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Introduction

Locomotor activities in vertebrates rely on the activation of so-called central pattern generator (CPG) networks located within the spinal cord [START_REF] Grillner | On the central generation of locomotion in the low spinal cat[END_REF].

Most species express locomotion in intermittent episodes, with the activity of the spinal CPGs being mainly governed (activation, stopping, turning, speed, etc.) by remote supraspinal structures acting through descending pathways. Among these, neuromodulatory pathways originating from the diencephalic (presumably dopaminergic) and brainstem (serotonin, noradrenaline) monoaminergic nuclei play a major role in regulating spinal locomotor CPG operation [START_REF] Jordan | Descending command systems for the initiation of locomotion in mammals[END_REF].

The link between monoamines and locomotion was first established several decades ago, with the observation that a peripheral administration of the catecholamine precursor, L-DOPA, is effective in activating the spinal locomotor program in decerebrate paralyzed rabbits (Viala and Buser, 1969a), decerebrate spinal rabbits [START_REF] Viala | Methods of obtaining locomotor rhythms in the spinal rabbit by pharmacological treatments (DOPA, 5-HTP, D-amphetamine)][END_REF][START_REF] Viala | Cutaneous fiber groups involved in the inhibition of fictive locomotion in the rabbit[END_REF] and cats [START_REF] Grillner | The influence of DOPA on the static and the dynamic fusimotor activity to the triceps surae of the spinal cat[END_REF][START_REF] Budakova | Stepping movements evoked in a mesencephalic cat by rhythmic stimulation of a dorsal root][END_REF][START_REF] Grillner | On the central generation of locomotion in the low spinal cat[END_REF] and chronic spinal cats [START_REF] Barbeau | Initiation and modulation of the locomotor pattern in the adult chronic spinal cat by noradrenergic, serotonergic and dopaminergic drugs[END_REF][START_REF] Pearson | Fictive motor patterns in chronic spinal cats[END_REF][START_REF] Barbeau | Noradrenergic agonists and locomotor training affect locomotor recovery after cord transection in adult cats[END_REF]. With the possible exception of non-human primates [START_REF] Eidelberg | Locomotor control in macaque monkeys[END_REF][START_REF] Fedirchuk | Pharmacologically evoked fictive motor patterns in the acutely spinalized marmoset monkey (Callithrix jacchus)[END_REF], L-DOPA probably exerts a pro-locomotor action across virtually all vertebrates, as it is the case for the spinal stingray [START_REF] Williams | Induction of swimming in the high spinal stingray by L-DOPA[END_REF], lamprey [START_REF] Cohen | Fictive swimming" induced in an in vitro preparation of the lamprey spinal cord[END_REF][START_REF] Poon | Induction of swimming in lamprey by L-DOPA and amino acids[END_REF], newborn rat [START_REF] Van Hartesveldt | L-dopa-induced air-stepping in developing rats[END_REF] and spinal mouse [START_REF] Guertin | Synergistic activation of the central pattern generator for locomotion by l-beta-3,4-dihydroxyphenylalanine and quipazine in adult paraplegic mice[END_REF].

The serotonin precursor, 5-Hydroxytryptophan (5-HTP), is also known to modulate (Viala and Buser, 1969a) and even trigger locomotor-like activities in spinal transected, curarized rabbits [START_REF] Viala | Methods of obtaining locomotor rhythms in the spinal rabbit by pharmacological treatments (DOPA, 5-HTP, D-amphetamine)][END_REF]. Additionally, it modulates locomotor outputs after partial ventral/ventrolateral spinal lesions in the cat [START_REF] Brustein | Recovery of locomotion after ventral and ventrolateral spinal lesions in the cat. II. Effects of noradrenergic and serotoninergic drugs[END_REF], although not following a complete transection lesion [START_REF] Barbeau | Initiation and modulation of the locomotor pattern in the adult chronic spinal cat by noradrenergic, serotonergic and dopaminergic drugs[END_REF]. In all cases, the modulatory actions of L-DOPA and 5-HTP on locomotor CPG networks require their conversion at least into dopamine and serotonin, respectively [START_REF] Viala | Effects of a decarboxylase inhibitor on the Dopa and 5-HTP induced changes in the locomotor-like discharge pattern of rabbit hind limb nerves[END_REF][START_REF] Arnaiz | An aromatic L-amino acid decarboxylase inhibitor blocks L-dopa-induced air-stepping in neonatal rats[END_REF][START_REF] Mccrea | Dopamine D1 and D2 antagonists block L-DOPAinduced air-stepping in decerebrate neonatal rats[END_REF]. The enzyme aromatic amino acid decarboxylase (AADC), which mediates these conversions, is expressed at fetal stages in the rat spinal cord, which thus acquires an early ability to produce monoamines [START_REF] Commissiong | Synthesis of catecholamines in the developing spinal cord of the rat[END_REF]. This may underlie L-DOPA's pro-locomotor action reported in the rat at the neonatal stage, when the maturation of descending monoaminergic pathways still progressing [START_REF] Commissiong | Development of catecholaminergic nerves in the spinal cord of the rat[END_REF][START_REF] Rajaofetra | Pre-and post-natal ontogeny of serotonergic projections to the rat spinal cord[END_REF][START_REF] Rajaofetra | Immunocytochemical mapping of noradrenergic projections to the rat spinal cord with an antiserum against noradrenaline[END_REF]. The same applies to the serotonergic system which also supports episodes of locomotor activity in the fetal and post-natal rat [START_REF] Brumley | The serotonergic agonists quipazine, CGS-12066A, and alphamethylserotonin alter motor activity and induce hindlimb stepping in the intact and spinal rat fetus[END_REF][START_REF] Swann | Serotonergic activation of locomotor behavior and posture in one-day old rats[END_REF]. So far, however, no investigation has been carried out on the possible neuromodulatory action of 5-HTP on locomotor function, especially during early post-natal development.

Here, we compare for the first time the capability L-DOPA and 5-HTP to initiate and modulate locomotor activities in newborn rats. Specifically, by means of kinematic analyses, we quantified episodes of air-stepping expressed by 5 day old pups in response to peripheral injections of differing doses of L-DOPA and 5-HTP, administered alone or as combined cocktails. We also provide a quantification of the lumbar spinal cord content of the different monoamines obtained in response to the administration of the precursors measured by high performance liquid chromatography. We notably show that both molecules exert opposite actions on locomotor activity, and that 5-HTP impedes the pro-locomotor action of L-DOPA.

Material and Methods

Experiments were performed at post-natal day 5 (P5) on Sprague-Dawley newborn rats (n=165) of either sex and bred in the laboratory. All procedures were conducted in accordance with the local ethics committee of the University of Bordeaux, and followed the European Committee Council directives (2010/63/EU). All efforts were made to minimize animal suffering and the number of animals used. Each animal was subjected to only one of the experimental pharmacological conditions. Air stepping movements were monitored for 30 min after injection, although analyses were restricted to the last 3 min, at the time of a drug's effect was maximal (Viala andBuser, 1969a, 1969b;[START_REF] Mccrea | L-dopa-induced air-stepping in preweanling rats. I. Effects of dose and age[END_REF].

Pharmacology

L-3,4-dihydroxyphenylalanine (L-DOPA, ab120573, Abcam Biochemicals) and 5-Hydroxytryptophan (5-HTP, H9772, Sigma Life Science) were freshly prepared on the day of the experiment. L-DOPA (50 mg) was dissolved in HCl (37%, 350µL), distilled water (150µL) and Na2HPO4 (4.5 mL), and stirred to obtain a clear homogenous solution containing 10 mg/mL of the drug. In the present series of experiments, control rats received the equivalent volume of the vehicle solution. 5-HTP was prepared at 10 mg/mL in saline solution (NaCl, 9%). Both drugs were subcutaneously administered in the nape using a 30G needle. The volume injected was adjusted to the weight of each animal, within the range of 2.5-15 µL/g.

Air-stepping

Reflective face makers (diam 3 mm, optitrack) were placed bilaterally on the hip, scapula and toes of the fore-and hindlimbs. After drug administration, animals were placed in a sling suspended in the air (Figure 1A). Two green diodes placed on one side and two blue diodes on the opposite side were used in order to illuminate the markers during the recording. Sequences of air-stepping were then video monitored using a pair of cameras controlled by two Raspberry Pi microcomputers (https://www.raspberrypi.org). The frame rate was set to 49 Hz, which allowed synchronizing data acquisition when simultaneously initiated on both devices with a common external trigger. Video recordings were then stored in 3 min excerpts on a server for off-line analyses. The x-y coordinates of the markers were extracted imageby-image using Kinovea software (Kinovea.org). From these coordinates, locomotor parameters were then calculated from the angular excursion of each limb by using routines written in Matlab (Mathworks). Angular excursions of the pendular movements of the forelimb were calculated from the angles formed between the toe, scapula and hip, and the toe, hip and scapula for the hindlimb (Figure 1B). The cycle period of locomotor movement was calculated as the interval between two successive forward protractions (i.e., time for a backward retraction plus subsequent forward protraction).

The amplitude of pendular movements was defined as the angles formed between the extreme forward and backward leg positions during a step cycle, which are analogous to the swing and stance phases, respectively, during overground locomotion. The phase relationships between pairs of limbs were calculated from the point of swing onsets. For a given limb pair, the phase was derived from the delay between the swing start of the reference limb and the next swing start of the compared limb divided by the period of the reference limb step cycle. The phase relationship was converted into radians for circular statistical analysis and illustrated as circular plots. Coupling between limb pairs in recorded sequences was considered as 1:1 as long as a given step cycle of the reference limb was accompanied by single step cycle by the compared limb. This allowed determination of the percentage of 1:1 coupling between limbs.

Monoamine dosages

Animals were decapitated 30 min after precursors administration and the spinal cord was rapidly dissected out, frozen in isopentane (-34°C) and stored at -80°C. Tissue levels of dopamine, noradrenaline and serotonin were measured by high performance liquid chromatography (HPLC) as previously described [START_REF] Puginier | Early neurochemical modifications of monoaminergic systems in the R6/1 mouse model of Huntington's disease[END_REF], and which we adapted to concomitantly measure levels of L-DOPA in the same tissue samples. On the day of biochemical analysis, tubes containing the lumbar cord samples were placed on ice, and rapidly wiped and weighed. Samples were then homogenized in 0.1N HClO4 (100 µL), sonicated and centrifuged at 13,000 rpm for 30 min at 4°C. The supernatants were injected into the HPLC system using a manual injector (Rheodyne 7725i, C.I.L. Cluzeau, Sainte-Foy-La-Grande, France) equipped with a 20 µL loop into the HPLC column (Hypersyl C18, 150x4.6 mm, 5 µm, C.I.L. Cluzeau) preceded by a Brownlee-Newgard precolumn (RP-8, 15x32 mm, 7 µm, C.I.L. Cluzeau). The filtered (0.22 mm Millipore filter) mobile phase was composed of (in mM): 60 NaH2PO4, 0.1 Disodium EDTA, 2-Octane-Sulfonic acid in deionized water (18MW cm2) containing 7% methanol. The mobile phase was delivered by an HPLC pump (LC-20-AD, Shimadzu, France) at 1.2 mL/min. The pH was adjusted to 4 with orthophosphoric acid to obtain good conditions of eluent separation in the chromatogram. Monoamine detection was obtained with a coulometric cell (5011 coulometric cell, ESA, Paris, France) coupled to a programmable detector (Coulochem II, ESA). The potential of the electrodes was set to -270 and +350 mV. Of note, at these potentials (mainly oxidation) several metabolites and L-DOPA-derived metabolites can be oxidized which can lead to confounding pics [START_REF] Chagraoui | L-DOPA in Parkinson's Disease: Looking at the "False" Neurotransmitters and Their Meaning[END_REF]. Thus, we paid attention that the elution time for adrenaline, 5-hydroxyindolacetic acid, 3,4dihydroxyphenylacetic acid, 3-O-methyl-DOPA, vanylmandelic acid, homovanillic acid, 3-methoxytyramine, or 5-hydroxytryptophan was separated from the elution time for the compounds of interest. Moreover, we also confirmed that DOPEG, MOPEG, octopamine, tyramine, tyrosine, and tryptophan induced poor or undetectable signals at these potentials. Signals were acquired using an Ulyss interface and stored on a computer using dedicated software (Azur, Toulouse, France). The time for a sample elution was approximately 32 min. Calibration curves were obtained using standard solutions at three distinct and known concentrations for each compound of interest.

Moreover, a standard solution (1 ng/10µL) was administered before and after each daily series of sample analysis.

Statistics

Neurochemical data were analyzed using Prism software (GraphPad software).

Descriptive statistics are presented as mean ± standard deviation (SD). Comparisons between groups were achieved with a confidence level set at 95% using the tests mentioned in the text and tables. Circular statistics were performed on raw data using the circular statistic toolbox [START_REF] Berens | CircStat: A MATLAB Toolbox for Circular Statistics[END_REF] for Matlab. Circular data are represented as polar plots on which the direction of the resultant vector r, which is systematically illustrated as a red arrow, indicates the mean angular value (normalized from 0 to 1), while the length of the vector is a measure of the concentration of the data around that mean. The non-uniform distribution of the data was assessed using the Raleigh test with a significance level set at p<0.05. Only data showing a non-uniform distribution were represented as polar plots. Inter-groups comparisons of circular data were performed using the Watson-Williams test.

Results

L-DOPA induction of air-stepping

In a first series of experiments, rat pups (at P5) were injected with a single dose of L-DOPA at either 0 (i.e., vehicle only), 25, 50, 75 and 100 mg/kg. Administration of the vehicle alone did not trigger any air-stepping in all rats tested (n=12). In this control condition, a few pups would occasionally express global spasms, consisting of dorsoflexions of the back associated with extensions of all four limbs (Figure 2A), but in most cases animals remained inactive in the harness. In contrast, the subcutaneous injection of L-DOPA was effective in triggering air-stepping episodes. This is illustrated in Figure 2B,C where sequences of locomotor activity, monitored by the angular excursions of all 4 limbs, was expressed by two different pups after receiving a single dose of L-DOPA of 25 and 100 mg/kg, respectively. In both cases, episodes of quadrupedal air-stepping were characterized by alternating locomotor movements at both girdles, interspersed with periods of pausing (shaded areas in Figure 2B,C). The expression of air-stepping also required a minimal dose, since only 4 out of the 14 animals receiving L-DOPA at 25 mg/kg produced air-stepping (Figure 2D). Given the relatively small number of animals walking under this condition, this group was not included in the inter-group statistical comparisons. In contrast, at the dose of 50 mg/kg and beyond, L-DOPA triggered air-stepping activities in all pups (Figure 2D). However, the percentage of quadrupedal air-stepping activity significantly increased from 75 mg/kg (Figure 2E, Table1), which was due to a uniform increase in stepping duration at both girdles (Figure 2F).

Although these data indicated that L-DOPA did not target one girdle preferentially with respect to the other, further analyses of the stepping movements revealed specific locomotor parameter differences. First, the total number of step cycles was consistently higher at the forelimb level compared to the hindlimbs (Figure 3A, Table 1). This was primarily due to the fact that the frequency of forelimb stepping cycles was significantly higher at all doses (Figure 3B, Table 1), although the frequencies calculated for each girdle did not reveal any dose-dependent modulation of this parameter. Overall, increasing L-DOPA dose was not associated with any significant modulation of the amplitude of locomotor movements, although hindlimb movement amplitudes at 75 mg/kg were significantly less than those of the forelimbs with this concentration (Figure 3C, Table 1). Finally, in air-stepping evoked by all three doses, the degree of 1:1 bilateral coordination was very high at both girdles, although it was consistently higher (occurred in virtually every cycle) at the scapular level (Figure 3D, table 1). Moreover, the extent of 1:1 anteroposterior coupling was also found to be uniformly high (70 to 80% of locomotor cycles) and at all L-DOPA doses tested (Figure 3F).

By considering only step cycles in which 1:1 coupling occurred, we next assessed the phase relationships of the locomotor movements between the limbs of each bilateral pair. With all L-DOPA doses, locomotor movements were bilaterally alternating at both the scapular and pelvic levels, as seen in the polar plots of Figure 3E, where the group mean phase values (see red arrow vectors) for each limb pair at the different L-DOPA concentrations consistently indicated limb movements occurring in strict phase-opposition (i.e., phase 0.5). No significant difference was evident between groups at either the forelimb (50 mg/kg: 0.49 ± 0,03; 75 mg/kg: 0.48 ± 0,04; 100 mg/kg: 0.53 ± 0,04; Watson-Williams test, p = 0,064) or hindlimb levels (50 mg/kg : 0.52 ± 0,04 ; 75 mg/kg: 0.49 ± 0,04; 100 mg/kg: 0.51 ± 0,02; Watson-Williams test, p = 0,271). In contrast, analysis of the anteroposterior phase relationship between homolateral limb movements indicated group mean values located between alternation and synchrony at all L-DOPA doses (Figure 3G), and with a significant difference across groups (50 mg/kg: 0.74 ± 0,08; 75 mg/kg: 0.85 ± 0,07; 100 mg/kg: 0.78 ± 0,11; p = 0,033). Pairwise comparison showed that homolateral coupling phase values were significantly different between the 50 and 75 mg/kg L-DOPA groups (p = 0,004), but not between the 75 and 100 mg/kg groups (p = 0,143) nor between the 50 and 100 mg/kg groups (p = 0,348).

Together these data therefore indicate that L-DOPA exert a strong prolocomotor action in the newborn rat, especially from the dose of 75 mg/kg for which both the duration of air-stepping episodes and associated number of steps are optimal.

5-HTP modulation of ongoing air-stepping

In contrast to L-DOPA, the administration of 5-HTP alone at low (25 mg/kg) and high doses (150 mg/kg, n=10 in each group) failed to trigger any sequences of air-stepping within 30 min after injection (data not shown). Furthermore, no differences in nonlocomotory were observed between the two 5-HTP doses. In a next series of experiments, we asked whether 5-HTP could rather act synergistically with a low L-DOPA dose to trigger air-stepping activities. Because relatively few animals (< 30%) stepped in response to 25 mg/kg L-DOPA, this low dose was co-administered with either a low (25 mg/kg) or a high (150 mg/kg) dose of 5-HTP. None of the 12 animals tested with the combination of low L-DOPA/low 5-HTP expressed any locomotor movements (data not shown). In contrast, all animals (n=7) receiving the higher dose of 5-HTP with the low dose of L-DOPA, expressed some air-stepping movements.

However, as illustrated in Figure 4, this limb activity expressed in the presence of both compounds differed considerably from one animal to another. In some cases, animals exhibited brief episodes of limb movement that were interspersed by frequent pauses (Figure 4A), whereas in others, the alternating periods of activity and inactivity were considerably longer (Figure 4B). In all cases, furthermore, the dissimilarity between these interrupted movements and typical air-stepping activity was further indicated by the very low level (Figure 4A), if not inexistent (Figure 4B), of interlimb coordination (see shortened mean vector arrows in the polar plots of Figure 4A,4B). Also, the mean number of stepping cycles was considerably less than that observed under 25 mg/kg L-DOPA alone for both the forelimbs (L-DOPA alone: 188 ± 129, n=4; L-DOPA + 5-HTP : 47 ± 28, n=7) and hindlimbs (44 ± 31, n=7) levels.

We next assessed 5-HTP's ability to modulate episodes of air-stepping that were triggered by the higher dose of L-DOPA (100 mg/kg, Figure 5). Exposure to a low dose of 5-HTP (25 mg/kg) in combination with this L-DOPA concentration did not alter the emergence of long-lasting episodes of locomotor activity (Figure 5A 2), which remained significantly different between fore-and the hindlimbs at 25 and 75 mg/kg. While movement amplitudes also differed significantly between the limb pairs under all 5-HTP conditions, no major dosedependent trend was observed at a given girdle (Figure 6C, Table 2). Although the extent of 1:1 bilateral coupling was significantly decreased at both fore-and hindlimb levels with 75 and 150 mg/kg 5-HTP (Figure 6D, Table 2), the proportion of cycles in which 1:1 anteroposterior coupling occurred remained constant between the three groups (Figure 6F, Table 2). However, in contrast with the group receiving the lowest 5-HTP dose, in which all animals (n=11/11, 100%) expressed locomotor activities with strong coupling, both bilaterally (Figure 6E, left) and between the two girdles (Figure 6G, left), a significant left/right and anteroposterior coordination was found in only 9/13 (69%) and 6/10 (60%) animals at 5-HTP doses of 75 and 150 mg/kg, respectively.

Additionally, when present, the couplings were considerably weaker with the two higher doses (see decreases vector lengths in Figure 6E, G, middle and right).

Spinal monoamines levels in response to precursors administration

The behavioral data reported above clearly indicate that the induction of air-stepping was primarily linked to the presence of L-DOPA, with its pro-locomotor action being dependent on the dose administered. It was fundamental to determine in our specific conditions (newborn rats, no inhibitor of AADC, 30 minutes after injection) if the increasing doses of L-DOPA and/or 5-HTP were associated with corresponding increase in their tissue concentrations (pharmacokinetic evaluation). It was also essential to determine the extent to which these precursors could promote the expected increase of their respective product, maybe at the expense of the other monoamines [START_REF] Commissiong | Depletion of 5-HT by L-DOPA in spinal cord and brainstem of rat[END_REF][START_REF] Miguelez | Impairment of Serotonergic Transmission by the Antiparkinsonian Drug L-DOPA: Mechanisms and Clinical Implications[END_REF]. We thus quantified the spinal content of L-DOPA, 5-HTP, and monoamines 30 minutes after their administration at different doses. We focused on the lumbar segments where the hindlimb locomotor network is located in the rat [START_REF] Cazalets | Localization and organization of the central pattern generator for hindlimb locomotion in newborn rat[END_REF].

In the basal control condition, endogenous L-DOPA was not detectable in the lumbar cord region, but its spinal content increased significantly in a dose-dependent manner with exogenous administration (Kruskal-Wallis: p < 0.001 ; Figure 7A). This was also the case for dopamine, which remained below the detection threshold in the control condition, but then increased progressively with the dose of L-DOPA (Kruskal-Wallis: p < 0.001 ; Figure 7B). Conversely, neither the baseline levels of noradrenaline (Kruskal-Wallis: p = 0.088 ; Figure 7C) nor serotonin except between 50 and 100 mg/Kg L-DOPA groups (Kruskal-Wallis: p = 0.002 ; Figure 7D) in the lumbar segments were consistently affected by exogenous L-DOPA administration. In a related experiment, we found that the spinal content of 5-HTP (ANOVA: p < 0.001) and its end-product 5-HT (ANOVA: p < 0.001) increased with the dose of injected 5-HTP (Figure 7E, F), but as expected, dopamine remained undetectable at all concentrations (Figure 7H), and noradrenaline also did not change significantly from its endogenous baseline levels (ANOVA: p = 0.132 ; Figure 7G). In a final step, spinal monoamine contents were measured in animals 30 mins after receiving both L-DOPA (100 mg/kg) and 5-HTP (150 mg/kg) as a cocktail, i.e., a combined condition in which locomotor activity was drastically impaired. First, we found that spinal levels of L-DOPA significantly increased compared to its level obtained when this precursor was administrated alone (Mann-Whitney: p < 0.001 ; Figure 7I). In contrast, the spinal content of 5-HTP was not significantly modulated when coadministered with L-DOPA (Mann-Whitney: p = 0.386 ; Figure 7J). Importantly, however, although spinal L-DOPA level increased with the cocktail's administration, the production of dopamine from L-DOPA was significantly decreased (Mann-Whitney: p < 0.001 ; Figure 7K), dropping to a level equivalent to that obtained with a single dose of L-DOPA at between 25 and 50 mg/kg (see Figure 7A). Similarly, the production of 5-HT observed following the injection of 150 mg/kg 5-HTP alone was also significantly reduced after the same dose was co-injected with L-DOPA (Mann-Whitney: p = 0.013 ; Figure 7L). Finally, the spinal content of noradrenaline is slightly increased in the dual precursor treatment compared to L-DOPA alone (Mann-Whitney: p < 0.001; Figure 7M). These biochemical data therefore strongly suggest that a competition exists between the production of dopamine and 5-HT from L-DOPA and 5-HTP, respectively, thus providing an explanation for 5-HTP's apparent antagonistic effect on L-DOPA's pro-locomotor action in the spinal cord.

Discussion

Our results obtained under the various pharmacological conditions tested in the present work are compiled in Figure 8. Overall, L-DOPA and 5-HTP exert opposite effects on the expression of episodes of rhythmic air-stepping movement. With the exception of stepping amplitude (Figure 8F), all parameters measured were inversely affected by the two precursors. Increasing the dose of L-DOPA administered alone in addition to increasing the likelihood of animals becoming locomotor-active, increased the production of quadrupedal movements (Figure 8A), the numbers of steps expressed (Figure 8B). However, higher doses of L-DOPA had little effect on step cycle frequency, which was already maximal at lower doses (Figure 8C). In contrast, increasing the dose of 5-HTP administered with L-DOPA decreased the proportion of locomotor-active animals, the expression of quadrupedal air-stepping, the number of step cycles, and step cycle frequency (Figure 8A-C).

L-DOPA modulation of air-stepping

In agreement with a previous study [START_REF] Mccrea | L-dopa-induced air-stepping in preweanling rats. I. Effects of dose and age[END_REF], we found that L-DOPA triggers episodes of air-stepping in post-natal rat in a dose-dependent manner. Our experiments showed that L-DOPA clearly promotes the expression of quadrupedal airstepping in a dose-dependent manner. Indeed, from 50 mg/kg all animals were induced to walk, with the time spent stepping plateauing from 75 mg/kg. We also provide evidence that strong bilateral alternating limb movements generated at both girdles is actually a hallmark of L-DOPA induced locomotion. Interestingly, an analysis of the step cycle frequencies revealed that the dose of L-DOPA did not affect the stepping frequency measured at the two girdles. However, the stepping frequencies, although close, differ significantly between the two girdles, with higher mean values being systematically found at the forelimb level. Although the antero-posterior movements display a high degree of 1:1 coupling, this may explain why the strength of the phase coupling between the fore-and hindlimbs was always lower than that of bilateral couplings. Interestingly, this disparity points to a major difference between in vivo stepping activity observed here in P5 rats and 'fictive' locomotion expressed by in vitro spinal cord preparations from newborn (P0-P5) animals where pharmacological activation produces a uniform and strongly coordinated quadrupedal pattern [START_REF] Juvin | Propriospinal circuitry underlying interlimb coordination in mammalian quadrupedal locomotion[END_REF]. This difference is thus likely to reflect maturational differences in the integration of movement related feedback in vivo, and/or of descending locomotor commands that are also triggered by L-DOPA and which would interfere with intraspinal coupling mechanisms.

We also provide evidence that L-DOPA induces a dose-dependent synthesis of dopamine in the spinal cord, in contrast to noradrenaline and serotonin whose spinal content levels remain stable. It is noteworthy that the basal levels of monoamines that we observed in the absence of pharmacological stimulation were in a range similar to that reported in the neonatal mouse spinal cord [START_REF] Sharples | A dynamic role for dopamine receptors in the control of mammalian spinal networks[END_REF]. In our study, the L-DOPA-induced increase in spinal dopamine content did not affect the frequency or amplitude of locomotor movements, but increased the number of steps and time spent walking. Given that L-DOPA's action has been shown to be dependent on its conversion at least into dopamine [START_REF] Viala | Effects of a decarboxylase inhibitor on the Dopa and 5-HTP induced changes in the locomotor-like discharge pattern of rabbit hind limb nerves[END_REF][START_REF] Sickles | Dopamine D1 and D2 antagonists block L-dopaelicited air-stepping in neonatal rats[END_REF][START_REF] Arnaiz | An aromatic L-amino acid decarboxylase inhibitor blocks L-dopa-induced air-stepping in neonatal rats[END_REF][START_REF] Mccrea | Dopamine D1 and D2 antagonists block L-DOPAinduced air-stepping in decerebrate neonatal rats[END_REF], it is likely that the precursor's impact on ongoing locomotor activity relies on the production of dopamine and an activation of dopaminergic receptors at both supraspinal and spinal levels. Similarly, L-DOPA exerts a pro-locomotor action following a spinal cord lesion in the neonatal rat and dopamine was shown to modulate locomotor episodes produced by rodent in vitro spinal cord preparations [START_REF] Smith | In vitro brainstem-spinal cord preparations for study of motor systems for mammalian respiration and locomotion[END_REF][START_REF] Kiehn | Spatiotemporal characteristics of 5-HT and dopamine-induced rhythmic hindlimb activity in the in vitro neonatal rat[END_REF][START_REF] Barrière | Neuromodulation of the locomotor network by dopamine in the isolated spinal cord of newborn rat[END_REF][START_REF] Madriaga | Modulation of locomotor activity by multiple 5-HT and dopaminergic receptor subtypes in the neonatal mouse spinal cord[END_REF]. The increased level of air-stepping activity that we observed in our experiments, which is mostly due a decrease in periods of activity pauses, is closely consistent with the idea that modulators contribute to setting the state of excitability of the spinal locomotor networks, thus allowing a switch from intermittent to continuous episodes of locomotion [START_REF] Sharples | Dopaminergic modulation of locomotor network activity in the neonatal mouse spinal cord[END_REF][START_REF] Sharples | A dynamic role for dopamine receptors in the control of mammalian spinal networks[END_REF]. Indeed, it was shown from the in vitro spinal cord preparation that dopamine long-lastingly promotes the activation of the spinal locomotor networks through a pathway involving the recruitment of the adenylate cyclase [START_REF] Barrière | Neuromodulation of the locomotor network by dopamine in the isolated spinal cord of newborn rat[END_REF]. However, all the modulatory effects of dopamine reported previously from in vitro experiments were not observed here in vivo. For instance, as mentioned above, increasing L-DOPA's dose and consequently the spinal content of dopamine neither increased the amplitude nor decreased the frequency of the locomotor activity as reported in vitro [START_REF] Barrière | Neuromodulation of the locomotor network by dopamine in the isolated spinal cord of newborn rat[END_REF][START_REF] Gordon | Monoaminergic control of cauda-equina-evoked locomotion in the neonatal mouse spinal cord[END_REF]. This probably results from the fact that dopamine regulates different modules of locomotor circuitry, not only at the spinal level but also at the supraspinal level, which is absent from in vitro spinal cord preparations. Two diencephalic dopaminergic nuclei are involved in locomotor control. The A11 nucleus located in the posterior hypothalamus is likely to mediate a spinal action of L-DOPA since it projects to the spinal cord [START_REF] Björklund | Evidence for a major spinal cord projection from the diencephalic A11 dopamine cell group in the rat using transmitter-specific fluorescent retrograde tracing[END_REF][START_REF] Hökfelt | Evidence for a dopaminergic pathway in the rat descending from the A11 cell group to the spinal cord[END_REF][START_REF] Barraud | Neuroanatomical study of the A11 diencephalospinal pathway in the non-human primate[END_REF][START_REF] Koblinger | Characterization of A11 neurons projecting to the spinal cord of mice[END_REF][START_REF] Koblinger | Optogenetic Activation of A11 Region Increases Motor Activity[END_REF]. This is further indicated by the optogenetic activation of A11 tyrosine hydroxylase positive neurons in the mouse, which leads to an activation of the spinal locomotor program [START_REF] Koblinger | Optogenetic Activation of A11 Region Increases Motor Activity[END_REF].

In addition, the second dopaminergic nucleus (A13) located in the zona incerta, is very likely to activate spinal locomotor circuitry through the activation of D1 receptors in the mesencephalic locomotor region [START_REF] Ryczko | Forebrain dopamine neurons project down to a brainstem region controlling locomotion[END_REF][START_REF] Ryczko | Nigral Glutamatergic Neurons Control the Speed of Locomotion[END_REF]. On this basis, therefore, the observed activation of air-stepping in intact newborn rats probably results from the synergistic action of dopamine at different levels of the locomotor control system, and is also likely to explain the decreased ability of L-DOPA to trigger stepping movement below a neonatal spinal cord lesion [START_REF] Mcewen | L-DOPA and quipazine elicit air-stepping in neonatal rats with spinal cord transections[END_REF].

Equivocal action of 5-HTP on air-stepping

The rational for testing 5-HTP in our experiments was motivated by the fact that its end-product, serotonin, is a well-established neuromodulator of rodent spinal locomotor networks in vitro and in vivo [START_REF] Cazalets | Activation of the central pattern generators for locomotion by serotonin and excitatory amino acids in neonatal rat[END_REF][START_REF] Gimenez Y Ribotta | Kinematic analysis of recovered locomotor movements of the hindlimbs in paraplegic rats transplanted with monoaminergic embryonic neurons[END_REF][START_REF] Schmidt | The role of serotonin in reflex modulation and locomotor rhythm production in the mammalian spinal cord[END_REF][START_REF] Antri | Long-lasting recovery of locomotor function in chronic spinal rat following chronic combined pharmacological stimulation of serotonergic receptors with 8-OHDPAT and quipazine[END_REF][START_REF] Liu | Stimulation of the parapyramidal region of the neonatal rat brain stem produces locomotor-like activity involving spinal 5-HT7 and 5-HT2A receptors[END_REF][START_REF] Liu | Spinal 5-HT7 receptors are critical for alternating activity during locomotion: in vitro neonatal and in vivo adult studies using 5-HT7 receptor knockout mice[END_REF][START_REF] Oueghlani | Serotonergic modulation of sacral dorsal root stimulation-induced locomotor output in newborn rat[END_REF]. Other than triggering occasional and otherwise erratic limb movements, we found that the serotonin precursor 5-HTP is incapable of activating air-stepping in newborn rats, even at high doses. This is in contrast with earlier studies in the rabbit where 5-HTP was reported to evoke episodes of rhythmical activity in decerebrate preparations, before and after an acute spinal cord transection.

A noteworthy caveat, however, is that this triggering action was not observed in semichronic (< 1 week) spinal rabbits (Viala and Buser, 1969a) and cat [START_REF] Barbeau | Initiation and modulation of the locomotor pattern in the adult chronic spinal cat by noradrenergic, serotonergic and dopaminergic drugs[END_REF][START_REF] Barbeau | Noradrenergic agonists and locomotor training affect locomotor recovery after cord transection in adult cats[END_REF]. It is relevant in this context that the activation of different receptor subfamilies is known to have antagonistic effects on locomotion [START_REF] Landry | Differential effects of 5-HT1 and 5-HT2 receptor agonists on hindlimb movements in paraplegic mice[END_REF][START_REF] Perrier | Serotonin differentially modulates the intrinsic properties of spinal motoneurons from the adult turtle[END_REF][START_REF] Oueghlani | Serotonergic modulation of sacral dorsal root stimulation-induced locomotor output in newborn rat[END_REF]. For example, 5-HT2A and 5-HT7 receptors are positively associated with the activation of lumbar locomotor networks in newborn rats [START_REF] Cazalets | Activation of the central pattern generators for locomotion by serotonin and excitatory amino acids in neonatal rat[END_REF][START_REF] Madriaga | Modulation of locomotor activity by multiple 5-HT and dopaminergic receptor subtypes in the neonatal mouse spinal cord[END_REF][START_REF] Liu | Stimulation of the parapyramidal region of the neonatal rat brain stem produces locomotor-like activity involving spinal 5-HT7 and 5-HT2A receptors[END_REF]. In contrast, a strong release of endogenous serotonin has been shown to decrease the excitability of motoneurons through an extra-synaptic activation of 5-HT1A receptors at the axonal initial segment, which is a mechanism associated with central fatigue [START_REF] Perrier | Serotonergic modulation of spinal motor control[END_REF]. One possibility is thus that 5-HTP administration leads to the activation in the spinal cord, or more widely across the neuraxis, of multiple 5-HT receptor subtypes whose actions effectively cancel each other.

In a situation where peripheral inhibitor of the AADC was not given, a strength of our study is to provide neurochemical evidence that the increasing doses of either L-DOPA and/or 5-HTP actually increased their tissue concentrations in the spinal cord in a dose-dependent manner. Such an effect was associated with the expected, dosedependent increase of their respective AADC-derived products dopamine and 5-HT, probably involving multiple cell types expressing AADC (Tison et al., 1991b(Tison et al., , 1991a;;[START_REF] De Deurwaerdère | Expanding the repertoire of L-DOPA's actions: A comprehensive review of its functional neurochemistry[END_REF]. Our biochemical study allows for a better understanding on the reasons why 5-HTP strongly interferes with L-DOPA's ability to induce episodes of air-stepping, and in a dose-dependent manner. Thus, together with the above-mentioned hypothesis that 5-HTP-derived 5-HT may exert an overall direct inhibitory effect in the spinal cord and/or at a supraspinal level, our neurochemical study also indicates that 5-HTP impairs the rise of L-DOPA-derived dopamine. This result agrees with data reporting that 5-HTP and L-DOPA certainly compete in cells expressing AADC for the production of both 5-HT and dopamine respectively [START_REF] Butcher | Behavioral and biochemical effects of L-dopa after peripheral decarboxylase inhibition[END_REF][START_REF] Everett | L-dopa: effect on concentrations of dopamine, norepinephrine, and serotonin in brains of mice[END_REF][START_REF] Ng | L-Dopa-induced release of cerebral monoamines[END_REF][START_REF] Andén | A new dopamine--hydroxylase inhibitor: effects on the noradrenaline concentration and on the action of L-DOPA in the spinal cord[END_REF][START_REF] Commissiong | Depletion of 5-HT by L-DOPA in spinal cord and brainstem of rat[END_REF][START_REF] Commissiong | Synthesis of catecholamines in the developing spinal cord of the rat[END_REF][START_REF] Commissiong | Metabolism of catecholamines in the developing spinal cord of the rat[END_REF]. This is in line with results in the brain showing that the administration of L-DOPA induced ectopic efflux of dopamine from serotonergic neurons [START_REF] Navailles | Serotonergic neurons mediate ectopic release of dopamine induced by L-DOPA in a rat model of Parkinson's disease[END_REF][START_REF] Navailles | Chronic L-DOPA therapy alters central serotonergic function and L-DOPA-induced dopamine release in a region-dependent manner in a rat model of Parkinson's disease[END_REF][START_REF] Miguelez | L-DOPA elicits non-vesicular releases of serotonin and dopamine in hemiparkinsonian rats in vivo[END_REF], while the administration of 5-HTP induced 5-HT synthesis and release from catecholaminergic neurons [START_REF] Stamford | Striatal dopamine terminals release serotonin after 5-HTP pretreatment: in vivo voltammetric data[END_REF]. Thus, the 'dopaminergic' effects of L-DOPA may in part involve serotonergic terminals in activating locomotion, an effect dampened by the additional presence of 5-HTP which would limit the decarboxylation of L-DOPA within serotonergic terminals [START_REF] De Deurwaerdère | Expanding the repertoire of L-DOPA's actions: A comprehensive review of its functional neurochemistry[END_REF][START_REF] Chagraoui | L-DOPA in Parkinson's Disease: Looking at the "False" Neurotransmitters and Their Meaning[END_REF]. A similar explanation has been proposed to account for the reduction of L-DOPA-induced dyskinesia by 5-HTP [START_REF] Tronci | 5-Hydroxy-tryptophan for the treatment of L-DOPA-induced dyskinesia in the rat Parkinson's disease model[END_REF].

Conclusion

Using kinematic analysis to quantify air-stepping is a suitable method for investigating the neuromodulation of the locomotor activity from birth. On one hand, our data from employing this in vivo approach reinforced the notion established from ex vivo experiments whereby the dose-dependent action of L-DOPA mimics the intraspinal dopaminergic regulation of spinal locomotor networks. On the contrary, we show that 5-HTP does not reproduce the pro-locomotor action of serotonin observed with ex vivo approaches. Because the regulation of monoamine synthesis is sensitive to the integrity of the spinal cord [START_REF] Wienecke | Spinal cord injury enables aromatic L-amino acid decarboxylase cells to synthesize monoamines[END_REF], further work will be needed 
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 1 Statistics related to the action of L-DOPA administrated alone from 50 to 100 mg/kg on air-stepping parameters. Significant differences are indicated in bold.
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 2 Statistics related to the combined action of increasing dose of 5-HTPwith L-DOPA (100 mg/kg) on air-stepping parameters. Significant differences are indicated in bold.
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to unravel the precise actions and effectiveness of monoamine precursors in treatments following neonatal spinal cord lesions [START_REF] Züchner | Rapid recovery and altered neurochemical dependence of locomotor central pattern generation following lumbar neonatal spinal cord injury[END_REF][START_REF] Kondratskaya | Locomotor central pattern generator excitability states and serotonin sensitivity after spontaneous recovery from a neonatal lumbar spinal cord injury[END_REF].