
Phenotypical expression of mobility reduction during limb
ontogeny in frogs: the knee-joint case
Maria Laura Ponssa, Virginia Abdala

One of the most important epigenetic factors for the normal development of the muscle-
skeletal system is movement, whose effect is particularly notable in the normal genesis
and development of the joints. Studies about embryonic changes in mobility performed in
chickens, mammals and anurans reported very similar phenotypes as a consequence of
the reduction or absence of this stimulus. The time at which the stimulus acts, generating
a phenotypic modification, has still not been elucidated. In this work we explore whether
the effects of the severely abnormal mobility on development appear at any time during
development or whether they become visible at particular phases of tadpole ontogeny. We
conducted five experiments that showed that morphological abnormalities are visible only
from Stages 40–42. The earlier stages retain a normal morphology probably because the
bones/muscles/tendons have still not developed and therefore might not have been
affected by movement/immobilization. These results suggest the existence of a period of
phenotypical expression during which normal limb movement seems to be a key factor in
the assembly of the tissue integrating the joint framework.
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20 ABSTRACT

21 One of the most important epigenetic factors for the normal development of the muscle-skeletal 

22 system is movement, whose effect is particularly notable in the normal genesis and development 

23 of the joints. Studies about embryonic changes in mobility performed in chickens, mammals and 

24 anurans reported very similar phenotypes as a consequence of the reduction or absence of this 

25 stimulus. The time at which the stimulus acts, generating a phenotypic modification, has still not 

26 been elucidated. In this work we explore whether the effects of the severely abnormal mobility 

27 on development appear at any time during development or whether they become visible at 

28 particular phases of tadpole ontogeny. We conducted five experiments that showed that 

29 morphological abnormalities are visible only from Stages 40–42. The earlier stages retain a 

30 normal morphology probably because the bones/muscles/tendons have still not developed and 

31 therefore might not have been affected by movement/immobilization. These results suggest the 

32 existence of a period of phenotypical expression during which normal limb movement seems to 

33 be a key factor in the assembly of the tissue integrating the joint framework.

34

35 Keywords phenotypical expression; reduced mobility; knee-joint; anurans; development.
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37 INTRODUCTION

38 One of the most important environmental factors for the normal development of skeletal 

39 structures in tetrapods is movement, whose effect is particularly notable in the normal genesis 

40 and development of the joints (Abdala & Ponssa, 2012; Pitsillides, 2006; Nowlan, 2015). Most 

41 studies dealing with embryonic responses to changes in mobility have been performed in 

42 chickens, mammals or zebrafish (Sullivan, 1966; Hall, 1975; Hosseini & Hogg, 1991; Müller, 

43 2003; Pitsillides, 2006; Kahn et al., 2009; Shwartz et al., 2012; Nowlan et al., 2010ab; Nowlan, 

44 2015). Conducting such studies in vertebrates that undergo metamorphosis totally independently 

45 of maternal influence may help us to elucidate the role and effects of external environmental 

46 factors on mobility patterns, and gain new insights into the lack of maternal effect on limb bud 

47 development. Abdala and Ponssa (2012) reported that the larvae of organisms that are free-living 

48 during development exhibit the same morphological responses to reduced mobility as embryos 

49 that undergo development in controlled environments, such as a uterus or a shelled egg, which 

50 indicates a considerable degree of self-sufficiency in developing individuals. One possibility is 

51 that intrinsic, genetic factors may be responsible for initiating organogenesis, and those extrinsic, 

52 epigenetic factors, including movement, may have a strong effect on this process only at later 

53 stages of development (Pitsillides, 2006). Another possibility relies on the concept of ‘critical 

54 periods’, e.g., a period of the development during which the tissues, joints, etc., are sensitive to 

55 epigenetic factors (Hall, 1977; Pitsillides, 2006). Although the effects of immobilization on the 

56 development of vertebrates are relatively well known (Pitsillides, 2006; Abdala & Ponssa, 2012; 

57 Nowlan, 2015), the time at which the stimulus acts generating a phenotypic modification has still 

58 not been fully elucidated. In hip joint of chicken embryo was stressed that the timing of fetal 

59 movements on joint shape is correlated with the event of cavitation in the chick embryo, with 
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60 fetal movements not having an effect on the joint until after cavitation should have occurred 

61 (Nowlan et al., 2014a). In experiments analyzing mobility reduction in tadpoles, Abdala and 

62 Ponssa (2012) found that anomalies in experimental tadpoles began at Stages 41–42, with no 

63 observable morphological consequences of mobility reduction during the initial developmental 

64 stages of experimental tadpoles. In this work we focus on the timing at which the phenotypical 

65 expression of mobility reduction during limb development of frogs is evident. Our experimental 

66 design was aimed to evaluate 1) whether severely abnormal mobility affects the development of 

67 the limb tissues in the knee-joints; if it is the case, we hypothesize that the effects of the stimulus 

68 would appear from the beginning of ontogeny; or 2) whether mobility reduction affects only the 

69 assembly of the limb tissues in the knee-joints; in this case, we hypothesize that the phenotypical 

70 effects would appear only from Stage 40–42, because about this ontogenetic phase tadpole limb 

71 tissues are mature and ready to act (Manzano et al., 2012). Thus, we aim to understand the 

72 importance of the movement (or its lack) in the development of the limb bud tissues after and 

73 before they assemble in the knee-joint.

74

75 MATERIAL AND METHODS

76 One hundred and fifty tadpoles of Pleurodema borellii were collected from temporary ponds in 

77 Lules and Yerba Buena (Tucumán, Argentina) (Field permit Res. 21/2012, Ministerio de 

78 Turismo), and maintained under laboratory conditions. Experiments were conducted in summer 

79 2011 and 2014. We performed five experiments with P. borellii tadpoles. Each experiment 

80 consisted of three containers with 1 Li of water; in two of them, 9 gr of agar were added (Abdala 

81 & Ponssa, 2012). In   order to evaluate the role of movement in knee-joint development, it is 
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82 necessary to employ an experimental design which decreased movement of the limb tadpoles, 

83 without producing other conditions adverse to growth and development. The tadpoles were fed 

84 with fish pellets ad libitum, which were located achievable. Both, control and experimental 

85 tadpoles feed normally. The dissolved oxygen, measured with an oxygen meter (Hach sensION6), 

86 was 6.02 mgr/Li in the agar solution and 7.22 mgr/Li in the water control tanks. We made 

87 successive measurements to confirm that difference in dissolved oxygen between the agar and 

88 the water was never below 2 mgr/Li. In a typical fishpond, the critical oxygen concentration 

89 threshold is about 2 mgr/Li (Heargreaves & Tucker, 2002); therefore, the agar solution was a 

90 normally oxygenated medium in physiological terms. Density of the medium was measured with 

91 a float-type densitometer. The agar solution had a density of 1.0 gr/cm3, because water-colloids 

92 have the density of water. At 25 ºC, water has a viscosity of 0.008 Pa/sec. By adding agar, 

93 medium viscosity was increased to 0.06 Pa/sec, thereby imposing resistance to larval movement. 

94 Viscosity was measured with an Ostwald viscometer. To estimate tadpole mobility, a 1-min 

95 digital video was recorded for 10 experimental and 5 control containers selected at random 

96 (Abdala & Ponssa, 2012). Tadpole of each container was selected randomly from the videos. The 

97 time tadpoles spent moving in each container was quantified and used as a measure of mobility. 

98 The videos were edited and analyzed using the program Windows Movie Maker (2006) version 

99 6.0. The frequency and duration of mobility of the experimental tadpoles was significantly lower 

100 than that of control tadpoles. Of the 1 min recorded, the selected experimental tadpoles moved 

101 5.63 ±8.539 sec (N = 10); meanwhile, controls moved for 33.2± 18.06 sec (N = 10) (F = 4.48; p 

102 < 0.05). To avoid contamination, excessive solidification and a drastic decrease of dissolved 

103 oxygen in the agar medium, the colloid was renewed three times a week. Ten Pleurodema 

104 borellii tadpoles at Stage 34 were placed in each container. In experiment A, 20 tadpoles were 
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105 reared in agar medium; when they reached Stage 40–42, the agar solution was replaced by water, 

106 where the development continued until the juvenile stage. In experiment B, 20 tadpoles were 

107 reared in agar medium until the juvenile stage. In experiment C, 20 tadpoles were reared in water; 

108 water was then replaced by agar medium at Stage 40–42 of tadpoles, where they reached the 

109 juvenile stage. In experiment D, 20 tadpoles were reared in water, when they reached Stage 40 

110 the water was replaced by agar. When they reached Stage 42 the agar solution was replaced by 

111 water where the development continued until the juvenile stage. In experiment E, 20 tadpoles 

112 were reared in agar, when they reached Stage 40 the agar medium was replaced by water. When 

113 they reached Stage 42 the water was replaced by agar where the development continued until the 

114 juvenile stage. In addition, 50 larvae placed in plain water were used as controls to assess normal 

115 tadpole anatomy and development. Tadpole development involves growth and development of 

116 larval structures and metamorphic changes. The Stage 40 is identifiable because the total length 

117 begins to diminish through resorption of the tail; the larval mouth parts begin to break down 

118 (Gosner, 1960). The beginning of metamorphosis (at Stage 42; Gosner, 1960) is externally 

119 evident when the forelimbs emerge, angle of mouth is anterior to nostril, labial denticles are lost 

120 and horny beaks disappear. The end of the metamorphic stages (Stage 46; Gosner, 1960) and 

121 beginning of the juvenile period is recognizable by the development of the mouth and total tail 

122 resorption (Gosner, 1960). 

123 To assess the mechanical effect of the agar medium on tissue differentiation, we 

124 compared histological sections of the skeletons (knee-joint) of control tadpoles with those of 

125 experimental tadpoles showing clear phenotypic modifications. Formalin-fixed specimens were 

126 treated with 10% neutral buffered formalin and dehydrated with graded alcohols. Serial sections 

127 (6 μm thick) were cut on an MSE sledge microtome, along the long axis of the limbs, and at right 
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128 and sagittal angles of the bone. Six sections were made every 1 mm and stained with Harris's 

129 picrosirius haematoxylin (Totty, 2002). Histological sections of 21 experimental specimens and 

130 of five control individuals of P. borellii were prepared. Histological samples of Pleurodema 

131 borellii described in Abdala and Ponssa (2012) were used to compare the tadpole anatomy. 

132 Histological data from the experimental tadpoles in water through the first developmental stages 

133 are not shown because they exhibit no variation with respect to the control tadpoles.

134 Health status of the tadpoles was checked throughout the experiment by examining the 

135 skin, oral disc, and limbs (Richards, 1962). In all cases, tadpoles showed a good health status, 

136 and no malformations associated with parasites or chemical compounds were observed (Meteyer, 

137 2000). All the experiments were approved by the Bioethics Committee at the Facultad de 

138 Medicina, Universidad Nacional de Tucumán, Argentina (Res. Nº1206 2010).

139

140 RESULTS

141 The control individuals showed histological features of normal tissue developmental (Fig. 1). Of 

142 each experiment some individuals of the most representative stage were selected for detailed 

143 display.

144 Experiment A included specimens reared in agar medium between Stages 34 and 42; when they 

145 reached Stage 42, the agar solution was replaced by water, and the tadpoles raised in water until 

146 juvenile stages. The external aspect of the specimens was highly modified from Stage 42 (Fig. 1 

147 and 3). Their limb joints exhibited abnormal angles and descended hindlimbs not supported by 

148 the pelvic girdle joint; the volume and tone of limb muscles evidenced flaccidity. Tadpoles 

149 reached Stage 42 without any evidence of malformation or abnormality in their histological 
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150 structures (Fig. 2). At Stages 42–43, tadpoles exhibited clear signals of morphological pathology 

151 (Fig. 3). The histological samples showed that the knee-joint of the experimental tadpoles had an 

152 articular cartilage with irregular boundaries, and that the lateral articular cartilages were thinner 

153 than in the control specimens (Fig. 1 and 3). The chondrocytes of hypertrophic zone of the long 

154 bones were highly malformed and presented extremely irregular borders (Fig. 3); many of them 

155 were flattened (Fig. 3). Once metamorphosis was completed, the articular regions of the juvenile 

156 specimens exhibited irregular borders and the typical curved-shape of the articular area of the 

157 epiphyses was not observed; the area of lateral articular cartilage was severely flattened (Fig. 3).

158 Experiment B included tadpoles reared in agar medium from Stage 34 to juvenile stage (Fig. 4). 

159 The phenotype showed modifications similar to those observed in experiment A. In experimental 

160 tadpoles at Stages 41– 42 the articulation areas of the long bones of the hindlimb appeared 

161 deformed. The shape of the epiphyses was entirely modified. The cells of the osteochondral 

162 ligaments were not distinguishable and all the articular cartilages were deformed. Ligaments and 

163 tendons of the knee-joint were not recognizable, with only a mass of pathological tissue between 

164 femur and tibiafibula epiphyses being distinguishable (Fig. 4). Deformation was remarkable in 

165 the menisci, which were composed of hypertrophied cells with irregular boundaries (Fig. 4). The 

166 chondrocytes of the resting, proliferating and hypertrophic zones were highly irregular and 

167 flattened compared to chondrocytes of normal specimens (Fig. 4). For a more complete 

168 description of the effect of the agar medium on Pleurodema borellii tadpole development, see 

169 Abdala and Ponssa (2012).

170 Experiment C included tadpoles reared in water between Stages 34–42 and in agar from Stage 42 

171 onwards (to juvenile stages). Tadpoles of Stages 34–42 were entirely normal (data not shown). 

172 After Stage 42 deformations became evident (Fig. 5). Tadpoles of Stage 44 showed the long 

PeerJ reviewing PDF | (2015:09:6935:0:1:NEW 14 Oct 2015)

Manuscript to be reviewed



173 bones of the hindlimb entirely composed of hypertrophied cartilage. This cartilage consisted 

174 almost completely of large lacunae that were highly irregular compared to the cartilage of control 

175 specimens (Fig. 5). The amount of interlacunar matrix was very small, forming a very thin 

176 boundary line between the lacunae that resulted in a characteristic net-like appearance. The 

177 typical zones of differentiated chondrocytes present in anuran long bones (reserve, hypertrophic 

178 and proliferation zones) were not distinguishable. No clear articulation area in the knee-joint was 

179 differentiated (Fig. 5). The cells of the osteochondral ligaments and the borders of the epiphyses 

180 were highly malformed. All articular cartilages were malformed, showing irregular borders.

181 Experiment D included tadpoles reared in water until Stage 40 and in agar between Stages 40–42, 

182 and in water from Stage 42 onwards (until juvenile stages).  Tadpoles of Stages 34–40 were 

183 entirely normal (data not shown). After Stage 40 deformations became evident, with the 

184 phenotypical modifications described above (Fig. 6). 

185 Experiment E included tadpoles reared in agar until Stage 40 and in water between Stages 40–42, 

186 and in agar from Stage 42 onwards (to juvenile stages).  Tadpoles of Stages 34–40 were entirely 

187 normal (data not shown). After Stage 40 deformations became evident, with the phenotypical 

188 modifications described above (Fig. 7).

189 Pathological anatomical features in the joint:

190 We recognized two or more body parts abnormally angled, bent or contractured. By example, 

191 extended and pronated elbow, all digits positioned in the palm, flexed wrist and extended knees, 

192 rotated shoulders.  These defects severely modify the normal locomotory position of fore and 

193 hind limbs, and their ability to jump (Fig. 8 and Appendix 1). Also, we recognize a dermopathy 

194 in all the body (Fig. 3 and 8). 
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195

196 DISCUSSION 

197 The experimental design showed a clear effect on tadpole mobility. The experiments allow us to 

198 postulate a phenotypical expression period that starts between the stages 40–42 (Gosner, 1960), 

199 when abnormalities caused by immobilization are observed in the knee-joint.  Knowledge of this 

200 phenotypical expression period provides greater understanding of the importance of the range of 

201 developmental time points in which the stimulus occur. The provoked limb abnormalities are 

202 irreversible if the tadpoles are switched back to normal water after this critical phase.  Our results 

203 show that although limb tissues of the knee-joint were under the stimulus (reduced mobility) 

204 from the beginning of ontogenetic development, they exhibit a normal phenotype until Stage 40–

205 42 (Fig. 9), when the elements of the knee-joint, cavity and shape of the epiphyses, are formed 

206 since Stage 38–39 (Manzano et al., 2012). The most parsimonious explanation would be that the 

207 bones/muscles/tendons are not mature until these stages, and because of that, mobility reduction 

208 has no effect on their development. In other words, once bones, muscles and tendons are formed 

209 (Stage 41) (Manzano et al., 2012), movement is critical for maintaining healthy tissues and the 

210 proper knee-joint assembling and functioning in juveniles. These are counter-intuitive results 

211 because a synchronicity between reduced mobility (stimulus) and tissue malformation 

212 (phenotypical expression) would be expected (i.e. modifications in the tissue might be expected 

213 from Stage 34 in experiment A). From our data we infer a new insight into the effect of reduced 

214 mobility on knee-joint formation: limb tissue development seems to be insensitive to mechanical 

215 stimuli engendered by movement, at least until the Stage 40. This stage is critical to the 

216 assemblage, coordination and integration of the components of the knee-joint framework 

217 (Manzano et al., 2012; this work). Limb tissue differentiation might be under strict genetic 
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218 control, and driven by the embryo movement produced by the ischiadic nerve action (Manzano 

219 et al., 2012), whereas the coordinate activity and normal development of the tissue is achieved 

220 through an epigenetic stimulus, i.e. movement. Likely, embryonic movements are necessary to 

221 correctly shape the form of the bone ends by friction of the coupled surfaces (Murray & Selby, 

222 1930; Hamburger & Waugh, 1940; Drachman & Sokoloff, 1966). Nowlan et al. (2014a, 2015) 

223 showed that the shape morphogenesis is advanced prior to cavitation of the hip joint raise, and 

224 that hip joint shape morphogenesis was dramatically affected by the absence of movements only 

225 after the time point at which joint cavitation should have occurred, both aspects (time of 

226 cavitation and phenotypes modifications) coincide with our data: the joint shape is already 

227 formed before the cavitation (Stage 39), and is affected in the posterior stages. Apparently, the 

228 early morphogenesis could be influenced by the bending at the joint that occur before to 

229 cavitation joint; or by the stresses and strains induced by the differential growth of developing 

230 tissues (Henderson & Carter, 2002; Nowlan et al., 2014a). Alternatively, the morphogenetic 

231 events prior to cavitation are intrinsically determined by cellular and genetic programs (Nowland, 

232 2015).

233 Muntz (1975) proposed four stages in limb development relative to muscular maturity 

234 and movement possibilities: non-motile, pre-motile, motile, and fully functional stages. 

235 Considering that the start of our experimental work coincided with the end of the pre-motile 

236 stage, we infer that the ischiadic nerve has completed its role of inducing mobility of the limb 

237 bud (Muntz, 1975; Manzano et al., 2012), and this movement would be induce the normal  knee-

238 joint formation and hindlimb ossification in the earliest stages. Our experimental design 

239 prevented the movement characteristic of the motile stage, and its absence dramatically affected 

240 further development of the limb and its associated locomotory function. During the earliest 
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241 stages of the motile phase (Stages 37–40), anurans showed an apparent insensitivity to external 

242 mechanical stimuli. We consider that this insensitive phase is a reasonable consequence of the 

243 absence or maturity of the elements involved in joint function: bones, muscles and tendons 

244 (Dunlap, 1967; Manzano et al., 2012). Thus, we propose that the severe latent problem 

245 originated by the lack of movement since the early stages is dramatically manifested from Stages 

246 40–42 (Gosner, 1960), because all the alterations in the morphology of the experimental tadpoles 

247 were visible only from Stage 40. This is in accordance with the relatively late acquisition of the 

248 mechano-sensitivity of knee-joint tissues, and the insensitive to mechanical effects of the early 

249 stages (Pitsillides, 2006). The Stage 42 has been indicated as the beginning of the metamorphic 

250 stages (Gosner, 1960). During this critical phase, tadpoles lose their larval characteristics and 

251 present adult structures; the tail begins to degenerate, larval feeding elements are replaced by 

252 adult jaw and tongue, and forelimbs and hindlimbs become functional. This period typically 

253 implies the passage from the aquatic to the terrestrial environment (McDiarmid & Altig, 1999). 

254 Thus, mobility reduction seriously affects the locomotor capacity of the froglet and its adaptation 

255 to the terrestrial habitat. Interestingly, damages produced were irreversible because tadpoles 

256 reared in agar medium until Stage 42 showed morphological alterations even when they were 

257 transferred to water until the froglet stage (Fig. 4). Likewise, tadpoles reared in agar medium 

258 until metamorphosis and then transferred to water developed into juveniles with anomalies in 

259 their locomotor abilities (Online Resource 1). Hence, our data allow us to propose the existence 

260 of a phenocritical phase that begins between the Stages 40–42. During this phase the acquisition 

261 of the limb joint mechanosensitivity is produced and its alterations will have lasting 

262 consequences. This demonstrates that defined periods of the early development of frogs may 

263 impact upon the accurate arrangement of the individual components of the musculoskeletal 
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264 system of the limb joint. Similar effect was described by Drachman and Coulombre (1962) who 

265 found that immobilization of fetal chicks through a brief period of the development provoked 

266 deformities, with the more advances degrees of deformities being associated with older ages for 

267 initiation of treatment. The authors highlight the significance that brief period of immobilization 

268 caused a permanent deformity.

269 It is surprising that the response to this particular stimulus (reduced mobility) is 

270 independent of the ontogenetic environment of the individuals, which suggests a small influence 

271 of the controlled environment such us the uterus or shell in mitigating the effects of reduced 

272 mobility. Kahn et al. (2009) showed that movement-induced mechanical stimuli play a key role 

273 in the regulation of organ progenitor cells during joint development. They also showed that 

274 failure in joint formation was observed in some joints of mouse mutant embryos. They consider 

275 that in some joints the lack of movement was offset by the other components in the genetic 

276 program that regulates joint development. Our data also suggest that normal limb movement 

277 does not seem to be a key factor in limb tissue development until the joint framework is 

278 assembled, although after that, the lack of movement can produce a phenotype of an 

279 osteoarthritic joint. Alterations in metamorphic phenotype arising from hostile larval 

280 environment can limit ecologically relevant performance capacity such as locomotion, and 

281 consequently influence food acquisition, predator avoidance, and dispersal capacities 

282 (Charbonier & Vonesh, 2015). The dramatic consequences of the reduced mobility in the joint 

283 movement capacities strongly indicate that this is a relevant avenue to explore its consequences 

284 in the survival possibilities of frogs. 

285
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286 Comparison of pathological features in our experimental frogs with abnormalities provoked by 

287 fetal akinesia

288 The anatomical modifications observed in limbs of experimental frogs follow a pathological 

289 pattern coincident with the arthrogryposis condition, which describes congenital joint 

290 contractures in two or more areas of the body. The affected individuals are unable to do passive 

291 extension and flexion in the affected joint (Nowlan, 2015). The syndrome can be caused by 

292 neurogenic, myogenic, or connective tissue pathologies, or by environmental factors, such as 

293 decreased intrauterine movement (Kalampokas et al., 2012). Its etiology still remains unclear but 

294 generally any cause that leads to reduced fetal movement may lead to congenital contractures 

295 and in severe cases to fetal akinesia deformation sequence (Kalampokas et al., 2012). As detailed 

296 in our results sections, experimental specimens exhibit all the typical pathologies of 

297 arthrogryposis. The similar pathological phenotypes effects of the reduced mobility on the 

298 development of the skeleton of chicken, mouse and frogs, allow us to suggest that frogs could be 

299 also considered suitable animal model system to use in the research of the effect of the altered 

300 mechanical environment on the development of the skeletal system of vertebrates (Nowlan et al., 

301 2010b). This research in frogs could be a useful avenue to study how to prevent, diagnosis and 

302 treat these different syndromes included in the definition of arthrogryposis. Finally, this research 

303 could in turn serve to validate idealized geometries of joint configurations created through 

304 computational programs (Roddy et al., 2009; Nowlan et al., 2014b).

305

306 Validity of experimental method
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307 The inferences of our work depend upon the validity of our hypothesis that mobility reduction is 

308 responsible of the alterations of knee-joint development instead of some no considered feature. 

309 We would like to highlight that oxygen levels, feed consume and health status related to parasites 

310 or chemical compounds were appropriate for a normal development along all the experimental 

311 phase. With regard to the tissues, one of the consequences observed was a severe flattening of the 

312 hypertrophic chondrocytes. Quinn et al. (1998) stressed that mechanical loading through an 

313 increased static compression is associated with a decreased cell radius in the direction of 

314 compression, and this would be the case in the cartilaginous cells of the experimental tadpoles. 

315 The deformation illustrated by Quinn et al. (1998: Fig. 2Cd) resembles the present observations 

316 and the results reported in a previous work (Abdala & Ponssa, 2012). This cell deformation 

317 suggests that the agar compresses the entire tadpole. However, although compression is a 

318 collateral effect of life in agar medium, other damages in the cartilage are similar to those present 

319 in animals immobilized by drugs or denervation, which did not suffer any mechanical load (Kim 

320 et al., 2009; Hosseini & Hogg, 1991). Likewise, the zones of epiphyseal proliferation were the 

321 most affected areas of the long bones and the pathologies were similar to those previously 

322 described in embryos of tetrapods, such as free-living tadpoles (Abdala & Ponssa, 2012), mouse, 

323 rat (Coutinho et al., 2002; Kahn, 2009) and chicken (Sullivan, 1966; Murray & Drachman, 1969; 

324 Hall, 1975; Hall & Herring, 1990; Quinn et al., 1998; Pitsillides, 2006). This uniform response 

325 can be expected because in all cases the affected material was the same: connective tissue (e.g., 

326 cartilages, bone, muscle, etc.). 

327
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417 Figure Captions

418 Fig. 1 Control specimens (left) and histological samples (right) showing the knee-joint area in 

419 successive developmental stages. Stage 37–38; in the histological sample muscle tissue still not 

420 completely differentiated is observed; in the femur and tibiofibular epiphyses hyaline cartilage is 

421 evident, consisting of chondrocytes immersed in a basophile matrix composed of fibers and 

422 ground substance. Mesenchymal tissue surrounds the long bone epiphyses, forming a regular 

423 tissue in the presumptive knee articulation area, where the long-bone articular surfaces begin 

424 differentiation. Joint formation is evidenced by the interzone, a close package of mesenchymal 

425 cells. The graciella sesamoid is embedded in a condensation of dense connective tissue or tendon 

426 anlage (future tendinous tissue). Stage 39; in the histological sample the cavitation process in the 

427 knee-joint led to a physical separation between the articular surfaces. In the cartilage of the long 

428 bones the resting, proliferating and hypertrophic zone can be distinguished. The osteochondral 

429 ligament and the articular lateral cartilage are differentiated in the epiphyses of femur and 

430 tibiafibula. The future tendinous tissue still shows appearance of undifferentiated connective 

431 tissue. Stage 42; the elements of the knee-joint, cavity and shape of the epiphyses, are already 

432 formed. Stage 45; the histological sample was stained with Mallory trichome, which allows us to 

433 observe the mature tendon in blue. The tissues (cartilage, muscle and tendon) are completely 

434 mature at this stage.  ct: connective tissue;  e: epiphysis; F: femur; fmgm: future gracilis major 

435 muscle; HZ: hypertrophic zone; i: interzone; lac: lateral articular cartilage; ocl: ostechondral 

436 ligament; ta: tendon anlage; PZ: proliferating zone; RZ: resting zone; TF: tibiafibula

437 Fig. 2 Histological section of knee and ankle joint of tadpoles of Pleurodema borellii. 

438 Experiment A. Stage 38 and Stage 39. No evidence of malformation or abnormality is observed 

439 in the tissues of the hindlimb in the first stages studied. F: femur; Fe: feet; g: graciella sesamoid; 
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440 lac: lateral articular cartilage; plm: plantaris longus muscle; ta: tendon anlage; TF: tibiafibula; T-

441 F: tibiale and fibulare

442 Fig. 3 External morphology (left) and knee-joint histological section (right) of tadpoles of 

443 Pleurodema borellii. Experiment A. Stage 42 and Stage 43, the articular areas of the epiphyses 

444 are malformed, and the hyaline cartilage shows flattened cells with irregular borders. Juvenile 

445 specimen, note the severely damaged lateral articular cartilage in the detail indicated by the 

446 curved arrow. F: femur; TF: tibiafibula; lac: lateral articular cartilage; ocl: osteochondral 

447 ligament; g: graciella sesamoid

448 Fig. 4 External morphology (left) and knee-joint histological section (right) of tadpoles of 

449 Pleurodema borellii. Experiment B. Stage 36–37, joint area without abnormality. Stage 41, the 

450 articular cartilages are deformed; the chondrocytes are irregular and flattened. Stage 44, 

451 pathologic menisci composed of hypertrophied and irregular cells. F: femur; lac: lateral articular 

452 cartilage; me: menisci; TF: tibiafibula

453 Fig. 5 External morphology (left) and knee-joint histological section (middle and right) of 

454 tadpoles of Pleurodema borellii. Experiment C. Stage 44, note the hyaline cartilage with large 

455 lacunae and irregular borders, poorly organized, almost without interlacunar matrix. The joint 

456 tissue is unrecognizable due to the high level of damage and there are no differentiated elements 

457 of the articulation. F: femur; TF: tibiafibula

458 Fig. 6 Histological section of femur epiphyses of tadpoles of Pleurodema borellii. Experiment D.  

459 Stages 43 to 46. Note the damage in the articular area and in the lateral articular cartilage of the 

460 epiphysis of femur. F: femur; lac: lateral articular cartilage; m: muscle
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461 Fig. 7 Histological section of femur epiphyses of tadpoles of Pleurodema borellii. Experiment E: 

462 Stage 40 (left), Stage 44 (right). Note the completely irregular articular area and the injury in the 

463 lateral articular cartilage of the epiphysis of femur. F: femur; lac: lateral articular cartilage; m: 

464 muscle; ocl: osteochondral ligament.

465 Fig. 8 Experimental juvenile and metamorphic individuals showing anatomical consequences of 

466 mobility reduction. Fingers-fixed flexion, finger in palm, pronation of elbow, rotation of 

467 shoulder, abnormal extension of knee 

468 Fig. 9 Scheme showing the results of the three experiments. The red line indicates the 

469 appearance of abnormalities at Stage 40–42 in the five experiments

470 Online Resource 1. Video showing juvenile specimen reared in agar medium until 

471 metamorphosis and then transferred to water, with difficulty in its normal locomotion
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Figure 1(on next page)

Fig. 1 Control specimens (left) and histological samples (right) showing the knee-joint
area in successive developmental stages.

Stage 37–38; in the histological sample muscle tissue still not completely differentiated is

observed; in the femur and tibiofibular epiphyses hyaline cartilage is evident, consisting of

chondrocytes immersed in a basophile matrix composed of fibers and ground substance.

Mesenchymal tissue surrounds the long bone epiphyses, forming a regular tissue in the

presumptive knee articulation area, where the long-bone articular surfaces begin

differentiation. Joint formation is evidenced by the interzone, a close package of

mesenchymal cells. The graciella sesamoid is embedded in a condensation of dense

connective tissue or tendon anlage (future tendinous tissue). Stage 39; in the histological

sample the cavitation process in the knee-joint led to a physical separation between the

articular surfaces. In the cartilage of the long bones the resting, proliferating and

hypertrophic zone can be distinguished. The osteochondral ligament and the articular lateral

cartilage are differentiated in the epiphyses of femur and tibiafibula. The future tendinous

tissue still shows appearance of undifferentiated connective tissue. Stage 42; the elements of

the knee-joint, cavity and shape of the epiphyses, are already formed. Stage 45; the

histological sample was stained with Mallory trichome, which allows us to observe the mature

tendon in blue. The tissues (cartilage, muscle and tendon) are completely mature at this

stage. ct: connective tissue; e: epiphysis; F: femur; fmgm: future gracilis major muscle; HZ:

hypertrophic zone; i: interzone; lac: lateral articular cartilage; ocl: ostechondral ligament; ta:

tendon anlage; PZ: proliferating zone; RZ: resting zone; TF: tibiafibula
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Figure 2(on next page)

Fig. 2 Histological section of knee and ankle joint of tadpoles of Pleurodema borellii.

Experiment A. Stage 38 and Stage 39. No evidence of malformation or abnormality is

observed in the tissues of the hindlimb in the first stages studied. F: femur; Fe: feet; g:

graciella sesamoid; lac: lateral articular cartilage; plm: plantaris longus muscle; ta: tendon

anlage; TF: tibiafibula; T-F: tibiale and fibulare
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Figure 3(on next page)

Fig. 3 External morphology (left) and knee-joint histological section (right) of tadpoles of
Pleurodema borellii.

Experiment A. Stage 42 and Stage 43, the articular areas of the epiphyses are malformed,

and the hyaline cartilage shows flattened cells with irregular borders. Juvenile specimen, note

the severely damaged lateral articular cartilage in the detail indicated by the curved arrow.

F: femur; TF: tibiafibula; lac: lateral articular cartilage; ocl: osteochondral ligament; g:

graciella sesamoid
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Figure 4(on next page)

Fig. 4 External morphology (left) and knee-joint histological section (right) of tadpoles of
Pleurodema borellii.
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Figure 5(on next page)

Fig. 5 External morphology (left) and knee-joint histological section (middle and right) of
tadpoles of Pleurodema borellii.

Experiment C. Stage 44, note the hyaline cartilage with large lacunae and irregular borders,

poorly organized, almost without interlacunar matrix. The joint tissue is unrecognizable due

to the high level of damage and there are no differentiated elements of the articulation. F:

femur; TF: tibiafibula
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Figure 6(on next page)

Fig. 6 Histological section of femur epiphyses of tadpoles of Pleurodema borellii.

Stages 43 to 46. Note the damage in the articular area and in the lateral articular cartilage of

the epiphysis of femur. F: femur; lac: lateral articular cartilage; m: muscle
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Figure 7(on next page)

Fig. 7 Histological section of femur epiphyses of tadpoles of Pleurodema borellii.

Experiment E: Stage 40 (left), Stage 44 (right). Note the completely irregular articular area

and the injury in the lateral articular cartilage of the epiphysis of femur. F: femur; lac: lateral

articular cartilage; m: muscle; ocl: osteochondral ligament.
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Figure 8(on next page)

Fig. 8 Experimental juvenile and metamorphic individuals showing anatomical
consequences of mobility reduction.

Fingers-fixed flexion, finger in palm, pronation of elbow, rotation of shoulder, abnormal

extension of knee
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Figure 9(on next page)

Fig. 9 Scheme showing the results of the three experiments.
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