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Neurobiology: Sulfakinin/Cholecystokinin-type neuropeptides go out on a limb with a new role in 
autotomy
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Autotomy happens when an animal divests itself of an appendage in the interests of survival. A serendipitous observation shows that a sulfakinin/cholecystokinin-type neuropeptide promotes autotomy in starfish, opening a new route to understanding this fascinating phenomenon. 
When a starfish is grabbed by a seagull the unfortunate victim can avoid its demise by selfamputation, leaving the bird with just an arm in its beak and a small snack rather than the main course. Similarly, lizards can leave their tail behind when escaping from a predator. This capability, to sacrifice an appendage in the interests of survival, is called autotomy. It likely evolved independently at least nine times across the animal phyla1 providing a striking example of convergent evolution. This biological capability for autotomy is often paired with the ability to regenerate the lost appendage,  together providing for some fascinating biological processes. Precisely how an animal elicits this remarkable behaviour has remained an elusive question until now. New insight has come from a series of investigations on the role of neuropeptides in the  starfish Asterias rubens2 and a serendipitous discovery reported in a recent issue of Current Biology by Tinoco et al.3.  
Neuropeptides, as their name suggests, are specialised peptides found in neurones that function as inter-neuronal messengers. They may be just a few amino acids or an extended chain of thirty or more. They are released from neurones and act on receptors, the vast majority of which are Gprotein coupled receptors, to relay signals that underpin arguably every aspect of animal behaviour4. 
The concept of neuropeptide signalling emerged during the first half of the 20th century, and it was fast-tracked by the realisation that many gut hormones also double up as neural signals. Since then, literally hundreds of neuropeptides have been found throughout the animal phyla. A notable aspect of neuropeptidergic signalling is its evolutionary conservation5. Thus for many of the different classes of neuropeptides found in protostomes and deuterostomes, their origin can be traced back to the hypothetical ‘common ancestor’ of the Bilateria, and one family at least can even be found in nonbilaterians without a nervous system6. This supports the premise that neuropeptides are the most ancient type of inter-neuronal signal in the nervous system7. But why is there interest in neuropeptide signalling in the starfish specifically? The starfish is  a representative of the echinoderm phylum and, when considered in relationship to the other phyla, it is an invertebrate juxtapositioned with the chordates. Thus, starfish has the potential to provide key insight into evolutionary aspects of neuropeptide signalling.  
In a previous study, Tinoco et al.2 were investigating the role of neuropeptides that are homologues of mammalian cholecystokinin (CCK) neuropeptides and insect sulfakinins (SK) — or SK/CCK-type for short. CCK is a classic example of a neuropeptide that was first identified as a gut hormone in mammals before being identified in brain8,9. As a hormone, it causes bile duct contraction and secretion of pancreatic enzymes whilst leucosulfakinin, which was later discovered as its insect homologue, also has a role in gut function10.  Up to two G-protein coupled receptors for SK/CCK are present in metazoa, found in nematodes through to mammals 11–14. As neuropeptides, and typical of this class of signal, SK/CCK-type neuropeptides have diverse neural functions beyond their function in the gut including a key role in satiety, stress related behaviours and anxiety15,16(Figure 1). The discovery of SK/CCK in starfish provided a missing link in the evolutionary path for this neuropeptide family2. The evidence for this followed a well-trodden methodological track of first identifying a precursor gene, in this case a single gene, from which the prediction of two potential SK/CCK-type neuropeptides designated ArSK/CCK1 and ArSK/CCK2 was made based on homology with known SK/CCK neuropeptides. The presence of the candidate neuropeptides was confirmed by mass spectrometry of A. 
rubens tissue extracts and by immunocytochemistry demonstrating neuronal localisation. Both sulphated ArSK/CCK1 and sulphated ArSK/CCK2 activated the single predicted A. rubens SK/CCK Gprotein coupled receptor, ArSK/CCKR, when this receptor was expressed in a cell line. And both neuropeptides caused muscle contraction in isolated tissues from the starfish2.  
The next step was to investigate the physiological role of the neuropeptides in the intact animal and this is where the chance observation by Tinoco et al.3  came in. The authors injected the starfish with a bolus dose of either ArSK/CCK1 or ArSK/CCK2, predicted to result in the top end of physiological levels in the perivisceral coelom, and they observed the consequences. As a remarkable example of conservation of function, the starfish SK/CCK-type peptides inhibited the onset of feeding suggesting they may act as a satiety signal2. Most notably however a small subset of animals injected with ArSK/CCK1, just over 10%, were observed to lose between one to four arms within an average period of five minutes3. This loss was never observed in water-injected controls. This tantalisingly interesting effect of ArSK/CCK1 suggested to Tinoco et al.3 that they may have stumbled upon a biological process for autotomy.  
To follow up Tinoco et al.3 designed an experiment to mimic seagull capture. They applied a clamp to the arm of a starfish and suspended the animal over an aquarium. When the clamp was applied proximal to the body, nearly all the starfish autotomised but if the clamp was applied  midway along the arm, autotomy was reduced to around 10% of the animals tested. Tinoco et al.3 saw this paradigm as an opportunity to explore an autotomising potential of ArSK/CCK1 by combining injection of the peptide with the mechanical ‘threat’ presented with the mid-arm clamp. They found a really striking increase in autotomy when they combined ArSK/CCK1, and to a lesser extent ArSK/CCK2, injection with the mid-arm clamp, with animals losing one or more arms within a timeframe of around five minutes. Tinoco et al.3 discuss why ArSK/ CCK2 is less 
effective than ArSK/CCK1 in inducing autotomy and they conclude, based on its structure, that ArSK/CCK2  is more susceptible to enzymatic degradation in vivo. 
So what does this observation mean? To complete the process of autotomy the arm must fully detach from the body of the animal. In part this is accomplished by contraction of the torniquet muscle that encircles the arm. Importantly, Tinoco et al.3 showed ArSK/CCK1 expression in nerve fibres embedded in the tourniquet muscle — the right place to do the job. In addition, the collagenous structures in the arm must soften and break, presumably through enzymatic digestion.  Is the mechanical insult causing release of ArSK/CCK1, which in turn accomplishes all the biological processes required to autotomise, encompassing both tourniquet muscle contraction and enzymatic softening of tissues? A G-protein coupled receptor signalling cascade activated by ArSK/CCK1 would be well-suited to this dual effector role due to the universal ability of G-protein coupled receptors to trigger divergent response pathways. Does the ArSK/CCK receptor mediate both these effects? Unfortunately, the expression pattern of this receptor in the starfish arm has not yet been mapped. Of course, this model for autotomy in starfish could be tested experimentally if a selective receptor antagonist for ArSK/CCKR was available, or if receptor knockouts were feasible in starfish, but in the absence of such definitive experiments one is left with speculation based on the observations to date.   
What other factors might be required for autotomy? Neuropeptides are co-expressed with small molecule neurotransmitters17 and the neurotransmitter phenotype of the ArSK/CCK containing neurones in the tourniquet muscle is as yet undefined.  Is co-release of the neuropeptide and its partner small molecule neurotransmitter simultaneously required for a full effect? Or is some other, yet to be discovered, signal involved?  Whilst these questions remain, it is nonetheless exciting that Tinoco et al.’s study3 has finally nailed the identity of a heat-labile autotomising substance previously shown to be present in starfish18,19. Undoubtedly this is the peptide ArSK/CCK1, and it is the 
first autotomy factor identified in any animal. It will be intriguing to find out if this role for neuropeptides plays out in other animals.  
Until this recent discovery of Tinoco et al.3, the SK/CCK-type neuropeptides aligned well with the prevailing view that there is often a rather pleasing resonance across the different animal phyla in terms of the physiological roles for discrete classes of neuropeptides20. For SK/CCK-type peptides this is manifest as roles in feeding, gut physiology and affective behaviours in animals as diverse as insects through to rats (Figure 1). Whilst at first sight it might seem that ArSK/CCK1 has ‘gone out on a limb’ through its role in autotomy, if one considers that autotomy is a stress response that involves muscle contraction and a tissue-digesting enzymatic signalling cascade, then perhaps it’s not such a deviation after all?   
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Figure 1. Conservation of physiological roles for sulfakinin and cholecystokinin-type peptides across the Bilateria. This family of peptide hormones and neuropeptides, and their receptors, are evolutionarily conserved. The table illustrates the main taxa of the Bilateria, the deuterostomes and protostomes. Representative phyla for each are indicated, from left to right, the Chordata, Echinodermata, Arthropoda and Nematoda. Sulfakinins and cholecystokinins (SK/CCKs) are implicated in gut motility, digestion, feeding behaviour and affective behaviours in both deuterostomes and protostomes consistent with their origin in the hypothetical common ancestor of the Bilateria. The discovery that ArSK/CCK1 promotes autotomy adds a new vista to this peptide 
family2,3,8–10,14. 
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