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Although children with cerebral palsy seem to have the neural networks necessary to generate most movements, they are markedly dysfunctional, largely attributable to abnormal patterns of muscle activation, often characterized as spasticity, largely reflecting a functionally abnormal spinal-supraspinal connectivity. While it is generally assumed that the etiologies of the disruptive functions associated with cerebral palsy can be attributed primarily to supraspinal networks, we propose that the more normal connectivity that persists between peripheral proprioception-cutaneous input to the spinal networks can be used to guide the reorganization of a more normal spinal-supraspinal connectivity. The level of plasticity necessary to achieve the required reorganization within and among different neural networks can be achieved with a combination of spinal neuromodulation and specific activity-dependent mechanisms. By engaging these two concepts, we hypothesize that bidirectional reorganization of proprioception-spinal cord-brain connectivity to higher levels of functionality can be achieved without invasive surgery.
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THE PROBLEM

It is generally assumed that the primary pathology of the nervous system that leads to cerebral palsy (CP) is located within and among different combinations of supraspinal networks and these pathologies can be due to multiple etiologies. In most cases, however, it appears that these supraspinally occurring pathologies also will be necessarily manifested as spinally mediated dysfunctions, affecting multiple peripheral sensory-motor systems involving equilibrium posture, locomotion, and trunk and head control (Smith and Gorassini, 2018). Although a high level of functionally immature connections are normally formed early in development, the pruning of neurons and synaptic connections occur subsequently using multiple, largely unknown, guidance mechanisms that result in the more effective connections between spinal networks and descending axons and proprioceptive afferents. But, if functionally immature or abnormal connections persist at the end of the early developmental phase, the supraspinal and propriospinal connectivity will result in abnormal sensory-motor responses. Persistence of these functionally abnormal synaptic connections are reinforced postnatally throughout the critical period of development and into adulthood, resulting in the commonly recognized neuromuscular disorders associated with CP, with the most common symptoms being collectively diagnosed as neuromuscular spasticity and stiffness of joints. More specifically, however, there is a persistent pervasiveness of poor coordination of the motor pools. Given the concept of coordination is so central to our basic hypothesis, it is important that the meaning of this concept be clearly defined. Often, a coordinated movement is one in which there is reciprocity of the dynamics of the temporal patterns of activation and deactivation of flexor and extensor motor pools that generate the movement. “Normal” movements, however, are generated with a continuum of differing degrees of overlap and changes in levels of activation and deactivation. It is useful to be aware that the motor task that is being generated is defined largely by the temporal patterns of activation of motor pools. For example, many of the same muscles are activated when stepping forward, backward and sideways, but the patterns of muscles activated differ substantially (Shah et al., 2012). The degree of reciprocity vs. co-activation varies considerably among the uninjured general population. In individuals with symptoms of spasticity, there is an unusually greater coincidence of co-contractions of flexor and extensor motor pools movements that would be considered poorly coordinated. Theoretically, the greater the number of connections that develop between the brain and spinal cord that are functionally aberrant, the fewer normal targets that remain accessible (Bennett et al., 1983; Callaway et al., 1989; Alexeeva et al., 1997; Maegele et al., 2002). A fundamental and essential driver in the biological design of our nervous systems, phylogenetically, ontogenetically and epigenetically in reaching the normal targets undoubtedly has been earth’s gravitational vectors (Edgerton et al., 2000). We reason that this fundamental feature in the strategy of our sensory-motor design highlighted here is that the difficulty in accommodating gravity is consistently and pervasively revealed in individuals with CP, as children and in adults. So many of their sensory-motor challenges are linked to maintaining equilibrium while moving effectively in a 1G environment (Recktenwald et al., 1999). It is clearly evident in the motor behaviors of individuals with CP that the neural connectivity did not develop appropriately for this uniformly present fundamental gravitational challenge. For the reasons noted above our interventional strategy as presented has been focused functionally on the necessity of realigning the sensory-motor connectivity to accommodate to normal gravitational vectors. Theoretically, to regain a normal supraspinal-spinal connectivity to earth’s gravitational forces, the earlier maladaptive state that was learned postnatally to sustain equilibrium while in an abnormal state, must be re-transformed to achieve a normal translation of sensory input in a 1G environment (Smith and Gorassini, 2018; Cappellini et al., 2020).



SOLUTION

Given our experience with spinal cord injury (Gerasimenko Y. et al., 2015; Reggie et al., 2018), which has similar, and in some ways more severe functional aberrations than in CP, we developed interventions designed to transform functionally aberrant brain-spinal connections to a greater prominence of functionally normal connections. We reasoned that we could do this by maximizing the dominance of proprioception and the spinal networks that translate this sensory input and minimizing the pathology of the brain, in controlling posture and locomotion. Cappellini et al. (2016, 2020) noted how much the dysfunction of gait in children with CP can be related to spinal neuronal networks vs. supraspinal dysfunction. A more thorough knowledge about pattern generation circuitries in infancy may improve our understanding of developmental motor disorders, highlighting the necessity for regulating the functional properties of abnormally developed neuronal locomotor networks as a target for early sensorimotor rehabilitation. Similarly a very tight link was described between the activity patterns of populations of pyramidal tract neurons and the biomechanics of unconstrained locomotion in cats (Prilutsky et al., 2005). Versteeg et al. (2021) reported that cuneate nucleus neurons have muscle-like properties that have a greater sensitivity to active than passive movements of the upper limb and that their receptive fields resemble single muscles. These observations suggest that muscle specific signals proprioceptive input could have an activity-dependent impact on supraspinal networks that could transform dysfunctional neural networks to a more functional state. There is extensive evidence that the neural networks of an individual with CP can learn more effective movement skills as it does after spinal injury (Dewar et al., 2015; Morgan et al., 2015; Reid et al., 2015). Thus, we hypothesize that spinal neuromodulation in concert with proprioceptive-driven activity-dependent mechanisms of spinal networks can transform the supraspinal-spinal dysfunctional connectivity of CP into highly functional connections, improving the functionality of networks. The result should be the recovery of motor tasks that are more forceful, powerful, efficient and display finer control as needed in a 1G environment. This hypothesis is counter to the predominant thinking that all of the “motor” functions, noted above are controlled largely by the brain, rather than the spinal cord. Ironically, proprioception is considered to be a major contributor to the spasticity in CP, and, therefore, is a primary target to reduce the tonic stiffness by performing selective dorsal root rhizotomy (Mortenson et al., 2021). However, selective rhizotomy minimizes the sensor input, which normally plays a prominent role in controlling movements and can disrupt autonomic functions.

Multiple clues led us to the logic applying a specialized neuromodulatory technique in combination with subject specific activity-dependent rehabilitation. First, our studies, and that of many other labs for decades clearly tell us that proprioception plays a more important role than occasionally correcting mistakes, as in tripping, when there is not enough time to adjust the planned movements (Gerasimenko et al., 2017). Proprioception plays a central role in the details of controlling posture, locomotion, and fine motor tasks, even when there is no connectivity between the spinal networks and the brain (Grillner and Zangger, 1975; de Leon et al., 1999). Some specific observations suggesting a possible crucial role for spinal networks in individuals with CP to facilitate functional recovery are: (1) After a complete, mid-thoracic spinal transection a mammal can step forward, backward or sideways and at speeds appropriate to the speed of the treadmill belt. (2) Humans that have lost proprioception as an adult are essentially, functionally paralyzed, at least for months, even though all descending motor pathways remain intact. (3) Given that spinal networks can readily learn to perform a new motor task without help from the brain, we reasoned that the potential level of plasticity among spinal and supraspinal networks in the presence of spinal neuromodulation combined with skilled therapy can be robust enough to supplant the original supraspinal disruptive connectivity and reinforce more normal functional connections with a greater presence of normal sensory input associated with routine motor tasks via activity-dependent mechanisms. (4) Another clue, suggests that much of the aberrant connectivity is inextricably linked to skills associated with equilibrium, i.e., with gravity being of a constant presence in the evolution of all life on Earth (Wallard et al., 2014, 2018). It seems obvious that the network connectivity design of sensory motor functions that has evolved phylogenetically, has specifically accommodated to earth’s gravity, and that there are numerous motor dysfunctions that reflect that this feature was not carried out normally, either ontogenetically or epigenetically in many CP cases. And finally, and (5) could the fact that CP being a developmental phenomenon be an advantage in using interventional strategies to take advantage of higher levels of neuroplasticity during the critical period of development of motor primitives as suggested by Bizzi and colleagues (Overduin et al., 2015) and hypothesized by Edelman (1993) as Neural Darwinism and Neuronal Group Selection, presumably of the brain, and Edgerton and colleagues as a similar phenomenon in the spinal cord (Edgerton et al., 2001).



TESTING THE HYPOTHESIS

While the biological bases of the underlying concepts may seem sound, there has not, however, been a single systems-level concept relevant to the etiology of CP as we have proposed. Technically it is now feasible to induce systems level changes in specific functional connectivity of networks patterns of sensory input that translates to a predictable motor output by repetitively activating specific proprioception patterns as occurs during stand training that enables standing ability but not stepping ability (de Leon et al., 1999), facilitates changes at the level of synapses and neural networks and changes the expression of genes that could mediate the synaptic adaptations to locomotor training after a spinal hemisection. More comprehensive, quantitative assays under clinically controlled conditions on a limited population of subjects could be performed with present-day technologies. Clear evidence of the validity of the proposed mechanisms at a systems level of understanding seems to be not only feasible with proper resources, but in addition a case can be made for the urgency of such an effort based on it’s potential efficacy and safety as demonstrated from more than a decade of studies of human subjects with a similar non-invasive interventional strategy in recovering functions after SCI (Gerasimenko Y. P. et al., 2015; Rath et al., 2018; Sayenko et al., 2018; Gad et al., 2020; Kreydin et al., 2020).

Figure 1 illustrates the experimental outcomes that we hypothesize can be obtained with a patient with CP. We hypothesize that applying a combination of non-invasive spinal neuromodulation and specific activity-dependent mechanisms to an individual with CP can trigger a bidirectional reorganization of proprioception-spinal cord-brain connectivity to a functional state that can generate near normal postural and locomotor functions. An individual free of abnormalities are continuously signaling sensory-motor information bi-directionally between the brain and spinal cord and the kinetic and kinematic sensors (proprioception) in muscle, tendons, and skin (Figure 1A). CP is generally considered to be a cerebral pathology (Figure 1B) which will send abnormal motor signals due to the spinal networks which in turn will project abnormal signals to predominately flexor or extensor motor pools and muscles. As opposed to the spinal networks generating a highly coordinated agonist-antagonist pattern (Figure 1A), the disruptive, aberrant, descending commands from the brain generates abnormal levels of co-contraction signals among the spinal interneuronal networks that induces high levels of co-contractions of flexors and extensor muscles. The first key point here is that the disruptive signals from the brain, then spinal, then muscular, results in abnormal proprioceptive signal to the spinal networks which we now know sends muscle specific signals to multiple supraspinal nuclei. Thus, basically a continuous loop of abnormal signals imposes persistent abnormal sensory-motor signals that results in a reorganization of networks that reflect the initial supraspinal pathology. Fortunately, there is reason to predict that there are several key points that can be used to interrupt the abnormal sensory-motor loop to a much greater level of normality. These points are: (1) The disruptive spinal networks can be transformed to a more normal physiological state with newly developed electrical neuromodulation combined with activity-dependent modulation via a near normal pattern of proprioceptive ensembles project to the spinal networks. (2) Proprioceptive input has the potential to overcome the disruptive descending input and reorganize the connectivity into a state that generates coordinated movements. And, (3) There is strong evidence that a similar normalizing process can occur in the more normal ascending input to supraspinal centers can then form more normal networks in the descending motor signals. Experiments in which CP patients attempt to perform motor task in the presence and absence of neuromodulation while recording supraspinal and spinally evoked potentials and recording EMG activities of different combinations of muscles and kinematics and kinetics to characterize the motor task will provide the data that can determine whether the proposed hypothesis should be accepted, at least from a functional, systems level.
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FIGURE 1. Schematic representation of supraspinal-spinal-muscle connectivity in normal cerebral development, abnormal cerebral development and in abnormal cerebral development after spinal neuromodulation and activity-based therapy (A) normal brain-spinal networks and muscles with sensors, bidirectionally communicating input and output signals forming a complete loop, including reciprocal EMG of agonist and antagonist muscles, see two channels at the bottom. (B) A region of supraspinal pathology (triangle) resulting in aberrant descending signals causing disruptive degrees of co-contractions of flexor and extensor motor pools and muscles. (C) A remodeling process can of supraspinal and spinal networks can begin with a combination of a non-invasive electrical neuromodulation technique that empowers the spinal networks to begin to assume a dominating control of normalizing the coordination of flexor and extensor motor pools. With repetitive practice in the presence of neuromodulation, we propose that there will be significant reorganization toward a gradually occurring normalization of supraspinal and spinal networks.
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