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SUMMARY: The myodural bridge (MDB) is confirmed that connecting the most of suboccipital muscles to the cervical dura
mater through the posterior intervertebral spaces and widely exists in mammals and birds. In order to reveal whether the MDB is
universally existing in amniota of vertebrates, we explored the existence and the morphological features of the MD&chmethgs
scripta elegansTwenty fresh red-eared slider specimens were observed by the gross anatomy dissection and histological analysis. In the
results, three kind of muscles in the postoccipital region of the red-eared slider were found. The rectus capitis dorsamnsaignor
originated from the posterior margin of the occiput (C0O) and terminated at the spinous process of the atlas (C1). Thspian®ers
muscle was attached to the vertebral arch and the postzygapophysis of the atlas and extended to the spinous procé€2pfThe axis
C2-C3 intertransversales muscle were extended from the postzygapophysis of C2 and the one of C3. The three muscles covered the
dorsal interspaces among C0-C3, and meantime they were closely connected with dense connective tissues, which fitieispaoese i
Each of these thick dense connective tissue membranes sent off several short and strong fibrous bundles ventrally totheerge with
cervical spinal dura mater. Furthermore the connective tissues connecting these muscles with cervical spinal dura materelirectl
revealed under the microscopy and they consisted of parallel and intensive collagen fibers with orientation from dorsél bo vent
conclusion, this study for the first time demonstrated the existence of the MDB in the testudines, in all of the doreatiitahto
atlantoaxial and C2-C3 intervertebral spaces. Based on our results and comparative anatomical evidences in recentdykar, it coul
inferred that the MDB might be its highly conserved structure in the evolution of amniota.
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INTRODUCTION

The myodural bridge (MDB) was a kind of denseet al, 2003; Naslet al, 2005; Suget al, 2013; Zhengt al,
connective tissue extending from the ventral surface of m@14; Yuaret al, 2016). The RCPma and OCI are located
of the suboccipital muscles to the dorsal surface of the ceersal and inferior to the RCPmi and together to cover the
vical spinal dura mater (Eniat al, 2014). In human, the posterior atlanto-axial interspace. They also sent off dense
suboccipital muscles include the rectus capitifibers passing through this interspace to enter the epidural
posterior minor (RCPmi), rectus capitis posterior majogpace and then connected with the cervical spinal dura mater
(RCPma), oblique capitis inferior (OCI) and oblique capitigScali et al, 2011, Pontelket al., 2013a,b; Scalet al,
superior. Among them, the RCPmi gave off dense fibers 2913a,b).
take part into the posterior atlantooccipital membrane and
partly transmitted the latter to enter the epidural space and  In view of the structural features of the MDB, it was
then fused with the cervical spinal dura mater (Kahal, assumed that the MDB may play a role in preventing the
1992; Hacket al, 1995; Mitchellet al, 1998; Humphreys enfolding of the cervical dura mater, maintaining the
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subarachnoid space or transmitting the tense of dura matennections between this membrane and the cervical spinal
(Hacket al; Alix & Bates, 1999; Nashkt al; Tagilet al, dura mater. Image results of gross anatomy dissection were
2005; Scalet al, 2011; Pontelét al, 2013b; Scalet al, taken with Canon 7D and Olympus CCD.
2013b). Moreover, the MDB was supposed to be an
important power resource of the cerebrospinal fluid (CSHistology analysis.Ten fresh head and neck specimens were
circulation, which acted as a pump (®tial; Zhenget fixed in 10 % formalin and then decalcified in 8 %
al., 2014; Yuaret al; Scaliet al,, 2011). So far its role in hydrochloric acid for 14-18 days. Neck and head tissue
human has been debated. In order to reveal its physiologibkicks were prepared including tissues from occipital part
function, recently a lot of comparative anatomy studiesf head to the third cervical vertebra levels. After regular
were implemented and their results showed that the MD#raffin embedding, serial 14-mm section, and VG and
universally existed in mammals and birds (efal, 2017; Masson staining, fibrous connections between the muscular
Zhenget al, 2017). It was indicated that the MDB mightstructure and cervical spinal dura mater were observed under
be a high conservative anatomical structure with a indihe light microscope. The results of VG and Masson staining
pensable function in vertebrate evolution. sections were photographed and analyzed by Nikon NIS
image system (Nikon Eclipse 80i).
Furthermore, it is generally believed that reptiles
are the basis of evolution of mammals and birds and all
are amniota. Whether does the MDB universally exit iIRESULTS
amniota? Recently Zhangt al (2016), found that the
Siamese crocodile has columnar MDB-like structure in its
suboccipital region. It was shown that the MDB mighAnatomy dissection.Ten fresh specimens were dissected
appear in crocodilia. A red-eared slider is a subspeciesarfd observed. It was found that the cranium and seven
the Trachemys scripta, belonging to the Cryptodira akervical vertebrae and cranial bones of the red-eared slider
Chelonia. Unlike crocodilia, the neck and the head of theere jointed together in “L” shape, and the head could be
red-eared slider could be retracted in the vertical planeritracted via the dorsiflexion of cervical vertebral joints.
the position between the shoulder girdles (Hestedl, Along the dorsal aspect of first three cervical vertebrae,
2007; Joneet al, 2012; Werneburgt al, 2015a,b). In three muscles were identified. The rectus capitis dorsum
order to enrich the evidence of the MDB existing in reptiminor (RCDmi) (Fig. 1a), the transversospinales (Fig. 1b)
les, the structure and morphology of head and neck of thed the C2-C3 intertransssales muscles (Fig. 1c). The
red-eared slider were study in this research. RCDmi was originated from the posterior margin of the
occipital bone and terminated in the spinous process of the
atlas (Fig. 1a). And at the ventral side of RCDmi, it was
Ethics Statement. Twenty red-eared sliders weretightly connected with the dorsal atlanto-occipital membrane
purchased from seafood market in Dalian with thEDAOM), which filled in the dorsal atlanto-occipital
permission of Chinese Authorities for Animal Protectioninterspace. And theseveral trabecula-like structures were
All red-eared sliders were executed by intraperitoneatiginated from the ventral side of DAOM, througle th
injecting with excess 4 % Chloral hydrate solution. Thessidural space and attached to the cervical spinal dura mater
red-eared sliders were permitted for scientific resear¢hig. 1A). In the atlas (C1) and axis (C2) segments, the
under the approval of the Ethics Committee of Daliatmansversospinales muscle was found. It was attached to the
Medical University. vertebral arch and the postzygapophysis of the atlas cranially
and inserted at the spinous processe of the axis caudally (Fig.
1b). Its ventral side covered the dorsal atlantoaxis interspace,
MATERIAL AND METHOD and meanwhile it connected densely with the dorsal
atlantoaxis membrane (DAAM), which filling in this
interspace, and then towards the epidural space the DAAM
Dissection of the postoccipital region. Ten fresh heaghve off lots of dense connective bands ventrally to merge
and neck specimens were dissected layer-by-layer at postee the cervical spinal dura mater finally (Fig. 1B).
rior occipital region to explore deep postoccipital muscles
along the vertebrae C1-C3. These muscles was separated In the axis and C3 segments, the intertransversales
from their cranial insertions respectively and to shownuscle was found to be located between the
connections between them and the dorsal intervertebpastzygapophysis of the axis and the C3 covering the dorsal
membrane. Then the membranes was incised along its cramétrvertebral space (Fig. 1c). Its ventral side were tightly
end to open the dorsal intervertebral space and then obsdivked with the dorsal intervertebral membrane (DIVM).
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Fig. 1. The continuous structure from the postoccipital muscles to the cervical spinal dura mater based on the gross
anatomy dissection. OCCI: the occipital bone. DM: dura mater. RCDmi: the rectus capitis dorsum minor muscle. TS: the
transversospinales. IT: the C2-C3 intertransversales muscle. Star: the dorsal atlantooccipital membrane. Ring: the dorsal
atlantoaxial membrane. Hollow Triangle: the C2-C3 dorsal intervertebral membrane. Filled Triangle : trabecular fibrous
bundles. a/b/c: the overall view of the three muscles. A/B/C: The continuous structure from the postoccipital muscles to the
cervical spinal dura mater. Arrow: connective tissue between muscles and trabecular fibrous bundles.
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Histological staining.In the
results of histological
staining, the bony structures,
the dura mater, and the
spinal cord were identified
clearly, and the RCDmi, the
transversospinales, the C2-
C3 intertransversales
muscles were found
according to their location,
in the parasagittal sections of
head and neck with the Van
Gieson (VG) and the
Masson stain (Figs. 2 and 3).

At the level of the
dorsal atlantooccipital
interspace, it was found that
the DAOM was thick and
composed of dense fibers,
with parallel arrangement of
the collagen tissue and most
of them were originated
from the ventral aspect of the
RCDmi and ran cranially
and ventrally to insert into
the dorsal atlantooccipital
interspace to participate in
the formation of the DAOM.

It this level, the epidural
space was narrow and it was
found that in this space the
DAOM projected out
several short and dense
S s — fibrous cords, to tightly
Fig. 2. The connection between the post-occipital muscles and the cervical dura mater based gorthect with the cervical
histological analysis (VG stain) on sagittal sections. OCCI: the occipital bone. Cre: the occipital ctgftal dura mater.
Ri: the rectus capitis dorsum minor (RCDmi). TS: the transversospinales. IT: the C2-
intertransversales. SC: the spinal cord. Star : the atlantooccipital membrane. Ring: the atlantoaxial And in the dorsal
membrane. Hollow Triangle : the C2-C3 intervertebral membrane. Double Arrows: cervical spi tgq{atoaxml interspace, the
dura mater. Filled triangle : trabecular fibrous bundles. Arrow: connective tissue between muscled
trabecular fibrous bundles. Cap: caudal part. CrP: cranial part. Figure b is the enlarge view of fr M was showed to be
Figure c is the enlarged view of frame II; Figure d is the enlarge view of frame IlI; Figure e isGAEPosed of thick and den-
enlarge view of frame IV; Figure f is the enlarged view of frame V. se fibers with parallel
arrangement. Some of them
were found to be originated from the transversospinales and
Meanwhile, the DIVM sent off several trabecular structurg@n cranially for a short distance until they made near 90
into the epidural space and ventrally connected with the celegree turn ventrally to join the DAAM. And then several
vical spinal dura mater (Fig. 1C). short cord-like fibers were given off by the DAAM on its
ventral aspect to insert into the cervical spinal dura mater.

In sity, the DAOM, DAAM and DIVM were pulled
up while the corresponding muscles were drawn passively, ~ And in the dorsal C2-C3 interspace, the DIVM was
and the cervical spinal dura mater was lifted dorsally in tfeund to be composed of dense fibers with parallel
meantime. arrangement, but it was thicker than the DAOM and DAAM
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@Zi&\\@ > thick fibrous cords were projected by

e N the caudal part to adhere to the cervi-
cal spinal dura mater tightly, however
the cranial part of this membrane had
few connections with the cervical
spinal dura mater.

In addition, at level of the atlas
(C1), the subarachnoid space was
obviously larger than that of other
vertebra levels (Figs. 2 and 3).

As a result of VG stain, mus-
cular fibers were stained in yellow and
collagen fibers were red (Fig. 2).
Meanwhile, for the Masson stain, the
muscular fibers were red and the
collagen fibers were blue (Fig. 3). The
two stain methods showed that the
connective fibers between the deep
postoccipital muscles and the cervical
spinal dura mater consisted of
collagenous fibers.

DISCUSSION

The myodural bridge (MDB)
was a kind of dense connective tissue
extending from the ventral surface of
most of the suboccipital muscles to the
dorsal surface of the cervical spinal
dura mater. In human, the RCPmi,
RCPma and OCI gave off the MDBs

Fig. 3. The connection between the post-occipital muscles and the cervical dura maf&SpeCtlvely and t_hey \_Nere transmitted
based on the histological analysis (Masson stain) on sagittal sections. OCCI: the occipi the posterior intervertebtal
bone. Cre: the occipital crest. Ri: the rectus capitis dorsum minor (RCDmi). TS: thEnembranes to enter the epidural space
transversospinales. IT: the C2-C3 intertransversales. SC: the spinal cord. Star : twough the posterior atlantooccipital
atlantooccipital membrane. Ring : the atlantoaxial membrane. Hollow Triangle : the C2and atlantoaxis interspaces and then
C3intervertebral membrane. Double Arrows : cervical spinal dura mater. Filled Triangléysed with the cervical spinal dura

: trabecular fibrous bundles. Arrow : connective tissue between muscles and trabeculgiater (Kahnet al.; Hack et al.;
fibrous bundles. Cap: caudal part. CrP: cranial part. Figure b is the enlarged view Rﬁitchellet al; Humphreyst al; Nash
framfe l; Figu_re cisthe enlar_ged view of frame_ Il; Figgre disthe enlarged view of fram%t al: Scaliet al, 2011, Pontelét al.

IIl; Figure e is the enlarge view of frame IV; Figure f is the enlarged view of frame V. 2013a.b: Scalet al, 2013a.b: Suét

al.; Zhenget al, 2014; Yuaret al).
and might be subdivided into cranial and caudal parecently a lot of comparative anatomy studies showed that
incompletely. On the dorsal aspect of DIVM, it was showthe MDB universally existed in mammals and birds (@tiu
that the intertransversales muscle gave off lots of dense fibats Zhenget al, 2017).
to take part in this membrane and meanwhile the caudal end
of transversospinales muscle also sent off dense fibers to  In this study, it was found for the first time that the
take part in the cranial part of the DIVM. And then on th&DBs existed in the red-eared slider, these collagen fibers
ventral aspect of the DIVM, a few of intensive, short andf MDBs entered the epidural space not only through the
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dorsal atlantooccipital and atlantoaxis interspaces but alske difference between them. But the lots of dense collagen
through the dorsal C2-C3 interspace. At the level of the ddibers from the deep post-occipital muscles were inserted
sal atlantooccipital interspace, the RCDmi gave off deng&to and built the DAOM and DAAM in Red-Eared Slider.
collagen fibrous bundles to insert into the DAOM, and thelt was similar to that of human. Furthermore, the most
the DAOM sent trabecula-like dense fibrous bundlesbvious differences between them were connection
ventrally to attach to the cervical spinal dura mater. In tHecation and type between the dorsal intervertebral
dorsal atlantoaxial interspace, the dense collagen fibers fronembrane (including the DAOM, DAAM, PAOM and
transversospinales joined the DAAM. And then the DAAMPAAM) and the dura mater. In Red-Eared Slider the ven-
projected out trabecula-like dense fibrous bundles to mertyal aspect of dorsal intervertebvral membranes projected
into the cervical spinal dura mater finally. As for the dorsalut dense collagen cord to connect with the cervical spinal
C2-C3 interspace, the DIVM was thick and made up of dedura mater in the epidural space. However, in human the
se collagen fibers with parallel arrangement, which miglitense collagen fibers of the MDB were mainly given off
be subdivided into cranial and caudal parts incompletelfiyom the ventral aspect of the suboccipital muscles and
The dense collagen fibers from the C2-C3 intertransversales through the loose posterior intervertebvral membranes
muscle took part in the DIVM and meanwhile the dens® directly fuse with the cervical spinal dura (Zhengl,
collagen fibers from the transversospinales muscle mair®14; Yuanet al; Zhenget al, 2018). Besides, in Red-
inserted into the cranial part. The short and dense trabecutared Slider a dorsal intervertebral space was also present
like collagen fiber cords mainly originated from the caudddetween the C2 and C3, and in this study, the MDB were
part and then intensively attached to the cervical spinal dufund existing at the level of the dorsal C2-C3 interspace
mater. So the C2-C3 intertransversales muscle dominanityRed-Eared Slider, but not in human being.
took part in the MDB system in the dorsal C2-C3 interspace.
In summary, the RCDmi, transversospinales and C2-C3 It has been confirmed that the MDB is a universal
intertransversales muscles sent out the MDBs through teieucture in mammals (Zhergal, 2017) and birds (Liet
corresponding intervertebral space and finally connectedl; Zhenget al, 2017). Furthermore, the MDB exists in the
with the cervical dura mater. reptiles, based on our results together with the findings in
the Siamese Crocodile (Zhaetgal). According to the above

As another kind of reptiles, the existing of MDB inevidence, it could be inferred that the MDB might be highly
Siamese Crocodile was proved. It connected the postoccipitahservative in cervical spine evolution of vertebrates, and
muscles to the cervical spinal dura mater via the proatlasnight be a universal structure in amniota. It was indicated
and DAOM, and that study found that in the epidural spatleat the MDB could have important physiological rales
the several thick trabeculae, as a terminal part of the MD#®iyo although the MDB had structural distinction between
were give off from the ventral aspect of the DAOM andlifferent species.
atlas, and then inserted into the dura mater vertically (Zhang
etal). As the same as the siamese crocodile, although without ~ The red-eared slider is a subspecie§raichemys
the proatlas, the thick cord-like MDB’s connection betweescripta, which belongs to the Cryptodira of the
the dorsal intervertebral membranes and the dural mater st#istudoformes. During feeding and escaping activity, the
emerged in the epidural space in the red-eared slider, aagid movement is performed on neck (Hegeehl). It is
they were all composed of dense collagen fibers. It might baique that the red-eared slider could retract the neck in the
a general feature of the MDB in reptiles. vertical plane between the shoulder girdles with high speed

(Herrelet al; Jonest al; Werneburget al, 2015a,b). So it

In human, dense collagen fibers of the MDB wergvas suggested that the MDBs existing would synchronize
mainly given off from the ventral aspect of the RCPmithe dura mater with rapid motion of the cervical spine and
RCPma and OCI muscles and ran through the loose postethe meantime the large subarachnoid space was found
rior atlantooccipital membrane (PAOM) to finally mergedorsal to the cervical spine at the level of the atlas in our
with the cervical spinal dura mater in particular area @tudy and that meant the MDB might play important roles
through the loose posterior atlantoaxial membrane (PAANY) a wide range.
via the vertebral dural ligament (VDL) to finally merge
with the cervical spinal dura mater in particular area (Hack In recent 20 years, many studies demonstrated that
et al; Humphrey<t al: Mitchell et al; Nashet al; Suiet the MDB could play a part in preventing the dura mater
al.; Zhenget al, 2014; Yuaret al; Zhenget al, 2018). from infolding in human (Alix & Bates; Haakt al; Nashet
Compared to Human Being, the DAOM and DAAM inal.; Tagilet al; Pontellet al, 2013b; Scalet al, 2011; Scali
Red-Eared Slider were constructed from thicker and densgial, 2013b). In the red-eared slider, the C2-C3 joint could
collagen fibers with parallel arrangement, there was notperform wide range of dorsiflexion in feeding and escaping
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activity. In this period, the MDB through the dorsal C2-Campliamente en mamiferos y aves. Para revelar si el MDB existe
interspace might play an important role in preventingniversalmente en la amniota de vertebrados, exploramos la exis-
infolding of the corresponding cervical spinal dura matdfncia y las caracteristicas morfologicas del PMOr@achemys

which might hurt the spinal cord when the C2-C3 joinfcripta elegansVeinte muestras se observaron mediante disec-
dorsiflexion. It's possible that MDBs with a similar protective " 21atomica y analisis histologico. En los resultados, se encon-
3raron tres tipos de musculos en la regién occipital. EI masculo

effect e)_<|t In the_oth_er Jomts_ _cau_dal to the C3 in the re ecto capitis dorsum minase origind en el margen posterior del
eared slider and it will be verified in future study. Howevebccipiw (CO) y terminé en el proceso espinoso del atlas (C1). El
in atlantooccipital and the atlanoaxis joints, given that theffisculo transverso espinal se unié al arco vertebral y el proceso
dorsiflexion was obviously limited due to covered by thelel atlas y se extendié al proceso espinoso del axis (C2). El mus-
occipital crest and a large subarachnoid space appearedud intertransversario C2-C3 se extendié entre los procesos
this level, and so it was less possible that infolding of tHeansversos de C2y el de C3. Los tres musculos cubrian los espa-
corresponding cervical spinal dura mater happen to hurt ifi@s intermedios dorsales entre CQ-CB Y, mier_wtras tanto, estaban
spinal cord. In summary, the MDB through the dorsﬁstrechamente conectados con tejidos conectivos densos, que re-

S . - . llenaban estos espacios. Cada una de estas membranas densas de
atlantooccipital and the atlanoaxis interspaces might ma”ﬂ{éﬁido conectivo envian varios haces fibrosos cortos y fuertes

pull or_1 the correspc_)ndlng dura_mater, and ther_efore creatilh raimente para fusionarse con la duramadre espinal cervical.
negative pressure in a large wide subarachnoid space atAfgmas, los tejidos conectivos que conectan estos misculos con
junction of head and neck to modulate the circulation @ duramadre cervical y espinal se revelaron directamente bajo
cerebrospinal fluid. Suet al. and Zhenget al (2014) microscopia y consistian en intensas fibras de colageno, paralelas,
suggested that the muscles-MDB-cervical spinal dura mat@m orientacion desde dorsal a ventral. En conclusion, este estudio
sleeve complex at the suboccipital region might have #lgmostro por primera vez Ig existencia del PMD en !os estudios o!e
important effect on the CSF circulation by acting as a pumgr__ueba, en todos los espacios dorsales atlantooccipital, atlantoaxial

In s stuy our inding ofered the morpholgiclsuppofl 478 57,55 S0 e e e oo o
to the above-mentioned hypothesizes in evolution. e P : S8 P
dria inferir que el PMD podria ser una estructura altamente con-
) . . ~servada en la evolucién de la amniota.
In conclusion, the MDB existed in the red-eared slider

and it might be a universal structure in amniota. It was PALABRAS CLAVE: Puente miodural; Trachemys

indicated that the MDB was highly conservative in cervicalcripta elegansAmniota; Conservacion evolutiva.

spine evolution of vertebrates with important physiologicat

roles. Our study showed that the MDBs might play an
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