mammalian spinal cord because
it contains a rhythmic motor programme generated by a
cluster of neurons termed central pattern generator (CPG),
without the need of external inputs to trigger it. The spinal
CPG can produce a range of motor pool discharges like the
locomotor pattern which consists of rhythmic alternation
of motor signals to flexor and extensor muscles on either
side (reviewed by Grillner and Wallen 1999). A very
similar pattern can be produced also by the mammalian
spinal cord in vitro in the presence of excitatory
substances like NMDA and serotonin (5HT; reviewed by
Kiehn and Kjaerulff 1998). Because of its accessibility and
long-term stability, such a preparation represents a very
advantageous model with which to clarify the mechanisms
responsible for network operation. When synaptic inhibi-
tion is blocked pharmacologically, the spinal CPG
generates a synchronous, slow discharge termed disin-
hibited bursting (Bracci et al. 1996). Even though its lack
of alternation is not compatible with locomotor activity,
the disinhibited bursting is an important model to help
understand how the spinal networks can initiate a
discharge, control its length and terminate it. Indeed, it
has recently been possible to model such an activity to
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dissect out some elementary mechanisms (Rozzo et al.
2002).

Rhythmic discharges produced by the spinal CPG
crucially depend on excitatory connections where gluta-
mate acting on ionotropic receptors is the major excitatory
transmitter (Rekling et al. 2000). However, the spinal cord
also contains a wide population of metabotropic glutamate
receptors (mGluRs; Alvarez et al. 2000) which are G-
protein coupled and operate by changing intracellular
second messenger such as Ca2+ and IP3 (reviewed by
Schoepp et al. 1999). Very little is known about mGluR
contribution to the CPG operation in the mammalian
spinal cord (El Manira et al. 2002) because the role of
mGluRs in spinal cord physiology remains incompletely
understood. In fact, it is difficult to demonstrate that
endogenously released glutamate can activate mGluRs
during single or repeated synaptic activity as mGluR
antagonists have modest effects on excitatory synaptic
transmission (Boxall et al. 1996). Nevertheless, activation
of mGluRs with a broad spectrum agonist like trans-
ACPD readily modulates synaptic transmission at pre- and
postsynaptic level (Cerne and Randic 1992; Cao et al.
1995; Dong et al. 1996; King and Liu 1996), indicating
that these receptors play a role in plasticity phenomena
like long-term depression (Chen et al. 2000). The mech-
anism responsible for the modulatory action by t-ACPD
remains controversial because some studies suggest
selective enhancement of ionotropic glutamate receptor
activity (Bleakman et al. 1992; Ugolini et al. 1997) or
upregulation of voltage-dependent Ca2+ channels (Mor-
isset and Nagy 1996; Russo et al. 1997) while others,
instead, propose non-selective changes in neuronal excit-
ability (Jones and Headley 1995).

The present study explored how activating or blocking
an ample family of mGluRs with a broad spectrum agonist
and a broad spectrum antagonist may affect fictive
locomotion and disinhibited bursting in order to find out
how these receptors might shape spinal network activity.
In view of the need to record for a long-lasting period
fictive locomotion and disinhibited rhythms, as well as to
monitor discharge phase-coupling amongst various ventral
roots (VRs), such experiments were conducted with DC-
coupled extracellular VR recordings.

Materials and methods

Full details about the experimental preparation can be found in
Bracci et al. (1996), Beato and Nistri (1999), and Rozzo et al.
(2002). In brief, lumbar spinal cord preparations from neonatal
Wistar rats (0–5 days old) were superfused with Krebs solution
containing (in mM): NaCl, 113; KCl, 4.5; MgCl27H2O, 1; CaCl2, 2;
NaH2PO4, 1; NaHCO3, 25; glucose, 11; gassed with 95% O2-5%
CO2; pH 7.4 at room temperature. DC-coupled VR recordings were
obtained with suction microelectrodes filled with Krebs solution.
Fictive locomotion was induced by continuous bath application of
NMDA (5 μM) and 5HT (10 μM) and remained stable for hours.
Measurements of fictive locomotor responses were started after a
10-min stabilization period following the initial drug application.
Likewise, disinhibited bursting was produced by continuously bath-
applied strychnine (1 μM) and bicuculline (10 μM) and remained

unchanged for many hours. Disinhibited bursting parameters were
measured after a 10-min stabilization period following strychnine
and bicuculline application. All rhythmic activity was analyzed on
the basis of its period (T) defined as the time between onset of two
consecutive discharges. To quantify period values for a group of
spinal cord preparations, data from each spinal cord were first
calculated as the mean of at least 20 consecutive cycles, and then
pooled together to obtain means ± SD. The ratio between the
standard deviation and the mean of the period provided the period
coefficient of variation (CV), which is an index of regularity of
discharges (the lower the CV, the more regular rhythmicity is). The
duration of single bursts during disinhibited bursting was measured
from the abrupt onset of depolarization from baseline to the time
when depolarization returned to noise threshold (25 times the SD of
baseline noise; usually 100–150 μV). Statistical significance was
assessed with the Student’s t-test for normally distributed data, or
ANOVA plus Tukey’s test for parametric data (accepted level of
significance was p=0.05 in all cases). The effects of drugs on
disinhibited bursting were expressed as % changes in burst period
with respect to the value in control conditions (strychnine plus
bicuculline) prior to drug application. All mGluR agents were bath
applied via the superfusing solution for 15–30 min. On the same
preparation drug applications were usually replicated to ensure
reproducibility of results. Whenever mGluR antagonists were tested
against the action of an agonist, they were applied after having
established that the agonist per se evoked a clear response reversible
on washout. Antagonist application started at least 10 min prior to
agonist application. Washout of drugs required up to 1 h. The broad
spectrum mGluR agonist (±)-1-aminocyclopentane-trans-1, 3-dicar-
boxylic acid (t-ACPD) and the broad spectrum antagonist (RS)-α-
methyl-4-carboxyphenylglycine (MCPG), as well as the selective
antagonist for mGluR1 receptors (RS)-1-aminoindan-1, 5-dicar-
boxylic acid (AIDA) and the selective antagonist of group II
receptor (2S)-α-ethylglutamic acid (EGLU) were purchased from
Tocris (full details concerning their pharmacological selectivity can
be found in Schoepp et al. 1999). Nifedipine, NMDA and serotonin
(5HT) were also from Tocris while tetrodotoxin (TTX) was bought
from Affinity Research.

Results

t-ACPD (50 μM) induced VR depolarization (419
±210 μV, n=10) which persisted in TTX (1 μM) solution,
albeit reduced in amplitude (210±125 μV, n=8; p<0.01).
Despite its depolarizing action, t-ACPD (5–50 µM) did
not induce alternating rhythmic discharges in control
solution (n=7). Furthermore, as shown in Fig. 1, t-ACPD
(25–100 µM) disrupted the alternating pattern typical of
fictive locomotion (induced by application of NMDA
+5HT) by first making oscillations irregular (Fig. 1B; note,
however, that cycle alternation persisted) and then
abolishing them (Fig. 1C) within 4 min from the start of
application (n=5). Recovery was observed after 9 min
washout (Fig. 1D). MCPG (1 mM) had no significant
effect on fictive locomotion nor did it prevent the
suppressant action by t-ACPD (n=5).

Since disinhibited bursting is characterized by large and
persistent glutamate-dependent depolarizations with super-
imposed oscillations (Bracci et al. 1996), this process
might be more suitable than fictive locomotion for
disclosing a role of mGluRs in rhythmicity control.
Figure 2A, B shows an example of the effect of t-ACPD
(10 µM) which accelerated bursting; this effect was
antagonized by MCPG (Fig. 2C, D). On average, t-ACPD
strongly accelerated bursting (Fig. 2E) with a concomitant
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increase in the period CV value (0.41±0.02 vs control CV
of 0.16±0.07; n=4; p<0.05), indicating that bursting had
become more irregular. Lower concentrations of t-ACPD
(0.5–5 µM) did not significantly modify such a rhythm (98
±10%, n=9), while higher ones (25–50 µM) had effects
comparable to 10 µM (58±22%, n=5, p<0.001 vs control).
Burst duration was also reduced by t-ACPD (Fig. 2E) with
a CV of 0.37±0.13 (this was not significantly different
from that of the control, 0.17±0.10). Figure 2E, F shows
that, on average (n=12), the broad spectrum antagonist
MCPG (1 mM) did not significantly alter burst period or
duration, but it prevented t-ACPD induced acceleration
(n=6; p<0.05 with respect to t-ACPD only). The mGluR1
antagonist AIDA (500 μM; n=11) had no effect on
disinhibited bursting and did not block the accelerating
action by t-ACPD (70±40% period in AIDA plus t-ACPD
vs 55±18% period in t-ACPD solution; n=11). The
mGluR-II antagonist EGLU (200 µM; n=9) did not
prevent the t-ACPD induced rhythm acceleration (52
±33% period in EGLU plus t-ACPD vs 43±11% period in
t-ACPD solution; n=9). These observations confirm that
the action of t-ACPD was mediated by more than just one
mGluR class.

Intracellular recording from single dorsal horn inter-
neurons of the turtle (Russo et al. 1997) or rat (Morisset
and Nagy 1996) spinal cord has indicated that mGluR
activation can facilitate the onset of plateau potentials
dependent on nifedipine-sensitive, L-type Ca2+ channels
and capable of inducing sustained excitation of spinal
motoneurons. We tested whether the changes in disin-
hibited bursting observed after application of t-ACPD
might have been due to a similar nifedipine-sensitive
mechanism, even though the present recordings restricted
to VR responses could not directly demonstrate plateau
potentials. The L-type Ca2+ channel blocker nifedipine
(20 μM) per se did not alter bursting period (Fig. 3G).
Nevertheless, nifedipine counteracted the t-ACPD-evoked
acceleration of disinhibited rhythm as shown in Fig. 3B, E

Fig. 1A–D Effect of t-ACPD on fictive locomotor pattern. A
Alternating pattern is generated by bath-applied NMDA and 5HT.
Traces are records from left L2 (lL2) and left L5 (lL5) VRs which
supply flexor and extensor muscles of the homolateral hindlimb. B
Two minutes application of t-ACPD leads to rhythm irregularity
with preserved phase alternation. C After 4 min exposure to t-ACPD
fictive locomotor rhythm is lost and only occasional alternating
cycles are observed. D After 9 min washout of t-ACPD fictive
locomotor pattern is recovered. Voltage calibrations in D refer also
to corresponding trace pairs in A–C. Time calibration is the same
throughout records

Fig. 2A–F Action of the broad
spectrum mGluR agonist t-
ACPD on disinhibited rhythm.
A Example of disinhibited
rhythm recorded from single VR
in control conditions (strychnine
plus bicuculline solution). B t-
ACPD (10 µM) accelerates
bursting. C The broad spectrum
antagonist MCPG (1 mM) does
not significantly alter period or
burst duration. D MCPG pre-
vents t-ACPD induced acceler-
ation. A–D are from the same
preparation. E, F Average data
for period of bursting and single
burst duration for t-ACPD
(n=23), MCPG (n=12) and
MCPG + t-ACPD (n=6);
*p<0.05, **p<0.001



(see also Fig. 3G for data summary). This effect was
related to mGluR activation since, when the disinhibited
rhythm was similarly accelerated by bath-applied NMDA
(5 µM), nifedipine could not normalize period acceleration
which remained fast (Fig. 3C, F, G).

Discussion

The principal finding of the present report is that activation
of mGluRs modulated rhythmic discharges generated by
locomotor networks in the rat spinal cord. In particular, the
broad spectrum mGluR agonist t-ACPD, acting via
nifedipine-sensitive mechanisms, accelerated spontaneous
bursting appearing after block of fast synaptic inhibition,
and made it more irregular. This observation suggests that
the combined presence of t-ACPD and excitatory bursts
created a synergistic process probably responsible for
facilitation of Ca2+ conductances of spinal interneurons
(Morisset and Nagy 1999; Russo and Hounsgaard 1999)
which modulated synchronous network discharges. To-
gether with rhythm acceleration, the network retained its
property to shorten burst duration to avoid burst coales-
cence into seizure like activity. Hence, the suggested
facilitation of high threshold Ca2+ conductances (Morisset
and Nagy 1999; Russo and Hounsgaard 1999) was
apparently compensated (despite block of GABA and
glycine mediated inhibition) by other mechanisms which
might include ion pumps and synaptic fatigue (Rozzo et al.
2002).

The present investigation employed a simplified
experimental model, namely disinhibited bursting, to
explore network activity of the spinal cord. Such bursts
are due to strong neuronal excitation spread throughout the
network via recurrent glutamatergic collaterals (Tscherter
et al. 2001; Darbon et al. 2002). This discharge pattern
undoubtedly represents an extreme case of network

excitability because of concomitant suppression of the
main synaptic inhibitory processes (Bracci et al. 1996), but
it also provides a suitable tool to explore the most
elementary processes which regulate rhythmicity. An
additional complication with the present study was caused
by bath application of pharmacological agents which may
have interacted with a much wider receptor population
than normally available to the endogenous transmitter. The
discrete localization of spinal mGluRs (Alvarez et al.
2000) should have, however, prevented indiscriminate
receptor activation in all spinal laminae. Of course, records
of VR responses, which express average neuronal popu-
lation discharges, are unsuitable to provide detailed
information on the cellular mechanisms underlying
bursting. However, when multiple VRs are monitored,
they do supply useful data on rhythm regularity and
synchronicity at various segmental levels so that a
multisite view of network operation can be obtained
without invasive methods. It is also interesting to note how
closely bursts recorded from VRs resemble bursts
recorded intracellularly from single motoneurons (Bracci
et al. 1996).

Information concerning the role of mGluRs in mamma-
lian fictive locomotor patterns is currently minimal
(reviewed by El Manira et al. 2002). The present
investigation shows that t-ACPD could not elicit fictive
locomotion, and actually blocked it. It is unlikely that
excessive network excitation was the cause of this
phenomenon, because t-ACPD did not block rhythmicity
when the network was in the higher excitability phase of
disinhibited bursting (see Rozzo et al. 2002). The
concentration of t-ACPD required to block fictive loco-
motion was higher than the one for modulating disin-
hibited bursting, suggesting that distinct mechanisms were
responsible for such effects. Suppression of fictive loco-
motion was preceded by a phase of irregular discharges
with preserved alternation, indicating the synaptic inhibi-
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Fig. 3A–G Involvement of L-
type Ca2+ channels in disinhib-
ited rhythm. A Disinhibited
rhythm recorded extracellularly
from single VR in control con-
ditions. B, C Bath application of
t-ACPD (10 μM) or NMDA
(5 μM) accelerates rhythm. D–F
Nifedipine (20 μM) per se does
not alter disinhibited rhythm,
but it slows down to control
values the t-ACPD accelerated
rhythm, while not affecting
NMDA accelerated rhythm. G
Average data for bursting period
in nifedipine (n=7), t-ACPD
(n=10) or NMDA (n=4) solution
(or combinations thereof);
*p<0.05, **p<0.001
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tion remained operational. Since mGluRs are expressed by
inhibitory interneurons (Jia et al. 2000), it is likely that t-
ACPD recruited a larger population of them which
eventually blocked generation of fictive locomotion.
Relatively rapid recovery after t-ACPD washout is also
compatible with a transient functional impairment of
pattern expression. Since this mGluR agonist possesses
presynaptic inhibitory effects (Cerne and Randic 1992;
Cao et al. 1995; Dong et al. 1996; King and Liu 1996), it is
possible that presynaptic depression of excitatory trans-
mitter release might also have contributed to arrest of the
fictive locomotor network.

In the case of disinhibited rhythmicity the safety factor
for pattern operation must have been much higher and
only rhythm irregularity hinted at some impairment of
excitatory synaptic efficacy which nevertheless generated
faster oscillations. The differential effects of t-ACPD on
fictive locomotion and disinhibited bursting do not
necessarily suggest that such activities are mediated by
distinct networks, especially taking into account that
previous experiments have indeed shown that both
rhythms are apparently generated by common circuits
(Beato and Nistri 1999). It is proposed that the present
different results are probably attributable to the two
distinct experimental conditions, namely intact or blocked
synaptic inhibition. This realization emphasizes the
usefulness of investigating also the disinhibited bursting
model which, in view of its network simplification, helps
to dissect out mechanisms hidden within a more complex
pattern of circuit action.

The present investigation was a pilot study to find out
what would occur by mimicking the action of the natural
transmitter glutamate, which, of course, is the natural
broad spectrum agonist for all mGluRs in the spinal cord.
Further studies are necessary to dissect out the relative
contribution by various mGluR subclasses. This issue is
demonstrated by the observations with MCPG, which
could block the action of t-ACPD on disinhibited rhythms
but not on fictive locomotion. t-ACPD is a promiscuous
mGluR agonist (Schoepp et al. 1999) activating group I, II
and III receptors. Conversely, despite the fact that MCPG
is a broad spectrum antagonist, it is ineffective on certain
group II and all group III receptors (Schoepp et al. 1999).
It is likely that suppression of fictive locomotion by t-
ACPD involved receptor classes with a low sensitivity to
MCPG. The simplified network responsible for disin-
hibited bursting was, however, susceptible to modulation
by t-ACPD via receptor classes blocked by MCPG.

Onset and maintenance of either fictive locomotion or
disinhibited bursting did not appear to require mGluR
activation as the broad spectrum antagonist MCPG did not
affect either of them. The simplest interpretation is that
there was an insufficient amount of endogenous glutamate
to activate mGluRs because of either rapid uptake or
mGluR remoteness from the sites of glutamate release.
Another possibility is that mGluR activation by endoge-
nous glutamate has delayed effects on spinal network
activity occurring beyond the observation time of electro-
physiological experiments. Since transgenic knockout

mice lacking certain mGluR subtypes display locomotor
dysfunction (Conquet et al. 1994), one might hypothesize
that mGluRs play a role in locomotion. Future experiments
based on in vivo recording from normal and transgenic
animals should help to understand the involvement of
mGluRs in this phenomenon.
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DISCUSSION 
 

In summary, with respect to the aims listed on page 46, the present project was able to 

clarify the following issues: 

 

1. Activation of group I mGluRs evoked motoneuron depolarization via mGlu 

receptor subtype 1 and generated sustained, network dependent oscillations via 

mGlu receptor subtype 5. Neither the group II nor the group III had any effect on 

lumbar motoneuron membrane potential or input resistance. 

- Agonists of group I mGluRs decreased the peak amplitude of synaptic response 

induced by dorsal root stimuli, an effect unrelated to depolarization and dependent 

on glycinergic transmission. Agonists of group II and III mGluRs strongly 

depressed synaptic responses. 

- During Fictive locomotion or disinhibited bursting, endogenous glutamate could 

activate discrete clusters of group I subtype 1 mGluRs to facilitate discharges, 

while activation of group III mGluRs slowed down fictive locomotor patterns and 

arrested disinhibited bursting. Finally, group II mGluRs had no significant effect 

on fictive locomotion, yet blocked disinhibited bursting.  

 

2. 4-AP slightly increased input resistance of lumbar motoneurons (without affecting 

their action or resting potential) and enhanced synaptic responses without changes 

in axon conduction.  

- Very low doses of 4-AP produced synchronous oscillations on both VRs and DRs.  

- DR activity persisted after ablating the ventral region and was preserved in an 

isolated dorsal quadrant, indicating its dorsal horn origin.  

- 4-AP accelerated fictive locomotion and facilitated the onset of fictive locomotion 

in the presence of subthreshold stimuli. Activation of fictive locomotion 

reversibly suppressed DR root oscillations induced by 4-AP.  

 

3. At high concentrations TEA evoked large depolarization of motoneurons together 

with spike broadening.  

- Low concentrations of TEA induced an irregular, synchronous rhythm that, at 

higher concentrations, became alternating. 
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- Horizontal sectioning of the spinal cord preserved irregular VR root and DR root 

discharges. 

- 4-AP did not accelerate rhythmic alternating patterns elicited by TEA.  

- Rhythmic alternating patterns elicited by TEA were relatively stereotypic without 

interactions with fictive locomotion.  

 

These results will therefore be discussed in a wider context with emphasis on 

locomotor networks and their operating processes. 

 

1. Excitation and oscillations due to group I mGluR activation 

A systematic discussion of all details concerning the data of the present study is 

available in the `discussion` sections of the enclosed papers. Here, I will summarize 

the main implications of this research and compare the effects observed with different 

experimental protocols. 

The most important finding of the first part of the present study has been the 

demonstration of the role played by certain subtypes of mGluRs in neuronal 

excitability and synaptic transmission in the neonatal rat spinal cord. In particular, 

once group I mGluRs have been activated, mGluR1 determined depolarization of 

MNs and mGluR5 elicited superimposed oscillatory activity, that originates from the 

spinal network. Since MNs possessed a limited number of native group I mGlu 

receptors, the recorded response was mainly determined by premotoneurons and 

interneurons. 

In accordance with the presence of a discrete laminar distribution of mGlu1 and 5 

subtypes (Valerio et al., 1997a,b; Berthele et al., 1999; Alvarez et al., 2000), our 

pharmacological data suggest that the DHPG action included two components that 

arose from certain regions of the spinal cord. In fact, in our experiments, the DHPG-

evoked, MPEP-sensitive oscillatory activity probably started in the dorsal horn area, 

in view of the spinal distribution of mGlu5 receptors (Berthele et al., 1999), while 

mGluR 1 receptors were more abundant in the ventral horn area. Activation of group I 

mGluRs by endogenous glutamate was minimal during sporadic or low-frequency DR 

stimulation. The contribution of these receptors may be more significant during high 

frequency stimulus trains. 
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2. EPSP and IPSP depression due to group I receptor activation 

None of the tested mGluR antagonists affected synaptic transmission in the spinal 

cord, demonstrating that group I mGluRs were not normally activated under these 

circumstances. However, the peak of the DR-induced synaptic response recorded 

from MNs was always inhibited by relatively large contributions of DHPG, regardless 

of the stimulus intensity. 

The synaptic depression induced by DHPG might be explained by group I mGluR-

mediated enhancement of glycinergic inhibitory neurons. In fact, strychnine (but not 

bicuculline) prevented the depressant effect of DHPG. 

Recurrent synaptic inhibition of lumbar MNs was inhibited by activation of group I 

mGluRs, probably because of block of cholinergic transmission, which thereby 

deprived Renshaw cells of their input drive. In addition, if Renshaw cells (like other 

ventral horn interneurons) expressed group I mGluRs (Berthele et al., 1999; Alvarez 

et al., 2000), their direct depolarization by DHPG could evoke inactivation of voltage-

dependent Na+ ( and perhaps Ca2+) channels with impairment in their ability to release 

inhibitory transmitter. 

Significant depression of recurrent IPSPs on lumbar MNs may explain the emergence 

of synchronous oscillations between MN pools triggered by mGluR activation in the 

rat spinal cord. In fact, it is widely accepted that glycinergic interneurons in the 

ventral horn support the alternation of electrical discharges between distinct groups of 

MNs (Butt et al., 2002). Therefore, the impairment of Renshaw cell activity may have 

contributed to the onset of a synchronous rhythm that did not, however, prevent the 

appearance of fictive locomotor patterns or their modulation. 

 

3. Role of group I mGluRs in fictive locomotion 

The present study shows that group I mGluRs can modulate, in several ways, the 

patterned activity elicited by rat spinal networks. Our findings demonstrated that 

group I receptors, activated by endogenous glutamate, could play a role in fictive 

locomotion and disinhibited bursting. Exogenous activation of such receptors 

depressed cumulative depolarization, while preserving spike wind-up and associated 

alternating rhythms, and facilitated disinhibited bursting, which lost its regular 

rhythmicity. 

mGluR 1 antagonists slowed down fictive locomotion, indicating that endogenous 

glutamate could activate subtype 1 mGluRs with a facilitatory role in this type of 
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spinal rhythmicity. It was, therefore, surprising that, in the rat spinal cord, fictive 

locomotion evoked by NMDA plus 5-HT was suppressed by a large dose of DHPG. 

A likely explanation is that, while the restricted mGluR population activated by 

endogenous glutamate during fictive locomotion was probably associated with a 

facilitatory effect, exogenous application of the agonist DHPG acted on a much larger 

mGluR population with a mix of facilitatory and inhibitory actions on fictive 

locomotion. Facilitation would be predominant only when glycinergic transmission 

was probably unaffected by using low concentration of DHPG. 

During locomotor-like activity, the synchronous oscillations evoked by DHPG were 

replaced by alternating patterns, indicating that these two rhythms were mutually 

exclusive. 

However, DHPG-evoked oscillations were presumably mediated by the mGluR5 

receptors that were mostly present in the dorsal horn (Berthele et al., 1999), an area 

not involved in fictive locomotion. This led us to suppose that DHPG was working 

via an apparently distinct network, perhaps more limited than the fictive locomotor 

one. In fact, once this latter one had become operative, it silenced the DHPG 

dependent one, like in the case of other network activities (Whelan et al., 2000). 

 

4. Role of group I mGluRs in disinhibited rhythm 

DHPG sped up the disinhibited bursting induced by application of strychnine plus 

bicuculline via subtypes 1 receptors, that also mediated network depolarization. 

Furthermore, it was not surprising that this type of bursting was insensitive to the 

mGluR5 antagonism, because the great majority of mGluR5 receptors needed for 

DHPG oscillations are present in the superficial layers of the dorsal horn (Berthele et 

al., 1999; Alvarez et al., 2000), which is not an important area for the development of 

disinhibited bursting (Bracci et al., 1996 b). 

One characteristic of disinhibited bursting in the presence of DHPG was the loss of 

cycle regularity, demonstrated not only by the wider period CV, but also by frequent 

burst clusters. It seems probable that this loss of regularity had been caused by 

discrete modifications in intracellular second messengers (IP3 and Ca2+; Pin & 

Duvoisin 1995; Schoepp et al., 1999; Fagni et al., 2000) brought about by DHPG 

interaction with group I mGluRs. This phenomenon was also observed with the 

application of a group II antagonist, indicating that multiple classes of mGluRs 

controlled glutamatergic transmission and network excitability once synaptic 
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inhibition was blocked. Ca2+ and Ca2+-dependent conductances may control the 

release of glutamate necessary for burst initiation and the intrinsic ionic mechanisms 

regulating burst duration. 

 

5. Role of group II and III mGluRs in the spinal cord 

Under standard conditions, there was an insufficient level of ambient glutamate to 

tonically activate group II or III receptors on network cells impinging upon MNs.  

Nevertheless, agonists of group II and III mGluRs could potently depress synaptic 

transmission, as shown by the reduction in DR-evoked reflexes, via presynaptic 

inhibition of transmitter release (Pinco and Lev-Tov 1993; Cao et al. 1995, 1997; 

Dong and Feldman 1999). 

Group II and III antagonists did not affect fictive locomotion, indicating that, despite 

the need for endogenous glutamate release (Cazalets et al. 1992; Beato et al. 1997), 

the rhythm was not crucially dependent on activation of these mGluRs.  

Conversely, disinhibited bursting was more dependent than fictive locomotion on the 

recruitment of mGluRs. In fact, the present study observed that activation of group II 

or III mGluRs consistently inhibited bursting, a phenomenon antagonized by their 

class-selective blockers. It seems likely that long-lasting bursts typical of this rhythm 

are associated with a sustained, large release of glutamate adequate to reach and 

activate group II and III mGluRs.  

 

6. Low micromolar concentrations of 4-AP facilitate fictive locomotion  

Another important finding of this work was that low micromolar doses of 4-AP, 

together with appropriate paradigms of concurrent CPG stimulation, could activate 

and facilitate the function of the locomotor CPG in the rat spinal cord.  

In the absence of even subthreshold stimulation of the CPG, low concentrations of 4-

AP (aimed at blocking discrete classes of K+ channels rather than a broad spectrum of 

K+ conductances) per se generated a synchronous pattern. Such rhythm was elicited 

by a wide spinal network that needed intact glutamatergic transmission and was 

strengthened via electrotonic coupling among spinal neurons, since the gap junction 

blocker carbenoxolone substantially attenuated discharges. Since 4-AP-evoked 

discharges were synchronous on all VRs, such electrical signals, even if produced by 

motor pools, were incompatible with locomotion.  
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However, in conjunction with appropriate stimuli, 4-AP facilitated locomotor-like 

oscillations with a clear alternation among appropriate motor pools and simultaneous 

disappearance of the synchronous patterns typical of 4-AP alone. 

 

7. Characteristics of the electrical oscillations evoked by 4-AP on dorsal DRs  

A further notable finding was the demonstration that DR oscillations evoked by low 

micromolar doses of 4-AP and originating within dorsal horn areas, did not interfere 

with the fictive locomotor program. It is likely that DR discharges induced by 4-AP 

required a local dorsal horn network comprising glutamatergic, glycinergic and 

GABAergic transmission, and that they were not just determined by transient changes 

in extracellular K+ (Kremer and Lev-Tov, 1998).  

 

8. Fictive locomotor patterns generated by TEA 

A further result of the present project was the demonstration that the broad spectrum 

potassium channel blocker TEA activated spinal rhythmogenic networks. This drug 

induced alternating electrical oscillations from homosegmental and homolateral VRs. 

Hence, TEA induced effects distinct from those of 4-AP. 

The effects of TEA were likely to involve multiple classes of potassium channels as 

even careful titration of this substance cannot ensure selectivity towards a particular 

potassium conductance (Rudy, 1988). Nevertheless, it is important to point out that 

there was a TEA dose-dependent change in spinal network excitability with a 

consequent rise in synchronous VR discharges, finally converted into alternating 

motor patterns. In fact, millimolar concentrations of TEA surprisingly generated 

rhythmic, alternating patterns with all features (period, phase, regularity etc.) typical 

of fictive locomotion. Such an activity was relatively stereotypic in its period, 

demonstrating that TEA could activate the CPG, but it could not modulate it. This 

suggestion is in accordance with the model proposed by Lafreniere-Roula and 

McCrea (2005) that predicts a regional and functional distinction between the 

networks responsible for generation and those for modulation of locomotor 

commands.  

TEA induced repeated DR activity, although slower, irregular, longer, and of smaller 

amplitude then the one elicited by 4-AP. Furthermore, once dorsal and ventral areas 

of the spinal cord had been surgically separated, the ventral horns generated irregular 
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and asynchronous discharges (unlike the effect of 4-AP), while the dorsal ones 

produced asynchronous oscillations.  

 
9. Comparisons between effects due to mGluR activity and K+ conductance block 

Table 3 shows a comparison of the action of the substances, acting on spinal circuits, 

and used during this project. In all cases, effects were primarily the result of activation 

of the interneurons composing the CPG and premotoneurons. In fact, when inputs 

coming from the CPG were abolished, either through suppression of ionotropic 

glutamatergic transmission or application of the Na+ channels blocker TTX, 

modifications in membrane properties of single MNs were few, if any. 

This fact suggests that any modulatory effect of these drugs on MNs is not essential 

for determining rhythm development.  

Some of the tested compounds could per se generate rhythmic oscillations that, except 

for high doses of TEA, resulted incompatible with locomotion, because of 

synchronicity across all VRs. The reason why high concentrations of TEA can elicit 

locomotory oscillations, unlike DHPG and 4-AP, could come from in the fact that 

large doses of TEA determined a significant increase in MN input resistance. 

Interestingly, DHPG and 4-AP, that actually have no effect on MN membrane 

properties, needed gap junctions to develop synchronous rhythms.  

This confirms that, when neuronal excitability is elevated, a circuit will produce a 

rhythmic pattern. In accordance with this view, Yvont and his colleagues (2005) have 

recorded intrinsic rhythmic activity even from dissociated primary cultures neurons as 

long as network excitability was raised. 

The implication of these findings is that even very basic circuits are intrinsically 

rhythmic regardless of the way in which neurons are wired together. What matter 

most in these cases is to have a sufficiently large number of cells to generate a pattern.  

The agents that were tested during the present study had different effects on synaptic 

transmission in the spinal cord. Moreover, while the block of K+ channels determined 

a potentiation in neurotransmitter release at central and peripheral synapses, mGluRs 

agonists reduced it, with the most dramatic effect caused by the III group mGluR 

agonist. 

The only substance to facilitate the alternated rhythm in the presence of subthreshold 

stimuli was 4-AP. 
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Nevertheless, all these substances determined an acceleration in disinhibited bursting, 

showing that the locomotor CPG has sites sensible to all these chemicals, but, at the 

same time, that the processes to translate CPG activation into a pattern are diverse and 

have a different sensitivity to these drugs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 3. Synopsis of main network characteristics of oscillations induced by mGluRs agonists, 4-AP 
and TEA; (�, indicates unpublished data by G. Taccola; F.L. = Fictive Locomotion). 

low doses high doses

Physiological target mGluRs I mGluRs II mGluRs III
predominantly 

IA current
predominantly IA 

current
IA current + 

delayed rectifiers

���� ���� ���� ���� ���� ����

( ���� )

���� ���� ���� ���� ���� ����

Synchronous Synchronous Synchronous Alternated

���� ���� ���� ���� ���� ����

Small increase Small increase        
( ���� )

Increase

���� ���� ����

Suppression        
( ���� )

Slow down

���� ���� ����

Suppression Suppression
Conversion into 

shallow and 
asynchronous 

����
( ���� )

���� ���� ���� ���� ���� ����

Suppression Slow down Acceleration Acceleration Suppression              
( ���� )

Facilitation of F.L. in 
presence of 
subthreshold stimuli

���� ���� ����

���� ���� ���� ���� ���� ����

Slow down Suppression ( ���� ) ( ���� )

���� ���� ����

( ���� )
Synchronous 

with VRs
Asynchronous 

with VRs

TEA

Synaptic transmission ���� ���� �������� ���� ����

DHPG DCG-IV L-AP4 4-AP

Presence of VR 
oscillations

Changes in MN input 
resistance

Acceleration of 
disinhibited bursting

Presence of DR 
oscillations

MN depolarization

Rhythm dependency 
on gap junctions

Rhythm dependency 
on ionotropic 
glutamate receptors

Effect on stable F.L.
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As opposed to DHPG, application of 4-AP and TEA was capable of inducing per se 

rhythmical activity from DRs. The resulting oscillations were generated by a similar 

mechanism, in both of which primary afferent depolarization took a fundamental part.  

Data obtained from ablation experiments have shown that, in the case of dorsal 

discharges caused by 4-AP and TEA, the cellular components responsible for this 

rhythm were located in the dorsal horns only. 

Since dorsal oscillations evoked by 4-AP were inhibited during fictive locomotion, 

their presence was not necessarily a deleterious phenomenon as they could be 

expression of augmented presynaptic inhibition. 

The differences in the action of the various tested chemicals suggested several 

pharmacological targets and different cellular mechanisms. Would it be useful to 

coapply some substances to synergize their individual characteristics. In this regard, 

we tried to induce an alternating rhythm with the application of TEA alone and then 

to modulate its frequency by adding 4-AP. From this series of experiments, it was, 

however, impossible to accelerate, with 4-AP, the locomotor-like rhythm evoked by 

TEA. 

Further studies are warranted to investigate the possibility of drug synergy. 

Final proof for a common motor network responsible for standard fictive locomotion 

and alternating rhythm elicited by high concentrations of TEA is still lacking. 

However, shared features like alternating pattern period and regularity, appear to 

support this hypothesis. On the other hand, the inability by TEA to facilitate fictive 

locomotion in the presence of subliminal concentrations of NMDA and 5-HT, or 

subthreshold electrical stimulation, supports the idea that both rhythms take origin 

from physically separated elements that converge onto identical unit pattern 

formation. 

Moreover, the existence, in the alternating rhythm induced by TEA, of deletions that 

are not present in the stable fictive locomotion evoked by neurochemicals may be an 

interesting topic for further studies. Temporary interruptions of alternating oscillations 

among all VRs bring TEA rhythm closer to the model proposed by Lafreniere-Roula 

and McCrea (2005) than the locomotor-like pattern induced by NMDA and 5-HT. 
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CONCLUSIONS 
The present results may be relevant to future pharmacological approaches to augment 

CPG operativity, for the functional recovery of SCI patients. 

These data confirm the usefulness of studying spinal circuitry in the isolated neonatal 

rat spinal cord. Such a preparation can inform possible therapeutic strategies to be 

eventually transposed to human studies. 

Among the used agents, 4-AP was the only one to increase CPG operation in the 

presence of subthreshold stimuli. This is the situation presented by incomplete spinal 

cord lesions, where any residual, although insufficient, cortical input travels in the 

few descending fibers spared by the trauma. 

Conversely, potassium conductances blocked by TEA seemed to be responsible for 

the activation of the locomotor-like pattern, alternated between flexor and extensor 

muscles in the same limb and between left and right leg. By virtue of these 

characteristics, the application of substances like TEA could find some applications, 

even in complete spinal lesion scenarios, to activate the intact areas of CPG caudal to 

lesion site. 

Instead, certain mGluRs agonists could find a possible clinical utilization in order to 

limit spinal neurons hyperexcitability following SCI. In fact, impairment of spinal 

inhibition after lesion can cause severe and debilitating collateral effects, such as 

spasticity and chronic pain. In this regard, group II and III agonists were able to 

depress excitability, even in the presence of strychnine and bicuculline, that excluded 

the contribution of glycine and GABA, classic inhibitory neurotransmitters in the 

spinal cord. 

To be able to best exploit the interesting hints emerging from this study for future 

clinical applications, it will be necessary, on one hand, to use of more selective 

substances and, on the other, to include pharmacological therapies into a wider 

therapeutic plan, that provides new neurorehabilitative techniques and recent 

discoveries in the bioengineering field. 

 

 

 

 



 57 

 

REFERENCES 
 
Agrawal SK, Theriault E, Fehlings MG (1998) Role of group I metabotropic 
glutamate receptors in traumatic spinal cord white matter injury. J Neurotrauma 
15:929-941.   
 
Alaburda A, Perrier JF, Hounsgaard J (2002) Mechanisms causing plateau potentials 
in spinal motoneurons. Adv Exp Med Biol 508:219-226. 
 
Alaburda A, Hounsgaard J (2003) Metabotropic modulation of motoneurons by 
scratch-like spinal network activity. J Neurosci 23:8625-8629.  
 
Allen JW, Ivanova SA, Fan L, Espey MG, Basile AS, Faden AI (1999) Group II 
metabotropic glutamate receptor activation attenuates traumatic neuronal injury and 
improves neurological recovery after traumatic brain injury. J Pharmacol Exp Ther 
290:112-120.  
 
Alvarez FJ, Villalba RM, Carr PA, Grandes P, Somohano PM (2000) Differential 
distribution of metabotropic glutamate receptors 1a, 1b, and 5 in the rat spinal cord. J 
Comp Neurol 422:464-487.  
 
Al-Zamil ZM, Bagust J, Kerkut GA (1988) The effect of aminopyridines on the 
activity recorded in the dorsal roots of an isolated hamster spinal cord preparation. 
Gen Pharmacol 19:189-193.  
 
Anneser JM, Borasio GD, Berthele A, Zieglgansberger W, Tolle TR (1999) 
Differential expression of group I metabotropic glutamate receptors in rat spinal cord 
somatic and autonomic motoneurons: possible implications for the pathogenesis of 
amyotrophic lateral sclerosis. Neurobiol Dis 6:140-147.  
 
Antal M, Berki AC, Horvath L, O'Donovan MJ (1994) Developmental changes in the 
distribution of gamma-aminobutyric acid-immunoreactive neurons in the embryonic 
chick lumbosacral spinal cord. J Comp Neurol 343:228-236. 
 
Anwyl R (1999) Metabotropic glutamate receptors: electrophysiological properties 
and role in plasticity. Brain Res Rev 29:83-120.  
 
Aram JA, Michelson HB, Wong RK (1991) Synchronized GABAergic IPSPs 
recorded in the neocortex after blockade of synaptic transmission mediated by 
excitatory amino acids. J Neurophysiol 65:1034-1041.  
 
Aronica E, Catania MV, Geurts J, Yankaya B, Troost D (2001) Immunohistochemical 
localization of group I and II metabotropic glutamate receptors in control and 
amyotrophic lateral sclerosis human spinal cord: upregulation in reactive astrocytes. 
Neuroscience 105:509-520.  
 
Arshavsky YuI, Gelfand IM, Orlovsky GN, Pavlova GA, Popova LB (1984) Origin of 
signals conveyed by the ventral spino-cerebellar tract and spino-reticulo-cerebellar 
pathway. Exp Brain Res 54:426-431. 



 58 

 
Asghar AU, Cilia La Corte PF, LeBeau FE, Al Dawoud M, Reilly SC, Buhl EH, 
Whittington MA, King AE (2005) Oscillatory activity within rat substantia gelatinosa 
in vitro: a role for chemical and electrical neurotransmission. J Physiol 562:183-198.  
 
Atsuta Y, Garcia-Rill E, Skinner RD (1988) Electrically induced locomotion in the in 
vitro brainstem-spinal cord preparation. Brain Res 470:309-312.  
 
Azkue JJ, Mateos JM, Elezgarai I, Benitez R, Osorio A, Diez J, Bilbao A, 
Bidaurrazaga A, Grandes P (2000) The metabotropic glutamate receptor subtype 
mGluR 2/3 is located at extrasynaptic loci in rat spinal dorsal horn synapses. Neurosci 
Lett 287:236-238.  
 
Azkue JJ, Murga M, Fernandez-Capetillo O, Mateos JM, Elezgarai I, Benitez R, 
Osorio A, Diez J, Puente N, Bilbao A, Bidaurrazaga A, Kuhn R, Grandes P (2001) 
Immunoreactivity for the group III metabotropic glutamate receptor subtype 
mGluR4a in the superficial laminae of the rat spinal dorsal horn. J Comp Neurol 
430:448-457. 
 
Barbeau H, Rossignol S (1994) Enhancement of locomotor recovery following spinal 
cord injury. Curr Opin Neurol 7:517-524. 
 
Barbeau H, Norman KE (2003) The effect of noradrenergic drugs on the recovery of 
walking after spinal cord injury. Spinal Cord 41:137-143. 
 
Basso DM (2000) Neuroanatomical substrates of functional recovery after 
experimental spinal cord injury: implications of basic science research for human 
spinal cord injury. Phys Ther 80:808-817.  
 
Beato M, Bracci E, Nistri A (1997) Contribution of NMDA and non-NMDA 
glutamate receptors to locomotor pattern generation in the neonatal rat spinal cord. 
Proc Biol Sci 264:877-884.  
 
Beato M, Nistri A (1999) Interaction between disinhibited bursting and fictive 
locomotor patterns in the rat isolated spinal cord. J Neurophysiol 82:2029-2038. 
 
Berthele A, Boxall SJ, Urban A, Anneser JM, Zieglgansberger W, Urban L, Tolle TR 
(1999) Distribution and developmental changes in metabotropic glutamate receptor 
messenger RNA expression in the rat lumbar spinal cord. Brain Res Dev 112:39-53. 
 
Bixler EO, Kales A, Vela-Bueno A, Jacoby JA, Scarone S, Soldatos CR (1982) 
Nocturnal myoclonus and nocturnal myoclonic activity in a normal population. Res 
Commun Chem Pathol Pharmacol 36:129–140. 
 
Blitz DM, Christie AE, Coleman MJ, Norris BJ, Marder E, Nusbaum MP (1999) 
Different proctolin neurons elicit distinct motor patterns from a multifunctional 
neuronal network. J Neurosci 19:5449-5463.  
 
Bond A, Ragumoorthy N, Monn JA, Hicks CA, Ward MA, Lodge D, O'Neill MJ 
(1999) LY379268, a potent and selective Group II metabotropic glutamate receptor 



 59 

agonist, is neuroprotective in gerbil global, but not focal, cerebral ischaemia. Neurosci 
Lett 273:191-194.  
 
Bonnot A, Morin D, Viala D (1998 ) Genesis of spontaneous rhythmic motor patterns 
in the lumbosacral spinal cord of neonate mouse. Brain Res Dev 108:89-99.  
 
Bracci E, Ballerini L, Nistri A (1996a) Spontaneous rhythmic bursts induced by 
pharmacological block of inhibition in lumbar motoneurons of the neonatal rat spinal 
cord. J Neurophysiol 75:640-647.  
 
Bracci E, Ballerini L, Nistri A (1996b) Localization of rhythmogenic networks 
responsible for spontaneous bursts induced by strychnine and bicuculline in the rat 
isolated spinal cord. J Neurosci 16:7063-7076.  
 
Bracci E, Beato M, Nistri A (1997) Afferent inputs modulate the activity of a 
rhythmic burst generator in the rat disinhibited spinal cord in vitro. J Neurophysiol 
77:3157-3167.  
 
Bracci E, Beato M, Nistri A (1998) Extracellular K+ induces locomotor-like patterns 
in the rat spinal cord in vitro: comparison with NMDA or 5-HT induced activity. J 
Neurophysiol 79:2643-2652.  
 
Brodin L, Grillner S, Rovainen CM (1985) N-Methyl-D-aspartate (NMDA), kainate 
and quisqualate receptors and the generation of fictive locomotion in the lamprey 
spinal cord. Brain Res 325:302-306.  
 
Brown P, Dale N. (2002) Modulation of K(+) currents in Xenopus spinal neurons by 
p2y receptors: a role for ATP and ADP in motor pattern generation. J Physiol 
540:843-850. 
 
Bruno V, Copani A, Battaglia G, Raffaele R, Shinozaki H, Nicoletti F (1994) 
Protective effect of the metabotropic glutamate receptor agonist, DCG-IV, against 
excitotoxic neuronal death. Eur J Pharmacol 256:109-112.  
 
Bruno V, Battaglia G, Copani A, Giffard RG, Raciti G, Raffaele R, Shinozaki H, 
Nicoletti F (1995) Activation of class II or III metabotropic glutamate receptors 
protects cultured cortical neurons against excitotoxic degeneration. Eur J Neurosci 
7:1906-1913. 
 
Bruno V, Battaglia G, Kingston A, O'Neill MJ, Catania MV, Di Grezia R, Nicoletti F 
(1999) Neuroprotective activity of the potent and selective mGlu1a metabotropic 
glutamate receptor antagonist, (+)-2-methyl-4 carboxyphenylglycine (LY367385): 
comparison with LY357366, a broader spectrum antagonist with equal affinity for 
mGlu1a and mGlu5 receptors. Neuropharmacology 38:199-207. 
 
Buchanan JT, Grillner S (1987) Newly identified 'glutamate interneurons' and their 
role in locomotion in the lamprey spinal cord. Science 236:312-314.  
 
Buisson A, Yu SP, Choi DW (1996) DCG-IV selectively attenuates rapidly triggered 
NMDA-induced neurotoxicity in cortical neurons. Eur J Neurosci 8:138-143.  



 60 

 
Buisson A, Choi DW (1995) The inhibitory mGluR agonist, S-4-carboxy-3-hydroxy-
phenylglycine selectively attenuates NMDA neurotoxicity and oxygen-glucose 
deprivation-induced neuronal death. Neuropharmacology 34:1081-1087.  
 
Burchiel KJ, Hsu FP (2001) Pain and spasticity after spinal cord injury: mechanisms 
and treatment. Spine 26:146-160. 
 
Butt SJ, Harris-Warrick RM, Kiehn O (2002) Firing properties of identified 
interneuron populations in the mammalian hindlimb central pattern generator. J 
Neurosci 22:9961-9971.  
 
Butt SJ, Kiehn O (2003) Functional identification of interneurons responsible for left-
right coordination of hindlimbs in mammals. Neuron 38:953-963.  
 
Calancie B, Needham-Shropshire B, Jacobs P, Willer K, Zych G, Green BA (1994) 
Involuntary stepping after chronic spinal cord injury. Evidence for a central rhythm 
generator for locomotion in man. Brain 117:1143-1159.  
 
Cao CQ, Evans RH, Headley PM, Udvarhelyi PM (1995) A comparison of the effects 
of selective metabotropic glutamate receptor agonists on synaptically evoked whole 
cell currents of rat spinal ventral horn neurones in vitro. Br J Pharmacol 115:1469-
1474.  
 
Cao CQ, Tse HW, Jane DE, Evans RH, Headley PM (1997) Metabotropic glutamate 
receptor antagonists, like GABA(B) antagonists, potentiate dorsal root-evoked 
excitatory synaptic transmission at neonatal rat spinal motoneurons in vitro. 
Neuroscience 78:243-250.  
 
Carlin KP, Dai Y, Jordan LM (2005) Cholinergic and serotonergic excitation of 
ascending commissural neurons in the thoraco-lumbar spinal cord of the neonatal 
mouse. J Neurophysiol in press. 
 
Carrascal L, Nieto-Gonzalez JL, Cameron WE, Torres B, Nunez-Abades PA (2005) 
Changes during the postnatal development in physiological and anatomical 
characteristics of rat motoneurons studied in vitro. Brain Res Rev 49:377-387. 
 
Cartmell J, Schoepp DD (2000) Regulation of neurotransmitter release by 
metabotropic glutamate receptors. J Neurochem 75:889-907. 
 
Cazalets JR, Sqalli-Houssaini Y, Clarac F (1992) Activation of the central pattern 
generators for locomotion by serotonin and excitatory amino acids in neonatal rat. J 
Physiol 455:187-204.  
 
Cazalets JR, Sqalli-Houssaini Y, Clarac F (1994) GABAergic inactivation of the 
central pattern generators for locomotion in isolated neonatal rat spinal cord. J Physiol 
474:173-181. 
 
Cazalets JR, Borde M, Clarac F (1995) Localization and organization of the central 
pattern generator for hindlimb locomotion in newborn rat. J Neurosci 15:4943-4951.  



 61 

 
Cazalets JR, Sqalli-Houssaini Y, Magoul R (1999) Differential effects of potassium 
channel blockers on the activity of the locomotor network in neonatal rat. Brain Res 
827:185-197.  
 
Cazalets JR (2005) Metachronal propagation of motoneuron burst activation in 
isolated spinal cord of newborn rat. J Physiol in press. 
 
Chang Q, Pereda A, Pinter MJ, Balice-Gordon RJ (2000) Nerve injury induces gap 
junctional coupling among axotomized adult motor neurons. J Neurosci 20:674-684.  
 
Clarac F, Vinay L, Cazalets JR, Fady JC, Jamon M (1998) Role of gravity in the 
development of posture and locomotion in the neonatal rat. Brain Res Rev 28:35-43. 
 
Clarac F, Pearlstein E, Pflieger JF, Vinay L (2004) The in vitro neonatal rat spinal 
cord preparation: a new insight into mammalian locomotor mechanisms. J Comp 
Physiol 190:343-357. 
 
Cochilla AJ, Alford S (1998) Metabotropic glutamate receptor-mediated control of 
neurotransmitter release. Neuron 20:1007-1016.  
 
Coetzee WA, Amarillo Y, Chiu J, Chow A, Lau D, McCormack T, Moreno H, Nadal 
MS, Ozaita A, Pountney D, Saganich M, Vega-Saenz de Miera E, Rudy B (1999) 
Molecular diversity of K+ channels. Ann N Y Acad Sci 868:233-285. 
 
Conradi S (1969) Ultrastructure of dorsal root boutons on lumbo-sacral motoneurons 
of the adult cat as revealed by dorsal root section. Acta Physiol Scand 332:85-115. 
 
Conway BA, Hultborn H, Kiehn O, Mintz I (1988) Plateau potentials in alpha-
motoneurones induced by intravenous injection of L-dopa and clonidine in the spinal 
cat. J Physiol 405:369-384. 
 
Cowley KC, Schmidt BJ (1994) A comparison of motor patterns induced by N-
methyl-D-aspartate, acetylcholine and serotonin in the in vitro neonatal rat spinal 
cord. Neurosci Lett 171:147-150.  
 
Cowley KC, Schmidt BJ (1995) Effects of inhibitory amino acid antagonists on 
reciprocal inhibitory interactions during rhythmic motor activity in the in vitro 
neonatal rat spinal cord. J Neurophysiol 74:1109-1117.  
 
Cowley KC, Zaporozhets E, Maclean JN, Schmidt BJ (2005) Is  NMDA receptor 
activation essential for the production of locomotor-like activity in the neonatal rat 
spinal cord? J Neurophysiol in press.  
 
Curt A, Schwab ME, Dietz V (2004) Providing the clinical basis for new 
interventional therapies: refined diagnosis and assessment of recovery after spinal 
cord injury. Spinal Cord 42:1-6.  
 
Dahm LM, Landmesser LT (1988) The regulation of intramuscular nerve branching 
during normal development and following activity blockade. Dev Biol 130:621–644. 



 62 

 
Dale N, Roberts A (1984) Excitatory amino acid receptors in Xenopus embryo spinal 
cord and their role in the activation of swimming. J Physiol 348:527-543. 
 
Dale N (1986) Excitatory synaptic drive for swimming mediated by amino acid 
receptors in the lamprey. J Neurosci 6:2662-2675.  
 
de Guzman CP, Roy RR, Hodgson JA, Edgerton VR (1991) Co-ordination of motor 
pools controlling the ankle musculature in adult spinal cats during treadmill walking. 
Brain Res 555:202–214. 
 
de Leon RD, Hodgson JA, Roy RR, Edgerton VR (1998a) Full weight-bearing 
hindlimb standing following stand training in the adult spinal cat. J Neurophysiol 
80:83-91. 
 
de Leon RD, Hodgson JA, Roy RR, Edgerton VR (1998b). Locomotor capacity 
attributable to step training versus spontaneous recovery after spinalization in adult 
cats. J Neurophysiol 79:1329-1340.  
 
de Leon RD, Kubasak MD, Phelps PE, Timoszyk WK, Reinkensmeyer DJ, Roy RR, 
Edgerton VR (2002) Using robotics to teach the spinal cord to walk. Brain Res Rev 
40:267-273. 
 
Del Negro CA, Koshiya N, Butera RJ Jr, Smith JC (2002a)  Persistent sodium current, 
membrane properties and bursting behavior of pre-botzinger complex inspiratory 
neurons in vitro. J Neurophysiol 88:2242-2250.  
 
Del Negro CA, Morgado-Valle C, Feldman JL (2002b) Respiratory rhythm: an 
emergent network property? Neuron 34:821-830. 
 
Delgado-Lezama R, Perrier JF, Nedergaard S, Svirskis G, Hounsgaard J (1997) 
Metabotropic synaptic regulation of intrinsic response properties of turtle spinal 
motoneurones. J Physiol 504:97-102. 
 
Dickinson PS, Mecsas C, Marder E (1990) Neuropeptide fusion of two motor-pattern 
generator circuits. Nature 344:155-158.  
 
Dietz V, Colombo G, Jensen L (1994) Locomotor activity in spinal man. Lancet 
344:1260-1263.  
 
Dietz V, Colombo G, Jensen L, Baumgartner L (1995) Locomotor capacity of spinal 
cord in paraplegic patients. Ann Neurol 37:574-582. 
 
Dietz V (1997) Locomotor recovery after spinal cord injury. Trends Neurosci 20:346-
347. 
 
Dietz V, Wirz M, Curt A, Colombo G (1998) Locomotor pattern in paraplegic 
patients: training effects and recovery of spinal cord function. Spinal Cord 36:380-
390. 
  



 63 

Dimitrijevic MR, Gerasimenko Y, Pinter MM (1998) Evidence for a spinal central 
pattern generator in humans. Ann N Y Acad Sci 860:360-376.  
 
Dingledine R, Borges K, Bowie D, Traynelis SF (1999) The glutamate receptor ion 
channels. Pharmacol Rev 51:7-61.  
 
Dong XW, Feldman JL (1999) Distinct subtypes of metabotropic glutamate receptors 
mediate differential actions on excitability of spinal respiratory motoneurons. J 
Neurosci 19:5173-5184.  
 
Dubuc R, Rossignol S (1989a) The effects of 4-aminopyridine on the cat spinal cord: 
rhythmic antidromic discharges recorded from the dorsal roots. Brain Res 491:335-
348.  
 
Dubuc R, Rossignol S (1989b) Unitary discharges in dorsal and ventral roots after the 
administration of 4-aminopyridine in the cat. Brain Res 491:349-355. 
 
Duysens J, Van de Crommert HW (1998) Neural control of locomotion; The central 
pattern generator from cats to humans. Gait Posture 7:131-141.  
 
Edgerton VR, Roy RR, Hodgson JA, Prober RJ, de Guzman CP, de Leon R (1991) A 
physiological basis for the development of rehabilitative strategies for spinally injured 
patients. J Am Paraplegia Soc 14:150–157. 
 
Edgerton VR, de Leon RD, Tillakaratne N, Recktenwald MR, Hodgson JA, Roy RR 
(1997) Use-dependent plasticity in spinal stepping and standing. Adv Neurol 72:233-
247. 
 
Edgerton VR, Tillakaratne NJ, Bigbee AJ, de Leon RD, Roy RR (2004) Plasticity of 
the spinal neural circuitry after injury. Annu Rev Neurosci 27:145-167. 
 
Eng DL, Gordon TR, Kocsis JD, Waxman SG (1988) Development of 4-AP and TEA 
sensitivities in mammalian myelinated nerve fibers. J Neurophysiol 60:2168-2179.  
 
Faden AI, Ivanova SA, Yakovlev AG, Mukhin AG (1997) Neuroprotective effects of 
group III mGluR in traumatic neuronal injury. J Neurotrauma 14:885-895.  
 
Fellippa-Marques S, Vinay L, Clarac F (2000) Spontaneous and locomotor-related 
GABAergic input onto primary afferents in the neonatal rat. Eur J Neurosci 12:155-
164.  
 
Forssberg H (1985) Ontogeny of human locomotor control. I. Infant stepping, 
supported locomotion and transition to independent locomotion. Exp Brain Res 
57:480–493. 
 
Furlan F, Guasti L, Avossa D, Becchetti A, Cilia E, Ballerini L, Arcangeli A (2005) 
Interneurons transiently express the ERG K+ channels during development of mouse 
spinal networks in vitro. Neuroscience 135:1179-1192. 
 



 64 

Gao BX, Ziskind-Conhaim L (1998) Development of ionic currents underlying 
changes in action potential waveforms in rat spinal motoneurons. J Neurophysiol 
80:3047-3061. 
 
Gerasimenko YP, Makarovskii AN, Nikitin OA (2002) Control of locomotor activity 
in humans and animals in the absence of supraspinal influences. Neurosci Behav 
Physiol 32:417-423.  
 
Getting PA, Dekin MS. Mechanisms of pattern generation underlying swimming in 
Tritonia. IV. Gating of central pattern generator (1985) J Neurophysiol 53:466-480.  
 
Gonzalez-Forero D, Alvarez FJ (2005) Differential postnatal maturation of GABAA, 
glycine receptor, and mixed synaptic currents in Renshaw cells and ventral spinal 
interneurons. J Neurosci 25:2010-2023. 
 
Grijalva I, Guizar-Sahagun G, Castaneda-Hernandez G, Mino D, Maldonado-Julian 
H, Vidal-Cantu G, Ibarra A, Serra O, Salgado-Ceballos H, Arenas-Hernandez R. 
(2003) Efficacy and safety of 4-aminopyridine in patients with long-term spinal cord 
injury: a randomized, double-blind, placebo-controlled trial. Pharmacotherapy 
23:823-834.  
 
Grillner S, Ekeberg, El Manira A, Lansner A, Parker D, Tegner J, Wallen P (1998) 
Intrinsic function of a neuronal network - a vertebrate central pattern generator. Brain 
Res Rev 26:184-197. 
 
Grillner S, Cangiano L, Hu G, Thompson R, Hill R, Wallen P (2000) The intrinsic 
function of a motor system--from ion channels to networks and behavior. Brain Res 
886:224-236. 
 
Grillner S, Wallen P (2002) Cellular bases of a vertebrate locomotor system-steering, 
intersegmental and segmental co-ordination and sensory control. Brain Res Rev 
40:92-106. 
 
Gruhn M, Guckenheimer J, Land B, Harris-Warrick RM (2005) Dopamine 
modulation of two delayed rectifier potassium currents in a small neural network. 
J Neurophysiol 94:2888-2900. 
 
Gwak YS, Hulsebosch CE (2005) Upregulation of Group I metabotropic glutamate 
receptors in neurons and astrocytes in the dorsal horn following spinal cord injury. 
Exp Neurol 195:236-243.  
 
Harris-Warrick RM (2002) Voltage-sensitive ion channels in rhythmic motor systems. 
Curr Opin Neurobiol 12:646-651. 
 
Henrich-Noack P, Reymann KG (1999) (1S,3R)-ACPD, a metabotropic glutamate 
receptor agonist, enhances damage after global ischaemia. Eur J Pharmacol 365:55-
58.  
 



 65 

Hinckley C, Seebach B, Ziskind-Conhaim L (2005) Distinct roles of glycinergic and 
GABAergic inhibition in coordinating locomotor-like rhythms in the neonatal mouse 
spinal cord. Neuroscience 131:745-758. 
 
Hodgson JA, Roy RR, Leon de R, Dobkin B, Reggie Edgerton V (1994) Can the 
mammalian lumbar spinal cord learn a motor task? Med Sci Sports Exerc 26:1491–
1497. 
 
Hounsgaard J, Kiehn O (1985) Ca2+ dependent bistability induced by serotonin in 
spinal motoneurons. Exp Brain Res 57:422-425. 
 
Hounsgaard J, Mintz I (1988) Calcium conductance and firing properties of spinal 
motoneurones in the turtle. J Physiol 398:591-603. 
 
Hounsgaard J, Kiehn O (1989) Serotonin-induced bistability of turtle motoneurones 
caused by a nifedipine-sensitive calcium plateau potential. J Physiol 414:265-282. 
 
Hounsgaard J, Kiehn O (1993) Calcium spikes and calcium plateaux evoked by 
differential polarization in dendrites of turtle motoneurones in vitro. J Physiol 
468:245-259.  
 
Hultborn H, Conway BA, Gossard JP, Brownstone R, Fedirchuk B, Schomburg ED, 
Enriquez-Denton M, Perreault MC (1998) How do we approach the locomotor 
network in the mammalian spinal cord? Ann N Y Acad Sci 860:70-82. 
 
Jankowska E, Lundberg A, Rudomin P, Sykova E. (1982) Effects of 4-aminopyridine 
on synaptic transmission in the cat spinal cord. Brain Res 240:117-129.  
 
Jankowska E, Hammar I (2002) Spinal interneurones; how can studies in animals 
contribute to the understanding of spinal interneuronal systems in man? Brain Res 
Rev 40:19-28. 
 
Jarvis JC, Mokrusch T, kwende MM, Sutherland H, Salmons S (1996) Fast-to-slow 
trans- formation in stimulated rat muscle. Muscle Nerve 19:1469–1475. 
 
Jia H, Rustioni A, Valtschanoff JG (1999) Metabotropic glutamate receptors in 
superficial laminae of the rat dorsal horn. J Comp Neurol 410:627-642.  
 
Jiang Z, Rempel J, Li J, Sawchuk MA, Carlin KP, Brownstone RM (1999) 
Development of L-type calcium channels and a nifedipine-sensitive motor activity in 
the postnatal mouse spinal cord. Eur J Neurosci 11:3481-3487. 
 
Jing J, Gillette R. (2000) Escape swim network interneurons have diverse roles in 
behavioral switching and putative arousal in Pleurobranchaea. J Neurophysiol 
83:1346-1355. 
 
Jordan LM and McVagh JR (2004) Well-coordinated locomotor activity can be 
produced in the solated neonatal rat spinal cord by activation of the endogenous 
cholinergic propriospinal system. Soc for Neurosci Abstr 30: 883.8. 
 



 66 

Kerkut GA, Bagust J (1995) The isolated mammalian spinal cord. Prog Neurobiol 
46:1-48.  
 
Kettunen P, Krieger P, Hess D, El Manira A (2002) Signaling mechanisms of 
metabotropic glutamate receptor 5 subtype and its endogenous role in a locomotor 
network. J Neurosci 22:1868-1873.  
 
Kettunen P, Kyriakatos A, Hallen K, El Manira A (2005) Neuromodulation via 
conditional release of endocannabinoids in the spinal locomotor network. Neuron 
45:95-104.  
 
Kiehn O, Kjaerulff O (1996) Spatiotemporal characteristics of 5-HT and dopamine-
induced rhythmic hindlimb activity in the in vitro neonatal rat. J Neurophysiol 
75:1472-1482.  
 
Kiehn O, Hounsgaard J, Sillar KT (1997) Basic building blocks of vertebrate spinal 
central pattern generators. In Neurons, Networks, and Motor Behavior, eds Stein, 
PSG, Grillner S, Selverston AI, Stuart DG, pp 47-59. The MIT Press, Cambridge, 
Massachusetts, USA. 
 
Kiehn O, Eken T (1998) Functional role of plateau potentials in vertebrate motor 
neurons. Curr Opin Neurobiol 8:746-752.  
 
Kiehn O, Kjaerulff O, Tresch MC, Harris-Warrick RM (2000) Contributions of 
intrinsic motor neuron properties to the production of rhythmic motor output in the 
mammalian spinal cord. Brain Res Bull 53:649-659. 
 
Kjaerulff O, Barajon I, Kiehn O (1994) Sulphorhodamine-labelled cells in the 
neonatal rat spinal cord following chemically induced locomotor activity in vitro. J 
Physiol 478:265-273.  
 
Kjaerulff O, Kiehn O (1996) Distribution of networks generating and coordinating 
locomotor activity in the neonatal rat spinal cord in vitro: a lesion study. J Neurosci 
16:5777-5794.  
 
Kjaerulff O, Kiehn O (2001) 5-HT modulation of multiple inward rectifiers in 
motoneurons in intact preparations of the neonatal rat spinal cord. J Neurophysiol 
85:580-593. 
 
Kremer E, Lev-Tov A (1998) GABA-receptor-independent dorsal root afferents 
depolarization in the neonatal rat spinal cord. J Neurophysiol 79:2581-2592.  
 
Krieger P, Tegner J, el Manira A, Grillner S (1994) Effects of metabotropic glutamate 
receptor activation on the cellular and network level in the lamprey spinal cord. 
Neuroreport 5:1760-1762.  
 
Krieger P, el Manira A, Grillner S (1996) Activation of pharmacologically distinct 
metabotropic glutamate receptors depresses reticulospinal-evoked monosynaptic 
EPSPs in the lamprey spinal cord. J Neurophysiol 76:3834-3841. 
 



 67 

Kudo N, Yamada T (1987) N-methyl-D,L-aspartate-induced locomotor activity in a 
spinal cord-hindlimb muscles preparation of the newborn rat studied in vitro. 
Neurosci Lett 75:43-48.  
 
Kudo N, Nishimaru H (1998) Reorganization of locomotor activity during 
development in the prenatal rat. Ann N Y Acad Sci 860:306-317. 
 
Lafreniere-Roula M, McCrea DA (2005) Deletions of rhythmic motoneuron activity 
during fictive locomotion and scratch provide clues to the organization of the 
mammalian central pattern generator. J Neurophysiol 94:1120-1132. 
 
Landmesser LT, O'Donovan MJ (1984) Activation patterns of embryonic chick hind 
limb muscles recorded in ovo and in an isolated spinal cord preparation. J Physiol 
347:189-204.  
 
Lee RH, Heckman CJ (1996) Influence of voltage-sensitive dendritic conductances on 
bistable firing and effective synaptic current in cat spinal motoneurons in vivo. J 
Neurophysiol 76:2107-2110. 
 
Lee RH, Heckman CJ (1999) Enhancement of bistability in spinal motoneurons in 
vivo by the noradrenergic alpha1 agonist methoxamine. J Neurophysiol 81:2164-
2174. 
 
Ma W, Behar T, Barker JL (1992) Transient expression of GABA immunoreactivity 
in the developing rat spinal cord. J Comp Neurol 325:271-290. 
 
Marchetti C, Pagnotta S, Donato R, Nistri A (2002) Inhibition of spinal or 
hypoglossal motoneurons of the newborn rat by glycine or GABA. Eur J Neurosci 
15:975-983. 
 
Marchetti C, Beato M, Nistri A (2001) Alternating rhythmic activity induced by  
dorsal root stimulation in the neonatal rat spinal cord in vitro. J Physiol 530:105-112.  
 
Marder E, Calabrese RL (1996) Principles of rhythmic motor pattern generation. 
Physiol Rev 76:687-717. 
 
Marder E, Bucher D (2001) Central pattern generators and the control of rhythmic 
movements. Curr Biol 11:986-996. 
 
Maxwell DJ, Ottersen OP, Storm-Mathisen J (1995) Synaptic organization of 
excitatory and inhibitory boutons associated with spinal neurons which project 
through the dorsal columns of the cat. Brain Res 676:103-112. 
 
McCrea DA (2001) Spinal circuitry of sensorimotor control of locomotion. J Physiol 
533:41-50.  
 
McDonald JW, Schoepp DD (1992) The metabotropic excitatory amino acid receptor 
agonist 1S,3R-ACPD selectively potentiates N-methyl-D-aspartate-induced brain 
injury. Eur J Pharmacol 215:353-354.  
 



 68 

McDonald JW, Fix AS, Tizzano JP, Schoepp DD (1993) Seizures and brain injury in 
neonatal rats induced by 1S,3R-ACPD, a metabotropic glutamate receptor agonist. J 
Neurosci 13:4445-4455.  
 
McLarnon JG (1995) Potassium currents in motoneurones. Prog Neurobiol 47:513-
531. 
 
MacLean JN, Cowley KC, Schmidt BJ (1998) NMDA receptor-mediated oscillatory 
activity in the neonatal rat spinal cord is serotonin dependent. J Neurophysiol 
79:2804-2808. 
 
Metz GA, Merkler D, Dietz V, Schwab ME, Fouad K (2000) Efficient testing of 
motor function in spinal cord injured rats. Brain Res 883:165-177.  
 
Mills CD, Xu GY, Johnson KM, McAdoo DJ, Hulsebosch CE (2000) AIDA reduces 
glutamate release and attenuates mechanical allodynia after spinal cord injury. 
Neuroreport 11:3067-3070.  
 
Mills CD, Fullwood SD, Hulsebosch CE (2001a) Changes in metabotropic glutamate 
receptor expression following spinal cord injury. Exp Neurol 170:244-257.  
 
Mills CD, Xu GY, McAdoo DJ, Hulsebosch CE (2001b) Involvement of metabotropic 
glutamate receptors in excitatory amino acid and GABA release following spinal cord 
injury in rat. J Neurochem 79:835-848.  
 
Mills CD, Johnson KM, Hulsebosch CE (2002a) Group I metabotropic glutamate 
receptors in spinal cord injury: roles in neuroprotection and the development of 
chronic central pain. J Neurotrauma 19:23-42. 
 
Mills CD, Johnson KM, Hulsebosch CE (2002b) Role of group II and group III 
metabotropic glutamate receptors in spinal cord injury. Exp Neurol 173:153-167.  
 
Molgo J, Lemeignan M, Lechat P (1977) Effects of 4-aminopyridine at the frog 
neuromuscular junction. J Pharmacol Exp Ther 203:653-663. 
 
Nagy F, Dickinson PS, Moulins M (1988) Control by an identified modulatory neuron 
of the sequential expression of plateau properties of, and synaptic inputs to, a neuron 
in a central pattern generator. J Neurosci 8:2875-2886.  
 
Nakayama K, Nishimaru H, Kudo N (2004) Rhythmic motor activity in thin 
transverse slice preparations of the fetal rat spinal cord. J Neurophysiol 92:648-652. 
 
Nashmi R, Fehlings MG (2001) Mechanisms of axonal dysfunction after spinal cord 
injury: with an emphasis on the role of voltage-gated potassium channels. Brain Res 
Brain Res Rev 38:165-191. 
 
Nielsen JB, Conway BA, Halliday DM, Perreault MC, Hultborn H (2005) 
Organization of common synaptic drive to motoneurones during fictive locomotion 
in the spinal cat. J Physiol 569:291-304. 
 



 69 

Nishimaru H, Iizuka M, Ozaki S, Kudo N (1996) Spontaneous motoneuronal activity 
mediated by glycine and GABA in the spinal cord of rat fetuses in vitro. J Physiol 
497:131-143.  
 
Nishimaru H, Kudo N. Formation of the central pattern generator for locomotion in 
the rat and mouse (2000) Brain Res Bull 53:661-669.  
 
Norman KE, Pepin A, Barbeau H (1998) Effects of drugs on walking after spinal cord 
injury. Spinal Cord 36:699-715.  
 
O'Brien JA, Berger AJ (2001) The nonuniform distribution of the GABA(A) receptor 
alpha 1 subunit influences inhibitory synaptic transmission to motoneurons within a 
motor nucleus. J Neurosci 21:8482-8494. 
 
O'Donovan MJ, Wenner P, Chub N, Tabak J, Rinzel J (1998a) Mechanisms of 
spontaneous activity in the developing spinal cord and their relevance to locomotion. 
Ann N Y Acad Sci 860:130-141. 
 
O'Donovan MJ, Chub N, Wenner P (1998b) Mechanisms of spontaneous activity in 
developing spinal networks. J Neurobiol 37:131-145.  
 
Ohishi H, Akazawa C, Shigemoto R, Nakanishi S, Mizuno N (1995) Distributions of 
the mRNAs for L-2-amino-4-phosphonobutyrate-sensitive metabotropic glutamate 
receptors, mGluR4 and mGluR7, in the rat brain. J Comp Neurol 360:555-570.  
 
Orlando LR, Standaert DG, Penney JB Jr, Young AB (1995) Metabotropic receptors 
in excitotoxicity: (S)-4-carboxy-3-hydroxyphenylglycine ((S)-4C3HPG) protects 
against rat striatal quinolinic acid lesions. Neurosci Lett 202:109-112.  
 
Park E, Velumian AA, Fehlings MG (2004) The role of excitotoxicity in secondary 
mechanisms of spinal cord injury: a review with an emphasis on the implications for 
white matter degeneration. J Neurotrauma 21:754-774. 
 
Pearson KG (2000) Plasticity of neuronal networks in the spinal cord: modifications 
in response to altered sensory input. Prog Brain Res 128:61-70.  
 
Pellegrini-Giampietro DE, Cozzi A, Peruginelli F, Leonardi P, Meli E, Pellicciari R, 
Moroni F (1999) 1-Aminoindan-1,5-dicarboxylic acid and (S)-(+)-2-(3'-
carboxybicyclo[1.1.1] pentyl)-glycine, two mGlu1 receptor-preferring antagonists, 
reduce neuronal death in in vitro and in vivo models of cerebral ischaemia. Eur J 
Neurosci 11:3637-3647.  
 
Perrier JF, Hounsgaard J (1999) Ca2+-activated nonselective cationic current (I(CAN)) 
in turtle motoneurons. J Neurophysiol 82:730-735. 
 
Perrier JF, Hounsgaard J (2000) Development and regulation of response properties in 
spinal cord motoneurons. Brain Res Bull 53:529-535. 
 



 70 

Perrier JF, Noraberg J, Simon M, Hounsgaard J (2000) Dedifferentiation of intrinsic 
response properties of motoneurons in organotypic cultures of the spinal cord of the 
adult turtle. Eur J Neurosci 12:2397-2404.  
 
Pflieger JF, Clarac F, Vinay L (2000) Effects of serotonin depletion on the maturation 
of ankle flexor and extensor motoneurons in neonatal rats. Soc Neurosci Abstr 26  
257.5. 
 
Pin JP, De Colle C, Bessis AS, Acher F (1999) New perspectives for the development 
of selective metabotropic glutamate receptor ligands. Eur J Pharmacol 375:277-294.  
 
Pinco M, Lev-Tov A (1993) Synaptic excitation of alpha-motoneurons by dorsal root 
afferents in the neonatal rat spinal cord. J Neurophysiol 70:406-417.  
 
Pittman RH, Oppeheim RW (1978) Neuromuscular blockade increases motoneurone 
survival during normal cell death in the chick embryo. Nature 271:364–366. 
 
Prime L, Pichon Y, Moore LE (1999) N-Methyl-D-aspartate-induced oscillations in 
whole cell clamped neurons from the isolated spinal cord of Xenopus laevis embryos. 
J Neurophysiol 82:1069-1073. 
 
Rayburn WF (1995) Fetal movement monitoring. Clin Obstet Gynecol 38:59–67. 
 
Rekling JC, Feldman JL (1997) Calcium-dependent plateau potentials in rostral 
ambiguus neurons in the newborn mouse brain stem in vitro. J Neurophysiol 78:2483-
2492. 
 
Rossignol S. (1996) Neural control of stereotypic limb movements. In: Rowell LB, 
Sheperd JT, editors. Exercise: Regulation and Integration of Multiple Systems. 
Handbook of Physiology Bethesda, MD: America Physiological Society:173–216. 
 
Rossignol S (2000) Locomotion and its recovery after spinal injury. Curr Opin 
Neurobiol 10:708-716. 
 
Rossignol S, Giroux N, Chau C, Marcoux J, Brustein E, Reader TA (2001) 
Pharmacological aids to locomotor training after spinal injury in the cat. J Physiol 
533:65-74.  
 
Rudomin P, Schmidt RF (1999) Presynaptic inhibition in the vertebrate spinal cord 
revisited. Exp Brain Res 129:1-37.  
 
Rudy B (1988) Diversity and ubiquity of K channels. Neuroscience 25:729-749. 
 
Ruscheweyh R, Sandkuhler J (2003) Epileptiform activity in rat spinal dorsal horn in 
vitro has common features with neuropathic pain. Pain 105:327-338.  
 
Ryan GP, Hackman JC, Wohlberg CJ, Davidoff RA (1984) Spontaneous dorsal root 
potentials arise from interneuronal activity in the isolated frog spinal cord. Brain Res 
301:331-341.  
 



 71 

Sacaan AI, Schoepp DD. Activation of hippocampal metabotropic excitatory amino 
acid receptors leads to seizures and neuronal damage (1992) Neurosci Lett 139:77-82.  
 
Schiefer J, Sprunken A, Puls C, Luesse HG, Milkereit A, Milkereit E, Johann V, 
Kosinski CM (2004) The metabotropic glutamate receptor 5 antagonist MPEP and the 
mGluR2 agonist LY379268 modify disease progression in a transgenic mouse model 
of Huntington's disease. Brain Res 1019:246-254.  
 
Schoepp DD, Jane DE, Monn JA (1999) Pharmacological agents acting at subtypes of 
metabotropic glutamate receptors. Neuropharmacology 38:1431-1476. 
 
Schoepp DD (2001) Unveiling the functions of presynaptic metabotropic glutamate 
receptors in the central nervous system. J Pharmacol Exp Ther 299:12-20. 
 
Sernagor E, Chub N, Ritter A, O'Donovan MJ (1995) Pharmacological 
characterization of the rhythmic synaptic drive onto lumbosacral motoneurons in the 
chick embryo spinal cord. J Neurosci 15:7452-7464.  
 
Sillar KT, Simmers AJ, Wedderburn JF (1992) The post-embryonic development of 
cell properties and synaptic drive underlying locomotor rhythm generation in 
Xenopus larvae. Proc Biol Sci 249:65-70. 
 
Sillar KT, Simmers AJ (1994) 5HT induces NMDA receptor-mediated intrinsic 
oscillations in embryonic amphibian spinal neurons. Proc Biol Sci 255:139-145. 
 
Schwindt PC, Crill WE (1982) Factors influencing motoneuron rhythmic firing: 
results from a voltage-clamp study. J Neurophysiol 48:875-890. 
 
Spitzer NC (1995) Spontaneous activity: functions of calcium transients in neuronal 
differentiation. Persp Dev Neurobiol 2:379–386. 
 
Sqalli-Houssaini Y, Cazalets JR, Clarac F (1993) Oscillatory properties of the central 
pattern generator for locomotion in neonatal rats. J Neurophysiol 70:803-813.  
 
Sqalli-Houssaini Y, Cazalets JR (2000) Noradrenergic control of locomotor networks 
in the in vitro spinal cord of the neonatal rat. Brain Res 852:100-109.  
 
Stegenga SL, Kalb RG (2001) Developmental regulation of N-methyl-D-aspartate- 
and kainate-type glutamate receptor expression in the rat spinal cord. Neuroscience 
105:499-507. 
 
Strong JA, Kaczmarek LK (1986) Multiple components of delayed potassium current 
in peptidergic neurons of Aplysia: modulation by an activator of adenylate cyclase. J 
Neurosci 6:814-822. 
 
Svirskis G, Hounsgaard J (1997) Depolarization-induced facilitation of a plateau-
generating current in ventral horn neurons in the turtle spinal cord. J Neurophysiol 
78:1740-1742. 
 



 72 

Svirskis G, Hounsgaard J (1998) Transmitter regulation of plateau properties in turtle 
motoneurons. J Neurophysiol 79:45-50. 
 
Takahashi M, Alford S (2002) The requirement of presynaptic metabotropic 
glutamate receptors for the maintenance of locomotion. J Neurosci 22:3692-3699.  
 
Takahashi T (1990 a) Membrane currents in visually identified motoneurones of 
neonatal rat spinal cord. J Physiol 423:27-46.  
 
Takahashi T (1990 b) Inward rectification in neonatal rat spinal motoneurones. 
J Physiol 423:47-62. 
 
Thoby-Brisson M, Simmers J (1998) Neuromodulatory inputs maintain expression of 
a lobster motor pattern-generating network in a modulation-dependent state: evidence 
from long-term decentralization in vitro. J Neurosci 18:2212-2225.  
 
Thoby-Brisson M, Simmers J (2002) Long-term neuromodulatory regulation of a 
motor pattern-generating network: maintenance of synaptic efficacy and oscillatory 
properties. J Neurophysiol 88:2942-2953. 
 
Tierney AJ, Harris-Warrick RM. Physiological role of the transient potassium current 
in the pyloric circuit of the lobster stomatogastric ganglion (1992) J Neurophysiol 
67:599-609.  
 
Tomiyama M, Kimura T, Maeda T, Tanaka H, Furusawa K, Kurahashi K, Matsunaga 
M (2001) Expression of metabotropic glutamate receptor mRNAs in the human spinal 
cord: implications for selective vulnerability of spinal motor neurons in amyotrophic 
lateral sclerosis. J Neurol Sci 189:65-69.  
 
Traub RD, Jefferys JG. (1994) Are there unifying principles underlying the generation 
of epileptic afterdischarges in vitro? Prog Brain Res 102:383-394. 
 
Tscherter A, Heuschkel MO, Renaud P, Streit J (2001) Spatiotemporal 
characterization of rhythmic activity in rat spinal cord slice cultures. Eur J Neurosci 
14:179-190.  
 
Valerio A, Paterlini M, Boifava M, Memo M, Spano P (1997a) Metabotropic 
glutamate receptor mRNA expression in rat spinal cord. Neuroreport 8:2695-2699. 
 
Valerio A, Rizzonelli P, Paterlini M, Moretto G, Knopfel T, Kuhn R, Memo M, 
Spano P ((1997b) mGluR5 metabotropic glutamate receptor distribution in rat and 
human spinal cord: a developmental study. Neurosci Res 28:49-57.  
 
Van de Crommert HW, Mulder T, Duysens J (1998) Neural control of locomotion: 
sensory control of the central pattern generator and its relation to treadmill training. 
Gait Posture 7:251-263. 
 
Viala D, Viala G, Jordan M (1991) Interneurones of the lumbar cord related to 
spontaneous locomotor activity in the rabbit. I. Rhythmically active interneurones. 
Exp Brain Res 84:177-186.  



 73 

 
Viemari JC, Burnet H, Bevengut M, Hilaire G (2003) Perinatal maturation of the 
mouse respiratory rhythm-generator: in vivo and in vitro studies. Eur J Neurosci 
17:1233-1244.  
 
Vinay L, Grillner S (1992) Spino-bulbar neurons convey information to the brainstem 
about different phases of the locomotor cycle in the lamprey. Brain Res 582:134-138. 
 
Vinay L, Padel Y, Bourbonnais D, Steffens H (1993) An ascending spinal pathway 
transmitting a central rhythmic pattern to the magnocellular red nucleus in the cat. 
Exp Brain Res 97:61-70.  
 
Vinay L, Brocard F, Fellippa-Marques S, Clarac F (1999) Antidromic discharges of 
dorsal root afferents in the neonatal rat. J Physiol Paris 93:359-367.  
 
Vinay L, Brocard F, Pflieger JF, Simeoni-Alias J, Clarac F (2000) Perinatal 
development of lumbar motoneurons and their inputs in the rat. Brain Res Bull 
53:635-647. 
 
Vinay L, Brocard F, Clarac F, Norreel JC, Pearlstein E, Pflieger JF (2002) 
Development of posture and locomotion: an interplay of endogenously generated 
activities and neurotrophic actions by descending pathways. Brain Res Rev 40:118-
129. 
 
Walton KD, Navarrete R (1991) Postnatal changes in motoneurone electrotonic 
coupling studied in the in vitro rat lumbar spinal cord. J Physiol 433:283-305. 
 
Waxman SG. Aminopyridines and the treatment of spinal cord injury. (1993) J 
Neurotrauma 10:19-24.  
 
Whelan P, Bonnot A, O'Donovan MJ (2000) Properties of rhythmic activity generated 
by the isolated spinal cord of the neonatal mouse. J Neurophysiol 84:2821-2833.  
 
Willis WD Jr (1999) Dorsal root potentials and dorsal root reflexes: a double-edged 
sword. Exp Brain Res 124:395-421.  
 
Wirz M, Colombo G, Dietz V (2001) Long term effects of locomotor training in 
spinal humans. J Neurol Neurosurg Psychiatry 71:93-96.  
 
Wu JY, Cohen LB, Falk CX (1994) Neuronal activity during different behaviors in 
Aplysia: a distributed organization? Science 263:820-823.  
 
Yang JF, Lamont EV, Pang MY (2005) Split-belt treadmill stepping in infants 
suggests autonomous pattern generators for the left and right leg in humans. J 
Neurosci 25:6869-6876.  
 
Yvon C, Rubli R, Streit J. (2005) Patterns of spontaneous activity in unstructured and 
minimally structured spinal networks in culture. Exp Brain Res 165:139-151. 
 



 74 

Zangger P (1981) The effect of 4-aminopyridine on the spinal locomotor rhythm 
induced by L-DOPA. Brain Res 215:211-223.  



 75 

ACKNOWLEDGEMENTS 

 
In the achievement of this stage, I really want to thank some of the people that 

supported me during these years of studying. 

In primis, my supervisor, Prof. Andrea Nistri, that was every day on my side with his 

patience and knowledge, infusing me all of his unlimited love for science. 

Prof. Maurizio Raiteri, who was the first one to bring me close to research and who 

sponsored SISSA as a great opportunity for growing and improving. 

Then, I would like to thank Elisa, Milvia, Tommaso and Mariapaola for being so 

present. 

Also my friends Cristina and Kostya for their always constructive and keen scientific 

confront and for the joyfulness and accordance that always reigned in our laboratory. 

The lots of friends and colleagues that during these years in SISSA I had the 

opportunity to enjoy and appreciate during pauses from our jobs and that with their 

preparation have represented a valuable standing point. 

Finally, my dear friend Anna, whose memory I never had nor will forget. 

 

 


