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Abstract

The understanding of how cerebrospinal fluid (CSF) flows in and around central
nervous system (CNS) tissue remains somewhat elusive. Historically, CSF was thought to flow
around and within set structural boundaries of the CNS. More recently, a dynamic flow and
exchange within neural tissue has been revealed. Of key interest is the role of perivascular
pathways in fluid flow into and out of CNS tissue. In the brain, CSF has been reported to flow
into tissue via periarterial pathways and out of tissue via perivenular pathways. The aim of this
study was to determine whether the same flow pattern, or a notably different pattern, exists
within the spinal cord. A C7 to T1 laminectomy was performed on 28 Sprague-Dawley rats. An
extradural suture was tied around the spinal cord to obstruct CSF flow in 16 rats. The remaining
animals were used as laminectomy-only controls. At 1 or 6 weeks post-surgery, animals were
injected intracisternally with the fluorescent tracer Alexa-Fluor 647 ovalbumin and perfused 10
or 20 min after injection. Fixed and cryoprotected spinal segments were sectioned transversely
and immunolabelled for smooth muscle actin and rat endothelial cell antigen. Fluorescent
micrographs were taken and the distribution of tracer around arterioles, venules and capillaries
was analysed. Intensity of gross grey matter and white matter tracer fluorescence showed that,
at the 10 min time-point 6 weeks post-surgery, white matter in constriction animals (n = 5) had
a significantly higher fluorescence intensity compared to the laminectomy-only animals (n = 3).
Constriction animals in the same experimental group showed distribution of tracer around
venules, arterioles and capillaries, whereas the control animals showed equivalent tracer
distribution around arterioles and capillaries only. The results of this study suggest that an
obstruction to CSF flow in the subarachnoid space may cause both increased fluid flow into the
spinal cord and changes to the perivascular inflow pathways. Perivenular and pericapillary
pathways, in addition to periarterial pathways, may act as an inflow route for CSF to the spinal
cord tissue when the subarachnoid space is obstructed. Knowledge of the mechanics of normal
and obstructed CSF physiology is necessary for understanding fluid accumulation pathologies,

such as syringomyelia.



Introduction

Cerebrospinal fluid (CSF) holds several functions in the central nervous system (CNS).
CSF bathes the spinal cord and brain and fills the cerebral ventricles, acting as a cushion to
protect neural tissue from mechanical insult (Brinker et al., 2014). It also functions to regulate
neurochemicals, stabilising pH as well as filtering out pathogens and overabundant proteins that
can cause neurotoxicity (Simon and Iliff, 2016). CSF is thus critical to the maintenance of CNS
homeostasis, although how CSF circulates and exchanges with interstitial fluid (ISF) of the

brain and spinal cord is not completely understood.

The classical model of CSF physiology is of secretion, followed by circulation, and then
reabsorption. This model describes the active secretion of CSF by the choroid plexus in each
ventricle (Cserr, 1971). Bulk flow of CSF is driven by respiration and the pulsatility of cerebral
arteries, through the ventricular system and into the subarachnoid space surrounding the brain
and spinal cord, via the foramina of Luschka and Magendie (Hladky and Barrand, 2014). From
here, CSF is thought to drain into the venous circulation through the arachnoid villi of dural
sinuses, into the lympathic circulation via dural lymphatic vessels or by traversing spinal and
cranial nerve roots and entering peripheral lymphatics (Cserr, 1971, Hladky and Barrand, 2014,
Bedussi et al., 2015, Louveau et al., 2015). Notably, brain and spinal cord tissue lack lympathic
vessels, so fluid homeostasis and drainage within the CNS must occur by other means.

Homeostasis of the extracellular fluid compartments of the CNS was classically
understood as an exchange between CSF and ISF by diffusion (Davson, 1972, Levin and Sisson,
1972, Milhorat, 1975). The current understanding stipulates a more dynamic system, where
CSF and ISF are in constant exchange in CNS tissue along specialised anatomical pathways,
the perivascular spaces. Recent research by Iliff et al. has demonstrated that fluid enters brain
tissue via pathways around penetrating arterioles, known as periarterial spaces (lliff et al.,
2012). Bulk (convective) flow of fluid across the brain tissue is thought to result in the clearance
of ISF and solutes via perivenular pathways (liff et al., 2012). Alternatively, the work of Carare
et al. contraindicate this proposed perivenular clearance pathway, demonstrating that drainage
of solutes and fluid from the brain tissue of mice occurred via the basement membranes of
capillaries and arteries (Carare et al., 2008). Further, it has been reported through mathematical
modelling that a reverse clearance mechanism may occur in the perivascular spaces of cerebral
capillaries and arterioles, where solutes and fluid traverse the perivascular space against the
direction of blood flow (Schley et al., 2006). Still, the expansion of cerebral arteries during

cardiac systole has been speculated to drive fluid exchange in perivascular spaces (Iliff et al.,
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2013). Rapid flow of CSF from the subarachnoid space to perivascular spaces of the brain and
spinal cord has been demonstrated to be driven by arterial pulsations (Rennels et al., 1985,
Rennels et al., 1990, Stoodley et al., 1997). It is not known whether the described fluid inflow
and outflow pathways in the brain are the same in the spinal cord.

Obstructions to CSF flow can result in fluid accumulation within neural tissue. Fluid
accumulation can cause cell loss, scar tissue generation, paralysis, with severe cases resulting
in death by haemorrhage or respiratory arrest (Tait et al., 2010, Klekamp, 2013, Sakushima et
al., 2013). CNS pathologies often caused by fluid flow obstructions include hydrocephalus
(Cheng et al., 2007, Cheng and Bilston, 2010, Cheng et al., 2010), oedema (Saadoun and
Papadopoulos, 2010, Tait et al., 2010) and syringomyelia (Brodbelt and Stoodley, 2003,
Brodbelt et al., 2003a, Bilston et al., 2010).

Syringomyelia is associated with a wide range of conditions that obstruct fluid flow.
These conditions include hydrocephalus, Chiari malformations, arachnoiditis, spinal cord
trauma and tumours (Stoodley et al., 1999, Brodbelt et al., 2003b, Peraud and Grau, 20009,
Kobayashi et al., 2012, Sakushima et al., 2013). From these obstructions to fluid flow,
archetypal fluid-filled cysts (syrinxes) form within the spinal cord (Madsen et al., 1994).
Obstructions in the spinal subarachnoid space, which occurs in spinal cord trauma, tumours and
non-traumatic arachnoiditis, can result in the formation of non-communicating, extracanalicular
syrinxes (Stoodley et al., 1997, Brodbelt et al., 2003a, Klekamp, 2013). Even though these
conditions are associated with altered CSF flow, it is not known how these obstructions change
the dynamics of fluid going into, or out of, the spinal cord tissue or change the pathways by
which CSF moves. Understanding the physiology of CSF flow under normal and obstructed

conditions may help elucidate the mechanics of abnormal fluid accumulation.

CSF flow pathways cannot be studied in humans using current techniques, so animal
models are required. Previous animal models have been implemented to investigate
blood-spinal cord barrier permeability, molecular changes in CNS pathologies and qualitative
flow of CSF (Schurr et al., 1953, Becker et al., 1972, Torvik and Murthy, 1977, Nakamura et
al., 1983, Milhorat et al., 1993, Stoodley et al., 1999, Josephson et al., 2001, Klekamp et al.,
2001, Brodbelt et al., 2003a, Brodbelt et al., 2003b). Josephson et al. introduced a model of
post-traumatic syringomyelia that involved narrowing the spinal subarachnoid space with an
extradural suture and obstructing CSF flow (Josephson et al., 2001). In doing so, syrinx
formation occurred within 8 to 13 weeks (Josephson et al., 2001). However, no models to date



have assessed the pathways involved in spinal CSF inflow in animals with normal and

obstructed subarachnoid spaces.

The current investigation set out to study CSF flow pathways into the spinal cord, with
particular focus on changes in perivascular pathways involved when CSF flow in the
subarachnoid space was obstructed. Using a subarachnoid space constriction model modified
from Josephson et al. (Josephson et al., 2001), CSF tracer distribution was compared in normal
and obstructed Sprague-Dawley rats at 1 week and 6 weeks post-surgery. The general
distribution of tracer within the grey and white matter of the spinal cord was assessed and
arterioles, venules and capillaries were identified to examine perivascular flow. It was
hypothesised that obstruction to the subarachnoid space would enhance CSF flow into the spinal

cord, primarily via increased periarterial flow immediately rostral to the extradural constriction.



Materials and methods

This study was approved by the Animal Care and Ethics Committee of Macquarie
University (ARA 2013/047). A population of 28 male Sprague-Dawley rats weighing
300 — 400 g was divided into two groups: experimental animals and control animals. Sixteen
experimental animals underwent surgery to constrict the subarachnoid space between spinal
levels C7 and T1 and 12 control animals underwent laminectomy-only surgeries. Animals were
assigned survival points of 1 or 6 weeks post-surgery, at which time a second surgery was
performed to inject the CSF tracer, Alexa-Fluor 647 ovalbumin (OA-647, 45 kD) into the

cisterna magna at 10 min or 20 min time points (Table 1).

Table 1. Animal number used for CSF tracer study.

No. of animals at each survival point

) 1 week 6 weeks
Experimental group ) ] ] ]
10 min 20 min 10 min 20 min
Control 3 3 3 3
Constriction 3 3 5 5

Spinal cord constriction surgery

Aseptic techniques were used in operative fields in all surgical procedures. General
anaesthesia was induced with 5% isoflurane in oxygen (1 L/min) and maintained with
2 — 2.5% isoflurane through a nose cone. Animals were placed in a prone position, and the skin
was shaved and sterilised with povidone iodine. The cervico-thoracic junction was dissected
out and C7 — T1 laminectomies were performed. An extradural suture (nonabsorbable 6-0
polypropylene monofilament, Ethicon, Johnson & Johnson Medical Pacific Pty Ltd, Sydney,
Australia) was threaded around the spinal cord following the curve of the vertebral foramen,
and tightened until the posterior spinal vein was occluded, and then tied with a reef knot (Figure
1A — C). Absorbable 4-0 Coated Vicryl sutures (Ethicon, Johnson & Johnson Medical Pacific
Pty Ltd, Sydney, Australia) were then used to close the wound. Buprenorphine (0.05 mg/kg of
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324 ug/mL) in 5% glucose solution was administered subcutaneously at the conclusion of each

operation. Further doses were administered as required.

Figure 1. Surgical procedures and central nervous system dissection. (A — C) Constriction
surgeries to obstruct the spinal subarachnoid space involved passing a 6-0 monofilament suture
around the spinal dura mater and tightening the suture to occlude the posterior spinal vein. (D)
One or six weeks post-surgery, a fluorescent CSF tracer, Alexa-Fluor 647 ovalbumin (OA-647),
was injected into the cisterna magna. (E) 10 or 20 min after OA-647 injection, animals were

perfused and the brain and spinal cord dissected out. The suture is between spinal levels C7 — T1.

Food and water were provided ad libitum and animals were monitored for signs of
excessive weight loss, limb weakness, urinary retention or excessive self-grooming, all of
which were treated appropriately (eg. manual expression of bladder if urinary retention was
detected).

CSF tracer injection

One week or 6 weeks post-surgery time points were chosen for this study. These
survival points were based on the previous finding that from 8 to 13 weeks after obstruction to
CSF flow, syrinxes have been observed (Josephson et al., 2001). Syrinx formation was not
desired for this study, so earlier survival points were chosen. At these designated survival point,
1 or 6 weeks post-surgery, a second surgery was performed under general anaesthesia on both
control and constriction animals. The cranio-cervical junction was incised at the midline to
expose the atlanto-occipital membrane. Tension of the atlanto-occipital membrane was ensured

by flexion of the animals’ neck. Using a stereotactic micromanipulator, a 10 pL microsyringe
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with a sharpened 30G needle (SGE International Pty Ltd, VIC, Australia) was inserted into the
cisterna magna and retracted slightly to tent the atlanto-occipital membrane. A 5 pL injection
of OA-647 (ThermoFisher Scientific, 034784, Scoresby, VIC, Australia) CSF tracer was
slowly administered over 1 min into the cisterna magna. The needle was left in situ to prevent
CSF leakage (Figure 1D). At either 10 or 20 min post-injection, the needle was withdrawn and
the animal positioned supine for perfusion and fixation. The post-injection time points of 10 min
and 20 min were chosen based on previous work by our group. CSF circulation of protein
tracers is rapid, and beyond 20 min tracer is within peripheral lymphatic circulation.

An intracardiac injection of 2,000 1U Heparin in 400 mL ice-cold phosphate buffered
saline was used for perfusion, followed by 500 mL of 4% paraformaldehyde
(Lancaster Synthesis, Pelnam, New Hampshire) in 0.1 M phosphate buffer (pH 7.4) at a flow
rate of 50 mL/min. The spinal cord was dissected out (Figure 1E) and post-fixed in

4% paraformaldehyde in 0.1 M phosphate buffer overnight.

Immunohistochemistry

The spinal cord segments from C3 to T3 were dissected and cryoprotected in
30% sucrose solution for 48 h. Segments were embedded in Optimal Cutting Temperature
compound (ProSciTech Pty Ltd, QLD, Australia) and stored at -80°C. Spinal cord segments
were sectioned transversely at 40 um on a cryostat (Leica CM 1950 Cryostat, Amtzell,
Germany). Sections were thawed in a 37°C oven for 20 min, then washed twice for 10 min in
0.01 M Tris phosphate buffered saline (TPBS, pH 7.4). The sections were then permeablised in
50% ethanol/TPBS for 20 min followed by three 10 min washes in TPBS. A blocking solution
of 15% normal donkey serum (NDS)/TPBS was applied to the sections and incubated for
60 min. Sections were then treated with monoclonal anti-rat endothelial cell antibody (RECA-1,
Abcam, ab9774, Melbourne, VIC, Australia) in 4% NDS/TPBS (1:100) and left overnight at
4°C. Sections were left to incubate for 2 h at room temperature, and washed twice in TPBS for
10 min. Donkey anti-mouse IgG Alexa Fluor 488 (ThermoFisher Scientific, A-21202,
Scoreshby, VIC, Australia) in 4% NDS/TPBS (1:400) was applied to sections for 60 min
followed by two 5 min washes in TPBS. Sections were then incubated at 37°C with monoclonal
anti-actin, a-smooth muscle-Cy3 antibody (SMA-Cy3, Sigma-Aldrich, C6198, St. Louis, MO,
USA) in 4% NDS/TPBS (1:400) for 30 min and twice washed in TPBS for 10 min. The sections
were coverslipped with fluorescent mounting medium (DAKO, S3023, Carpinteria, CA, US)
and left to dry overnight. Primary and secondary antibody exclusions were used as negative

controls.
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Microscopic image acquisition

A Zeiss Axio Imager Z1 microscope (Carl Zeiss Microimaging GmbH, Germany) was
used to image sections. Micrograph tiles were taken at a single focal plane at 20x magnification
for all three wavelength channels; SMA-Cy3, RECA-FITC and OA-647. Tri-channel
micrograph tiles were stitched together to form whole spinal cord photomicrographs.
Photomicrographs were acquired from C3 — T3 for quantitative image analysis. All images were
taken at the same magnification and exposure times, and within a week of

immunohistochemistry.

Image analysis

To assess gross tracer intensity, images were analysed using ImageJ (version 1.50i,
Wayne Rasband National Institutes of Health, USA, http://imagej.nih.gov/ij/). Mean pixel
values, taken as fluorescence intensities, were measured from spinal cord sections taken from
C3, C7, and T1. Photomicrographs were channel split, and the OA-647 channel images were
converted from RGB to 32 bit greyscale. Background was then subtracted by measuring mean
pixel value of a template region of interest external to the gross spinal cord and dura.
Measurements were taken of the whole spinal cord (excluding any fluorescence in the pia,
arachnoid and dural layers, as well as dorsal and ventral rootlets), the whole white matter, and
the whole grey matter. At least 3 replicate sections were analysed per spinal level, and the
results for each spinal level were then averaged. Qualitative analysis of vessels that co-localise
with OA-647 was performed on at least three replicate sections per spinal levels C3, C7 and
T1. Arterioles were identified as RECA positive (RECA-positive) and SMA positive
(SMA-positive) vessels. Venules were identified as RECA-positive and SMA-negative (or
minimally positive), whilst capillaries were identified as RECA-positive and SMA-negative.
Venules and capillaries were differentiated based on diameter; vessels equal to or greater than
6.5 um in diameter were classified as venules; those less than 6.5 um in diameter, capillaries.
Comparisons of animal spinal cord sections within and between the same experimental or
control group were made based on the location and distribution of vessels that were co-localised
with OA-647. All C3, C7 and T1 spinal cord sections were assessed qualitatively for tracer
localisation around vessels of identified type. Figures in this paper are representative

photomicrographs and schematics of several experimental groups.

Statistical analysis
Fluorescent tracer intensity in different matter regions for control and constriction

animals were compared using two-way analysis of variance (ANOVA) and adjusted for
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multiple comparison using Bonferroni’s post-hoc tests. Significance was taken as a p-value of
less than 0.05. P-values presented in figures are group differences between control and
constriction animals. Multiple comparisons reported no significant differences. All values are
expressed as mean + standard error. Excel (Microsoft, Redmond, WA, USA) and GraphPad
Prism 5 (GraphPad Software, La Jolla, CA, USA) were used for data analysis.
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Results

The suture tied to constrict the subarachnoid space between C7 and T1 led to occlusion
of the dorsal spinal vein in all 16 animals. Animals with an extradural constriction had
significant neurological deficits including hindlimb paresis and urinary retention which had
resolved by 1 week post-surgery. Laminectomy-only controls showed no neurological deficits.
Upon microscopic imaging, 5 constriction spinal cords showed cellular accumulation, an
oedematous morphology and cavity formation all within the posterior central white matter
adjacent to the central canal. There was no CSF tracer present in the damaged region.
Laminectomy-only control animals did not exhibit this pathology. However, a 6 week control
spinal cord from T1 to T2 had damage that was likely incurred pre-processing during the

C7 —T1 laminectomy, as tracer was present in the tissue bordering the site of injury.

1 week post-surgery

Distribution of CSF tracer in the spinal cord

In control animals, the highest mean fluorescence intensities were measured in the most
rostral spinal segment (C3), and the lowest mean values were measured in the more caudal
segments (C7 and T1, Figure 2). In these animals, CSF tracer was primarily localised to the
peripheral white matter, ventral median fissure, central canal and perivascular spaces in rostral
C3 sections at both 10 and 20 min post-injection. In the caudal sections (C7 and T1), tracer was
present in the ventral median fissure, central canal and perivascular spaces. Although tracer was

less evident in the peripheral white matter tissue, tracer was still present around vessels.

Similar to control animals, the constriction animals had the highest mean fluorescence
intensities in the rostral C3 spinal segment, and the lowest values measured in caudal C7 and
T1 (Figure 2). CSF tracer was predominantly localised to the peripheral white matter of the
spinal cord and in the ventral median fissure at both 10 and 20 min post-injection. The pattern
of tracer localisation in the central canal was comparable to controls. CSF tracer was minimally
localised to the central grey matter in control animals, and absent entirely in constriction

animals.

In the 1 week post-surgery groups, no significant differences were apparent between
constriction and control animals (p > 0.05). Although not reaching significance, white matter
measurements in the 10 min post-injection constriction animals demonstrated increased tracer
localisation at all three spinal segments (Figure 2A). No significant differences were observed

when performing multiple comparisons using Bonferroni’s post hoc test.
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Figure 2. Quantitative measurement of CSF tracer, Alexa-Fluor 647 ovalbumin (OA-647),
distribution in the white and grey matter at 1 week post-surgery. Graphs illustrate mean
fluorescence intensity measured in C3, C7 and T1 spinal segments in the white matter (A, C) and
grey matter (B, D) from control and constriction animals 10 min (A, B) or 20 min (C, D)
post-injection of OA-647 into the cisterna magna. Results are mean pixel value + standard error,

with n = 3 for all control and constriction groups. Two-way ANOVA, p-values given.

Distribution of CSF tracer associated with blood vessels

In the 10 min post-injection control animals, CSF tracer was primarily associated with
arterioles and capillaries in both grey and white matter. At 20 min post-injection in control
animals, tracer predominately co-localised around capillaries, although CSF tracer was also
associated with arterioles and venules. In the constriction group at both time points, the
distribution of CSF tracer associated with blood vessels was highly varied between animals,

and no consistent pattern could be determined.
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6 weeks post-surgery
Distribution of CSF tracer in the spinal cord

Similar to the 1 week post-surgery animals, controls at 6 weeks post-surgery had the
highest mean fluorescence intensities in the rostral spinal segment C3, and the lowest mean
values in the more caudal spinal segments C7 and T1 (Figure 3). The CSF tracer was localised
to the central canal, ventral median fissure and perivascular spaces at both 10 and 20 min
post-injection. In the 10 min post-injection animals tracer was present in the central grey matter

(Figure 4B), whilst in 20 min post-injection animals tracer was localised predominantly in the
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Figure 3. Quantitative measurement of CSF tracer, Alexa-Fluor 647 ovalbumin (OA-647),
distribution in the white and grey matter at 6 weeks post-surgery. Graphs illustrate mean
fluorescence intensity measured in C3, C7 and T1 spinal segments in the white matter (A, C) and
grey matter (B, D) from control and constriction animals 10 min (A, B) or 20 min (C, D)
post-injection of OA-647 into the cisterna magna. Results are mean pixel value + standard error,

with n = 3 for control groups and n =5 for constriction groups. Two-way ANOVA, p-values given.
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Control

Figure 4. Microscopic imaging. Representative C7 micrographs from a control animal at 6 weeks
post-laminectomy, sacrificed 10 min after injection of CSF tracer into the cisterna magna.
Alexa-Fluor 647 ovalbumin (OA-647) tracer is predominantly located in the ventral median
fissure (A), central canal and central grey matter (B), and the central white matter (C). The
distribution of tracer in the peripheral white matter (D) was minimal compared to the central
grey matter (B) and central white matter (C). All micrographs presented are merged channel
images of OA-647, rat endothelial cell antigen (RECA) and smooth muscle actin (SMA). CSF
tracer is co-localised around RECA-positive, SMA-positive arterioles (A, B and D) and
RECA-positive, SMA-negative capillaries (C). The upper panel micrograph was taken at
20x magnification. Scale bars are 500 pm (upper panel), 50 um (A) and 20 um (B — D).

In constriction animals 10 min post-injection, caudal spinal segments C7 and T1 had
the highest mean fluorescence intensities whilst rostral C3 had the lowest values (Figure 3A
and B). In the presence of the extradural constriction, white matter measurements at 10 min

post-injection demonstrated significantly higher tracer intensity (p < 0.01, Figure 3A). In the
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same experimental group, the constriction had no significant effect on grey matter
measurements (Figure 3B). However, there was a trend at C7 and T1 where the tracer intensity
increased then decreased above and below the constriction respectively. CSF tracer was
localised to the peripheral white matter and ventral median fissure at all three spinal segments
(Figure 5A and D), with most animals also exhibiting tracer within the central canal, central
grey matter and central white matter (Figure 5B and C). At 20 min post-injection, constriction
animals had the highest mean fluorescence intensities at the rostral C3 spinal segment, while
the lowest mean values were recorded caudally at C7 and T1 (Figure 3C and D). The mean
fluorescence intensities of grey and white matter were not significantly different from controls.
However, there was an increase in tracer in the white matter from C7 to T1 at the level of the
constriction (Figure 3C). At all three spinal levels, CSF tracer was localised to the peripheral
white matter, ventral median fissure and central canal. Using Bonferroni’s post hoc test for
multiple comparisons, there were no significant differences between control and constriction

spinal segments.
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Constriction

Figure 5. Microscopic imaging. Representative C7 micrographs from a constriction animal at
6 weeks post-surgery, sacrificed 10 min after injection of CSF tracer into the cisterna magna.
Alexa-Fluor 647 ovalbumin (OA-647) tracer is located in the ventral median fissure (A), and
extensively in the central canal and central grey matter (B) and central white matter (C). The
distribution of tracer in the peripheral white matter (D) was minimal compared to the central
grey matter (B) and central white matter (C). All micrographs presented are merged channel
images of OA-647, rat endothelial cell antigen (RECA) and smooth muscle actin (SMA). CSF
tracer co-localised around blood vessels defined as arterioles (SMA-positive, RECA-positive),
capillaries (SMA-negative, RECA-positive, diameter < 6.5 um) and venules (SMA-negative or
minimally positive, RECA-positive, diameter > 6.5 um). The upper panel micrograph was taken

at 20x magnification. Scale bars are 500 pm (upper panel), 50 pm (A) and 20 pm (B - D).
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Distribution of CSF tracer associated with blood vessels

In 10 min post-injection controls, tracer co-localised with arterioles near the central
canal, central grey matter and peripheral white matter (Figure 6). Tracer co-localised around
capillaries, predominantly in areas where CSF tracer was highly concentrated and distributed
in a diffuse pattern (Figure 6A). For controls at 20 min post-injection, tracer primarily
co-localised around capillaries, and to a lesser extent around arterioles at C3, C7, and T1 (Figure

7). Distribution of tracer around venules was minimal at this time point.
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Control

o~

Figure 6. CSF tracer co-localisation with blood vessels. Representative T1 micrographs from a
control animal at 6 weeks post-surgery, sacrificed 10 min after injection of tracer into the cisterna
magna. Inset (A) of the central grey matter shows Alexa-Fluor 647 ovalbumin (OA-647) tracer
localised to the central grey matter and co-localised around arterioles (arrows) and capillaries
(arrowheads). Inset (B) of the peripheral white matter shows OA-647 tracer co-localised around
an arteriole (arrow) and capillaries (arrowheads). Channels are split from merged insets (A) and
(B) into OA-647 tracer (l), rat endothelial cell antigen (RECA, II) and smooth muscle actin
(SMA, 111). The lower left panel shows a schematic of a spinal cord section representing all OA-647
co-localised vessels, with SMA-positive, RECA-positive arterioles (red dots) and SMA-negative,
RECA-positive capillaries, diameter < 6.5 um (black crosses). Scale bars are 500 um (upper left
panel) and 20 um (A and B).
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Figure 7. CSF tracer co-localisation with blood vessels. Representative C7 micrographs from a
control animal at 6 weeks post-surgery, sacrificed 20 min after injection of tracer into the cisterna
magna (n = 3). Inset (A) of the central grey matter shows Alexa-Fluor 647 ovalbumin (OA-647)
tracer localised to the central canal (CC) and co-localised around arterioles (arrows) and
capillaries (arrowheads). Inset (B) of the peripheral white matter shows OA-647 tracer localised
to the ventral median fissure and co-localised around an arteriole (arrow) and capillaries
(arrowheads). Channels are split from merged insets (A) and (B) into OA-647 tracer (I), rat
endothelial cell antigen (RECA, Il) and smooth muscle actin (SMA, Il1). The lower left panel
shows a schematic of a spinal cord section representing all OA-647 co-localised vessels, with
SMA-positive, RECA-positive arterioles (red dots) and SMA-negative, RECA-positive capillaries,
diameter < 6.5 um (black crosses). Scale bars are 500 um (upper left panel) and 20 um (A and B).

In the constriction group 10 min post-injection, tracer co-localised around arterioles
near the central canal, central grey matter and peripheral white matter (Figure 8). However,
tracer also co-localised around venules that stained RECA-positive and SMA-negative
(or minimally SMA-positive) in the central grey matter and peripheral white matter (Figure 8),
a finding absent in the control cohort (Figure 6). Tracer surrounded more capillaries than
arterioles and venules at all three spinal levels assessed. In constriction animals at 20 min
post-injection, tracer co-localised around arterioles in the central grey matter (Figure 9A and B)

and peripheral white matter. Tracer also co-localised around venules in this constriction group,
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yet did not follow a consistent pattern within spinal cord regions (Figure 9). Tracer co-localised
around capillaries more abundantly than arterioles and venules at all three spinal levels

assessed. This finding was most present in the peripheral white matter.
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Figure 8. CSF tracer co-localisation with blood vessels. Representative T1 micrographs from a
constriction animal at 6 weeks post-surgery, sacrificed 10 min after injection of tracer into the
cisterna magna. Inset (A) of the central grey matter shows Alexa-Fluor 647 ovalbumin (OA-647)
tracer localised to the central grey matter and co-localised around arterioles (arrows), capillaries
(arrowheads) and venules (open arrows). Inset (B) of the peripheral white matter shows OA-647
tracer co-localised around a venule (open arrow) and a capillary (arrowhead). Channels are split
from merged insets (A) and (B) into OA-647 tracer (1), rat endothelial cell antigen (RECA, I1) and
smooth muscle actin (SMA, 11l). The lower left panel shows a schematic of a spinal cord
representing all OA-647 co-localised vessels, with SMA-positive, RECA-positive arterioles
(red dots), SMA-negative, RECA-positive capillaries, diameter < 6.5 um (black crosses) and
SMA-negative (or minimally positive), RECA-positive venules, diameter > 6.5 um (blue dots).
Scale bars are 500 um (upper left panel) and 20 um (A and B).



Constriction |
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Figure 9. CSF tracer co-localisation with blood vessels. Representative C7 micrographs from a
constriction animal at 6 weeks post-surgery, sacrificed 20 min after injection of tracer into the
cisterna magna. Inset (A) of the central grey matter shows Alexa-Fluor 647 ovalbumin (OA-647)
tracer localised to the central canal (CC) and co-localised around arterioles (arrows), capillaries
(arrowheads) and a venule (open arrow). Inset (B) of the central grey matter shows OA-647 tracer
co-localised around an arteriole (arrow) and capillaries (arrowheads). Channels are split from
merged insets (A) and (B) into OA-647 tracer (I), rat endothelial cell antigen (RECA, Il) and
smooth muscle actin (SMA, I11). The lower left panel shows a schematic of a spinal cord section
representing all OA-647 co-localised vessels, with SMA-positive, RECA-positive arterioles
(red dots), SMA-negative, RECA-positive capillaries, diameter < 6.5 um (black crosses) and
SMA-negative (or minimally positive), RECA-positive venules, diameter > 6.5 um (blue dots).

Scale bars are 500 um (upper left panel) and 20 um (A and B).
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Discussion

The results of this study demonstrate a significant increase in CSF tracer within the
white matter of animals with a subarachnoid space obstruction compared to controls at 6 weeks
post-surgery, and 10 min post-injection of tracer. All other spinal cord region analyses at
6 weeks and 1 week post-surgery did not reach significance. Still, trends were present in the
white matter at 1 week post-surgery, 10 min post-injection, and in the grey matter at 6 weeks
post-surgery, 10 min post-injection, where CSF tracer increased in intensity at all three spinal
levels of the extradural constriction animals compared to controls. In regards to the distribution
of CSF tracer relative to blood vessels, control and constriction animals at 1 week and 6 weeks
post-surgery showed different patterns. At 1 week post-surgery, distribution of CSF tracer was
mainly found around arterioles and capillaries in both grey and white matter of controls, whilst
constriction animals showed no predominant pattern of distribution. In the presence of an
extradural constriction at 6 weeks post-surgery, CSF tracer co-localised around arterioles,
capillaries and venules at both 10 and 20 min post-injection. The corresponding control groups
showed CSF tracer co-localised around arterioles and capillaries, with few to no venules
co-localised. Finally, CSF tracer located around capillaries outnumbered arterioles and venules
in the control groups at 20 min post-injection. The same pattern was observed in the presence

of the extradural constriction 6 weeks post-surgery, at both 10 and 20 min post-injection.

The route of fluid flow into the spinal cord is relatively unknown. CSF is generally
thought to be produced primarily in the ventricular system, and from there moves into the
subarachnoid space of the spinal cord where it mixes in the dense layers of arachnoid trabeculae.
These sheets of delicate connective tissue convolute the bidirectional rostral-caudal flow of
CSF as the CNS expands and contracts during the cardiac cycle (Feinberg and Mark, 1987,
Enzmann and Pelc, 1991, Bulat and Klarica, 2011). Tortuous flow currents result, known as
eddies (Haller and Low, 1971). Although the macrocirculation of CSF is generally considered
bidirectional, eddies create regional microcirculations which alter the pressure gradients within
the subarachnoid space (Gupta et al., 2009, Gupta et al., 2010). From this web of
microcirculations, the flow of fluid into the spinal cord is currently thought to be via
perivascular spaces. Fenestrations in the pial sheath surrounding the spinal cord allow blood
vessel penetration into the parenchyma. At this superficial level, the Virchow-Robin space
surrounds the penetrating blood vessel. As these vessels penetrate into the spinal cord, the
enveloping pial sheath becomes more perforated to the point where pial cells exist without

specialised intercellular junctions (Bulat et al., 2008). Here, perivascular spaces arise as a
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conduit for subarachnoid CSF. The network of fine collagen fibrils found in perivascular spaces
(Zhang et al., 1990) may further alter the CSF flow currents. In rats, CSF has been shown to
flow from the spinal subarachnoid space into the perivascular spaces of penetrating vessels
(Rennels et al., 1985, Rennels et al., 1990, Stoodley et al., 1996). Stoodley et al. and Brodbelt
et al. performed intracisternal injections of horseradish peroxidase (HRP) and found reaction
product accumulating in the perivascular spaces of branches of the anterior and posterior spinal

arteries, as well as in the central canal (Stoodley et al., 1996, Brodbelt et al., 2003b).

HRP and radiolabelled serum proteins are often used to study CSF and ISF distribution
and flow patterns. Rennels et al. infused HRP into the cisterna magna in cats and dogs from
4 — 10 min and found that the tracer reaction product co-localised with perivascular spaces of
all vessels (Rennels et al., 1985). After time, micropinocytosis removed HRP reaction product
across endothelial cells into the microcirculation, or into the glial cells of the cerebral
parenchyma where lysosomal degradation occurred (Wagner et al., 1974, Rennels et al., 1985,
Rennels et al., 1990). Rapid influx of HRP into the perivascular space network and ingress into
the interstitium has been described in the brain and the spinal cord (Rennels et al., 1990,
Stoodley et al., 1996). More recently, Iliff et al. proposed that CSF flow into the cerebral cortex
occurs via periarterial spaces with bulk flow across the interstitium resulting in perivenular
efflux (Iliff et al., 2012). However, to date no research has assessed fluid flow pathways into
the spinal cord under conditions of a normal and an obstructed subarachnoid space, and whether

there exists preferential flow to the perivascular spaces of a particular vessel type.

The current study suggests that subarachnoid CSF flows into spinal perivascular spaces
continuously. At 6 weeks post-surgery in constriction and control animals, the pattern of tracer
distribution around arterioles suggests that tracer penetrates from the ventral median fissure and
branches bilaterally upon ingress to the central grey matter, or penetrates from the peripheral
white matter. Iliff et al., after intracisternal injection of fluorescent tracers (Texas Red-dextran-
3 and fluorescein isothiocyanate-dextran-2000), found that tracers preferentially flowed
through the periarterial spaces of penetrating arterioles and entered the brain interstitium (lliff
et al., 2012). From 5 to 30 min after injection, the smaller molecular weight tracer abundantly
increased within the interstitium, suggesting that periarterial flow is a major inflow route in the
brain (Iliff et al., 2012). However, the extensive presence of CSF tracer around capillaries in
the current study suggests that inflow of subarachnoid CSF into the spinal cord parenchyma
may also continue via the basement membranes of capillaries (a pericapillary pathway).

Moreover, the pattern of tracer around capillaries in the peripheral white matter in constriction
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and control animals may suggest that besides the extensive transpial flow of CSF (Stoodley et
al., 1999), the basement membrane of capillaries is a preferential route of fluid flow into the
peripheral spinal cord. However, intensely diffuse tracer present throughout the tissue could
also indicate that diffusion through the pia mater or through the ependyma of the central canal
is occurring. Here, tracer surrounding capillaries could suggest that tracer is crossing the basal
lamina and being removed into the microcirculation. Furthermore, tracer surrounding
capillaries could also indicate that fluid outflow is occurring as observed by Carare et al. in the
brain (Carare et al., 2008). A tracer study of the spinal perivascular ultrastructure may be
necessary to understand whether clearance of tracer to the microcirculation is occurring, or
whether the basement membrane of capillaries act as a pathway for the exchange of CSF and
ISF.

It is well established that post-traumatic syringomyelia often occurs in association with
CSF obstructions in the subarachnoid space (Cho et al., 1994, Stoodley et al., 1999, Klekamp
et al., 2001, Klekamp, 2002, Brodbelt and Stoodley, 2003, Brodbelt et al., 2003a, Brodbelt et
al., 2003b, Seki and Fehlings, 2008, Kobayashi et al., 2012, Wong et al., 2012). Less is known
about how an obstruction changes the CSF dynamics within the subarachnoid space (Bilston et
al., 2006, Cheng et al., 2012, Stoverud et al., 2013). Moreover, the effect of a subarachnoid
obstruction on specific CSF flow pathways into the spinal cord has yet to be examined. In the
current study significant differences were observed between control and constriction animals
6 weeks post-surgery, but not at 1 week. When the spinal subarachnoid space is under a
complete, circumferential obstruction, the peak pressures within the subarachnoid space
increase during the cardiac cycle, yet the CSF flow waveform is not significantly altered (Cheng
et al., 2012). With a partial obstruction to the subarachnoid space, the CSF flow waveform
changes markedly (Cheng et al., 2012). Increased CSF flow resistance due to a change in the
timing of the waveform has been shown to enhance the bidirectionality of flow within the

subarachnoid space (Cheng et al., 2012).

By this reasoning, the extradural constriction is thought to be circumferential at 1 week
post-surgery with both the suture and arachnoiditis enveloping the spinal cord at the level of
the obstruction. Manipulation of the spinal cord during constriction surgery may have resulted
in acute neuroinflammation within the parenchyma. This is supported by the neurological
deficits observed at 1 week post-surgery. At 1 week post-surgery, the pressure differential alone
within the subarachnoid space may be insufficient in altering fluid flow dynamics. By 6 weeks

post-surgery, the suture and associated arachnoiditis are still thought to envelop the spinal cord.
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However, the neuroinflammation is thought to have resolved as neurological deficits are
minimal to none in this survival group. The constriction may be circumferential, but more
convincingly may be partial at 6 weeks post-surgery. Enhanced bidirectional flow and a change
in timing of the CSF flow waveform due to a partial obstruction of the subarachnoid space may
distinctly alter fluid flow dynamics and may account for the enhanced fluid inflow at 6 weeks

post-surgery.

In the presence of an extradural constriction at 6 weeks post-surgery, CSF tracer
co-localised around arterioles, capillaries and venules at both 10 and 20 min post-injection. The
corresponding control groups showed tracer co-localised with arterioles and capillaries, with
few to no venules co-localised. This finding may be explained by the following: perivenular
spaces act as an additional route of inflow, in conjunction with periarterial flow, in the presence
of a subarachnoid obstruction; periarterial and pericapillary inflow increase in the presence of
a subarachnoid obstruction to an exhaustive level, where by both 10 and 20 min post-injection
CSF tracer traverses capillary basement membranes to the perivenular network; increased
periarterial inflow due to the subarachnoid space obstruction results in increased outflow via
perivenular spaces, or; CSF flows into periarterial spaces and the basement membrane of
capillaries where it remains within the confines of the basal lamina or traverses further into the

perivascular network of post-capillary venules, not entering the parenchyma at all.

Perivenular spaces may provide an additional route of inflow into the cord in the
presence of a subarachnoid obstruction. Obstructions such as dorsal arachnoiditis increase CSF
flow resistance in the subarachnoid space (Cheng et al., 2012). Increased flow resistance and
focal pressure may facilitate enhanced perivascular inflow through the theoretical pressure
phase lag mechanism (Bilston et al., 2010). This theory postulates that during diastole of the
cardiac cycle (arterial pressure wave), perivascular spaces are at their widest. If this is the point
of peak pressure in the subarachnoid space, flow resistance into the cord is at its lowest. In
contrast, if the perivascular spaces are most narrow when peak subarachnoid space pressure
occurs (systolic peak of the cardiac cycle), flow along perivascular spaces into the cord will
face more resistance. As Bilston et al. hypothesised, after the systolic pulse wave passes through
the subarachnoid space, higher pressure from a partial or complete obstruction may enhance
flow into the dilated perivascular spaces (Bilston et al., 2010). Elevated venous pressure due to
increased pressure in the subarachnoid space and vice versa may directly increase ISF in the
spinal cord (Klekamp, 2002). Influx of CSF into spinal perivascular spaces in the presence of a

subarachnoid obstruction may thus occur via periarterial and perivenular routes, as indicated
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by the results of this study. As such, the additional inflow of CSF into the spinal cord via
perivenular spaces may cause an imbalance in CSF-ISF homeostasis, resulting in abnormal

fluid accumulation.

Fluid accumulation within the spinal cord may occur in instances of subarachnoid space
obstructions where fluid efflux pathways from the cord are limited. Increased subarachnoid
space pressure and venous pressure (Klekamp, 2002), as well disturbances to CSF flow (Bilston
et al., 2010, Cheng et al., 2012), may cause a disruption to perivascular outflow pathways. As
CSF flow resistance in the presence of an obstruction is elevated in the subarachnoid space but
not in the interstitium of the cord, fluid inflow and ISF volume increases because the two fluid
spaces are not balanced (Klekamp et al., 2001). As seen in the results of this study, fluid flow
into the spinal cord in the presence of an extradural constriction may occur via periarterial and
pericapillary pathways, and potentially via perivenular spaces. If fluid influx via periarterial
and pericapillary pathways is exhausted and ISF cannot be drained effectively into the
subarachnoid space (Williams, 1972, Avrahami et al., 1989, Chakrabortty et al., 1994), CSF
tracer may traverse the basement membrane of capillaries to reach perivenular spaces. With an
insufficient clearance of ISF from the spinal cord into the subarachnoid space, dilation of
perivascular spaces results (Reddy et al., 1989, Milhorat et al., 1993, Chakrabortty et al., 1994,
Klekamp et al., 2001). Dilation of perivascular spaces may increase CSF influx and ISF
retention. Spinal ISF retention has been indicated as a progenitor to syrinx formation when
spinal CSF flow is obstructed (Levine, 2004).

The ‘presyrinx state’ of fluid accumulation may potentiate further fluid influx, leading
to syrinx development. If the cardiac pulse wave flowing through the network of spinal
perivascular spaces is out-of-phase with the subarachnoid CSF pressure wave, there may be
preferential influx of spinal CSF (Bilston et al., 2010). This influx may take the route of
periarterial, pericapillary or perivenular pathways, or a combination of all three. If the central
canal acts a sink for the fluid and solute by-products of CSF-ISF exchange (Cserr et al., 1986,
Milhorat et al., 1993, Milhorat et al., 1994), the capacity and patency of the central canal may
determine the accumulation of fluid within its confines (Storer et al., 1998, Fischbein et al.,
1999). Moreover, if spinal perivenular spaces are the proposed fluid outflow pathway as
suggested in the brain (Iliff et al., 2012), obstruction to fluid outflow pathways of the cord in

the presence of a subarachnoid space obstruction may further exacerbate fluid accumulation.
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Limitations

Post-capillary venules were identified based on three specifications. First, venules
would immunostain positive for RECA as all vessels are lined with an endothelium. Second,
immunostaining should be negative, or faintly positive, for SMA due to the thin to non-existent
layer of smooth muscle cells in the tunica of venules. Finally, the diametric measurement of
venules would be greater than 6.5 um based on the mean cell diameter of erythrocytes from
Rattus norvegicus (Gregory, 2000). Based on these specifications, discrimination of venules
from arterioles and capillaries was assumed plausible. However, the pericytes of capillaries and
post-capillary venules have been shown to react strongly with muscle-specific anti-actin
(Herman and D'Amore, 1985, Nehls and Drenckhahn, 1991). To overcome this discrepancy,
future studies may adopt a different antibody that more clearly discriminates venules from other
vessels. Langenkamp and Molema used an endomucin antibody for the immunohistochemical
detection of vessels in the mouse brain (Langenkamp and Molema, 2009). Arterioles, labelling
as endomucin-negative, were easily differentiated from endomucin-positive capillaries and
venules (Langenkamp and Molema, 2009). Furthermore, endothelial cells of venules, unlike
endothelial cells of capillaries, do not express an equal distribution of endomucin (Samulowitz
et al., 2002). This level of endothelial heterogeneity defined by endomucin, in conjunction with

the SMA antibody, should definitively discriminate vessel type.

There was great variability in fluorescent intensity and tracer distribution in the spinal
cord between animals within experimental groups, even in control groups. Low group n value
may have greatly contributed to the trends observed not reaching significance. Increasing the
number of experimental animals may prove wise for future investigations. This may allow
significant interactions between control and constriction groups, as well as the effect of the
constriction on spinal levels, to be observed. Even though carefully performed, the rate of
injection of OA-647 CSF tracer into the cisterna magna was difficult to control. Attached to a
stereotactic frame, the microsyringe of 5 pL CSF tracer was administered manually over 1 min.
To manage this variable for future experiments, an automated microinjector programmed to
administer tracer over a specified time frame will be implemented. Furthermore, post-surgical
sacrifice of the animals is carried out supine for intracardial perfusion, which may cause CSF
leakage from the cisterna magna and change tracer distribution in the subarachnoid space and
spinal cord. To counter this, the femoral artery will be cannulated pre-operatively so that
perfusion is carried out in the prone position with the needle still in place to prevent any CSF

leakage. In vivo imaging of the path of tracer from the subarachnoid space into the spinal cord
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would be the optimal technique of visualising fluid inflow. However, current in vivo technology
does not meet this need. Only under complete laminectomy prior to tracer administration could
the spinal inflow patterns be visualised. Even then, the efficacy of that method remains highly
questionable as surrounding non-resected tissues may distort the real-time signal.

Conclusion

Homeostasis between ISF and CSF is essential for normal fluid physiology and
neurological function. An increase in fluid influx to, or a decrease in fluid efflux from, the spinal
cord may result in fluid accumulation and syrinx formation. The model presented in this paper
is a simplified obstruction to the subarachnoid space by extradural constriction. The results
support the hypothesis that flow of CSF into the spinal cord is enhanced in the presence of a
subarachnoid obstruction. This increase in flow is likely to be via periarterial spaces, yet
pericapillary and perivenular pathways may also be additional inflow routes. Further
investigation into the role of periarterial, perivenular and pericapillary pathways for CSF flow
into the spinal cord is required to draw further conclusions. With further knowledge on the fluid
inflow and outflow pathways of the spinal cord, the pathogenesis of fluid accumulation

pathologies such as syringomyelia will hopefully be clarified.
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