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The myodural bridge of the American alligator (Alligator

mississippiensis) alters CSF flow
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ABSTRACT

Disorders of the volume, pressure or circulation of the cerebrospinal
fluid (CSF) lead to disease states in both newborns and adults; despite
this significance, there is uncertainty regarding the basic mechanics of
the CSF. The suboccipital muscles connect to the dura surrounding the
spinal cord, forming a complex termed the ‘myodural bridge’. This
study tests the hypothesis that the myodural bridge functions to alter
the CSF circulation. The suboccipital muscles of American alligators
were surgically exposed and electrically stimulated simultaneously
with direct recordings of CSF pressure and flow. Contraction of the
suboccipital muscles significantly changed both CSF flow and
pressure. By demonstrating another influence on CSF circulation and
pulsatility, the present study increases our understanding of the
mechanics underlying the movement of the CSF.

KEY WORDS: Meninges, Crocodilia, Neuroscience, Fluid
mechanics, Skeletal muscle

INTRODUCTION

Recent breakthroughs in neuroscience have demonstrated that
neurodegenerative diseases, and Alzheimer’s in particular, are
associated with disruptions of cerebrospinal fluid (CSF) circulation
in the paravascular spaces (PVS) (Iliff et al., 2012; Xie et al., 2013).
Experimental studies indicate that cardiac pulsations are the key
driving force for CSF flow (Mestre et al., 2018); however, modeling
studies suggest that pulsations alone are inadequate to explain the
CSF flow effects in the PVS surrounding descending arteries
(Asgari et al., 2016; Sharp et al., 2019). Other mechanisms such as
respiration or vasomotion have been proposed as alternative drivers
(Vinje et al., 2019; van Veluw et al., 2020). Recently, anatomists
have noted that several of the deep suboccipital muscles, which span
from the cranial-most vertebrae to the caudal surface of the skull,
also have direct attachments on the dura (Scali et al., 2013).
Although best known in humans (Kahkeshani and Ward, 2012), this
connection has also been described in birds (Okoye et al., 2018),
whales (Liu et al., 2018), turtles (Huangfu et al., 2019) and
crocodiles (Zhang et al., 2016); this anatomical link is now referred
to as the myodural bridge. Researchers have speculated that
contraction of the muscles of the myodural bridge could lead to
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localized subdural negative pressure, which could alter CSF flow
(Zheng et al., 2017).

In the American alligator [Alligator mississippiensis (Daudin
1802)] the cervical vertebrae include the axis (C2) with its elongate
spinous process, the smaller atlas (C1), and an additional wedge of
bone (the proatlas) which is located dorsally between the
supraoccipital of the skull and the atlas. The proatlas does not
encircle the spinal cord, nor does it have a bony articulation with
either the skull or C1; the connective tissue surrounding the proatlas
renders it more mobile than the cervical vertebrae. The cervical axial
muscles of A. mississippiensis include the large, superficial, spinalis
(Fig. 1). Reflection or removal of the spinalis exposes the
suboccipital muscles, the rectus capitis posterior minor and the
rectus capitis posterior major. Both of these muscles originate from
C2; the minor also has an extensive origin on C1 and the proatlas.
The suboccipital muscles course cranially with a slight lateral
deflection to insert onto the medial (minor) and lateral (major)
portions of the otoccipital bone. In addition to these attachments
on the skull, micro-CT analysis clearly demonstrates that in
A. mississippiensis, there is a direct connective tissue link
between the suboccipital muscles and the spinal dura; this
connection is the myodural bridge (Fig. 1B). This study was
undertaken to provide a direct experimental test of the hypothesis
that the myodural bridge influences the circulation of the CSF.

MATERIALS AND METHODS

Seven live sub-adult (158—192 c¢m total length) American alligators
(A. mississippiensis) were obtained from the Louisiana Department
of Wildlife and Fisheries. The animals were housed communally in
a 29 m? facility that featured three submerging ponds, natural light
and artificial lights on a 12 h light:12 h dark cycle. The facility was
maintained at 30-33°C; warm water rain showers were provided
every 20 min, which helped maintain the facility at >75% relative
humidity. The alligators were maintained on a diet of previously
frozen adult rats. The husbandry and use of the live alligators
followed all applicable federal guidelines, and was approved by the
TACUC of A.T. Still University (Protocols #209 and #217).

When an individual animal was removed from the enclosure, it
was caught by noosing, its jaws taped shut around a bite pad using
vinyl tape, and its fore and hind limbs taped in a retracted position.
The alligator was then placed on a stiff board (244x28x3.8 cm
thick), which exceeded the maximum width and length of the
alligators used for this study. Six 2.5-cm-wide heavy duty straps
(Northwest Tarp and Canvas; Bellingham, WA, USA) were used to
secure the alligator to the board; the straps were tight enough to
minimize movement of the animal but not tight enough to impede
ventilation or circulation.

With the alligator’s mouth held open by the bite pad, a
laryngoscope was used to depress the gular valve and expose the
glottis. A cuffed endotracheal tube was inserted into the larynx and

1

)
(@)}
9
je
(2]
©
-+
c
()
£
—
()
(o}
x
NN
Y=
(©)
‘©
c
—
>
(®)
-_


mailto:byoung@atsu.edu
http://orcid.org/0000-0002-0988-7731

SHORT COMMUNICATION

Journal of Experimental Biology (2020) 223, jeb230896. doi:10.1242/jeb.230896

Fig. 1. Morphology of the myodural bridge of Alligator mississippiensis.
(A) Dissection of a preserved specimen. Scale bar: 2 cm. (B) Transverse
section from a micro-CT series. C1, first cervical vertebra (atlas); C2, second
cervical vertebra (axis); Ma, rectus capitis posterior major; MB, myodural
bridge; Mi, rectus capitis posterior minor; P, proatlas; S, spinalis (removed).

connected to a custom anesthesia system that included a ventilator
pump (Harvard Apparatus, Holliston, MA, USA), Vaporstick
anesthesia machine (Surgivet, Saint Paul, MN, USA), isoflurane
vaporizer (Surgivet) and Capnomac Ultima respiratory gas monitor
(Datex-Engstrom, Bismark, ND, USA). The alligators were
maintained on a steady ventilatory pattern of 6 or 8 breaths per
minute (depending on size), each with a tidal volume of 500 ml.
Anesthetic induction was accomplished using 5% isoflurane; once a
surgical plane of anesthesia was established, the animal was
maintained on 2-3% isoflurane depending on the response of the
individual alligator.

A stainless steel surgical burr was used to bore an approximately
4-mm-diameter portal through the sagittal midline of the skull just
caudal to the orbits. This allowed direct exposure of the dura mater;
a small incision in the dura was used to inset a segment of PE tubing
into the subarachnoid space. The PE tubing was connected to a
P23AA fluid pressure transducer (Statham; Gould Inc., Oxnard,
CA, USA), both of which were filled with reptilian Ringer’s
solution (Barfuss and Dantzler, 1976). The pressure transducer was
mounted to the board at a fixed site immediately adjacent to and
level with the alligator’s head. The implantation of the PE tubing
was snug enough that no CSF leakage was observed, yet the
functionality of the coupling was evident by the (pressure-driven)
movement of the CSF along a distance of the PE tubing. The
pressure transducer was coupled to a P122 preamplifier (GRASS,
Natus Medical, Pleasanton, CA, USA). In four of the alligators, a
second surgical exposure was made to the vertebral column between
the forelimbs. The exposure was deep enough to enable the
implantation of a second PE catheter into the subdural space
surrounding the spinal cord; this second implantation site was
approximately 12 cm caudal to the implantation site in the skull.
The second pressure catheter was connected to a second P23AA
pressure transducer and PI22 preamplifier.

An additional surgical window was used to expose the suboccipital
muscles on one side of the vertebral column; this exposure was roughly
equidistant (rostral-caudal) between the two implanted CSF pressure
catheters. A hands-free bipolar stimulating probe was positioned on the
surface of the rectus capitis posterior minor and stimuli provided by a
S88 stimulator (GRASS). The muscle was induced to contract by
applying either a twitch (1.0 V, 10 ms duration) or train (1.0 V, 10 ms
duration, 60 pps) stimuli; both stimuli induced visible contraction of
the suboccipital muscles. Since the full stimulation protocol was being
performed twice (see below), tetanic contractions were avoided to
minimize muscle fatigue; the potential for a graded response was
explored by using both twitch and train stimuli. The CSF pressure and
synced output from the muscle stimulator were recorded
simultaneously (at 5.0 kHz) using the MiDas data acquisition system
(Xcitex, Woburn, MA, USA). The CSF pressure transducers were
individually calibrated following each experiment. The recorded
signals were quantified using the MiDas software.

The alligator’s scalation was reflected contralateral to the exposed
suboccipital muscles, to facilitate imaging of the spinal canal using
ultrasonography. The cranial pressure catheter was disconnected
from the pressure transducer and used to introduce into the CSF a
suspension of approximately 2.0x10 artificial (sulfur hexafluoride)
microspheres in 5 ml of saline (Lumason; Bracco Diagnostics,
Monroe Township, NJ, USA). Doppler ultrasonographic records of
CSF flow were quantified using an ultrasonography machine
(Mindray M7; Nanshan, Shenzhen, P.R. China). A linear array
probe (Mindary L12-4) was placed contralateral to the exposed
suboccipital muscles and pulsed-wave Doppler ultrasonography
used to detect the spread of the introduced microspheres in the CSF.
Once the microspheres had adequately dispersed (defined as when
the pulsed-wave Doppler ultrasonography could detect the pulsatile
waves in the CSF), the stimulation protocol of the suboccipital
muscles described above was repeated. Each stimulation trial
included two controls, one with the stimulator free of the alligator’s
body and the second with skeletal muscle away from the myodural
bridge stimulated; across all of the experiments, neither control
caused a change in CSF pressure or flow velocity (data not shown).

Peak CSF pressure for each stimulus was quantified relative to the
resting baseline for that data trace; if no clear baseline was evident,
the stimulus trial was not used. Fifteen twitch and 15 train CSF
pressures were quantified; at least two twitch and two train pressure
values were collected from each of the seven alligators. CSF flow
velocity for each stimulus was quantified relative to the internally
calibrated zero baseline of the ultrasonography machine. Fifteen
twitch and six train CSF velocities were quantified; three twitch and
at least one train flow value were collected from each of five
alligators (flow data was not collected from the other two alligators).
For both the pressure and flow data, the resting, twitch and train
values were compared using MANOVA. Subsequent Bonferroni
post hoc significance testing was performed using a threshold of
P<0.01.

The alligator’s subarachnoid space was modelled as a dynamic
space between two cylinders (Tithof et al., 2019). Poiseuille’s law
was used to explore the relationship between CSF pressure and
velocity, as well as diameter change:

ACSF pressure
R(RI=12) + (RS — RY) x (log[r/Ri] /log[Ry /Ri])]
(1)

Anatomical values derived from MRI of one of the
A. mississippiensis specimens were as follows: R; (spinal cord

CSF velocity = 7
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radius)=5 mm and R, (dura sheath radius)=6.5 mm. For this
application, » would be the radius to the center of the subarachnoid
space or 5.75 mm. We used 0.7 mPa s (the value for water) for p, and
0.1 Pa mm™" for the CSF pressure change which acted over the length
of the myodural bridge, which was 35 mm.

RESULTS AND DISCUSSION

The CSF had a mean resting pressure of 533+22.7 Pa (meanzs.d.).
Application of a single twitch stimulus (Fig. 2) reduced the pressure
to a mean of 460+10.7 Pa, application of a train stimulus resulted in
greater reduction in the CSF pressure (380+33.3 Pa). MANOVA
revealed significant differences in CSF pressure following
stimulation of the suboccipital muscles (2 d.f., F=93.8,
P<0.0001). Bonferroni post hoc analysis (using a threshold of
P<0.01) revealed that the two patterns of electrical stimulation were
significantly different from the resting level, and from each other
(Fig. 2C).

The CSF had a mean resting flow velocity of 3.3+0.65 cm s™!;
twitch stimuli (Fig. 3A) caused an increase in CSF flow (4.7
1.1 ems™!). A similar increase was observed during train stimuli
(5.2£2.5 cm s7!); the higher train mean value, and the large
standard deviation, result from one trial which produced CSF flow
velocity of over 10cms™'. MANOVA revealed significant
differences in CSF flow velocity following stimulation of the
suboccipital muscles (2 d.f., F=8.93, P=0.0006). Bonferroni post
hoc analysis (using a threshold of P<0.01) revealed that both
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Fig. 2. The influence of stimulation of the suboccipital muscles on CSF
pressure. (A) Raw data traces showing simultaneously recorded cranial CSF
pressure (grey), spinal CSF pressure (blue), and muscle twitch stimulation
signal (green). (B) Simultaneously recorded spinal CSF pressure (blue) and
muscle train stimulation (green). (C) Mean and s.d. CSF pressures recorded at
rest, during twitch stimulation and during train stimulation; 15 twitch and 15 train
stimuli were compared, with at least 2 taken from each of the 7 alligators.
Significant differences are indicated by the horizontal lines and asterisks
(Bonferroni post hoc values as follows: control vs. twitch, P=6.82e~5; control
vs. train, P=7.03e~"3; twitch vs. train, P=1.49e~"").

stimulus conditions were significantly different from the resting
level, but that the twitch and train stimuli did not produce
significantly different levels of CSF flow velocity (Fig. 3B).

In the present study of 4. mississippiensis, CSF pressure and flow
were analyzed separately, and both analyses demonstrated that
activation of the myodural bridge resulted in significant changes
in the CSF circulation. The CSF pressure (460 Pa) and flow
(4.7 cm s™") after twitch activation of the myodural bridge are
similar to what have been observed (Enzmann and Pelc, 1991;
Quigley et al., 2004) in studies of the human cervical region (which
is similar in size and general morphology to that of the alligator).
Poiseuille’s law reveals that the magnitude of the CSF pressure and
velocity reported herein could be achieved if the myodural bridge
expanded the dura by as little as 0.2 mm. Xu et al. (2016) used
magnetic resonance imaging to document that rotation of the head
influenced flow patterns of the CFS, but did not document the
contractile activity of the suboccipital muscles, and therefore could
not directly demonstrate the influence of the myodural bridge.

The suboccipital muscles are a common feature of terrestrial
vertebrates, where they function to rotate the skull in the horizontal
and vertical planes (Corneil et al., 2001). As several workers have
noted (Zheng et al., 2017; Dou et al., 2019), the ubiquity of head
movements, both subtle and pronounced, suggest that the myodural
bridge may exert a regular influence on CSF flow. More
specifically, the myodural bridge has been hypothesized to
function as a CSF ‘pump’ (Zheng et al., 2014); the term pump
implies a unidirectional flow, which has not been observed in the
cervical region, or CSF flow in general (Hoffmann et al., 2000;
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Fig. 3. The influence of stimulation of the suboccipital muscles on CSF
flow. (A) Doppler ultrasonography images during twitch (upper arrow) and train
(lower arrow) stimulations. The ultrasound records the flow of the artificial
microspheres as the negative light traces. (B) Mean and s.d. CSF flows
recorded at rest, during twitch stimulation and during train stimulation; 15 twitch
and 6 train stimuli were compared, with 3 twitches and at least 1 train taken
from each of 5 alligators. Significant differences are indicated by the horizontal
lines and asterisks (Bonferroni post hoc values as follows: control vs. twitch,
P=0.0047; control vs. train, P=0.0043; twitch vs. train, P=1.11).
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Geregele et al., 2019). It may be more appropriate to say that the
significant decrease in CSF pressure produced by the myodural
bridge could alter the complex cyclic CSF flow patterns that occur at
the level of the foramen magnum (Hentschel et al., 2010).
Disruptions of the cervical CSF flow patterns have been
associated with syringomyelia (Pinna et al., 2000; Chang and
Nakagawa, 2003) and Chiari malformations (Hoffmann et al., 2000;
Martin et al., 2013). The anatomical position and action of the
myodural bridge suggest that it could dynamically tune the
compliance of the cervical spinal region; changes in compliance
play a critical role in the balance between intracranial pressure
and venous (hydrostatic) pressure (Holmlund et al., 2017; Gehlen
etal., 2017).

Perspectives on the meninges have been shifting (Dasgupta and
Jeong, 2019): although once seen as a passive protective sheath, the
meninges are now appreciated as integrally involved in a variety of
critical processes including neural development (Siegenthaler and
Pleasure, 2011) and repair (Decimo et al., 2012). The present study
offers the first experimental evidence that the meninges are also a
dynamic, rather than static, tissue. The pressure and pulsatility of
human CSF is dynamically variable (Kasprowicz et al., 2016); the
magnitude and shape of each CSF pulsation is largely due to the
cardiac cycle (Czosnyka and Pickard, 2004). There are also slower
cycles of CSF flow driven by vasomotion of the cerebral arteries and
this vasomotor flow appears to play a key role in metabolic
exchange with the neural tissue (Carare et al., 2020; van Veluw
etal., 2020). We hypothesize that the myodural bridge functions at a
frequency closer to that of vasomotion (rather than the cardiac
cycle), and that it may function in distributing the CSF between the
cranial and spinal subarachnoid spaces.

The CSF can be generated and eliminated in several ways: while
the relative contributions of these different mechanisms remain
unclear (Wagshul et al., 2011), there are multiple lines of evidence
indicating that the majority of the CSF surrounding the spinal cord
was produced in the brain and exited the skull at the foramen
magnum (Magnaes, 1989; Geregele et al., 2019). Recent work on
zebra fish embryos have shown that lateral deflection of the body, as
is produced by skeletal muscle during locomotion, results in
significant unidirectional flow of CSF (Olstad et al., 2019). With the
evolution of tetrapods, some of the axial musculature that originally
functioned in locomotion evolved into ventilatory systems (Boggs,
2002; Perry et al., 2010). Although only studied in mammals,
evidence suggests that these muscular ventilatory systems are the
primary agent of CSF propulsion around the spinal cord (Dreha-
Kulaczewski et al., 2015). The transition from axial deflection to
ventilation as the primary agent for the ‘bulk flow’ of CSF may be
associated with a fundamental change in the nature of the CSF flow.
While axial deflection is associated with unidirectional flow,
experimental analyses and biophysical modeling have shown that
the bulk flow of CSF in systems driven by ventilation is complexly
bi-directional with periodic vortices (Hentschel et al., 2010). The
myodural bridge evolved along with the transition in ventilatory
mechanics and CSF bulk flow patterns. It is worth noting that the
insertion of skeletal muscle onto the dura (the myodural bridge) is
always restricted to an area immediately adjacent to the foramen
magnum; there have been no reports of a mid-thoracic myodural
bridge (Zheng et al., 2017; Dou et al., 2019). The evolutionary
confluence of ventilatory CSF propulsion, increased complexity of
CSF bulk flow and the evolution of a myodural bridge all suggest
that the myodural bridge functions to promote the bulk flow of
CSF between the cranium and the spinal canal, presumably by
episodically disrupting the CSF circulatory patterns.

This hypothesized functional relationship between the myodural
bridge, ventilatory mechanics, and the bulk flow patterns of the CSF
suggests a variety of functional tests. Does the bulk flow pattern of
CSF change in amphibians that metamorphose from an early aquatic
gill-breathing stage that locomotes through lateral deflection, to a
later stage characterized by limbed locomotion and lung-based
ventilatory mechanics? In tetrapods that combine lateral undulation
with limbed locomotion, do the ventilatory mechanics have as great
an influence on CSF flow patterns as in forms with less lateral
undulation? Is the bulk flow pattern of CSF different among
secondarily apodal tetrapods, which have re-emphasized lateral
undulation, compared with that in closely related limbed taxa?
Zheng et al. (2017) proposed that the similar anatomical features
found in the myodural bridge indicated a shared functional role
related to CSF flow, which is a hypothesis supported by the current
study. Variations in the dural contact area, angle of skeletal muscle
contact and even the contents of epidural space would yield subtle
interspecific differences in the nature of the myodural bridge’s
influence on CSF flow. Far greater functional variation may be
uncovered through comparative analyses of the myodural bridge in
organisms representing different patterns of locomotor deflection
and ventilatory mechanics.
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