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Abstract

:

Summary: It was repeatedly shown that the locomotion evoked by epidural-induced electrical stimulation can last for a certain amount of time after stimulation cessation in decerebrated and spinal animals. This so-called after-stepping reflects the maintenance level for the activation of locomotor neuronal circuitry, but only scarce information exists about after-stepping peculiarities. We provide a comparative investigation of after-stepping and stepping under epidural stimulation using electromyographic and kinematic signals as well as ground reaction forces in 16 decerebrated cats. Our principal findings are as follows: (1) the ground reaction forces decrease more after epidural stimulation cessation compared to anterior–posterior limb movements; (2) the step cycle duration is longer for after-steps; (3) the electromyographic signal of the extensor gastrocnemius lateralis muscle during after-stepping decreases faster compared to the signal from the flexors iliopsoas and tibialis anterior and to the extensor soleus muscle; and (4) electromyographic stability is reduced after epidural stimulation cessation. We suppose that different levels of the spinal central pattern generator can be differently attenuated after external trigger cessation. These data could be important for the elaboration of locomotor models and for rehabilitation techniques. New Findings: Our new findings come from comparative investigations of the so-called after-stepping (locomotion after electrical stimulation cessation) and locomotion observed during epidural-induced electrical stimulation. Our new findings are as follows: after epidural stimulation cessation, (1) the ground reaction forces decrease faster compared to anterior–posterior limb movements; (2) the electromyographic signal of the extensor gastrocnemius lateralis muscle decreases faster compared to the signals from the flexors iliopsoas and tibialis anterior and to the extensor soleus muscle; and (3) electromyographic stability is reduced.
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1. Introduction


Locomotion is defined as body propulsion by means of coordinated limb movements. These movements are evoked and controlled by specific spinal neuronal networks called central pattern generators (CPGs) [1,2]. CPGs produce a basic rhythmic pattern of alternating flexor and extensor muscle activity during locomotion [3,4]. One method for triggering CPGs is via the electrical stimulation of the brainstem or spinal cord in combination with sensory input from a treadmill [5,6]. It has been repeatedly shown that even after electrical stimulation cessation, locomotion can last for several seconds [7,8,9,10]; these steps are called after-steps [9]. The duration of after-stepping is sensory-dependent; moreover, it is increased after spinalization [9]. Because after-stepping reflects the long-lasting recruitability of the locomotor neuronal networks, we believe that after-stepping is not a simple experimental curiosity, but that it can be a marker for the rhythmogenic status of the spinal CPGs. Many questions related to the after-stepping phenomenon are still unresolved, and its peculiarities, such as its stepping cycle structure and duration and the activity of the flexor/extensor muscles, are scarcely described in the literature. In this study, we investigated after-stepping in decerebrated cats after locomotion evoked by electrical epidural stimulation (ES) using kinematic (for step cycle analysis) and electromyographic recording (to analyse the activity of the flexor and extensor muscles to determine the possible dissimilarity in their ES cessation activity; this dissimilarity may be due to different control schemes performed by CPGs on flexor and extensor muscles).




2. Materials and Methods


Subjects: Sixteen adult cats of either sex (weighing 2.4–4.5 kg) were used. All procedures were conducted in accordance with a protocol approved by the Animal Care Committee of the Pavlov Institute of Physiology, St. Petersburg, Russia, and followed the European Community Council Directive (2010/63EU) for the Care and Use of Laboratory Animals. Experimental procedures have been previously described in detail [11,12,13]. Cats were decerebrated at the precollicular–postmammillary level under isoflurane (2–4%) anaesthesia. A laminectomy was performed in area of lumbar segments L6-L7, and an epidural ball electrode (d = 0.4 mm) was positioned on the dorsal surface of this region. The following stimulation parameters were applied: frequency, 5 Hz; pulse duration, 0.2–0.5 ms; current, 100–250 μA (A-M Systems, model 2100). ES duration varied from 10 s to 40 s. Decerebrated animals were fixed in a rigid frame; hindlimbs were positioned on the treadmill, and the distance between the treadmill belt and the fixed pelvis was 21–25 cm. The treadmill belt was moved backward in relation to the cat at a speed of 0.45 m/s. All of the cats used were able to maintain stepping after ES cessation.



Bipolar electromyographic (EMG) electrodes (0.2 mm flexible stainless steel Teflon-insulated wires, AS632, Cooner Wire, Chatsworth, CA, USA) were implanted into the following left hindlimb muscles: m. iliopsoas (IP, n = 16), m. tibialis anterior (TA, n = 12), m. gastrocnemius lateralis (GL, n = 11), and m. soleus (Sol, n = 10). The signals from the EMG electrodes were differentially amplified (A-M Systems, model 1700, bandwidth of 10 Hz to 5 kHz), digitised at 20 kHz with a LTR System (LTR-EU-16, LTR11, L-Card, Moscow, Russia), and processed using computer programs. EMG data were filtered (100–2000 Hz). Previously, the autocorrelation function of the EMG signal was used in [14] to assess the stepping period. Here, the EMG stability of individual muscles was estimated using the amplitude of the second peak of the autocorrelation function (self-similarity coefficient) [15] of EMG smoothed by a moving average with a window of 50 ms (Figure 1B). This coefficient reflects the similarity between EMG activity for the step series: the more similar the steps are, the greater the value obtained. To avoid an EMG artefact being related to the ES (ES-related artefact), additional filtration was used, and the period lasted from 0.0005 s before to 0.03 s after every ES pulse was removed (Figure 1C). An integrated rectified EMG was calculated using bins corresponding to the stance or the swing phase and according to the potentiometric signal of the hindlimbs. The selection of trials used for EMG analysis was carried out using the following criteria: the trial needed to include at least 10 steps for ES stepping or at least 6 steps for AS stepping, and there needed to be no rude artefacts at the EMG channels. In every cat, one trial was used for every condition (ES stepping and AS stepping).



To characterise the step length and period, the anterior–posterior (A-P) limb movements of all of the cats were estimated using a precision single-turn potentiometer (POT) sensor (Figure 1A) that was digitised at 5 kHz synchronously with the EMG signals. Each step cycle was divided into 20 bins, where 10 bins were in the swing phase, and 10 bins were in the stance phase. Two kinematic characteristics of the stepping were analysed: the total duration of the step cycle, and the duration of the swing and stance phases. The ground reaction forces (GRFs) were also analysed in all cats. Two of the main GRF characteristics were analysed: the maximal GRF values during stepping, and the number of the step phases (1…20) corresponding to the maximal GRFs.



All data were calculated separately to determine the ES-evoked steps (ES steps) and the steps after ES cessation (after-steps, AS). As for the AS steps, only the first steps were assessed as having a GRF signal that was more than or equal to ¼ of the maximum GRF value. Most of the data were calculated as a percent ratio of the AS to ES steps.



Statistical methods: Data are presented as mean ± SD. Mean values for kinematic and EMG parameters were obtained after averaging for 10 to 15 ES steps and from 6 to 10 after-steps. Since there was a non-normal data distribution (Shapiro–Wilk test), and since only paired comparisons (ES vs. AS, inter-muscle comparisons, inter-parameter comparisons) were analysed, a non-parametric Wilcoxon matched-pairs signed-rank test (W test) was used (pairing effectiveness was assessed using the Spearman criterion). Bonferroni adjustment was used to compare these values for the different muscles. A Spearman correlation coefficient was assessed to determine the dependence between the duration of burst activity and the total ES duration. A p-value of 0.05 was used as the cut-off for significance. Statistical calculations were performed using Prism 8.0 (GraphPadSoftware, La Jolla, CA, USA).




3. Results


In all of the cats, we were able to successfully use ES to evoke stepping and the subsequent after-stepping after ES cessation. The number of after-steps varied from 7 to 16. An example of after-stepping is illustrated at Figure 2A. After ES cessation, steps were visible on the POT (anterior–posterior movements) and GRF (increasing and decreasing pressure values) curves, and bursts related to the steps were observed on the EMG curves. An example of a decreasing GRF is illustrated in Figure 2B. In general, both the POT and GRF signals were lowered after ES cessation, but this percent decrease was much more pronounced for the GRF signals (p = 0.0001; W test) (Figure 2C). The number of the step cycle phases corresponding to the maximal GRF signal was unchanged by ES cessation (p = 0.7554; W test) and always corresponded to the middle of the stance phase (Figure 2D).



The step cycle duration of the after-steps was either longer (11/16 cats), equal to (3/16 cats), or shorter (2/16 cats) than the ES-evoked steps. On average, the step cycle became longer for the after-steps (p = 0.0092; W test); only the swing (p = 0.0092; W test) phase, but not the stance (p = 0.1297; W test) phase, of the step cycle was enlarged (Figure 2E). No statistically significant differences were obtained for the percent ratios of the swing and stance phases during after-stepping (p = 0.6685; W test).



The EMG signals of the after-steps differed from those of the ES-evoked steps depending on the muscle. The EMG signal of GL only decreased during after-stepping (11/11 cats, p = 0.0020; W test). The EMG signals of the other muscles (IP, TA, and Sol) could be lowered (7/16 cats, 5/12 cats, and 5/10 cats, respectively) or increased (8/16 cats, 7/12 cats, and 5/10 cats, respectively) compared to the ES steps. In one animal, this signal was unchanged for the IP. Differences in the EMGs of the ES-evoked steps and after-steps were assessed as a percent ratio between their integral EMGs. Two muscles (IP and Sol, but not TA), were significantly different from GL in this regard (p = 0.0010, p = 0.0156, and p = 0.0313; W test) (Figure 2F). Interestingly, the absolute EMG values of the GL signal were not statistically different from those for other muscles (IP, TA, and Sol) during ES-evoked stepping (p = 0.2402, p = 0.9375, p = 0.1094; W test). However, during after-stepping, the EMG value became different from that of the IP (p = 0.0059; W test), but not from those of TA and Sol (p = 0.2188 and p = 0.0313; W test).



The stability of the EMG signal (IP, TA, GL, and Sol) during after-stepping was primarily lower (12/16 cats, 10/12 cats, 10/11 cats, 7/10 cats, respectively) compared to the ES-evoked stepping, but rarely, it could be elevated (4/16 cats, 2/12 cats, 1/11 cats, 3/10 cats, respectively). For two muscles (TA and GL), these differences were statistically reliable (p = 0.0042 and p = 0.0024; W test), but not for IP and Sol (p = 0.0290, p = 0.3223; W test) (Figure 2G). No inter-muscle (IP to TA, IP to GL, IP to Sol, TA to GL, TA to Sol, and GL to Sol) differences in the percent change of EMG stability were obtained (p = 0.3804, p = 0.0674, p = 0.3750, p = 0.8125, p = 0.3125, p = 0.1094, respectively; W test).



We also assessed the duration of the bursts of EMG activity corresponding to hindlimb steps during after-stepping for the IP, TA, GL, and Sol muscles. The shortest duration for this activity was documented for GL; it was significantly different from that of the IP and TA muscles (p = 0.0017, p = 0.0015, respectively; W test) but not for Sol (p = 0.0273; W test). The previous ES duration (varied from 10 s to 40 s) could have had an influence on the investigated parameters, but no significant Spearman correlation coefficient was obtained between the ES duration and the duration of the bursts of EMG activity observed during after-stepping (p = 0.795, p = 0.271, p = 0.443, and p = 0.657, for IP, TA, GL, and Sol, respectively).




4. Discussion


Our principal findings are as follows: (1) the GRFs decreased more after ES cessation compared to anterior–posterior limb movements; (2) the step cycle duration was longer in the after-steps; (3) the EMG signal of the extensor GL muscle decreased faster during AS compared to the flexors and compared to the extensor Sol muscle; and (4) EMG stability was reduced after ES cessation.



The first point may be related to more active flexors being responsible for hindlimb elevation. At the same time, the reduced GRF signal should correspond to the reduced EMG signal of the extensors. However, of the two extensors recorded (GL and Sol), the GL signal was more significantly reduced compared to the Sol signal. Both GL and Sol are extensors, but (1) GL, unlike Sol (and IP and TA), is not a one-joint muscle, but a two-joint muscle [16], and compared to one-joint muscles, several peculiarities have been previously obtained for it [17]. Additionally, (2) Sol, unlike the gastrocnemius, is predominantly composed of type I slow-twitch fibres [18]. Several differences in the behaviour of these two ankle extensors during different locomotor tasks and after the disruption of supraspinal input have been previously documented [19]. For example, regardless of walking speed, Sol activity remained approximately the same, unlike the signals of the gastrocnemius, which varied over a three-fold range at higher speeds [20]. Both the normalised peak and mean EMG of the GL and Sol muscles have different dynamics for down- and up-slope walking in intact cats [21]. A significant reduction in the total EMG signal for Sol, but not for GL, was revealed after spinalization, and this was not related to the degree of muscle atrophy [22]. Moreover, within the ankle muscles, Sol is the most active muscle: its daily activity in cats is approximately 14% compared to 2–9% for other muscles and 7–8% for GL [23]. Relative to the gastrocnemius, the single motor units of Sol are more reactive to vibrations, which allows us to speculate that the one-joint Sol muscle is more sensitive to disturbances in the ankle compared to the two-joint gastrocnemius [24]. It is possible that in our case, the sensory input from the treadmill affected these two ankle extensors differently.



The obtained data can be explained by different spinal and supraspinal control mechanisms for these two muscles. Regardless of these differences, the gastrocnemius and Sol muscles are believed to be a part of the same muscle synergy in some locomotor tasks [25,26]. However, it was previously shown in intact cats that “…posture is the only activity where soleus may be active without corresponding activity in the gastrocnemius muscle” [27]. Moreover, data show that the gastrocnemius is primarily responsible for controlling the direction of the external GRFs and body propulsion but that Sol is primarily an anti-gravity muscle [28]. Correspondingly, the higher rate of Sol activity during after-stepping can be related to the increased retention of postural control after ES cessation.



We also revealed that the fast flexors (IP and TA) are less affected by ES cessation compared to the fast extensor (GL) and that the anterior–posterior movements of the hindlimbs (which are mainly determined by the flexors during anterior shift and by the treadmill during posterior shift) are less attenuated compared to the GRFs (which are mainly determined by extensor activity during the stance phase). Data have shown the peculiarities of flexor and extensor EMG activity during locomotor tasks, e.g., downslope walking [29] or locomotion at high speeds [30,31]. Moreover, these muscles are affected by long-lasting muscle immobilization differently [32]. However, we found no data on the peculiarities regarding the EMG activity of the flexors and extensors during after-stepping.



Additionally, it has been shown that the total duration of after-stepping increased after spinalization [9]; this shows that spinalization disrupts some of the inhibitory supraspinal influence on the CPGs’ recruitability level. In a decerebrated animal model, similar to in intact animals, the activity of the CPGs is mainly affected by medullary reticular formation [33,34]. Interestingly, in thalamic cats, reticular neurons show increased spikes during the period in which flexor muscles are active and decreased spikes when extensor EMGs are observed [35]. However, this was not shown in chronic intact cats when the activity of the reticular neurons was mainly coupled with extensor muscle activity [36]; these differences may be related to the preservation of the above-thalamic influence in intact cats. Thus, different duration of the activity of flexor and extensor muscles during after-stepping in cats with disrupted supraspinal input (decerebrated cats) can be expected.



Thus, the after-stepping that is observed after ES cessation is likely closely related to the rhythmogenic potential of the CPGs. In this sense, the longer duration of the step period can be explained by the “deceleration” of CPG activity after the external trigger disappears. It has been proposed that CPG consists of two principal levels: rhythm generation and pattern formation [37]. The idea of a more stable level of anterior–posterior limb movement (which is mainly determined by the flexors) compared to the GRFs (which are mainly determined by the extensors) possibly suggests that the rhythmogenic and pattern-formation levels of the CPG could be affected differently after ES cessation. Thus, an analysis of after-stepping could provide prognostic value for the efficacy of electrical stimulation in both experimental and clinical studies.



Study limitations: The main limitation of our study is its descriptive nature. We expand the knowledge about the after-stepping phenomenon and describe its peculiarities; however, new studies on the elaboration of algorithms for after-stepping analysis are needed because many questions are still unresolved. In particular, what occurs in the muscles, especially in extensors (knee and hip extensors)? Are any muscle synergies saved for longer than others? Is postural control saved for a longer duration than locomotor ability?



Conclusions: We investigated after-stepping (after ES cessation) in 16 decerebrate cats. EMG, GRF, and kinematic data were analysed. Several facts about after-stepping were obtained in this study. First, the GRFs decreased more after ES cessation compared to anterior–posterior limb movements. Second, the EMG signal of the extensor GL was decreased more after ES cessation compared to the flexor muscles and to another extensor, Sol. Additionally, third, GL has the shortest burst activity duration after ES cessation. We suppose that the data obtained here can be related to the peculiarities of spinal and supraspinal control upon flexor and extensor muscle activity and upon the activity of the main postural muscle, the soleus.
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Figure 1. The experimental design (A): an example of the self-similarity assessment for gastrocnemius lateralis (B), an electromyographic (EMG) signal when the treadmill was switched on (C), and the EMG signal filtration method for iliopsoas (D). GL—gastrocnemius lateralis; IP—iliopsoas; TA—tibialis anterior; Sol—soleus muscles; GRF—ground reaction force; POT—potentiometric curve; ES—epidural stimulation; IP in—initial EMG signal of IP; IP ft—filtered EMG signal of IP; AS—after-steps. An example at B for IP, cat # 61. Gray arrow at C marks that the treadmill is switched on; red arrows in D mark ES artifacts. 
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Figure 2. Comparative characteristics of the after-stepping (AS) and steps evoked by the electrical epidural stimulation (ES). (A) An example of the original data. GRF—ground reaction forces. POT—potentiometric curve. A—anterior, P—posterior. Numbers 1–9 at GRF and POT curves mark the after-steps (dark grey numbers represent the analysed after-steps). Dotted red lines—maximal GRF signal (max) and 25% of the maximal signal (¼ max). (B) An example of the GRF during ES and AS. Black lines—ES-evoked steps, grey lines—after-steps. Stance and swing—step phases. Red line marks step phase with the maximal GRF value for ES steps. (C–G)—kinematic, electromyographic, and GRF data presented as a percent ratio of the AS variables to the ES ones. (C) A percent ratio of the GRF and POT signals during AS. (D) Absolute data for the step phase with the maximal GRF value during ES and AS. (E) Percent ratio of the duration of the swing (SW), stance (ST), and total step cycle (SC) during AS. (F) Percent ratio of the integrated EMG amplitude of iliopsoas (IP), tibialis anterior (TA), gastrocnemius lateralis (GL), and soleus (Sol) muscles during AS. (G) Percent ratio of the stability for the EMG signal of IP, TA, GL, and Sol muscles during AS. *, **, ***, ****—p < 0.05, p < 0.01, p < 0.001, and p < 0.0001 for comparisons between stepping variables; #, ##—p < 0.05 and p < 0.01, for comparisons between AS and ES only; ns—non-significant. Data presented as mean ± SD. Red dotted lines at (C) and (E–G) mark 100% level. 
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