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ABSTRACT

Background: Dural compliance influences the shape and magnitude of the cerebrospinal fluid (CSF) pulsations.
In humans, cranial compliance is approximately 2x greater than spinal compliance; the differential has been
attributed to the associated vasculature. In alligators, the spinal cord is surrounded by a large venous sinus, which
suggests that the spinal compartment may have higher compliance than is found in mammals.

Methods: Pressure catheters were surgically implanted into the cranial and spinal subdural spaces of eight
subadult American alligators (Alligator mississippiensis). The CSF was propelled through the subdural space by
orthostatic gradients and rapid changes in linear acceleration.

Results: CSF pressure recordings taken from the cranial compartment were consistently, and significantly, larger
than those taken from the spinal compartment. After the myodural bridge of Alligator was surgically released, the
asymmetry in CSF pressure was decreased.

Conclusion: Unlike the situation in humans, the spinal compartment of Alligator has greater compliance than
the cranial compartment, presumably due to the presence of the large spinal venous sinus surrounding the dura.
The change in CSF pressures after myodural surgical release supports the hypothesis that the myodural bridge
functions, at least in part, to modulate dural compliance and the exchange of CSF between the cranial and spinal
compartments.
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INTRODUCTION

Recordings of resting, or anesthetized, human cerebrospinal fluid (CSF) pressures yield a
distinctive series of pulsations, driven by the cardiac and ventilatory cycles.”*” Previous
studies have shown that the amplitude and shape of the CSF pressure pulse are influenced by
compliance.” Compliance can be defined as the ratio of volume change to pressure change, or as
the inverse of stiffness.”?! Dural compliance can be experimentally manipulated using orthostatic
gradients or postural changes"? or by “opening” the skull.” The most common experimental
manipulation is an infusion study, during which set volumes of fluid are introduced into the
CSF compartment, changing the total pressure and CSF pressure pulsations.!'*! A natural
manipulation of this system occurs when humans stand erect; the collapse of the jugular drainage
changes the hemodynamics, compliance, and CSF pressure within the skull."¢]
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The compliance in the mammalian central nervous system
(CNS) is not constant. In the skull, the dura is fused to
the periosteum, effectively making much of the epidural
space a potential one,!'%*? but there is an extensive vascular
component including the dural sinuses. Along the spinal
cord, the dura is surrounded by a true epidural space
containing adipose tissue and vascular elements."!! Previous
studies have shown that the cranial compartment accounts
for roughly 70% of the total dural compliance in humans. 3!
The transition between the cranial and spinal dural systems
occurs at the level of the foramen magnum,® where the dura
frequently supports folds or low bulges that project into the
CSE'") This same general region of the spinal dura serves as
the insertion of skeletal muscle fibers, forming the myodural
bridge;®" previous workers have hypothesized that the
myodural bridge could modulate dural compliance.!

The present study was conducted on the American alligator
(Alligator mississippiensis). In the alligator, the spinal cord
extends throughout the trunk and the tail,'"! and there is no
terminal meningeal cistern as there is in humans [Figure 1a].
The dura of the alligator undergoes a transition at the
foramen magnum [Figure 1b], where the dura is contacted
by the well-developed myodural bridge in the alligator.*” The
cranial dura of Alligator is not fused to the periosteum;>*!!
the spinal dura of Alligator is not surrounded by adipose
tissue, but by a large venous sinus*? which fills the majority
of the vertebral canal [Figure 1c].

The purpose of this study was to examine how the
compliance of the dural complex of Alligator, particularly
the presence of the surrounding venous blood-filled
spinal sinus and the myodural bridge, influenced pressure
pulsations in the CSE Previous studies have explored the
functional “exchange” of CSF between the cranial and spinal
compartments.?*?”) The present study is based on a novel
simple way of inducing bi-directional CSF lability, which
was designed to propel the CSF between the cranial and
spinal compartments. Ultimately, the goal of the study was
to test whether differential compliance within the spinal and
cranial compartments of Alligator would lead to differential
directional lability of the CSE

MATERIALS AND METHODS

Live animals

Eight subadult (150-187 cm total length) A. mississippiensis
were obtained from the Louisiana Department of Wildlife
and Fisheries. The alligators were housed communally in a
29 m’ facility that featured three submerging ponds, natural
light, and artificial lights on a 12:12 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
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diet of previously frozen adult rats. The husbandry and use
of the live alligators followed all applicable federal guidelines
and were approved by the IACUC of A.T. Still University
(Protocol #226, approved March 2022).

Basic experimental preparation

When an individual animal was removed from the enclosure,
it was caught by noosing, and its jaws taped shut around a
bite pad using vinyl tape. The alligator was then placed on
a stiff board (244 x 28 x 3.8 c¢m 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) 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 connected to a custom anesthesia system
that included a ventilator pump (Harvard), Vaporstick
anesthesia machine (Surgivet), isoflurane vaporizer
(Surgivet), and Capnomac Ultima respiratory gas monitor
(Datex-Engstrom). The alligators were maintained on a
steady ventilatory pattern of 6-8 breaths/min (depending
on size) each with a tidal volume of 500 mL. Anesthesia
was accomplished using 5% isoflurane. The alligator’s
EKGs were recorded using two silver chloride surface cup
electrodes (019-477200, GRASS, Natus Medical, Pleasanton,
CA), coated with a layer of conducting gel (Signagel, Parker
Laboratories, Fairfield, NJ), and placed on the ventral surface
of the animal on either side of the heart. The electrodes were
connected to a P511 preamplifier (GRASS).

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
for direct exposure of the dura mater; a small incision in the
dura was used to inset a segment of polyethylene (PE) tubing
into the subarachnoid space. A laminectomy was performed
at the equivalent of the L2 level to expose the venous sinus
[Figure 1d]. A pressure catheter was inserted, and venous
blood pressure recorded. Then, a dorsal incision was made in
the venous sinus and a surgical portal to the dura constructed
using hemostatic powder (Surgicel, Ethicon). This approach
permitted the placing of a pressure catheter within the spinal
CSF without obstructing blood flow through the venous
sinus, or exposing the pressure catheter to the venous blood.

The pressure catheters were connected to P23AA fluid
pressure transducers (Statham), which were filled with
reptilian Ringer’s solution. The pressure transducers were
mounted to the board at a fixed site immediately adjacent
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Figure 1: Spinal anatomy of Alligator mississippiensis. (a) Schematic of the central nervous system (yellow)
and surrounding cerebrospinal fluid (CSF)-filled subdural space (blue); the spinal cord extends to the
tip of the tail. (b) Sagittal section through the foramen magnum (blue line) showing the spinal cord (s),
dura (d), and the surrounding spinal venous sinus (v). As the dura transitions from the cranial to spinal
configuration, it is contacted by the skeletal muscle fibers of the myodural bridge (m). The black line is
cited as the scale bar (c) Transverse section through the cervical spinal region showing the spinal venous
sinus (v) around the dura (d) and spinal cord (s). (d) Surgical approach illustrated on a 3-D reconstruction
of CT data from a 172 cm alligator. The small surgical opening in the skull (yellow arrow) was used to
record the cranial CSF pressure, while a laminectomy was performed (blue arrow) to allow for recordings
of spinal venous blood pressure and spinal CSF pressure. Scale bars in b and c are both 1 mm.

to, and level with, the surgical exposures, so that rotation of
the alligator did not produce a pressure head between the PE
tubing and the transducer. 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 catheter.
The pressure transducers were coupled to P122 preamplifiers
(GRASS). The cranial and spinal pressure catheters
were separated by a mean of 51.6 cm. This experimental
preparation resulted in stable baseline CSF pressure waves
that reflected a combination of ventilatory (at ~0.18 Hz) and
cardiac (at ~0.33 Hz) influences [Figure 2].

The CSF pressures, EKG, and ventilatory pattern (from the
exhalatory gas analyzer) were recorded simultaneously (at
4.0 kHz) using the MiDas data acquisition system (Xcitex).
The CSF pressure transducers were individually calibrated
following each experiment. The recorded signals were

quantified using the MiDas software, then exported for power
spectral analysis using SpectraPlus (Pioneer Hill Software).

Propelling the CSF

Once a stable surgical baseline had been established, two
different methods were used to generate experimental pulses
in the CSE After the implantation of the spinal venous or CSF
pressure catheter, the alligator was exposed to an orthostatic
gradient by rotating the preparation 30° head-up or head-
down. The axis of rotation was located approximately 3 cm
caudal to the spinal pressure catheter; in all preparations, the
cranial and spinal pressure catheters were on the same side of
the pivot point for rotation.

Following the orthostatic trials, the surgical board the
alligator was strapped to was placed onto a cart with casters
resting in a track. The transducers were anchored to the
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Figure 2: Simultaneous recordings of the ventilatory cycle
(top trace, purple), cardiac cycle (middle trace, green),
and cranial cerebrospinal fluid (CSF) pressure (bottom
trace, black) from Alligator mississippiensis. Note that
the CSF pressure contains pulsations linked to both the
cardiac and ventilatory cycles.

surgical board, so their position relative to the alligator
or the pressure catheter did not change. The pressure
catheter itself was buttressed between the surgical incision
and the transducer so that it was not impinged on, but
all displacement was prevented. The cart supporting the
anesthetized alligator was then quickly accelerated forward
or backward over a distance of approximately 30 cm, then
abruptly stopped. The acceleration and stopping was
performed manually, this, combined with occasional contact
between the casters and the track, meant that the push-pull
curves were not always perfectly smooth [Figure 3]. Four
accelerations were performed in both directions; with a
minimum baseline period of 10 s between each acceleration.
For each push/pull trial, the differential in CSF pressure
between the baseline and the peak in the first direction of
pressure change was quantified (hereafter termed “peak”
pressure), this pressure corresponded to the initial period
of acceleration. This peak pressure was always followed by
a rapid shift in pressure (of sufficient magnitude to change
the sign of the pressure); the difference between these
two pressure peaks is herein termed the “total pressure”
[Figure 3].

The displacements of the alligator were recorded using digital
video cameras (Action Camera, YI Technology). The visual
records were imported into Kinovea (kinovea.org), the
instantaneous velocities were determined and combined with
the mass of the alligator to yield momentum.
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Figure 3: Cranial cerebrospinal fluid (CSF) pressure from three
consecutive “push-pull” trials. The push trials result in an initial
decrease in cranial CSF pressure, followed by a larger pressure increase;
the pull trials result in an initial increase in cranial CSF pressure
followed by a larger pressure decrease. For all the trials, the amplitude
of the initial spike was defined as “peak pressure” while the amplitude
of the following (larger) spike was defined as “total pressure””

Myodural release

After a full set of data were collected, a surgical myodural
release was performed. The goal of this release was to disrupt
all the tendinous attachments to the dura on both the rostral
and caudal sides of the atlas, without disrupting the structural
integrity of the spinal dura itself. An additional round of push/
pull trials was performed following the myodural release.

RESULTS
Orthostatic gradients

The orthostatic gradients produced consistent results, in
part, because there was no evidence of a compensatory
mechanism. Three key results [Figure 4] were obtained
from the orthostatic trials: (1) the spinal and cranial CSF
pressures always shifted in opposite directions; (2) the head-
up and head-down rotations resulted in similar magnitudes
of change in spinal venous blood and spinal CSF pressure;
and (3) the magnitude of change in cranial CSF pressure
produced by head-down rotation was roughly 150% that
resulting from head-up rotation [Figure 4]. Multivariate
analysis of variance (MANOVA) of the cranial pressures
during the orthostatic trials found significant (F = 10.91,
P =0.0004) differences among the pressures; Tukey’s post hoc
analyses revealed that the differences were between head-
down and head-up postures, and between the cranial CSF
and the other pressures.

If the pressure heads [Figure 4] generated by the tilting
experiments are geometrically resolved, the values for the
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Figure 4: Results from the orthostatic trials.
(a) Composite raw data traces recorded from the
same 158 cm Alligator mississippiensis. The spinal
cerebrospinal fluid (CSF) pressure (red line) and venous
blood pressure (blue line) exhibit a response similar in
magnitude and direction; while the cranial CSF pressure
(black line) responds in the opposite direction. The
cranial CSF pressure is asymmetric showing a greater
response to head-down rotations than to head-up
rotations. (b) Graph of the orthostatic results; the height
of the bars is the pooled mean for all of the trials, while
the error bar represents one standard deviation. The
spinal CSF pressure (red) and spinal venous pressure
(blue) values were not significantly different; the cranial
CSF pressures (black) were significantly different even
after rectification.

spinal CSF pressures and the head-up cranial CSF pressure
converge on a point corresponding to the heart’s location in
the trunk of the alligator [Figure 5]. By contrast, the pressure
head associated with the cranial CSF head-down trials
resolves to a point closer to the actual axis of rotation.

Push/pull experiments

When the cart was accelerated forward (pushed) the CSF
pressure increased in the spinal region while decreasing in
the cranial region; stopping the cart resulted in a negative
spike in spinal CSF pressure and a positive spike in cranial
CSF pressure [Figure 6a]. The pattern was exactly opposite
when the cart and alligator were accelerated backward, or
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Figure 5: Sagittal DICOM slice through a 172 cm alligator. The
mean pressure changes observed during the orthostatic trials were
used to calculate the hydrostatic indifference point for Alligator; the
point resolves to near the caudal margin of the heart.
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Figure 6: Raw data traces from two consecutive
push-pull trials. Note that whether the alligator is
pulled (a) or pushed (b) the cranial cerebrospinal
fluid (CSF) pressure (black line) and spinal CSF
pressure (red line) respond in opposite directions.
The amplitude of the cranial CSF pressure changes
(both peak and total) was significantly greater than
those from the spinal CSF pressure.

pulled, [Figure 6b and Table 1]. The pressure traces shown in
Figure 6 (which are successive trials from the same alligator)
illustrate three consistent findings: (1) the pressure changes
in the cranial and spinal regions were not identical; (2) within
both regions, the relationship between the peak and total
pressures was not constant; and (3) the cranial pressure
traces revealed pulsations after the “total pressure” spike
(herein termed “secondary pulses”) of greater amplitude and
number than the secondary pulses recorded from the spinal
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CSE. When the peak to total pressure changes are plotted for
both regions (cranial and spinal), and both the push and pull
data sets [Figure 7], the asymmetry is clear.

MANOVA of the rectified peak pressures [Table 1] yielded
significant differences (F = 23.66; P = 1.944 x 10™'*). Post hoc
Tukeys analysis found that the two cranial pressures
were of the same magnitude, but the spinal pressures
were significantly smaller and different from each other.
MANOVA of the rectified total pressures [Table 1] also found
significant differences among the four data sets (F = 31.22;
P =5.196 x 107"). Post hoc Tukey’s analysis found that the
two cranial pressures were of the same magnitude, but the
spinal pressures were significantly smaller and different from
each other.

Table 1: The push/pull trials were pooled across 6 alligators to get
the following CSF pressure values.

Push Pull
Cranial
Peak -7.19,2.04 9.02, 1.63
Total 13.69, 2.67 —-14.56,1.91
Spinal
Peak 5.07,1.28 —6.44, 1.59
Total -7.90, 2.89 11.01,2.92

CSF: Cerebrospinal fluid. The pressures are expressed in mm Hg, and
presented as mean, standard deviation.
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Figure 7: Relation of peak cerebrospinal fluid (CSF) pressure
(X-axis) to total CSF pressure (Y-axis) from pooled trials. Data
groups are presented as follows: cranial pulls (solid black circles,
solid line); cranial push (open black circles, dashed line); spinal
pulls (solid red squares, solid line); and spinal push (open red
squares, dotted line). As expected, the direction of change in
CSF pressure is always opposite in the cranial and spinal regions,
opposite in the different directions of displacement, and opposite
between peak and total. The cranial CSF pressures recorded during
pulls have a different relationship between peak and total pressure
than the other three data sets.
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The peak instantaneous velocity determined from the video
analysis of the push/pull trials was multiplied by the mass of
each animal to get momentum (in Newton-seconds, Ns). The
pull trials had a pooled mean momentum of 22 Ns (standard
deviation, s.d. = 6.2) while the push trials had a pooled mean
0f 18.97 Ns (s.d. = 6.4). A t-test revealed that the momentums
present during the two trials were not significantly different
(t=1.68, P = 0.099).

When the peak [Figure 8a] or total [Figure 8b] CSF
pressures are plotted against momentum, the cranial
CSF pressures are greater than the spinal CSF pressures
(regardless of direction of displacement), and the cranial
pressures have a greater regression against momentum
than the spinal pressures [Figure 8]. The influence of the
momentum was reduced/removed by zeroing the slopes
of the regression lines. When the momentum-adjusted
peak CSF pressures from the cranial site are plotted against
those recorded from the spinal region [Figure 8c], for any
given cranial CSF peak pressure, the corresponding spinal
CSF peak pressure was significantly greater during the
rearward (pull) displacements than during the forward
(push) displacements (t = 9.122, P < 0.00001). Similarly,
if the momentum-adjusted data are plotted with total
CSF pressure during rearward displacement, against total
CSF pressure during forward displacement [Figure 8d],
the cranial pressures were significantly greater (¢ = 4.084,
P =0.00018).

Secondary pulses

Secondary pulses in the CSF were observed following
all of the experimental manipulations [Figures 6 and 9].
The amplitude of these secondary pulses in the spinal CSF
(mean = 1.2 mm Hg, s.d. = 0.37) was not significantly
different (t=1.67, P=0.114) from the amplitude in the cranial
CSF (mean = 1.4 mm Hg, s.d. = 0.68). The fundamental
frequencies of the cranial (mean = 7.04 Hz, s.d. = 2.58) and
spinal (mean = 7.1 Hz, s.d. = 1.1) secondary pulses were not
significantly different (t = 0.1366, P = 0.8921).

Myodural release

The myodural release had no significant influence on the
peak pressures, nor any of the pressures produced by pulling
the alligator backward [Table 2]. The myodural release
did result in a significant increase in total CSF pressure
recorded at both the spinal (¢ = 2.29, P = 0.032) and cranial
(t = 2.31, P = 0.043) sites during the “pull” trials [Table 2].
Secondary pulses recorded after the surgical myodural
release [Figures 8 and 9] had significantly lower amplitudes
(F = 18.82, P < 0.00001) and fundamental frequencies
(F = 20.99, P < 0.0000023) than either the cranial or spinal
pre-release secondary pulses.
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Figure 8: Dynamic asymmetry in the push-pull data. The relationship between momentum and peak
(a) and total (b) cerebrospinal fluid (CSF) pressure. Data groups are presented as follows: cranial pulls
(solid black squares, solid line); cranial push (open black squares, dotted line); spinal pulls (solid red
circles, solid line); and spinal push (open red circle, dashed line). As expected, the direction of change
in CSF pressure is always opposite in the cranial and spinal regions, and opposite in the different
directions of displacement. Note that the cranial values are larger than the spinal values, and that the
regression lines for the cranial data have larger slopes than do those for the spinal data. (c) Relation
of peak CSF pressure measured in the skull (X-axis) to peak CSF pressure measured along the spinal
cord (Y-axis). These data have been adjusted to eliminate the variation attributable to momentum.
Rearward displacement (pull) is indicated by solid brown markers, forward displacement (push) is
indicated by open light blue markers. Note that pulling the animal produced greater CSF pressures,
particularly in the spinal region. (d) Relation of total CSF pressure measured during rearward
displacement (X-axis) to total CSF pressure measured during forward displacement (Y-axis). These
data have been adjusted to eliminate the variation attributable to momentum. Cranial data are black
circles, spinal data are red squares. Note that the cranial CSF pressures are generally greater than those

measured from the spinal cord, though both data sets have a similar regression relationship.

DISCUSSION

Dueto therelatively closed nature of the CSF and venous systems,
and the integrity of the vertebrate heart, orthostatic gradients
in vertebrates resolve around the hydrostatic indifference point
of the body, not the axis of rotation."¥ In humans,* other
mammals’® and in the present study [Figure 5], the hydrostatic
indifference point lies close to the heart. In vertical humans,
the concept of a hydrostatic indifferent point is contentious
since the collapse of the jugular vein alters the physics of the
system.*" In the present study, the head-up tilts were pressure
balanced; the blood pressure in the spinal venous sinus rose
slightly above the CSF pressure effectively compensating for the
loss of cranial CSF pressure [Figure 4]. Similar compensatory
offsets between CSF and venous pressure form the functional

coupling between ventilatory intrathoracic pressures and CSF
motility in humans.®

If a compensatory system is functioning during the head-
down rotations, it is not as effective. While the spinal pressure
and spinal venous blood pressure changes are symmetrical,
the increase in cranial CSF pressure observed during head-
down rotation is significantly greater than the decrease in
pressure with head-up rotation [Figure 4]. The net increase
in cranial pressure causes papillary edema, increase in
the optic nerve diameter, and a significant increase in the
diameter of the jugular vein.?*?"! Presumably, the differential
increase in cranial pressure reflects a pooling of venous (and
possibly arterial?) blood, but that pooling does not result in a
differential loss of venous pressure at the spinal sinus.

Surgical Neurology International « 2023 « 14(187) | 7
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Figure 9: Secondary pulses associated with the push-pull trials. (a) Representative data trace showing
the cranial (black line) and spinal (red line) pressure pulses recorded immediately after the total
pressure curve. The curves were rectified to facilitate viewing, but are otherwise raw data. Note the
close temporal and amplitude patterns of the spinal and cranial secondary cerebrospinal fluid (CSF)
pulses. (b) Representative data trace showing the cranial (black line) and spinal (red line) pressure
pulses recorded immediately after the total pressure curve. The curves were rectified to facilitate
viewing, but are otherwise raw data. These data traces were recorded after the surgical myodural
release. Note that after release, the spinal CSF secondary pulses have a significantly lower amplitude
and a lower fundamental frequency. (c) Power spectral analysis of the secondary pulses. The spinal
and cranial CSF secondary pulses recorded before myodural release (thin lines) are not significantly
different and have mean fundamental frequencies near 7 Hz; the spinal CSF secondary pulses (thick
lines) recorded after myodural release has significantly lower fundamental frequencies (near 3 Hz).

The push/pull experiments were designed to create an
impulse acting on the CSE The preparation was first
accelerated in one direction; the inertia of the CSF caused
it to accumulate opposite the direction of the acceleration
(causing differential “peak” readings at the two CSF pressure
sensors). When the preparation was then rapidly stopped, the
resulting impulse caused the CSF to flow opposite the initial
movement (causing a reversal in both CSF pressure sensors,
the “total” values, which were always greater than the initial
peak pressures). Inertial shifts in the CNS are a well-known
source of neural trauma.?®*! Inertial shifts in the CSF of
humans have been shown in conjunction with rotation of the
head;" and recent work has shown a link between natural
body movements and CSF pressure dynamics.[ "]

The push/pull trials consistently yielded asymmetric
results; the pressure change in the cranial compartment was
significantly greater than the pressure change in the spinal
compartment [Table 1]. This differential cannot be explained

Surgical Neurology International « 2023 « 14(187) | 8

by differential momentum. The significant difference between
cranial and spinal pressures is present whether the data are
examined with respect to momentum [Figure 8a and b] or
independent of momentum [Figure 8c and d]. Trials in
which the preparation was initially accelerated backward
(or “pulled”) produced significantly greater changes in CSF
pressure, even though the momenta generated were not
significantly different than those used during the “push”
trials [Figure 8c].

Both the orthostatic gradient and push/pull experiments
yielded asymmetric results in which cranial CSF pressures
and/or cranial CSF pressure changes were significantly
greater than spinal CSF pressures. We hypothesize that the
dynamic asymmetry results from differential compliance.
Previous experimental studies in humans have used the
introduction of extra fluids (infusion studies) or surgical
openings in the system to manipulate the compliance of the
dura.®! Using these, and other techniques, workers have
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Table 2: Pooled mean values for CSF pressure (in mm Hg)
recorded immediately before, then immediately following,
myodural release surgery.

Pre myodural release

Cranial Spinal
Peak Total Peak Total
Pull 9.1 —-15.88 -6.51 13.09
Push -7.83 12.81 6.76 -9.16
Post myodural release
Cranial Spinal
Peak Total Peak Total
Pull 9.64 -16.03 -7.35 13.52
Push -7.08 14.96 6.76 -12.39

CSE: Cerebrospinal fluid. Pressures that changed significantly are
indicated in bold type

shown that the cranial compliance is roughly 2x the spinal
compliance in humans. Qur results suggest a very different
balance of compliance in Alligator; assuming equal volumes
of CSF were displaced during the push/pull trials (there was
no significant difference in momentum between the two
directions), the pressures shown in Table 1 suggest that of
the total compliance, the spinal compartment contributes
58% and the cranial compartment 42%. The balance of
compliance in Alligator is nearly opposite what is seen in
humans and other mammals. Presumably, this reflects the
large venous sinus located around the spinal dura; as has
been previously noted, it is the vasculature that ultimately
determines most of the compliance, the large spinal venous
sinus leads to a large spinal compliance.

The relationship between spinal and cranial dural compliance
in Alligator is likely more variable than it is in humans, due
to the presence of the large spinal venous sinus in Alligator
[Figure 1c]. If Alligator can actively control blood pressure
within the spinal venous sinus, it could actively modulate
the spinal dural compliance and, potentially, the dynamics
of the CSF between the cranial and spinal compartments.
Since these experiments were performed under isoflurane
anesthesia, any active venous regulation would have been
eliminated. The pressure recordings taken from the spinal
venous sinus clearly indicate that the venous pressure
is dynamic and functionally tied to spinal CSF pressure
[Figure 4]. Bruner® described an unusual sphincter in the
venous drainage of the crocodilian skull; this sphincter, the
presence of which has never been confirmed, would produce
a simple mechanism for the regulation of spinal venous
pressure.

There are (at least) three important limitations to this
study. This study examined only CSF pressure, not CSF
flow. Herein, it is assumed that the cranial and spinal CSF

was equally influenced by the orthostatic gradients and
push/pull trials. It takes some 3500 mm Hg of pressure to
induce cavitation in CSF;"® the external forces applied to the
anesthetized alligators during the push/pull trials were not
sufficient to render the CSF into discrete cranial and spinal
volumes. The second limitation is that the present study did
not document direct exchange (absorption or secretion)
between the CSF and the vascular system. Such exchange
is well-known from infusion studies.’®! The orthostatic
gradients were maintained for 30 s during which there was
no evidence of shifting CSF pressure levels [Figure 4], and
the push/pull manipulations had a short enough time span
[typical <0.5 s, Figure 6] that vascular “compensation” was
likely minimal. The third limitation was the use of a single
spinal recording site. The spinal CSF pressure was recorded
from a point roughly mid-way along the length of the spinal
cord of Alligator [Figure 1]. The pressure waves recorded
at this point do not appear to have been attenuated by the
more rostral portions of the spinal cord (as was described in
humans®), but without cervical spinal pressure recordings
we could not assess that empirically.

Regardless of which experimental means was used to
produce the pulses of CSF pressure, the pulses were
consistently followed by “secondary pulses” These secondary
pulses were of much lower amplitude [Figures 6 and 9] than
the experimental pressure pulses. The secondary pulses had
a mean fundamental frequency of 7 Hz, which is higher than
the cardiac or ventilatory CSF pulsation frequencies (0.33 and
0.18 Hz, respectively). Herein, the secondary pulsations
are interpreted as “harmonic” pulsations produced by the
experimental pressure pulse propagating along the length
of the alligator’s CNS. In this interpretation, the primary
influence on the physical properties of these harmonic pulses
would be the physical properties of the CNS (i.e., length of
the subdural space), these were constant regardless of the
different methods used to generate the experimental pulses.
The amplitude of these harmonic pulses is low enough that
the differential dural compliance is unlikely to have had a
significant impact; these pulses are the only ones analyzed in
the present study that did not show a significant difference
between cranial and spinal pressures. Similar harmonics have
been described from studies of CSF pressure in humans!'**!
and have been used to assess compliance of neural tissue.*

The myodural bridge of Alligator is well-developed, and
contraction of the myodural bridge changes the CSF
pressure.””! There continues to be debate regarding the
functional role and significance of the myodural bridge;!'**!
two common hypotheses are that the myodural bridge
functions to alter CSF pressure, or that it adjusts/regulates
the dura."™ The results of the present study support both
these hypotheses; more specifically, our data suggest that the
myodural bridge of Alligator is functioning to regulate the
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transition in dural compliance at the foramen magnum and
that, by doing so, it plays a role in influencing the dynamics of
CSF exchange between the cranial and spinal compartments.
In these experiments, surgical disruption of the myodural
bridge increased the bulk flow of CSF out of the spinal
compartment (presumably by dilating the rostral portion
of the spinal dura) and increased the propagation time of
the secondary pulsations (presumably by creating localized
turbulence at the foramen magnum). A recent contribution®!
examined how pathological conditions within the myodural
bridge could alter compliance of structures around the
foramen magnum in mice. Our conclusion is similar, but
we would argue that the relationship between the myodural
bridge, dural compliance, and CSF pressure is a regular part
of the CSF dynamics influencing the flow and pressure of the
CSF in both the healthy and pathological states.

CONCLUSION

External forces, applied as gravitational gradients or linear
accelerations, resulted in differential pressure changes in
the cranial and spinal (CSF). Herein the induced differential
changes in CSF pressure are interpreted as reflecting
differential compliance within the cranial and spinal
compartments. The results suggest that in Alligator, the
spinal compartment has higher dural compliance than the
cranial compartment (which is opposite the situation found
in humans); the spinal dural compliance of Alligator is likely
determined by the presence of a large spinal venous sinus.
Differential blood pressure within the spinal sinus, like
differential activation of the myodural bridge, has the potential
to modulate the compliance of the spinal compartment and
influence CSF exchange between the brain and spinal cord.
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