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 Types of Morphogenetic Phenomena in Vertebrate Regenerating Systems

 Bruce M. Carlson

 Department of Anatomy, University of Michigan,
 Ann Arbor, Michigan 48109

 synopsis. Within the regenerating amphibian limb the regeneration blastema represents
 the focus ofthe dominant epimorphic regenerative process. More proximally, tissue regen?
 erative processes are prominent within certain tissues of the stump. It is not yet known
 whether all tissues present within the limb regenerate are laid down as part of a single all-
 inclusive plan or whether the morphogenesis of some tissues is dependent upon secondary
 cues. Initial axial deviation of regenerates arising from oblique amputation surfaces (Bar-
 furth's rule) is compared with the permanent axial deviation of regenerates from zeugo-
 podial segments of limbs from which one skeletal element has been removed. Homeotic
 regenerates are commonly produced in arthropods, but they have yet to be demonstrated
 in regenerating vertebrate extremities. Individual tissue components of limbs regenerate
 well, and their morphogenesis appears to be controlled largely by the functional environ-
 ment in which the regenerative process is taking place. Under appropriate conditions,
 terminally amputated mammalian, including human, digits produce well organized out-
 growths complete with nails or claws. Whether or not this form of outgrowth is directly
 comparable with an epimorphically regenerating amphibian limb remains to be seen.

 INTRODUCTION

 Morphogenesis has long remained one
 of the most intractable problems in de?
 velopmental biology. Our under standing
 of morphogenesis has been hampered not
 only by the lack ofa central theory but also
 by a lack of precision in defining and
 categorizing morphogenetic processes.
 During recent years several experimental
 and theoretical breakthroughs (see reviews
 by Stocum, 1975; Wolpert et al., 1975;
 Faber, 1976; French et al, 1976) have pro?
 vided considerable insight into some ofthe
 mechanisms underlying the epimorphic
 regeneration of the amphibian limb. Yet,
 there remain a number of morphogenetic
 phenomena which are clearly different
 from epimorphosis. Other phenomena are
 associated with epimorphic regeneration,
 but cannot fit into any of the existing
 hypotheses. The main purpose of this
 paper is to provide a different perspective

 Original research reported here was supported by
 grants from the Muscular Dystrophy Association and
 NIH (NS 13116).

 Sincere thanks are extended to William Brudon for

 original artwork, John Beckerman for photography
 and Gretchen Kronk for typing.

 by describing a spectrum of morphogene?
 tic phenomena associated principally with
 regenerating vertebrate limbs or their
 component tissues. Except for passing ref?
 erences, comments on the central theme
 of epimorphic regeneration of the amphi?
 bian limb have been left to other partici-
 pants in this symposium (Bryant, 1978;
 Stocum, 1978).

 TISSUE VS. EPIMORPHIC PROCESSES IN THE

 REGENERATING LIMB

 The regenerating amphibian limb is
 dominated by the formation and sub?
 sequent outgrowth of the regeneration
 blastema. Concurrent with this activity,
 other more subtle changes are taking place
 more proximally in the limb stump. These
 changes are most readily apparent in the
 muscles and the skeleton, and they are
 examples of tissue regeneration.
 The most well-defined early change is

 the formation of a cuff of cartilage around
 the distal portions of amputated bones
 (Fig. 1). Arising from periosteum and pos?
 sibly other local connective tissue cells, the
 periosteal cartilaginous cuff in the newt
 differentiates several days before cartilage

 869
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 870 Bruce M. Carlson

 FIG. 1. Twenty-six-day regenerate from the mid-
 humeral level in the axolotl. Massive deposition of
 periosteal cartilage along the shaft of the humerus
 (arrow) is an example of tissue regeneration in the
 regenerating limb.

 appears within the regeneration blastema.
 Periosteal chondrogenesis is one of the
 most clear-cut examples of a tissue re?
 generative process (Carlson, 1970). This
 phenomenon occurs completely indepen-
 dently ofthe epimorphic regenerative pro?
 cess that is also taking place in the re?
 generating limb.The distal musculature of
 the limb stump also undergoes a similar
 tissue regenerative reaction, but the pro?
 cess is less readily apparent because the
 morphology is more complex.
 Because tissue and epimorphic re?
 generative processes occur in the same
 limb, they must, of necessity, interact.
 There seems little doubt that of the two,
 epimorphic regeneration is the dominant
 process. Previously, I have likened tissue
 regeneration to a consolation prize that is
 left to a limb that is denied the opportunity
 to regenerate epimorphically (Carlson,
 1970). Perhaps the best way to illustrate
 this phenomenon is to look at amputated
 limbs that are prevented from regenerating
 by some means. In these limbs the tissue
 regeneration of skeleton and muscle oc?
 curs all the way to the end of the limb
 stump; in addition, the space between the
 end of the bone and the epidermis be?
 comes occupied by a fibrocellular scar and
 a well developed dermal layer. If full re?
 generation were allowed to occur in these
 same limbs, the cells in the distal part of
 the limb stump would be swept up in the

 dedifFerentiative response and would
 likely participate in the formation of the
 blastema.

 A general difference between tissue and
 epimorphic regeneration in the limb is that
 extracellular matrix (mainly collagen)
 tends to accumulate in a non-regenerating
 limb. Some property of an epimorphically
 regenerating limb seems to inhibit the
 appearance or hasten the removal of
 extracellular products. The apparent
 requirements for intercellular communi?
 cation during limb development and re?
 generation provide a teleologically under-
 standable basis for this reaction. In several

 recent experiments, muscles in axolotl
 limbs were minced and the limbs were later

 amputated through the level of the re?
 generating minced muscle (Carlson, 1975,
 unpublished). In all cases epimorphic limb
 regeneration occurred and became the
 dominant process at the distal end of the
 limb stump (Fig. 2).

 How far proximally from the amputa?
 tion surface does the influence of the re?

 generation blastema extend? The most
 distal region of the stump represents an
 area where, to a considerable extent,
 epimorphic regeneration suppresses tissue
 regeneration. The answer to this question
 is not easy to obtain in a normally re?
 generating limb, but some indirect infor?
 mation can be obtained from studying
 regeneration from limbs in which compo?
 nents of the stump have been removed.

 If the humerus is removed from a ma?

 ture salamander limb it does not grow
 back. If the limb is amputated after re?
 moval ofthe bone, the regenerate contains
 a normal skeleton (Fritsch, 1911; Weiss,
 1925). Within the stump, the proximal
 part of the removed bone is not replaced,
 but new bone does appear more distally in
 the stump. Both Bischler (1926) and
 Thornton (1938) noted a relationship be?
 tween the size ofthe blastema and extent of

 the regenerated bone.
 Similar observations have been made in

 muscle removal experiments (Carlson,
 19726). When most of the stump muscula?
 ture in the upper arm of an axolotl is
 removed at the time of amputation, a
 significant amount of new muscle does not
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 FIG. 2. Schematic diagram lllustrating the interaction
 between the tissue and epimorphic regeneration of
 muscle. After muscles of the arm are minced, they
 regenerate by the tissue mode of regeneration. If the
 limb is simultaneously amputated at a level of inter-
 secting the minced muscle, the distal part of the

 form in the proximal regions ofthe stump.
 Farther distally, large numbers of muscle
 fibers, arranged into easily recognizable
 muscles are present, and the regenerated
 limb has a qualitatively and quantitatively
 normal musculature. The area of newly
 formed muscle with a normal pattern ex-
 tends proximally about a millimeter from
 the amputation surface. This distance rep?
 resents roughly the area of the distal
 stump in which the dedifferentiative reac?
 tion occurs.

 MORPHOGENESIS OF INDIVIDUAL TISSUES WITHIN

 THE REGENERATING LIMB

 The regenerating limb is made up of a
 number of different tissue components. Is
 the pattern of all of the tissues in the
 regenerating limb laid down as the result
 of a single all-inclusive plan or does the
 morphogenesis of some tissues follow sec?
 ondary cues that may, however, depend
 upon the primary plan? There seems to be
 little doubt that gross morphogenesis, in-

 minced muscle is swept up mto the dedifferentiative
 reaction and participates in blastema formation (epi?
 morphic regeneration). The area where epimorphic
 regeneration is dominant over tissue regeneration is
 indicated by the asterisks in the inset at the lower
 right.

 cluding the skin and skeletal elements, is
 part of an overall plan, but the status ofthe
 other tissues of the regenerate is less clear.

 In a normal limb regenerate the general
 pattern of the larger nerve trunks is close
 to normal, but there are numerous devia-
 tions from the normal pattern in the
 smaller branches and in the individual

 nerve fibers themselves (Piatt, 1939, 1957).
 At this time it is difficult to say whether the
 pattern of innervation of the limb regen?
 erate is laid dowrn with the primary pattern
 or whether the regenerating nerve fibers
 react to and accommodate to the distribu?
 tion of other tissues in the limb. This

 question is valid for the embryonic as well
 as the regenerating limb. When comparing
 embryonic and regenerating limbs one
 must, however, keep in mind a funda-
 mental difference in the pattern of nerve
 ingrowth. The embryonic limb bud un-
 dergoes considerable outgrowth, early
 skeletal morphogenesis and early steps in
 muscle formation (up to the splitting of the
 individual anlagen) before nerves grow in

This content downloaded from 128.59.222.107 on Mon, 19 Sep 2016 13:46:46 UTC
All use subject to http://about.jstor.org/terms



 872 Bruce M. Carlson

 whereas the nerve dependent nature of
 normal limb regeneration dictates that
 nerves must be found in the apex of the
 blastema from the start.

 Morphogenetic control of vascular in?
 growth presents a problem similar to that
 of the nerves. The development of larger
 vessels follows a predictable course during
 limb regeneration, but we know little about
 the mechanism. Before this problem can
 be fruitfully pursued, the origin of the
 regenerating blood vessels must be estab?
 lished. It is commonly believed that new
 blood vessels are formed by budding from
 pre-existing vessels, but the possibility of
 varying degrees of local origin must be
 ruled in or out before the question of
 vascular pattern formation can be profita-
 bly investigated.

 At present the status of muscle mor?
 phogenesis in the regenerating limb is
 somewhat uncertain. With respect to gross
 morphogenesis, muscles follow the same
 sequence of events that occurs in the em?
 bryonic limb bud (Grim and Carlson,
 1974), but the evidence regarding the
 morphogenetic control of muscle pattern
 is sketchy and somewhat contradictory.
 Some data would suggest that the estab-
 lishment of pattern of the limb muscula?
 ture is an integral part ofthe processes that
 shape the entire limb. According to
 another viewpoint muscle morphogenesis
 is more reactive in nature, i.e., the ar?
 rangement of the muscles is determined by
 conditions resulting from skeletal growth
 or changes in the connective tissue matrix
 of the limb.

 Some descriptive and experimental
 work on embryonic systems indicates that
 the muscle pattern is laid down in the
 context of the limb as a whole and that it

 does not secondarily depend upon skeletal
 morphogenesis. For example, in hemi-
 melias of human limbs the muscular pat?
 tern is often completely normal, despite
 the absence of important skeletal elements
 in the limb (Fig. 4, Slacalkova, 1974)
 Slacalkova (1974) also showed that if
 skeletal primordia are removed from chick
 limb buds at stage 24, a normal pattern of
 muscles still appears. In neither of these
 cases, however, can one be assured that a

 very early template for muscle pattern was
 not laid down before the skeletal elements

 regressed (as may occur in hemimelias) or
 were experimentally removed. Descriptive
 work on normally developing limbs has
 shown that the belly of a muscle forms
 before the tendons appear (Cihak, 1977).
 This observation reduces the likelihood of

 a secondary dependence of this muscle
 pattern upon the skeleton.

 On, the other side of the coin, there is a
 tantalizing observation made by Pietsch
 (1961) of abnormal muscle morphogenesis
 within an otherwise normal limb regener?
 ate. He grafted limb stumps into the
 enucleated orbit in Ambystoma larvae. The
 extraocular muscles then grew into the
 limb deplants. The regenerates were
 grossly normal, but according to Pietsch
 the muscles tended to be arranged into
 fairly solid flexor and extensor masses in-
 stead of individual muscles (with the ex-
 ception of the ulnocarpalis). This experi?
 ment was interpreted to mean that the
 pattern of muscle formation may be inde?
 pendent from that ofthe skeleton or ofthe
 limb as a wrhole.

 Recently Grim and Carlson (unpub?
 lished) have done a similar experiment.
 The muscles were removed from the

 upper arms of axolotls and dorsal trunk
 musculature from midway between the
 fore and hind limbs was grafted in their
 place. The arms bearing the trunk muscle
 grafts were later amputated. Grossly
 normal limbs with normal muscular pat?
 tern regenerated. These results are seem-
 ingly contradictory to those of Pietsch
 (1961). For each of these experiments
 there are several interpretations of the
 results which would be of fundamental

 importance in understanding the relation?
 ship between morphogenesis of muscles
 and the limb as a whole. Further ex-

 perimentation is necessary before any
 definitive conclusions can be drawn.

 BARFURTH'S RULE AND AXIALLY DEVIATED

 REGENERATES

 Deviations from the normal longitudinal
 axis during outgrowth ofthe limb have not
 been included in hypotheses of mor-
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 phogenetic control of either limb de?
 velopment or regeneration. One such
 phenomenon was recognized long ago and
 is commoniy referred to as Barfurtr/s rule
 (Morgan, 1901). This rule states that when
 epimorphic regeneration occurs from an
 oblique surface, the early regenerate grows
 out perpendicularly to the amputation sur?
 face. Later, these regenerates invariably
 straighten out and become normally
 aligned along the longitudinal axis. The
 straightening out of these regenerates ap?
 pears to be a function of the difference in
 growth rate between amputations per?
 formed at different levels. Amputation at a
 more proximal level is followed by a faster
 rate of regeneration than is amputation at
 a more distal level (see Fig. 13 in Iten and
 Bryant, 1973).
 A phenomenon superficially similar to

 Barfurth's rule, but which in reality is quite
 different, is the pronounced axial devia-
 tion of regenerating and developing limbs
 after removal of one bone from the

 zeugopodial segment (Fig. 3; Carlson,
 1977). Such axial deviation can occur not
 only during epimorphic regeneration, but
 it is also seen in the tissue regeneration of
 cartilage after epimorphic regeneration of
 the limb has been inhibited.

 Axial deviation of this sort appears to be
 representative of a general reaction in de?
 veloping limbs. Working on embryonic
 extremities in the chick, Slacalkova (1974)

 FIG. 3. A newt, four months postoperatively, showing
 inhibition of limb regeneration by an implanted digit
 on the left arm and pronounced axial deviation ofthe
 regenerate on the right after removal of the radius
 and amputation through the forearm.

 obtained the same type of axial deviation
 after removal of the primordium of the
 radius. Goss (1957) illustrated examples of
 similar axially deviated regenerates from
 longitudinally halved forearms in the
 newt. In their studies on organ culture of
 regeneration blastemas containing im-
 planted spinal ganglia, Globus and Liver?
 sage (1975) observed the differentiation of
 cartilage toward the direction of the im-
 planted ganglion, and they suggested a
 possible causative relationship between the
 location of the ganglion and the direction
 of cartilage growth. A similar relationship
 to nerves in the limb stump after removal
 of the radius is less likely because the major
 nerve trunks normally run between the
 radius and ulna, and the distance between
 the ulna and the nerves is not affected by
 removal of the radius.

 It is noteworthy that in abnormal human
 limb development, the hemimelias are
 commonly accompanied by a pronounced
 deviation of the autopodial segment of the
 limb toward the direction of the missing
 skeletal element (Fig. 4). In the human
 limb, at least, the lack of mechanical sup?
 port by the missing bone does not appear
 to be the only factor involved in deviation
 because ulnar deviation occurs in arms

 missing the ulna, a bone that does not
 provide mechanical support to the wrist
 (Entin, 1977).

 HOMEOTIC MUTANTS

 Homeotic, or heteromorphic regenera?
 tion is the replacement of an appendage or
 segment of the body by another, often
 serially homologous structure (Ouweneel,
 1976). This phenomenon has long been
 recognized in invertebrates, especially ar?
 thropods (Needham, 1965). The best
 known example of this phenomenon is the
 replacement of an amputated eyestalk in
 crustacea by an antennule (Herbst, 1896).
 He found that it was usually necessary to
 amputate the optic stalk proximal to the
 nerve ganglion to produce an antennule.
 Amputation distal to that level resulted in
 the reformation of an eye.

 Whether or not heteromorphic regener?
 ation of this type even occurs in vertebrates
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 FIG. 4. Human arm with congenital absence of the
 radius. The hand is strongly deviated in the direction
 of the missing radius. Despite the missing bone, the
 muscles of the forearm are identifiable. 1) m.
 brachioradialis, 2) m. extensor carpi radialis longus et
 m. extensor carpi radialis brevis, 3) m. abductor
 pollicis longus, 4) m. extensor pollicis brevis, 5) m.
 extensor pollicis longus, 6) m. extensor indicis pro-
 prius, 7) m. extensor digitorum communis, 8) m.
 extensor carpi ulnaris, 9) m. extensor digiti V prop-
 rius. (From Slacalkova, 1974)

 is questionable. The most commonly cited
 example is the regeneration of tail-like
 organs in the place of hind limbs in lizards
 (Marcucci, 1930). Careful analyses of re?
 generates of this sort are needed in order
 to distinguish between heteromorphic and
 hypomoi phic regeneration.

 A phenomenon that closely approaches
 homeosis in vertebrates is the formation of

 gill filaments on the pectoral and pelvic
 fins of male Lepidosiren during the breed?
 ing season (Agar, 1908) or after the ad?
 ministration of testosterone (Urist, 1973).
 In addition to gill filaments, branching
 outgrowths appear on the tips of the pec?
 toral fins after hormone treatment. It

 would be of considerable interest to study
 the morphogenetic effect of testosterone
 on fin regeneration in the lungfish. This
 system appears to have the potential of

 exposing a number of interesting de?
 velopmental phenomena.

 THE MORPHOGENESIS OF INDIVIDUAL

 REGENERATING TISSUES

 Most components of the limb regenerate
 as individual tissues, and for a given tissue
 the regenerative reaction appears to be
 much the same throughout the classes of
 vertebrates. Our understanding of mor?
 phogenetic mechanisms in tissue regener?
 ation is still crude, and a number of models
 of regeneration are still just in the descrip-
 tive phases of development. Experiments
 performed to date indicate that most mor?
 phogenetic phenomena in tissue regener?
 ation are controlled largely by mechanical
 factors, but we still have only the most
 rudimentary knowledge of the means by
 which these physical factors are translated
 into biological reactions at the cellular
 level.

 Muscle

 One of the first meaningful experiments
 on morphogenesis in regenerating skeletal
 muscle was conducted in 1946 by Le Gros
 Clark. He removed squares from the belly
 of the gracilis muscle of rabbits and then
 replaced them so that the muscle fibers of
 the square were oriented perpendicularly
 to the rest of the muscle. When the new

 muscle fibers regenerated beyond the
 confines of the graft, they quickly turned
 90? and became integrated in structural
 and presumably functional harmony with
 the rest of the muscles.

 Shortly after that time Studitsky (1949,
 1959) began investigating the regeneration
 of muscle from isolated defects and from

 minced fragments. In both cases he dem?
 onstrated a remarkable tendency of re?
 generating muscle to return to the overall
 configuration of a muscle. Particularly in
 the minced muscle model, which produces
 extreme morphological disruption of a
 muscle, it is important to recognize that the
 final regenerate reproduces a generalized
 muscle and is not an exact copy of the
 original (Fig. 5). This is in contrast to the
 muscles that form in regenerating limbs.
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 FIG. 5. Typical minced muscle regenerate in the rat.
 The gastrocnemius, plantaris and soleus muscles were
 removed, minced into one mm3 fragments and re?
 placed. From the minced fragments a new muscle has
 formed. Its shape does not conform to that of the
 removed muscles, but its tendinous origins and inser?
 tion s are appropriately placed.

 These are morphologically perfect.
 Experiments conducted on minced mus?

 cle regeneration have shown that the mor?
 phology of the regenerate conforms to
 mechanical conditions and the functional
 environment in which the muscle is re?

 generating (Carlson, 1972a). Major factors
 involved in the morphogenesis of re?
 generating muscles are ongoing tension
 applied via tendinous connections and lat?
 eral pressures from surrounding muscles
 and other structures.

 Regenerating cardiac muscle also shows
 a substantial degree of conformation to
 functional or mechanical requirements.
 Bader and Oberpriller (1978) have re?
 moved part of the ventricle in newts,
 minced the removed portion and replaced
 the minced fragments at the site of the
 defect. After several weeks, they noted the

 development of a trabeculated chamber
 from the regenerating muscle (Fig. 6). In
 mammals, the papillary muscles of the
 ventricle show a remarkable regenerative
 capacity, and their form and anatomical
 connections attest to their functional role

 (Sinitsin, 1966).
 At this point our knowledge of mor?

 phogenetic mechanisms of muscles re?
 generating as isolated entities is slight, in?
 deed. There is little doubt that at the gross
 and histoarchitectural level morphogenesis
 is determined largely by mechanical fac?
 tors. It appears that the connective tissue,
 particularly the fibrous component, is the
 prime reactor and that the regenerating
 muscle fibers follow cues provided by the
 connective tissue stroma of the muscle.

 The regeneration of tendons appears to be
 an exaggerated manifestation of this re?
 sponse. In the regeneration of tendons or
 of entire muscles from short stumps, ten?
 sion seems to be a prime factor in initiating
 and maintaining a clearly demonstrable

 FIG. 6. Fifty day minced ventricle regenerate in the
 adult newt. A portion of the cardiac ventricle was
 removed, finely minced and then replaced at the site
 of the defect. The regenerating cardiac muscle cells
 formed the trabeculated chamber, which occupies
 most of the photomicrograph. Courtesy of D. Bader
 and J. Oberpriller.
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 growth in length and mass of the stump
 tissues. Unfortunately, in the case of mus?
 cle and tendon we know virtually nothing
 about the way in which mechanical forces
 are ti anslated into cellular events.

 Bone

 The regeneration of bone has been
 studied much more intensively than the
 regeneration of muscle, and the depth of
 knowledge and level of sophistication in
 approaching some aspects of mor?
 phogenesis are greater than is the case with
 muscle. Bone undergoes continual remod-
 elling, and whether during normal growth,
 during pronounced changes in function or
 during regeneration or fracture healing,
 bones remain responsive to environmental
 cues which are ultimately translated into
 changes in morphology.

 At the mechanical level, many of these
 adaptive responses are described by
 WolfFs law, which for close to a century
 has provided a conceptual guideline for
 those investigating the remodelling of
 bone. Enlow (1975, p. 236) provides the
 following operational definition of Wolff 's
 law: "The form and structure of a bone

 represent direct developmental adapta?
 tions to the bone's composite of functions.
 The bone's morphology becomes progres-
 sively structured to accommodate the sum
 of all the changing mechanical forces
 exerted on it during growth and develop?
 ment."

 In the healing of fractured long bones,
 an irregularly shaped callus of cartilage
 and bone first provides some degree of
 stability to the fracture site. The degree of
 remodelling varies with the extent of dis-
 placement of the bone fragments. In a
 poorly aligned fracture on a weight-
 bearing part of the body, considerable re?
 modelling takes place. In clinical medical
 practice it has long been recognized that
 new bone is prefei entially deposited on the
 inside of a curve whereas bone is more

 likely to be resorbed on a convex profile
 (Bonnin, 1946, p. 14).
 In more recent years, attempts have

 been made to bridge the gap between
 Wolff's law at the tissue level of organiza-

 tion and cellular reactions of regenerating
 bone. According to one intriguing hy?
 pothesis (Bassett, 1971), the piezoelec-
 tric property of bone, residing mainly in its
 collagenous component, represents the
 transducer, which converts mechanical
 input into an electrical signal. The electric
 properties of the bone, in turn, influence
 the activity of osteoblastic and osteoclastic
 cells. Thus, the remodelling of an intact or
 a regenerating bone can be related to local
 electrical charge, which is, in turn, gener-
 ated by mechanical stress. There seems to
 be a general association between local
 mechanical stress, or compressive forces,
 and a negative electrical charge. Osteo?
 blastic activity tends to be concentrated in
 electronegative regions whereas osteoclas?
 tic activity is associated with electropositiv-
 ity (Fig. 7).

 It has recently been demonstrated that
 the deposition of bony callus does not
 require a fracture of a bone, but it can be
 stimulated by the application of electric
 current (Yasuda, 1977). Working on rab?
 bits, Yasuda artificially applied an electric
 current to the intact femur and obtained

 the highly directed growth of a callus,
 starting at the negative pole and extending
 toward the anode.

 Mechanisms underlying other mor?
 phogenetic phenomena in bones are less
 clear. A good example is the regeneration
 by induction of large areas of flat skull
 bones (Polezhaev, 1972, 1977). In this
 method a preparation of ground bone is
 packed into a large defect of the skull. The
 ground bone, facilitated in some manner
 by the dura mater, induces connective tis?
 sue to form new bone within a few weeks.

 In time the newly formed bone forms
 compact outer and inner layers and a
 spongy middle layer much like the normal
 skull.

 A phenomenon even more difficult to
 explain is the formation of organized
 nodules of bone, often containing marrow
 and possessing recognizable epiphyseal
 plates, in the absence of an epimorphic
 regenerative process. Recognition of this is
 important because the formation of bony
 nodules of this sort or the reappearance of
 new epiphyseal plates on amputated long
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 FIG. 7. Schematic drawing showing a correlation
 between compressive forces (solid arrows), elec-
 tronegativity (?) and an osteoblastic (OBL) response,
 leading to the deposition of new bone (diagonal lines).

 bones of young mammals is sometimes
 considered to be proof that an epimorphic
 regenerative process has occurred. Figure
 8 ^hows an example of a type of bony
 nodule that is commonly found in minced
 muscle regenerates of the rat and in
 Achilles tendons that have been subjected
 to minor trauma or ischemia. These
 nodules form in the absence of the de?

 velopmental events that are characteristic
 of epimorphic regeneration. Morpholog?
 ically, they are very similar to bony nodules
 that form in amputated mammalian limbs
 that have been subjected to various
 stimulatory treatments (Becker, 1972;
 Becker and Spadaro, 1972).

 Blood vessels and nerves

 Little is also known about the factors that

 control the morphogenesis of blood vessels
 and nerves, regenerating in non-epi-
 morphic situations. As a rule, both of these

 In contrast, the convex surface of the bone becomes
 electropositive (+), and osteoclastic (OCL) resorption
 of bone occurs. (From Bassett, 1971)

 tissues seem to respond to a vacuum and
 fill in tissue that does not contain the

 appropriate elements.
 So little is known about the outgrowth of

 vascular networks that it is difficult even to

 comment on it at a level beyond that of
 primitive speculation. Initial outgrowth
 and early morphogenesis seem to be
 clearly linked, but the extent to which this
 can be attributed to local physiological
 conditions or to special vascular sprouting
 factors (Folkman, 1976) cannot yet be de?
 termined. In epimorphic regeneration, the
 establishment of pattern of the larger ves-
 sels follows a fairly regular course, but in
 non-epimorphic situations it can be ex-
 tremely variable. It is not uncommon to
 find more vessels leading to and from an
 area of massive regeneration than was the
 case in the normal condition.

 Morphogenetic mechanisms in the re?
 generation of nerves can be relatively sim?
 ple or complex, depending upon the cir-
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 FIG. 8. Portion of a well organized bony nodule, with
 marrow and cartilage arranged in the form of an
 epiphyseal plate. Such nodules are found in over 80%
 of minced gastrocnemius muscle regenerates in rats.
 They can also be induced by trauma to the Achilles
 tendon alone. (From Carlson, 1972)

 cumstances. After a simple crush or after
 transection and surgical repair, re?
 generating nerve fibers appear to rely
 mainly upon structural cues as they grow
 back down the sheaths that contained the

 original nerve processes. In simple regen?
 eration of this type the final pattern of
 innervation may resemble the original or it
 may vary considerably if the nerve fibers
 grow down the wrong channels.

 There are, however, experimental ways
 of altering the pattern of innervation so
 that it is considerably different from nor?
 mal. In many cases partial or total dener?
 vation of an area of tissue seems to be all
 the stimulus that is needed to cause

 neighboring nerves to grow into the area.
 A particularly striking example of this is
 seen in fused limb experiments in which
 limbs amputated at the wrist are fused end
 to end and one of the fused limbs has been

 denervated (Carlson et al., 1974). Nerves
 from the contralateral limb grow into the

 denervated limb even though their polar?
 ity is reversed with respect to that of the
 limb (Fig. 9). If the denervated, fused limb
 is amputated at the shoulder, another limb
 regenerates from the proximal end of the
 fused limb and the nerve now serves three

 serially duplicated sets of limb segments
 before it comes to the end of the limb. An

 important and still unanswered question is
 whether the nerves innervate homologous
 groups of muscles in all three of the limb
 segments or whether the pattern of inner?
 vation is random.

 In many vertebrate species removal of a
 sensory nerve results in a local neural
 vacuum, which is soon filled in by the
 collateral sprouting of neighboring nerves
 (Weddell et al., 1941; Edds, 1953). This
 same phenomenon also holds true in the
 hind limb of Ambystoma (Diamond et al.,
 1976). The hind limb is supplied by spinal
 nerves 15, 16 and 17. The fields of these
 nerves show varying degrees of overlap. If
 nerves 16 and 17 are cut, the branches of
 nerve 15 begins to sprout. They can pene?
 trate the skin occupied by nerve 16, but
 when they get to the border of the field of
 nerve 17, they seem to encounter some
 sort of barrier that does not allow them to

 pass. Experimental analysis showed that
 the barrier is not a structural one because

 when rectangles of skin containing por-
 tions of the fields of nerves 15-17 are

 rotated, branches from nerve 15 can read?
 ily penetrate areas of the skin formerly
 occupied by the 17th nerve. However,
 when the 15th nerve fibers get to the
 region of the limb normally occupied by
 the 17th nerve, they again grow out no
 farther despite the fact that the area of
 rotated skin in this area was originally
 supplied by the now blocked 15th nerve.
 Diamond et al. (1976) postulated that the
 boundary of the limb field is specified with
 respect to a coordinate system related to
 the body as a whole. They suggested that
 this phenomenon may demonstrate com?
 partments in the limb like those which
 have been found in the wing of Drosophila
 (Garcia-Bellido, 1975). If verified, this
 would be the first demonstration of com?

 partments in vertebrates.
 The anatomical distribution of re-

This content downloaded from 128.59.222.107 on Mon, 19 Sep 2016 13:46:46 UTC
All use subject to http://about.jstor.org/terms



 Morphogenetic Phenomena in Vertebrate Regeneration  879

 SUPERNUMERARY

 LIMB FORMATION

 NO SUPERNUMERARY

 LIMB FORMATION

 FIG. 9. Diagram illustrating the growth of nerves
 into denervated areas in the newt. If amputated limbs
 are fused end-to-end (1), nerves (arrows) grow out
 from their respective limbs and stimulate limb regen-

 generating peripheral nerves in verte?
 brates seems to be subject to a number of
 types of checks and balances with respect
 to both the stimulation of outgrowth and
 the limitation of its spread (Mark, 1974;
 Smith and Kreutzberg, 1976). Further
 details of these controls are beyond the
 scope of this review.

 MAMMALIAN DIGITS

 An interesting and potentially important
 phenomenon is the regeneration of termi?
 nal segments of mammalian digits. Sur-
 prisingly, the most clearcut example occurs
 in humans. Amputations of terminal seg?
 ments of digits are not uncommon in
 young children. Until recently, the stan?
 dard form of therapy has been to cover the
 stump with a skin fiap and allow conven-
 tional healing to take place. This form of
 treatment results in a shortened and often

 somewhat irregularly contoured digit. Re?
 cently, however, some clinicians have
 begun to employ a conservative form of
 treatment, consisting of merely protecting
 the end of the digit and keeping it moist
 for several weeks (Douglas, 1972; II-
 lingworth, 1974). In children under five

 eration. If one limb is denervated (2), the nerves from
 the contralateral arm grow into the denervated arm
 and do not stimulate limb regeneration.

 years of age, the tip of the digit often
 demonstrates a remarkable amount of re-

 growth, including the regeneration of
 what seem to be completely removed
 fingernails. The main limitation of this
 restorative process seems to be that it can?
 not proceed past a joint; thus it is limited to
 the last phalangeal segment.

 Outgrowth phenomena similar to the
 clinical observations mentioned above have

 been reported in a number of experimen?
 tal attempts to induce the regeneration of
 amputated mammalian extremities. For
 example, Polezhaev (1972) injected am?
 putated mammalian limbs with extracts of
 vitreous humor from the eye and obtained
 some rudimentary digit-like outgrowths
 possessing terminal claws. Similar, but less
 well organized outgrowths have been ob?
 tained following various forms of electrical
 or chemical treatment (Becker, 1972;
 Scharf, 1963). It has been difficult to
 evaluate most of these experiments be?
 cause of lack of documentation of de?

 velopmental sequences. The process of
 outgrowth, however, appears to be consid?
 erably different in many respects from the
 typical epimorphic regeneration of an am?
 phibian limb. Nevertheless, it is a mor-
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 phologically complex phenomenon which
 may have a wider distribution than pres-
 ently seems to be the case.
 It would be particularly important to

 determine whether or not the formation

 of distal cutaneous appendages always re?
 quires 1) the most distal segment of a digit
 and 2) a concurrent epimorphic regenera?
 tive process. It is too early to decide
 whether the reformation of nails and claws

 in mammals may share common
 mechanisms with the reformation of digi?
 tal pads in the Kenyan reed frog,
 Hyperolius. Digital amputation in this
 species is followed by restoration of the
 missing digit and the digital pad (Richards
 et al., 1975, 1977). When the forearm of
 Hyperolius is amputated, only a spike re?
 generate without autopodial skeletal ele?
 ments forms, but in about half ofthe cases
 the apex of the spike is covered by poorly
 organized, but clearly evident digital pad
 epithelium. We don't know yet whether
 digital pads can form on amputated ex-
 tremities of Hyperolius in the absence of an
 epimorphic regenerative response, but at
 this point it is worth considering that digi?
 tal pads, claws and fingernails might repre-
 sent a category of structure that is
 sufficiently important to the animal to
 merit a means of restoring it by bypassing
 the usual epimorphic regenerative process.

 SUMMARY

 In this presentation of types of mor?
 phogenetic phenomena seen in vertebrate
 extremities, the distinction between tissue
 and epimorphic regeneration has been
 used as a major point of departure. Cen?
 tral to epimorphic regeneration is the set-
 ting up of a regeneration blastema. Tissue
 regeneration, on the other hand, can usu?
 ally begin in the absence of a complex set
 of tissue interactions (although an
 adequate vascular supply is a necessary
 permissive condition). Morphogenesis
 during tissue regeneration is heavily de?
 pendent upon physical interactions be?
 tween the regenerating structure and other
 tissues, but particularly in the case of blood
 vessels and nerves, other factors may also
 play a role. The great challenge for the

 future in morphogenetic studies on tissue
 regeneration will be to understand the
 mechanisms by which physical inlluences
 on the regenerating tissues are translated
 into cellular events.

 The search for a universal set of guiding
 influences during epimorphic regenera?
 tion continues. Remarkable progress in
 both experimental and theoretical studies
 has been made in recent years. It will con?
 tinue to be important to try to define
 unusual phenomena associated with
 epimorphic regenerative processes be?
 cause these might be exploited to provide
 us with further insight into the major
 events of the regenerative process as a
 whole.
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