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Applying serotonergic (5-HT) agonists or grafting of fetal serotonergic cells into the spinal cord improves locomotion after spinal cord injury. Little is known about the role of 5-HT receptors in the control of voluntary locomotion, so we administered inverse agonists of 5-HT2 (Cyproheptadine; Cypr), 5-HT2A neutral antagonist (Volinanserin; Volin), 5-HT2C neutral antagonist (SB 242084), and 5-HT2B/2C inverse agonist (SB 206553) receptors intrathecally in intact rats and monitored their effects on unrestrained locomotion. An intrathecal cannula was introduced at the low thoracic level and pushed caudally until the tip reached the L2/L3 or L5/L6 spinal segments. Locomotor performance was evaluated using EMG activity of hindlimb muscles during locomotion on a 2 m long runway. Motoneuron excitability was estimated using EMG recordings during dorsi- and plantar flexion at the ankle. Locomotion was dramatically impaired after the blockage of 5-HT2A receptors. The effect of Cypr was more pronounced than that of Volin since in the L5/L6 rats Cypr (but not Volin) induced significant alteration of the strength of interlimb coordination followed by total paralysis. These agents significantly decreased locomotor EMG amplitude and abolished or substantially decreased stretch reflexes. Blocking 5-HT2B/2C receptors had no effect either on locomotion or reflexes. We suggest that in intact rats serotonin controls timing and amplitude of muscle activity by acting on 5-HT2A receptors on both CPG interneurons and motoneurons, while 5-HT2B/2C receptors are not involved in control of the locomotor pattern in lumbar spinal cord.
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INTRODUCTION

There is recent evidence that the appearance of locomotor activity after spinal cord injury is due to 5-HT2C receptors that became constitutively active after injury (Fouad et al., 2010; Murray et al., 2010). 5-HT receptors that predominate in the control of locomotion in uninjured animals has not been established, nor has any role for 5-HT2C receptors in normal locomotion investigated. We hypothesized that intrathecal application of antagonists or inverse agonists to the 5-HT receptors implicated in locomotor control in intact rats can provide new insights into the receptors that predominate in voluntary control of locomotion. Previous pharmacological evidence has demonstrated the significant role of serotonergic receptors 5-HT2A, 5-HT2C, and 5-HT7 in the recovery of locomotor function in paraplegic rats.

Pharmacological evidence using agonists has demonstrated contributions of several 5-HT receptors to the initiation and control of locomotion in the isolated spinal cord of neonatal animals, but few studies have tested the contributions of these receptors to the ability of 5-HT to control locomotion in adult, intact animals. Activation of 5-HT1A/5-HT7 receptors with 8-hydroxy-2-(di-n-propylamino)-tetralin (8-OHDPAT) has shown that one or both of these receptors are able to enhance locomotor activity in spinal injured adult rodents (Antri et al., 2003, 2005; Landry et al., 2006; Courtine et al., 2009; Musienko et al., 2011; Sławińska et al., 2012b, 2014a; van den Brand et al., 2012; Cowley et al., 2015) and to control the coordination of flexor and extensor muscles and muscles on the left and right hindlimbs of the animal (Sławińska et al., 2012b, 2014a). Quipazine, a 5-HT2A/5-HT2C (but not 5-HT2B) agonist, is a potent stimulant of locomotor activity in animals (cats, rats and mice) with spinal cord injury (Barbeau and Rossignol, 1990, 1991; Antri et al., 2002, 2003; Gerasimenko et al., 2007; Courtine et al., 2009; Musienko et al., 2011; Ghosh and Pearse, 2014; Sławińska et al., 2014a). Ung et al. (2008) found that 5-HT2A but not 5-HT2B or 5-HT2C receptors could account for quipazine-induced locomotion in mice 1 week after spinal transection. Here we investigated the role of these receptors in intact adult rats.

Different 5-HT receptors are implicated in the control of separate components of the locomotor rhythm and pattern, such that the use of different specific agonists or antagonists produces different functional consequences (Sławińska et al., 2014a). There is also growing evidence suggesting a regional differentiation of certain receptors in different rostro-caudal regions (Jordan and Schmidt, 2002; Langlet et al., 2005; Liu and Jordan, 2005; Liu et al., 2009) that are in line with the differential effects of 5-HT on supra-lumbar vs. lumbar regions. Recent studies have extended this issue to include effects at the sacral level (Murray et al., 2010).

Much of the knowledge about the role(s) of the different receptors has emerged from fictive locomotion experiments in vitro, but recent evidence makes it clear that the function and likely targets for specific receptors can change during development, so that the results in neonatal preparations may not reflect the functional role(s) of specific receptors in adult animals. For example, cholinergic agonists applied to the isolated spinal cord of neonates can produce coordinated fictive locomotion (Cowley and Schmidt, 1994; Lev-Tov et al., 2000; Anglister et al., 2008, 2017; Finkel et al., 2014), but when the same agonists are applied to the spinal cord of adult spinal animals they suppressed locomotion, while spinal locomotion was facilitated by cholinergic antagonists (Jordan et al., 2014). In addition, increased and even dominant control by the same cholinergic receptors is exerted on afferent mechanisms controlling locomotion in older animals (Jordan et al., 2014). In such a case the role of specific receptors dramatically changes during development, and the importance of the receptor class in adults cannot be predicted from results on the isolated neonatal spinal cord. Similarly, there is evidence showing that 5-HT receptors undergo developmental changes so that effects of 5-HT on locomotor neurons such as V2a, commissural cells (Husch et al., 2012), and motoneurons (Hounsgaard et al., 1988; Kiehn and Eken, 1998) result in increased excitability in the adult. Evidence has been accumulating for many years that activation of 5-HT receptors can facilitate locomotion in animals with spinal cord injury (Schmidt and Jordan, 2000; Antri et al., 2003, 2005; Sławińska et al., 2014a), and spinal cord injury is associated with changes in receptor density (5-HT2A receptors) and changes in post-translational editing (5-HT2C and perhaps 5-HT2B receptors). Tysseling et al. (2017) confirmed that 5-HT2C receptor constitutive activity is increased after spinal cord contusion, but Hayashi et al. (2010) reported that selective 5-HT2C receptor activation is not effective in improving hindlimb function after incomplete lesions. Kim et al. (2001) revealed that m-chlorophenylpiperazine (m-CPP), possessing high efficacy at 5-HT2C receptors, applied systemically, improved motor function in spinal rats with and without grafts of fetal spinal cord. In our preliminary experiments using intrathecal (IT) drug injections in intact rats with indwelling catheters at various levels, we found that the precise placement of the cannula tip was a major factor in producing results on locomotion and on motoneuron output (Sławińska et al., 2012a). In our experiments we test the efficacy of the intrathecal delivery using lidocaine injections. Only those cannula placements where lidocaine impaired locomotion were used in subsequent drug trials. This is a precaution that is neglected in many studies using the IT approach.

The importance of 5-HT2C receptors in the production of hyperexcitability in motoneurons and in the appearance of locomotor activity after spinal cord injury has been emphasized (Fouad et al., 2010; Murray et al., 2010; Tysseling et al., 2017), but the available data about their role in intact animals are sparse. Moreover, in our preceding experiments described above, Cypr could be exerting its effects due to its affinity to other 5-HT receptors, including 5-HT2B/2C.

These factors, and the previous suggestion that 5-HT2C receptors are without effect on locomotion in uninjured animals (Fouad et al., 2010), prompted us to examine the action of IT applications of 5-HT antagonists more closely in an attempt to determine the effects of specific antagonists of 5-HT2 receptors on locomotion in uninjured rats. Here we use intrathecal application of specific antagonist/inverse agonists to 5-HT2A, 5-HT2B and 5-HT2C receptors coupled with EMG recordings during locomotion on a runway to facilitate analysis of effects on coordination and excitatory drive to motoneurons. The EMG recordings gives a unique opportunity to investigate the rhythm of the locomotor pattern by establishing the cycle and burst durations as well as the inter- and intralimb coordination, even if the plantar stepping is deteriorated (Sławińska et al., 2014b). This will allow us to determine the contributions of these receptors to the spinal control of locomotion in adult intact rats.



MATERIALS AND METHODS


Animals

The experiments were carried out on female Wistar rats (n = 17), age 3 months at the beginning of experiments and weighing between 250 and 300 g. The animals were kept in individual cages in a room with 12–12 h dark-light cycles. All experiments were conducted with the approval of the First Ethics Committee for Animal Experimentation in Poland and followed EU guidelines on animal care.



Intrathecal Cannula Implantation

The procedure for intrathecal cannula implantation was previously described (Majczyński et al., 2005, 2006; Cabaj et al., 2017). The implantation was performed in aseptic conditions under deep anesthesia (Isoflurane, 2% and Butomidor, 0.05 mg/kg b.w.). A polyethylene cannula (PE-10) was inserted into the subarachnoid space through a small opening made at the Th10/11 vertebral level and was pushed under the dura caudally aiming to reach the L5/L6 (low-lumbar; LL) or L2/L3 (upper-lumbar; UL) root entrance to the spinal cord (Figure 1). The cannula was fixed by sewing it to the Th10 spinous process and stabilized by suturing the overlying back muscles in place. The other end of the cannula was guided under the skin to reach the skull and connected to a custom-made adaptor cemented to the bone. After surgery, the animals received a non-steroidal anti-inflammatory and analgesic treatment (Tolfedine 4 mg/kg s.c.) and antibiotic (Baytril 5 mg/kg s.c.). Two to five days after surgery the patency and correct placement of the cannula was verified by injection of 15 μl of 2% lidocaine followed by 12 μl of sterile saline (sodium chloride 0.9%).
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FIGURE 1. Schematic diagram presenting the cannula tip location in the spinal cord in two groups of rats: upper lumbar (UL) and low lumbar (LL) spinal segments. The black lines below the different spinal cord segments (L2–L5) present schematically the distribution of the motoneurons innervating soleus (Sol), tibialis anterior (TA), and adductor muscles (Add) (Nicolopoulos-Stournaras and Iles, 1983; Sławińska et al., 1995). The segments in blue indicate the hypothetic location of the neural network of the Central Pattern Generators (Cazalets et al., 1995; Jordan and Schmidt, 2002).




Implantation of EMG Electrodes

We used EMG (electromyography) recordings to monitor fore- and hindlimb movement to detect the muscles being used for any forward progression observed before and after intrathecal drug application. Bipolar electrodes were implanted in the flexor and/or extensor muscles of each limb [in forelimbs, the Triceps Brachii medial head (Tri); in hindlimb muscles: Adductor Longus (Add), Tibialis Anterior (TA) and Soleus (Sol)] under deep anesthesia (Isoflurane, 2 % and Butomidor, 0.05 mg/kg b.w.) (for details see Sławińska et al., 2000; Majczyński et al., 2007). The electrodes were made of Teflon-coated multi-stranded stainless steel wire (0.24 mm in diameter; AS633, Cooner Wire, Chatsworth, CA, United States). The tips of the electrodes with 1–1.5 mm of the insulation removed were pulled through a cutaneous incision on the back of the animal, and each of the hook electrodes was inserted into the appropriate muscle and secured by a suture (Sławińska et al., 2000; Majczyński et al., 2007). The distance between the electrode tips was 1–2 mm. The ground electrode was placed under the skin on the back of the animal some distance from the hindlimb muscles. The connector with the other ends of the wires fixed to it, covered with dental cement (Spofa Dental, Prague, Czechia) and silicone (3140 RTV, Dow Corning), was secured to the back of the animal. After surgery, the animals received a non-steroidal anti-inflammatory and analgesic treatment (Tolfedine, 4 mg/kg s.c.) and antibiotic (Baytril, 5 mg/kg s.c.).



EMG Recordings and Analysis of Locomotor Pattern on a Horizontal Runway

EMG signals, recorded in freely moving rats, were filtered (0.1- to 1 kHz bandpass), digitized and stored on a computer (2 kHz sampling frequency) using the Winnipeg Spinal Cord Research Centre data capture system. The normal locomotor EMG pattern is characterized by the rhythmic burst activity recorded from the extensor and flexor muscles of the limbs. Based on this rhythmic EMG burst activity various indices to quantify locomotor performance were established using custom software.1 First, we selected the fragments of the EMG recordings with 10–14 steps of rhythmic locomotor performance from each rat in different experimental conditions. In the case of a very strong deterioration of locomotor performance, we selected 8–10 of the EMG cycles reflecting impaired hindlimb movement with no plantar stepping. In the case of drug-induced total paralysis, we selected the last trial of locomotor progression along the runway presenting burst EMG activity, prior to the complete loss of EMG that usually appears in 3–5 min after drug application (e.g., the potent effect of Cypr application). The analysis started with marking all the burst onsets and offsets in all the EMG activity recorded. Based on marked burst onsets and offsets we established the cycle duration, burst duration, burst EMG amplitude and inter- and intralimb coordination in different rats for different experimental conditions. The left-right coordination (L-R; the coupling of homonymus muscles of the left and right limb) as well as coordination between flexor and extensor muscles on one side, was determined using polar plot analysis (Batschelet, 1981; Kjaerulff and Kiehn, 1996; Cowley et al., 2005; Zar, 2010; Sławińska et al., 2013). In the polar plot analysis, the position of the vector at 0 or 360° of the polar plot reflects synchrony of analyzed EMG burst onsets, whereas 180° is equivalent to alternation. The length of the vector (r, ranging from 0 to 1) indicates the strength of coordination between analyzed muscle burst onsets demonstrating the concentration of phase shift values around the mean. The phase shift values indicated as individual dots on the polar plot should be highly concentrated around the mean phase when the onset of EMG bursts of the same muscle of left and right hindlimbs are strongly coupled. When there is no coupling in analyzed burst muscle onsets, the muscle activities are independent and the distribution of phases should show some dispersion, with the wide distribution of dots on the polar plot. To determine whether the inter- and intralimb coordination r-values were concentrated, suggesting coupling of burst activity, or dispersed, indicating no coordination, Rayleigh’s circular statistical test was applied. In our analysis, the inter- or intralimb coordination was considered to be phase-related if r was greater than critical Rayleigh’s value (cR) for a given P-value (Zar, 2010). When describing these results, we established the r-value for each polar plot together with its statistical significance (p).



Testing the Effects of Intrathecal Drug Applications

To block 5-HT2A receptors we used: Cyproheptadine chloride (inverse agonist) [4-(5H-Dibenzo[a,d]cyclohepten-5-ylidine)-methylpiperidine hydrochloride] and Volinanserin hydrochloride salt (selective 5-HT2A antagonist) [(ααR)-α-(2,3-Dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-piperidinemethanol Hydrochloride]. To block 5-HT2C receptors we used SB 242084 (selective 5-HT2C antagonist) (6-Chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-pyridinyl) oxy]-3-pyridinyl]-1H-indole-1-carboxyamide dihydrochloride). To block 5-HT2B and 5-HT2C receptors we used SB 206553 hydrochloride (inverse agonist) (3,5-Dihydro-5-methyl-N-3-pyridinylbenzo[1,2-b:4,5-b’]dipyrrole-1(2H)-carboxamide hydrochloride. In Table 1 the affinity of agents we employed for different 5-HT receptors is presented.


TABLE 1. Chemical agents used for intrathecal application.

[image: Table 1]All the antagonists and inverse agonists were dissolved for stock solution: Cypr and Volin in Glycerol (plus 10 μl 0.1N HCl) as well as SB 206553 and SB 242084 in 30% DMSO. The final dose was prepared from the stock solution by adding 0.9% NaCl just before IT application. None of the described vehicles injected alone in control experiments evoked any changes in locomotion of tested rats.

Intrathecal application of four drugs listed in the Table 1, was performed in 32 independent experiments carried out on 17 rats. Care was taken to use each animal in at least two experiments with two different drugs. The experiments with intrathecal applications were performed usually once a week always separated by an interval of at least 72 h. Such precautions were taken due to the possible effect of tachyphylaxis, which we observed in our previous investigation using the intrathecal application in intact rats (Majczyński et al., 2006). Every intrathecal application of drugs was performed as a single bolus of 20 or 30 μl of dissolved drug in vehicles (for details see below) that was followed by a bolus of about 12 μl of sterile saline to wash the drug from the cannula. The procedure of drug injection lasted approximately 30 s. In the case of no response to the drug tested during a given trial, lidocaine was subsequently injected to test the patency of the cannula. A similar volume of sterile 0.9% saline was used as a control injection.



Verification of the Cannula Tip Location Within the Spinal Cord

After completing all the experiments each rat was anesthetized and perfused through the heart with PBS followed by 4% paraformaldehyde. The spinal cord was exposed and the level of the entrance of the cannula and the location of its tip was verified by identifying the relevant spinal roots. In some animals, the position of the tip of the cannula was also marked by injecting 20 μl of a dye (gentian violet 1%). It was detected that the dye solution was marking clearly the spinal cord segment close to the tip of cannula but was often detected in the spinal cord along the cannula due to osmotic forces, which drove the dye solution up of the spinal cord along the cannula.



Locomotor Performance

The locomotion was tested on the horizontal runway 2 m long, 0.12 m wide positioned 1.4 m above the ground with illuminated start platform at one end and a darkened goal box on the other (for details see Majczyński et al., 2007). Rats were trained to pass along the runway with relatively constant velocity and stable rhythmic locomotor movements. Usually, they present 12–14 steps to pass the 2 m long runway. In all the experiments only runs with at least 10 regular steps were accepted for further analysis.

Each experiment started with the evaluation of pre-drug locomotor performance. Then a bolus of 20 or 30 μl of selected antagonist suspension (see Table 1) was delivered through the intrathecal cannula and washed out with 12 μl of saline and locomotion was tested immediately when the first sign of hindlimb movement deterioration (usually 3 – 5 min after drug administration) and then was continued at 15–20 min intervals for up to 2–3 h to investigate drug effects.



Reflexes

Reflex responses to dorsi- and plantar flexion of the ankle joint were obtained as previously described (Hnik et al., 1981, 1982; Vejsada et al., 1991; Sławińska and Kasicki, 2002; Cabaj et al., 2017) in an attempt to determine whether the 5-HT2A and 5-HT2B/2C receptor ligands have any direct effect on excitability of motoneurons innervating hindlimb muscles.



Statistics

For standard statistical analysis regarding the comparison of various parameters established in the different groups of animals, we used the GraphPad Software (GraphPad Software version 8.1.1 for Windows, San Diego, CA, United States).2 The data described in our paper are always presented in the text as mean ± standard deviation (mean ± SD). For comparison of the cycle and EMG burst durations, ANOVA with Sidak’s test for multiple comparisons was applied. The relationship between burst duration vs. cycle duration established for individual muscles was determined using regression line analysis (Halbertsma, 1983; Majczyński et al., 2007). The data expressed as a ratio of pre-drug value are illustrated in the figures using box-and-whisker diagrams. The boxes are bounded by 25 and 75% quartiles. The median is indicated by the horizontal line. The whiskers extending from each end of the boxes show the extent of the range of the data (the min and max of analyzed values). For the data expressed as the ratio of the control values established in the pre-drug conditions, non-parametric Kruskal–Wallis (KW) statistical analysis with Dunn’s test for multiple comparisons was used. The same statistic was used for comparison of the strength of intra- and interlimb coordination established as the length of the r-vector in different experimental conditions. The results of KW non-parametric statistical analysis are provided in the text describing results illustrated in the particular figure as KW (degree of freedom) = statistics value and p-value.



RESULTS


Alteration of Locomotor Performance in Adult Intact Rats by Interfering With 5-HT2A, 5-HT2B, or 5-HT2B/2C Receptors – General Observations

Prior to drug administration, the rat locomotor performance along the horizontal runway was tested together with simultaneous recording of EMG activity of selected muscles of fore- and hindlimbs as well as videotaping, as described previously (Cabaj et al., 2017). After completing the video and EMG recordings in the control pre-drug experiments (see the EMG examples in Figures 2A–D) the rats were subjected to the intrathecal (IT) drug application and their locomotor performance was investigated in the same experimental condition, starting at the first sign of drug effect. Application of Cypr or Volin caused the rat to lose body weight support (BWS) in the hindlimbs (see the videos in Supplementary Videos S1–S5). The rats moved forward along the runway using their forelimbs (see the changes in EMG activity of left and right Tri in Figures 2E–H) with their hindquarters, trunk and hindlimbs dragging behind (Figures 2I–L).


[image: image]

FIGURE 2. Examples of EMG recordings illustrating hindlimb locomotor impairments in adult freely moving rats induced by blockage of various 5-HT receptors after IT application of either Cyproheptadine (Cypr; A,E,I,C,G,K) or Volinanserin (Volin; B,F,J,D,H,L) in the upper lumbar (UL) or low lumbar (LL) spinal cord. Left panels (A–D) present examples of typical EMG bursts recorded during voluntary locomotion along the horizontal runway in adult freely moving rats in the control pre-drug situation. Middle panels (E–H) present examples of EMG activity recorded 3–5 min after the drug administration when usually the highest deterioration of locomotor performance was obtained. Note that 3–5 min after either drug administration (E–H) the hindlimb EMG was greatly reduced in amplitude and frequency in all cases. We took care to analyze 8 – 10 rhythmic cycles from the period of highest deterioration (just prior to total paralysis in the case of Cypr treatment in LL rat). All the rats lost hindlimb body weight support and plantar stepping abilities after blockade of 5-HT2A receptors. The increase in EMG amplitude of forelimb muscles (lTri and rTri) reflects the increased use of the forelimbs for progression. See that in LL rats after Cypr application the rhythmic EMG activity of Sol and TA disappeared completely (G), Right panel (I–L) presents the individual frames illustrating hindlimb paralysis observed after IT drug applications (see video material presented in Supplementary Information attached to the paper). lAdd/rAdd, left/right adductor muscle; lSol/rSol, left/right soleus muscle; lTA/rTA, left/right tibialis anterior muscle; lTri/rTri, left/right triceps brachii muscle; Cypr, Cyproheptadine; Volin, Volinanserin; UL, upper lumbar segments (L2/L3); LL, low lumbar spinal cord (L5/L6).


After Volin, in both UL (n = 5) and LL (n = 5) rats, small rhythmic movements at the hip, knee and ankle joints were observed despite the lack of BWS (Figures 2J,L). This was accompanied by rhythmic EMG activity in hindlimb muscles (Figures 2F,H), although the EMG amplitude was smaller than before drug application (Figures 2B,D). After this stage of impairment, which lasted 10–20 min, the BWS gradually returned to the pre-drug level and animals started to use their hindlimbs to perform regular four-limb locomotion. Full recovery appeared after 30–40 min.

After Cypr in the UL (n = 6) rats the time course of hindlimb locomotor deterioration was similar to that after Volin, but in LL (n = 5) rats the deterioration was more pronounced. In four out of five of LL rats, Cypr evoked total paralysis with a complete absence of EMG activity in the TA and Sol muscles with rather little residual activity present in the Add muscles (Figure 2G). At this stage, which lasted 5–15 min, no movement at any of the hindlimb joints was observed. The legs remained passively extended behind the body and the rats moved forward using their forelimbs only (see EMG recordings in the left and right Tri muscles Figure 2G). After a period of complete hindlimb paralysis induced by the Cypr, small movements in all three joints occurred, and the sequence of recovery was similar to that observed in both groups of rats after Volin. The recovery of four-limb locomotion appeared 40–60 min after drug administration.

Next, we investigated the effect of blockage of the 5HT2C receptors by the neutral antagonist SB 242084 (SB 242; n = 6) and of the 5-HT2B/2C receptors by application of the inverse agonist SB 206553 (SB 206; n = 5) and we found that they did not evoke any visible changes in locomotor performance of all tested rats up to 1 h after drug applications (see Supplementary Videos S6, S7). Rats moved with similar velocity as pre-drug, and the amplitude of EMG activity in all muscles with implanted electrodes was similar to that before the application of 5HT2B/2C receptor ligands (see EMG examples in Supplementary Figure S1). The effects were similar in LL and UL rats, so the results were pooled.

General observation of EMG activity suggests that 5-HT2A receptors but not 5-HT2B/2C predominated in the voluntary control of locomotion in intact adult rats.

In the following paragraphs, the general observations described above are confirmed using analysis of hindlimb movement indices like the cycle duration, burst duration, amplitude of EMG bursts as well as inter- and intralimb coordination that were established on the basis of EMG burst recordings from rats during locomotor progression along the runway investigated after IT application of different 5-HT receptor antagonists.



Changes in Locomotor Performance – EMG Activity Analysis

As it was described above the rats after IT application of Cypr or Volin were not able to present any proper hindlimb plantar stepping during progression along the runway. In effect of these drug applications, the rats were losing BWS but in the hindlimb EMG activity still, some rhythmic burst activity could be obtained. Although the appearance of total paralysis was sufficient to illustrate the marked difference between the results of blockage of 5-HT2A receptor and other receptors that have been implicated in recovery of locomotion after spinal cord injury such as 5-HT2B and 5-HT2C, we investigated rhythmic movements that persisted just prior to total paralysis and compared to the locomotor EMG pattern induced by the other drug administration that did not result in total paralysis. This gave us the opportunity to analyze the changes that appeared just prior to the paralysis in order to provide an explanation for the loss of weight supported plantar stepping, such as shorten EMG burst duration and reduced amplitude in extensor Sol muscle as well as the alterations of the inter- and intralimb coordination.



Step Cycle Duration

We found that cycle duration, determined as the time between the onset of two consecutive TA EMG bursts was prolonged after Cypr and Volin applications but not after SB 242 or SB 206 where the proper plantar stepping was present without any changes (Figure 3A). Our analysis demonstrated that the changes in cycle duration were significant after Cypr and after Volin application but not after SB 242 or SB 206 [ANOVA; F(11,116) = 19.39, p < 0.0001]. The post hoc analysis (Sidak’s multiple comparisons) indicated that Cypr application significantly prolonged the cycle duration in the UL rats up to 684.2 ± 205.1 ms (pre-drug 286.9 ± 28.9 ms; p < 0.0001) and in LL rats up to 540.1 ± 188.3 ms (pre-drug 344.5 ± 95.3 ms; p < 0.002) while after Volin the step cycle duration was significantly prolonged in the UL rats up to 630.9 ± 201.8 ms (pre-drug 338.1 ± 44.46 ms; p < 0.0001) and in LL rats up to 641.2 ± 113.5 ms (pre-drug 317.5 ± 58.4 ms; p < 0.0001). At the same time, the post hoc analysis demonstrated that there was no difference in the prolonged cycles after either drug in either group of rats (p > 0.05). Moreover, there was no significant difference in step cycle duration after SB 242 or SB 206 applications (p > 0.05). In addition, the cycles prolonged by Cypr or Volin applications were significantly different from those unaffected by SB 242 or SB 206. Thus, our results show that Cyproheptadine and Volinanserin applications prolonged the locomotor cycle in the same manner interfering with the 5-HT2A receptors located at UL as well as LL segments while interfering with 5-HT2B/2C receptors did not affect the locomotor performance in adults rats. This step cycle prolongation is likely due to action on the locomotor CPG because actions restricted to motoneurons should not alter step cycle duration. Note that the application of the drugs at the LL site can result in the drug influencing both sites because the drug is very likely to diffuse up along the cannula from the LL to the UL region. Thus LL applications can exert actions on CPG and pattern formation components in addition to having a direct action on motoneurons.
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FIGURE 3. Bar diagram presenting the cycle duration (A) and EMG burst duration of Sol (B), TA (C) and Add (D) muscles before and after blockade of various 5-HT receptors by IT application of Cyproheptadine, Volinanserin, SB 242084 and SB 206553 in the upper lumbar (UL) or low lumbar (LL) spinal cord [mean ± Standard Deviation (SD)]. Results from left and right muscles were pooled in all the rats in the various experimental conditions, so the number of samples taken for analysis were: Cypr_UL n = 12, Cypr_LL n = 10, Volin_UL n = 10, Volin LL n = 10, SB 242 n = 12, SB 206 n = 10. Cypr, Cyproheptadine; Volin, Volinanserin; SB 242, SB 242084; SB 206, SB 206553; UL, upper lumbar spinal cord (L2/L3); LL, low lumbar spinal cord (L5/L6). The significance of the results was tested using ANOVA test followed by Sidak’s test for multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).




Burst Duration

Next, we analyzed the changes in the EMG burst duration of the Sol, TA and Add hindlimb muscles after interfering with various 5-HT receptors with IT applications of different ligands (Figures 3B–D).

Our results show that the Sol EMG burst was significantly prolonged only in the Cypr UL (186.2 ± 24.2 vs. 356.3 ± 211.2) group of animals [ANOVA; F(11,116) = 3.599, p = 0.0002; followed by Sidak’s test for multiple comparisons p = 0.0002], while it did not change significantly in spite of significant cycle duration prolongation in rats from Cypr LL (228.8 ± 75.6 vs. 190.4 ± 119.1), Volin UL (206.7 ± 37.5 vs. 222.5 ± 96.5) and Volin LL (196.6 ± 61.5 vs. 185.3 ± 91.7) groups (p > 0.05). The results in which there is no prolongation of extensor EMG burst duration with prolongation of cycle durations have to be explained with particular caution. It is known that in regular locomotor performance the extensor activity is responsible for the stance phase of the step cycle and the longer extensor muscle activity is related to a longer step cycle (Halbertsma, 1983; Majczyński et al., 2007). Thus, lack of extensor burst prolongation in the case of prolonged cycle duration (see results Figure 3A vs. Figure 3B) indicates crucial deterioration of this muscle activity after interfering with 5-HT receptors by Cypr as well as after Volin IT application. In contrast to the crucial deterioration of EMG activity after Cypr and Volin applications, our results demonstrate that there was no change in Sol EMG burst duration after IT application of SB 242 (p > 0.05) and SB 206 (p > 0.05). In this case, the lack of significant changes in the burst duration and no change of the step cycle confirms the lack of effects of blockage of 5-HT2B/2C receptors on locomotor performance.

Using the regression line analysis, which is a standard procedure to establish a normal locomotor pattern (Halbertsma, 1983; Majczyński et al., 2007; Frigon and Gossard, 2009), we performed an additional analysis regarding the relationship between EMG burst and step cycle durations. For the regression line analysis, we selected the episodes of rhythmic locomotor activity lasting at least 4 s with 12–14 steps during a good locomotor performance along the runway. In a few cases in which the locomotor performance was dramatically deteriorated after drug applications and animals did not perform plantar stepping, we selected EMG rhythmic activity with at least 8–10 cycles present in the recorded muscles (see examples illustrated after drug applications in Figure 2 middle panels). In the control pre-drug locomotor performance the duration of EMG burst of extensor muscle (soleus or adductor) activity was positively related to step cycle duration, and the regression lines describing their relationship was characterized by a significant slope and a high correlation coefficient (see Supplementary Figures S2A–C). The comparison of the slopes of regression lines revealed that the application of Cypr or Volin evoked significant changes in the relationship between the step cycle duration and the EMG burst duration in the Sol muscles (see changes in the slopes Supplementary Figure S2D). Non-parametric Kruskal–Wallis analysis indicated the significant reduction of the regression line slopes established for the relationship of Sol burst duration vs. cycle duration [K(11 = 53.90; p < 0.0001] in the Cypr LL, Volin UL and Volin LL groups of animals (followed by Dunn’s test for multiple comparisons; p < 0.01, p < 0.05, p < 0.01, respectively). In contrast to the crucial deterioration of Sol EMG burst activity after Cypr and Volin applications, our results demonstrate that there was no change of the regression line slopes after IT application of SB 242 and SB 206 (p > 0.05).

Next, we analyzed the EMG burst duration of flexor muscles (tibialis anterior) that remains unchanged with a step cycle duration at different speeds in the normal locomotor performance, and the relationship is described by a flat regression line with a slope close to zero and low correlation coefficient. The analysis of TA EMG activity after Cypr and Volin application (Figure 3C) revealed that the TA burst duration was prolonged in rats from Cypr UL (96.6 ± 17.6 vs. 196.3 ± 41.4) as well as from Volin UL (92.7 ± 6.5 vs. 179.1 ± 76.5) and Volin LL (93.4 ± 14.68 vs. 183.4 ± 41.3) groups [ANOVA; F(11,116) = 17.14; p < 0.0001; followed by Sidak’s test for multiple comparisons p < 0.0001 for all three groups]. Moreover, these TA burst durations were significantly longer (p < 0.0001), in comparison to those obtained after SB 242 (98.8 ± 22.8 vs. 102.1 ± 12.7) and SB 206 (87.9 ± 8.7 vs. 97.27 ± 9.4), which were not affected by interfering with 5-HT2B/2C receptors (p > 0.05).

This prolongation of TA EMG burst was not confirmed by the analysis of regression line slopes that revealed that the relationship between the cycle duration and the burst duration of EMG of TA muscles did not change after Cypr as well as after Volin application in UL and LL rats [K(11) = 25.83; p < 0.01; followed by Dunn’s multiple comparisons p > 0.05 for all groups; Supplementary Figures S3A–D). There was no significant change of the regression line slopes for the TA EMG burst vs. step cycles after IT application of SB 242 and SB 206 (p > 0.05).

In contrast to Sol extensor muscle, the Add EMG burst (hip extensor) was significantly prolonged (Figure 3D) in rats from Cypr UL (170.2 ± 33.27 vs. 435.2 ± 199.5), Volin UL (197.2 ± 33.2 vs. 361.7 ± 128.3) and Volin LL (182.2 ± 52.1 vs. 334.7 ± 92.5) groups [ANOVA; F(11,116) = 11.00, p < 0.0001; followed by Sidak’s test for multiple comparisons; p < 0.0001; p < 0.001; p < 0.005, respectively], but not in rats from Cypr LL group (p > 0.05). The additional analysis of regression line slopes confirmed that the relationship between the cycle duration and the burst duration of EMG of Add muscles did not change after Cypr as well as after Volin application in UL and LL rats (see Supplementary Figures S4A–D). Our results demonstrate also that there was no change of the regression line slopes for the Add EMG burst vs. cycles after IT application of SB 242 and SB 206 (p > 0.05).

Our results indicate that the blockade of 5-HT2A receptors prolonged the step cycle duration. However, the longer step cycle duration was not related to prolonged extensor Sol muscle burst activity as it is in the control locomotion. The absence of prolongation of the extensor burst duration together with the prolonged cycle duration resulted in the inability of the paralyzed hindlimbs to support the body weight; the hindlimbs were abducted with the burst duration of Add muscle remaining related to the cycle. The hindlimb postural muscles were ineffective for the production of plantar stepping (see Figure 2). Thus, the results of the 5-HT2A receptor blockade on locomotor performance of intact adult rats strongly depend on the placement of the cannula tip in the lumbar spinal cord segments (UL vs. LL). The absence of prolonged burst duration of Sol muscle with prolonged cycle duration provides an explanation for the loss of weight support.



EMG Amplitude

Another factor that might contribute to the abducted posture and the absence of plantar stepping that occurs after 5-HT2A blockade is the force that is produced by the muscle contraction, a feature reflected in the amplitude of the EMG.

Our analysis demonstrated that the EMG burst amplitude during voluntary locomotion on a runway was significantly altered after intrathecal application of Cypr and Volin in Sol [KW(11) = 76.75, p < 0.0001], TA [KW(11) = 65.56, p < 0.0001] and Add [KW(11) = 90.64, p < 0.0001] muscles of both hindlimbs (Figure 4), but not after SB 242 and SB 206 applications (Dunn’s test for multiple comparisons p > 0.05 for both groups). EMG burst amplitude before drug application was considered as 1. After Cypr application, Sol EMG burst amplitude was reduced to 0.64 ± 0.29 (p < 0.01) in UL rats and to 0.38 ± 0.29 (p < 0.001) in LL rats. In contrast, Volin application (Figure 4A) induced a reduction of amplitude to 0.68 ± 0.26 only in UL rats (p < 0.01). The TA EMG burst amplitude was reduced after Cypr to 0.55 ± 0.33 (p < 0.05) in UL rats and to 0.36 ± 0.26 (p < 0.001) in LL rats (Figure 4B). After Volin application, the amplitude significantly changed only in the LL rats to 0.39 ± 0.26 (p < 0.001). In Add muscles changes were similar to those in TA muscle. After Cypr the EMG burst amplitude decreased to 0.37 ± 0.17 (p < 0.0001) in UL rats and to 0.28 ± 0.25 (p < 0.0001) in LL rats. After Volin application, the amplitude was reduced significantly only in LL rats to 0.35 ± 0.15 (p < 0.001) (Figure 4C). At the same time, the post hoc Dunn’s multiple comparisons demonstrated that there was no difference in the level of EMG reduction after application of either drug in either group of rats (p > 0.05). Moreover, IT application of SB 242 and SB 206 did not induce any significant changes in the amplitude of any muscle (p > 0.05) and amplitude of investigated muscle activity during locomotion was significantly higher than that after Cypr and Volin applications (see Figures 4A–C).
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FIGURE 4. EMG amplitude of soleus (A), tibialis anterior (B), and adductor (C) muscles resulting from 5-HT receptor blockage by either Cyproheptadine, Volinanserin or SB 242084 or SB 206553 application in the lumbar spinal cord established for muscles of both rat hindlimbs. The significance of the results was tested using non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Results from left and right muscles were pooled in all the rats in the various experimental conditions, so the number of samples taken for analysis were: Cypr_UL n = 12, Cypr_LL n = 10, Volin_UL n = 10, Volin LL n = 10, SB 242 n = 12, SB 206 n = 10. Add, adductor muscle; Sol, soleus muscle; TA, tibialis anterior muscle; Cypr, Cyproheptadine; Volin, Volinanserin; SB 242, SB 242084; SB 206, SB 206553; UL, upper lumbar segments (L2/L3); LL, low lumbar (L5/L6) segments.


Thus, the application of Cypr or Volin reduced the amplitude of EMG activity during locomotion in all muscles. Cypr application evoked a decrease of EMG amplitude in all muscles in UL as well as LL rats. Volin application was less effective than the Cypr and caused a significant decrease of EMG amplitude in Add and TA muscles only in LL rats; while Sol EMG burst activity was reduced in UL rats only. These results suggest direct actions of the 5-HT2A receptor antagonists on motoneurons or pre-motoneurons, with greater effects when the cannula tip was located in closer proximity to the motoneuron pool under investigation. Moreover, these results suggest that EMG amplitude is controlled by receptors other than 5-HT2A receptors since the effect of Cypr was present in UL and LL rats while Volin significantly affected EMG mainly in LL rats. However, the reduction of EMG amplitude was not due to the blockage of 2-HT2B//2C receptors due to lack of any effect of SB 242 or SB 206 IT applications.



Inter- and Intra-Limb Coordination

Next, we tested the role of 5-HT2A, 5-HT2B/2C receptors on inter- and intra-limb coordination. For the Polar Plot analysis, we choose the same episodes of rhythmic locomotor activity selected for step cycle, burst duration and regression line analysis. The Kruskal–Wallis non-parametric analysis indicated that the strength of interlimb (L-R) coordination (r-value), was significantly reduced after Cypr applications in LL and UL rats [from 0.96 ± 0.02 to 0.62 ± 0.16; KW(11) = 34.09, p = 0.0003; Dunn’s multiple comparisons p < 0.02, for both], while there was no significant difference in the strength of L-R coordination after any other drug (Volin, SB 242 or SB 206) in the other experimental groups (Dunn’s multiple comparisons p > 0.05). The difference between the results of Cypr and Volin application indicates that 5-HT2A receptors do not contribute to the control of interlimb coordination (Figure 5).
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FIGURE 5. Inter- and intralimb coordination after blockade of various 5-HT receptors by either Cyproheptadine (A–C), Volinanserin (D–F), SB 242084 or SB 206553 (G–I) application in the upper lumbar (UL) or low lumbar (LL) spinal cord. (A,D,G) Polar plots show interlimb (established between left vs. right TA muscles) and (B,C,E,F,H,I) intralimb coordination – black vectors are established for each pair of muscles in individual animals; blue vectors are the mean for the group of animals. Particular dots in the polar plots illustrate the phase shift between analyzed EMG bursts of two different muscle onsets: interlimb coordination (lTA vs. rTA) or intralimb coordination (Add vs. Sol or Sol vs. TA). Concentrated (vs. dispersed) distribution of single dots on the polar plots confirms strong (vs. weak) coupling in the two analyzed muscle EMG bursts. The length of the vector (r, ranging from 0 to 1) indicates the strength of coordination between analyzed muscle burst onsets demonstrating the concentration of dots around the mean. The angle of the r-vector illustrates the phase shift between analyzed muscle burst onsets of particular muscle coordination. For more details, see description in the “Materials and Methods” section. Note the well pronounced effect of Cypr in contrast to lack of an effect of Volin in interlimb coordination after application in the low lumbar segments (A vs. D). The strength of adductor vs. soleus intralimb coordination (B,E) and soleus vs. tibialis anterior intralimb coordination (C,F) was significantly affected by Cypr in LL rats but not by Volin or by SB 242 and SB 206 drug application (black doted lines). The phase shift was significantly altered only by Cypr in UL and LL rats (green doted lines), but not by Volin or SB 242 and SB 206. Statistical significance for difference of the strength and phase shift of inter- and intralimb coordination was established in the different groups of animals using nonparametric Kruskal-Wallis test followed by Dunn’s multiple comparisons (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Results from left and right muscles were pooled in all the rats in the various experimental conditions, so the number of samples taken for analysis were: Cypr_UL n = 12, Cypr_LL n = 10, Volin_UL n = 10, Volin LL n = 10, SB 242 n = 12, SB 206 n = 10. Add, adductor muscle; Sol, soleus muscle; lTA/rTA, left/right tibialis anterior muscle; Cypr, Cyproheptadine; Volin, Volinanserin; SB 242, SB 242084; SB 206, SB 206553; UL, upper lumbar segments (L2/L3); LL, low lumbar spinal cord (L5/L6).


Investigation of the strength of intralimb coordination indicated a significant decrease in the strength of intralimb coordination after Cypr administration in LL rats but not in UL rats. The strength of Add – Sol burst coordination was significantly reduced by Cypr application in LL rats [from 0.98 ± 0.01 to 0.67 ± 0.25; KW(11) = 26.74, p = 0.005; uncorrected Dunn’s test p = 0.01] but not by Volin (p > 0.05). The strength of Sol – TA EMG burst activity coordination was also significantly reduced by Cypr application in LL rats only [from 0.97 ± 0.02 to 0.73 ± 0.19; KW(11) = 48.66, p < 0.0001; Dunn’s multiple comparisons p < 0.0001]. Volinanserin, SB 242 and SB 206 application did not induce any significant decrement of the strength of intralimb coordination (p > 0.05). There was a significant difference in the strength of the intralimb coordination when comparing the effects of Cypr and Volin, Cypr and SB 242 as well as Cypr and SB206 in Sol -TA coordination in LL rats [0.73 ± 0.19 vs. 0.92 ± 0.05; KW(5) = 33.13, p < 0.0001; Dunn’s multiple comparisons p < 0.05, p < 0.001, p < 0.0001, respectively].

The phase shift of the interlimb coordination was not affected by any drug application (Cypr, Volin, SB 242, SB 206) in any experimental groups [KW(11) = 13.67, p = 0.25]. While, the phase shift of intralimb coordination was significantly altered by Cypr and Volin but not by SB 242 and SB 206. The Add - Sol coordination was significantly changed [KW(11) = 56.71, p < 0.0001] after Cypr in UL rats (33.3 ± 19.79 vs. −4.9 ± 24.62; Dunn’s multiple comparisons p < 0.01) and after Volin applications in UL (31.95 ± 12.48 vs. 9.71 ± 9.63; Dunn’s multiple comparison p < 0.01) and LL rats (42.1 ± 16.36 vs. 12.82 ± 7.44; Dunn’s multiple comparison p < 0.01). The Sol – TA coordination was affected significantly [KW(11) = 43.3, p < 0.0001] after Cypr in UL (126.0 ± 8.46 vs. 96.25 ± 24.50; Dunn’s multiple comparison p < 0.05) and LL rats (105.2 ± 23.34 vs. 69.87 ± 37.45; Dunn’s multiple comparison p < 0.05) rats while only in UL rats (113.7 ± 26.32 vs. 87.45 ± 19.11; Dunn’s multiple comparison p < 0.05) after Volin.

The difference between the Cypr results and those obtained with Volin suggest that Cypr alters the strength of inter-limb coordination by acting on some receptors other than the 5-HT2A receptor, such as the 5-HT2C or 5-HT2B receptor (Murray et al., 2011) or 5-HT7 receptor (Klein and Teitler, 2011; Leopoldo et al., 2011). In contrast, both drugs induced substantially different changes in the phase shift of intralimb coordination between extensors as well as between flexor and extensor EMG bursts in both the UL and LL rats. These results may suggest that 5-HT2A receptors are present on flexor - extensor coordinating interneurons as well as on motoneurons.



Reflex Responses to Blockage of 5-HT Receptors

Figures 6A–H represents examples of EMG recordings during dorsi- and plantar flexion of the ankle joint, which induces stretch reflexes in the Sol and TA muscles (see the I and J photos in Figure 6 showing a way to induce ankle muscles stretch reflexes). In intact awake animals foot dorsiflexion (Figures 6A–D) evokes a long response with high amplitude in Sol muscle (extensor). Foot plantar flexion abruptly terminates the response of Sol muscle induced by dorsiflexion and induces a short response with high amplitude in the TA muscle (Figures 6A–D). Intrathecal application of Cypr induces a clear reduction of EMG responses to muscle stretch in about 3–5 min after IT drug applications in UL and LL rats (Figures 6E,G). The effect of the Volin application was less pronounced since did not change the amplitude of Sol EMG (Figures 6F,H). IT application of SB 242 or SB 206 did not affected the responses to stretch in either muscle (EMG examples not shown). Administration of either a 5-HT2A receptor neutral antagonist (Volin) or a 5-HT2A receptor inverse agonist (Cypr) caused significant changes of the amplitude of EMG burst activity of the Sol muscles recorded during ankle dorsiflexion [KW(11) = 69.73, p < 0.0001; see Figure 7A]. Dunn’s test for multiple comparisons showed that the application of Cypr evoked a decrease of the Sol EMG amplitude both in UL and LL rats to 0.26 ± 0.37 (p < 0.001) and to 0.33 ± 0.35 (p < 0.01) respectively. Application of Volin induced a decrease of the Sol EMG amplitude only in the LL rats to 0.56 ± 0.1 (p < 0.01). Moreover, in the UL rats the Sol EMG burst amplitude was significantly lower after Cypr than after Volin (0.26 ± 0.37 vs. 0.83 ± 0.40, p < 0.05). Additionally our results demonstrate that application of neither SB 242 nor SB 206 had any effect on the response of Sol muscle to dorsiflexion (p > 0.05 for either drug). In TA muscles (Figure 7B) administration of both 5-HT2A receptor blockers also evoked a decrease of the EMG amplitude during plantar flexion at the ankle joint [KW(11) = 86.26, p < 0.0001]. Dunn’s test for multiple comparisons revealed that significant changes were present in UL as well as LL rats. After Cypr the TA EMG amplitude decreased in UL rats to 0.03 ± 0.05 (p < 0.001) and in LL rats to 0.09 ± 0.12 (p < 0.001) while after Volin to 0.17 ± 0.19 in UL rats (p < 0.01) and to 0.12 ± 0.18 (p < 0.01) in LL rats. Moreover, our results demonstrate that application of neither SB242 nor SB206 affected the response of TA muscle to plantar flexion (p > 0.05 for either drug).
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FIGURE 6. Examples of EMG response of soleus and tibialis anterior muscles to plantar- and dorsiflexion before (A–D) and 3–5 min (E–H) after intrathecal drug application in the upper (UL) and low (LL) lumbar spinal cord. The examples of two consecutive EMG responses confirm stability of stretch reflexes evoked before and after drug applications. Photos in the right panels (I,J) present experimental conditions carried out to induce stretch reflexes in the ankle muscles. Note that on the soleus EMG activity Cyproheptadine but not Volinanserin application had a clear effect. l Sol, left soleus muscle; l TA, left tibialis anterior muscle; Cypr, Cyproheptadine; Volin, Volinanserin; SB 242, SB 242084; SB 206, SB 206553; UL, upper lumbar segments (L2/L3); LL, low lumbar spinal cord (L5/L6).
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FIGURE 7. EMG amplitude of soleus (A), tibialis anterior (B) muscles before and after 5-HT receptor blockage by either Cyproheptadine, Volinanserin, SB 242084 or SB 206553 application in the upper (UL) or low (LL) lumbar spinal cord during plantar- and dorsiflexion established for Sol and TA muscles of both hindlimbs. Note that in the case of soleus EMG activity Cyproheptadine but not Volinanserin application reduced significantly the reflex response to dorsiflexion in the UL rats (A), while TA EMG response to plantarflexion was reduced by either drug application in both UL and LL rats (B). Results from left and right muscles were pooled in all the rats in the various experimental conditions, so the number of samples taken for analysis were: Cypr UL n = 12, Cypr LL n = 10, Volin UL n = 10, Volin LL n = 10, SB 242 n = 12, SB 206 n = 10. Sol, soleus muscle; TA, tibialis anterior muscle; Cypr, Cyproheptadine; Volin, Volinanserin; SB 242, SB 242084; SB 206, SB 206553; UL, upper lumbar segments (L2/L3); LL, low lumbar spinal cord (L5/L6). The significance of the results was tested using non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001).


All these results on the effects of 5-HT2B/2C receptor blockade confirm the absence of any significant effect of either drug and support the conclusion that 5-HT2B/2C receptors do not make a significant contribution to the control of Central Pattern Generator neurons in the uninjured spinal cord. In Sol muscle both Cypr and Volin decreased EMG amplitude in muscle stretch reflex response (monosynaptic reflex) in LL rats, but in UL rats only Cypr evoked a decrease of Sol EMG amplitude. These results are consistent with the presence of 5-HT2A receptors on motoneurons. Plantar flexion reflex in TA muscle (polysynaptic reflex) was reduced after Cypr and after Volin in LL as well as in UL rats. This result is consistent with the presence of 5-HT2A receptors on interneurons. No effects of Volin in UL rats in Sol motoneuron actions during stretch reflexes confirm our previous hypothesis that the cycle prolongation observed after blockade of 5-HT2A might be due to action on the locomotor CPG.



DISCUSSION

The current results confirm our previous demonstration that the IT Cypr application produces hindlimb paralysis in adult, intact rats (Majczyński et al., 2005). They provide also additional information regarding the features of the locomotor output that are controlled by 5-HT2 receptors. The use of EMG recordings allowed us to monitor 5-HT2 actions on the locomotor cycle, burst amplitude, the relationship of burst activity vs. cycle durations as well as the inter- (left-right) and intralimb (Sol-TA and Add-Sol) coordination. Effects on motoneuron excitability using stretch reflexes were also investigated. The mechanism of its action seems to be more complex than action on 5-HT2A receptors only. We compared the effects of drugs applied at the UL and LL sites (upper and low lumbar segments) and were able in some cases to separate effects on the rhythm generating (UL) and output elements (LL) of the locomotor system.


Spinal 5-HT2A Receptor Control of Hindlimb Locomotion

Cypr has effects on multiple receptor types, while Volin, a 5-HT2A neutral antagonist, is more specific for the 5-HT2A receptor. The two drugs had similar effects in most cases, except that Cypr reduced EMG amplitude in the muscles in both UL and LL rats while Volin application reduced EMG amplitude mainly in LL rats. This could be a result of the MN pool location for TA and Add, but this was not the case because Volin did not have the same effect. In contrast to the effects of Cypr and Volin, SB 242 and SB 206 application did not affect EMG amplitude in any muscles. These results suggest direct actions of the 5-HT2A receptor antagonists on motoneurons, with greater effects when the cannula tip was located in closer proximity to the motoneuron pool under investigation. L2/L3 spinal segments contain Add motoneurons and some of those innervating TA muscle, while L4/L5 segments contain the majority of motoneurons innervating Sol muscle and some of those innervating TA muscle (Nicolopoulos-Stournaras and Iles, 1984). Moreover, these results suggest that EMG amplitude is controlled by receptors other than 5-HT2A receptors since the effect of Cypr was present in UL and LL rats while Volin significantly affected EMG mainly in LL rats. We suggest that it might be an effect on pattern formation interneurons with 5-HT7 receptors, to which Cypr has affinity as well (Table 1). In addition, our results demonstrate that the 5-HT2B/2C receptors are not involved in control of the EMG amplitude of Sol, Add and TA muscles during locomotion in intact adult rats.

The strength of left-right coordination was affected only by Cypr in LL and UL rats, while Volin was without such effect. Both drugs altered Sol-TA and Add-Sol coordination at in UL rats. In LL rats Cypr disruption of Sol-TA and Add-Sol coordination was pronounced in reduction of the strength of coordination, while Volin had no such effect. This suggests that receptors other than 5-HT2A are affected by Cypr to control strength of inter- and intra-coordination. Our results indicate that the changes in left-right coordination in LL and UL rats after Cypr are not the result of its 5-HT2B/2C receptor component. Considering the affinity of Cypr to 5-HT7 receptors and our previous results after SB 269970 (Cabaj et al., 2017), we suggest that changes in interlimb coordination produced by Cypr may be related to the same receptor mechanism. However, further experiments are needed to explore this issue, because Cypr has a very wide range of action, and other mechanisms, for example, dopaminergic or cholinergic receptor interactions, can play a role.

If we assume the LL site is more likely to alter motoneurons and pattern formation neurons (McCrea and Rybak, 2008), we can suggest the interneurons controlling Sol-TA and Add-Sol coordination are in the vicinity of the L5/L6 spinal segments.

The response to stretch induced by dorsiflexion of the ankle joint (monosynaptic reflex) recorded in the EMG of Sol muscle was reduced by Cypr in both UL and LL rats but by Volin only in LL rats. The stretch response of the TA muscle induced by plantar flexion at the ankle joint was reduced by both Cypr and Volin application in UL as well as in LL rats. In contrast to these, administration of 5-HT2B/2C receptor ligands did not affect the EMG amplitude of neither the Sol nor TA muscles. These results affecting monosynaptic responses in stretch reflex are consistent with the presence of 5-HT2A receptors on motoneurons at the LL level. The Cypr and Volin effects in UL sites confirm that 5-HT2A receptors are also present on interneurons. However, the efficacy of Cypr in the UL level might be also due to an action mediated by its affinity for 5-HT7 receptors (Leopoldo et al., 2011), because some of the locomotor interneurons with 5-HT7 receptors may project directly to motoneurons. From the other hand, Cypr could be exerting its effect due to its affinity to 5-HT2B/2C receptors. However, it is not the case because our investigations demonstrated clearly that in adult intact rats, neither 5-HT2B nor 5-HT2C receptors appear to play a role in determining motoneuron excitability. Further experiments are needed to explain this issue.



Lack of an Effect of Blockage of 5-HT2B or 5-HT2C Receptors

We used the neutral antagonist of the 5-HT2C receptor (SB 242084) and the inverse agonist of 5-HT2B/2C (SB 206993) and showed that these compounds did not produce any significant alterations in the locomotor and reflex activity. In our preliminary experiments, we used the doses of both blockers based on those used in adult rats with staggered hemisection by Fouad et al. (2010). When those doses (3 mM; 30 μl) in our experiments did not show any locomotor alteration we doubled the doses (6 mM; 30 μl) but this did not induce any significant effects either. Thus, our results demonstrated that neutral antagonist, as well as inverse agonist, did not affect the locomotor activity in intact rats.

The apparent importance of constitutively active 5-HT receptors in the recovery of locomotor activity and motoneuron excitability after spinal cord injury (Fouad et al., 2010; Murray et al., 2010) is considered one of the most significant contributions to the understanding of the fact that locomotion reappears after spinal cord injury, despite removal of the endogenous ligand, 5-HT, as a result of SCI. Our results provide a necessary test of the possibility that 5-HT2C receptor activity contributes to locomotion in the normal animal. Measures used in the past included the BBB score (Basso et al., 1996), which ignores left-right coordination completely and has no implicit measure of flexor-extensor coordination in the hindlimbs. These are aspects of plantar stepping now known to be controlled by 5-HT (Sławińska et al., 2014b) that we tested in our current experiments. In particular, EMG amplitude and step cycle duration, as well as coordination, are known to be controlled by 5-HT. Our data shows that activity in 5-HT2B/2C receptors does not contribute to the control of any aspect of locomotion that we recorded.

Fouad et al. (2010) and Murray et al. (2010) provide data testing the effects of 5-HT2C antagonists in locomotion, using a staggered hemisection model and IT injection into the cauda equina level. It is possible that drugs applied at this site acted on input from the sacral level (Lev-Tov et al., 2000), which is known to induce locomotion. The drugs used in this fashion may not have penetrated to the level of the spinal cord controlling locomotion, leaving negative data difficult to interpret. This is the case where no effect of the neutral antagonist SB 242084 is used as a definitive test for constitutively active 5-HT2C receptor involvement in locomotor recovery after SCI (Fouad et al., 2010; Murray et al., 2010). If the relevant cells in the locomotor system can be missed using a sacral injection, then results obtained using a sacral injection to target the locomotor CPG must be interpreted with caution. We have avoided this problem using the lidocaine test of effective drug delivery in any case where a negative result was obtained.

It is not immediately obvious why receptors not normally employed in the control of locomotion should suddenly become essential after injury. According to Murray et al. (2010), there are few 5-HT neurons in the brainstem that provide the extensive innervation of spinal motoneurons and interneurons, so these neurons are vulnerable to injury or disease that decreases activity in the few 5-HT neurons. They suggest that constitutive 5-HT2 receptor activity “…provides a safeguard against such loss of 5-HT innervation of the spinal cord and probably even contributes to basal receptor activity in normal rats.” Our results do not provide confirmation of any contribution of constitutive activity in 5-HT2 receptors to basal receptor activity in normal rats.

It is well known that 5-HT2C receptor plasticity may account for serotonin supersensitivity of V2a interneurons after spinal cord injury (Husch et al., 2012). This is of interest because V2a interneurons are likely components of the CPG for locomotion. These neurons are recruited with increases in locomotor speed (Zhong et al., 2011), and the deletion of their effects disrupts locomotion at higher speeds (Crone et al., 2008). Our data shows that the normal situation differs from the acute and chronic spinal condition with respect to 5HT2C receptor function.



Role of 5-HT Receptor Types Regarding Their Rostro-Caudal Location

5-HT application to the isolated spinal cord induces locomotor-like discharge of lumbar ventral roots (Kudo and Yamada, 1987a, b; Cazalets et al., 1990, 1992; Sqalli-Houssaini et al., 1993; Cowley and Schmidt, 1994; Kjaerulff and Kiehn, 1996; Beato et al., 1997), with a rostro-caudal decrease in excitability of the locomotor system. There is evidence showing that the CPG network is localized in upper lumbar segments, while the pattern formation interneurons are present closer to the motoneuron pools innervating limb muscles. There are further data suggesting a regional differentiation of certain receptors in different rostro-caudal regions (Jordan and Schmidt, 2002; Liu and Jordan, 2005; Liu et al., 2009) that are in line with the differential effects of 5-HT on supra-lumbar vs. lumbar regions. Our use of UL and LL cannula tip placements was guided by these findings, and our results provide new insights into the organization of the spinal locomotor network. In particular, our results show that the effects of drugs applied at the UL and LL sites were able to separate effects on the rhythm generating (UL) vs. motoneurons and pattern formation (LL) elements of the locomotor system. The regional distribution of effective receptors, along with their association with identified components of the locomotor system, can be revealed by localized application of antagonists and inverse agonists. This issue should be investigated further.
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FIGURE S1 | Examples of EMG activity in muscles of adult freely moving rats before and after either neutral antagonist – SB 242084 (A–C) or inverse agonist – SB 206553 (B–D) application in the lumbar spinal cord. (A,B) Illustrate the EMG activity recorded during locomotion along the horizontal runway in adult freely moving rats in the control pre-drug situation. (C,D) Illustrate examples of EMG activity recorded 3–5 min after the drug administration. Note the similar pattern and amplitude of EMG activity before and after drug applications. These examples show that the rats used 12–14 steps to pass the 2 m long runway and such recording periods were taken for further quantifications of locomotor performance. lAdd/rAdd, left/right adductor muscle; lSol/rSol, left/right soleus muscle; lTA/rTA, left/right tibialis anterior muscle; lTri/rTri, left/right triceps brachii muscle.

FIGURE S2 | The relationship between Sol EMG burst duration vs. step cycle duration before and after Cyproheptadine (A), Volinanserin (B) and SB 242084 or SB 206553 (C) applications in the upper lumbar (UL) or low lumbar (LL) spinal cord established using regression line analysis. Each regression line illustrated by a given color was established based on consecutive EMG cycles and associated EMG burst duration and illustrated in the drawing as a single dot with particular XY coordinates. Note that in the control situation and in cases of lack of drug-induced locomotor alterations the dots are distributed in a concentrated manner very close to the established regression line. While in a case of locomotor deteriorations the dots are dispersed in some distance from the regression lines confirming the lack of normal relationships between EMG burst and cycle duration. In the right panel (D) the bars illustrate the mean (±SD) of regression line slopes established for hindlimb muscles in different experimental conditions. The significance of differences in the slopes in various groups of animals before and after various treatment was tested using nonparametric Kruskal–Wallis test followed by Dunn’s test for multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Results from left and right muscles were pooled in all the rats in the various experimental conditions, so the number of samples taken for analysis were: Cypr UL n = 12, Cypr LL n = 10, Volin UL n = 10, Volin LL n = 10, SB 242 n = 12, SB 206 n = 10. lSol/rSol, left/right soleus muscle.

FIGURE S3 | The relationship between TA EMG burst duration vs. step cycle duration before and after Cyproheptadine (A), Volinanserin (B) and SB 242084 or SB 206553 (C) applications in the upper lumbar (UL) or low lumbar (LL) spinal cord established using regression line analysis. In the right panel (D) the bars illustrate the mean (±SD) of regression line slopes established for hindlimb muscles in different experimental conditions. The significance of differences in the slopes in various groups of animals before and after various treatment was tested using nonparametric Kruskal–Wallis test followed by Dunn’s test for multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Results from left and right muscles were pooled in all the rats in the various experimental conditions, so the number of samples taken for analysis were: Cypr UL n = 12, Cypr LL n = 10, Volin UL n = 10, Volin LL n = 10, SB 242 n = 12, SB 206 n = 10. lTA/rTA, left/right tibialis anterior muscle.

FIGURE S4 | The relationship between Add EMG burst duration vs. step cycle duration before and after Cyproheptadine (A), Volinanserin (B) and SB 242084 or SB 206553 (C) applications in the upper lumbar (UL) or low lumbar (LL) spinal cord established using regression line analysis. In the right panel (D) the bars illustrate the mean (±SD) of regression line slopes established for hindlimb muscles in different experimental conditions. The significance of differences in the slopes in various groups of animals before and after various treatment was tested using nonparametric Kruskal–Wallis test followed by Dunn’s test for multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Results from left and right muscles were pooled in all the rats in the various experimental conditions, so the number of samples taken for analysis were: Cypr UL n = 12, Cypr LL n = 10, Volin UL n = 10, Volin LL n = 10, SB 242 n = 12, SB 206 n = 10. lAdd/rAdd, left/right adductor muscle.

VIDEO S1 | Example of rat locomotor performance on a runway in pre-drug conditions.

VIDEO S2 | Example of hindlimb movement deteriorations in a rat from UL group after Cyproheptadine IT application.

VIDEO S3 | Example of hindlimb movement deteriorations in a rat from LL group after Cyproheptadine IT application.

VIDEO S4 | Example of hindlimb movement deteriorations in a rat from UL group after Volinanserin IT application.

VIDEO S5 | Example of hindlimb movement deteriorations in a rat from LL group after Volinanserin IT application.

VIDEO S6 | Example of locomotor performance on a runway of a rat after SB 242084 IT application.

VIDEO S7 | Example of locomotor performance on a runway of a rat after SB 206553 IT application.
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