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 EVOLUTION OF ABILITIES TO REGENERATE

 NEURONS IN CENTRAL NERVOUS SYSTEMS

 C. E. HULSEBOSCH AND G. D. BITTNER

 Department of Zoology, University of Texas, Austin, Texas 78712

 Submitted October 21, 1977; Accepted September 22, 1978

 The ability to regenerate complex body parts (those composed of several tissue
 types) or to regenerate injured tissue is differentially distributed among meta-
 zoans. For example, some arthropods and some amphibians can regenerate ap-

 pendages, but birds and mammals cannot. Present explanations for these ob-
 served differences in regenerative ability state that the regenerative capacity is
 influenced by environmental conditions of the species habitat (Needham 1961)

 and/or that the capacity to regenerate contributes favorably to reproductive

 efficacy and consequently is the result of selection (Barr 1964). Furthermore,
 certain physiological and anatomical adaptations could predispose a species for
 selection of a particular regenerative mechanism. For example, differences in the

 regenerative abilities of arthropods and mammals might be accounted for not only

 by the species' environment but also by anatomical structures. The crayfish has
 much of its body mass supported by the surrounding aquatic medium and also has
 numerous appendages and a powerful tail used in escape. The loss of one or a few
 appendages would not hamper the movement of the crayfish nearly as much as the
 loss of one or two appendages would affect the ability of the rat to escape

 predation. Thus, the loss of an appendage in the rat may be synonymous with a
 lethal injury. Therefore, the environmental conditions and the preexisting number

 and structure of appendages may well have contributed to the differential ability of

 the crayfish and the rat to regenerate limbs.
 Using the same reasoning with respect to regeneration at the tissue level, limb

 musculature is more exposed to injury in mammals than in arthropods, in which
 the musculature is protected by exoskeleton. Consequently, the frequency of
 injuries to limb musculature alone might be higher in the rat than the crayfish. For
 this reason selection for regeneration of limb musculature may have been greater
 in the rat than the crayfish. In fact, the rat does regenerate muscle masses (Carlson
 1968, 1974; Snow 1973), whereas the crayfish shows little or no muscle regenera-
 tion following selective injury to that tissue (G. D. Bittner and R. D. Moe,
 unpublished data).

 In addition to anatomical structures, other physiological and cellular factors
 such as the type of circulatory system (open vs. closed), the humoral substances
 present, and the capacity for cell mitosis, could all influence the evolution of
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 regenerative capacity in a given species. Few arguments for selection of regenera-

 tion in terms of physiological factors have been proposed. This paper will discuss
 how one physiological mechanism in reproductively competent metazoans might

 affect the distribution of regenerative capacity following injury or ablation of one

 particular tissue, that of the central nervous system (CNS). We will discuss only

 regeneration of selectively damaged CNS tissue and not regeneration of CNS

 tissue within an entire regenerating body part. (In considering differential re-
 generative responses, it is important to note that the regenerative capacity of a
 specific tissue cannot be predicted a priori based on the regenerative capacity of

 the body part in which the tissue resides. For example, an injured tissue in a limb

 capable of regenerating will not necessarily regenerate [G. D. Bittner and R. D.
 Moe, unpublished data].)

 RESPONSE TO CNS INJURY

 Unlike any other tissue, the normal function of CNS tissue depends upon highly
 specific cell-to-cell interactions. Hence, restoration of original function after in-
 jury to CNS tissue must entail regeneration of new neurons in appropriate num-
 bers, which then must develop proper connections.

 The ability to generate new CNS neurons in response to injury involving the
 loss of cell bodies is relatively rare in adult (reproductively competent) organisms.
 However, since different authors have used various techniques and organisms to
 study regeneration, it is difficult to compare results in this field. Furthermore,
 given the rather limited number of studies, it may be fallacious to interpret every

 positive report as evidence of regeneration and every negative report as evidence
 for the lack of regenerative ability. Nevertheless, it seems to us that adult mam-
 mals and birds show little or no ability to generate CNS neurons in response to
 injury (Clearwaters 1954; Altman 1962; Clemente 1964; Guth and Windle 1973;
 Guth 1975). Two classes examined in arthropods also do not exhibit significant
 neuron regeneration. Among insects, adult cockroaches (Periplaneta americana)
 are unable to regenerate ablated abdominal ganglia within one molt (Bodenstein
 1957); and in crustaceans adult crayfish (Procambarus clarkii) show no CNS cell
 replacement within 1 yr after ablation of an abdominal ganglion (Bittner et al.
 1974).

 In other taxonomic groups the ability to replace injured neurons varies even
 among closely related species and, in a given species, CNS regenerative abilities
 may be restricted to specific regions. For example, among the teleosts regenera-
 tion of the telencephalon in adult sticklebacks, Gasterosteus aculeatus (Segaar
 1961, 1965), and of the optic tectum of caruscian carp, Carassius carassius
 (Kirsche and Kirsche 1961), have been shown using both histological and behav-
 ioral criteria. However, adult goldfish C. auratus are not able to regenerate injured
 or ablated portions of the telencephalon (Bernstein 1967) or retinal ganglion cells
 (Schmidt et al. 1978) but can regenerate photoreceptors (Schmidt et al. 1978).
 Adult salamanders (Stone 1959) and adult newts (Stone 1950; Keefe 1973), both
 urodeles, can regenerate retinal ganglion cells and photoreceptors which are
 diencephalon anlage. Furthermore, adult newts are able to replace ablated neu-
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 rons of the spinal cord on the postbrachial region (Butler and Ward 1967), but are

 unable to regenerate ablated portions of the telencephalon (Piatt 1955a). Among
 anurans, adult Xenopus can regenerate excised regions of the telencephalon
 (Jordan 1958; Kosciuszko 1958), but no regeneration of retinal ganglion cells has
 been demonstrated in Xenopus or any other anuran (Gaze 1970).

 In the absence of body-part regeneration, regeneration of CNS neurons in the

 invertebrates has been demonstrated only in some species of the phylum An-

 nelida. For example, histological replacement of nerve cell bodies occurs in
 various species of earthworms such as Lumbricus terrestris (Schwartz 1932),
 Allolobophora caliginosa (Kortisanszky and Hartwig 1974), Eisenia foetida

 (Herlant-Meewis and Deligne 1965), and Helodrilus caliginosa (Hall 1921). Our
 laboratory (Birse and Bittner 1976, 1977) has recently confirmed these results.
 However, we have also shown that several species of leeches (Hirudo

 medicinalis, Haernopis grande, and Macrobdella) do not regenerate neural
 somata and never correct behavioral deficits in a series of rigorous experiments

 which include ganglionic ablations similar to that performed on earthworms by
 Birse and Bittner (1977), in addition to quarter ganglionic ablations and the
 removal of two neuronal somata (Hulsebosch and Bittner 1978).

 Other mechanisms have evolved for the partial restitution of function resulting
 from CNS injury in species which do not regenerate neurons. For instance, in
 adult mammals, surviving neurons can rearrange their synaptic contacts (Liu and
 Chambers 1958; Steward et al. 1974; Raisman 1975). Also, neuronal processes
 have been shown to grow across the lesion site (perhaps in an attempt to reestablish

 original synaptic connections) in vertebrates (Koppanyi 1955; Piatt 1955b; Adams
 et al. 1969; Bernstein and Gelderd 1970), as well as in invertebrates (Boulton 1969;
 Edwards and Palka 1971; Frank et al. 1975) which do not produce new CNS
 neurons in response to injury. In fact, adult organisms which generate new
 neurons may also show growth and/or rearrangement of neuronal processes fol-

 lowing injury (Birse and Bittner 1976, 1977).
 In certain cases, prevention of degeneration of severed axons may allow an

 organism to survive and reproduce even in the absence of regeneration. For
 example, the severed processes of many giant and nongiant neurons in the ventral
 nerve cord of the crayfish, Procambarus clarkii, continue to mediate locally

 generated reflexes for many months. Several female crayfish with transacted
 cords have even mated and successfully hatched one or more sets of eggs (Bittner
 1977). Another example of this phenomenon occurs in the leech, in which the
 severed axon of a heart interneuron continues to conduct impulses for several

 weeks after separation from its soma (Calabrese 1977). In these species, adapta-
 tions for very long term survival (up to 1 yr) of severed processes allow certain
 neurons to continue to mediate many important reflexes and hence to compensate
 for the lack of neuron regeneration or synaptic rearrangement (Wine 1973; Bittner
 et al. 1974; Bittner 1977; Meyer and Bittner 1978a, 1978b). However, normal CNS
 function is not achieved when the original neurons are not replaced.

 EVOLUTION AND CNS REGENERATION

 One theory postulated to account for the differential distribution of regeneration
 is that the ability to regenerate any tissue (or body part) decreases with increasing
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 phylogenetic evolution. In other words, as organisms evolve more complex tis-

 sues and organs, regeneration is less likely (Huxley 1942; Needham 1952; Maron

 1959; Hibbard 1963; Goss 1969).

 This correlation may hold with respect to the distribution of CNS regeneration

 involving the replacement of ablated neurons. The phylum Arthropoda is consid-

 ered phylogenetically more advanced than Annelida, and many species of
 oligochaetes regenerate neural somata. Furthermore, among annelids, the class
 Hirudinea (leeches) is often considered the most specialized and therefore might

 not be expected to regenerate neurons. However, it is difficult, if not impossible,

 to determine which species are more primitive phylogenetically or which arose the
 earliest in evolutionary history. For example, even among the vertebrates, there is
 no evidence that teleosts are more primitive than amphibians (Koppanyi 1955;

 Grant 1963; Segaar .1965). Hence their ability to regenerate CNS cell bodies more
 successfully than amphibians cannot be attributed merely to their supposedly
 "lower" phylogenetic status.

 In addition, any increase in tissue complexity in the CNS is difficult to demon-
 strate, if by tissue complexity one is referring to cellular interactions. In fact, the
 general nature and cellular mechanisms of bioelectric phenomena in vertebrate
 and invertebrate neurons are very similar (Bullock and Horridge 1965). Through-
 out the entire animal kingdom there appears to be a conservative evolution of
 basic neuronal properties, such as the mechanisms for axonal conduction of

 spikes and synaptic transmission by release of transmitter substances or elec-
 trotonic gap junctions. Therefore, the basic mechanisms of neuronal interactions
 in the central nervous system are similar for both invertebrates and vertebrates
 (Bittner 1977).

 On the other hand, if one measures complexity in terms of the total number of
 neurons in the CNS, then the phylogenetic status may correlate with CNS re-

 generative capacity in vertebrates. For example, various amphibians and teleosts
 can replace ablated CNS cell bodies and also have fewer neurons than mammals,
 which show no CNS neuron regeneration. However, this correlation does not
 apply when comparing invertebrates with vertebrates. Leeches, cockroaches, and
 crayfish cannot replace injured neurons and certainly have fewer CNS neurons

 than urodeles, anurans, and teleosts (Jacobson 1978), which do regenerate neu-
 rons. Furthermore, this correlation does not hold even among the invertebrates.

 The earthworm has a greater total number of neurons and a greater number in

 each ganglion than the leech (Ogawa 1928; C. Hulsebosch, unpublished data), but
 only the former is able to replace ablated neurons or ganglia.

 It might be possible by other hypotheses to account for the fact that the ability
 to regenerate neurons not only varies from class to class, as among annelids, but
 varies within a class, as in teleosts, and may vary in different regions in the CNS
 of the same species. For instance, in nature certain types of sublethal injuries
 might occur to specific portions of the CNS with such a high frequency that
 selection for neural regeneration would be intense. Concomitantly, anatomical
 and/or physiological adaptations might influence the selection for certain re-

 generative mechanisms. For example, the stiff exoskeleton of arthropods proba-
 bly reduces the frequency of neural damage from external predators, but not from
 parasites or disease. Perhaps the absence of CNS regeneration in arthropods is a
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 result of the protective exoskeleton. On the other hand, parasitic infection or
 disease may have directed selection toward an alternative response to neural

 trauma, i.e., the long-term survival of severed CNS axonal processes evident in
 crustaceans (Wine 1973; Bittner et al. 1974; Meyer and Bittner 1978a, 1978b).

 One might predict regenerative abilities to be high in a tissue which is not only
 capable of adding cells but does so normally in the adult. In mammals, for

 instance, certain exocrine glands such as pancreas and salivary glands, add new

 secretary acini under appropriate physiological conditions and can also regenerate

 following partial ablation (Goss 1966). Certainly those species which add neurons

 throughout ontogeny have ongoing processes (mitosis and/or redifferentiation)
 whereby new neurons are added. In these species an injury or ablation to the CNS
 of an organism could stimulate or accelerate an ongoing process. Furthermore, all
 tissues at some early stage of development often have a higher regenerative
 capacity than adult tissues. In fact, in larval forms of urodeles (Holtzer 1951;
 Butler and Ward 1965), anurans (Srebro 1959), and aves (Clearwaters 1954;
 Hamburger 1955; Clemente 1964) ablated nerve cells are regenerated, whereas

 this ability is very poorly developed or nonexistent in adults.

 One might predict that those species which add CNS neurons during ontogeny
 are more likely to regenerate neural cells in response to injury or disease than
 those species which do not normally add neurons. In fact, this correlation of
 neuronal addition with regeneration of nerve cell bodies is consistently observed
 among contemporary species. For example, mammals (Altman 1962; Altman and

 Das 1965; Palehaev 1972; Jacobson 1978), insects (Power 1952; Needham 1965;
 Gymer and Edwards 1967; Goodman 1976), crustaceans (Bullock and Horridge
 1965; c.f. Roth and Suppes 1973), and leeches (Jansen and Nicholls 1972; Lent

 1977) do not add many, if any, CNS neurons during ontogeny and have little or
 no ability to regenerate ablated cell bodies. In contrast, certain teleosts (Kirsche
 and Kirsche 1961; Johns and Easter 1975, 1977) and most oligochaetes (Beddard
 1895; Berril 1952; Goss 1969) have been reported to add CNS neurons during

 ontogeny and also to regenerate ablated CNS neurons.
 It is quite possible that CNS neuronal addition in an adult species may occur

 only in a specific region of the neuraxis. In these species the ability to regenerate

 neurons in response to small ablations to that specific region should be higher than
 in regions where no new neurons are added. For example, goldfish retinae grow by

 cell addition throughout adult life (Johns and Easter 1975, 1977) and can regener-

 ate retinal cells (Schmidt et al. 1978). Furthermore, primary olfactory neurons
 probably of neural crest origin (Balinsky 1970) in mammals are constantly re-
 newed in the adult and do regenerate (Harding et al. 1977).

 The correlation of CNS regeneration and CNS neuronal addition in the adult
 can be explained in evolutionary terms as well as mechanistic terms. Em-
 bryological development and regeneration of neural tissue have several common
 phenomena: cell division, development and growth of nerve axons and dendrites,
 and formation of appropriate cell-to-cell connections. In fact, some authors have

 argued that the genetic information which codes for embryonic development
 would suffice for regeneration (Spilsbury 1961; Barr 1964). Selection of a set of
 factors which prolonged the expression of the genes responsible for a develop-
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 mental process or allowed their reexpression later in ontogeny could provide
 genetic information necessary for the expression of regeneration.

 The conditions in nature which could select for continual addition of neurons in
 the adult are speculative at best. However, there should be variation of CNS

 neuron addition abilities within taxonomic groups which relates in some manner to
 the differences in environmental and life histories between the various species and
 this should correlate, in turn, with the ability to regenerate CNS cell bodies.
 Utilizing H3-thymidine radio-labeling techniques or neuron-counting techniques,
 it should be possible to determine if the number of CNS neurons increases

 significantly in normal uninjured adults of a given species. Furthermore, those
 species which add neurons during ontogeny to a given portion of the CNS should
 demonstrate an ability to regenerate neurons in response to ablation of CNS cell
 bodies in that same region.

 In conclusion, the selection for regeneration in general and CNS regeneration in

 particular appears to be influenced by the natural environment of the species as
 well as by the species anatomy and cellular physiology. We propose that the
 normal addition of CNS nerve cell bodies has had a major influence on the ability
 of metazoans to replace ablated CNS neurons, and that experiments can deter-
 mine the validity of this hypothesis.

 SUMMARY

 Several hypotheses have been presented to account for the differential distribu-
 tion of tissue regeneration in metazoans. The influence of the environmental
 conditions of the species habitat (Needham 1961) and the possible contribution of
 regeneration to reproductive efficiency (Barr 1964) have been suggested to play a

 major determinant in the selection for regeneration. In addition to these factors,
 certain physiological and anatomical adaptations may contribute to the evolution
 of specific regenerative mechanisms in a given species. We present evidence
 which suggests that an ability to add neurons to normal central nervous systems in
 reproductively competent metazoans is a major influence in the evolution of an
 ability to regenerate ablated neurons.
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