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Heterochrony has played a key role in the evolution of invertebrate larval types, producing “head larvae” in diverse taxa, where anterior structures are accelerated and specialized at the expense of more caudal ones. For chordates, judging from amphioxus, the pattern has been more one of repeated acceleration of adult features so that they function earlier in development, thus converting the ancestral larva, whether it was a head larva or not, into something progressively more chordate-like. Recent molecular data on gene expression patterns in the anterior nerve cord of amphioxus point to a similar process being involved in the origin of the telencephalon. As vertebrates evolved, a combination of acceleration and increasing egg size appears here to have allowed the development of a structure that would originally have emerged only gradually in the post-embryonic phase of the life history to be compressed into embryogenesis. The question then is what, in functional terms, makes the telencephalon so important to the survival of post-embryonic ancestral vertebrates that this was adaptively advantageous. A better understanding of the function this brain region performs in amphioxus may help provide the answer.
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INTRODUCTION

One important way that development contributes to evolutionary innovation is through heterochrony, the process of accelerating or delaying some developmental events with respect to others (de Beer, 1971). This is most dramatic when it results in the emergence of a novel life history stage, as in the “head larvae” of various marine invertebrate taxa, where head structures are accelerated at the expense of more caudal ones, and become secondarily specialized to suit the larval mode of life. This accounts for features ranging from the suppressed trunk of many spiralians to the dipleurula-type larvae of echinoderms and hemichordates (Lacalli, 2005; Gonzalez et al., 2017), but the degree to which such changes are basal within bilaterians or are taxon-specific is a matter of debate (Strathmann, 2020). There also is a countertrend in larval specialization involving the acceleration of adult features so they function in the larva, a process known as adultation, which has occurred independently in multiple taxa (Jagersten, 1972).

How these ideas apply to chordates is not entirely clear, as chordate ancestry may never have included a true head larva like the dipleurula. But heterochrony would explain how locomotory specializations originally adapted for adult life (somites, nerve cord and notochord in the case of chordates) would progressively convert the ancestral larva, whatever it was like, into something anatomically more chordate-like. And, though newly hatched amphioxus have been justifiably referred to as “swimming heads” (Gilland and Baker, 1993), this is because development proceeds in an antero-posterior sequence, and only a limited number of anterior somites can be produced from the nutrient supply provided by the egg. With this framework in mind, the purpose of this brief account is to explore the implications of new data on another example of heterochrony involving what is evidently a chordate-specific neuroanatomical innovation, the telencephalon.



TELENCEPHALON ORIGINS AND ANCESTRAL FUNCTION

Most molecular data on amphioxus neural organization depend on studies on the early larva (reviewed by Holland and Holland, 2021). These reveal little about any putative telencephalon homolog because the antero-dorsal region from which it would necessarily form is largely undifferentiated at that time (Wicht and Lacalli, 2005). The question of whether amphioxus has such a homolog may now have been resolved by the observations of Benito-Gutierrez et al. (2021), who have identified markers associated with the telencephalon in a dorsal, pre-infundibular domain (termed the pars anterodorsalis, or PAD) that is insignificant in young larvae, but expands as the larvae mature, differentiating fully only in the adult. The molecular data reveal populations of glutamatergic and GABAergic neurons, both of which occur widely in the telencephalon, and of dopaminergic neurons, found in the vertebrate olfactory bulb and hypothalamus (Yamamoto and Vernier, 2011). There are similarities also with the telencephalon in the shape of the central canal and the pattern of thickening of the neural epithelium. The degree of homology is open to question, however, and the authors are suitably cautious in their interpretation. This is appropriate because the pre-infundibular neural domain, taken as a whole, maps to the apical plate of diverse invertebrate larvae (Tosches and Arendt, 2013; Marlow et al., 2014) and hence, predates chordates, which would account for the involvement of FoxG, a marker for apically-derived sensory derivatives such as photoreceptor organs (Toresson et al., 1998; Aldea et al., 2015; Liu and Satou, 2019). More specific to telencephalon are Emx and Nkx2.1, and Pax genes (Lichtneckert and Reichert, 2005; Molyneaux et al., 2007), but here too the expression could be as indicative of origin from a common domain as it is of structure-specific homology. A further problem is to determine whether the domain belongs to the dorsal part of the corresponding vertebrate prosomere or is an alar-plate hypothalamic derivative, which, based on current ideas about forebrain patterning (Puelles and Rubenstein, 2015; Yamamoto et al., 2017) is a possibility.

A crucial but missing piece of the puzzle is the function this rostral- and dorsal-most part of the brain performs in amphioxus. If it proved to share functions with the telencephalon, that would further support the case for homology, and provide some guidance regarding the ancestral function of this brain region in the last common ancestor of cephalochordates and vertebrates. Given the positioning of the olfactory tracts and their targets in vertebrates, in rostral forebrain (Kerman et al., 2013; Suryanarayana et al., 2021), the processing of olfactory inputs is very likely to have been a core function of this part of the ancestral brain. It is then suggestive that amphioxus has a late-developing pair of rostral nerve branches that project to (but also through) the PAD (Lacalli, 2002). Nothing is known of the sensory cells supplying these nerves beyond their location, at or near the tip of the rostrum (Poncelet and Shimeld, 2020), but this is precisely where amphioxus homologs of vertebrate olfactory neurons would be expected. And, the amphioxus genome does contain sequences for vertebrate-type olfactory receptors (Churcher and Taylor, 2009). Given the apparent underdevelopment of the PAD in all stages but mature adults, one could postulate a role, presumably olfactory, in the control of reproduction and spawning behavior. But there is as yet no evidence for this or any other olfactory involvement in the control of amphioxus behavior, a reminder of how neglected such aspects of amphioxus biology have been in recent decades.



THE LIFE HISTORY CONTEXT

On the assumption Benito-Gutierrez et al. (2021) have indeed discovered an amphioxus homolog of the telencephalon, or at least a part of it, the life history context can be understood as shown in Figure 1: that in amphioxus, this brain region only begins its development once the pelagic feeding phase reaches sufficient size, and may only function in the mature adult. For vertebrates, in contrast, a combination of increased yolk supply and developmental acceleration has compressed the developmental sequence so it can be completed within the period of embryogenesis. This implies that having a functioning telencephalon at or shortly after hatching was of such benefit to basal vertebrates that the diversion of nutrient required to achieve this was justified by increased hatchling survival. The eyes fit this same pattern, as they are disproportionately large in the young stages of many vertebrates, including, for example, many fish larvae. The advantage of precocious development to full size is understandable in the case of the eye, as a large optic cup fitted with a lens has clear advantages in terms of resolution and image-formation over a small cluster of photoreceptors, however, shaped and positioned. In consequence, if the ancestral condition was one where a simple photoreceptor array developed progressively as the animal grew, adding elements and reshaping itself as size permitted, there should be strong selective pressure to shift the point where an image of optimal resolution could be produced to the earliest possible stage in the life history.
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FIGURE 1. The early life history of amphioxus compared with a representative aquatic vertebrate, Xenopus in this case. The embryonic stage (in pink) produces a hatching larva (at H), followed by a pelagic feeding phase (blue) that metamorphoses (M) to a juvenile that is essentially a small adult with adult habits (yellow). Embryogenesis in Xenopus also produces a larva, but is here shown in yellow because it corresponds less with the amphioxus larva than the juvenile in size and anatomical complexity, and the term larva is problematic anyway if, as here, the stages in question likely have independent evolutionary origins. Two trends are evident. First, that vertebrate eggs and embryos are orders of magnitude larger in volume, and so can be far more fully developed at hatching, and second, that this allows features that can only develop progressively in amphioxus to be incorporated into embryogenesis in vertebrates. The focus in this account is the telencephalon and its putative amphioxus homolog, whose periods of development, inferred for amphioxus from data reported by Benito-Gutierrez et al. (2021), are shown by the red bars.


The same argument could apply to processing olfactory input. Olfaction is crucial for the detection of predators and kin in fish larvae of various types, a function that involves olfactory imprinting (Chivers and Smith, 1994; Gerlach and Wullimann, 2021). Whether this is considered a rudimentary form of learning or more akin to memory, it implies integrative functions of some complexity requiring a dedicated circuitry and a more than minimal tissue mass. Hence, like the eye, there would be some justification for supposing that precocious differentiation, rather than a gradual increase in size and cell numbers, could have been the better option from an adaptive standpoint. Conversely, for early vertebrates, a fully functional telencephalon may have been needed, even in young hatchlings, to meet the demands of an emerging predatory mode of life, e.g., to coordinate the visual tracking and capture of prey. Amphioxus would then be important primarily as a benchmark, defining a starting point for these and other subsequent changes.



NEURONAL CELL TYPES AND THEIR ORIGINS

It is worth considering also the evolutionary origin of the cell types identified by Benito-Gutierrez et al. (2021), especially the glutamatergic and GABAergic neurons which by implication, would be related by homology to the main excitatory and inhibitory cell classes, respectively, in vertebrate cortex. Two categories of dorsal post-infundibular amphioxus neurons, the translumenal and dorsal bipolar neurons, are noteworthy here for being apico-basally inverted (Lacalli and Kelly, 2003), a feature also characteristic of cortical neurons (Barnes and Polleux, 2009). However, both types of amphioxus neurons appear to be absent from the pre-infundibular region of the adult nerve cord (Castro et al., 2015), which may rule out a direct relation, through homology, with particular classes of telencephalic neurons. It would be useful to know whether the glutamatergic neurons identified by Benito-Gutierrez et al. (2021) will, on further investigation, show signs of inversion, or whether this feature is, for the telencephalon at least, a vertebrate innovation. In either case, and despite similar transmitters being involved, it is entirely possible that the dorsal neurons populating the cerebral cortex are only distantly related in evolutionary terms to those in midbrain and hindbrain, i.e., tectum and cerebellum, and possess unique functional capabilities that account for the division of labor between these structures. Molecular criteria for distinguishing among the relevant cell types are only beginning to be applied across vertebrates (e.g., Tosches and Laurant, 2019), but in future could be usefully extended to include amphioxus.



DISCUSSION

The results of Benito-Gutierrez et al. (2021) can be interpreted as indicting strongly that the telencephalon, as a structure with particular functions, is a comparatively late innovation that is chordate-specific in its elaboration. Understanding the sequence of events that led to its emergence as a major brain region in vertebrates then depends on knowing its function in basal chordates. A role in the processing of olfactory input probably predates other functions, but there could be additional tasks preformed by this brain region, also traceable back to the common ancestor of amphioxus and vertebrates, of which we are as yet unaware. To resolve this issue, more research on adult amphioxus will be required, both on behavior and sensory physiology, but especially on neuroanatomy at the cellular level, directed toward compiling an inventory of the neuronal cell types in the rostral brain, their morphology and synaptic connections. Ideally one would like to have a complete map of synaptic patterns, i.e., the connectome, for this brain region. This has already been done in large part for young larvae, and adult stages would not present much more of a technical challenge given recent improvements in methodology (Landhuis, 2020). Compared to the brain of a mouse or larval zebrafish, an analysis of the amphioxus brain is orders of magnitude less demanding, with the promise of meaningful results in a correspondingly shorter time.
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