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23 Abstract

24

25 Recent studies have evidenced that the anatomical structure now known as the myodural bridge 

26 (MDB) connects the suboccipital musculature to the cervical spinal dura mater (SDM). In humans, 

27 the MDB passes through both the posterior atlanto-occipital and the posterior atlanto-axial 

28 interspaces. The present authors suggest that the MDB has important physiological functions in 

29 humans. The existence of the MDB in various mammals, including flying birds (Rock pigeons and 

30 Gallus domesticus) has been previously validated. Gentoo penguins are marine birds, able to make 

31 450 dives per day, reaching depths of up to 660 feet. Gentoo penguins are also the world’s fastest 

32 diving birds. The present study was therefore carried out to investigate the existence and 

33 characteristics of the MDB in Gentoo penguin (Pygoscelis papua), a non-flying, marine bird that 

34 can dive. While foraging, this penguin is able to reach speeds of up to 22 miles per hour. For this 

35 study, six Gentoo penguin specimens were dissected to observe the existence and composition of 

36 their MDB. Histological staining was also performed to analyze the anatomic relationships and 

37 characteristic of the MDB in the Gentoo penguin. In this study, it was found that the suboccipital 

38 musculature in the Gentoo penguin consists of the rectus capitis dorsalis minor (RCDmi) muscle 

39 and rectus capitis dorsalis major (RCDma) muscle. Dense connective tissue fibers were observed 

40 connecting these two suboccipital muscles to the spinal dura mater (SDM). This dense connective 
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41 tissue bridge consists of primarily type Ⅰ collagen fibers. Thus, this penguin’s MDB appears to 

42 be analogous to the MDB previously observed in humans. The present study evidences that the 

43 MDB not only exists in penguins but it also has unique features that distinguishes it from that of 

44 flying birds. Thus, this study advances the understanding of the morphological characteristics of 

45 the MDB in flightless, marine birds.

46

47 Key words: Myodural bridge, Gentoo penguins, Morphology, Suboccipital muscles, Histologic 

48 staining 

49

50 Introduction

51

52 The tissue bridge connecting a suboccipital muscle (RCPmi) to the cervical spinal dura mater 

53 (SDM) in humans was identified in the atlanto-occipital interspace by Hack et al., naming it the 

54 “myodural bridge” [1]. The myodural bridge (MDB) is now described as a fibrous, dense structure 

55 connecting the suboccipital musculature to the SDM, including fibers originating from the rectus 

56 capitis posterior minor (RCPmi) muscle, the rectus capitis posterior major (RCPma) muscle, the 

57 obliques capitis inferior (OCI) muscle, and the nuchae ligament (NL) [2-7]. With these in-depth 

58 studies, many researchers now speculate that the MDB may play a significant role in physiological 

59 functions. It has been proposed that the MDB’s fibers connecting the suboccipital muscles to the 

60 cervical SDM [1] might prevent dural infolding, thus maintaining the normal flow of the 

61 cerebrospinal fluid within the cisterna magna or cerebellomedullaris cistern [4, 7-12]. Sui et al. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 17, 2020. ; https://doi.org/10.1101/2020.12.17.423215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423215
http://creativecommons.org/licenses/by/4.0/


4

62 (2013) proposed that the MDB may play an important roles in modulating the circulation of 

63 cerebrospinal fluid. According to rencent reports, MDB dysfunction may occur with pathological 

64 conditions of the RCPmi muscle, resulting in the generation of cervicogenic headache, and other 

65 craniofacial disorders [13-17].

66 In recent years, researchers have found that the MDB is a universal structure in mammals [18], 

67 including marine mammals (Nephocaena phocaenoides and sperm whales) [19, 20]. The MDB 

68 also exists in reptiles (Siamese crocodile and Trachemys scripta elegans) [21, 22], as well as in 

69 birds (Rock pigeons and Gallus domesticus) [23, 24]. Therefore the universal existence of the 

70 MDB among reptiles, birds, and mammals suggests that the MDB is an evolutionarily conserveed 

71 anatomic structure having important biological functions. Moreover, we suggest that there may be 

72 structural differences in among various animals to adapt to different environmental conditions. 

73 Penguins are unique birds that can both walk on land and dive and swim in deep water. Penguins 

74 are flightless birds, unlike the Rock pigeon and the Gallus domesticus. This marine bird’s ability 

75 to swim presents it with different living environments and habits, then those of non-marine birds. 

76 Therefore, Gentoo penguins will be studied in this paper. This study will provide a comparative 

77 anatomical foundation for the future study of the MDB in different animals.

78

79 Materials and Methods 

80

81 For this scientific research study, six adult Gentoo penguin specimens from Haichang Ocean Park 

82 Holdings., Ltd., that died of natural causes, were obtained with approval from both the Chinese 
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83 Authorities for Animal Protection and also approved by from the Ethics Committee of Dalian 

84 Medical University. 

85 In addition, all experiments were conducted in accordance with the guidelines and regulations of 

86 Dalian Medical University. The collected Gentoo penguin carcasses were immobilized in a 10% 

87 formalin solution for subsequent experiments.

88

89 Anatomical dissection in the suboccipital region

90

91 Three of the six penguin specimens were used for gross dissection. The epidermis was cut 

92 longitudinally along the dorsal midline of the specimens, and the suboccipital musculature was 

93 fully exposed. The deep suboccipital musclature, including the RCDmi, (analogous to the RCPmi 

94 muscle found in humans) and the RCDma, (analogous to the RCPma muscle also found in 

95 humans) was exposed. The deep suboccipital muscles (RCDmi and RDCma) were then both cut 

96 from the bony occipital crest to observe their connections with the dorsal atlanto-occipital 

97 membrane (DAOM, analogous to the PAOM observed in humans) and the dorsal atlanto-axial 

98 membrane. Next the DAOM was also cut along its cranial attachment to observe the connection 

99 between the DAOM and the SDM. Lateral incision of the posterior arch of the atlas was also made 

100 to observe the connection between the dorsal atlanto-axial membrane and the SDM. The 

101 photographic materials were taken with a Canon 7D camera (Canon Inc., Tokyo, Japan).

102
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103 Histological slices and staining

104

105 Three specimens were used for histological studies. Tissue samples of the occiput and the cervical 

106 region were immobilized in a 10% formalin solution for ten days. Subsequently, the specimens 

107 were transferred to Jiang Weizhong’s decalcification solution for decalcification. The Jiang 

108 Wezhong’s decalcification solution was changed at three-day intervals until the bone was easily 

109 punctured by a needle (21 days). The decalcified tissue samples were then washed overnight in 

110 running water, and then dehydrated with increasing grades of alcohol, transparent in xylene, and 

111 then infiltrated with melted paraffin, and embedded. A rotary microtome (Leica Micro HM450; 

112 Lei Microsystems GmbH, Wetzlar, Germany) was used to cut 8-μm-thick slices. These tissue 

113 slices were then divided into three groups: Group 1 slices were used for Hematoxylin and Eosin 

114 (HE) staining, which can show the general structural features of the MDB; Group 2 slices were 

115 used for Masson trichrome staining (Masson), to detect any collagen fibers in the MDB; Group 3 

116 slices were used for Picrosirius Red (PRS) staining, which can also detect collagen fibers in the 

117 MDB, and most importantly, collagen types can be distinguished when viewed with a polarized 

118 light microscope. Microscopic examination and photography were carried out with the Nikon 

119 ECLIPSE80i research light microscope, and multiple images of each section were stitched 

120 together using the Microsoft Image Synthesis Editor of Nikon ECLIPSE80i Image Processing and 

121 Analysis System. The results of Picric acid-Sirius red staining were observed with a light 

122 microscope as well as a polarized light microscope.

123
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124 Results

125

126 Anatomical dissection of the suboccipital region

127

128 The RCDmi and the RCDma muscles, located in the deep suboccipital region, were observed to be 

129 tightly connected to each other (Fig 1a). The cranial end of RCDmi muscle attached to the medial 

130 part of the occipital crest, and the caudal end attached to the dorsal side of the posterior tubercle of 

131 atlas. Moreover multiple dense fibrous tissues were observed to originate from the ventral part of 

132 the RCDmi connect to the DAOM (Fig 1b). The DAOM and the SDM were intimately connected 

133 to each other by numerous trabecular fibrous bundles (Fig 1c). The cranial end of the RCDma 

134 muscle attached to the lateral aspect of the occipital crest, and the caudal end attached to the 

135 spinous process of the axis. Some of the dense fibrous bundles originating from the ventral part of 

136 the RCDma muscle connected to the dorsal atlanto-axial membrane (Fig 2a). The dorsal 

137 atlanto-axial membrane adheres tightly to the SDM via several dense cord-like fibrous tissue (Fig 

138 2b). This cord-like trabecular fibrous tissue was found in all the three specimens.

139

140 Fig 1. Gentoo penguin, dorsal views of an anatomical dissection of the deep suboccipital 

141 space. a: Superficial view of the deep suboccipital region. The RCDmi and the RCDma are 

142 connected tightly. b: The connection between the RCDmi and the DAOM. The ventral surface of 

143 the RCDmi is connected by multiple dense fibrous tissues (arrow) to the DAOM (hollow star). c: 

144 The connection between the DAOM and the SDM. The DAOM was separated from its cranial 
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145 attachment at the foramen magnum, and the ventral surface of the DAOM is connected by 

146 trabecular fibrous bundles (arrow) to the SDM (hollow triangle). Abbreviation: OCCI=occipital 

147 bone; RCDmi=rectus capitis dorsalis minor muscle; RCDma=rectus capitis dorsalis major muscle; 

148 DAOM=dorsal atlanto-occipital membrane; SDM=spinal dura mater; C1=posterior arch of atlas.

149 Fig 2. Gentoo penguin, dorsal views of an anatomical dissection of the Atlanto-axial 

150 interspace. a:The connection between the RCDma and the dorsal atlanto-axial membrane. The 

151 ventral surface of RCDma is connected by dense fibrous bundles (arrow) to the dorsal 

152 atlanto-axial membrane. b:The connection between the dorsal atlanto-axial membrane and the 

153 SDM. The dorsal atlanto-axial membranewas separated from its posterior arch of atlas, and the 

154 ventral surface of the the dorsal atlanto-axial membrane is connected by dense cord-like fibrous 

155 tissues (arrow) to the SDM (hollow crescent). Abbreviation: RCDmi=rectus capitis dorsalis minor 

156 muscle; RCDma=rectus capitis dorsalis major muscle; SDM=spinal dura mater; C1=posterior arch 

157 of atlas.

158

159 Histology studies

160

161 In the HE-stained sections, multiple dense fibers originating from the ventral anterior aspect of 

162 RCDmi pass through the atlanto-occipital interspace (Fig 3a). These fibers extend from the ventral 

163 side of the RCDmi muscle and terminate in the DAOM. The DAOM emitted dense fibrous 

164 bundles and connected with the SDM passing through several venous sinuses (Fig 3b,c). However, 

165 different origins of these connective fibers in the atlanto-axial interspace were found. Some of the 
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166 fibrous bundles originating from the ventral part of the RCDmi connect with the dorsal 

167 atlanto-axial membrane directly (Fig 3d). Fibers originating from the ventral aspect of RCDma as 

168 well as fibers originating from the OCP fuse together then pass through the dorsal atlanto-axial 

169 membrane and terminate on the SDM (Fig 3d). These connective tissue fibers observed between 

170 the muscles and the SDM are analogous to the MDB fibers previously observed in humans. In the 

171 Masson-stained sections, the muscular fibers were stained red, and the MDB fibers were stained 

172 blue (Fig 4). The results of the Masson staining demonstrate that the MDB fibers present in 

173 Gentoo penguins are collagenous fibers. In the PSR-stained sections, the fibers of the MDB were 

174 stained red under when viewed the ordinary optical microscope (Fig 5a), which implies that the 

175 penguin MDB is composed primarily of collagen fibers. Viewed with the polarizing microscope, 

176 the fibrous tissues of MDB were stained either red or yellow (Fig 5b,c,d). This observation implies 

177 that the MDB is composed of primarily type I collagen fibers.

178

179 Fig 3. Gentoo penguin, prepared sagittal section of the suboccipital region with stained with 

180 HE. Area within square in a is shown enlarged in b, c, and d. The fibers (arrow) originate from the 

181 ventral anterior of RCDmi, extend directly into the atlanto-occipital interspace, then fuse with the 

182 DAOM, and the DAOM extends into a fiber bundle through the venous sinus to connect with the 

183 SDM (hollow triangle). In the atlanto-axial interspace, the dense fibers bundles (arrow) originating 

184 from the ventral of RCDmi run ventrally, and integrate into the dorsal atlanto-axial membrane 

185 (hollow crescent) together with the dense fibers(filled arrowhead) originating from the RCDma 

186 and OCP, and send out dense fibers bundles to closely connect with the SDM. Abbreviation: 

187 OCCI=occipital bone; RCDmi=rectus capitis dorsalis minor muscle; OCP=oblique capitis 
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188 posterior; DAOM=dorsal atlanto-occipital membrane; SDM=spinal dura mater; C1= atlas; 

189 C2=axial;V=venous sinus

190 Fig 4. Gentoo penguin, prepared sagittal section of the suboccipital region with stained with 

191 Masson. Area within square in a is shown enlarged in b, c, and d. The fibers (arrow) originate 

192 from the ventral anterior of RCDmi, extend directly into the atlanto-occipital interspace, then fuse 

193 with the DAOM, and the DAOM extends into a fiber bundle through the venous sinus to connect 

194 with the SDM (hollow triangle). In the atlanto-axial interspace, the dense fibers bundles (arrow) 

195 originating from the ventral of RCDmi run ventrally, and integrate into the dorsal atlanto-axial 

196 membrane (hollow crescent) together with the dense fibers(filled arrowhead) originating from the 

197 RCDma and OCP, and send out dense fibers bundles to closely connect with the SDM. 

198 Abbreviation: OCCI=occipital bone; RCDmi=rectus capitis dorsalis minor muscle; OCP=oblique 

199 capitis posterior; DAOM=dorsal atlanto-occipital membrane; SDM=spinal dura mater; C1= atlas; 

200 C2=axial; V=venous sinus.

201 Figure 5. Gentoo penguin, prepared sagittal section of the suboccipital region with stained 

202 with PSR-stained. Area within square in a is shown enlarged in b, c and d. The fibers (arrow) 

203 originate from the ventral anterior of RCDmi, extend directly into the atlanto-occipital interspace, 

204 then fuse with the DAOM, and the DAOM extends into a fiber bundle through the venous sinus to 

205 connect with the SDM (hollow triangle). In the atlanto-axial interspace, the dense fibers bundles 

206 (arrow) originating from the ventral of RCDmi run ventrally, and integrate into the dorsal 

207 atlanto-axial membrane (hollow crescent) together with the dense fibers(filled arrowhead) 

208 originating from the RCDma and OCP, and send out dense fibers bundles to closely connect with 

209 the SDM. Abbreviation: OCCI=occipital bone; RCDmi=rectus capitis dorsalis minor muscle; 
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210 OCP=oblique capitis posterior; DAOM=dorsal atlanto-occipital membrane; SDM=spinal dura 

211 mater; C1= atlas; C2=axial; V=venous sinus.

212

213 Discussion

214

215 In1995 Hack et al. initially proposed the concept of the MDB [1]. Numerous researchers have 

216 since studied the MDB in detail, confirming the MDB’s existence in both humans [1-7] and 

217 animals [18-24]. These researchers have further hypothesized about the putative physiological 

218 functions of the MDB [8-17]. The MDB is described as a dense connective tissue bridge  

219 connecting the suboccipital musculature to the cervical SDM, while passing through the posterior 

220 atlanto-occipital and the altanto-axial interspaces. Therefore, what is unique about the penguin as 

221 a natatores.

222

223 According to the observation of the gross anatomy of the penguin, evidenced in the present study, 

224 the deep suboccipital musculature of the Gentoo penguin consists of the RCDmi and the RCDma 

225 muscles. The cranial ends of both the RCDmi and the RCDma muscles respectively attach to the 

226 medial and lateral aspects of the occipital crest. They were intimately related to each other and not 

227 easily separated. Interestingly, it was previously found that the RCDmi muscle of the Nephocaena 

228 phocaenoides was located on the deep surface of the RCDma, and the RCDmi was observed 

229 originating from occiput [19]. Furthermore, the RCDmi of the sperm whale was priviously found 

230 to originate from the dorsal aspect of the occipital squama [20]. This spatial distribution of the 
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231 RCDmi in marine mammals (Nephocaena phocaenoides and sperm whale) is similar to that of the 

232 Gentoo penguin. However, the cranial attachments of both the RCDmi and RCDma muscle of the 

233 Gentoo penguin are distinct from that observed in other birds (Rock pigeons and Gallus 

234 domesticus). The cranial aspect of the RCDmi attached below the transverse nuchal crest, and the 

235 both the RCDmi and RCDma muscle were easily detached [23, 24]. This difference may be 

236 related to the survival and feeding behavior of the penguin. These behaviors can be inferred from 

237 skull morphology [28].

238

239 In the present study, we have confirmed the existence of the MDB in the Gentoo penguin through 

240 multiple methods. In the atlanto-occipital interspace of the Gentoo penguins, the dense MDB 

241 fibers originated primarily from the ventral aspect of the RCDmi. These fibers extend from the 

242 ventral side and extend superiorly to fuse with the DAOM. Then these fibers connect with the 

243 SDM passing through the venous sinus. In the atlanto-axial interspace of the Gentoo penguin, the 

244 dense MDB fibers originate from the ventral of the RCDmi, the RCDma, and the OCP, all 

245 converging to form the MDB, and then passing through the dorsal atlanto-axial membrane, which 

246 is tightly connected to the SDM. The arrangement of the fibers of the MDB, observed in the 

247 Gentoo penguin is similar to that of other birds [23, 24] and mammals [18]. Although penguins 

248 live in different conditions from that of the Rock pigeons and the Gallus domesticus, they all 

249 possess an MDB. Once again, the MDB is seen as a highly conserved structure. During the course 

250 of biological evolution, structures that are not functionally important tend to degrade, and this 

251 evolutionary conservation of the MDB demonstrates the significance of MDB. In addition, the 

252 MDB observed in the Gentoo penguin presents as a dense fibrous structure that is composed of 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 17, 2020. ; https://doi.org/10.1101/2020.12.17.423215doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423215
http://creativecommons.org/licenses/by/4.0/


13

253 type I collagen fibers. 

254

255 While, being a marine bird, penguin not only has the same type of MDB as that observed in flying  

256 birds, but also has the same spatial distribution of the suboccipital muscles like marine mammals. 

257 What then are the similarities and differences between the MDB of penguins and marine 

258 mammals? Research has confirmed that no DAOM found in the posterior interspace between the 

259 occipital bone and atlas of Nephocaena phocaenoides [19]. The tendinous fibers of the RCDmi 

260 observed in the Nephocaena phocaenoides projected through the atlanto-occipital interspace 

261 attaching directly to the SDM. This direct connection between the RCDmi and the SDM of the 

262 Nephocaena phocaenoides might create a more pronounced effect of the RCDmi muscle on the 

263 SDM [19]. Furthermore, the present authors have confirmed that sperm whales have two different 

264 origins of their MDB: one origin is from the ODB (occipital dural bridge) which originates from 

265 the periosteal surface of the occiput and fuses with the dura mater [20], and the other bridge 

266 (MDB) originates from the RCDmi, which transmits the tension from the RCDmi to the dura 

267 mater. The MDB stabilizes the dura mater, the spinal cord, and the ODB [20]. The MDB, 

268 observed in the atlanto-occipital interspace of penguins, is primarily composed of dense 

269 connective tissue fibers originating from the RCDmi muscle. Therefore, there is a type of the 

270 MDB, originating from the RCDmi, in penguins, sperm whales, and Nephocaena phocaenoides 

271 which all pass through the atlanto-occipital interspace. Moreover,they have similar distribution of 

272 suboccipital muscles and the presence of numerous suboccipital venous sinuses. As these different 

273 animals live in similar conditions, some of their anatomic structures tend to be similar. This is 

274 referred to as the “similar effect”. Therefore, as the penguin is capable of navigating in deep 
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275 water, this ability maybe associated with cerebrospinal fluid circulation. This also demonstrates 

276 that the MDB is a significant and highly conserved anatomic structure.

277

278 Interestingly, the sperm whale has an atlas and six fused vertebra (C2-C7) [27], while their MDB 

279 exists only in the atlanto-occipital interspace, with extensive venous plexus among the MDB 

280 fibers within their atlanto-occipital interspace [20]. As sperm whales swim to great depths, the 

281 MDB of these animals may contribute to transferring the tensile forces generated by the 

282 suboccipital muscles to the cervical dura mater and thereby continuously alter the volume of the 

283 CSF contained within the subarachnoid space, acting as a unique mechanism to facilitate 

284 circulation of the CSF [20]. The penguin’s MDB exists in both the atlanto-occipital and the 

285 atlanto-axial interspaces, and there are numerous venous sinuses among the MDB fibers. As the 

286 penguin dives to great ocean, the contraction of MDB fibers via the suboccipital musculature may 

287 accelerate venous blood flow back to the heart and also promote cerebrospinal fluid circulation. 

288 According to previous research, the penguin can dive to approximately 100 meters within 3 

289 minutes [29, 30]. Therefore, the penguin’s MDB might be a key structure which helps the penguin 

290 to maintain normal cerebrospinal fluid circulation during deep dives.

291

292 In this study, the present authors validated that there are dense connective tissues (MDB) in both 

293 the atlanto-occipital and atlanto-axial interspaces of Gentoo penguin, that are composed of 

294 primarily type I collagen fibers. Therefore, this finding implies that the MDB is not only a highly 

295 conserved anatomic structure, from an evolutionary point of view, but also has its variant structure 
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296 for acclimatization. These findings provide supporting evidence for research into the physiological 

297 function of the MDB.
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