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Abstract

:

By examining the development of lateralization in the sensory and motor systems of the human fetus and chick embryo, this paper debates which lateralized functions develop first and what interactions may occur between the different sensory and motor systems during development. It also discusses some known influences of inputs from the environment on the development of lateralization, particularly the effects of light exposure on the development of visual and motor lateralization in chicks. The effects of light on the human fetus are related in this context. Using the chick embryo as a model to elucidate the genetic and environmental factors involved in development of lateralization, some understanding has been gained about how these lateralized functions emerge. At the same time, the value of carrying out much more research on the development of the various types of lateralization has become apparent.
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1. Introduction


The introductory outline for this Special Issue raises the question as to whether asymmetry in perception generates asymmetrical motor behavior or whether motor asymmetry comes first and generates asymmetry of perception. In other words, do hand or limb preferences lead to asymmetries in behavior elicited by visual, auditory, olfactory, or tactile stimulation, or is it the other way around? Alternatively, do the various types of perceptual and motor asymmetry lateralize independently of each other?



Despite considerable research conducted on the ontogenesis of handedness in humans, we still have no conclusive evidence concerning its causation. In fact, turning away from the original single-gene hypothesis for the causation of handedness [1], because no evidence supports it [2], it is now accepted that multiple genetic and environmental factors interact in the ontogenesis of handedness [3,4,5,6]. Whether there are overlaps between any of the factors important during the ontogenesis of motor lateralization and those that are involved in the ontogenesis of ear and eye preferences seems unlikely, given that handedness is not correlated with either eye or ear preferences [7]. This absence of connection suggests that different processes determine sensory and motor asymmetries in humans.



Furthermore, research investigating associations between handedness and language, visuospatial attention, or face processing has failed to reveal convincing correlations or complementarities, even when these different measures have been taken from the same subjects [8,9,10,11,12]. This suggests that each of these asymmetrical brain functions is largely, if not entirely, generated by separate processes.



Since the relationships between these sensory and motor functions in humans have been discussed fully by others, it is my intention to present only relevant information from studies of non-human species. Although the relatively few studies conducted on non-human primates have assessed hand (or limb) preference and sensory lateralization on the same subjects, thereby permitting direct analysis of any associations, the following studies have done so, and they lend support to the evidence from humans, showing that sensory and motor asymmetry are not closely linked, if they are linked at all [13].



For example, from the assessment of eye and hand preferences in marmosets, it is evident that there is no obligatory link between eye preference and limb preference. Common marmosets grasp food with a preferred hand, either the left or right. Within a group, or population, there are equal numbers of left-hand and right-hand preferring marmosets [14,15,16], and each individual retains its hand preference throughout adulthood [17]. However, the same marmosets with either left- or right-hand preference were found to show a strong population bias to use the right eye to view familiar, non-arousing stimuli, assessed by the eye preferred to view each stimulus through a peephole [18,19] Since viewing with the right eye shows initial and preferential use of the left hemisphere [19], the group preference is consistent with the known specialization of the left-hemisphere to process non-arousing stimuli and to categorize them [20], and this eye-hemisphere bias had no association with hand preference.



A similar preference to view familiar stimuli with the right eye has been shown in chimpanzees [21]. By contrast, the same chimpanzees showed a preference to view a model snake with their left eye, and hence use the right hemisphere to process an emotionally arousing stimulus [21]; discussed in [13]. No association was found between eye preference and hand preference in this study of chimpanzees [21]. Consistent with these findings, in a study on mouse lemurs by Scheumann and Zimmerman [22], no association was found between hand preference and lateralization of auditory processing: male mouse lemurs were found to turn their head to the right to attend to conspecific calls signaling negative valence and this bias was not associated with their hand preferences.



In these examples, at least, and for these particular tasks, asymmetry of sensory processing is unrelated to the asymmetry of motor action. It has been found, however, that hand preference in common marmosets is associated with structural asymmetry of the secondary somatosensory cortex, a brain region that deals with tactile processing and somatosensory discrimination [23]. The stronger the right-hand preference, the larger is this region of the brain (or vice versa). Therefore, although hand preferences in marmosets are not associated with eye preferences and, hence, with visual sensory processing, there could possibly be a link between somatosensory processing and hand preference. This would make some sense since primates use their hands to touch objects and so receive somatosensory inputs. At the very least, this result alerts us to the possibility that lateralized processing of sensory information may differ between the senses and also in its possible association with motor behavior.



As mentioned above, the question concerning the presence or absence of an association between sensory and motor asymmetries in humans has been addressed by examining the degree of correlation between hand preferences and a range of sensory processes [11,12,24]. It has also been addressed from an evolutionary perspective [25,26], with a focus on which type of lateralization may have evolved first. Although these approaches have contributed important information, no clear answer to the question has emerged. Therefore, perhaps it would be appropriate to address it by studying development in early life, as follows.




2. Development and Lateralization in Humans


In the human fetus, asymmetry of arm movement with a right preference is present from as early as eight weeks post-conception [27] and sucking the thumb, also with a right preference, is present at 12 weeks [28,29,30], whereas asymmetry of the planum temporale, later to be the region involved in language, does not appear until the third trimester of gestation [31,32,33]. Hence, motor asymmetry develops before the asymmetry of the region of the brain associated with language (Figure 1).



Motor asymmetries present during ftal development continue as handedness after birth [34]. In addition, a preference for the fetus, during late gestation, to turn its head to the right, as also occurs postnatally, is said to enhance motor asymmetry as a result of differential sensory-motor experience of the hands [35,36,37]. Based on this evidence, it has been hypothesized that sensory and motor systems interact, but handedness is considered to be the primary driver of the asymmetry in regions of the brain essential for language.



An alternative hypothesis is that handedness and language lateralization depend on genetic and ontogenetic processes that are largely, although not entirely, independent of each other (discussed by [10]). Consistent with this view, motor tasks using the fingers activate different brain regions than those activated during language tasks [38]. Furthermore, different gene sets are activated during the ontogeny of handedness and the ontogeny of language [39]. Studies of chimpanzees provide some additional support for this hypothesishand preferences in chimpanzees have been shown to be associated with structural asymmetries of the primary motor cortex, as expected, but not with areas of the brain homologous with language areas in humans [40].



As Lickliter [41] has pointed out, when studying sensory-motor development in humans, it is important to keep in mind that these systems do not start to develop at birth, but according to a sequence during gestation, and that the timing of each in the sequence is important for further sensory and motor development after birth. The generally accepted sequence of sensory development in humans is tactile, vestibular, chemosensory, auditory, and then visual. However, the retina of the eye of the fetus develops over the mid-gestational period [42] and visually-evoked responses can be recorded from preterm neonates as early as 24 weeks post-conception [43] and the response matures thereafter. Using magnetoencephalography, Eswaran and colleagues [44] were able to record responses evoked by visual stimuli in fetuses in utero from 28 weeks until birth at term. Another study recorded spontaneous eye movements in fetuses in utero aged between 30 and 36 weeks of gestation, and it showed that these movements were linked to functional networks in the visual and frontal cerebral areas [45]. Although the eye movements measured in this study were not driven by visual stimulation, it is known that between 36 and 40 weeks of gestation the fetus responds to the beam of a flashlight applied to the mother’s abdomen; the light stimulation increased heart rate and movement of the fetus [46]. Furthermore, it has now been shown that the third trimester fetus responds by turning its head towards a stimulus of three illuminated dots [47]. In experiments not possible in humans but from research on rodents, it is known that light can reach the fetus in utero and that cells in the retina respond to the intensity of light [48]. Light-exposure of the rodent embryo has also been shown to affect eye development [49].



Hence, the onset of visually evoked responses might be considerably earlier than once thought, and so too might its possible interaction with other developing sensory and motor systems. The timing and amount of sensory stimulation in each of the senses is altered when birth occurs preterm, and this is said to have long-term effects on the developing premature brain (discussed by [41]). Also, enhanced or reduced sensory stimulation in one modality can affect the development of other sensory systems, as known from studies of infants who are blind early in life [50,51].



As far asis known, there is little information about the sequence of development of sensory asymmetry per se, expressed either before or after birth, nor is it known how possible sensory asymmetries interact with developing motor systems. However, a recent study by Buiatti et al. [52], who recorded EEG responses in newborns aged between 1 to 4 days, has shown significant asymmetry of responses to a simplified face-like stimulus. Responses to the face-like stimulus were stronger in the right hemisphere.



Also, as mentioned previously, it is known that the human fetus has a preference to turn its head to the right side and has a preference to move the right hand [53]. These preferences, recorded when the pre-term infant is placed in a supine position, are also present after birth. As Michel [54] has reasoned, this pre-birth asymmetry leads to the development of right-handedness (see also [55]) and that, after birth, sensory-motor interaction shapes further development of motor asymmetry and hemispheric specialization [56]. It has also been suggested that lateral differences in vestibular stimulation, resulting from the turned position of the fetus pre-parturition (right ear facing outwards), may lead to motor asymmetries, handedness, and footedness [57], and to the asymmetry of visual perception [58]. However, to my knowledge, no direct evidence has been found to support this hypothesized association.




3. Studying Embryonic Development in a Model Species


One way to discover more about the sequence of sensory-motor development is to study stages of sensory and motor development in non-human species. Since lateralized brain function is widespread amongst vertebrate species [59,60], it is possible to choose from a range of species to study the development of sensory and motor asymmetries. Avian species are particularly suitable for such investigation because their development in ovo permits easy access to the embryo and the possibility of manipulating development in various ways. Indeed, studies of both chicken and the pigeon embryos and hatchlings have provided much information about the establishment and development of lateralized behavior and brain structures; studies on the chick embryo are discussed here, for research on lateralization in the pigeon see [5,61].



Asymmetry of sensory and motor functions is a clear characteristic of chicks and it is already apparent in the first and second weeks of life after hatching [59,62,63]. Consequently, the developing chick embryo provides a model system useful in addressing questions of sensory-motor development [64] and, since sensory and motor systems develop at different stages of embryonic incubation, it should be possible to gain some understanding of the sequence of asymmetrical development. Although, later in incubation, sensory and motor systems are integrated, they are to some degree separated in the initial stages of embryonic development.




4. Asymmetry of Development of the Chick Embryo


From very early in incubation (embryonic day E2 to E3) the chick embryo adopts an asymmetrical posture with its left-side lying against the yolk, and it remains in this position until day E12 of incubation when it undergoes torsion of the body position, and the head position relative to the body [65,66]. From day E19 of incubation until hatching on day E21, the embryo’s head is turned so that the left eye is next to the embryo’s body and the right eye is next to the membranes of the air sac. The visual system begins functioning from day E18, when an electroretinogram can first be detected, and the first behavioral responses to light are present [67], as shown in Figure 1. By day E19, light-stimulated potentials can be detected in the forebrain [65]. At this stage of development, light entering the egg through the shell and membranes stimulates the right eye only [66,68]. Hence, light stimulates the neural pathways connected to the right eye, thereby causing asymmetry in those regions of the brain processing visual information. Since, also at this stage of development, the thalamofugal visual system is forming connections to the forebrain, it is particularly affected by light stimulation. Within this system neural connections projecting from the left side of the thalamus, to which the right eye sends its inputs, are stimulated and consequently develop more connections to the forebrain visual regions than do their counterparts on the right side of the thalamus [69,70,71,72].



These asymmetries of the visual system, dependent on the effects of light exposure in the final stages of incubation, are manifested after hatching as right eye superiority in discriminating grains from pebbles [73,74], in the ability of chicks to discriminate left from right [75], in left-eye control of attack and copulation behavior [74], and left eye attention to novel stimuli [76]. Dependence of these lateralities on light exposure of the late-stage embryo has been demonstrated by comparing performance of chicks hatched from eggs incubated in darkness during the last three days before hatching, compared to those hatched from eggs exposed to light over the same three days; the dark-incubated chicks lack asymmetry of visual discrimination ability and attack and copulation behavior [74,77,78]. In fact, as little as 2 h of exposure to light on day E19 or E20 of incubation is sufficient to develop asymmetry of visual discrimination and 6 h of exposure to light ensures that this asymmetry is fixed and cannot be altered by subsequently exposing the left eye to light while occluding the right eye [63,74].



This evidence for light-induced asymmetry of the visual system and visual behavior points to the possibility that asymmetry of visual behavior develops after motor asymmetry of the embryo, since active movements of the embryo begin on day E4, leading up to the continuous activity of the embryo commencing on day E12 of incubation (summarized in [79] and see Figure 1). However, more recent research has shown an effect on visual lateralization of light exposure during the first three days of incubation, and hence, well before the visual pathways become functional [68,80,81]. For example, chicks presented with an array of grains show a preference to peck more grains on their left side than on their right side, provided they have been exposed to light for either the first three days or last three days of incubation, whereas chicks hatched from eggs that have received no light exposure show no side bias [80]. By contrast, chicks hatched from eggs incubated in darkness do show an asymmetry to distracting stimuli, responding more often to them when they are on the left side, whereas no such side bias is seen in chicks exposed to light either early or late during incubation [82]. These results indicate that both early and late exposure of the developing embryo to light has similar outcomes on at least some behavior, albeit via different cellular and/or subcellular routes.



There is at least one known difference between the effect of light early versus late in incubation: when tested binocularly, chicks hatched from eggs exposed to light during the late-stage of incubation repeatedly at the same pebble more often than did chicks exposed to light early in incubation or chicks incubated in the dark [81]. In other words, the effects of light during the two sensitive periods are not identical, and this is not surprising since they must depend on different ontogenetic processes.



It is possible, as Chiandetti and Vallortigara [81] have suggested, that the early effect of light influences the development of visual lateralization by modulating the activity of genes expressed in the development of lateralization. This could involve aspects of the Nodal cascade or be associated with nerve growth factor, which has a role in left-right patterning and a vital role in axial rotation of the early embryo [83]; also see [84] for genes involved in the expression of lateralization in fish.



There are two other possibilities, however. Already on day E2 of incubation, axons from the retinal ganglion cells begin to leave the retina and on day E3 pigmentation of the retina begins, the major structures of the eye have all formed and the retinal cells, including the ganglion and amacrine cells, begin to differentiate [85]. In fact, the local topographic specificity of the retina becomes fixed by day E3 [86]. Whether or not, at this stage of development, the retinal cells receive light-stimulated inputs that influence their development is not known but development of cone photoreceptors begins as early as day E4, even though the full complement of retinal photoreceptors does not appear until day E8–E10 [85]. Also, on day E3, the head of the embryo turns to the left side and, therefore, the eyes are already positioned for asymmetrical stimulation.



Whatever the means by which this early exposure to light generates lateralized visual behavior in newly hatched chicks, this research shows that visual lateralization is developing very early and either in association with, or in parallel with, the beginnings of motor development. Although it seems rather unlikely that motor activity is lateralized at this very early stage of development, that has not yet been studied.



The first active movements of the embryo are on day E4 and this motor activity involves only movements of the head and neck. It is followed by active movement of the trunk on day E5 and then by limb movements on day E6. However, body movements do not become obvious until day E10 or continuous until day E12, midway through incubation. Not until E19 are postural reflexes fully developed, at the same stage of development when light exposure (of the right eye) triggers the development of asymmetry of the thalamofugal visual system [65,87] (summarized in [79] chapter 1).



During the hatching process, chick embryos display anticlockwise rotation of the whole body and preferential use of the right foot to rotate the chick’s body anticlockwise [88,89,90]. In other words, hatching involves asymmetrical use of the motor system and, in turn, this may determine the right-foot preference and leftwards turning bias found in chicks after they have hatched [89].



As known from experiments conducted by Casey and Lickliter [91] and Casey and Sleigh [92] on quail chicks (unfortunately not on domestic chicks although the results pertain to this species), monocular light stimulation during the late sensitive period just before hatching causes the development of population-level motor asymmetry after hatching. Exposing the late-stage embryo to visual experience via the right eye only (i.e., the natural condition) or via the left eye only induces population-level lateralization of motor behavior, measured as side bias in a Y-maze and foot preference to step up on to a platform, whereas no motor asymmetry is seen if both eyes receive exposure to enhanced visual inputs [92]. This demonstrates that visual stimulation can influence the development of motor asymmetry.



To answer the question, “Which comes first—motor or sensory asymmetry?”: the evidence from studies of the chick embryo points to some aspects of light-associated sensory lateralization preceding motor lateralization. However, the critical, and over-riding, effect of light exposure during the sensitive period just before hatching may follow motor asymmetry or at least develop at the same time as it, and perhaps depends on sensory-motor interaction. To further understand these aspects of development, both sensory and motor lateralities need to be studied together in the same subjects. Also, it would be of benefit to develop new techniques to measure motor asymmetries during embryonic development.




5. Comparing Species


In Figure 1 the known developmental events relevant to visual and motor lateralization in the human fetus are juxtaposed to those of the chicken embryo. Gaps in the knowledge of these events in the human fetus are obvious. It is hoped that future research might gain some impetus from the known stages of development of lateralization in the chicken embryo.



This discussion has focused on visual sensory development, but asymmetry is present in other sensory systems of the post-hatched chick (e.g., olfaction [93,94]; audition [73]) and it would be worth investigating whether sensory stimulation of the embryo is involved in the asymmetrical development of the other sensory systems. We know that light exposure of the late-stage embryo has no effect on the lateralization of audition or olfaction, which is probably not surprising [78], but auditory and olfactory experience before hatching may influence the development of lateralization in these sensory systems.



Knowledge of the sequence of sensory-motor development is important since altering the sequence can have marked effects on sensory functioning and, hence, post-hatching behavior [95,96]. The chick provides a model for further investigation of the timing and extent of overlap and/or interaction between asymmetries in developing sensory and motor systems (for testing visual and auditory lateralization see [97]; for lateralization of olfaction, see [94,98]).



The ontogeny of the pigeon embryo is another model system for investigating these processes. Research on the pigeon embryo has already provided important comparative evidence since the pigeon is an altricial species, whereas the chicken is a precocial species. In the pigeon embryo, it is the other visual system, the tectofugal system, that develops asymmetry in response to light exposure [61,99,100]. Furthermore, in the pigeon, it has also been shown that light exposure enhances interhemispheric transfer of visual information [101].




6. Conclusions


At a time when the asymmetry of brain function was thought to a unique characteristic of humans, its manifestation in language, handedness, and tool use was considered by some researchers to be linked, and generated by a unitary cause, even due to a single gene locus, as Annett [102] suggested for handedness. Now we know that not only is this simple genetic model incorrect but also there are many different types of asymmetry in a broad range of vertebrate species. Indeed, there is evidence that functional lateralization of the brain evolved in early vertebrates [103] and that a basic plan of lateralized function can be found across vertebrate species [20,59]; viz., specialization of the left side of the brain, or hemisphere, to categorize stimuli and follow acquired rules, whereas the right side of the brain, or hemisphere, is specialized to respond to changes in the environment, including detection of novelty and predators, and to control social behavior [59,104,105]. The right hemisphere is also specialized to respond to negative emotional stimuli [106,107,108]. On to this ‘Bauplan’ were superimposed evolutionary developments, as more complex brains evolved or as behavior was adapted to specific environmental conditions.



A similar argument has been made for hand/limb preference, for example, forelimb preferences are present not only in humans but also in other vertebrate species, and even in invertebrate species. As Versace and Vallortigara [109] reasoned, the evolution of forelimb preference was influenced by many selective pressures for different functions (e.g., tool-use, body posture, and communication—both vocal and gestural), and so it might depend on many genetic and environmental factors.



Viewing the evolution of brain asymmetry from the perspective of vertebrate species evolving towards humans, instead of from the starting point of human superiority, it is easy to conceive that a multitude of genes might be involved in its expression and, as discussed in this paper, genes involved in the development of asymmetry of sensory and motor systems may act either independently, or in interaction with each other, and also be influenced by inputs from the environment.



At this time, the field remains open for research and significant findings. This paper has discussed the onset of the development of lateralization in sensory and motor functions before birth or hatching with a view to gaining some insight into causations and interactions between these lateralized systems. No definitive answer has emerged, but the discussion makes it clear that the different asymmetries become apparent either as each follows an independent pathway of development or, potentially, by interactions between the different lateralized functions as they develop, and as they are manifested much earlier than once thought.
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Figure 1. Events known to be relevant to lateralization of sensory and motor development are presented for the human fetus (left) and chick embryo (right). The timings have been scaled as ratios of the full-term gestational period or incubation period. Only the known events mentioned in the text are included, and these pertain to the development of visual and motor lateralization. The yellow boxes indicate the times when light exposure of the chick embryo is known to affect visual lateralization. 
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