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肢体再生的生物学基础 
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第一节 引  言 

有些脊椎动物，通过一种芽基细胞的增殖，能够在一些切割伤的附肢部分组

织或整个附肢进行再生，如指尖，四肢，鳍，尾，鹿茸和耳组织等地方。对于其

中的一些结构，细胞再生的来源是不确定的，如哺乳动物的耳组织、指尖和鹿茸

等；但是，其他一些结构，已有证据表明，芽基是通过伤口处一种成熟细胞去分

化形成的，如鱼鳍和两栖动物的肢体以及尾尖的再生。两栖动物的尾部再生和蜥

蜴的再生已经在第五章讨论过。 这里，我们要重点讨论两栖动物的肢体再生和

哺乳动物耳组织、鹿茸和指尖的再生。 

第二节 两栖动物的肢体再生 

一、肢体的再生活动 

许多物种的幼虫、成体蝾螈 (urodeles) 以及早期青蛙和蟾蜍，蝌蚪等的肢体可

以再生。Spallanzani (1768) 是第一个描述了成体蝾螈肢体的再生现象。图14.2表

明成体蝾螈和幼体蜥蜴肢体再生的发展阶段 (Goss, 1969)，截肢表面会在几个小

时内就被迁移的表皮覆盖。在受伤的表皮下，去分化的细胞聚集形成再生芽基。

与此同时，受伤表皮增厚形成尖端表皮帽样组织 (apical epidermal cap，AEC)。

AEC的外层形成保护层，而其基底层的解剖和功能结构则与羊膜胚胎肢芽外胚层

嵴尖 (apical ectodermal ridge，AER) 相似 (Christensen and Tassava, 2000)。在截

肢后的几天里，毛细血管和神经的再生开始形成，并进入芽基细胞中。在芽基细

胞的生长和增殖中，无论是AEC还是再生神经提供的生长和营养因子都起到至关

重要的作用。 

新生成的芽基迅速生长并生成一种圆锥形肢芽，其未分化细胞的形态学类似

于胚胎的肢芽。随着进一步的发展，芽基不停分化并形成断肢的结构。在 PD   

(proximodistal，PD）轴上，除了在腕骨或跗骨分化之前，指（趾）头开始分化

外，分化和形态学发生则按照从近端到远端和从前面到后面的顺序进行。成体蝾
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螈的肢芽和再生芽基在前后位轴 (anteroposterior ，AP)上显示出一种独特的从前

到后的顺序，然而，无尾两栖动物的芽基、胚胎肢芽还有羊膜动物的肢芽是按照

从后到前的顺序生长发育的  (Shubin and Alberch, 1986)。在背腹部层面上

(dorsoventral ，DV)的分化是同步进行的。其他的再生部分包括芽基的生长与未

截断的肢体大小保持一致。无论截肢是指尖还是肱骨，其再生残缺部分所需的时

间是一样的。在幼体身上，肢体再生的速度是在成体上的两倍甚至更多 (Voit et 

al.,1985)。 

90℅的成体蝾螈通过再生可以精确的复制原来的断肢。但是，如果连续截肢

再生的话，其结果就会影响其形态学上的精确性。成体蝾螈的上臂在 4次的截肢

再生后，有 81℅的再生肢体显示出了结构的异常，如趾尖蹼，骨骼元素数量在

减少，甚至会出现完全再生抑制 (Dearlove and Dresden, 1976)。 

图 14-2 肢体再生的阶段。左上的图表明成虫蝾螈前肢在尺骨桡骨水平(左)和人类前肢尺骨

桡骨水平(右)截断阶段的外部试图。过程是从上向下的。其余图片，显示了苏木子染色和纵

轴绿色荧光和甲基蓝后幼体蝾螈的肢体在截肢前段分化。P=骨膜外形，H=肱骨，R=桡骨，

U=尺骨，C=腕骨部分，D1 和 D2=前指 1 和前指 2。在 2 天的那幅图中，箭头指的是破骨细

胞骨膜外形，在第 9 天的是一个血管，第 12 天的是重新形成的基底膜，第 14 天的是肘关节。 
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肢体再生的分子生物学是一种新兴的学科，它的出现是对组织和细胞水平的

研究的补充。Geraudie and Ferretti (1998),全面详尽地列出了所有肢体再生中被

合成的分子，其中包括生长因子信号分子、细胞外基质成分和转录因子。 

 

二、芽基的形成的机制 

 

芽基是由位于截肢表面的细胞外基质降解形成，结果造成组织溶解和个体细

胞的游离，进而导致显性表型的丢失和细胞的增殖 (Thornton, 1968)。不管其亲

代细胞表型如何，芽基细胞呈现出肢芽间充质细胞的形态学表现。 

细胞外基质被酸性水解酶降解，如组织蛋白酶 D、酸性磷酸酶 (Ju and Kirn, 

1998)、P-葡萄糖醛酸酶、水解酶和羧酯酶等 (Schmidt, 1966),以及由 MMP-s2 和

MMP-s9 (明胶酶) 和 MMP3/10a 和 b (溶剂质素) 等，酶在芽基形成阶段起重要

作用 (Ju and Kirn, 1998; Yang et al., 1999; Park and Kirn,1999; Vinarsky et al., 

2005)。蝾螈的肢体再生与非再生之间的差异筛选分析发现在再生肢体的细胞外

基质降解中，有一种新的很活跃的胶原蛋白的存在 (Vinarsky et al., 2005)。酸性

水解酶是从死亡细胞和破骨细胞中释放出来的，在再生肢体中含量丰富。巨噬细

胞、受伤的表皮和破骨细胞可在创伤组织中产生成 MMPs，芽基细胞本身也会产

生 MMPs。再生神经的轴突是生成 MMPs 的另一个潜在来源。在胚胎发育阶段，

幼体的神经轴突分泌MMPs可以切断细胞外基质产生MMPs的通路 (Pittman and 

Buettner, 1989). 

芽肢的细胞外基质可以维持芽基细胞处于未分化的状态 (Stocum, 1995)。图 

14.5 展示了几个分子水平的肢体再生的过程。在胚胎芽肢中，纤维连接蛋白、肌

腱和透明质酸酶表达显著上调，而层粘连蛋白的表达降至零。直到芽基开始分化，

基底膜才会形成。在肢芽的间充质细胞中，胶原蛋白Ⅱ表达也消失，仅有胶原蛋

白Ⅰ表达。而硫酸化的葡萄糖胺聚糖表达没有变化。一旦芽基形成，基质的降解

便停止。随着芽基的分化，成熟肢体的细胞外基质重组。基质降解的停止可能涉

及到金属蛋白酶抑制剂表达 (TIMPS) 的上调以及MMPs表达下调和酸性水解酶

表达的下调。在再生肢体方面，无论是调节蛋白酶的活性还是蛋白酶抑制剂的表

达尚无系统研究。 
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三、芽基细胞增殖与存活需要的表皮和神经源物质 

    芽基干细胞的存活和增殖需要受一些内分泌激素代谢影响，主要是胰岛素，

生长激素，氢化可的松，和甲状腺素等 (Globus and Vethamany Globus，1985)，

但是也高度依赖一些 AEC 尖端表皮帽产生的特殊因子 (Thornton，1986) 和芽基

的神经物质 (Singer，1965)。图 14.8 表明，一些表皮和神经的分子调节芽基细

胞存活和增殖。它们应满足 4 个标准 (Brockes，1984)：(1)从 AEC 或者神经末梢

分裂出来进入芽基；(2)切除能导致芽基细胞分子丢失 AEC 和神经物质；(3)分子

能够能够代替 AEC 和神经物质来维持有丝分裂和/或促进再生完成；(4)分子的选

择性中和作用可以取消芽基细胞的促有丝分裂的影响。很多候选分子至少要满足

一条标准，只有一种是例外，就是转铁蛋白，能够满足全部 4 条标准。然而，多

数的候选分子还尚未进行全部标准的实验检测。 

 

图 14.8 尖端表皮帽和神经产生的因子对芽基细胞的存活和增殖有至关重要的作用。

FGF1,2,6,10=成纤维细胞生长因子，GGF-2=神经胶质细胞生长因子-2，TF=转铁蛋白，SP=

物质 P，H=肱骨，M=肌细胞 

 

截肢肢体如果同时伴有切断脊神经Ⅲ、Ⅳ和Ⅴ而完全失去神经支配，显然不
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能阻止受伤表皮迁移，组织溶解或者去分化。但是，去分化细胞不发生有丝分裂，

芽基也不能够形成 (Tassava and Mescher, 1975)。去神经支配不改变蛋白质合成

模式，但是抑制了 RNA 和蛋白质的合成 (Morzlock and Stocum, 1972; Singer, 

1978)。只要纤维的数量达到某一临界值，感觉或运动神经纤维都支持再生 

(Singer, 1952, 1965)。TUNEL 染色显示去分化细胞在截肢和去神经支配的肢体中

会凋亡并被巨噬细胞清除 (Mescher et al., 2000)。在截肢和去神经支配的肢体，

受伤表皮不能形成 AEC。 

再生神经纤维和芽基细胞的关系是相辅相成的。再生的神经纤维进入芽基需

要依赖几种芽基细胞产生的因子。体外研究证实，神经和芽基组织共同培养可促

使神经细胞的轴突再生 (Richmond and Pollack, 1983)。一些已知的神经生长因子

如脑源性神经营养因子（BDNF），神经营养因子 3 和 4（NT 3.4），胶质细胞衍

生的神经营养因子（GDNF），肝细胞生长因子/离散因子（HGF/SF）可以代替部

分芽基组织在促进轴突再生的过程中作用 (Tonge and Leclere,2000)。这些因子中

有几个均由施旺细胞产生，可以在哺乳动物再生末梢神经的过程中促进神经存活

和轴突生长。轴突比芽基组织生长能力更强，提示其他不明来源的因子可能是由

芽基细胞产生并促进神经存活和轴突生长。 

 

四、刺激青蛙肢体的再生 

无尾动物的后趾甲的再生，发生在他们分化的早期。但是，缺乏了一种从近

端到远端肢体渐进分化的协调再生能力 (Guyenot, 1927; Dent, 1962)。 这种无尾

动物肢体再生中能力的渐增缺乏与发育的高级阶段中芽基细胞的细胞特征改变

有关 (Korneluk and Liversage, 1984; Wolfe et al., 2000)。对爪蟾肢体再生缺乏的研

究表明，组织溶解最小，芽基的形态是成纤维结构大于间充质结构，而且受伤表

皮下的基膜和皮组织大量增殖，AEC 厚度减少，这减少了对神经和血管进入芽

基(Wolfe et al., 2000)。成纤维细胞的增殖和分化成不同软骨结节融合形成不同长

度有结缔组织包围的对称软骨，但是没有肌肉 (图 14. 26)。其他青蛙的肢体都

不能够再生 (Stocum, 1995)。 
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图 14-26 非洲蛙的肢体再生。(A)未截肢的右前肢。(B)截肢后通过腕骨的刺突再生。(C)纵

切面刺突用苏木紫或阿辛蓝染色。软骨染成蓝色，肌肉染成红色。划线显示截肢水平。(D,E)

刺突免疫染色对肌肉标记物肌球蛋白链(D)卫星细胞标记物 Pax-7(E)(都是绿色)。刺突没

有，箭头所指是一些刺突表面的肌纤维细胞。(F-H)在 52阶段后肢的鹿茸水平面的再生。与

C-E 染色相同，除了 G 用肌肉标记物 MF20 来染色。这二种都显示再生过程中肌肉和卫星细

胞的存在。 

 

在爪蟾肢体早期到晚期蝌蚪阶段中，这种再生活性的缺乏的转换都与神经支

配需求或受伤表皮形成 AEC 的能力无关。将再生缺乏的肢芽移植到有再生活性

的肢芽中，或者反过来，都不可能改变捐赠者肢芽的再生能力  (Sessions and 

Bryant, 1988; Filoni et al., 1991)。然而，其他证据显示，再生能力与免疫系统的

成熟相关，而这可能是导致再生能力丢失的最大原因 (Harty et al., 2003; Mescher 

andf Neff, 2005)。在再生能力强的早期的青蛙蝌蚪和幼虫中的炎症免疫应答是不

存在的或者是极微量的。然而在成虫爪蟾中，它的炎症免疫应答同哺乳动物类似

(Robert and Cohen, 1998)。蝌蚪的抗原提呈细胞仅有 MHC Ⅱ蛋白。MHC Ⅰ蛋
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白直到 55 段才会表达，并且直到变形结束一直在一个很低的水平。这些表达上

的差异与三种不同淋巴细胞的连续性渗入发育中的胸腺相关，淋巴细胞来源于不

同群体的前体细胞。这三种淋巴细胞分别渗入对应的变态前幼虫和小蛙/成蛙免

疫系统 (Du Pasquier et al., 1989; Du Pasquier and Flajnik,1999; Rollins-Smith et al., 

1997; Turpen, 1998)。免疫系统的差别主要表现在他们对皮肤移植的反应。蝌蚪

可以接受微小的组织相溶性的错配的皮肤移植，然而青蛙却不能。从蝌蚪身上取

下皮肤冰冻保存，当同一个蝌蚪变成青蛙后把这块皮肤移植给它，它仍然不接受

移植 (Izutsu and Yoshizato, 1993)。这些不同反应与免疫细胞和受伤部位细胞因子

的形成有关 (Harty et al., 2003; Mescher and Neff, 2005)。很有可能，成年炎症反

应通过早期基膜和成纤维组织的免疫沉淀阻止了青蛙肢体再生组织相互作用。 

已经做出许多努力来改进晚期无尾动物如蝌蚪，小蛙，成年蛙的肢体的再

生能力。通过重复创伤和刺激组织溶解的增多或增加神经支持使芽基细胞的存活

和增殖变多  (Singer, 1954; Polezhaev, 1972; Cecil and Tassava,1986; Stocum, 

1995)。这些实验总的结论是当再生能力几乎消失时，在晚期蝌蚪中引导芽基形

成相对容易。然而，在小蛙和成年蛙肢体中引导芽基形成困难的多。然而，已有

报道称被维甲酸 A 治疗过的芽基可以导致异常末肢再生 (Sharma and Niazi, 1979; 

Niazi et al., 1979; Cecil and Tassava, 1986)。 

第三节 哺乳动物的附肢再生 

    有几种哺乳动物的附肢也能够在切割处再生。这些有趣的情况是在兔子和

MRL 鼠的耳朵，雄鹿鹿茸的再生，胎鼠和人的指尖再生等事例中发现的。成年

鼠和人的指尖能够再生，但这个再生不是通过芽基形成得到的。 

一、耳组织的再生 

1．兔子的耳组织 

     兔子的耳朵是由一片僵硬的纤维软骨覆盖皮肤组成。当耳朵上击穿一个 1-3 

cm 的洞时，它们能够再生组织，与其他野生型哺乳动物比较，兔子的耳朵在受

伤后，在洞的周围愈合 (Vorontsova and Liosner, 1960; Joseph and Dyson,1966; 

Grimes and Goss, 1970)。兔子耳朵再生组织从缺陷边缘向内向心性的生长。软骨

形成发生在再生组织形成 3 周左右，能把洞完全愈合则需 6-8 周时间。切除脚趾
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移植到兔子耳洞中不会再生，这表明，耳组织周围再生环境并不能促进脚趾的再

生 (Williams-Boyce and Daniel, 1980)。 

组织学研究表明，兔子耳洞闭合是通过切割处组织的再生 (Goss and Grimes, 

1975)。受伤边缘的间充质细胞迅速形成环形芽基并且分化成新的真皮和软骨，

随着芽基细胞的生长耳洞闭合，表皮向下生长穿透受伤边缘的软骨和真皮。这种

向下生长不能够在狗和羊的耳朵伤口处观测到，但是，却是成年蝾螈再生肢体的

特征。再生的细胞有可能来源于一种干细胞或由真皮成纤维细胞或软骨分化而

来。 

兔子耳组织的再生需要耳部皮肤和软骨。如果用腹部的皮肤代替耳朵的皮

肤，腹部皮肤上的洞不能够完整的闭合。在移植腹部皮肤前耳软骨被摘除，或者

是软骨和耳皮肤都被摘除，那么在无软骨区的这个耳洞不会闭合了 (Goss and 

Grimes,1972)。接受过 X 线照射的耳朵不会再生。但是，如果植入未经照射的软

骨，其再生和正常耳朵再生很接近。未经照射的耳朵植入经照射的软骨显示 80%

能够闭合。但是，再生组织不会有软骨形成 (Grimes, 1974)。总的来说，这些数

据表明，皮肤可以维持部分的再生，但不能完全再生，软骨是再生必须的原材料。

这可能意味着软骨和真皮是芽基形成的主要细胞来源，软骨还起着一个诱发皮肤

细胞形成芽基的作用，或者是二种细胞的协同作用。 

2 鼠的耳组织 

    成年鼠的耳软骨不能再生。在耳朵上做切开的伤口后，一个纤维化瘢痕会在

切开的软骨边缘形成，染色显示有大量的Ⅰ型胶原形成 (Wagner et al., 2001)。然

而，在新生鼠的耳朵上的相似的软骨切口的修复则需要软骨细胞的再生，这个过

程表达Ⅱ型胶原，再生软骨细胞来源于伤口处新生软骨细胞的增生。 

     在野生型 C57B1/6 小鼠中，耳洞的愈合就像标准的切开皮肤的再生：它们

重复上皮形成，在边缘处形成瘢痕组织，并且在最小直径内闭合。MRL/lpr 鼠由

于 fas 基因的突变而显示出狼疮样症状，这样的鼠被用作一种自身免疫性疾病的

实验模型。有趣的是，在 MRL/lpr 鼠的耳洞至少需要 4 周才能完全闭合 

(Heber-Katz et al., 2004)。图 14.30 说明这种闭合与兔耳洞闭合的过程非常相似。

组织学研究表明，这种闭合是通过受伤边缘的芽基细胞增殖完成的。芽基再生耳

组织的正常结构，包括支持的软骨 (Desquenne-Clark et al., 1998; Kench et al., 
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1999; Heber-Katz et al., 2004)。在 MRL/MpJ 鼠的耳洞实验观察中得到类似的结果

(Masinde et al.,2001)。如兔的耳洞闭合，芽基的原始细胞无论是从一种干细胞转

化而来还是由真皮成纤维细胞和软骨细胞去分化而来尚不清楚。有趣的是，

MRL/MpJ 鼠背侧的皮肤伤口修复是通过皮肤的纤维化而来 (Rajnoch et al., 2003; 

Metcalfe. and Ferguson, 2005)。 

图 14-30  MRL鼠与野生型鼠的耳组织再生。(A)在野生型鼠耳洞(左边)仅仅局部闭合，然而

MRL 鼠的耳洞（右侧）完全闭合。(B)左边野生型和右边 MRL 鼠耳洞愈合处切片显示野生型

边缘有损伤瘢痕，MRL 鼠损伤边缘形成的芽基并且增长闭合伤口(Courtesy of Dr.Ellen 

Heber-katz)。 

 

在截肢的两栖动物肢体中，再生芽基的形成依赖 AEC 和下面的芽基间充质中

间基膜的缺失，这种缺失导致这二者之间直接进行免疫沟通。在两栖动物肢体再

生过程中，基膜是防止 MMPs 过早成熟。在再生兔耳中，基膜的状态还没有报

道 (Goss and Grimes, 1975)，但是，MRL 鼠研究表明，像两栖动物四肢再生一样，

鼠的耳洞闭合同基膜的缺乏有关 (Gourevich et al., 2003; Heber-Katz et al., 2004)。

基膜最初是重新建立，但在受伤后的 5 天就会消失，然而，在野生型鼠中，它依

然存在。这种差异的原因是 MRL 鼠的 MMP-2 和 MMP-9 的高表达和活跃，而这

又是炎症细胞较多的原因，MRL 鼠的耳朵也具有少量的蛋白酶抑制剂（TIMPs）。 
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二、鹿茸的再生 

鹿茸是双生的，枝骨是从雄鹿的前额延伸出去的。在温带气候中，鹿茸的作用

是在秋天交配季节用来显示雄性力量和作为争夺雌鹿的武器。鹿茸会在春天脱

落，由于破骨细胞的作用，鹿茸的基底部骨生长的区域变狭窄，受到侵蚀而致 

(Goss et al., 1992)。在夏季期，重新生成新鹿茸需要 4 个月的时间 (Goss, 1970, 

1974,1983,1995; Price et al., 1996)。在哺乳动物中，鹿茸是唯一一种自然地反复

的完整的在附件割处再生的例子，因此它是一个有价值的研究模型来帮助人们理

解哺乳动物的附件是如何再生的。 

雄鹿的第一对鹿角的发育类似于芽肢，幼鹿成熟过程中的睾酮素水平影响幼鹿

形成对称芽基蒂，这些蒂是大量的被骨膜包被的海绵骨覆盖在额骨上的突起，突

起的骨头凸出头骨的额骨。蒂骨膜底层的纺锤形间充质细胞形成芽基。实验中已

经证实在手术割除骨膜后其结果是鹿角信息缺失，移植蒂骨膜到前额或者前脚

上，其结果是在异位形成鹿茸 (Goss et al., 1964; Hartwig, 1968a, b; Hartwig and 

Schrudde, 1974; Goss and Powel, 1985)。蒂引导皮肤上的表皮变成鹿茸的表皮，因

其多细毛而得名叫天鹅绒 (Goss, 1972)。 

鹿茸再生通常发生在第一对鹿茸退掉以后。鹿茸纵向生长的速率随着成年鹿的

大小而增长，如大麋鹿的鹿茸长的速度每天超过 2 厘米。脱鹿茸后会有一个开放

性的伤口曝露蒂，间充质细胞来源形成的芽基再生鹿茸并不像第一对鹿茸的发育

那么清楚。组织学研究表明，新鹿茸芽基细胞可能来源于蒂骨，骨膜和伤口周围

的真皮 (Wislocki and Waldo, 1953; Goss, 1992,1995)。不像两栖动物的肢体再生，

鹿茸再生不需要神经支配 (Goss, 1985)。 

不管源细胞是什么，组织学和分子学研究表明，鹿茸再生是一个改良型软骨

形成的过程 (图 14.31)。一些区欲分化后可以辨认出类似胚胎软骨长骨末梢部分

的分化 (Price et al., 1996)。在不停生长的鹿茸分支的表皮下，间充质芽基形成一

个帽结构，真皮插入间充质细胞和鹿茸表皮之间。近端的间充质细胞，软骨细胞

排列成柱状后，分化成一个由近及远的序列。成熟的软骨细胞朝着鹿茸的基底肥

大增长。 
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图14-31 红鹿茸的再生。(左)解剖学示意图。 (A）切除鹿茸后24小时。(B)切除鹿茸后7天

的芽基。白色箭头显示表皮边缘再生。虚线a-a和b-b显示那一块区域被切断。星号显示鹿茸

枝桠的位置。(C和D）分别显示4周和8周的生长情况。(右)鹿茸尖的组织溶解。(A)纵切面显

示尖端分化到底部分化来源的鹿茸芽基区域。V=鹿茸表皮，m=间充质，cp=软骨祖细胞区域，

ca=未钙化的软骨，mc=钙化的软骨，bo=骨软骨膜，f=纤维端，m=间充质段。箭头指示血管。

(D)未钙化软骨，c=血管分开分化的软骨细胞(vc).箭头显示血管周围组织。(E)钙化的，肥

大的软骨(c)和大血管(vc）。(F)骨，箭显示成骨细胞，箭头指示一个破骨细胞。 

 

过度肥大的软骨细胞基质的钙化，随后由破骨细胞降解并且由成骨细胞分泌

的骨基质代替。正常骨组织再生通过血管侵入无血管的软骨模型中进行骨化，血

管周围的间充质细胞开始转化成成骨细胞和骨髓细胞分泌骨基质。相比之下，鹿

茸的软骨模板从开始就有许多血管及周围的成骨细胞，成骨细胞使骨基质形成从

开始就是一个完整的模板的组成部分。这种骨化的机制与鹿茸骨不含有骨髓这个

情况有关。 

分子方面，鹿茸再生和软骨发育或骨折愈合相类似。Ⅰ型胶原在鹿茸生长的

尖端的间充质细胞中是主要表达基因 (Price et al., 1996)。硫酸化的 GAGs，Ⅱ型

胶原，蛋白多糖和蛋白聚糖蛋白在软骨细胞分化中表达，Ⅹ型胶原在肥大缘故细

胞中表达 (Moello et al., 1963; Frasier et al., 1975; Price et al., 1994,1996)。破骨细

胞改变鹿茸软骨模型首次出现在血管周围组织中，表明他们原始来源于单核细

胞，与这些附件的软骨有相同表型 (Faucheux et al., 2001)。 
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三、 小鼠和人指尖的再生  

1．哺乳动物的胚胎肢芽能够再生，但是这种再生能力随着末稍分化而失去 

多项研究表明，大鼠和小鼠胚胎肢芽能够在其早期发育中再生。但是，

会在肢芽分化时失去这种能力。在子宫内，鼠前肢被截肢后呈现各种水平的

再生发育，在截肢表面那些未分化的细胞形成一个结节。Deuchar (1976) 从

子宫取出 11.5 天的小鼠胚胎，在基底部截去前肢，然后在旋转管培养胚胎 44

个小时。11.5 天的肢芽是未分化的阶段，相当于由 Wanek 等人构建的 2/3 小

鼠肢芽形成阶段（1989），其中 29/32 截肢胚胎能够再生成性状和大小都类似

的肢芽，他们会有 AER，并可持续分化，体外研究中发现未分化的再生大鼠

和小鼠肢芽也被 Chan（1991）等人和 Lee 和 Chan（1991）报道过。 

早期小鸡肢芽不能够在截肢后重组 AER 所以不能再生。当早期肢芽末梢

带有 AER 被植入到近端水平可以再生肢体 （Hampe，1959）；来源于晚期阶

段芽肢（24-25 阶段）细胞则有骨再生能力 (Hayamizu et al., 1994)。在截肢小

鸡的 24-25 阶段肢芽中，FGF-2 和 FGF-4 能够代替 AER 诱导肢体再生过程 

(Taylor et al., 1994; Kostakopoulou et al., 1996, 1997)。FGF-2 和 FGF-4 可以诱

导肢芽中 Msxl，Shh，和 HoxD13 等基因的上调 (Hayamizu et al., 1994; 

Kostakopoulou et al., 1996)。 

小鼠肢芽的再生在远端的区域芽肢分化的过程中变得很严格 (Wanek et 

al., 1989; Reginelli et al., 1995)。在 7/8 阶段（胚胎 12.5 天），小鼠子宫内截肢

后的一个或二个肢体末梢再生是通过指骨或趾骨再生形成胚胎脚板，但是不

能通过近端来再生 (Wanek et al.,1989)。小鼠的 11 阶段（胚胎 14.5 天）时，

肢体末梢的再生能力非常有限 (Reginelli et al., 1995)。 

已经有报道称新生儿附属鼠肢体截肢后，可以通过接合骨部分进行再生

(Mizell, 1968; Mizell and Isaacs, 1970)，在截肢水平面实际上是通过踝骨和趾

骨再生的 (Fleming and Tassava, 1981)。因此，新生鼠也能再生末梢肢体，但

再生肢体不具有原肢的骨架结构 

2． 哺乳动物的末梢肢体再生是通过 Msx1和 BMP4的调节  

    Msxl 涉及羊膜动物肢芽的生长和两栖动物肢体再生的调节。Msxl 在肢芽顶

端的间充质和再生芽基中均有表达。但是，他的表达依赖于 AER 和 AEC 中 FGFs
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的表达，就像通过 BMPs (Pizette et al., 2001), TGFß (Ganan et al., 1996)，和 RA 的

通路调节一样 (Wang and Sassoon, 1995)。在这个阶段，再生发生仅仅是发育中

的末梢指骨部分，因为末梢指骨是唯一持续表达 Msxl 的地方 (Reginelli et al., 

1995)。 

体内研究截肢的第 11 阶段指骨和器官培养 (Han et al., 2003)表明，尖端表皮

再生是 Msx1 和 BMP4 基因在末梢指骨的压缩软骨周围的芽基的尖端间充质细胞

中的联合表达所致 (图 14.33)。如果截肢近端无这二种基因表达，那么指骨不能

再生。此外，Msx2 基因在尖端表皮和其下的间充质中也表达。体内和体外研究

发现，截肢后再生的 Msx2 基因表达的频率是 90%。定向 Msx1 基因的突变鼠再

生频率在体内是 38%，体外是 28%。与 BMP4 (l,000ng/ml) 联合培养的突变体的

再生频率可以恢复到 86%，但是，用 BMP4 的抗体，Noggin (200ng/ml),则将再

生频率减少到 8%，野生型培养中没有 Msx1 表达，再生频率为 18%。野生型鼠

的指尖在再生末梢指骨中软骨化的部分表达 Ihh，而 HoxC13 在甲床表皮中表达。

但是，有些 Msx1 突变的鼠不能再生指尖，说明 Msx1 和 Msx2 的功能性表达有重

叠的部分，BMP4 是 Msxl 和 Msx2 的下游靶位基因。 

 

图14-33 体内实验证明鼠胎儿指尖通过末梢指节截断再生。(A)E17.5 指夹，侧面影像。

(B-F)，在E14.5时截肢四天后指尖的再生过程。Msx-1在末梢指骨的间充质周围表达，Msx-2

在尖端表皮表达，Bmp-4在尖端间充质中低水平表达，Ihh在重建的末梢指骨中表达，Hoxc13

在指甲中表达。(G)若指尖截断在近端，则末梢指尖不能再生。(H-L)在末梢指骨截断两天后

原位杂交发现，Msx1，Msx2，Bmp-4和Ihh高水平表达。 

 

体外实验中，人类胚胎末梢指骨同样可以成功再生 (Zaaijer, 1958; Rajan and 

Hopkins, 1970; Zeitinger and Holbrook, 1997; Allan et al., 2005). Allan et al. (2005)

发现 Msx1 基因的表达是在人类胚胎末梢指骨指甲的下方，从怀孕开始的 53-67

天开始形成。在指骨被截断四天后，表皮表达角蛋白 K14 和 K19，近伤口有成
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纤维细胞样的细胞大量增殖，在迁移表皮内 Msxl 基因高表达，而培养的末梢指

骨的近端没有增殖反应，骨端的皮肤收缩；远端截肢部位的增殖同胎龄相关。 

3． 成年哺乳动物维持指尖的再生能力最远可达到最后一个趾尖关节 

成年哺乳动物末梢指骨的再生能力首次在人类身上得到验证。有一些孩子们

的指尖断指后的再生病例报道 (Douglas, 1972; Illingworth, 1974; Rosenthal et al., 

1979)。手指和脚趾末端的指骨再生也在成年人身上发生 (Neumann, 1988) (图 

14.34)。值得注意的是，再生仅仅发生在伤口曝露的情况下，而不是遵循了普通

医疗实践中，截肢表面皮肤闭合的情况。由于开放性伤口的表皮明显愈合，说明

上皮间充质的相互作用是成人和其他哺乳动物指尖再生的必要条件，就如同两栖

动物肢体再生。 
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图 14-34 成人及儿童指尖再生。(A)左，七岁的女孩的指尖在一次自行车事故中被截断，没

有进行缝合和换敷料治疗。右，指尖在八周内再生 (Courtesy of Dr. Christopher Allen)。(B)

一个七十六岁老人的 3,4,5指尖在 29岁时的一次机械事故中被截断后，未经任何治疗再生。

划线部分显示的是当时截断的部位。 

 

胎鼠的再生末梢肢体的能力可以保持到成年。Borgens (1982) 将 4 周大的老

鼠的中趾近端截断，截趾的中趾在 4 周时间内再生并且看似正常，其外观和形态

学结构均正常。如果截肢水平面是近侧端的关节，则趾再生不会发生，人类的指
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尖再生也是如此 (Neufeld and Zhao, 1995)。尽管胎鼠的指尖再生末梢指骨是由软

骨完成的，成人指尖则是由骨沉积到剩余骨后直接再生的。成纤维细胞在截肢部

位参与再生指骨，他们可能改造真皮，骨膜，结缔组织，骨和脂肪的形成。甲母

质，甲床和甲板则从表皮再生而来。小鼠指尖的血管供应较丰富而利于再生 

(Said et al., 2004)，甲上皮和其他一些上皮间充质为再生提供细胞来源 

(Mohammad et al., 1999)。Han et al. (2003) 报道在新生鼠的截断残留的末梢指骨

中，Msx1，Msx2，BMP4 和 HOXC13 在甲母质下的结缔组织和甲床都有表达，

鉴于 Msx1 和 BMP4 在胎鼠指尖再生的间充质细胞中有表达，指甲下的结缔组织

可能是末梢指尖再生的细胞来源。 

小 结 

两栖动物能够通过切割处再生来代替它们的肢体和下颚。鹿、麋鹿和驼鹿可再

生鹿茸，兔子和 MRL 鼠可再生耳组织。小鼠，兔子和人均能再生指尖。这些现

象提供了研究附件再生能力的模型。 

我们知道很多两栖动物肢体再生的机制。再生完成需要得益于截断面真皮、

软骨和肌肉细胞去分化的芽基形成。去分化是由蛋白酶介导的细胞外基质的降解

和细胞逆分化到一个类胚胎型的结构。芽基细胞重新进入细胞周期是由一个凝血

酶素诱导激活一个尚不明身份的蛋白所致，类似于晶体再生时PECs 重新进入细

胞周期。我们对芽基细胞中表达的Notch信号转导途径介导的去分化机制尚没有

一个清楚的结论，但是也可能涉及其他信号途径。体外研究中，小鼠肌纤维细胞

的去分化是通过三倍体嘌呤取代二倍体嘌呤，这意味着这些分子中可能存在与再

生肢体相同作用的因子。芽基细胞需要尖端表皮帽（Apical epidermal Cap，AEC）

中的生长因子和营养因子促使他们存活，及促进神经的增殖，并需要AEC 和神

经提供的FGFs。此外，芽基细胞的维持还需要神经角质生长因子-2（GGF-2）、P

物质和神经来源的转铁蛋白。 

芽基从一开始就是一个自我组织的实体。其发育的特点是被植入异位时也

不能改变其发育轨迹。这种自我组织的机制可能是由于局部细胞的交互作用导致

插层反应，在截肢肢体结构边缘存在早期芽基所致。肢体被看做一个三维立体的

“正常邻居”的地图，其中每个细胞都知道自己的位置及和其他细胞的相对位置。
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当肢体被截断后，细胞分化继承了他们在 PD 轴的定位和在肢体周长上的定位。

这些定位构成了再生的肢体 PD 轴和周长上的边界。远端边界形成的机制尚不清

楚，可能涉及随机选取直接相邻 AEC 细胞的分类定位。近端和远端边界细胞的

相互作用，可以诱导任何没有 PD 轴定位的插层细胞的增殖。植入实验证明，标

记的细胞沿着早期芽基的 PD 轴生长。体内和体外研究，利用 RA 治疗的粘附定

量实验，证明定位是细胞表面的编码蛋白决定的。Prod1 基因调控 PD 轴定位，

在哺乳动物中，类似的分子是 CD59，它与 Prod1 基因的区别是 CD59 受 RA 调

控表达。在芽基自我组织过程中，模式基因通过细胞相互作用被激活，它同已知

的发育中胚胎芽肢相类似。在 PD 轴上，HoxD10 基因、Meis1 基因和 Meis2 基因

都参与了柱骨的定位构建，HoxA13 基因参与肢身的定位构建。在 AP 轴，Shh

基因在建立组织模式和定位中起重要作用，Lmx-1 基因在背侧组织模型的生长中

起重要作用。 

无尾动物的两栖动物随着它们从蝌蚪到青蛙的转变过程，他们失去再生的

能力。在幼蛙和成年蛙中诱导芽基形成很困难，有证据表明，改变组织环境，特

别是免疫系统，是改变再生能力的主要原因。因此，改进成年蛙肢体再生应答的

途径可能是抑制它们自身的免疫系统。再生机能不全伴随着 FGF-8，FGF-10，

BMP4 和 HGF 的表达缺乏，已发现在再生机能活跃和再生机能缺乏的肢体中基

因表达有显著差别，这些基因的鉴定，随着它们表达模式和功能作用的深入研究，

将为再生医学提供新的理论指导。 

两栖类 Urodele 的上下颚骨也通过未分化细胞形成的芽基再生。上颚骨的再

生是完整的，包括牙齿的再生和牙蕾的修复，但是下颚骨的再生会缺少舌头和舌

骨。颚骨的再生不同于肢体的再生是因为它不需要依赖神经。尽管颚骨芽基有顶

端受伤表皮增厚，但是我们不知道颚骨的再生是否依赖表皮。 

一直以来，哺乳动物的附件再生研究的比较少。兔子和 MRL 鼠的耳组织再

生研究发现重复穿孔的组织、皮肤和软骨，通过一种环状边缘芽基进行再生。但

是，形成芽基的细胞类型尚不明确。在 MRL 鼠中，已经确定有 16 个遗传位点

同再生相关联。目前，还不明确耳组织的再生是否需要神经和受伤表皮组织。 鹿

茸的骨结构再生来源于骨膜的间充质干细胞和伤口周围的真皮细胞形成的芽基。

芽基细胞增殖和分化成一个软骨模板。RA 是间充质干细胞增殖的重要刺激源，
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软骨细胞的分化速率是依靠 Ihh/PhrP/PPR 途径调控，随着鹿茸的生长，破骨细

胞骨的结构形成改建，破骨细胞的分化通过 PTHrp/PPR 和 RANKL/RANK 途径调

节。 

在截肢后，如果顶端外胚层脊 (Apical ectodermal ridge ，AER）能复位，早

期鼠和小鸡的肢芽能够再生。在鼠的胚胎后期阶段，末梢指骨的再生的能力受限，

同肢体的再生不同。末梢指骨再生需要间充质芽基的形成。这种芽基的形成与分

化都是依靠 BMP4 基因的促进。在成功指骨再生中，Msx1 基因表达，而 BMP4

基因似乎是它的下游靶位。截肢后，培养人的胎儿指骨同样产生再生反应，高表

达 Msx1 基因，而且，成年鼠和人类可维持这种末梢指骨再生的能力，指尖再生

是通过直接的骨沉积，而不是通过芽基。已证明截肢后，试着诱导成年末梢骨的

再生，通过近端骨刺激、胰蛋白酶和电流作用都失败。近年有报道牵张力的刺激

可以激活并维持肢体的再生能力。其机理现尚需进一步研究。 

参考文献 

1. Albert P, Boilly B, Courty J, Barritault D (1987) Stimulation in cell culture of mesenchymal 

cells of newt limb blastemas by EDGFI Or II (basic or acidic FGF). Cell Diff 21:63–68. 

2. Albert P, Boilly B (1988) Effect of transferrin on amphibian limb regeneration: A blastema 

cell culture study. Roux’s Archiv Dev Biol 197:193–196. 

3. Allan CH, Fleckman P, Gutierrez A, Caldwell T, Underwood R (2005) Expression of MSX1 

and Keratins 14 and 19 after human fetal digit tip amputation in vitro. Wound Rep Reg 

13:A24. 

4. Allen SP, Maden M, Price JS (2002) A role for retinoic acid in regulating the regeneration of 

deer antlers. Dev Biol 251:409–423. 

5. Amaya E, Kroll KL (1999) A method for generating transgenic frog embryos. Methods Mol 

Biol 97:393–414. 

6. Boilly B, Cavanaugh KP, Thomas D, Hondermarck H, Bryant SV, Bradshaw RA (1991) 

Acidic fibroblast growth factor is present in regenerating limb blastemas of axolotls and 

bonds specifi cally to blastema tissues. Dev Biol 145:302–310. 

7. Borgens RB (1982) Mice regrow the tips of their foretoes. Science217:747–750. 

8. Brockes JP (1984) Mitogenic growth factors and nerve dependence of limb regeneration. 

Science 225:1280–1287. 

9. Brockes JP (1997) Amphibian limb regeneration: Rebuilding a complex structure. Science 

276:81–87. 

10. Brockes JP, Kintner CR (1986) Glial growth factor and nervedependent proliferation in the 

regeneration blastema of urodele amphibians. Cell 45:301–306. 

11. Bryant SV, Iten LE (1976) Supernumerry limbs in amphibians: Experimental production in 

Notophthalmus viridescens and a new interpretation of their formation. Dev Biol 50:212–

234. 

12. Butler EG, O’Brien JP (1942) Effects of localized x-irradiation on regeneration of the 



 

19 

 

urodele limb. Anat Rec 84:407–413. 

13. Cadinouche MZA, Liversage RA, Muller W, Tsilfi dis C (1999) Molecular cloning of the 

Notophthalmus viridescens Radical Fringe cDNA and characterization of its expression 

during forelimb development and adult forelimb regeneration. Dev Dyn 214:259–268. 

14. Cameron JA, Hilgers AR, Hinterberger TJ (1986) Evidence that reserve cells are a source of 

regenerated adult newt muscle in vitro. Nature 321:607–610. 

15. Cameron JA, Fallon JF (1977) Evidence for polarizing zone in the limb buds of Xenopus 

laevis. Dev Biol 55:320–330. 

16. Carlson BM (1969) Inhibition of limb regeneration in the axolotl after treatment of the skin 

with Actinomycin D. Anat Rec 163:389–402. 

17. Carlson BM (1974) Morphogenetic interactions between rotated skin cuffs and underlying 

stump tissues in regenerating axolotl forelimbs. Dev Biol 39:263–285. 

18. Carlson BM (1975) The effects of rotation and positional change of stump tissues upon 

morphogenesis of the regenerating axolotl limb. Dev Biol 47:269–291. 

19. Carlson MRJ, Bryant SV, Gardiner DM (1998) Expression of Msx-2 during development, 

regeneration, and wound healing in axolotl limbs. J Exp Zool 282:715–723. 

20. Casimir CM, Gates P, Patient RK, Brockes JP (1988) Evidence for dedifferentiation and 

metaplasia in amphibian limb regeneration from inheritance of DNA methylation. 

Development 104:657–668. 

21. Castilla M, Tassava RA (1992) Extraction of the WE3 antigen and comparison of reactivities 

of mAbs WE3 and WE4 in adult newt regenerate epithelium and body tissues. In: Taban CH, 

Boilly B(eds.). Keys for Regeneration, Monographs in Dev Biol. Basel:Karger, pp 116–130. 

22. Cecil ML, Tassava RA (1986) Forelimb regeneration in the postmetamorphic bullfrog: 

Stimulation by dimethyl sulfoxide and retinoic acid. J Exp Zool 239:57–61. 

23. Chan WY, Lee KKH, Tam PPL (1991) The regenerative capacity of forelimb buds after 

amputation in mouse embryos at the early organogenesis stage. J Exp Zool 260:74–83. 

24. Chen S, Zhang Q, Wu X, Schultz PG, Ding S (2004) Differentiation of lineage-committed 

cells by a small molecule. J Am Chem Soc 126:410–411. 

25. Chew K, Cameron JA (1983) Increase in mitotic activity of regenerating axolotl limbs by 

growth factor-impregnated implants. J Exp Zool 226:325–329. 

26. Crews L, Gates PB, Brown R, Joliot A, Foley C, Brockes, J, Gann A (1995) Expression and 

activity of the newt Msx-1 gene in relation to limb regeneration. Proc Royal Soc London 

[Biol] 259:161–171. 

27. Christen B, Slack JMW (1997) FGF-8 is associated with anteroposterior patterning and limb 

regeneration in Xenopus. Dev Biol 192:455–466. 

28. Christen B, Slack JMW (1998) All limbs are not the same. Nature 395:230–231. 

29. Christensen RN, Tassava RA (2000) Apical epithelial cap morphology and fi bronectin gene 

expression in regenerating axolotl limbs. Dev Dyn 217:216–224. 

30. Christensen RN, Weinstein M, Tassava RA (2001) Fibroblast growth factors in regenerating 

limbs of Ambystoma: Cloning and semiquantitative RT-PCR expression studies. J Exp Zool 

290:529– 540. 

31. Christensen RN, Weinstein M, Tassava RA (2002) Expression of fibroblast growth factors 4, 

8, and 10 in limbs, fl anks, and blastemas of Ambystoma. Dev Dyn 223:193–203. 

32. Crawford K, Stocum DL (1988a) Retinoic acid coordinately proximalizes regenerate pattern 



 

20 

 

and blastema differential affi nity in axolotl limbs. Development 102:687–698. 

33. Crawford K, Stocum DL (1988b) Retinoic acid proximalizes levelspecific properties 

responsible for intercalary regeneration in axolotl limbs. Development 104:703–712. 

34. Crews L, Gates PB, Brown R, Joliot A, Foley C, Brockes, J, Gann A (1995) Expression and 

activity of the newt Msx-1 gene in relation to limb regeneration. Proc Royal Soc London 

[Biol] 259:161–171. 

35. Dearlove GD, Dresden M (1976) Regenerative abnormalities in Notophthalmus viridescens 

induced by repeated amputations. J Exp Zool 196:251–262. 

36. De Luca F, Uyeda JA, Mericq V, Mancilla EE, Yanovski JA, Barnes KM, Zile MH, Baron J 

(2000) Retinoic acid is a potent regulator of growt plate chondrogenesis. Endocrinology 

141:346–353. 

37. Dent JN (1964) Limb regeneration in larvae and metamorphosing individuals of the South 

African clawed toad. J Morph 110:61–77. 

38. Desquenne-Clark L, Clark HK, Heber-Katz E (1998) A new murine model for mammalian 

wound repair and regeneration. Clin Immunol Immunopath 88:35–45. 

39. Desselle J-C, Gontcharoff M (1978) Cytophotometric detection of the participation of 

cartilage grafts in regeneration of x-rayed urodele limbs. Biol Cellul 33:45–54. 

40. Deuchar EM (1976) Regeneration of amputated limb buds in early rat embryos. J Embryoll 

Exp Morph 35:345–354. 

41. D’Jamoos CA, McMahon G, Tsonis PA (1998) Fibroblast growth factor receptors regulate 

the ability for hindlimb regeneration in Xenopus laevis. Wound Rep Reg 6:388–397. 

42. Douglas BS (1972) Conservative management of guillotine amputation of the fi nger in 

children. Aust Paediatr J 8:86–89. 

43. Dresden MH (1969) Denervation effects on newt limb regeneration: DNA, RNA, and protein 

synthesis. Dev Biol 19:311–320. 

44. Dresden MH, Gross J (1970) The collagenolytic enzyme of the regenerating limb of the newt 

Triturus viridescens. Dev Biol 22:129–137. 

45. Du Pasquier L, Flajnik M (1999) Origin and evolution of the vertebrate immune system. In: 

Paul WE (ed.). Fundamantal Immunology. Philadelphia: Lippincott-Raven, pp 605–650. 

46. Du Pasquier L, Schwager J, Flajnik MF (1989) The immune system of Xenopus. Ann Rev 

Immunol 7:251–275. 

47. Duckmanton A, Kumar A, Chang Y-T, Brockes J (2005) A single cell analysis of myogenic 

dedifferentiation induced by small molecules. Chemistry and Biology 12:1117–1126. 

48. Dudley AT, Ros MA, Tabin CJ (2002) A re-examination of proximodistal patterning during 

vertebrate limb development. Nature 418:539–544. 

49. Dungan KM, Wei TY, Nace JD, Poulin ML, Chiu I-M, Lang JC, Tassava RA (2002) 

Expression and biological effect of urodele fibroblast growth factor 1: Relationship to limb 

regeneration. J Exp Zool 292:540–554. 

50. Dunis DA, Namenwirth M (1977) The role of grafted skin in the regeneration of X-irradiated 

axolotl limbs. Dev Biol 56:97–109. 

51. Echeverri K, Clarke DW, Tanaka EM (2001) In vivo imaging indicates muscle fi ber 

dedifferentiation is a major contributor to the regenerating tail blastema. Dev Biol 236:151–

164. 

52. Echeverri K, Tanaka EM (2005) Proximodistal patterning during limb regeneration. Dev Biol 



 

21 

 

279:391–401. 

53. Egar MW (1993) Affi nophoresis as a test of axolotl accessory limbs. In: Fallon JF, Goetinck 

PF, Kelley RO, Stocum DL (eds.). Limb Development and Regeneration, Part B. New York: 

Wiley-Liss, pp 203–211. 

54. Endo T, Yokoyama H, Tamura K, Ide H (1997) Shh expression in in developing and 

regenerating limb buds of Xenopus laevis. Dev Dyn 209:227–232. 

55. Fallon JF, Crosby GM (1977) Polarizing zone activity in limb buds of amniotes. In: Ede DA, 

Hinchliffe JR, Balls M (eds.). Vertebrate Limb and Somite Morphogenesis. Cambridge: 

Cambridge University Press, pp 55–70. 

56. Fallon JF, Lopez A, Ros, MA, Savage MP, Olwin BB, Simandl BK (1994) Apical ectodermal 

ridge growth signal for chick limb development. Science 264:104–107. 

57. Faucheux C, Nesbitt SA, Horton MA, Price JS (2001) Cells in regenerating deer antler 

cartilage provide a microenvironment that supports osteoclast differentiation. J Exp Biol 

204:443–455. 

58. Faucheux C, Horton MA, Price JS (2002) Nuclear localization of type I parathyroid 

hormone/parathyroid hormone-related protein receptors in deer antler osteoclasts: Evidence 

for parathyroid hormone-related protein and receptor activator of NF-κBdependent effects on 

osteoclast formation in regenerating mammalian bone. J Bone Min Res 17:455–464. 

59. Faucheux C, Nicholis BM, Allen S, Danks JA, Horton MA, Price JS (2004) Recapitulation of 

the parathyroid hormone-related peptide-indian hedgehog pathway in the regenerating deer 

antler. Dev Dynam 231:88–97. 

60. Fekete D, Brockes JP (1987) A monoclonal antibody detects a difference in the cellular 

composition of developing and regenerating limbs of newts. Development 99:589–602. 

61. Fekete DM, Brockes JP (1988) Evidence that the nerve controls molecular identity of 

progenitor cells for limb regeneration. Development 103:567–573. 

62. Ferretti P, Brockes JP (1991) Cell origin and identity in limb regeneration and development. 

Glia 4:214–224. 

63. Ferretti P, Ghosh S (1997) Expression of regeneration-associated cytoskeletal proteins 

reveals differences and similarities between regenerating organs. Dev Dyn 210:288–304. 

64. Feynman R, Leighton R, Sands M (1977) The Feynman Lectures on Physics, Vol II. New 

York: Addison-Wesley Publishing Company, pp 19-4–19-14. 

65. Feynman RP, Leighton RB, Sands M (1977) The Feynman Lectures on Physics, Vol I. New 

York: Addison-Wesley Publishing Company, pp 26-3–26-8. 

66. Filoni S, Bernardini S, Cannata SM (1991) The infl uence of denervation on grafted hindlimb 

regeneration of larval Xenopus laevis. J Exp Zool 260:210–219. 

67. Finch RA (1969) The infl uence of the nerve on lower jaw regeneration in the adult newt 

Triturus viridescens. J Morph 129:401–414. 

68. Fleming M, Tassava RA (1981) Preamputation and postamputation histology of the neonatal 

opossum hindlimb: Implications for regeneration experiments. J Exp Zool 215:143–149. 

69. French V, Bryant PJ, Bryant SV (1976) Pattern regulation in epimorphic fields. Science 

193:969–981. 

70. Ganan Y, Macias D, Duterque-oquillaud M, Ros MA, Hurle JM(1996) Role of TGF betas 

and BMPs as signals controlling the position of the digits and the areas of interdigital cell 

death in the 



 

22 

 

71. developing chick limb autopod. Development 122:2349–2357. 

72. Gardiner DM, Blumberg B, Komine Y, Bryant SV (1995) Regulation of HoxA expression in 

developing and regenerating axolotl limbs. Development 121:1731–1741. 

73. Gardiner DM, Bryant SV (1996) Molecular mechanisms in the control of limb regeneration: 

The role of homeobox genes. Int J Dev Biol 40:797–805. 

74. Geraudie J, Ferretti P (1998) Gene expression during amphibian limb regeneration. Int J 

Cytol 180:1–50. 

75. Ghosh S, Thorogood P, Ferrretti P (1994) Regenerative capacity of upper and lower jaws in 

urodele amphibians. Int J Dev Biol 38:479–490. 

76. Ghosh S, Thorogood P, Ferretti P (1996) Regeneration of lower and upper jaws in urodeles is 

differentially affected by retinoic acid. Int J Dev Biol 40:1161–1170. 

77. Giguere V, Ong S, Evans RM, Tabin CJ (1989) Spatial and temporal expression of the 

retinoic acid receptor in the regenerating amphibian limb. Nature 337:566–569. 

78. Globus M (1988) A neuromitogenic role for substance P in urodele limb regeneration. In: 

Inoue S, Shirai T, Egar M, Aiyama S, Geraudie J, Nobunaga T, Sato NL (eds.). Regeneration 

and Development. Maebashi: Okada Printing & Publishing, pp 675–685. 

79. Globus M, Alles P (1990) A search for immunoreactive substance P and other neural 

peptides in the limb regenerate of the newt Notophthalmus viridescens. J Exp Zool 254:165

–176. 

80. Globus M, Vethamany-Globus S, Lee YCI (1980) Effect of apical epidermal cap on mitotic 

cycle and cartilage differentiation in regeneration blastemata in the newt, Notophthalmus 

viridescens. Dev Biol 75:358–372. 

81. Globus M, Vethamany-Globus S (1985) In vitro studies of controlling factors in newt limb 

regeneration. In: Sicard RE (ed.). Regulation of Vertebrate Limb Regeneration. New York: 

Oxford University Press, pp 106–127. 

82. Goldhamer DJ, Tassava RA (1987) An analysis of proliferative activity in innervated and 

denervated forelimb regenerates of the newt Notophthalmus viridescens. Development 

100:619–628. 

83. Goss RJ (1956a) Regenerative inhibition following limb amputation and immediate insertion 

into the body cavity. Anat Rec 126:15–27. 

84. Goss RJ (1956b) The regenerative responses of amputated limbs to delayed insertion into the 

body cavity. Anat Rec 126:283–297. 

85. Goss RJ (1969a) Photoperiodic control of antler cycles in deer I. Phase shift and frequency 

changes. J Exp Zool 170:311–324. 

86. Goss RJ (1969b) Photoperiodic control of antler cycles in deer II. Alterations in amplitude. J 

Exp Zool 171:223–234. 

87. Goss R (1969d) Principles of Regeneration. New York: Academic Press. 

88. Goss RJ (1970) Problems of antlerogenesis. Clin Orthopaed 69:227–238. 

89. Goss RJ (1985) Induction of deer antlers by transplanted periosteum I. Graft size and shape. J 

Exp Zool 235:359–373. 

90. Goss RJ (1985) Tissue differentiation in regenerating antlers. Royal Soc New Zealand 22:229

–238. 

91. Goss RJ (1992) The mechanism of antler casting in the fallow deer.J Exp Zool 264:429–

436. 



 

23 

 

92. Goss RJ (1995) Future directions in antler research. Anat Rec 241:291–302. 

93. Goss RJ, Stagg MW (1958a) Regeneration of lower jaws in adult newts. J Morph 102:289–

310. 

94. Goss RJ, Stagg MW (1958b) Regeneration in lower jaws of newts after excision of the 

intermandibular regions. J Exp Zool 137:1–12. 

95. Goss RJ, Severinghaus CW, Free S (1964) Tissue relationships in the development of 

pedicles and antlers in the Virginia deer. J Mammol 45:61–68. 

96. Goss R, Grimes LN (1975a) Tissue interactions in the regeneration of rabbit ear holes. Am 

Zool 12:151–157. 

97. Goss RJ, Grimes LN (1975b) Epidermal downgrowths in in regenerating rabbit ear holes. J 

Morph 146:533–542. 

98. Goss RJ, Van Praagh A, Brewer P (1992) The mechanism of antler casting in the fallow deer. 

J Exp Zool 264:429–436. 

99. Gourevich D, Clark L, Chen P, Seitz A, Samulewicz S, Heber-Katz E (2003) Matrix 

metalloproteinase activity correlates with blastema formation in the regenerating MRL ear 

hole model. Dev Dynam 226:377–387. 

100. Graver H (1972) The polarity of the dental lamina in the regenerating salamander jaw. J 

Embryol Exp Morph 30:635–646. 

101. Grillo H, Lapiere CM, Dresden MH, Gross J (1968) Collagenolytic activity in regenerating 

forelimbs of the adult newt (Triturus viridescens). Dev Biol 17:571–583. 

102. Grimes LN (1974) Selective x-irradiation of the cartilage at the regenerating margin of rabbit 

ear holes. J Exp Zool 206:237–241. 

103. Grimes LN, Goss RJ (1970) Regeneration of holes in rabbit ears. Am Zool 10:537. 

104. Guyenot E (1927) La perte du pouvoir régenerateur des Anoures, etudiée par les 

heterogreffess, et la notion de territories. Rev Suisse Zool 34:1–54. 

105. Han M-J, An J-Y, Kim W-S (2001) Expression patterns of Fgf-8 during development and 

limb regeneration of the axolotl. Dev Dyn 220:40–48. 

106. Han M-J, Yang X, Farrington JE, Muneoka K (2003) Digit regeneration is regulated by Msx1 

and BM4 in fetal mice. Development 130:5123–5132. 

107. Hartwig H (1968a) Durch periosteuerlagerung experimentelle erzegte, heterotope 

Stirnzapfenbildung beim Reh. Z Saugetierkunde 33:246–248. 

108. Hartwig H (1968b) Verhinderung der Rosenstockund Stangenbildung beim Reh, Capreolus 

capreolus, durch Periostausschaltung. Zool Garten 35:252–255. 

109. Hartwig H, Schrudde J (1974) Experimentelle Untersuchen zur Bildung der primaren 

Stirnauswuchse beim Reh (Capreolus capreolus). Z Jagdwiss 20:1–13. 

110. Harty M, Neff AW, King MW, Mescher AL (2003) Regeneration or 

111. scarring: An immunologic perspective. Dev Dynam 226:268–279. 

112. Hay ED (1959) Electron microscopic observations of muscle dedifferentiation in 

regenerating Amblystoma limbs. Dev Biol 3:26–59. 

113. Hay ED, Fischman DA (1961) Origin of the blastema in in the regenerating newt Triturus 

viridescens. An autoradiographic study using tritiated thymidine to follow cell proliferation 

and migration. Dev Biol 3:26–59. 

114. Hayamizu TF, Wanek N, Taylor G, Trevino C, Shi C, Anderson R, Gardiner DM, Muneoka 

K, Bryant SV (1994) Regeneration of HoxD expression domains during pattern regulation in 



 

24 

 

chick wing buds. Dev Biol 161:504–512. 

115. Heber-Katz E (2004) Spallanzani’s mouse: A model of restoration and regeneration. In: 

Heber-Katz E (ed.). Regeneration: Stem Cells and Beyond, Curr Topics Microbiol Immunol 

280:165–189. 

116. Heber-Katz E, Chen P, Clark L, Zhang X-M, Troutman S, Blankenhorn EP (2004) 

Regeneration in MRL mice: Further genetic loci controlling the ear hole closure trait using 

MRL and M. m. Castaneus mice. Wound Rep Reg 12:384–392. 

117. Hill RE, Jones PF, Rees AR, Sime CM, Justice MJ, Copeland NG, Jenkins NA, Graham E, 

Davidson DR (1989) A new family of mouse homeobox-containing genes: Molecular 

structure, chromosomal location, and developmental expression of Hox-7.1. Genes Dev 3:26

–37. 

118. Hill DS, Ragsdale CW, Brockes JP (1993) Isoform-specifi c immunological detection of 

newt retinoic acid receptor δ1 in normal and regenerating limbs. Development 117:937–

945. 

119. Holder N (1989) Organization of connective tissue patterns by dermal fi broblasts in the 

regenerating axolotl limb. Development 105:585–593. 

120. Holder N, Tank PW (1979) Morphogenetic interactions occurring between blastemas and 

stumps after exchanging blastemas between normal and double-half forelimbs in the axolotl 

121. Ambystoma mexicanum. Dev Biol 74:302–314. 

122. Ide H, Wada N, Uchiyama K (1994) Sorting out of cells from different parts and stages of the 

chick limb bud. Dev Biol 162: 71–76. 

123. Ide H, Yokoyama H, Endo T, Omi M, Tamura K, Wada N (1998) Pattern formation in 

dissociated limb bud mesenchyme in vitro and in vivo. Wound Rep Reg 6:398–402. 

124. Illingworth CM (1974) Trapped fingers and amputated fingertips in children. J Paediatr Surg 

9:853–858. 

125. Imokawa Y, Yoshizato K (1997) Expression of Sonic hedgehog gene in regenerating newt 

limb blastemas recapitulates that in developing limb buds. Proc Natl Acad Sci USA 94:9159

–9164. 

126. Imokawa Y, Yoshizato K (1998) Expression of Sonic hedgehog gene in regenerating newt 

limbs. Wound Rep Reg 6:366–470. 

127. Irvin BC, Tassava RA (1998) Effects of peripheral nerve implants on the regeneration of 

partially and fully innervated urodele forelimbs. Wound Rep Reg 6:382–387. 

128. Iten LE, Bryant SV (1973) Forelimb regeneration from different levels of amputation in the 

newt, Notophthalmus viridescens: Length, rate, and stages. W Roux Archiv 173:263–282. 

129. Iten LE, Bryant SV (1975) The interaction between the blastema and stump in the 

establishment of the anterior-posterior and proximal-distal organization of the limb 

regenerate. Dev Biol 44: 119–147. 

130. Izutsu Y, Yoshizato K (1993) Metamorphosis-dependent recognition of larval skin as 

non-self by inbred adult frogs (Xenopus laevis). J Exp Zool 266:163–167. 

131. Johnson KJ, Scadding SR (1992) Effects of tunicamycin in retinoic acid induced respecifi 

cation of positional vaues in regenerating limbs of the larval axolotl, Ambystoma mexicanum. 

Dev Dyn 193:185–192. 

132. Joseph J, Dyson M (1966) Tissue replacement in the rabbit’s ear. Brit J Surg 53:372–380. 

133. Ju B-G, Kim W-S (1998) Upregulation of cathepsin D expression in the dedifferentiating 



 

25 

 

salamander limb regenerate and enhancement of its expression by retinoic acid. Wound Rep 

Reg 6: S349–S358. 

134. Kierdorf U, Bartos L (1999) Treatment of the growing pedicle with retinoic acid increased 

the size of fi rst antlers in fallow deer (Dama dama L). Comp Biochem Physiol 124:7–9. 

135. Kierdorf U, Kierdorf H (1998) Effects of retinoic acid on pedicle and fi rst antler growth in a 

fallow buck (Dama dama L). Ann Anat 180:373–375. 

136. Kiffmeyer WR, Tomusk EV, Mescher AL (1991) Axonal transport and release of transferring 

in nerves of regenerating amphibian limbs. Dev Biol 147:392–402. 

137. Kim W-S, Stocum DL (1986a) Retinoic acid modifi es positional memory in the 

anteroposterior axis of regenerating axolotl limbs. Dev Biol 114:170–179. 

138. Kim W-S, Stocum DL (1986b) Effects of retinoic acid on regenerating normal and double 

half limbs of axolotls. Roux’ Archiv Dev Biol 195:243–251. 

139. King MW, Nguyen T, Calley J, Harty MW, Muzinich MC, Mescher AL, Chalfant C, N’Cho 

M, McLeaster K, McEntire J, Stocum DL, Smith RC, Neff AW (2003) Identifi cation of 

genes expressed during Xenopus laevis limb regeneration by using subtractive hybridization. 

Dev Dynam 226:398–409. 

140. Kintner CR, Brockes JP (1984) Monoclonal antibodies identify blastemal cells derived from 

dedifferentiating muscle in newt limb regeneration. Nature 308:67–69. 

141. Korneluk RG, Liversage RA (1984) Tissue regeneration in the amputated forelimb of 

Xenopus laevis froglets. Canadian J Zool 62:2383–2391. 

142. Koshiba K, Kuroiwa A, Yamamoto H, Tamura K, Ide H (1998) Expression of Msx genes in 

regenerating and developing limbs of axolotl. J Exp Zool 282:703–714. 

143. Kostakopoulou K, Vogel A, Brickell P, Tickle C (1996) “Regeneration” of wing bud 

stumps of chick embryos and reactivation of Msx-1 and Shh expression in response to FGF-4 

and ridge signals. Mech Dev 55:119–131. 

144. Kostakopoulou K, Vargesson N, Carke JD, Brickell PM, Tickle C (1997) Local origin of 

cells in FGF-4-induced outgrowth of amputated chick wing bud stumps. Int J Dev Biol 

41:747–750. 

145. Koyama E, Golden E, Kirsch T, Adams SL, Chandraratna RAS, Michaille J-J, Pacifi ci M 

(1999) Retinoid signaling is required for chondrocyte maturation and endochondral bone 

formation during limb skeletogenesis. Dev Biol 208:375–391. 

146. Kumar A, Velloso C, Imokawa Y, Brockes JP (2000) Plasticity of retrovirus-labelled 

myotubes in the newt regeneration blastema. Dev Biol 218:125–136. 

147. Kumar A, Velloso C, Imokawa Y, Brockes JP (2004) The regenerative plasticity of isolated 

urodele myofi bers and its dependence on MSX1. PloS Biol 2:E218. 

148. Kurabuchi S, Inoue S (1983) Denervation effects on limb regeneration in postmetamorphic 

Xenopus laevis. Dev Growth Diff 25: 463–467. 

149. Laufer E, Dahn R, Orozco OE, Yeo CY, Pisenti J, Henrique D, Abbot UK, Fallon JF, Tabin 

C (1997) Expression of Radical fringe in limb-bud ectoderm regulates apical ectodermal 

ridge formation. Nature 386:366–373. 

150. Lebowitz P, Singer M (1970) Neurotrophic control of protein synthesis in the regenerating 

limb of the newt Triturus. Nature 225:824–827. 

151. Lee KK, Chan WY (1991) A study on the regenerative potential of partially excised mouse 

embryonic fore-limb bud. Anat Embryol 184:153–157. 



 

26 

 

152. Lheureux E (1983) Replacement of irradiated epidermis by migration of non-irradiated 

epidermis in the newt limb: The necessity of healthy epidermis for regeneration. J Embryol 

Exp Morph 76:217–234. 

153. Lheureux E, Carey F (1988) The irradiated epidermis inhibits newt limb regeneration by 

preventing blastema growth. Biol Struct Morph 1:49–57. 

154. Li X, Gu W, Masinde G, Hamilton-Ulland M, Xu S, Mohan S, Baylink DJ (2001) Genetic 

control of the rate of wound healing in mice. Heredity 86:668–674. 

155. Litwiller R (1939) Mitotic index and size in regenerating amphibian limbs. J Exp Zool 

82:273–286. 

156. Lo DC, Allen F, Brockes JP (1993) Reversal of muscle differentiation during urodele limb 

regeneration. Proc Natl Acad Sci (USA) 90:7230–7234. 

157. Louis DS, Palmer AK, Burney RE (1980) Open treatment of digital tip injuries. J Amer Med 

Assoc 244:697–698. 

158. Loyd RM, Tassava RA (1980) DNA synthesis and mitosis in adult newt limbs following 

amputation and insertion into the body cavity. J Exp Zool 214:61–69. 

159. Ludolph D, Cameron JA, Stocum DL (1990) The effect of retinoic acid on positional 

memory in the dorsoventral axis of regenerating axolotl limbs. Dev Biol 140:41–52. 

160. Maden M (1977) The regeneration of positional information in the amphibian limb. J Theor 

Biol 69:735–753. 

161. Maden M (1979) Neurotrophic and X-ray blocks in the blastemal cell cycle. J Embryol Exp 

Morphol 50:169–173. 

162. Maden M (1981) Morphallaxis in an epimorphic system: Size, growth control and pattern 

formation during amphibian limb regeneration. J Embryol Exp Morph 65:151–167. 

163. Maden M (1982) Vitamin A and pattern formation in regenerating limbs. Nature 295:672–

675. 

164. Maden M (1983) The effects of vitamin A on limb regeneration in Rana temporaria. Dev Biol 

98:409–416. 

165. Maden M (1997) Retinoic acid and its receptors in limb regeneration. Sem Cell Dev Biol 

8:445–453. 

166. Maden M, Wallace H (1975) The origin of limb regenerates from cartilage grafts. Acta 

Embryol Exp 2:77–86. 

167. Martin GR (1998) The roles of FGFs in the early development of vertebrate limbs. Genes 

Dev 12:1571–1586. 

168. Masinde GL, Li X, Gu W, Davidson H, Mohan S, Baylink D (2001) Identifi cation of wound 

healing/regeneration quantitative trait loci (QTL) at multiple time points that explain seventy 

percent of variance in (MRL/MpJ and SJL/J) mice F2 population. Genome Res 11:2027–

2033. 

169. Matsuda H, Yokoyama H, Endo T, Tamura K, Ide H (2001) An epidermal signal regulates 

Lmx-1 expression and dorsal-ventral pattern during Xenopus limb regeneration. Dev Biol 

229:351–362. 

170. McBrearty BA, Clark LD, Zhang XM, Blankenhorn EP, Heber-Katz E (1998) Genetic 

analysis of a mammalian wound-healing trait. Proc Natl Acad Sci USA 95:11792–11797. 

171. Mercader N, Tanaka E, Torres M (2005) Proximodistal identity during vertebrate limb 

regeneration is regulated by Meis homeodomain proteins. Development 132:4131–4142. 



 

27 

 

172. Mescher AL (1976) Effects on adult newt limb regeneration of partial and complete skin fl 

aps over the amputation surface. J Exp Zool 195:117–128. 

173. Mescher AL (1996) The cellular basis of limb regeneration in urodeles. Int J Dev Biol 40:785

–796. 

174. Mescher AL, Cox CA (1988) Hyaluronate accumulation and nervedependent growth during 

regeneration of larval Ambystoma limbs. Differentiation 38:161–168. 

175. Mescher AL, Munaim SI (1986) Changes in the extracellular matrix and glycosaminoglycan 

synthesis during the imnitiation of regeneration in adult newt forelimbs. Anat Rec 214:424– 

431. 

176. Mescher AL, Munaim SI (1988) Transferrin and the growthpromoting effect of nerves. Int 

Rev Cytol 100:1–26. 

177. Mescher AL, Kiffmeyer WR (1992) Axonal release of transferrin in peripheral nerves of 

axolotls during regeneration. In: Taban CH, Boilly B (eds.). Keys for Regeneration: 

Monographs in Dev Biol 23:100–109. 

178. Mescher AL, Connell E, Hsu C, Patel C, Overton B (1997) Transferrin is necessary and suffi 

cient for the neural effect on growth in amphibian limb regeneration blastemas. Dev Growth 

Diff 39:677–684. 

179. Mescher AL, White GW, Brokaw JJ (2000) Apoptosis in regenerating and denervated, 

nonregenerating urodele forelimbs. Wound Rep Reg 8:110–116. 

180. Mescher AL, Neff AW (2005) Regenerative capacity and the developing immune system. 

Adv Biochem Eng/Biotech 93:39–66. 

181. Metcalfe AD, Ferguson MWJ (2005) Harnessing wound healing and regeneration for tissue 

engineering. Biochem Soc Trans 33 (Part 2):413–417. 

182. Mittenthal JE (1981) The rule of normal neighbors: A hypothesis for morphogenetic pattern 

regulation. Dev Biol 88:15–26. 

183. Miyazaki K, Uchiyawa K, Imokawa Y, Yoshizato K (1996) Cloning and characterization of 

of cDNAs for matrix metalloproteinases of  regenerating newt limbs. Proc Natl Acad Sci 

USA 93:6819– 6824. 

184. Mizell M (1968) Limb regeneration: induction in the new-born opossum. Science 161:283–

286. 

185. Mizell M, Isaacs JJ (1970) Induced regeneration of hindlimbs in the newborn opossum. Am 

Zool 10:141–155. 

186. Mohammad KS, Day FA, Neufeld DA (1999) Bone growth is induced by nail transplantation 

in amputated proximal phalanges. Calcif Tiss Int 65:408–410. 

187. Monkmeyer J, Ludolph DC, Cameron JA, Stocum DL (1992) Retinoic acid-induced change 

in anteroposterior positional identity in regenerating axolotl limbs is dose-dependent. Dev 

Dynam 193:286–294. 

188. Morais da Silva SM, Gates PB, Brockes JP (2002) The newt ortholog of CD59 is implicated 

in proximodistal identity during amphibian limb regeneration. Dev Cell 3:547–555. 

189. Morzlock FV, Stocum DL (1972) Neural control of RNA synthesis in regenerating limbs of 

the adult newt Triturus viridescens. Roux’s Archiv Dev Biol 171:170–180. 

190. Mullen LM, Bryant SV, Torok MA, Blumberg B, Gardiner DM (1996) Nerve dependency of 

regeneration: The role of Distal-less and FGF signaling in amphibian limb regeneration. 

Development 122:3487–3497. 



 

28 

 

191. Muller TL, Ngo-Muller V, Reginelli A, Taylor G, Anderson R, Muneoka K (1999) 

Regeneration in higher vertebrates: Limb buds and digit tips. Sem Cell Dev Biol 10:405–

413. 

192. Munaim SI, Mescher AL (1986) Transferrin and the trophic effect of neural tissue on 

amphibian limb regeneration blastemas. Dev Biol 116:138–142. 

193. Muneoka K, Fox WF, Bryant SV (1986) Cellular contribution from dermis and cartilage to 

the regenerating limb blastema in axolotls. Dev Biol 116:256–260. 

194. Muneoka K, Holler-Dinsmore G, Bryant SV (1986) Intrinsic control of regenerative loss in 

Xenopus laevis limbs. J Exp Zool 240:47– 54. 

195. Namenwirth M (1974) The inheritance of cell differentiation during limb regeneration in the 

axolotl. Dev Biol 41:42–56. 

196. Nardi JB, Stocum DL (1983) Surface properties of regenerating limb cells: Evidence for 

gradation along the proximodistal axis. Differentiation 25:27–31. 

197. Neff AW, King MW, Harty MW, Nguyen T, Calley J, Smith RC, Mescher AL (2005) 

Expression of Xenopus XlSALL4 during limb development and regeneration. Dev Dynam 

233:356–367. 

198. Neufeld D, Zhao W (1995) Bone regrowth following gigit-tip amputation in mice is 

equivalent in adults and neonates. Wound Rep Reg 3:461–466. 

199. Niazi IA (1996) Background to work on retinoids and amphibian limb regeneration: Studies 

on anuran tadpoles — a retrospect. J Biosci 21:273–297. 

200. Niazi IA, Saxena S (1978) Abnormal hindlimb regeneration in tadpoles of the toad Bufo 

andersoni, exposed to vitamin A. Folia Biol (Krakow) 26:3–11. 

201. Niazi IA, Jangir OP, Sharma KK (1979) Forelimb regeneration at wrist level in adults of 

skipper frog Rana cyanophylctis (Schneider) and its improvement by vitamin A treatment. 

Indian J Exp Biol 17:435–437. 

202. Niazi IA, Pescetelli MJ, Stocum DL (1985) Stage dependent effects of retinoic acid on 

regenerating urodele limbs. Roux’s Archiv Dev Biol 194:355–363. 

203. Nicholas JS (1926) Extirpation experiments upon the embryonic forelimb of the rat. Proc Soc 

Exp Biol Med 23:436–439. 

204. Nilsson J, von Euler AM, Dalsgaard C-J (1985) Stimulation of connective tissue growth by 

substance P and substance K. Nature 315:61–63. 

205. Niswander L, Tickle C, Vogel A, Booth I, Martin GR (1993) FGF-4 replaces the apical 

ectodermal ridge and directes outgrowth and patterning of the limb. Cell 75:579–587. 

206. Niswander L (2003) Pattern formation: old models out on a limb. Nature Rev Genetics 4:133

–143. 

207. Nye HLD, Cameron JA, Chernoff EG, Stocum DL (2003) Regeneration of the urodele limb: 

A review. Dev Dynam 226:280–294. 

208. Odelberg SJ, Kollhof A, Keating M (2001) Dedifferentiation of mammalian myotubes 

induced by msx-1. Cell 103:1099–1109. 

209. Oliva A, Della Ragione F, Fratta M, Marrone G, Palumbo R, Zappia V (1993) Effect of 

retinoic acid on osteocalcin gene expression in human osteoblasts. Biochem Biophys Res 

Comm 191:908–914. 

210. Onda H, Tassava RA (1991) Expression of the 9G1 antigen in the apical cap of axolotl 

regenerates requires nerves and mesenchyme. J Exp Zool 257:336–349. 



 

29 

 

211. Oudkhir M, Boilly B, Lheureux E, Lasalle B (1985) Influence of denervation on the 

regeneration of  Pleurodele limbs: Cytophotometric study of nuclear DNA from blastema 

cells. Differentiation 29:116–120. 

212. Park I-S, Kim W-S (1999) Modifi cation of gelatinase activity correlates with the 

dedifferentiation profi le of regenerating axolotl limbs. Mol Cells 9:119–126. 

213. Pecorino LT, Entwistle, Brockes JP (1996) Activation of a single retinoic acid receptor 

isoform mediates proximodistal respecifi cation. Curr Biol 65:63–69. 

214. Pescitelli MJ, Stocum DL (1980) The origin of skeletal structures during intercalary 

regeneration of larval Ambystoma limbs. Dev Biol 79:255–275. 

215. Piatt J (1957) Studies on the problem of nerve pattern. III. Innervation of the regenerated 

forelimb in Amblystoma. J Exp Zool 136:229–248. 

216. Pittman RN, Buettner HM (1989) Degradation of extracellular matrix by neuronal proteases. 

Dev Neurosci 11:361–375. 

217. Polezhaev LV (1972) Loss and Restoration of Regenerative Capacity in Tissues and Organs 

of Animals. Jerusalem: Keter Press, pp 153–199. 

218. Poulin ML, Patrie KM, Botelho MJ, Tassava RA, Chiu I-M (1993) Heterogeneity in 

expression of fi broblast growth factor receptors during limb regeneration in newts 

(Notophthalmus viridescens). Development 119:353–361. 

219. Poulin ML, Chiu I-M (1995) Re-programming of expression of the KGFR and bek variants 

of   fibroblast growth factor receptor 2 during limb regeneration in newts (Notopthalmus  

viridescens). Dev Dyn 202:378–387. 

220. Price JS, Oyajobi BO, Nalin AM, Frazer A, Russell BGG, Sandell LJ (1996) Chondrogenesis 

in the regenerating antler tip in red deer: Expression of collagen types I, IIA, IIB, and X 

demonstrated by in situ nucleic acid hybridization and immunocytochemistry. Dev Dynam 

205:332–347. 

221. Ragsdale CW, Petkovich M, Gates PB, Chambon P, Brockes JP (1989) Identifi cation of a 

novel retinoic acid receptor in regenerating tissues of the newt. Nature 341:654–657. 

222. Ragsdale CW, Gates PB, Brockes JP (1992a) Identifi cation and expression pattern of a 

second isoform of the newt alpha retinoic acid receptor. Nuc Acid Res 20:5851. 

223. Ragsdale CW, Gates PB, Hill D, Brockes JP (1992b) Delta retinoic acid receptor isoform δ1 

is distinguished by its exceptional Nterminal sequence and abundance in the limb 

regeneration blastema. Mech Dev 40:99–112. 

224. Rajan KT, Hopkins AM (1970) Human digits in organ culture. Nature 227:621–622. 

225. Rajnoch C, Ferguson, Metcalfe AD, Herrick SE, Willis HS, Ferguson MW (2003) 

Regeneration of the ear after after wounding in different mouse strains is dependent on the 

severity of wound trauma. Dev Dynam 226:388–397. 

226. Reginelli AD, Wang YQ, Sassoon D, Muneoka K (1995) Digit tip regeneration correlates 

with regions of Msx1 (Hox7) expression in fetal and newborn mice. Development 121:1065

–1076. 

227. Richmond MJ, Pollack ED (1983) Regulation of tadpole spinal nerve growth by the 

regenerating limb blastema in tissue culture. J Exp Zool 225:233–242. 

228. Riddiford LM (1960) Autoradiographic studies of tritiated thymidine infused into the 

blastema of the early regenerate in the adult newt, Triturus. J Exp Zool 144:25–32. 

229. Robert B, Sassoon D, Jacq C, Gehring W, Buckingham M (1989) Hox-7, a mouse homeobox 



 

30 

 

gene with a novel pattern of expression during embryogenesis. EMBO J 8:91–100. 

230. Robert J, Cohen N (1998) Evolution of immune surveillance and tumor immunity: studies in 

Xenopus. Immunol Rev 166:231–243. 

231. Rodriguez-Esteban C, Schwabe JW, De La Pena J, Foys B, Eshelman B, Ispizua-Belmonte 

JC (1997) Radical fringe positions the apical ectodermal ridge at the dorsoventral boundary 

of the vertebrate limb. Nature 386:360–366. 

232. Rollins-Smith LA, Flajnik MF, Blair PJ, Davis AT, Green WF (1997) Involvement of thyroid 

hormones in the expression of MHC class I antigens during ontogeny in Xenopus. Dev 

Immunol 5:133–144. 

233. Rosania GR, Chang Y-T, Perez O, Sutherlin D, Dong H, Lockhart DJ, Schultz PG (2000) 

Myoseverin, a microtubule-binding molecule with novel cellular effects. Nature Biotech 

18:304–308. 

234. Rosenthal LJ, Reiner MA, Bleicher MA (1979) Nonoperative management of distal fi ngertip 

amputations in children. Pediatrics 64:1–3. 

235. Roy S, Gardiner DM, Bryant SV (2000) Vaccinia as a tool for functional analysis in 

regenerating limbs: ectopic expression of Shh. Dev Biol 218:199–205. 

236. Said S, Parke W, Neufeld DA (2004) Vascular supplies differ in regenerating and 

nonregenerating amputated rodent digits. Anat Rec 278A:443–449. 

237. Samulewicz SJ, Clark L, Seitz A, Heber-Katz E (2002) Expression of Pref-1, a Delta-like 

protein, in healing mouse ears. Wound Rep Reg 10:215–221. 

238. Satoh A, Ide H, Tamura (2005a) Muscle formation in regenerating Xenopus froglet limb. 

Dev Dynam 233:337–346. 

239. Satoh A, Suzuki M, Amano T, Tamura K, Ide H (2005b) Joint development in Xenopus 

laevis and induction of segmentation in regenerating froglet limb (spike). Dev Dynam 

233:1444–1453. 

240. Saunders JW Jr (1948) The proximo-distal sequence of the origin of the parts of the chick 

wing and the role of the ectoderm. J Exp Zool 108:363–403. 

241. Scadding SR, Maden M (1994) Retinoic acid gradients during limb regeneration. Dev Biol 

162:608–617. 

242. Schmidt AJ (1966) The Molecular Basis of Regeneration: Enzymes. Illinois Monographs 

Med Sci 6 (4). Urbana: University of  Illinois Press. 

243. Schmidt AJ (1968) Cellular Biology of Vertebrate Regeneration and Repair. Chicago: 

University of Chicago Press. 

244. Schnapp E, Tanaka EM (2005) Quantitative evaluation of morpholino-mediated protein 

knockdown of GFP, MSX1, and PAX7 during tail regeneration in Ambystoma mexicanum. 

Dev Dynam 232:162–170. 

245. Schotte OE, Butler EG (1944) Phases in regeneration of the urodele limb and their 

dependence on the nervous system. J Exp Zool 97:95–121. 

246. Sharma K, Niazi IA (1979) Regeneration induced in the forelimbs by treatment with vitamin 

A in the froglets of Rana breviceps. Experientia 35:1571–1572. 

247. Shimizu-Nishikawa K, Tazawa I, Uchiyama K, Yoshizato K (1999) Expression of 

helix-loop-helix type negative regulators of differentiation during limb regeneration in 

urodeles and anurans. Dev Growth Diff 41:731–743. 

248. Shimizu-Nishikawa KS, Tsuji S, Yoshizato K (2001) Identifi cation and characterization of 



 

31 

 

newt rad (ras associated with diabetes), a gene specifi cally expressed in regenerating limb 

muscle. Dev Dynam 220:74–86. 

249. Shubin NH, Alberch P (1986) A morphogenetic approach to the origin and basic organization 

of the tetrapod limb. Evol Biol 20:318–390. 

250. Sessions SK, Bryant V (1988) Evidence that regenerative ability is an intrinsic property of 

limb cells in Xenopus. J Exp Zool 247: 39–44. 

251. Simon H-G, Tabin CJ (1993) Analysis of Hox-4.5 and Hox-3.6 expression during newt limb 

regeneration: Differential regulation of paralogous Hox genes suggests different roles for 

members of different Hox clusters. Development 111:1397–1407. 

252. Simon H-G, Nelson C, Goff D, Laufer E, Morgan BA, Tabin C (1995) Differential 

expression of myogenic regulatory genes and Msx-1 during dedifferentiation and 

redifferentiation of regenerating amphibian limbs. Dev Dyn 202:1–12. 

253. Simon H-G, Kittappa R, Han PA, Tsilfi ldis C, Liversage RA, Oppenheimer S (1997) A 

novel family of T-box genes in urodele amphibian limb development and regeneration: 

candidate genes 

254. involved in vertebrate forelimb/hindlimb patterning. Development 124:1355–1366. 

255. Singer M (1952) The infl uence of the nerve in regeneraton of the amphibian extremity. 

Quart Rev Biol 27:169–200. 

256. Singer M (1954) Induction of regeneration of the forelimb of the postmetamorphic frog by 

augmentation of the nerve supply. J Exp Zool 126:419–472. 

257. Singer M (1965) A theory of the trophic nervous control of amphibian limb regeneration, 

including a re-evaluation of quantitative nerve requirements. In: Kiortsis V, Trampusch HAL 

(eds.). Regeneration in Animals and Related Problems. Amsterdam: North Holland, pp 20–

32. 

258. Singer M (1978) On the nature of the neurotrophic phenomenon in urodele limb regeneration. 

Am Zool 18:829–841. 

259. Singer M, Craven L (1948) The growth and morphogenesis of the regenerating forelimb of 

adult Triturus following denervation at various stages of development. J Exp Zool 108:279–

308. 

260. Slootweg MC, Salles JP, Ohlsson C, De Vries CP, Engelbregt CP, Netelenbos JC (1996) J 

Endocrinol 150:465–472. 

261. Smith AR, Lewis JH, Crawly A, Wolpert L (1974) A quantitative study of blastemal growth 

and bone regression during limb regeneration in Triturus cristatus. J Embryol Exp Morph 

32:375–390. 

262. Smith AR, Crawley A (1977) The pattern of cell division during growth of the blastema of 

regenerating newt forelimbs. J Embryol Exp Morph 37:33–48. 

263. Smith GN, Toole BP, Gross J (1974) Hyaluronidase activity and glycosaminoglycan 

synthesis in the amputated newt limb: Comparison of denervated nonregenerating limbs with 

regenerates. Dev Biol 43:221–232. 

264. Smith MJ, Globus M (1989) Multiple interactions in juxtaposed monolayer of amphibian 

neuronal, epidermal, and mesodermal limb blastema cells. In Vitro Cell Dev Biol 25:849–

856. 

265. Song K, Wang Y, Sassoon D (1992) Expression of Hox-7.1 in myoblasts inhibits terminal 

differentiation and induces cell transformation. Nature 360:477–481. 



 

32 

 

266. Spallanzani L (1768) Prodromo di un opera da imprimersi sopra la riproduzioni animali. 

Modena, Giovanni Montanari. English translation, M. Maty (1769): An Essay on Animal 

Reproduction. London: Becket and DeHondt. Stark RJ, Searls RL (1973) A description of 

chick wing development and a model of limb morphogenesis. Dev Biol 33:138–153. 

267. Stark DR, Gates PB, Brockes JP, Ferretti P (1998) Hedgehog family member is expressed 

throughout regenerating and developing limbs. Dev Dynam 212:352–363. 

268. Steen TP (1968) Stability of chondrocyte differentiation and contribution of muscle to 

cartilage during limb regeneration in the axolotl (Siredon mexicanum). J Exp Zool 167:49–

78. 

269. Steen TP (1973) The role of muscle cells in Xenopus limb regeneration. Am Zool 13:1349–

1350. 

270. Steen TP, Thornton CS (1963) Tissue interaction in amputated aneurogenic limbs of 

Ambystoma larvae. J Exp Zool 154:207–221. 

271. Steinberg MS (1978) Cell-cell recognition in multicellular assembly: Levels of specifi city. 

In: Curtis ASG (ed.). Cell-cell recognition. Cambridge: Cambridge University Press, pp 25–

49. 

272. Stocum DL (1968a) The urodele limb regeneration blastema: A selforganizing system. I. 

Differentiation in vitro. Dev Biol 18:441–456. 

273. Stocum DL (1968b) The urodele limb regeneration blastema: Self-organizing system. II. 

Morphgenesis and differentiation of autografted whole and fractional blastemas. Dev Biol 

18:457–480. 

274. Stocum DL (1975) Regulation after proximal or distal transposition of limb regeneration 

blastemas and determination of the proximal boundary of the regenerate. Dev Biol 45:112–

136. 

275. Stocum DL (1978) Organization of the morphogenetic fi eld in regenerating amphibian limbs. 

Am Zool 18:883–896. 

276. Stocum DL (1979) Stages of forelimb regeneration in Ambystoma maculatum. J Exp Zool 

209:395–416. 

277. Stocum DL (1980a) Patterns of mitotic index, cell density and growth in regenerating 

Ambystoma maculatum limbs. J Exp Zool 212:233–242. 

278. Stocum DL (1980b) Autonomous development of reciprocally exchanged regeneration 

blastemas of normal forelimbs and symmetrical hindlimbs. J Exp Zool 212:361–371. 

279. Stocum DL (1982) Determination of axial polarity in the urodele regeneration blastema. J 

Embryol Exp Morph 71:193–214. 

280. Stocum DL (1984) The urodele limb regeneration blastema: Determination and organization 

of the morphogenetic fi eld. Differentiation 27:13–28. 

281. Stocum DL (1991) Limb regeneration: A call to arms (and legs). Cell 67:5–8. 

282. Stocum DL (1995) Wound Repair, Regeneration, and Artifi cial Tissues. Austin: RG Landes 

Co. 

283. Stocum DL (1996) A conceptual framework for analyzing axial patterning in regenerating 

urodele limbs. Int J Dev Biol 40:773–784. 

284. Stocum DL (2004) Amphibian regeneration and stem cells. In: Regeneration: Stem Cells and 

Beyond. Heber-Katz E (ed.). Curr Top Microbiol Immunol 280:1–70. 

285. Stocum DL, Dearlove GE (1972) Epidermal-mesodermal interaction during morphogenesis 



 

33 

 

of the limb regeneration blastema in larval salamanders. J Exp Zool 181:49–62. 

286. Stocum DL, Melton DA (1977) Self-organizational capacity of distally transplanted limb 

regeneration blastemas in larval salamanders. J Exp Zool 201:451–472. 

287. Stocum DL, Crawford K (1987) Use of retinoids to analyze the cellular basis of positional 

memory in regenerating axolotl limbs.Biochem Cell Biol 65:750–761. 

288. Stocum DL, Maden M (1990) Regenerating limbs. Methods in Enzymol 190:189–201. 

289. Sun X, Mariani FW, Martin GR (2002) Functions of FGF signaling from the apical 

ectodermal ridge in limb development. Nature 418:501–508. 

290. Sussman HH (1989) Iron and tumor cell growth. In: deSousa M, Brock JH (eds.). Iron in 

immunity, cancer and infl ammation. New York: John Wiley and Sons, pp 261–282. 

291. Tamura K, Yokouchi Y, Kuroiwa A, Ide H (1997) Retinoic acid changes the proximodistal 

developmental competence and affi nity of distal cells in the developing chick limb bud. Dev 

Biol 188:224–234. 

292. Tanaka EM, Gann F, Gates PB, Brockes JP (1997) Newt myotubes re-enter the cell cycle by 

phosphorylation of the retinoblastoma protein. J Cell Biol 136:155–165. 

293. Tanaka EM, Dreschel N, Brockes JP (1999) Thrombin regulates S phase re-entry by cultured 

newt myoblasts. Curr Biol 9:792–799. 

294. Tank PW (1978) The occurrence of supernumerary limbs following blastemal transplantation 

in the regenerating forelimb of the axolotl, Ambystoma mexicanum. Dev Biol 62:143–161. 

295. Tank PW (1981) The ability of localized implants of whole or minced dermis to disrupt 

pattern formation in the regenerating forelimb of the axolotl. Am J Anat 162:315–326. 

296. Tank PW, Carlson BM, Connelly TG (1976) A staging system for forelimb regeneration in 

the axolotl, Ambystoma maculatum. J Morph 150:117–128. 

297. Tassava RA, Garling DJ (1979) Regenerative responses in larval axolotl limbs with skin 

grafts over the amputation surface. J Exp Zool 208:97–110. 

298. Tassava RA, Mescher AL (1975) The roles of injury, nerves and the wound epidermis during 

the initiation of amphibian limb regeneration. Differentiation 4:23–24. 

299. Tassava RA, Olsen CL (1985) Neurotrophic infl uence on cellular proliferation in urodele 

limb regeneration: In vivo experiments. In: Sicard RE (ed.). Regulation of Vertebrate Limb 

Regeneration. New York: Oxford University Press, pp 81–92. 

300. Taylor GP, Anderson R, Regenelli AD, Muneoka K (1994) FGF-2 induces regeneration of 

the chick limb bud. Dev Biol 163:282–284. 

301. Thoms SD, Stocum DL (1984) Retinoic acid-induced pattern duplication in regenerating 

urodele limbs. Dev Biol 103:319–328. 

302. Thornton CS (1938) The histogenesis of muscle in the regenerating forelimb of larval 

Ambystoma punctatum. J Morph 62:17–46. 

303. Thornton CS (1968) Amphibian limb regeneration. Adv Morph 7:205–249. 

304. Tickle C (2003) Patterning systems — from one end to the other. Dev Cell 4:449–458. 

305. Tomlinson BL, Goldhamer DJ, Barger PM, Tassava RA (1985) Punctuated cell cycling in the 

regeneration blastema of urodele amphibians: an hypothesis. Differentiation 28:195–199. 

306. Tomlinson B, Barger PM (1987) A test of the punctuated-cycling hypothesis in Ambystoma 

forelimb regenerates: The roles of animal size, limb regeneration, and the aneurogenic 

condition. Diferentiation 35:6–15. 

307. Tomlinson BL, Tassava RL (1987) Dorsal root ganglia stimulate regeneration of denervated 



 

34 

 

urodele forelimbs: timing of graft implantation with respect to denervation. Development 

99:173–186. 

308. Tonge DA, Leclere PG (2000) Directed axonal growth towards axolotl limb blastemas in 

vitro. Neurosci 100:201–211. 

309. Toole BP, Jackson GJ, Gross J (1972) Hyaluronate in morphogenesis: Inhibition of 

chondrogenesis in vitro. Proc Natl Acad Sci USA 69:1384–1386. 

310. Torok MA, Gardiner M, Shubin N, Bryant SV (1998) Expression of HoxD genes in 

developing and regenerating axolotl limbs. Dev Biol 200:225–233. 

311. Torok MA, Gardiner DM, Izpisua-Belmonte J-C, Bryant SV (1999) Sonic hedgehog (shh) 

expression in developing and regenerating axolotl limbs. J Exp Zool 284:197–206. 

312. Trampusch HAL (1958a) The action of X-rays on the morphogenetic field. I. Heterotopic 

grafts on irradiated limb. Ned Akad Weten Proc K Series C 61:417–430. 

313. Trampusch HAL (1958b) The action of X-rays in the morphogenetic field. II. Heterotopic 

skin on irradiated tails. Ned Akad Weten Proc K Series C 61:530–545. 

314. Tschumi PA (1957) The growth of hindlimb bud of Xenopus laevis and its dependence upon 

the epidermis. J Anat 91:149–173. 

315. Turpin JB (1998) Induction and early development of of the hematopoietic and immune 

systems in Xenopus. Dev Comp Immunol 22:265–278. 

316. Ueda Y, Kondoh H, Mizuno (2005) Generation of transgenic newt Cynops pyrrhogaster for 

regeneration study. Genesis 41:87–98. 

317. Van Stone JM (1955) The relationship between innervation and regenerative capacity in hind 

limbs of Rana sylvatica. J Morph 97:345–391. 

318. Vascotto S, Beug S, Liversage RA, Tsilfi ldis C (2005) Identifi cation of cDNAs associated 

with late dedifferentiation in adult newt forelimb regeneration. Dev Dynam 233:347–355. 

319. Velloso CP, Kumar A, Tanaka EM, Brockes JP (2000) Generation of mononucleate cells 

from post-mitotic myotubes proceeds in the absence of cell cycle progression. Differentiation 

66:239–246. 

320. Velloso CP, Simon A, Brockes JP (2001) Mammalian postmitotic nuclei reenter the cell 

cycle after serum stimulation in newt/mouse hybrid myotubes. Curr Biol 11:855–858. 

321. Vinarsky V, Atkinson DL, Stevenson T, Keating MT, Odelberg SJ (2005) Normal newt limb 

regeneration requires matrix metalloproteinase function. Dev Biol 279:86–98. 

322. Voit EO, Anton HJ, Blecker J (1985) Regenerative growth curves. Math Biosci 73:253–269. 

323. Vorontstova MA, Liosner LD (1960) Asexual Propagation and Regeneration. New York: 

Permagon Press. 

324. Vortkamp A (2001) Interaction of growth factors regulating chondrocyte differentiation in 

the developing embryo. Osteoarth Cartilage 9 (Suppl A):S109–S117. 

325. Wada N, Uchiyama K, Ide H (1993) Cell sorting out and chondrogenic aggregate formation 

in limb bud recombinant and in culture. Dev Growth Diff 35:421–430. 

326. Wada N, Ide H (1994) Sorting out of limb bud cells in monolayer culture. Int J Dev Biol 

38:351–356. 

327. Wada N, Kimura I, Tanaka H, Ide H, Nohno T (1998) 

Glycosylphosphatidylinositol-anchored cell surface proteins regulate positionspecific cell affi 

nity in the limb bud. Dev Biol 202:244–252. 

328. Wagner W, Reichl J, Wehrman M, Zenner H-P (2001) Neonatal rat cartilage has the capacity 



 

35 

 

for tissue regeneraton. Wound Rep Reg 9:531–536. 

329. Wanek N, Muneoka K, Holler-Dinsmore G, Bryant SV (1989) A staging system for mouse 

limb development. J Exp Zool 249:41–49. 

330. Wanek N, Muneoka K, Bryant SV (1989) Evidence for regulation following amputation and 

tissue grafting in the developing mouse limb. J Exp Zool 249:55–61. 

331. Wang L, Marchionni MA, Tassava RA (2000) Cloning and neuronal expression of a type III 

newt neuregulin and rescue of denervated nerve-dependent newt limb blastemas by rhGGF2. 

J Neurobiol 43:150–158. 

332. Wang Y, Sassoon D (1995) ctoderm-mesenchyme and mesenchyme-mesenchyme 

interactions regulate Msx-1 expression and cellular differentiation in the murine limb bud. 

Dev Biol 168:374–382. 

333. Williams-Boyce PK, Daniel JC Jr (1980) Regeneration of rabbit ear tissue. J Exp Zool 

212:243–253. 

334. Wislocki G, Waldo CM (1953) Further observations on the histologcal changes associated 

with the shedding of the antlers of the white-tailed deer (Odocoileus vitginianus borealis). 

Anat Rec 117:353–376. 

335. Wolfe D, Nye HLD, Cameron J (2000) Extent of ossifi cation at the amputation plane is 

correlated with the decline of blastema formation and regeneration in Xenopus laevis 

hindlmbs. Dev Dynam 218:681–697. 

336. Wolfe AD, Crimmins G, Cameron JA, Henry JJ (2004) Early regeneration genes: Building a 

molecular profile for shared expression in cornea-lens transdifferentiation and hndlimb 

regeneration in Xenopus laevis. Dev Dynam 230:615–629. 

337. Woloshin P, Song K, Degnin A, Killary DJ, Goldhamer DJ, Sassoon D, Thayer MJ (1995) 

MSX1 inhibits MyoD expression in fi broblast X 10T1/2 cell hybrids. Cell 82:611–620.  

338. Yajima H, Yonei-Tamura S, Watanabe N, Tamura K, Ide H (1999) Role of N-cadherin in the 

sorting-out of mesenchymal cells and in the positional identity along the proximodistal axis 

of the chick limb bud. Dev Dynam 216:274–284. 

339. Yang EV, Gardiner DM, Bryant SV (1999) Expression of Mmp-9 and related matrix 

metalloproteinase genes during axolotl limb regeneration. Dev Dyn 216:2–9. 

340. Yannas IV, Colt J, Wai YC (1996) Wound contraction and scar synthesis during 

development of the amphibian Rana catesbiana. Wound Rep Reg 4:431–441. 

341. Yannas IV (2001) Tissue and organ regeneration in adults. New York: Springer-Verlag Inc, 

pp 138–185. 

342. Yntema CL (1959a) Regeneration of sparsely innervated and aneurogenic forelimbs of 

Ambystoma larvae. J Exp Zool 140:101–123. 

343. Yntema CL (1959b) Blastema formation in sparsely innervated and aneurogenic forelimbs in 

Amblystoma larvae. J Exp Zool 142: 423–440. 

344. Yokoyama H, Yonei-Tamura S, Endo T, Izpisua-Belmonte JC,Tamura K, Ide H (2000) 

Mesenchyme with fgf10 expression is responsible for regenerative capacity in Xenopus limb 

buds. Dev Biol 219:18–29. 

345. Yokoyama H, Ide H, Tamura K (2001) FGF-10 stimulates limb regeneration ability in 

Xenopus laevis. Dev Biol 233:72–79. 

346. Young HE, Bailey CF, Dalley BK (1983) Gross morphological analysis of limb regeneration 

in postmetamorphic adult Ambystoma. Anat Rec 206:295–306. 



 

36 

 

347. Young HE, Dalley B, Markwald RR (1989) Effect of selected denervations on 

glycoconjugate composition and tissue morphology during the initiation phase of limb 

regeneration in adult Ambystoma. Anat Rec 223:230. 

348. Zaaijer J (1958) The effect of epithelium on the in vitro development of embryonic 

limb-bones of human origin. Proc K Ned Akad Wet 61:255. 

349. Zardoya R, Abouheif A, Meyer A (1996) Evolution and orthology of hedgehog genes. Trends 

Genet 12:496–497. 

350. Zeltinger J, Holbrook KA (1997) A model system for long-term serum-free suspension organ 

culture of human fetal tissues: Experiments on digits and skin from multiple body regions. 

Cell Tiss Res 290:51–60. 

351. Zenjari C, Boilly, Hondermarck H, Boilly-Marer Y (1997) Nerveblastema interactions induce 

fi broblast growth factor-1 release during limb regeneration in Pleurodeles waltl. Dev Growth 

Diff 39:15–22. 

 


