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Abstract
The cranial meninges of reptiles differ from the more widely studied mammalian pattern in that the intraventricular and 
subarachnoid spaces are, at least partially, isolated. This study was undertaken to investigate the bulk flow of cerebrospinal 
fluid, and the resulting changes in intracranial pressure, in a common reptilian species. Intracranial pressure was measured 
using ocular ultrasonography and by surgically implanting pressure cannulae into the cranial subarachnoid space. The system 
was then challenged by: rotating the animal to create orthostatic gradients, perturbation of the vascular system, administra-
tion of epinephrine, and cephalic cutaneous heating. Pressure changes determined from the implanted catheters and through 
quantification of the optic nerve sheath were highly correlated and showed a significant linear relationship with orthostatic 
gradients. The catheter pressure responses were phasic, with an initial rapid response followed by a much slower response; 
each phase accounted for roughly half of the total pressure change. No significant relationship was found between intrac-
ranial pressure and either heart rate or blood flow. The focal application of heat and the administration of epinephrine both 
increased intracranial pressure, the latter influence being particularly pronounced.

Keywords  Optic nerve sheath · Barostatic reflex · Ocular ultrasonography · Cerebrospinal fluid · Reptile

Abbreviations
CSF	� Cerebrospinal fluid
EKG	� Electrocardiogram
ICP	� Intracranial pressure

Introduction

In humans, elevated intracranial pressure (ICP) is an impor-
tant cause of secondary brain injury or even death (Jaganna-
than et al. 2008; Ferguson et al. 2016). The most reliable and 
accurate way of assessing ICP is by surgically implanting a 

catheter (typically intraventricularly) connected to a pres-
sure transducer (Carney et al. 2017). The invasive nature 
of this procedure, coupled with the potential for hemor-
rhage and infection, has motivated workers to find indirect 
means of assessing ICP. The optic nerve is surrounded by 
a layer of connective tissue (the optic nerve sheath) that is 
continuous with the dura mater of the brain. There is cer-
ebrospinal fluid (CSF) within the optic nerve sheath that is 
continuous with the CSF in the subarachnoid space (Killer 
et al. 2003). Increases in ICP lead to linear increases in fluid 
pressure within the optic nerve sheath and, ultimately, the 
distension of the sheath (Liu and Kahn 1993; Hansen and 
Helmke 1996). Quantifying the diameter of the optic nerve 
sheath using ocular ultrasonography produces values that 
are strongly correlated with catheter-measured ICP (Rajajee 
et al. 2011; Strumwasser et al. 2011; Fernando et al. 2019).

Ocular ultrasonography is widely used in clinical set-
tings to assess ICP in humans (Komut et al. 2016; Raffiz and 
Abdullah 2017), and has been used in this capacity with other 
mammals (Cooley et al. 2015; Yang et al. 2017; Smith et al. 
2018). Applying this technique to other vertebrates may be 
challenging given the differences in the meninges and CSF 
circulatory dynamics. The study of the reptilian meninges has 
produced an abundance of contradictory results and conflicting 
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nomenclature. Earlier workers (Ariens Kappers 1926) gen-
erally argued for the lack of an arachnoid in reptiles. Con-
temporaneous works approaching the subject from the per-
spectives of embryology (Stark 1969) or histology (Zajicova 
1975) produced contradictory findings. Herein, we will fol-
low (Zajicova 1975) in recognizing a reptilian arachnoid that 
is isolated from the pia by a fluid-filled subarachnoid space. 
Reptiles have a well-developed ventricular system that is pro-
portionately larger than the mammalian system, and includes 
proportionately larger choroid plexi (Cserr and Bundgaard 
1984). In Alligator and other reptiles, there are no large con-
tinuities or portals between the ventricular system and the 
subarachnoid space; indeed, several workers have argued that 
the subarachnoid fluid surrounding the brain was distinct from 
the CSF located within the ventricles (Ariens Kappers et al. 
1960). Tracer studies have shown that these two fluids intermix 
(Heisey 1970), presumably through small pores in the roof 
of the 4th ventricle (Jones 1978). Given the unusual nature 
of the arachnoid in Alligator, it remains unclear how CSF is 
“recycled” into the bloodstream in these reptiles.

The relative isolation of the ventricular CSF from the 
subarachnoid CSF in Alligator suggests that these animals 
may respond differently, at least temporally, to alterations 
of ICP. This study was designed to test the hypothesis that 
while both ICP and optic nerve sheath diameter would 
change in response to orthostatic gradients, the two would 
exhibit different temporal patterns of change. The (report-
edly avascular) arachnoid morphology of reptiles has been 
interpreted as a barrier, rather than exchange, specializa-
tion (Zajicova 1975), suggesting that the dynamics between 
the CSF and the blood may be different in reptiles. Under-
standing the dynamics between ICP, CSF movement, and 
the venous system is further complicated by the presence 
of multiple venous shunts in the head of Alligator which 
likely serve an active thermoregulatory function (Porter 
et al. 2016). A recent study demonstrated that orthostatic 
gradients do not trigger a baroreflex in A. mississippiensis; 
instead, these gradients lead to marked swings in cephalic 
blood pressure (Knoche et al. 2019). We hypothesize that in 
Alligator, contrary to most vertebrates, there is little short-
term relationship between blood flow and ICP; we explored 
this hypothesis by measuring ICP (directly and indirectly), 
while altering blood flow patterns through changes in pos-
ture, heart rate, vascular occlusion, the application of heat, 
and the administration of epinephrine.

Materials and methods

Live animals

Five live sub-adult (165–183  cm total length, mass 
9.7–17.5 kg) American alligators (Alligator mississippiensis) 

were obtained from the Louisiana Department of Wildlife 
and Fisheries. The animals were housed communally in a 
29 m2 facility that featured three submerging ponds, natural 
light, and artificial lights on a 12:12 cycle. The facility was 
maintained at 30–33 °C, and 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. When the individual 
animals were removed from the enclosure, they were caught 
by noosing, their jaws taped shut using vinyl tape, and their 
fore limbs and hind limbs taped in a retracted position.

Gravitational gradients

Each individual, un-anesthetized and bound as described 
above, was placed on a stiff board (244 × 28 × 3.8 cm thick), 
which exceeded the maximum width and length of the alli-
gators 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. The board was 
anchored to a rotating spindle machined to have, in addition 
to a stable horizontal stop, fixed “stops” at 15°, 30°, and 45° 
above and below the horizon.

Non‑invasive trials

Individual alligators were placed on the rotating board, but 
were not exposed to any anesthesia or chemical agent. The 
animals were subjected to either 90 or 240 s rotation trials, 
with the direction and magnitude of the rotation determined 
by die roll. During the rotations, the alligator’s electrocar-
diograms (EKGs) were recorded using two silver chloride 
surface cup electrodes (019-477200, GRASS, Natus Medi-
cal, 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 preamplifier (P511, 
GRASS) and the EKG signal recorded (at 1.0 kHz) using 
a MiDAS (Xcitex Inc., Woburn, MA) data acquisition sys-
tem. Simultaneously, ocular ultrasonography was performed 
using a portable ultrasound machine (Shenzhen Mindray-
M7, Bio-medical Electronics Co.). The optic nerve was 
imaged using a linear array probe (L12-4s; Shenzhen Min-
dray Bio-Medical Electronics Co.) placed directly against 
the cornea or eyelid using ultrasound gel. The ultrasound 
images were imported into ImageJ (NIH) and the diameter 
of the optic nerve quantified. The optic nerve was measured 
in a region centered 4 mm proximal to the retina (following 
Hansen et al. 1994).

A 0.75 mm probe was inserted into the alligator’s external 
nares and then connected to a TC-1000 thermometer (CWE, 
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Inc.), which was, in turn, connected to the MiDAS data-
acquisition system. An electric heating pad was placed on 
the dorsum of the alligator’s snout, cranial to the orbit, but 
caudal to the probe and the external nares. At the end of the 
non-invasive trials, epinephrine (at 0.1 mg/kg) was admin-
istered into the triceps of each alligator (following Gatson 
et al. 2017), while the effect on ICP was determined with 
ocular ultrasonography.

Invasive trials

Following a minimum of a 2-week recovery period, each 
alligator was noosed and induced to bite a soft bite pad, 
which (when taped in place) enabled safe intubation. A 
cuffed tracheal tube was connected to a custom anesthe-
sia system that included a ventilator pump (Harvard), 
Vaporstick anesthesia machine (Surgivet), isoflurane vapor-
izer (Surgivet), and Capnomac Ultima respiratory gas moni-
tor (Datex-Engstrom). 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; this 
ventilatory rate matches what has been reported from non-
anesthetized alligators (e.g., Claessens 2009; Brocklehurst 
et al. 2017), and tracking CO2 in the exhaled gas allowed 
for adjustments to prevent hypocapnia. Anesthetic induction 
was accomplished using 5% isoflurane, once a surgical plane 
of anesthesia was established the animal was maintained on 
1.5–3% isoflurane depending on the responses of the indi-
vidual alligator.

Once a surgical plane of anesthesia was established, 
analgesic (Meloxicam at 0.2 mg/kg) and antibiotic (Ami-
kacin at 5 mg/kg) were administered IM into the triceps. 
The animal was positioned supine, and a surgical incision 
made along the ventral midline of the caudal lower jaw and 
throat. Through this incision, the common carotid artery 
(distal to the branching from the single primary carotid in 
Alligator) and jugular vein were surgically isolated on the 
animal’s right side. The animals were returned to a prone 
position, and then, EKG and ocular ultrasound data recorded 
(as detailed above) with and without vascular clamps occlud-
ing the exposed vessels; the ocular ultrasonography was per-
formed ipsilateral to the occluded vessels. To minimize risk 
to the subject, rotations were restricted to 15°, while the 
vessels were occluded; EKG and ocular ultrasonography 
were performed during the rotations. Following a series of 
rotations, and data collection, the incision was closed with 
suture and cyanoacrylate surgical adhesive.

A stainless steel surgical burr was used to bore through 
the dorsum of the alligator’s skull. Using published 3-D 
reconstructions (Witmer and Ridgely 2008) and preserved 
material as guides, an approximately 4 mm-diameter por-
tal through the sagittal midline of the skull was bored 
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 PE tubing into the subarachnoid 
space. The PE tubing was connected to a P23BB fluid 
pressure transducer (Gould), both of which were filled 
with reptilian Ringer’s solution. The pressure transducer 
was mounted to the rotating board at a fixed site imme-
diately adjacent to the alligator’s head, 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 evi-
dent by the (pressure-driven) movement of the yellow-
ish CSF along a distance of the PE tubing. The pressure 
transducer was coupled to a P122 preamplifier (GRASS) 
and then to the data-acquisition system (MiDAS, Xci-
tex). Signals from the pressure transducer were recorded 
simultaneously with EKG and ocular ultrasonography (as 
described above).

Upon the completion of this data collection, the PE tub-
ing was removed from the subarachnoid space. The incision 
in the dura was sealed with cyanoacrylate adhesive, and 
then, the opening in the skull filled with epoxy cement. As 
the alligator was recovering from anesthesia 0.1 mg/kg of 
epinephrine was injected into the triceps, additional ocular 
ultrasonography performed. All of the alligators recovered 
completely from the procedures.

Morphology

The eye and associated contents of the orbit were excised 
from the head of a previously preserved 1.8 m (total length) 
specimen of Alligator mississippiensis. The excised tissue 
was dehydrated through an ethanol series, embedded in 
Paraplast, and then frontal sections cut at 10 μm. Mounted 
sections were stained with hematoxylin and eosin, and then 
digitally photographed using a DM 4000B microscope 
(Leica Microsystems, Inc.).

Results

In frontal sections (Fig. 1a) and corneal sonographic images 
(Fig. 1b), the long axis of the optic nerve can be followed 
through the orbit. The nerve was surrounded by a promi-
nent optic nerve sheath composed of type 1 collagen with 
a scalloped appearance in section; histological assay found 
no evidence of elastin within the sheath. The sheath and 
nerve were separated by a fluid-filled space that was continu-
ous with the cranial subarachnoid space. The optic nerve 
sheath attached to the external surface of the sclera (which 
is largely cartilaginous in Alligator), flaring out over the 
medial surface of the eye. The optic nerve, and nerve sheath, 
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passes through loose connective tissue, as they course away 
from the eye; the adjacent tissues do not suggest a structural 
limit on optic nerve sheath dilation (Fig. 1).

Gravitational gradients and intracranial pressure

The five Alligator mississippiensis had a mean intrac-
ranial pressure (ICP) of 4.2 mm Hg (s.d. = 0.04) and a 
mean optic nerve sheath diameter of 3.4 mm. The stand-
ard deviation of the resting optic nerve sheath diameter 
(0.35) was relatively large, reflecting the variation in nerve 
sheath diameter noted over time in every individual. The 
ICP recorded through the surgically implanted catheter 
frequently contained regular pulsations, which tracked the 
movements of the alligator (Fig. 2) driven by mechanical 
ventilation. These “ventilatory” pulsations increased the 
ICP by approximately 1.5 mm Hg.

When the alligator was rotated through discrete stages, 
there were clear transitions in ICP (Fig. 3a). During the 
same rotations, ocular ultrasonography demonstrated 
distinct changes in the size of the optic nerve sheath 
(Fig. 3b,c). When the quantitative changes in ICP and 
optic nerve sheath diameter during rotations were com-
pared (Fig. 4), there was no significant difference in the 
slopes of the two lines (Z = 1.074, ρ = 0.28) and the two 
data sets had a correlation coefficient (r) of 0.978.

Rotating the alligator 15° created a mean change in ICP 
of 8.3 mm Hg (s.d. = 2.6), there was no significant dif-
ference (t = 0.94, ρ = 0.187) in the magnitude of pressure 
change between head-up (mean = 9.1 mm Hg, s.d. = 2.2) 
and head-down (mean = 7.6 mm Hg, s.d. = 2.5) rotations. 
There was a consistent pattern to the change in ICP dur-
ing the 15° rotations (Fig. 5a). There was an initial rapid 
change in pressure (denoted by α in Fig. 5a) followed 
by a longer and more gradual change in ICP; curve fit-
ting demonstrated that the longer gradual change could 
be consistently divided into two sections of nearly equal 
length (β and γ in Fig. 5a). There was no significant dif-
ference (t = − 0.04671, ρ = 0.482) in the duration of the 
initial rapid change in ICP (mean durations of 5.26 and 
5.29 s for head-down and head-up rotations, respectively). 
During both head-down and head-up rotations, the initial 
rapid change in ICP accounted for approximately 40% of 
the total pressure change (mean % of 37 for head-down and 

Fig. 1   Morphology of the optic nerve and nerve sheath in Alliga-
tor mississippiensis. a Frontal section through the optic nerve (N), 
nerve sheath (S), and sclera of the eye (E). The space between the 
nerve and nerve sheath (asterisk) is continuous with the subarachnoid 
space; expansion of this space is possible, in part, due to the loose 
connective tissue around the nerve sheath. b Ocular ultrasonogram 
illustrating the same level, and basic anatomy, indicated in a. The 
nerve sheath flares out as it integrates with the connective tissue on 
the medial surface of the eye. The distal expansion of the optic nerve 
sheath was particularly evident during head-down rotation. Scale bars 
in both images are 5 mm

Fig. 2   Simultaneously recorded raw data traces of intracranial pres-
sure (blue trace recorded from an implanted catheter and pressure 
transducer) and exhalatory CO2 levels (yellow trace recorded from a 
gas analyzer). The steady pattern of the ventilator-driven tidal airflow 
is evident in the CO2 traces and the same pattern is evident in the 
intracranial pressure trace
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43 for head-up), with no significant difference between the 
directions of rotation (t = − 1.861, ρ = 0.50).

The second phase of pressure change (β in Fig.  5a) 
accounted for 52% of total pressure change during both 
directions of rotation. There were significant differ-
ences among the phases (ANOVA for head-up F = 63.93, 
ρ < 0.001; head-down F = 90.86, ρ < 0.001) but in both 
cases, Tukey’s post hoc analysis did not find significant dif-
ference between the amount of pressure change in the first 
two phases. When the rate of ICP change was compared, 
there were significant differences among the three phases 
(ANOVA for head-up F = 127.3, ρ < 0.001; head-down 
F = 69.87, ρ < 0.001); in both cases, Tukey’s post hoc test 
found the rate of pressure change to be significantly greater 
during the first phase (α of Fig. 5a), but not different between 
the two subsequent phases.

When the ICP catheter data during rotations are plotted 
with the ocular sonographic measurements of the optic nerve 
sheath diameter (Fig. 5b), second-order polynomial curves 

provide the best fit to both data sets. Though both data sets 
were plotted on axes of relative change, the best fit curves, 
and many of the nerve sheath data points fall outside of the 
curve for the ICP catheter data.

Other influences on intracranial pressure

The jugular vein and common carotid artery were occluded 
(separately) and the animals rotated. Variation was still 
observed in the optic nerve sheath diameter (Fig. 6) per-
formed on the same side as the occluded vessel, yet similar 
responses were found to the orthostatic gradient established 
by rotation. When the regression coefficients were aver-
aged for all the alligators, there was no significant differ-
ence between the jugular occluded and carotid occluded 
responses to either head-up (t = − 1.54, ρ = 0.175) or head-
down (t = − 0.0448, ρ = 0.966) rotation (Fig. 6).

Heating the snout of the alligator resulted in an increase 
in the diameter of the optic nerve sheath (Fig. 7a). In every 
individual, there was a positive regression relationship 
between narial temperature and nerve sheath diameter, 
and all of the regression coefficients were significantly dif-
ferent from zero. The regression coefficients ranged from 
0.08 to 0.25, with a mean of 0.14 (s.d. = 0.07). Increas-
ing the cephalic temperature of any of the specimens by 
3 °C resulted in a larger increase in optic nerve sheath diam-
eter than was observed during 15° head-down rotations.

Administration of epinephrine (0.1 mg/kg) into the tri-
ceps led to marked expansion in the size of the optic nerve 
sheath, as measured with ocular ultrasonography (Fig. 7b). 
The expansion of the nerve sheath started shortly after the 

Fig. 3   Changes in intracranial pressure during rotation of Alligator 
mississippiensis. a Raw data trace of intracranial pressure (recorded 
from an implanted catheter and pressure transducer) taken, while the 
specimen transited through a series of head-up and head-down rota-
tions. b Ocular ultrasonographic image of the retina (R) and optic 
nerve sheath (yellow lines) from an alligator during a 45° head-down 
rotation. c this image is at the same magnification and anatomical 
location as that shown in b, but was taken, while the specimen was in 
a 45° head-up rotation

Fig. 4   Change in intracranial pressure of Alligator mississippiensis 
caused by orthostatic gradients. Intracranial pressure was recorded 
using both a surgically implanted catheter/pressure transducer (left 
vertical axis, mean values are indicated by the black squares) and 
ocular ultrasonography (right vertical axis, mean values are indicated 
by the red squares). There is no significant difference between the 
slopes of the two lines, and the two data sets have a correlation coef-
ficient of 0.98
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injection of the epinephrine, and peaked at approximately 
150  s post-injection (Fig.  7b). When epinephrine was 
administered during the non-invasive trials (in the absence 
of isoflurane), it resulted in a mean increase 1.9 mm in optic 
nerve sheath diameter (s.d. = 0.94); in the presence of isoflu-
rane, the administration of epinephrine resulted in the optic 
nerve sheath diameter increasing by a mean of 1.3 mm 
(s.d. = 0.26). The presence of isoflurane did not (t = 1.43, 
ρ = 0.195) produce a significant difference on the optic nerve 
sheath’s response to epinephrine.

Rotation of the alligators always resulted in a transitory 
low-level increase in heart rate, but compensatory brady-
cardia or tachycardia was never observed, even when the 
animals were held at 45° rotations. Representative raw data 
from a 30° head-up rotation are shown in Fig. 8. While there 
was variation in the instantaneous heart rate (blue circles), 
and the best fit line was a second-order polynomial, the total 
variation was in the range of 3 bpm and the rotation ends at 

the same heart rate as it began. In contrast, the optic nerve 
sheath diameter exhibited a continuous linear decrease (red 
squares, Fig. 8) throughout the duration of the head-up 
rotation. While the direction of optic nerve sheath changed 
between head-up and head-down rotations, this same pattern 
of linear change in the nerve sheath coupled with no signifi-
cant change in heart rate was observed during every gravita-
tional gradient. Accordingly, this study found no correlation 
between intracranial pressure and heart rate in Alligator.

Discussion

Gravitational gradients and intracranial pressure

Gravitational (orthostatic) gradients produced marked 
changes in both the intracranial pressure and optic nerve 
sheath diameter (Fig.  3). The significant relationship 
between the intracranial pressure and optic nerve sheath in 
anesthetized Alligator (Fig. 4) has been reported from mul-
tiple earlier human studies (Geeraerts et al. 2008; Soldatos 
et al. 2008; Moretti and Pizzi 2009). In the alligator, gravi-
tational gradients produced a phasic change in ICP (Fig. 5), 
which has not been previously reported. The first two phases 
(α and β of Fig. 5a) represent roughly 90% of the pressure 
change, but have significantly different rates of change. We 

Fig. 5   Impact of gravitational gradients on intracranial pressure. a 
Two raw data tracings from the same specimen of Alligator mississip-
piensis showing the temporal pattern of change in intracranial pres-
sure (recorded from an implanted catheter/pressure transducer) when 
the animal is rotated to 15° head-down (upper trace) and 15° head-up 
(lower trace). The temporal pattern of the response could be divided 
into three phases or segments (α, β, γ), the boundaries of which are 
indicated by the vertical red lines. b Pooled data showing the head-
up (square data points and dashed lines) and head-down (round data 
points and solid lines) rotations, with ICP measured from catheter/
transducer (black) or ocular ultrasonography (red). For all the data 
sets, the best fit line was a 2nd order polynomial. Note that the optic 
nerve sheath expands faster than the rate of ICP increase recorded 
with the catheter

Fig. 6   Effect of vascular occlusion on intracranial pressure in Alliga-
tor mississippiensis. Gravitation gradients were created by 15° rota-
tions in both the head-up (round data points, solid thick lines) and 
head-down (square data points, dashed thick lines) directions. Data 
points shown are from a single individual, and show baseline (no 
occlusion) trials (black), trials with unilateral common carotid occlu-
sion (red), and trials with unilateral jugular occlusion (blue). Best fit 
means are shown for the pooled data across the five specimens dur-
ing head-up (thin solid lines) and head-down (dashed thin lines). Note 
that the unilateral occlusion of the common carotid (red) or jugular 
(blue) do not result in significant differences in optic nerve sheath 
diameter
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hypothesize that the initial phase of pressure change (α in 
Fig. 5a) reflects the bulk flow of CSF in the subarachnoid 
space, while the later longer phase (β in Fig. 5a) reflects 
the movement of CSF across the reptilian tela choroidea 
over the fourth ventricle. While marker studies have shown 
exchange between the ventricular and subarachnoid CSF 
(Heisey 1970; Jones 1980), and the tela choroidea of the 
fourth ventricle has been shown to includes small pores in 
some lower vertebrates (Jones 1979), and the nature of this 
system in crocodilians remains unknown.

The optic nerve sheath diameter exhibited a faster rate 
of change than was recorded directly from the catheter 
(Fig. 5b); the temporal relationship between these two does 
not appear to have been previously studied. We hypothesize 
that while the nerve sheath contains CSF that is continuous 

with that of the subarachnoid (Fig. 1), the marked differences 
in the tissues surrounding these two CSF-filled spaces result 
in differences in compliance and pressure–volume Index, 
which could account for the temporal pattern observed in A. 
mississippiensis (Andrews and Citerio 2004; Alperin et al. 
2006).

Other influences on intracranial pressure

The presence of pulsations within the ICP (Fig. 2) has 
long been recognized (Reitan 1941), as has the distinc-
tion between arterial and ventilatory pulsation patterns 
(Dardenne et al. 1969; Kirkness et al. 2000). The CSF pul-
sations recorded from anesthetized A. mississippiensis were 
clearly synchronized to the ventilatory pattern. The magni-
tude of these pulsations (approximately 2 mm Hg) though 
roughly 1/3 of what is typically seen in humans was large 
enough to discount catheter movement artifact, as this would 
necessitate the 500 ml tidal volume elevating a 1.5 m alliga-
tor by over 1 cm. The presence of these ventilatory CSF pul-
sations is suggestive of changes in “intrathoracic” pressure 
(Martin and Loth 2009); in humans, the intrathoracic pres-
sure is communicated to the CSF by way of venous pressure 
(Foltz et al. 1990; Dreha-Kulaczewski et al. 2015), though 
the functional link between intrathoracic and intracranial 
pressure is unclear in Alligator. In the present study, no CSF 
pulsations were found to correlate with heart rate, though 
this functional connection is well known in humans and 
other mammals (Wagshul et al. 2011). ICP pulsations can 
be altered by anesthesia and artificial ventilation (Levinger 
and Kedem 1972); it is not clear if these factors influenced 

Fig. 7   Influences on the diameter of the optic nerve sheath of Alliga-
tor mississippiensis. a In each individual (color coded) the applica-
tion of heat to the dorsum of the snout caused an increase in narial 
temperature and an increase in optic nerve sheath diameter. b Black 
lines are trials in which the animal was anesthetized with isoflurane 
prior to administration of the epinephrine, red lines are trials, where 
the epinephrine was given without isoflurane. In all cases the optic 
nerve sheath increased in diameter approximately 150 s after the IM 
introduction of epinephrine into the triceps

Fig. 8   Relationship of instantaneous heart rate to intracranial pressure 
in Alligator mississippiensis. Data shown are from a 30 head-up rota-
tion of one alligator; in all of the rotation trials the heart rate (blue 
points and line) showed no barostatic response regardless of magni-
tude or direction of rotation. In contrast, the intracranial pressure, as 
measure by the optic nerve sheath using ocular ultrasonography (red 
points and line), showed a typically linear response that tracked the 
magnitude and direction of the animal’s rotation
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the absence of vascular pulse waves in the CSF of Alligator, 
or if the apparent lack of these pulses is reflective of the 
reptilian brain and/or meningeal morphology.

Our understanding of the fluid dynamics of the brain, 
both at the interstitial and bulk-flow levels, is still developing 
(Hladky and Barrand 2014; Linninger et al. 2016). Previ-
ous studies have explored the ICP’s relationship to carotid 
(arterial) flow (Iliff et al. 2013; Shi et al. 2018), cerebral 
blood flow (Steiner and Andrews 2006), and venous return 
(Stoquart-ElSankari et al. 2009; Zamboni et al. 2010). In 
contrast to these earlier human/mammalian studies, we 
found that neither occlusion of the cerebral arterial supply or 
venous drainage (Fig. 6), nor heart rate (Fig. 8), had an effect 
on ICP. This is surprising given that an earlier study found 
significant changes in the luminal volume of the common 
carotid artery and jugular vein in response to orthostatic gra-
dients (Knoche et al. 2019); the surgical occlusion of these 
vessels was designed to alter and/or prevent these shifts in 
blood distribution. The absence of any impact on ICP may 
reflect the short-term nature of the vascular challenges used 
in the present study. At the same time, given the nature of 
the reportedly avascular reptilian arachnoid (Zajicova 1975), 
it seems likely that the dynamic balance between blood and 
CSF is based on different mechanics in Alligator.

The response to epinephrine affords a clear indicator 
that the mechanics of cerebral fluid balance are different in 
Alligator than in humans. In humans, the administration of 
epinephrine (in clinically relevant doses) does not produce a 
significant change in ICP (Myburgh et al. 1998; Malkinson 
et al. 1985; Ract and Vigue 2001; Steiner et al. 2004). In 
alligators, the IM administration of epinephrine produced 
a transitory “spike” in ICP (Fig. 7b); the magnitude of the 
epinephrine-induced increase in ICP (as documented by 
optic nerve sheath dilation) was greater than what was found 
during 45° head-down rotations. Though beyond the scope 
of the present study, we hypothesize that differential recep-
tor expression in Alligator results in epinephrine increas-
ing CSF secretion into the ventricles and/or decreases CSF 
absorption into the venous system, leading to the distinctive 
curved rate of ICP change shown in Fig. 7b. Complicat-
ing this interpretation is the fact that the non-anesthetized 
animals (red lines of Fig. 7b) showed a more pronounced 
(though not significantly greater) response to epinephrine 
than the anesthetized animals (black lines in Fig. 7b). In 
humans and other mammals, isoflurane increases cerebral 
blood flow (Maekawa et al. 1986; Sicard et al. 2003; Tetrault 
et al. 2008) and so would have been expected to produce the 
opposite effect from the one observed.

Reptiles perform behavioral and physiological thermoreg-
ulation; one means for the latter is shunting of venous blood 
(Baker et al. 1972). Reptiles have multiple cephalic venous 
sinus systems (Bruner 1907; Porter and Witmer 2015); 
the peripheral portion of this complex includes an orbital 

venous plexus that is in close proximity to the optic nerve 
sheath (Porter et al. 2016). During shunting, changes in the 
orbital venous pressure are substantial enough to displace 
(bulge) the eyes laterally (Reyes-Olivares et al. 2016) and, in 
Phrynosoma, to eject blood, under pressure, as a defensive 
mechanism (Burleson 1942). We hypothesized that the direct 
application of external heat to the head would lead to blood 
being shunted away from the peripheral venous distribution, 
causing an increase in central venous pressure and an associ-
ated increase in ICP. In every (non-anesthetized) alligator, 
the application of peripheral heat to the snout resulted in 
a significant increase in ICP, as measured by optic nerve 
sheath diameter (Fig. 7a). This study did not directly meas-
ure the flow of venous blood, nor did we control for any 
heat-related change in compliance of tissues surrounding 
the optic nerve sheath (Carmelo et al. 2002; Porter et al. 
2016). It is noteworthy that of the vascular perturbations 
that we studied, only the application of superficial heat had 
a significant impact on ICP.

The meninges of the American alligator (Alligator mis-
sissippiensis) have similarities and differences to the human 
and mammalian meninges. While intracranial pressure data 
collected from the optic nerve sheath and cranial subarach-
noid space were found to be highly correlated, there was a 
phasic response of the intracranial pressure to orthostatic 
orthostatic gradients, and a lack of pressure response to vas-
cular perturbation. The alligator system may offer unique 
opportunities to examine the relationships between mem-
brane receptors and CSF flow.
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